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Neutron powder diffraction has been used to study the defect structure of neodymium cerium
cuprite Ng_,CgCuQ,., (x=0.15). It has been shown that in addition to oxygen

vacancies, O2 sites in superconducting samples may also contain a small quantity of implanted
oxygen atoms positioned between copper ions and neodymium/cerium, which control the
electrical charge in the Cu—O planes. The oxygen distribution among crystal lattice sites in
Nd,_,CgCuQ,., (x=0.15) was determined, the average charge of the copper ions was
calculated by the method of valence sums, and a correlation was established between the charge
of the copper-oxygen plane anfl.. © 1998 American Institute of Physics.
[S1063-78348)00102-9

Neodymium cerium cuprite, Nd,CeCuQ,.,, occu- merely by varying the cerium concentration or merely by
pies a special position among the various copper-containingnnealing in oxygen.
high-temperature superconductofidTS) for various rea- However, thermogravimetry and iodometric titration can
sons. First, unlike other HTS cuprites, the charge carriers arenly provide data on the total oxygen content in samples,
electrons:™® Second, superconductivity is observed in awhereas neutron diffraction can be used to determine the
fairly narrow range of Ce concentrations (0<14<0.17). distribution of oxygen and oxygen defects in the lattice. For
Finally, even within this range of cerium concentrations, theinstance, neutron powder diffraction was used to demon-
superconduction transition temperatur&.) is extremely Strate the existence of oxygen vacancies in the lattice in su-
sensitive to the oxygen stoichiometry. This compound has &erconducting and nonsuperconducting ;NdCe,Cu0,_,
tetragonal T') crystal structure and the atomic configuration (x=0.155) samples? However, it is unclear how the sto-
is similar to the La_,SKCUO,_, (x>0.10) structuré.The  ichiometrically excess oxygen, observed by thermogravimet-
T' structure of Ng_,CeCuQ, , compounds(Fig. 1) con- ric analysi§'*! and by iodometric titratior,is distributed in

sists of alternating copper-oxygen planes of Gu®which the (_;rystal Iatti(_;e. The autho_rs of Ref. 12 used neutron_dif-
the Cu ions have a square oxygen-ion neighborh(@d fraction analysis to solve this problem for polycrystalline

siteg and a “sandwich” formed by layers of oxygen ions Nd,_.Ce,LuG,_, samples and showed that the oxygen at-

(02 siteg interspersed with neodymium-cerium ions. oms may be partially distributed at position @Big. 1),

Questions involving the relation between the superconyvhICh IS c‘c‘)mpletfly filled in the La.,StCuQ, _, lattice _by
] o L so-called “apical” oxygen(T-structure. These conclusions
ducting transition temperature, the oxygen nonstoichiometry,

were then confirmed by neutron diffraction analyses for
and-the structure of Nd ,Ce,CuGy.., have.attractetlj the at- single crystals of pure NEUO,_, (Ref. 13, cerium-doped
tention of many researchers. However, information on th

oxygen content as a function of the thermodynamic condﬁ;g;if/ggég %tiuydi(eze];a\llgl ir?gi?:a{(e):j Tgéic?éil:]??ég are
tions in neodymium cerium cuprite, obtained by thermo-, eqent at the O1 and O2 sites together with a small quantity
gravimetry and chemical analysimdometry are contradic- ¢ apical oxygen at positions O3. The authors of Ref. 15
tory. Some authofs assert that, even after treatment in PUreproposed a model for defect formation in Nte, ;Cu0,_,
oxygen, the oxygen index does not exceed four. Othefyhich assumes that both oxygen vacancies and “interstitial
author§~® take the view that, after annealing in oxygen, (03) oxygen ions are present at crystallographic positions in
samples contain excess oxygen in interstitial sites in the cophe structure of neodymium cerium cuprite. Calculations of
per oxide structure. It is postulated that in athe cation valence state in NeCey ,CuQ,_, using the
Nd; gC& 18CuUO,_, sample annealed in a rare gas atmo-method of valence sums from an analysis of cation-oxygen
sphere, the total oxygen content decreases ), which  bond lengths® provided further evidence to support the
leads to an additional increase in the charge carrier concempresence of both vacancies and interstitial oxygen in the lat-
tration in the lattice with the onset of superconductivity. tice.

Note that the optimum doping level cannot be achieved Thus, the properties of Nd,CeCuQ,_,, including su-
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ture range 1223-1423 K. The process comprised three stages
with intermediate grinding of the reaction mixture. The
samples were preannealed at 1000 °C for 24 h under differ-
ent oxygen pressures: R©0.0015(sample No. L 0.0026

(No. 2, 0.03(No. 3, and 1 atm(No. 4), followed by rapid
quenching.

Il
D

2. RESULTS OF MEASUREMENTS

The x-ray diffraction analyses showed that all the
Nd, g:Cey 15CUQ,_, samples are single-phase withTa te-
tragonal crystal structure. The structural parametatsmic
coordinates, site occupation numbers, thermal vibration am-
plitudes, and static atomic displacemegntgere obtained
from the neutron diffraction patterns by successive compari-
sons of the calculated and experimental data. A typical neu-
tron diffraction pattern is shown in Fig. 2.

To a first approximation, we assumed that
Nd; g=Cey 15CuUQ, _, has a purel” structure in which all the
oxygen atoms are only occupy at Ol and O2 sites and the
individual temperature factors for each atom are isotropic. In
an earlier studi? we showed that the incorporation of aniso-
tropic thermal vibrations and static atomic displacements in
calculations of La ,Sr,CuQ,_, improves the convergence
with the experiment, reflecting an anisotropic variation in the
crystal lattice parameters under strontium doping or fast neu-
FIG. 1. 7' crystal structurel—Cu, 2—Nd/Ce,3—01,4—02, ands—03.  tron irradiation. Thus, we introduced anisotropic Debye—

Waller factors for all the atoms to achieve further refinement.
Finally, the best fit to the experimefhinimum values of the
perconductivity, are determined by both the cerium and the factorg was achieved by introducing an additional oxygen
oxygen content. Oxygen stoichiometry is established follow-osition—"interstitial” oxygen atoms in O3 positiong-ig.
ing synthesis of the compound by the sample annealing corl). Since there are a very small number of these positions,
ditions; this is difficult to monitor, and frequently cannot be the occupation of the O3 positiomgO3) and their position
determined by the researchers. Unfortunately, very few sysz coordinatg were determined by successively fixingO3)
tematic studies have been made of the distribution of oxygeAnd z in small steps and then analyzing the convergence
ions in the Ngd_,Ce,CuQ,_, defect lattice and its influence factors, to achieve their minimum values.
on the superconductivity of the samples. Similar procedures for refinement of the structure pa-

The aim of the present study is to investigate the actualameters of Ndg<Ce, 1<CuQ,_, were performed for all the
distribution of oxygen in the lattice of Ng:Ce,6CuQ, samples. These refined structure parameters are presented
compounds having a fixed cerium contert0.15), which ~ Table I. The unit cell parameters for sample No. 4 differed
influences the valence of the copper, and to observe a corréirly appreciably from those of the previous three. An accu-
lation between the charge of the copper atoms and the supgite determination of the occupancy of the oxygen sites in
conducting transition temperature. the cell of this sample revealed that their occupancies dif-
fered from the first three, with position O2 being completely
filled, whereas vacancies were identified at positions O1.

The values ofT ., determined from the onset of a super-

The crystal structure was studied by x-ray diffraction conducting transition, on the temperature dependences of the
(Dron-UMI1 diffractometer using copper radiatioand neu- ac susceptibility are also presented in Table I.
tron diffraction (\=1.515 A). The neutron diffraction pat- We shall examine the structural characteristics of
terns at room temperature were obtained at the IVV-2MNd,_,CegCuQ,_, samples with different dopant concentra-
atomic reactor using a D7a diffractometer. A double mono-ions. Published dat&'®?°and our own data on the crystal
chromator: pyrolytic graphite (002 reflecting plane- lattice parameters of Nd,Ce,CuQ,_, as a function of the
germanium(333), was used to improve the angular resolu-cerium ion concentration, have shown that the reduction in
tion (Ad/d=0.3%). The structural parameters were refinedthe cell volume with increasing cerium concentration is
by means of a Rietveld full-profile analysis using the “Full- mainly caused by a decrease in the parameteom 12.15
prof” program!’ The superconducting transition tempera- (x=0) to 12.07 A =0.15), whereas the parametrre-
ture was determined by the ac susceptibility metliisd-  mains unchanged to two decimal places (38401 A).
quency 1 kHz This behavior is attributable to characteristic features of the

Neodymium cerium cuprite, N@sC&) ;sCuQ,_y, was  crystal structure, since it is well known that the symmetry,
prepared using standard ceramic technology, in the temperéype, and dimensions of ionic compounds are determined to

in

1. EXPERIMENTAL METHOD
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FIG. 2. Neutron diffraction pattern of Ng@sCe,,sCu0,_, No. 2. Circles—experiment, upper curve—calculations, and lower curve—difference between
experiment and calculations.

a considerable extent by the relative dimensions of the iongarameter should bev2r(0?7)=3.903 A, since 02 is only
whose radii depend on their nearest neighbortfddéin the  surrounded by four Nd ions. Thus, the parameter in

T' structure the copper aton(ig. 1) have a square array of Ng, ,CeCuQ,_, compounds is controlled by the configu-
O1 oxygen ions in a plan@oordination number}and each  (ation of the oxygen ions in the Cy@lane.

O1 ion is surrounded by two copper and four neodymium  The |ower experimental values of the lattice parameters

atoms(coordination number)6 In the sandwich, the neody- a=3.94 A (samples No. 1-3compared with the calculated
mium ions are adjacent to four oxygen ions in position O%/

lues(3.96 A) may be attributed to the large amplitudes of
and, at a greater distance, four O1 ions located in the bas?rfi ( A may g P

. . e Ol displacement and their anisotrofable l). This
plane, whereas the nearest neighbors of the O2 ions are onlY Jna anisotropy of the O1 displacements mav be caused b
four Nd cations. The ionic radit?? are:r(Cu#")=0.57 A, g Py P y y

[(CU*)=0.60 A for coordination number 4 2 change in the _Iogal neighborhood symmejtry of the copper
r(OZ*)z 140 A for coordination number 6 ana atoms, where this is reduced to orthorhombic. Such a reduc-
r(0*)=138 A for coordination number 4: and tion in symmetry from tetragonall4/mmnj to orthorhom-
r(Nd®")=1.01 A for coordination number 8. It is known bic (Cmcg was Opser\ie_d when Nd ions were replaced by
that when the ionic radii deviate from the ideal ratios, the P (Ref. 19 or Gb ions*in (Nd/Ln); geC€y.15CUO, -y cOM-
lattice parameter in perovskite has one of three valueg?0unds where LaTb, Gb. Since we observed no additional
2(ra+ro), 2V2(rg+ro), or 2V2rg (Ref. 23. Using these reflections, we assumed that uncorrelated static displace-
values of the radii for Ng_,Ce,CuQ,_,, we obtain the fol- ments of O1 atoms were present together with the thermal
lowing relations: 2€x+ro)<2v2(rg+ro)<2v2ro. We  Vibrations. This assumption is based on the results of
now consider the Cupbasal plane. The lattice parameter neutron-diffraction  low-temperature measurements  of
obtained from the oxygen—oxygen distance is greateNd;g=Cé& sCuUQO,_, single crystals, studied in Ref. 14, in
(a=2v2r(0?7)=3.96 A) than that obtained from the which large anisotropic amplitudes of O1 displacements
copper—oxygen distance (W /Cut)+2r(0?7)  were observed at 11 K. We postulated that the oxygen ions
=3.94 A). In the planes formed by O2 oxygen ions, the were distributed statistically in a position having the coordi-
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TABLE |. Structure parameters of NgiCe 1CU0, .

Sample
Parameters No. 1 No. 2 No. 3 No. 4
a, A 3.9395615) 3.9388915) 3.9462812) 3.9280617)
c, A 12.0664458) 12.0650259) 12.0817150) 12.0296767)
cla 3.0629 3.063 3.0615 3.0625
v, A3 187.273 187.187 188.150 185.613
T., K 20.4 18.3 16.5 -
Nd/Ce z 0.3526813) 0.3525Q13) 0.35225%12) 0.3526815)
B11= B2 0.00689) 0.00619) 0.00358) 0.010G11)
Bas 0.00021) 0.00031) 0.00011) 0.00021)
Cu B11= B2 0.006714) 0.007613) 0.005613) 0.003915)
Bas 0.001@1) 0.00121) 0.001@1) 0.00081)
o1 B11 0.009417) 0.008316) 0.007815) 0.008224)
B 0.021919) 0.021619) 0.011816) 0.002421)
Bas 0.00131) 0.00171) 0.00141) 0.00182)
n 2 2 2 1.96827)
02, 03 B11= B2 0.002916) 0.005416) 0.004G16) 0.016 §17)
Bas 0.00131) 0.00111) 0.00081) 0.000%1)
n 1.92430) 1.94129) 1.91127) 2
03 z 0.1659) 0.1659) 0.1659) 0.1659)
n 0.02310) 0.0119) 0.0419) 0.01613)
n(0) 3.93730) 3.95230) 3.95227) 3.98413)
y 0.06330) 0.04830) 0.04827) 0.01613)
R, 3.17 3.22 3.08 3.75
Rup 4.15 4.25 4.10 4,93
Rg 2.62 2.61 2.29 3.26
R; 2.52 2.81 2.72 3.16

Here a,c are the cell parameterd/ is the volume,B.;,B,,=27%(u2, ,us)/a?, Bsg=2m%(u3)/c? are the
anisotropic thermal parametersjs the occupation of particular positions;O) is the total oxygen content in
the cell,y is the oxygen deficitR,, Ry, Rg, R; are the convergence factdrsSpace groud4/mmm
Cu(2a)—0,0,0, Nd/Ce(4)—0,0z, O1(4c)—0.5,0,0, O2(4)—0,0.5,0.25, O3(¢)—0,0z.

nates (0.5,6-y,0+2z). The calculations yielded the follow-
ing values of the O1 coordinates, for example, for sample
No. 1:y~0.024 andz~0.0053, and all the amplitudes of the
thermal vibrations/3;;) were similar and close to those of
the Nd/Ce and Cu vibrations. This effect was also observed
for samples Nos. 2 and 3. Figure 3 gives the parameters
andc as a function of the amplitude of the displacement of
the O1 atoms, which reveals a clear correlation between
them. We draw attention to the fact that when the displace-
ments of the O1 oxygen ioRsl;;) are taken into account, the
Cu-01 bond lengths are equal in all three superconducting
compounds:L (Cu—O1)=1.9744-0.0006 A. We postulate
that the square of oxygen ions rotates statistically about the
copper atoms, as was observed in Refs. 19 and 20. The cal-
culations indicate that the Nd—O2 bond is fairly rigid and
thus L(Nd—02)=2.3300+0.0003 A for all
Nd,_,CgCuQ,_, compounds. The Nd—O1 bonds are rela-
tively weaker and the values &fNd—O1) are 2.6760.003
(x=0) and 2.656:0.002 A (x=0.15). As a result, substitu-
tion of trivalent Nd with tetravalent Ce, having a smaller
ionic radius, appreciably shortens the lattice in thdirec-

tion.

The oxygen distribution pattern throughout the cell ob-
served in the nonsuperconducting sample No. 4, annealed in
a stream of pure oxygen, differs from that for the supercon-
ducting samples Nos. 1-3. First, the lattice parameters ar,
considerably smaller. Second, the nonsuperconducting,,
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sample has vacancies at O1 and O2 sites and the displacgems at position O1.
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TABLE Il. Cation—anion bond lengths(A) in crystal cell of 25

o1 a
Nd; g£C&y 15CUO, —, compounds. |l x 2
o 3

No. 1 No. 2 No. 3 No. 4 T o4 /n\
Nd-O01 2.65318) 2.65448) 2.66128) 2.645212) 15k / ]
Nd-02 2.3276) 2.32556) 2.32766) 2.320312) | / \‘
Nd-03 2.26%3) 2.2622) 2.2652) 2.0173) // \
Nd-03 2.7943) 2.7932) 2.7982) 2.8143) i / \‘
Cu-01 1.96981) 1.96941) 1.97311) 1.96441) - / \
Cu-02 3.60281) 3.60231) 3.60741) 3.59141) S5k / \
Cu-03 1.9913) 1.9913) 1.9943) 2.2263) L / \
(Cu-01 1.9742 1.9739 1.9748 - P e — . , .

_ _ — x 3.93 3.94 3.95
(Cu-01 is the bond length allowing for the static displacement of the O1 - 9
oxygen atoms—0.5, 0+vy, 0+2). ~ 2%k a’A
i b a

ments of the O1 oxygen ions have a larger amplitude parallel i
to the Cu—O bond compared with that in the perpendicular : /
direction. Third, the O2 vibrations are strongly anisotropic 5 i /’ \\
with a maximum displacement amplitude in thé plane. / \
Finally, the vibrations of the Nd/Ce atoms are also strongly i / \\
anisotropic with a maximum displacement amplitude in the i / \\
ab plane, the total oxygen content in the cell is close to four ir ,’ \
(Table )) and the convergence factors are higher than those 0' P L \
of the superconducting samples Nos. 1-3. This not only in- 12.04 12.06 12.08
dicates that the oxygen stoichiometry is impaired but also c,X

that vacancies appear in the Nd/Ce sublattice or their ratios
Change. ThIS assumptlon Ieads to Improved Convergence, bﬁp 4. Dependence dfc on the lattice parameterﬂi:—our reSUltSZ—Ref.

. . . %2, 3—Ref. 19, andd—Ref. 25.
gives a reduced oxygen concentration at O2. This mode
qualitatively explains the structural characteristics of this
sample, especially the smaller lattice parameters, which are _ _
unusual for oxidized samples since the parameters are usgiies- The results are presented in Table Il with allowance
ally increased slightly by oxidatio:° Since existing data for the static displacements of O1 atoms. It can be seen that
cannot determine for certain whether vacancies are present fAr samples Nos. 1-3, electrical neutrality of the cell is ac-
the Nd sublattice or whether the ratio of Nd/Ce ions in thecurately (<0.02) conserved, whereas for sample No. 4 the
site has changed, we did not attempt to refine the structure éfifference between the positive and negative charges is very
this sample. large. This difference is clearly attributable to the loss of

The existence of additional oxygen at O3 lattice sitesCXYgen and Nd/Ce stoichiometry during the annealing pro-
remains an important issue. For our MNgCey;CuQ, ,  C€sS: as has already been noted. Attention is drawn to the fact
samples we used experimental values of the cation—oxygeifat the calculated valence of the Nd/Ce sig199 was
bond length(Table 1) for additional testing of the electrical Cconsiderably higher than the value of 3.075 typical of the
neutrality of the crystal cell by the method of valence sumsC0omposition 1.85Ne-0.15Ce. In our opinion, this result pro-
as was performed in our previous study for vides further conflrmatlon of the validity of the methqd _of _
Nd; ¢Cey 1CuO;.., (Ref. 15. It was found that electrical bal- valence sums to estimate the charge state of cations in ionic

ance of the positive and negative charges in the crystal ceffiompounds.

requires the introduction of additional apical oxygen at 03 Figure 4 givesT. as a function of the lattice parameters
of Nd, gsCe& 15CuUQ, . A clear correlation can be observed

betweenT. and the lattice parameters. The values of the
TABLE lil. Calculated percent content of €iand Cd* ions, charge state  parameters are determined by the specific position of the
of copper sites/(Cu) and neodymium-cerium sité4 Nd/Ce), total posi- oxygen ions in the cell. The particular role of apical oxygen
tive (+) and negativé—) charge of cell, their differenc&, and contribution f th tablish t f ductivit .
to Cu valence made by apical oxygéi (Cu-03). or € establishmen 0 superconductvity n
La, ,SrCuQ,_, and YBgCu0;_, compounds has been

No. 1 No. 2 No. 3 No. 4 emphasized in many studies, including our oWA* In
Cu, % 275 8.7 24.6 259 Ndl__gsceo_lscuoél_y the apical O3 oxygen promotes re@stn—
Cet, % 72.5 71.3 75.4 741 bution of charge between the O2-Nd/Ce-O2 sandwich and
V(Cu) 1.725 1.713 1.754 1741  the Cu-O1 plane, thereby controlling the valence state of the
V(Nd/Ce) 3.079 3.086 3.075 3.199  copper ions. Figures 5a and 5b giVg as a function of the
(+) 7.882 7.884 7.904 8.133  copper ion charge and the concentration of apical oxygen in
(=) 7.894 7.900 7.920 7.960 the lattice, respectively. Thus, in NgCe ,:Cu0,_, com-
A 0.012 0.016 0.016 0.179 » fesp Y. ThUS, 1N INGE-€ 15-ULY -y
5V(Cu—03) 0.019 0.010 0.041 0.013  pbounds an important role is played by the apical O3 oxygen

which controls the effective charge in the Cu@ane, intro-
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22 concentration but also by its real distribution in the crystal

| cell.
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Low-energy electron spectrum in copper oxides in the multiband p—d model
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An exact diagonalization of the Hamiltonian in the-d model of a CuQ@ cluster was used to

obtain dependences on the model parameters of the lowest-energy two-hole terms: the

energy difference between the Drbitals of planar and apical oxygen
A(apex)=e(2p) — [ 2p(apex)], the crystal field parameteYy=e3,2_;2—&,2_,2, and the ratio

of the distances between the copper atom and the apical and planar oxygen atoms
d(apex)d(pl). In the limit of larged(apex)d(pl) andA4, our model is equivalent to the three-
bandp—d model and, in this case, large singlet-triplet splitting=1 eV is also observed.

As the parameters decrease, a singlet-triplet crossover is observed. Two mechanisms are identified
for stabilization of the triplet tern‘”lBlg(O) as the ground state. It is shown that for realistic

values of the parameters, reduction of tied model to the three-band model is limited by the low
energies of the current excitations because of the presence of the lower éﬁiigmhd

1Alg cluster states. Intercluster hopping causes strong mixing of singlet and triplet states far from
theI point. The results of the calculations are compared with data obtained by angle-

resolved photoelectron emission in,GuGO,Cl,. © 1998 American Institute of Physics.
[S1063-78348)00202-7

The electronic structure of undoped and weakly-dopedameters of the model. All these factors indicate the impor-
copper oxides does not lend itself &b initio band calcula- tance ofds,2_,2 orbitals for the electronic structure.
tions because of the difficulties involved in allowing for the Note also thatab initio calculations of the electronic
strong electron correlations. The three-bgmdd model?  structure of CuQand CuQ clusters using the self-consistent
is the simplest model for the energy structure of copper oxfield method with configurational interaction showed that a
ides which takes account of strong correlation effects at theéeduction in the distance from the apical oxygen leads to
Cu cation and the ionic nature of the chemical bond of thestabilization of the’B, 4 triplet as the ground two-hole state
insulating ground state of undoped oxides having a semicorfather than théA, ; singlet® The small energy spacing be-
ductor gap as a result of charge transport. It is currentlyfween these states produces changes in the low-energy part
assumed that holes induced pytype doping or intrinsic of the Fermi quasiparticle spectruthlt was shown in Ref.
nonstoichiometry are located on the oxygen and a “hole ont5 that strong m!xing of singlet and triplet states takes place
copper+ hole on oxygen” pair is in the Zhang—Rice singlet far from thel” point. . .
state? It is also assumed that the first excited state of a pair €re We examine two problems. First, we make a multi-
of holes is 2—3 eV higher and is unrelated to the low-energy’@nd analysis of the validity oflghe three-bameld model. It
dynamics of the current carriers. This is one reason for th as shown n S|m|lar studié’ _that_between the Zhang—
appearance of numerous theoretical studies concerned wi ice singlet and its corresponding tnpﬁﬂlg there are vari-

two- 1 1 :
reducing thep—d model to the single-band Hubbard model ous two-hole stateéBlg, Aig, “Big, and o_ther_s. Unhlfe

46 . A the authors of Refs. 11 and 12, we examine in detail the
or thet—J model’™° Nevertheless, there is theoretical and

: : . . dependence of these multielectron terms on the model pa-
experimental evidence to indicate the importance of othef P b

. rameters, which can reveal mechanisms for their possible
states, absent from the three-bgndd model. For instance, P

) . - stabilization as ground levels and can identify the range of
polarized x-ray absorption spectroscd¥AS)" and electron

8 g validity of the three-band model. To this end, we studied the
energy-1oss spectrosCOpfEELS)” show quite measurable .0 nq state of two holes in a Cy@luster using the exact

filling of ds,2_,2 orbitals in all the oxides studied. In order to diagonalization method, we calculated the eigenvalues and
give a three-band model in accordance with the observedigenvectors as functions of the crystal field parameter
states, its basis must also include thg: 2 copper state™ Ag=e(dg2_r2) —£(dye_y2), the energy difference between
and the D[ 2p(apex) state of planafapica) oxygen, which  the 2p orbitals of planar and apical oxygen
transform by a similar irreducible,, representation. A A(apex)=&(2p)—&(2p(apex), and the ratio of the dis-
study of the two-hole spectrum of a Cg@luster using per- tances between the copper atom and the apical and planar
turbation theory'? for model parameters determined from oxygen atoms d(apex)H(pl). In the limit of large
CuO x-ray photoemission spectroscof¥PS) reveals that d(apex)H(pl) andA4 values, our model is equivalent to the
the two—holee‘B1g level for La,CuQ, is 0.7 eV higher than three-bandp—d model, and large singlet-triplet splitting
the singletlAlgJ level. This value changes to zero or evenAeg,=1 eV is also observed, which agrees qualitatively with
becomes negative as a result of small variations in the paRef. 3. By varying the values of the parameters, we observe
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a reduction in the singlet-triplet splitting. For realistic param-(1) describes interatomip—d hopping, CoulombV,4 and
eters we find—0.5<Ae,<0.5. In practice, this implies that exchangel,q interactions. The last term in E@l) corre-
there is no good energy separation between the ground arsphonds to g—p hop.
first excited current states. This factor imposes some con- We shall consider the set ofi,2_,2(A=1) and
straints on the reduction of the multiband model to thed,,._,2(\=2) states of copper ang,,p, states of oxygen
single-band Hubbard model or theJ model. as being the most important to describe the low-energy
Second, we consider the influence of singlet-triplet mix-spectrum of quasiparticles in the Cu@yer. We shall then
ing of states by intercluster hopping on the electron disperyse the following notation and relations between the
sion law near the top of the valence band. An interclusteimodel parameters:6= & (o) — &(dy2_,2), dez,
hop is taken into account in perturbation theory by a 2 .
method* wherein the zeroth approximation is the exact di- ' 9a2—r2o(apex)— \/;Tpd[d(pl)/d(apex) >
agonalization of the clusters. The results of the calculationd/x2-y2.o{o(apex) ™~ V2 2.0l o(apex) = Vpd:
showed good agreement with data obtained by angledx2-y2 ofo(apex)~Jd,,2 2,0l o(apex)=Jpd: and Up.py, = tpp-
resolved photoelectron spectroscoyRPES for the anti-  The indexo] o(apeX] refers to symmetrized combinations of
ferromagnetic dielectric $CuUO,Cl, (Ref. 16. In addition, 2p and 2p(apex) oxygen orbitals which forrx bonds with
singlet-triplet mixing by hopping indicates that a spin- 3d orbitals of copper. The electrically neutral compound
exciton mechanism of superconductivity is possible. La3*,SP*(CuQ,) "8 corresponds ta,=1+x holes per
formula unit. Thus, fox=0 we have one hole per cluster
and forx#0, two-hole states make some contribution.
Exact diagonalization of the final clusters is a powerful
method of studying systems with strong electron correlations
We consider the Hamiltonian of thepZlectrons at oxy- and it is desirable to take a fairly large cluster to calculate the
gen and the 8 electrons at copper in the hole representatiorthermodynamic averages per site and the correlation
functions!’ We shall confine ourselves to the smallest pos-

yz,(r: Tpd !

1. EXACT DIAGONALIZATION OF A CuO 4 CLUSTER

H=Hq+Hp+HpatHpp, @ sible CuQ, CuQ,, and CuQ clusters since their exact diago-
where nalization is required only to construct a local basis which is
then used for approximate calculations of the electron Green
Hy=2, Hgy(r), functions of an infinite Cu@lattice. Diagonalization of the

r CuG; cluster is performed separately in different sectors of
1 Hilbert space with the hole numbens=0,1,2. The vacuum
Ha(r) =2 | (egn—m)d ot Eudnﬁ’knr}" sectorn=0 corresponds to thed3® configuration of copper
Ao and the D° configuration of oxygen. In the one-hole sector,
, the eigenvectors are the molecular orbitals of oxygen hybrid-
+ 2 (VanfinG —3gd;7,dr1,d,5,.drae), ized with the 3l states of copper. All the basis states in the
oo’ two-hole sector are different combinations of configurations
of the two holes over oxygen and copper states. In our case,
Hp:Z Hp(i), with one orbital per oxygen site and two orbitals per copper
' site, we have 28 triplet states: siB,,, one®A,,, ten®E,,
_ ) - four ®A;4, two By, three®A,,, two 3Ey, and 36 singlet
Hp(l):% (€pa™ #)PiacPiact 5 UpNiaoNiao states: ten'E,, eleven®Ay, seven’B,,, one'Byy, two
B,y , three'Ay,, and two'E, per cluster. In the following
2 Von?n® — 30" b bt D calculations only the three parameters indicated above were
+ / (VpnitNiz = JpPizePitePizg Pizs) varied and the others were set as follows=3.5 eV,
Tpa=1.4 €V, V4=9eV, V,=7eV, J;=1eV, J,=0.6 eV,
Vpe=0.5 eV, and],4=0.2 eV.
Figures 1a—1c give the lowest energies of the competing

de:<_2> Hpa(i,r),
I,r
singlet*A4(i) and triplet®B,4(i) statesi=0 for the ground

Hog(i,H)= 2> (TaaPitgline + VagnGn% state of this symmetry and=1 for the excited stajeas a
P aroo’ haFlagTn NI function of the parameter(apex)d(pl), A4, andA(apeX.
3.4t d + The fraction of states equivalent to the Zhang—Rice singlet is
ardrnodroPiggr Pine): as high as 80% ifA;4(0) and does not depend on the values
of the above parameters. Thus, it is quite logical to identify
Hpp= <% g,g (tasPinePigs+h.C). this singlet as a Zhang—Rice singfethe remaining 20% are

assigned tolAlg symmetrized states of th@L(z,yz)2 and
Here the first two terms describe the intra-atomic energies d2p)? configurations. The contributions of the atomic orbit-
a copper(oxygen site with Hubbard repulsiotl4(Up), in-  als to the other three statéAlg(l) and3Blg(i) vary sub-
terorbital intra-atomic Coulomb repulsiafny(V,), and Hund  stantially with the values of the parameters, so they cannot
exchange interactiody(J,). The indices\ anda correspond  be identified with any specific molecular orbital having the
to different orbitals in the crystal field. The third term in Eq. same symmetry.
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orbitals, in the second case, it is associated with the depen-
dence of the corresponding hopping integral on the distance
from the apical oxygen. As in Ref. 18, a decrease in the
energy of the P(apex) orbitals effectively increases their
contribution to the ground two-hole state.

The3B,4(0) and'A;4(0) states belong to different irre-
ducible representations and nothing prevents their crossover,
but the absence of effective repulsion of th@lg(O)—and
1Alg(l) levels and the possible crossover of these levels
appear to be a characteristic feature of our representation of
the D, group. This feature is evidently closely related to the
isolation of the Zhang—Rice singlet and its inability to hy-
bridize with any states other than those of tUQz(yz)z- and
(2p)? symmetrized configurations in the absence of interac-
tions other tharH 4.

) A (:_Iecregse in thg parametAr_d (Fig. 10 leads to an
4 7? 2.0.5_2 : y fﬂ U/ 4 3 alp_premellbI(T m(;:rease in the fractlonfofhthe Hu?-:,l st(%t;a and
. ultimately leads to convergence of the ground,
d(apez)/d (pl) 4 (apez),eV 4458V Zhang—Rice singlet and the excitéBlg(O) state, pagrticu—

FIG. 1. Energies of théB,4(i) and*A,(i) terms as a function of the ratio larly in the range of r_e.al Yaluasd$ 1eV. This is the second
of the distance between the copper atom and the apical and planar oxygéRechanism for stabilization of th@lg state as the ground
g((a?\ﬁlgz)nﬂ(plt)hg%zo-S ;\éit;gapez:fkoz :n\gr(a).at:j enaer%; Idiﬁirfncsn state. Since this mechanism involves increased Hund inter-
A(apeXFs(2p)7s[Zp(apex))(d(apex)E(pl)]:1.2, Ad:g.s oW (g’f’ action with an increasing contribution of titgz_2ds,2_r2
and the crystal field parameter A= e(dgp ) —e(dyey2) con_f|gurat|on, it is more eff|C|ent as the energy of thg 2
[d(apex)t(pl)=1.2, A(apex)=0.7 eV] (0). orbitals of planar oxygen increases and the energy of the
ds,2_,2 orbitals decrease. In this method of stabilizing the
3Blg state, it is observed that the fraction gi(&apex) states
decreases whereas the fraction of the Hund configuration

i 0, = imi-
Zhang—Rice singlet is the ground state of our cluster, whicrf)e observe_d, remains sm(adlr'qu.nd 10% fod 4=0). A simi
agrees well with Ref. 12, where the excited sta‘ta§g(1) ar conclusion as to the stabilizing role of the Hund exchange

and®B,(0) only extend by approximately 0.2 eV above it Nteraction was reached i initio calculations? It is inter-
for d(agex)ﬂ(pl)>1.3. Ford(apex)H(pl) < 1.05 the triplet esting to note that a substantial decrease in the energy of the
1Alg(l) state with decreasing paramety is associated

3819(0) becomes the ground two-hole state with the contri- * . ; . : 5
buton made to it by the symmetrized configurationWith @ negligible increase in the fraction of theyfz_2)
dye_,22p(apex) increased from 10%(apex)ti(pl)=2] to conﬁgure}non(fr.om 5% to 15% forAy4=0) with the major
40% [d(apex)H(pl)=1]. The contribution of the Hund Contribution being made by tfy,2_22p symmetrized con-
state associated with the symmetrized configuratior{'gyr.atlon’ remaining unchanged at 70%. In the “dangerous
dye_ 203,22 increases negligiblyto 10%. vicinity qf the groun.d ;tate, we a!so observe ﬂ&lg(l)

As the energy of the @(apex) orbitals of apical oxygen state which shows similar tendencies to converge as the pa-
decreases, a crossover of the excited states and the Zhan _metersj(apgx)ﬂ(pl), Aq, and the energy of therapex)
Rice singlet is observecFig. 1b. In the calculations the rbitals of apical oxygen decrease. However, because of the
crossover point with the 3319 level occurs at cluster symmetry, this level and tHBlg(O) level repel and

A(apex)=1.2 eV, which differs slightly from the 1.7 eV ob- do not come c_:loser than 1 eV to tﬁé‘lg(o) level of the
tained in Ref. 11 and is attributable to differences in theZh"’m(-]’_RICe singlet.
calculation methods. As well as the tendency to crossover, it
is observed that the fraction of tliR,2>_22p(apex) symme- 2. DISCUSSION OF THE RESULTS OF THE EXACT

) , . Nt ; DIAGONALIZATION
trized configuration in “A;4(1) increases from 5%
[A(apex)=0] to 50%][ A(apex)=2] and the fraction of the These results of the exact diagonalization of a cluster
dy2_22p(apex)-symmetrized configuration ﬁBlg(O) in-  can be used to construct a local multielectron basis of states,
creases from 3% to 90%. It is important to note that this isbetween which hops in an infinite lattice lead to band forma-
only the first of the mechanisms for stabilization of thetion. To discuss the reducibility of thp—d model to the
3Blg(O) state as the ground state and, as we can see, tlsingle-band Hubbard model, we compare the more realistic
dy2_y22p(apex) symmetrized configuration makes a majorlocal basis shown in Fig. 2a with the local basis of the Hub-
contribution. An increase in this contribution is observedbard model(Fig. 2b), which consists of four states: the
both for this dependence and for that plotted in Fig. 1a. Invacuum statg¢0), two single-particle statdsir)zaHO} and
both cases, we are dealing with the same stabilization mecha—)=a|0), and the two-particle stat2)=aa|0). It
nism. However, whereas in the first case this stabilization i€an be seen from a comparison of Figs. 2a and 2b that in the
associated with a decrease in the energy of tpéapex) energy rangE<Ae; andE<Ag,, whereAe; andAe, are

ol

2.6}

T

3 1.5
7.8 B,g, (2)

4,,(0)

The dependence of the level energy afapex)d(pl),
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FIG. 2. Local bases of the multibarm-d model (a) and the single-band
Hubbard modelb). For the multibandp—d model only the lowest excited
terms in the single-particle and two-particle sectors of Hilbert space are
shown.
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FIG. 3. Quasiparticle spectrum in BuO,Cl,. The circles gives the ARPES

data® the dashed and solid curves give the results of calculations for the
t—J andt—t’—J models® The rectangles give the results of calculations
using the multibangp—d model?®

the energies of the local excitatiofexcitons in the single-
particle and two-particle sectors of Hilbert space, the differ-

ence between the bases of fred model and the Hubbard  for which an exact diagonalization of the initial Hamiltonian
model can be neglected and, in this sense, it is possible {0) has been performed. The results of the calculations are

make a low-energy reduction of the—d model to the
single-band Hubbard model. The single-particle exciton en-
ergyAe, is determined by the excitations in the crystal field

presented below.

dy2_y2—d3,2_ 2 with the energyAq; for typical parameters 3. DISPERSION OF ELECTRONS NEAR THE TOP OF THE
in copper oxidesAe;=1eV. The energy of a two-particle VALENCE BAND

excitonAe,, associated with a hole-current carrier, depends
very much on the choice of model. For instance, in the three
bandp—d model we findAe,=2-4 eV and the excited trip-
let state can be neglected here. However, it can be seen fro
Figs. 1a and 1b that this situation changes in the more reaE|
istic multiband p-d model where
Ae,=E[*B14(0)]—E[*A14(0)] may be fairly small or even
negative. For smalle,, the range of possible reduction to
the single-band modé&t <A e, becomes quite small, and for
Ae,=<0 no such range exists. Since the parameters on whic
A&, dependgthe crystal field and the interatomic spaging
differ for different copper oxides and depend on the level o
doping, it is possible to have a situation where singlet-triple
crossover takes place as the composition varies. This cros
over was obtained inab initio calculations® for
La,_,Sr,CuQ, with x~0.1; for the superconducting phase in
this system the lower two-hole term is a triplet. In another
model copper oxide $CuO,Cl,, an octahedron of nearest
neighbors incorporates two chlorine ions along thaxis;
this increases the ionicity of the Cu—CI bond compared with
Cu-0 and reduces the fraction of covalent mixing of chlo-
rine p states in th&, 4 molecular orbital which, according to

Ref. 19, is less than 1% away from the top of the valencem=En+1,, 7 En
possible Fermi

band. It has been noted that the occupancy of thp §&htes

The following generalization of the strong coupling

Ho=7; (En,—Np)X{?,
Y

Hi=> > AMLRexxST

(fa) yy'Tr’

model“ is proposed to allow for the strong electron correla-
tions within the unit cell in the band calculations: the lattice
divided into nonintersecting celli€lusters, the intracell

art of the Hamiltonian is exactly diagonalized, and the
eigenvectorgp)=|n,y) and termsE,, , are found for a clus-

ter with n particles, where the index numbers all the other
quantum numbers. The next stage involves constructing the

Hubbard operators for this ceft XPP'=|n,y)(n’,y'], in
whose representation the intercell component of the Hamil-
ftonian may be written exactly as a generalized multilevel

ubbard model. As a result, the initial Hamiltonidh) is
@/_ritten exactly in the formrH=Hy+H,,

@

The spectrum of single-particle hole excitatidthg con-

excitations between

sists of a set of dispersion-free levelSresonances’)
where the indexm is the number of

terms + 1,y,)

may vary widely, without influencing the low singlet-triplet —|n,v2). Intercluster hops described Iy, are taken into

splitting energyAe,. In our opinion, the smallness dfs,
shows up when the dispersion law in,GuO,Cl, measured

account in perturbation theory using the simplest “Hubbard
I” approximation?! In the double-sublattice structure of the

experimentally by the ARPES methtds compared with CuQ, layer the dispersion equation has the form

that calculated using the-J model?® Near the top of the
valence band and in the energy rarif€0.1 eV, the agree-

det{ 5nm5AB(w_ Qm) - FmAQ\qg(k)}: 0.

3

ment is fairly good but the differences increase for state$lere A andB are the sublattice indices,(k) is the Fourier
intercell

To calculate the dispersion law, we consider an infiniteF = (X[ ' 72" 171 4 (x™?72"72) i the filling factor,
CuG, lattice with a unit cell in the form of an infinite cluster, which depends on the temperature and hole concentration.

deeper in the valence bartBig. 3.
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The cell can be divided by various methods. The sim-For typical values of the parameters a renormalized hop is

plest case of a CuQcell was used to calculate the hole Tpdmo_l eV. The first term in Eq5) describes a quasipar-
spectrum in the paramagnéfic and antiferromagnetic ticle (hole) hop with the excitation of a Zhang—Rice singlet
phases? However, the more symmetric clusters, GU&  while the second and third terms describe a hole hop with
CuG;, are more convenient because they correctly reflect theinglet-triplet mixing. The mixing vanishes at tfie point.
local symmetry of copper, but they cannot cover the entireDetails of calculations of the band structure in the antiferro-
lattice with nonintersecting clusters. Each in-plane oxygermmagnetic phase are given in Ref. 23, and we used this pro-
ion belongs directly to two clusters and nonorthogonality ofcedure to calculate the hole dispersion law for undoped
the Hubbard operators arises in neighboring cells. To solvgr,CuO,Cl, (Fig. 3). A comparison between our calculations
this problem for the three-barm-d model, it was suggested and the ARPES data shows far better agreement than that
in Refs. 24 and 25 that Wannier functions should be conopptained for calculations using the-J model?® Since the
structed for each cell and then used to determineXtt@-  t—J model can only be obtained with a local basis, as in Fig.
erators. After this procedure, the results of both approachegh, where there are no triplet states and singlet-triplet mixing
are almost the same. We shall subsequently use a simplgjr from theT" point, we conclude that allowance for the
division into O—Cu-O clusters. triplet states of two holes and its mixing with the Zhang-Rice
The results of the exact diagonalization of the GUD  singlet are important to describe the hole spectrum in the
CuQ,Cl; clusters described above indicate that the singletnarrow energy range 0.1-0.5 eV below the top of the va-
triplet splittingAe, is small (Ae,<0.5 eV), and this willbe  |ence band, i.e., where high-temperature superconductivity is

used subsequently. clearly an important effect.
For the local basis shown in Fig. 2a, the top of the va-

lence band is determined by three Fermi modes
4. INTERACTION OF HOLES WITH SPIN EXCITONS

X*=]1,—0)(2,0, X*=|1,—0)2,1,0, . . . . .
s =1L K20 s =1Lmo)(2.10 Singlet-triplet mixing described by the last two terms in

X2=|1,— o)(2,1,20], (4) Eq. (5) may .result in an additional mechgnism of supercon-
7 ducting pairing. These terms resemble interband transitions
where|1,0) is the lowest molecular orbital in the single-hole which may well be a source of pairirfg These components
sector, [2,00 is the Zhang-Rice singlet, an{2,1M), of Hpq may also be explicitly written as Fermion-boson in-
M=0,+1 are two-hole triplets. We shall adopt theigav teraction using Hubbard operator algebra, whereby we have
notatiorf® in which the initial and final states are replaced by X|210(1-0l _ y[2.1.02.0 201~ o] ©)
a single root vectoXP9— X*. The excitation energie@) in ! ! ! '
the zeroth approximation are given by This implies that the addition of a hole to the initial state
|1,— o) with the formation of a final triplet stat¢ghe process
Q0=E(2,0-E(1,~0), 0,=E(21,0-E(1,~0), |1,— 0)—|2,1,0)) is equivalent to the generation of a hole in
Q,=E(2,1,20)—E(1,~ o). the proce?ss|l,.— a)—12,0) With_ the final state being a
Zhang—Rice singlet, and the simultaneous generation of a
We use a double-sublattice Fourier transformation to despin exciton|2,0)—2,1,0). It has been shown that the spin
scribe the antiferromagnetic phase. Assuming ¥faandYy  splitting energyA e, is small. Other exciton excitations from
denote the Fourier transforms of the Hubbard operator inhe singlet to higher two-hole terms are possible from the
sublattices 1 and 2, the Hamiltonian of an intercluster hogoint of view of Hubbard operator algebra but are less effec-

allowing for the Fermi mode§3) has the form tive because of the higher energy.
At the same time, the second term in E§). determines
de:Tpd% y(k)X:G“ongJr 2ia’(Sin(an)X;UalY|fg the exchange of spin excitons wiy=0 without hole spin

flipping, which may lead to pairing, and the third term de-
scribes the emission and absorption of a spin exciton with

. +agy a1 . . +ayy g
+sin(kya) X, °Y\;) + 2iavV2(sin(k@) X, . *Y\ g S,=1, i.e., with spin flipping. This may give rise to pairing

+sin(kya)xlf“°Yzz) +he.. (5) as in paramagnon exchange, _anc_i may also cause pair destruc-
o Ko tion as a result of hole spin flipping.
where the following notation is introduced Note that this pairing mechanism may occur only in sys-
tems doped with holes with nonzero filling of two-hole
y(k)=cogk,a) +cogka), states.

A multiband p—d model allowing for theds,2_,2 orbit-

Tpa=~Tpa(Uvo+Ugu)vve/2, als of copper as well ad,2_,2 orbitals was considered in

-y

W= (1+onu)f2, v2=1—u? Ref. 18, where.it was shown that an increa}se in the popula-
tion of thea, 4 single-electron molecular orbitals reduces the
S=ep,—eq, V2= 5%+ ngd, population of theb, 4 states and therefore lowels. From
our point of view(Figs. 1a and 1h a substantial increase in
ug=(1+6q/vo)l2, vi=1-uj, the fraction ofa,y single-electron orbitals is clear evidence
that singlet-triplet crossover may take place in these com-
80=0-Vpq, v5=085+8Th. pounds. The need to allow for thil,>_ 2 states to obtain an
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Response of a YBaCuO/MgO bolometer structure at high levels of laser excitation.
Nonlinear model and experiment

A. Yu. Klokov, T. I. Galkina, and A. F. Plotnikov

P. N. Lebedev Physics Institute, Russian Academy of Sciences, 117924 Moscow, Russia
(Submitted July 11, 1997
Fiz. Tverd. Tela(St. Petersbung40, 191-194(February 1998

A nonlinear model is developed for the photoresponse of a bolometric structure taking into
account the temperature dependences of the thermal constants of the YBaCuO/MgO structure and
its boundary thermal resistance. The model also allows for the specific form of the current-
voltage characteristic of YBaCuO and the heat release from the transport current flow. A
comparison between the experimental data and the model showed that the nonlinear

thermal model accurately describes the temporal characteristics of the photorespori98 ©
American Institute of Physic§S1063-783@8)00302-5

Th_e phqnon subsystem in Si/Ge heterostrucf[urt.as anq SU- W= B(Tg—T‘l‘), )
perlattices in the temperature range between liquid helium . ,
and liquid nitrogen(and abovgcan be investigated using the yvhere Toq are th_e tempergtures In medla.O and 1 at the
thermal pulse method as described in Ref. 1, where the efltérface, respectively, arilis a constant which depends on

ergy dissipation process in structures containing a GaAs'® propertles%of the adjacent mediae densities and veloci-
AlGaAs double barrier was studied by detecting nonequilib—tIeS of sound . L .

rium acoustic phonons. A high-temperature superconducting For small heat fluxes this relation is linearized
bolometef2is a natural choice as an acoustic phonon detec- W= (T,—T;)/Rgq, 2

tor in this temperature randd—90 K) and is undoubtedly of whereRgq= (4BT%) 1 is the boundary thermal resistance.

current interest. . .
. . . The authors of Ref. 5 had no information on the bound-
However, for an accurate interpretation of the experi- : .
O . ary thermal resistance in a YBaCuO/MgO structure and
mental data we require information on the temporal charac; . . . ) :
therefore when modeling this using acoustic mismatch

teristics of such a bolometer, i.e., information on ho_w accu-theory, took the value for a Rh:Fe/sapphire interfaas. the
rately the bolometer can follow changes in the

nonequilibrium phonon flux. In principle, this information constantB in Eq. (1). The authors of Ref. 5 also neglected

can be obtained by investigating the temporal characteristictshe heat released in the bolometer film from the current flow

L L as well as the specific form of the YBaCuO current-voltage
of the bolometer response to optical irradiati@nd there- e . .o
i . . characteristic. This last factor may significantly alter the tem-
fore heating by a laser pulse, i.e., by measuring the photo-

. N . eporal characteristics of the bolometer response calculated
response. However, there is some indication that in the re- . I
near the superconducting transition.

gion where thg supercondu.ctmg transition beglns, the We describe a nonlinear mathematical model of the re-
photoresponse is not only attributable to changes in the bo-

. . sponse which does not have these shortcomings. The results
lometer temperaturéas a result of absorption of laser radia- . . .
) . . ) .~ of a numerical simulation of the photoresponse of a
tion) but is also(preferentially caused by direct destruction : :
; S L YBaCuO/MgO structure are compared with the experimental
of Cooper pairs by the incident radiation and thus by change

in the quasiparticle concentratiénn this case, the temporal data. The boundary thermal resistarig, used in the cal-

characteristics of the photoresponse do not reflect the dyc_ulatlons was determined for this particular structure using a

namics of the change in bolometer temperature and therefm%rocedure developed in Ref. 8.
cannot indicate its response time in the “bolometer” regime
and thus its suitability for the detection of nonequilibrium
acoustic phonons. A meander YBaCuO/MgO bolometric structure was pre-
We need to investigate the photoresponse characteristigsred as in Ref. 9. The structure measured43nm, the
of a high-temperature superconducting bolometer and thusbbon width was 0.15 mm, and the YBaCuO film thickness
determine its response time in the bolometer regime, by50 nm. Figure 1 gives the results of measuring a family of
comparing the experimentally measured photoresponse witturvesR(T) for various bolometer currents which were used
that calculated using the nonlinear thermal model. An exto determine the current-voltage characteristic of the
ceedingly thorough analysis of experimental data on the reYBaCuO film. The superconducting transition temperature
sponse to laser radiation was described in Ref. 5. Note tha, varied between=86 and =85 K, with the transition
any attempt to model the thermal response requires quantitavidth AT=0.8 K. The extremely higlffor YBaCuO tem-
tive data on the thermal contact between the film and thgeratureT, and the narrow transition widthT, combined

1. EXPERIMENTAL METHOD

substrate. Such information is not generally available. with the good stability of the parametefao appreciable
According to the acoustic mismatch mofeihe heat changes inT, andAT were observed over a ygavidenced
flux across the boundary of two media is given by the high quality of the YBaCuO films.
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FIG. 1. Resistance of a YBaCuO bolomefRg, versus temperature for
various transport currents through the bolometgg; (mA): 1—10, 2—5, FIG. 3. Structure under stud@—YBaCuO film, 1—MgO substrate, and
3—1, and4—0.1. 2—cryostat cold sink at temperatufg .

The source of photoexcitation was an LGI-21 nitrogen
laser with a pulse length 0%1_0 ns. The photorespons_e was afloJ(U,T)dXZ - &)
recorded with a V9-5 sampling voltage converter. Figure 2 0
gives results of measurements of the photoresponse near t
beginning (Rgy,=0.015Q, curve 1) and middle
(Rg=80€, curve 2) of the superconducting to normal
transition. The laser radiation flux w&=5000 W/cnt and
the bolometer currertzy, =10 mA.

tf‘%is is a fairly safe assumption since it is known, for in-
stance, that the current in granular films does not flow over
the entire cross section but along a finite number of channels
distributed randomly in the filnipercolation conductiont®
Nevertheless, we shall use this model representation, assum-
ing that, in good-quality epitaxial filméof fairly large cross
sectior), percolation effects should be very weak. Assuming
that the absorption of incident radiation in the YBaCuO film
The structure under study is shown schematically in Figobeys the Bouger—Lambert lgive., = 1—exp(— yx], where
3. The geometric and thermophysical parameters for thg, js the absorption constdntwe write the heat conduction
YBaCuO film and substrate are denoted by the indices 0 a”@quations for the film and the substrate
1, respectively. A currenltg, flows along the YBaCuO film,

2. MATHEMATICAL MODEL

i L _ _ aT d aT
;nggg.g a potential differendg between the=0 andz=L poColTo) &_toz = 2o(To) a_xo + yexp — yX)Po(t)
We shall assume that the current distribution in the film +Q @
can be described by the functid{U,T) (the current den- '
sity, which depends on the voltagie and temperaturg&) so aT, d JT,
that p1C1(Ty1) T ax #1(Ty) W)’ 6)

ICIGRIVE
L
wherePy(t) is the incident radiation flux,(t) is the poten-

tial difference between the=0 andz=L planes(Fig. 3),
i.e., the response of the bolometric structure determined from

(6)

[}
)
‘B condition(3), andpg 1, Co 1, @andxg ; are the density, specific
3 heat, and thermal conductivity of the film and substrate, re-
'g spectively.
G The boundary conditions have the form
dTy
IX |X=0: ' (7)
T,ns dTo aTy
’ —x0(To) — o= x=1,=%a(T1) —7 ®
FIG. 2. Photoresponseof YBaCuO bholometer to pulsed laser excitation: x=0
1—at the beginning of the transitioRg,=0.015Q (Tz=84.5 K), 2—at
the center of the transitioRg,=80Q (Tg=85.1 K); P,=5000 W/cn3. —y(TY) ‘9T1| _ (T4| —T4| ) ©)
1, 2'—calculated values. For comparison the dashed curve gives the time x1tl X X:O_4T3R Olx=ly— " 1lx=0/»
dependence of the average overheating of the bolometer(tfilim is the B™Bd
same as the photoresponse at low levels of excitgtioalculated at the T | =T (10)
center of the superconducting transititR, =80, Tg=85.1 K). lix=1,7— B>
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whereTg is the thermostat temperature. 1.0
The first boundary conditioki7) corresponds to neglect

of heat losses as a result of radiation from the surface of the YBow,Cuz0, Mg0

film. The second conditiofB) describes the continuity of the

heat flux at the film/substrate interface. The third condition

(9) describes the temperature jump at the film/substrate =,

interface® When the fourth powers of the temperatures are

different, the coefficient is selected so that for a small heat 1

flux and therefore a small temperature jump, the boundary

thermal resistance iRgy. The value ofRgy must be deter- 2

mined experimentally. ,
We write the initial conditions in the form 0 1.0 ZO
To(x0)=T3(X), T1(x.0=T(x), (11) 2/l

where the functiong'g(x) andTi(x) may be determined by FIG. 4. Distribution of overheating in YBaCuO/MgO structure above bath
solving the system of equations obtained from Egs-(10)  (emperawre Ty (calculated, ~ Po=5000 Wjerd.  Curve  1—

. . . . Rgq=8X10"* K.cm?/W. For illustration, curve2 gives the hypothetical
if the time partlal de”V""t'veg‘ﬁoyl/&t are assumed to be case of zero boundary thermal resistance at the YBaCuO/MgO interface.

Z€ero. The coordinate is normalized to the thickness of the YBaCuO film.
Note that the validity conditions of the heat conduction

equation describing thermal processés this YBaCuO/

MgO structure are strictly satisfied at liquid nitrogen tem-

perature and above. . . .
The system of equationé®)—(11) was solved numeri- peratureTg and onP,. For comparison with the experiment

cally using an implicit scheme and the convergence wasid. 2 gives the results of calculating the photoresponse
checked by the “net accumulation point” method. (curves1’ and 2') under conditions corresponding to the

experimental ones. An analysis of Fig. 2 reveals good agree-

ment between the calculations and experiment for such pa-
3. DISCUSSION OF RESULTS rameters as the pulse full width at half maximum: the pho-
. toresponse at the beginning of the superconducting transition
The photoresponse was calculated in the temperaturg appreciably shorter than that at the center. This variation in

range 84-88 K, i.e., in the transition range of the supercon;

ducting to normal state. The boundary thermal resistancz[ahe duration of the calculated photoresponse for a given in-

Rgg=8x10"% K-cm?W used in the calculations was deter- C‘def“ ragliation flux (5 10° Wicn?) is caused by the Str"f‘g.
: 1r.1onl|near|ty of the YBaCuO current-voltage characteristic

8. The current density(U,T) was obtained by linear inter- near the supe_rconducting transition_ and by the significant
polation of the curveRey(T) (Fig. 1). The curvePo(t), nomsotherm_lcny of the YBaCuO f||ﬁ}(0f the order of
giving the time dependence of the laser radiation power, was 0-2 K), which is comparable to the width of the supercon-
approximated by a parabola. ducting transition. To illustrate this nonisothermicity, Fig. 4

The following should first be noted: the calculations gives the results of calculating the overheating distribution in
showed that for the structure used experimentally, allowanc@ YBaCuO/MgO structure at the time corresponding to the
for the Joule heat release from the flow of transport currenfnaximum average film temperatuigee dashed curve in Fig.
was unimportant in the range of current densities up tc?)- It is interesting to note that when the boundary thermal
2x10* Alcm? (the maximum current density in our experi- resistance is zero, the nonisothermicity of the bolometer film
mend and only had a significant influence on the response &g even higher.
current densities higher than *L@/cm?). To sum up, a comparison between the experimental re-

1) The numerical simulation showed that at low incidentsults and the calculations has shown that this nonlinear ther-
radiation fluxes €100 W/cnt), the response profile is al- mal model accurately describes the time behavior of the pho-
most independent of the flux and thermostat temperaligre toresponse of this YBaCuO/MgO bolometer. The model can
in the entire temperature range 84—88 K. This is becélse therefore be used to estimate the bolometer response time
the maximum “isothermicity” of the bolometer 120 MK and can accurately take into account its response character-

(i.e., is much smaller than the width of the superconductingstics in proposed studies of the phonon subsystem in Si/Ge
to normal transition=0.8 K) and the response is propor- heterostructures and superlattices.

tional to the average overheating of the ffinand (b) the

time dependence of the average overheating of the YBaCuO The authors would like to thank E. V. Pechen’ for prepa-

film in this temperature rangeA(Tg=4 K) is almost inde- ration of the YBaCuO films and A. |. Sharkov for useful

pendent of the thermostat temperature, since the thermal coadvice and discussions.

stants of the YBaCuO/MgO structure vary negligibly. This work was supported by the GNTP programs “Su-
2) When the incident radiation fluR, was increased to perconductivity” (Project No. 9319Dand “Promising Tech-

10°-10* W/cn?, it was found that the temporal characteris- nologies and Devices in Micro- and Nanoelectronics”

tics of the bolometer depend strongly on the thermostat temdProject No. 130/5)
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Electronic structure and stability relations of CaF , and NaCl phases in a Ti-H system
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Fiz. Tverd. Tela(St. Petersbuigd0, 195—197(February 1998

Calculations are made of the electronic structures ofy;Titind TiH hydrides having a NaCl

crystal structure and Tit, TiHg 73 and TiH having a Cafstructure. Estimates of

their superconductivity temperature indicate that this should be significantly higher for the
stoichiometric NaCl phase compared to nonstoichiometric phases. The results are compared with
the characteristics of thg phase of titanium hydride Ti§}5; which undergoes a

superconducting transition at 4.3 K. ®998 American Institute of Physics.
[S1063-783M8)00402-X

A change in the crystal-structure type in compounds andemperature for hydrideE,~4.3 K. In view of these obser-
solid solutions leads to changes in their physical propertiesyations, it is relevant to identify the significance of the con-
For instance, the superconducting transition temperaflyes tribution of the electronic factor to the physical conditions
of NaCl-type implantation phases such as carbides, oxidegrohibiting the existence of equilibrium titanium hydrides
and nitrides of transition metals, have an abrupt maXimun’having an NaCl structure and to determine more precisely
for stoichiometric compositions. Superconducting PdH  the characteristics of thg, dependence of titanium hydrides
solid solutions with the same type of structure exhibit theon the composition and structural state.
same type off (x)/ ™ behaviof as in Ref. 1. However, a To denote the type of crystal structure, we introduce the
similar phase is not formed in a Pt-H system and interestsuperscripts “nc” and “cf”’ to indicate NaCl and CaFre-
ingly, this does not exhibit superconductivityin a Ti-H  spectively. Figure 1 gives the density of electronic states of
system, hydrogen usually occupies tetrahedral interstitighe hydride Ti(H'), 5 calculated, as are all the following,
sites and, at H concentrations higher than 50 at. %, the equirsing a modified scherheompared with that used in Refs. 5
librium type of crystal structure for this system is GaPe-  and 6. For the calculations we assumed the highest possible
spite this, the discussed law governing the correspondencstder for the given concentration in the unit cell of a face-
between the distribution over octahedral interstitial sites otentered cubic (fcc) lattice with the parameter
the implanted element and superconductivity for a Ti-H sysa=8.3224 a.u(Ref. 8. The good, detailed agreement with
tem is clearly confirmed in Ref. 3, where it is shown that theexperiment in the vicinity of the Fermi levéhset to Fig. 1
synthesizedy phase Tilj ;3, having an NaCl structure with a indicates an ordered distribution of hydrogen in the tetrahe-
small (c/a=0.95) tetragonal distortion, has a fairly high dral interstitial sites of the fcc titanium lattice. The calcula-

tions showed that this state is energetically favored.
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FIG. 1. Density of electronic states for the ordered hydride Ti(H,. Here £, Ry

and in Fig. 2 the vertical dashed line indicates the Fermi level. The open
circles give the photoelectronic spectrum of TiHrom Ref. 4 with the FIG. 2. Densities of electronic states for the hydrides Tf{H(a),
photon energhv=21 eV and the inset gives the spectrum lior=15 eV. Ti(H" g 73 (), Ti(H) (c), and Ti(H" 75 (d).
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TABLE |. Values of the paramete (in Ry™%) for the hydrides studied.

TiH, TiH TiHo7s
NaCl - 24.6 28.9
Cah 7.5 2.0 8.7

TABLE II. Calculated electron-phonon characteristics of the titanium hydrides studied.

N(Ey),

Material state/Ryatom M (w3)y, a.u. 6p, K A i Te, K

Ti(H™) 75 8.73 0.038 282 0.67 0.40 3.9
4.3 (Ref. 3

Ti(D™) 75 8.73 0.032 280 0.72 0.40 4.9
5.0 (Ref. 3

Ti(H™) 9.30 0.031 290 0.98 0.43 10.2

Ti(H, 5 1.65 0.113 318 0.33 0.21 <0.1

Ti . ; 380(Ref. 13 -  0.38(Ref. 2 0.27
0.39 (Ref. 2

My is the hydrogen mass{,w%)H is the mean square of the Debye frequency of the hydrogen sublattice
vibrations, 6, is the Debye temperature; for M ;( w3),=0.15 a.u.

Figure 2 shows the densities of states of hypotheticastoichiometric hydride with an NaCl structure.

cubic phases with H/E 1 with hydrogen obeying a prob- The superconductivity characteristics of hydrides in dif-
ability distribution over octahedral interstitial sites, accord-ferent structural modifications should clearly differ substan-
ing to Ref. 3, and hydrogen having an ordered distributiortially. Table Il gives the results of calculations of the
over tetrahedral interstitial sites. The fcc lattice parameteglectron-phonon interaction constanand the superconduct-
a=7.8462 a.u. for these hydrideS was obtained neglectin%g transition temperaturé'c_ Standard approaches were
the tetragonality of ther phase of Til 73and assuming vol- e for the estimaté4® The scattering phase for the hy-
ume invariance per atom. It can be seen that when both strugrogen sublattice was taken as a “weighted” average of the
tures depart from stoichiometry, the band linking #1&fates ¢ attering phases for an electron with the Fermi energy at the
of titanium and hydrogen becomes severely bro""deneﬂydrogen potential and for a vacancy. The partial Debye fre-

whereas thal-band states below the Fermi level remain aI-ﬁuencies in the hydrides were determined using the plasma
most unchanged for NaCl-type fcc phases and are substa

) : - el #° extended to a two- t system. Esti-
tially transformed for Caf, promoting stability of the cubic Jri aItL;: rz (r)r;)(\) ozlien d _Ie_x feo rr‘ 'I?i (Dgc)a \(/)vgroemrggzznussi)r:gs; ?:; ans_l
lattice. Note that an analysis of the electronic energy Spe%armonic reIatiorCJr4 0.73

trum of Ti(H™) and Ti(H)o 73 showed that the experimen- Table Il ShOW.S that the strong influence of hydrogen in
tally observed tetragonal distortion for the phase cannot 9 ydrog

be attributed here to the Jahn—Teller mechanism, as it wg§trahedral interstitial sites on the density dband elec-
for TiH, (Ref. 9, although the Fermi energi; for these tronic states has a negative influence on the superconducting

hydrides corresponds to the sharp density-of-states pedKOPerties of the system and reduces the electron-phonon in-

N(E). In this case, the instability of the fcc lattice of tita- (€raction constanky; in the metal sublattice compared with

nium hydride to tetragonal distortion may be caused by thdlS value in pure titanium, whereas hydrogen in octahedral

high value of 8= 1/N(E;) (dN(E)/dE)|¢. (Ref. 10. Ac-  interstitial sites alters negligibly this characteristic, i.e., the
f

cording to Ref. 10, taking account of Ref. 11, for this Systemeffective properties of hydrogen essentially differ in NaCl

where the contribution to thed-band binding energy @nd Cak structures. In they phase of TiH 73 (Ref. 3 a
Epng~0.3 Ry/atom depends weakly on the hydrogen”eg‘?t've factor for. thg superconductl\./lty-ls the.presence of a
concentratiof, we have instability if 8>S, where fraction of vacancies in excess of stoichiometric. In fact, the
Be=14.7 Ry’ L. The results of the calculations ¢ for all complete absence of any negative contribution from vacan-
the systems studied are presented in Table I. It is easy to s&é€s in octahedral interstitial sites in the scattering ahdp

that the theoretical model agrees with experintérisplates ~ electrons by the hydrogen sublattice gives a higher value of
the NaCl structure as an uncharacteristic cubic phase for did-c for the stoichiometric hydride Ti(M). Before experi-
ordered titanium hydrides, having a tendency to lower themental data are obtained, this factor may serve as an indica-
symmetry by means of a displacement type of transitiontion how realistic a general law for this type of structure is,
This may provide microscopic confirmation of the reasonssuch as that already identified for palladium nitrides and hy-
for the experimental difficulties involved in obtaining a drides.
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Phonon-free mechanism of superconductivity in compounds containing quasi-two-
dimensional NiB complexes

S. A. Karamov

Moscow Physicotechnical Institute, 141700 Dolgoprudioscow Region, Russia
(Submitted April 28, 1997; resubmitted July 29, 1997
Fiz. Tverd. Tela(St. Petersbung40, 198—201(February 1998

A study is made of some characteristics of phonon-free pairing of hybrigizaxad d electrons

in planar NiB complexes in the presence of strong short-range Hubbard repulsion. A

generalized Hubbard model is used to calculate the superconductivity phase diagram as a function
of the degree of underfilling of thep® and 3° shells in NiB complexes. The phase

region of states having the highest superconducting transition temperatures is established.

© 1998 American Institute of PhysidsS1063-783498)00502-4

Compounds such as Lupfi,C and LaNI,B,N; (Refs. 1

and 2 containing a planar NiB structure have been studied. V=2 toxa(r1—12) (P75 dr,+07Pr ). )
This structure is described assuming that it contains hole

excitations of the type &x?—y?) and 2p(x,y) in com- Herep*, p, d*, andd are the creation and annihilation
pletely filled 3d'%(Ni) and 2p8(B®") shells. In this case, operators of thep- andd-hole states.

d(p) electrons tunnel through excitgz(d) states of boron The following are selected as the basis of atomic hole

(nickel—depending on the energy ratio of the single-particlestates for changing to the Hubbard representation.
2p and M stateg. Possible atomic states are assumed to be:  For the boron atom: The vacuum state B2p®: |0), the
Ni—d*° d® d® and B—p®, p°, p*. single particle states B,2p°: p,;|0), py;10), py[0),
Strong internal correlations split the holed(X?—y?) py+l|0) (quadruply degenerate leygland the two-particle
and 2p(x,y) levels into Hubbard subleveisvo d levels and  states B, 2p*: P«;Py;10), Py, Py,10),
four p levels according to the degrees of degeneracy of tth;Tp;L|O>+ p;lpyHO))/x/i (triply degenerate levgl
single-particle atomic statesvhich correspond to certain For the nickel atom: The Ni, vacuum statd8:; |0), the
single-particle energiesy ande,,. Here an analysis is made single particle states Nj3d°®: df“|0),df|0> (doubly degen-
of the limiting case of infinitely high Hubbard energies, erate level, and the two-particle Ni',3d%: d; d[|0) state.

when only one Hubbarg level and onel level are filled at Changing to the Hubbard representation reduces the
the same timeg,~eq. Hamiltonian to the following form:

Allowance for tunneling interaction leads to hybridiza- L
tion and simultaneous filling of the Hubbard hole levels N Skk, T SayBraBy 1
&p,&q- As aresult, the levels are collectivized into Hubbard H_% ety a;‘”, XeXp VA =17), &
bands. Possible atomic ground states are:°NijBNi*B°~, )
NiB#~, and Ni"B*". where X[ are the Hubbard operators, and 8 are the so-

The energy shift =e,— 4 of the anionic levels relative called root vectors which identify transitions between states
to the cationic ones is not calculated here: this is assumed @f the cell_.7 This Hamiltonian corresponds to the following
be a variable parameter which determines the phase propdpverse, virtual, multicomponent, single-particle Green func-

ties of the compound. tion of the loopless Hubbard approximatibn:

[Gu (P]ap=H{GW (P} Tap—fsVap(P)- (4)
1. GENERAL THEORY. EQUATIONS OF STATE AND Here G{”)(p) is the diagonal atomic Green function.
SUPERCONDUCTIVITY CRITERION Allowance for tunneling interaction is made in the near-

. ] . est neighbor approximatiorfy, and fy are the so-called end
The electronic structure of a NiB complex will be stud- factors which allow for the infinite Hubbard energy and are

ied using the Emery modé&1> where the tunneling matrix gependent on the average underfilling numbgyandng of
elementd, .q are only taken into account between fhand  the electronic p® and 30 shells, respectively

d states of the nickel and boron atoms, which play a funda-

mental role in the formation of the elementary excitation 1-3ny/4, 0<n,<1,

spectrum. If the Coulomb interaction is neglected, assuming fp= (n,+2)/12, 1<n,<2, ®)
that this is strongly screened, this gives a generalized Hub-

bard model in the zeroth approximation of the averéagf- 1-n4/2, 0<nyg<l,

consistent field with the Hamiltoniah = ngl2, <ng<2. (6)

R N ~ In addition to the noncollectivizeg branchest=¢,,
H=2, NmppserE Nrngaga TV, (@) the single-article Green functioi) gives two branches
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E1o=—pt\r?4+f f47, 7 "
1,2 M pld™ (7) 2.0
where 7
N 7 6
4(sir12{a(px+ py)/2} 6 F
: _ el 6
e +sir{a(p,—py)/2}), 0<np<1, ® I g ¢
6( sirf{a(p,+py)/2} s 4
= 7
+sir{a(p,—py)/2}), 1<n,<2. 14 1
Here u=—(eq+&,)/2 is the chemical potential of the 7 7
: . X fi]

compoundy =g,— g4, t is the tunneling matrix element be- g} ¢ g 1
tween states of the nearest Ni and B atoms, and the A
modulus of the vector of translational symmetry. I 7 2

The average hole-state filling numbeng and ny are o4l 8
expressed in terms of the matrix elements of the Green func-
tion i

) 1 ) 1 Il ) 1 fl
[Dw(P)]as=[CGw(P)]asfs. 9 0 0.4 0.8 12 1.6 20 ng

thereby determining the equations of state of the system FIG. 1. Phase diagram of the superconductivity of an NiB complex in the

np/(z fp) _ nF(sp), 0<np< 1, square @inp<2,0§ ng<2. The regions of §yperconduct?vity are shown
2 Bng(E)= hatchedC,D,E,F gives the approximate position of the points of maximum
T ! 2(np—1)/3fy;—ne(ey), 1<n,<2, Te(np.ng): 1, 3—phase trajectories far't=0, 2, 4—phase trajectories for

(10) r/t=2, 5—electrical neutrality ling19) for q=2, 6—curves bounding the
regions of filling of localizedp states, and@—curves of Van Hove singu-

E np/(2 fq), 0<ng<1, larities (K curve.
S Ane(E;)= (ng—1)/fy, 1<ny<2, (1
where
-2, 0<ng<1,
Al:BZZE 1_;, €= 2, 1<nyg<2, (16
2| A
-1, 0<n,<1,
D= 1
A2:Bl:£ +; . (12) {_1/3, 1<np<2. ( 7)
2 Vr2+af fyr?

The density of statep is always positive so that the exis-
The establishment of superconductivity in the system igence of superconductivity in the system is determined by the

determined by the presence of a negative scattering amplgonditiong>0.

tude at the Fermi surface. The condition for the establish-

ment of a superconducting state is the appearance of a sin-

gularity of the two-particle multicomponent vertex part

Faﬁ(p) for zero total energy, momentum, and SBiWhiCh 2. OCCUPATION CHARACTERISTICS OF THE ELECTRONIC

: ) AT . SPECTRUM
in the empty lattice approximatiofin the gas approxima-
tion) is given by the ladder series Each point in the phase planeg,n,) corresponds to
) ) some phase state which may be realized by various com-
TP =T%(p)-TX TG, (p.p)G) (p")G", pounds of a particular type. Each phase staig 1f,) has a
wp' one-to-one correspondence with the pair of valugs,q),
X(=p")yr(p). (13  whereq=ny+ny is the total hole charge of the NiB com-

) _ ) _ ) plex. In other words, 1(/t,q) and (4,n,) are alternative
Here I'; 5, ,(p) is the two-particle vertex part, irreducible gystems of phase coordinates. The valligs the parameter
over two lines in the same direction, which we find using theys e problem. It is subsequently assumed that
0 ) .
Dyson method:! o - Taking the variable as the parameter, the equations of
As a result, the superconductivity condition is exPreSSGdstate(lO) (11) written in the form
by the usual Bardeen—Cooper—Schrieff@CS formula

A >0 with the effective constark Ng=nNg(E¢,Ng,Np), 18
Tcweilh\, )\:gp (14) np:np(Ef!nd!np)v

Here p=3,6(E(p)) is the energy density of states at the define parametrically in terms of the chamgen the coordi-

Fermi surfaceg is the energy factor, nates Q4,np) the family of phase trajectoriag,=ny(ngy) of

‘ ¢ the constant, which are almost the same as the trajectories
_ eqeplCepfpt Dszd d (15  of motion of the phase-state points of the compounds during
fofdlepted] doping (curvesl—4 in Fig. 1).
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n, by various high-temperature superconducting compounds
4 with the sameT, corresponding to the given phase state.
Thus, the dependence Gf, on the parameteray and n,
1 forms a certain relief which is of major interest because it
can be used to determine the phase states and the compounds
giving the highesfT values.

\ The relief of T¢(ng,np), to within a preexponential fac-
tor of the order of magnitude af is the exponential relief of
the function— X\ ~1(nq,ny), determined by relationd 4) and
(15). Thus, we investigate the functior(ng,np).

For each subban&(p) and each value of, there is a
chargeq for which the stater(,q) corresponds to the Fermi
level which passes through the saddle points of the spectral

T =z % surface E(p). Then, the energy density of the electronic
4

states on the Fermi surface for these phase states has a
clearly defined van Hove singularity, i.e., an extremum for
- givenr. The set of these points for all possible values of

4 form parametrically defined curves in termsrofcurves? in

FIG. 2. Phase diagram of the superconductivity of the NiB complex in theFig. 1) which will be arbitrarily called< curves 2 All the
square 8<n,<4,0<ny<4. The regions of existence of superconductivity points on this line correspond to states for which the Fermi
are shown hatchedl—line of electrical neutrality for L§\“252N2] Surface passes through van Hove Singu'arities_ It f0||OWS
(q=4.55). from Eq. (14) that these states correspond to maximda of
for A>0 andT.=0 for A<0 in the dependenc&.(q) for

The parameteq is determined by the condition of elec- constant which describes the changeTp along the corre-

trical neutrality of the compound. A set of phase stateg) ~ SPonding phase trajectory of constantFor each subband,
with the sameq value forms a line of electrical neutrality the et of these states for differenforms aK curve in the

/) 2

(line 5 in Fig. 1) in the phase planeng,n,) phase plane which on the relig&(ny,n,) corresponds to a
“ridge”—a line of T peaks for constant. Each phase tra-
Np=Q—Ng- (19 jectory of constant intersects th& curve at the phase point

Thus, the position of the phase stateq) in the coor- ~ ©f the maximump(q) and\(q) for this value ofr. If the
dinates @4,n,) is determined by the point of intersection of Point of intersection corresponds >0, this point lies in
the phase trajectory of the correspondingnd the line of the region of superconductivity. It was shown in Refs. 11
electrical neutrality of the corresponding(pointsA andB ~ and 12 that for each subband the maximumTefny,ny)

in Fig. 1). corresponds to the point of intersection of the phase trajec-
tory r~t with the corresponding curve (pointsC, D, E,
3. PHASE DIAGRAM andF in Fig. 1).

Under conditions of strong Hubbard repulsion, the exis-
tence of superconductivity is determined by the sign and
magnitude of thed—d and p—p scattering amplitudes. The
superconductivity phase region is now sought. The supercory: COMPARISON WITH THE EXPERIMENT
ductivity condition has the form =gp>0. A numerical so-
lution of the problem is plotted in Fig. {the regions of
existence of the superconducting state are shown hatch
and the curves$ delimit the regions of filling of localizeg
states.

Thus, the phase diagram is constructed in the squa
0<np<2,0<ny<2. This problem is symmetric relative to
the partial hole transformation,—4—n,,ng—2—ny, so
that the phase diagram in the square8,<4,0<ny4<2 is
the square &n,<2,0<ny4<2, turned through 180° about
the center. For the region<On,<4,2<ny4<4, which corre-
sponds to hybridization of hole excitations of the type
3d(3z2—r?) and (x,y), the theory gives the same results
as for the region €n,<4,0<ny<2 (Fig. 2.

It was assumed here that, in the compounds being stud-
é(ad the electron-phonon interaction is negligible compared
with the kinematic electron-electron interaction. Numerous
experiments confirm that the superconductivity in these com-
rgounds cannot be described by the BCS model. For instance,
experimental data are given in Ref. 1 forsMN,B,N5 (1) and
LaNiBN (2). In accordance with the BCS modd, is given
by the expressiom.~M Y2 exp(—1/\), whereM is the
mass of a unit cell anil is the BCS constant. It is knowh'*
that at temperatures above the Debye temperature, the tem-
perature derivativepr of the electrical resistivity of a com-
pound is proportional to the BCS constantfor this com-
pound. Results of resistivity measureméntan be used to
determine the ratio of the parametexg and A, for these
compounds:\;/A,~30. In this case we findl,<M;.
Thus, in accordance with the BCS thedry,> T, should be

It has been noted that each poimty(n,) in the phase found. In practice compoun®) is not a superconductor
plane corresponds to some phase state which may be realizedhich sharply contradicts this theory.

4. PHASE RELIEF OF T,
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Current-voltage characteristics of YBa ,Cu3;0,_, single crystals and Kosterlitz—Thouless
transition

N. D. Kuz’'michev and M. A. Vasyutin

N. P. Ogarev Mordovian State University, 430000 Saransk, Russia
(Submitted September 16, 1997
Fiz. Tverd. Tela(St. Petersbungd0, 202—204(February 1998

The nonlineal —V characteristic Y(1)) of YBa,Cu;O,_, single crystal was investigated near
the transition from the resistive to the superconducting state in the absence of a magnetic
field. A modulation Fourier analysis at temperatiiie (the maximum of the amplitudes of the
higher (h>1) harmonics of the response voltageas used to determine an analytic
dependenc& (1) which accurately describes the experimental reqdditect measurements and
harmonic$ in the range of currents<30 mA (j <310 A/cn?). It is shown that alf* the

power approximation of the—V characteristid/~ 12 is only found in the low current density limit
(j<jo=140 Alcn?). The results are interpreted in terms of the Kosterlitz—Thoul&33
transition model. It is established thBt corresponds to the temperature of the KT transifin,
which means thal 1 can be determined directly. The deviation\&fl) from a power
dependence is caused by the nonlogarithmic variation of the vortex interaction energy as a function
of the distance between them. ®998 American Institute of Physid&§1063-783%1M8)00602-9

Studies of thd —V characteristics\{(1)) of single crys- A modulation method for arbitrary modulation ampli-
tals and high-quality, high-temperature superconductindudes(modulation Fourier analysisvas developed in Refs.
films are an important and topical issue which has been adtl, 12, 14, and 15.

dressed by numerous authdsee, for instance, Refs. 112 When the functiorV(l) is expanded as a Fourier series
However, the properties of YBEu;O;_, single crystals in terms of the argumendt, in the absence of hysteresis we
have not been sufficiently well studied. have V(1)=Vy(l 4,1 )2+ 2V (l 4,1 5) coskwt). The coeffi-

In the vast majority of the studies known to us, the au-cientsV,(l4,l,) (the amplitudes of the harmonjcare deter-
thors only investigated the dependenit@ ;) which was de- mined using formulas for the Fourier coefficiefiter using
scribed over a wide range of current using the power functhe formuld**®

tion o 1 |\ 2mtk

T _ _a (2m+k)
wherea(T) is an exponent which depends on the tempera- 2
ture T. where k=0,1,2,3,... is the number of the harmoni("

In Refs. 11.a|jd 12 we reported strqng nonlinearity of theX(Id) is the p-order derivative ofV(1) with respect tol
|-V characteristics of YB#u;0;_ single crystals, Qb' taken atl=14. Formula(2) is more convenient for moder-
served nearT.. Here we analyze these results using aately small amplitude$, when few harmonics are observed
method of modulation Fourier analysis which can be used 1@k~ 5) which causes rapid convergence of the series in for-
investigate thd —V characteristics of high-temperature su- mula (2).
perconductors. The experimental curves),(l,,l4) for fixed 1, and

This method involves studying a large number of har-i(| ) measured directly using direct current are used to de-
monics Uy(lq) (Uy is the kth harmonic voltage of the  erminev(1). First, the functionV,(l4,14) is selected for

sample response signal and using these to deterMih®  gpecific|, which approximately describes,(l4,14) (here
and its derivatives. The following notation is adoptedare ¢ assumed=2) and then, by integratin¢aking into ac-
e>.<per|mental values and are calculated values. The current o nt the boundary conditions, existing physical models, and
| is taken to be the total curreht=14+1, cost), wherel, e identified properties ad,(1 5, 14)) this function is used to

is the amplitude of the ac curreny=2mv, and v is the  getermine a proposed(T) (i.e., in the zeroth approximation

frequency, i.e.V(l)=V(lg) for [,=0. o it is assumed tha¥,(l,,l4) is proportional to the derivative
An analysis of studies of the-V characteristics shows  gky;q1k). various modifications of this functiow(l) are

that the function(1) cannot describe the harmonics of the {hen analyzed to determine the condition for minimum rms

response signdl(I,,l4) (Refs. 11 and 1R deviation ofV, (I 5,14) from U (I 4,14).
1. EXPERIMENTAL METHOD 2. EXPERIMENT

A modulation techniquélow modulation amplitudesis The |-V characteristics of high-temperature supercon-
used to study the current-voltage characteristics of tunneaducting YBgaCu;O,_, single crystals were studied, using
junctions®® both modulation Fourier analysis and direct current, in the
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FIG. 1. 1-V characteristiqd0) and current dependences of the fidst (1), FIG. 2. Temperature dependences of the flst (1) and secondU,
secondU, (2), and third harmonic voltagel ; (3) of the response signal at  (14=20 mA) (2) harmonic voltages of the response signal ffige=27 mA
temperatureT=T*=92.0K, 1,=27 MA, v=1kHz: a—experiment, b— and v=27 kHz. Inset—temperature dependence of the exporgm)
calculations using equatiof3). (a(T*)=3).

temperature range 83T<<94 K. The direct current was be- tion energy is proportional to the logarithm of the distance
tween 0 and 50 mA, the amplitude of the ac current varied irbetween them=>’ Assuming weak pinning of vortices at
the range &1,<27 mA, and the frequency was in the range inhomogeneities in the sample, the resistaRcés propor-
40 Hz=v<10 kHz. tional to the density of free vortices\g (Ref. 17%:
The |-V characteristics and the harmonic voltage ofR~Ng~(1/10)¥%8T, whereq=(mn:h?2m)*?is the effec-
YBa,Cu;0;_, single crystals were investigated by a four- tive charge of a vortexps=n3°=n3"d, is the 2D electron
contact method. The resistance of the contacts was less thaensity,d, is the thickness of the superconducting layers
0.3Q. Technical aspects and characterization of the sampldsdlanck’s constantn is the electron mass, ahdg is the Bolt-

were examined in greater detail in Ref. 12. zmann constant. Thd -V characteristic has the form
From the results, we foun@Fig. 1) that thel =V charac- V~13T), wherea(T)=1+q?%(2kgT).

teristic of the single crystals &=T*=92.0+0.2 K (T* is The curvea(T) changes abruptly at=Tgt (Nelson—

the position of malJ,(T)|) may be approximated by the ana- Kosterlitz jump from three to ondFig. 2). The temperature

lytic function® Tkt coincides with the temperature of the maximum of the

H H * H —T* —
V(1) =Ry[1 — larctari1/14)]= (Rl o/3)[ (111 )3~ (3/5) r;jll((‘]!rh:iit T*h)a:”gczgi;s. 2T) The 'reﬁéxirTnsz IU k(%ghiul; rtl)g
X(111)%+...], (3) observed at that temperature at which the maximum number
of free vortices are created, i.e., 8kt. This may be ex-
plained as follows. According to the KT modelee Ref. 1},
the sample resistand® T<Tyt is R=27&?RyNg, whereé
is the Ginzburg-Landau coherence length, dRg is the

Figure 2 gives the temperature dependen;G_$T), normal-state resistance of the sample. The concentration of
U,(T), anda(T) (insed. The curvea(T) was obtained by free  vorices is given by the expression

approximatingtheinitial region dfl (14) by the function(1) Ne(T<Twr)~(i/io)2~j%(&n)%  According to the
at different temperatures. Ginzburg-Landau and BCS modéfs, we have

E~(A-TITY) Y2 andng~1-T/T,.
3. KOSTERLITZ-THOULESS TRANSITION IN YBa ,Cu3;07_, From this we obtain the dependerlé(aT)
SINGLE CRYSTALS

where Ro=5.4=0.1 m) (po=7.6x10"° Q-cm),
lo0=13.5£0.1 MA (jo=1.4x10° Alcm? are temperature-
dependent parameters.

~ _ -4
At low currents(1 <1, j <30-50 A/cnf) assuming that R~(1-T/To) ™" (5)
arctan(/1g)~(1/10)—(1/3)(1/1,)3, we obtain for function(3) Equation (5) is meaningful up to temperatureb=T.
Above Ty annihilation of vortices leads to a sharp drogRn

~ 3
V(H~MI%, ) and a rapid decrease in the nonlinearity caused by the motion
whereM =R,/(313)~10Q/A? is the coefficient of nonlin-  of “KT vortices” so that R has a maximum &af =T and
earity of V(I) for single crystals. Ui(T) (k>1) should have a peak @k sinceU,~R.
To explain equatior(4), we use the concept of a two- The similarity betweenTyt and T, in YBa,CuO;_,

dimensional Kosterlitz-Thoulesg<T) transition!™ caused single crystals leads to a high valueRfT ) (See equation
by appreciable anisotropy of the resistance, the critical magt)), which is easy to observe experimentally from observa-
netic fieldH.,, and the coherence lengéof this material.  tions of higher harmonics.

“Soliton” objects participate in a KT transition, comprising Our results show that in the range of currents30 mA
vortices coupled in “vortex-antivortex” pairs. Their interac- (j <310 A/cnf) the |-V characteristics are accurately de-
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scribed by the dependen¢®, which is not a power law and YThe temperatur@* was determined by averaging over the temperatures of
hence casts doubts on the validity of the KT model. Accord- the maxima of all the harmonics studied.
ing to Ref. 17, there are several reasons for the nonpower—

behavior of V(1) in a KT transition, such as screening of .5 ¢ g giamp, L. Forro, and C. Ayache, Phys. Re@832847(1988.

intervortex interaction, the domain structure of the 2N.-C.Yeh and C. C. Tsuei, Phys. Rev.38, 9708(1989.

YBa,Cu;O;_ single crystal, and other factors. This pro- S(Siglglgmn, A. T. Fiory, R. M. Fleminget al,, Phys. Rev. Lett62, 677

duces a_nonlogarlthm|c depende_nce of the interaction energys . Artemenko, I. G. Gorlova, and Yu. I. Latyshev, Phys. Lettl38

on the distance between the vortices. In the low current limit, 428(1989.

where the number of paired vortices is negligible, we find °H: Teshima, K. Nakao, H. lzungt al, Physica C199, 149 (1992.

V(|—>O)~|3 [see Eq.(4)]. From Eq.(4) we can obtain C. YZ.DChang, Lue Chin-Shan, and Y. C. Chou, Phys. Revi981488
A% : (1994.

Ng(Tk7)~1.3X 107 cm ™3 and &,,(Tk7) =5.4 nm. 7S. N. Gordeev, W. Jahn, A. A. Zhukaat al, Phys. Rev. B49, 15420

Since the distance between the CuO planes inggﬁg@j Tan Jian, Li Juanget al, Chin. . Temp. Phyd6, 21(1684
. . en Jun, lan Jian, LI Juan al,, In. J. femp. SO, .
YBa;CwO7_ is an order of magthde smaller than the 9B. I. Smirnov, Yu. M. Bakov, A. N. Kudymov, T. S. Orlova, and Yu. P.

vortex dimensions € ¢,,,), these may form normal three-  Stepanov, Fiz. Tverd. TeléSt. Petersbuig37, 1794(1995 [Phys. Solid
dimensional Abrikosov vortices but then a KT transition , State37 977(1999].

. . B. I. Smirnov, T. S. Orlova, A. N. Kudymov, M. T. Lanagan, N. Chen,
would be impossible. Thus, the authors of Ref. 1 suggestedang k. k. Goretta, Fiz. Tverd. TelsSt. Petersbuig3s, 2931 (1996
that the objects involved in the KT transition are normal- [Phys. Solid Stat&8, 1603(1996].

11 : Joont P .
state excitations which form pairs #t.- in the form of M. A. Vasyutin and N. D. Kuz'michev, Pis’'ma Zh. Tekh. Fiz8(23), 5
© ons. orm p KT 19.20 (1992 [ Sov. Phys. Tech. Phy48, 764 (1992].
quasitwo-dimensional condensates. Geneek@l™“" as- 12N p. Kuzmichev, M. A. Vasyutin, A. I. Golovashkin, and I. S.

sume that the magnetic flux transported by a vortex is very Levchenko, Fiz. Tverd. TeléSt. Petersbung37, 2070(1999 [Phys. Solid
i ; f i State37, 1121(1995].

Smal! (P<®g) and two dlmen§|onal SuDercondu?tIVIty. IS 13A. Barone and G. Paternd®hysics and Applications of the Josephson

possible. As was found qualitatively and by numerical Simu- Effect[wiley, New York, 1982; Mir, Moscow, 1984

lation in Refs. 21 and 22, Josephson interaction between Ia)ﬁ‘N. D. Kuz'michev, Pis'ma zh. Tekh. FiZl7, 56 (1999 [sic].

ers in YBgCu;O;_, is screened in the KT transition regime. Z'ggé]Kuzym'CheV' Zh. Tekh. Fiz64, 63 (1994 [Tech. Phys39, 1236

To sum up, we have determined the analytid/ char- 16| N Bronshtén and K. A. Semendyaewlathematics Handbodlin Rus-

acteristic of YBaCu;O,_ single crystals whose harmonics __sian, Moscow(1962.

| : . : .
[Vi(l4,14)] accurately describe the experimental curves A M- Kadin, K. Epstein, and A. M. Goldman, Phys. Rev.2, 691

Ui(la,lg), and we have also identified the range of validity 18y v. shmidt, introduction to the Physics of Superconductfirs Rus-
of the function(1) to describe thé—V characteristics of this lgsian], Moscow (1982. _ ,
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perature of the dependences of the amplitudes of the highe¥yy. A, Genenko, Sverkhprovodimost' KIAE, 1402(1992.
harmonics of the response voltage(T) (k>1) is the V. Caw@udella and P. Minnhagen, Physicdl €8 442(1990.
Kosterlitz-Thouless temperaturd@{;), which may serve as - Weberand H. J. Jensen, Phys. Revi£ 454 (1991.
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YBa,Cu;0,_5/CeO, heterostructures on sapphire  R-plane
Yu. A. Boikov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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D. Erts
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Fiz. Tverd. Tela(St. Petersbupg40, 205—208(February 1998

(001D YBa,Cu0,_ 5 epitaxial films were prepared by laser ablation(@402)Al ,O5 surface. A

thin (001)CeQ or (111)CeQ buffer layer was deposited between the substrate and the
superconductor film to reduce their chemical interaction. In the initial stages of Dafter

formation, its orientation depended strongly on the intensity of cerium ion interaction with oxygen.
Epitaxial growth of(001)YBa,Cu;0;_ films was achieved both of®01)CeO,//(1102)Al,04
and(11)CeG,//(1102)Al,05. The T, temperature of epitaxidD01)YBa,Cu;O;_ s films

was within 88—90 K, and the curred at 77 K was in excess of $0/cm 2. © 1998 American
Institute of Physicg.S1063-783#8)00702-3

The low values of dielectric permittivity and of losses 1. EXPERIMENT
tan & characteristic of sapphire make it a promising substrate
material for thin highT. superconducting films for use in

microwave technologyfilters, resonators, efc.Preparation — . . . .
of perfect epitaxial(001)YBa,Cus0,_5 (YBCO) films on Ealxliglzyéoc,ofi::?nwed by growing on it a 200-nm thick epi-

sapphire, however, is complicated by the considerable differ- The starting targets were wafers prepared by standard
ence in lattice parameters and by chemical interaction of theg o mic technology. During the CeO layer deposition, the
growing layer with the substrate at temperatures of 700‘oxygen pressur,, in the growth chamber was varied within
800 °C(Ref. 1). 1X10 3-4x10"! mbar. The YBCO film was grown with

Thin CeQ (CeO layers were used successfdlly as T, varied in the 740-785 °C interval and wify, fixed at
buffers in growing epitaxial YBCO films on (1R)AL,O; 0.4 mbar. The CeO layer was grown B§=750 °C. The
(AO). The CeO layer exhibits a preferred orientation rela-YBCO target was ablated at a laser radiation density
tionship with sapphireR-plane both azimuthally and with Q=2J/cm? CeO was evaporated witf varied within
respect to the substrate normal, 0-8—2.5 J/em?.

PP . . The phase composition and structure of the grown layers
(001[110]Ced|(1102[2201]AO (Ref. 3, despite the sig- . : o
- i . were characterized using Philips PW 1716/29) and
nificant lattice mismatcfiAa=2(a;—a,)/(a;+a,)~10%, g P 26)

- Siemens D 500@¢ scanning diffractometers.

vyhereal ar\daz are thg lattice consFants of the subsftrate and  1he morphology of the YBCO film surface was studied

film material, respectively (111)-oriented CeO grains are \yith an atomic-force microscope.

usually present in the bulk of cerium dioxide. The volume The superconducting transition temperatdig of the

fraction of (111)-oriented CeO grains in the buffer can be YBCO films was determined from the temperature depen-

reduced by subjecting it to a thermal treatment in oxygen atlence of resistivity and effective magnetic susceptibiligy

T~950 °C(Ref. 4. (f=30 kHz). The critical current density was derived from
The available literature on chemical inertness of YBCOI-V curves measured on YBCO microbridges 48 wide

to CeO in film heterostructures is contradictory. It wasand 50um long. The microbridges were patterned by pho-

proposed to use a thin CeO buffer to produce a tunnelingtolithography and Ar ion milling500 V).

barrier between YBCO electrodes, since the insolubility of

Ce in YBCO permits one to achieve an atomically smooth

interface. On the other hand, YBCO was observed to interact: EXPERIMENTAL RESULTS

strongly with the epitaxial CeO buffer aT=790 °C® The structure of the CeO layer depended substantially on
Among the main products of interaction is BaGeO Q and P, during their growth. Growth unde®<1 J/cm 2
This work considers some features in the epitaxialand P,>0.1 mbar produced azimuthally orienté@D1)CeO
growth of CeO buffer on sapphire and studies the effect of itdayers (Figs. 1a and 2a X-ray diffraction data indicate ab-
structure on the parameters of YBCO films. sence of(111)-oriented CeO grains in the buffer layer.

Laser ablation(KrF, A=248 nm, =30 n9 was used
for deposition of a thin(50 nm CeO buffer layer on
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FIG. 1. 0/26 diffractograms obtained with Ca source on(a) (00)YBCO//(00)CeO and(b) (001)YBCO//(111)CeO heterostructures grown on

(1T02)AO. The CuKa doublet is shown resolved in tH605YBCO diffraction peak fof001)YBCO//(001)CeO((inset in panel a Panel b shows & scan
for (117)YBCO. In inset, star identifies th@@02CeO diffraction peak.

When grown unde®>1.5 Jcm?andP,<10 2 mbar, (111)CeO buffer layer. For intermediate values @f and
the (111)CeO/(1102)A0 orientation became dominaféee Po, the CeO layer had polycrystalline structure with two
Fig. 1b. The weak reflection at 2~33° (inset in Fig. 1p  clearly pronounced preferential grain orientations,
implies the presence of001)-oriented CeO grains in the (001)Ced|(1102)A0 and(111)Ced|(1102)A0.

For T;=750 °C, the(001)YBCO film grew epitaxially
both on (00)Ced|(1102)A0 and on(111)Ced|(1102A0
(Figs. 1 and 2 The CuK, doublet was actually resolvable
for the (0059 YBCO peak in the001)YBCOJ|(00)CeO case.
The FWHM of the(005YBCO peak for CuK ,; was 0.09°.
The parameter=11.67 A for the YBCO cell was calculated
using the value of & for the (00.1)YBCO peak. The
(009YBCO x-ray peak measured ¢A01)YBCOJ|(111)CeO
was 20-40% broader, and the lattice parameter was
{ c=11.65A.

34 p YBCO films grown on(001) and (111) buffer layers at

i ] T,=750 °C did not reveal any significant differences in sur-
0 s r Land face morphology. The films had a smooth surface, with the
density ofa-oriented particlegthe c axis was parallel to the
substrate planenot exceeding 10cm™2. No growth spirals
whose core contains screw dislocations were observed. The
! i surface of(001)YBCO films grown atT,>780 °C was not

k smooth and exhibited a large number of pinhdles. 3).

I,avb.units
-~
1

The values ofT, for YBCO films grown on both(001)
and (111)CeO buffers were within 88-90 °CFig. 4). The
values of T, found from thep(T) relation were in good
agreement with data on the temperature dependengésafe
inset to Fig. 4. The current; for YBCO films prepared on

I, arb.units
N

s ) é (001) and(111)CeO buffers was in excess of 1B/cm~? at
o pesd ¥ . 77 K.
0 180 J6o
¢, deg
3. DISCUSSION
FIG. 2. X-ray ¢ scans (CKa) of (a) (113CeO and(b) (117 YBCO for a ) ) )
(001)YBCOJ|(001)CeO epitaxial heterostructure grown on (R)AO at The mechanisms responsible for the formation of prefer-
T,=750 °C. entially (001)-oriented CeO layers on a substrate with a large
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the seven nearest-neighbor oxygen ions occupying positions
at two substantially different distances from the cerium ions.

In the conditions of oxygen deficien€,<10 2 mbar,
Q>1.5Jcm?), Ce0; nuclei are the first to become stable
in the initial stage of the CeO film formation. The
(0001)CgO4 plane has a minimum surface energy, and
therefore the nuclei are oriented in such a way as to make the
¢ axis in Ce0; perpendicular to the substrate plane. The
lattice mismatch between Cg@nd (0001)CgO; is the low-
est for (111)CeG||(000)Ce,05, and it is this that deter-
mines the CeO layer orientation in its subsequent growth
(Fig. 1b.

In the case of a high oxygen-adatom concentration on
the substratéP,>0.1 mbar andQ<1 J cm 2), (001)CeQ
nuclei become stable from the very beginning of CeO layer

0.5 growth, and this predetermines the orientation of an epitaxial
FIG. 3. Photomicrograph of the surface of an YBCO film grown at CeO f_llm_Wlth respect tO_ the S_UbStrate ”9”7(5'9' 1a.
T.=785 °C was obtained with an atomic-force microscope. Minimization of the elastic strain energy in the nucleus-
substrate system governs the predominant azimuthal orienta-
tion of the nuclei.
lattice mismatch, as is the case, for example, with The mechanisms favoring formation of &601)YBCO

(1T02)AO are still not fully clear. The process of CeO film on a substrate with a small lattice mismatch were con-
nucleation is apparently affected to a considerable extent by/dered by the present authors eIsewHe_:r(@.Ol)YB%O

the character of the oxygen environment around the Ce ion&chieves a good lattice match @01)CeO (with Aa~1%)
The CeO complexes forming on the sapphire substrate ma\yhen the corresponding oxygen sublattices are rotated azi-
be different, depending on the oxygen pressure in the growtfluthally by 45° for a YBCO film grown on #001)CeO
chamber and cerium atorfion) concentration in the ad- Puffer, as derived from x-ray characterizatidfigs. 1a, 2a,
sorbed phase. The valence state of Ce in compounds wifihd 29, is (00D[010)YBCOJ|(00D[110]CeO. _
oxygen may be either4 (CeQ,) or 3+ (Ce0s) (Ref. 6. One of the causes of reduction of tlkeparameter in
CeQ, has a cubic fluorite unit celld=5.411 A), with each YBCO films grown on sapphire compared to Srii0r
cerium ion sitting at the center of an oxygen cube,@éhas NdGaQ, substrateSis the high level of tensile stresses in the

a hexagonal celld=3.888 A), c=6.096 A (Ref. 6), with axb plane due to the significant thermal-expansion mismatch
between YBCO and AO.

A (001)YBCO film was grown epitaxially on a sapphire
7r _6 substrate also with €111)CeO buffer(Fig. 1b. A ¢ scan
shows clearly the four diffraction peaks due to reflection
from the (117)YBCO crystallographic planeénset in Fig.
1a). The azimuthal orientation of the YBCO film on the
(111)CeO buffer is governed apparently by YBCO nuclei
formed on(001)CeO graingsee inset in Fig. b The lower
intensity of formation of stable YBCO nuclei on the surface
of (111)-oriented CeO grains compared to that(001)CeO
may be the result ofa) the relatively high level of mechani-
cal stress in the YBCO nucle{$11)CeO system because of
a larger effective lattice mismatch arid) the presence of
microinclusions of secondary phasgsimarily of BaCeQ)
formed in chemical interaction betweélil1)CeO and atoms
(iong) of Ba in the vapor phase which are produced in the
laser ablation of the starting YBCO target. The high density
of noncompleted unit cells of cerium dioxide ¢h11)CeO
82 97 surface should stimulate more active reaction of Ce with par-
. L 7K X 0 ticles adsorbed from the vapor phase comparg@@d)CeO.
700 200 300 The high density of pinholes on the free surface of
T,K YBCO films grown atT;>780 °C(Fig. 3 is a consequence
of a reaction between the superconductor film and the CeO
density J, for an (001)YBCO film grown on (001)Ced||(1102)A0 at layer, WhICh becomes intense at high. The main products
T.=750 °C. The inset shows effective magnetic susceptibjitys tem-  Of the reaction between the CeO buffer and the phase adsorb-
perature for (00)YBCO films grown at T,=750°C on (1) ingonitin laser ablation of an YBCO target argBaCuG,
(001)Ced|(1102)A0 and (2) (111)Ced|(1102)A0. BaCeQ, and CuO(Ref. 5. The presence of BaCg@nicro-

200 nm

_Z)

cm
[Ty
i

Log (7, ,A

X,avb.units

FIG. 4. Temperature dependence(df resistivity p and(2) critical current
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inclusions in multilayered(001)YBCO||(001)CeO hetero- of a large number of pinholes in YBCO films grown at
structures grown aff,=750 °C was established by the Ts>780 °C is precipitation of microinclusions of secondary
present authors in x-ray diffraction stuoqegaCeQ has a phases at the interface. The valuesTqffor the epitaxial
perovskite structurfa=4.397 A (Ref. 6]. The formation of (00)YBCO films produced lie within 88-90 K, with
stable YBCO nuclei on the surface of BaGeficroinclu-  Jc>10° Alcm™2 at 77 K.

sions, as well as intergrowth of BaCg@recipitates into the
superconductor layer, is suppressed by the significant lattic
mismatch. Particles adsorbed on BaGefdrface diffuse to
YBCO growth ledges or reevaporate. As a rule, BageP
clusions cluster close to the superconductor/CeO-buffer

interface®*
(001)YBCO films grown On(OO_‘]_)CeQ|(]_]_02)AO and 1C. T. Cheung and E. Ruckenstein, J. Mater. Ried. (1989.
2M. W. Denhott and J. P. McCaffrey, J. Appl. Phy&, 3986(1991).

(11)Ce(|(1102A0 at T,=750 °C had close values of sy | oisiein, L. A. Parisi, b. W. Face, X. D. Wu, S. R, Foltyn, and
TC:88_ 90 K andJC> 10° Alem 2 at 77 K(See Fig. 4 The R. E. Muenchausen, Appl. Phys. Le#tl, 982(1992.
drop in x at the superconducting transition temperature at—“A-h P. Branélgy, S-(Mégglorley, S. R. M. Grovenor, and B. Pecz, Appl.
i ; Phys. Lett.66, 517 (1995.
te.StS o the abs.ence of mlcrqlnclu5|ons of an YBCO phas(:%G.yL. Skofronik, A. H. Carim, S. R. Folyn, and R. E. Muenchausen,
with a lower T, in the YBCO films thus grown. J. Mater. Res8, 2785(1993.
To conclude, the structure of the CeO buffer layer grown ¢r. w. G. Wyckoff, Crystal Structurg(Interscience Publishers, New York,

; (r ; _ 1964, Vols. 1 and 2, pp. 3 and 241.
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Investigation of laser-induced defect formation in CdTe crystals by Rutherford
backscattering
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Fiz. Tverd. Tela(St. Petersbuigd0, 209—211(February 1998

Rutherford backscattering has been used to study defect formation processes in a CdTe surface
layer exposed to pulsed laser radiation. It was established that scattering centers are

formed only at laser pulse energies exceeding the melting threshold of the surface. The spatial
distributions of Cd and Te and of structural defects in the irradiated layer were determined.

The data are interpreted assuming intensive evaporation of one of the comp@mnts© 1998
American Institute of Physic§S1063-783@8)00802-§

Cadmium telluride is an important material in modern 1. EXPERIMENTAL METHOD
optoelectronics that can be used to fabricate solar cells, elec-
trooptical modulators, hard radiation detectors, and also as 8 q
substrate for growing layers of ¢¥dg,_,Te solid solution.

The measurements were made usifidl) oriented
Te single crystals. The RBS spectra were recorded using a
_ ; o . system built on a Van de Graaff accelerator at the Scientific-
Characteristics of this material include comparatively low . ; .
thermal conductivity and specific heat, as well as highlyRes_earch_lnsntute of Nuclea_r Physics at_Moscow State Uni-
. A . " Jversity using a 1.4 MeV He ion beam. Single pulses from
v_oIaFlIe component%_A promising met.hod. for specmc_ modi- _an OGM-20 ruby lasef\ = 694 nm, =20 n3 were used for
fication of the ele_ctrlcal and reco_mbm_at!on propertles_ of bl-the pulsed laser irradiation. A homogenizer was used to ob-
nary compounds is pulsed laser irradiation, characterized by, unpolarized spatially homogeneous radiafiofthe
local, short-lived action on the semiconductdiPulsed laser samples were irradiated in vacuunifat 300 K and the RBS
irradiation of CdTe and the induced modification of the Prop-spectra were recorded in situ immediately after the laser ir-
erties of this semiconductor has only been examined in a fewadiation. A detailed description of the apparatus is given in
studies’™*® Most attention was paid to the laser-inducedRef. 12. The RBS spectra were measured for randomly and
modification of the composition of the surface layers. Foraxially incident ion beams. The distribution of the compo-
instance, Te enrichment of the surface layer and Cd deplarents was determined by a computer analysis of the spectral
tion are reported in Refs. 4—7. However, the data on therofile using the RUMP prograri.
changes in composition and defect formation presented in It is known that RBS spectra in the channeling mode
Refs. 4-8 do not allow us to draw any definitive conclusioncontain information on the defect concentration and distribu-
on the laser-induced modification mechanisms. This is sdion. The depth distribution profile of the relative concentra-
because the authors made no distinction between the catien of point defects may be obtained from the relatfon
where pulsed laser irradiation causes a melting phase transi-
tion at the surface and the case of laser irradiation at energies Ng(2)  xd(2)—x:(2)
below the melting threshold. Also, the formation of defects ~ "a\%)= ™ = 71— "7y @
was inferred by studying the electronic properties of the ir-

radiated materials, for example, using photoluminescencgqreN, andN are the concentrations of defects and regular
and photoconductivity methods!™® One method for direct 4toms in the appropriate sublattice, is the RBS yield for
determination of the concentration and distribution of defectgyiented incidence of the ion beam from the irradiated crys-
in the surface region is Rutherford backscatteiRBS)."* {5 normalized to the yield for random incidence,
Here, this method is used for the first time to study the lasery, (z)= y,(z) + F(z) is the contribution of the unchanneled
induced modification of the surface layer of CdTe. Note thation component propagating in the irradiated crystalz) is

the melting thresholdV,, of CdTe was calculated by us in the normalized RBS yield for the unirradiated crystal with
Ref. 9 and determined experimentally in Ref. 10. On expooriented incidence of the ion beam. The dechanneling func-
sure to nanosecond ruby laser pulses, the threshijjdvas  tion F(z) was calculated using the single scattering approxi-
40 mJ/cn, which is several times lower than the melting mation, whose validity was confirmed by a later chéske
thresholds for most IV and 11I-V semiconductots. Ref. 1J.
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We shall first consider the change in the composition of Channel number

the CdTe surface layers which is observed as variations in
the RBS spectra obtained for randomly incident ions.FIG. 2. Axial RBS spectra of CdTe befofé) and aft%r1 pulse: |aseL irra-
Changes in the profile of these spectra were identified exper -'gté(’;ié"l’('j”:)}’vc d‘;% (izs)*Sﬁgv(v:’;])'biotié“#nggcir;%g/_c (5). The random
mentally forW=100 mJ/cri. The RBS spectra for the initial
sample and for a sample irradiated at the energy density
W=120 mJ/cri, obtained for unoriented ion beam inci-
dence, are shown in Fig. 1. In view of the similarity betweensurface region is satisfactorily described assuming that point
the masses of Cd and Te, the contributions of these comp@cattering centers are formed as a result of the laser irradia-
nents to the RBS spectra of the unirradiated crystal werdéion. Calculated defect distribution profiles for various en-
almost impossible to resolve. As a result of the pulsed lase@rgy densities are shown in Fig. 3. It can be seen that at
iradiation, the surface layers of the sample became appré¥=280 mJ/cni the damage to the surface layer is very ap-
ciably enriched in tellurium and depleted in cadmium. Thispreciable: approximately 30% of the atoms are displaced
result is extremely logical if we bear in mind that the vaporfrom their regular positions and the thickness of the defect
pressure of cadmium at the melting point is appreciablylayer is ~70 nm. AsW increases further, the defect zone
higher than the vapor pressure of tellurium at the same tem-
perature(7 and 0.2 atm, respectivélyand thus, Cd is pref-
erentially evaporated from the melt under pulsed laser irra-
diation. The distribution of the relative concentrations of the
components obtained from the analysis is shown in the insel 8.6
to Fig. 1. It can be seen that with increasing depththe
relative Te concentration in the irradiated crystal decreases
and the relative Cd concentration increases, becoming con
stant at the levels of the corresponding concentrations of the 0.4 Oo
components in the unirradiated CdTe crystal. Thus, the® S %D
thickness of the CdTe surface layer with laser-induced modi- o D
fied composition is=10 nm.

The RBS spectra of CdTe in the channeling mode are

[~ -]

(S XN

0.2

shown in Fig. 2. It can be seen that the action of a laser pulse ° “o
with W~W,, caused no changes. Modification of the chan- I\",o\h

neling spectra was initiated av=50 mJ/cm. The axial , . . L ° X ,
RBS vyield increased with increasing energy density of the 07 20 60 100

laser pulse. Z.nm

. An analySiS of the variations in the RBS spec.tra i.n therig. 3. Concentration profile of point defects in CdTe after pulsed laser
ion channeling mode revealed that defect formation in therradiation atw=82 (1) and 143 mJ/ci(2).
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becomes broaddto ~100 nm atW= 143 mJ/cm) and the Am,=Lm, 2
defect concentration corresponds to amorphization of th

Where L is the specific heat of crystallization, which is
surface.

L =209 J/g for CdTgRef. 1). Since it has been shown that
cadmium evaporates preferentially from the maltshould
be determined by the heat of evaporation of @88 J/g
In our experiments, Rutherford backscattering has bee(Ref. 16). Thus, the evaporation of Cd from a layer 15 nm
used for the first time to record changes in the compositionhick assures crystallization of a CdTe laye80 nm thick.
of a CdTe surface layer induced by laser irradiation. ChangeShis factor clearly plays an increasing role in defect forma-
in the composition are observed as a result of laser irradiation with increasingw.
tion atW> 120 mJ/crd which causes efficient evaporation of To conclude, we note that RBS has been used for the
the highly volatile cadmium component from the melt. Thisfirst time to study laser-induced defect formation and com-
is evidenced by a layer depleted in Cd and enriched in Tepositional changes in CdTe. It was observed that pulsed laser
~10 nm thick, which is appreciably less than the thicknessrradiation at energy densities above the melting threshold
of the molten layer(=400 nm, according to our calcula- induces defects, predominantly point scattering centers. De-
tions). fect formation is caused by intensive evaporation of one of
The experiments showed that defect formation in CdTehe components.
is an above-threshold process: the formation of defects—
point scattering centers—at laser pulse energy densities
W=50 mJ/cr is recorded by R,BS' As the pUIS,e energy In- 1K, Zanio, Cadmium Telluride Semiconductors and Semimetals Vol. 13
creases, the defect concentration and the thickness of th@new york, 1978
defect layer increase. Note that the thickness of the defectA. v. Dvurechenski G. A. Kachurin, E. V. Nidaev, and L. S. Smirnov,
layer| 4 is several times less than the thickness of the molten Pulsed Annealing of Semiconductor Materigis Russiar}, Moscow
layerd. For mSta_nce aw=80 m‘]/cr_ﬁ' we flr_'d lg~70 nm 3p. K. kashkarov and V. Yu. Timoshenko, Poverkhnost’ Fiz. Khim. Mekh.
whereas, according to our calculatidhthe thicknessd for No. 6, 5(1995.
the same pulse energy density was 235 nm. 4P. D. Brewer, J. J. Zinck, and G. L. Olson, Appl. Phys. L&f, 2526
Possible causes of this laser-induced defect formatiorgi/lgglo-Babemsov A Balullaeva. A | Viasenko. S. I Gorban’. B. K
mclude the hlgh rate_ of solidification of the melt and mt_en- Dauletmuratov, and P. E. Mozol, Fiz. Tekh. bol'ubrovo(ﬁ 1617
sive evaporation. This latter process was recorded optically (1993 [Semiconductor@7, 894 (1993].
at W= 100 mJ/crf (Ref. 14. Intensive evaporation may pro- °V. N. Babentsov, A. Balullaeva, B. M. Bulakh, S. I. Gorban’, and P. E.
duce defects as a result of the formation of a nonstoichiomet- Mozol’, Poverkhnost' Fiz. Khim. Mekh. No. 12, 144.988. ,
. . P V. V. Artamonov, M. Ya. Valakh, A. P. Litvinchuk, and V. V. Strel’chuk,
ric layer, or as a result of an increased rate of solidification p,yenhnost Fiz. Khim. Mekh. No. 1. 46989,
caused by the outflux of heat accompanying evaporation. [8F. X. wagner, K. Dhese, P. H. Key, D. Sands, S. R. Jackson, R. Kirbitson,
is known that for IlI-V compounds this last process may 9?”3 J\I/E L\lich?lfﬁA\eleSlli_rf-kSCBﬁ, 361'13(1§9?<- ” VL pet
Cal'.lse nonep!taX|aI_ solidification of the melt fro.m th(? surface V Yuu.. Tlifnggl?e%ko’, ar.1d F IéKiﬁi?\si\i/’Izv: Résséika?ir.om’aulé, .SeréFrioz\./’
which then gives rise to surface layer deféttSince it has 57(9), 12 (1993.
been noted that CdTe components are highly volatile, it may°L. A. Golovan’, V. Yu. Timoshenko,and P. K. Kashkarov, Poverkhnost'
be postulated that, for this material, defect formation is at—nEizl-:KEig“rﬁ;Vr'g\‘;hMN% 1&2&?@?- and 1S, TashivkoNpndestructive
tributable to this mechamsm. The assumption tha't the surface, | "o = ° Analysis of Solid Surfackis Russias, Min;’k (1987,
layer becomes amorphized as a result of intensive evaporaey. G. chechenin, EV. Monakhov, and K. K. Burder, Prib. Tekh.K&p.
tion from the surface is also consistent with the observation 3, 142(1994.
that the thickness of the defect layer is appreciably greatefL- R. Doolitle, Nucl. Instrum. Methods Phys. Res.98344(1985.

. e L. A. Golovan’, P. K. Kashkarov, and V. Yu. Timoshenko, Pis'ma Zh.
than the thickness of the modified layer. As a result of Tekh. Fiz.21(23), 26 (1995 [Tech Phys. Lett21, 960 (1995)].

evaporation, the material loses the enexgy, (where\ is  15p k. Kashkarov, V. Yu. Timoshenko, N. G. Chechenin, and A. N.
the specific heat of evaporation amy is the mass of evapo-  Obraztsov, Laser Phy&, 790(1992.

rated materig| which may lead to crystallization of a certain '°Handbook of Physical Quantitieedited by I. K. Kikoin[in Russiar)
- . . Atomizdat, Moscow(1976.

layer whose massm. is determined from the simple

relation® Translated by R. M. Durham

3. DISCUSSION OF RESULTS
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Spectra of inelastic light scattering by optical phononpi€dGeAs single crystals were

obtained for the first time. The observed clear polarization dependence and the absence of any
appreciable dependence of the intensity and frequency of the observed lines when the

sample is swept ir=300 um steps indicates these CdGe/Aingle crystals grown by directional
crystallization from a near-stoichiometric flux, are of high quality and homogeneous. The

type of symmetry of the observed phonon lines is interpreted and it is shown that the force
constants in CdGeAsand CdSnp crystals differ slightly. Temperature dependences of

the electrical conductivity and the Hall constant were studied in oriented homogeneodSeAs
single crystals. It was established that the conductivity of these crystals is determined by the
deep acceptor levdt,=0.175 eV and has the degree of compensation 0.5—-0.6. The temperature
dependence of the Hall mobility reflects the competition between impurity and lattice
mechanisms of hole scattering. The photosensitivity of IN/fCdGeAdace barrier structures
reaches 2QuA/W at T=300 K and remains at this level within the fundamental absorption of
CdGeAs. It is concluded that these structures may be used as wide-band photoconverters

for natural light and as selective photoanalyzers for linearly polarized radiation1998
American Institute of Physic§S1063-783@8)00902-7

Cadmium germanium diarsenide CdGegAs a direct- conditions. This may provide the clarity required to under-
gap semiconductdiE;=0.57 eV atT=300 K) and may be stand the problems involved in improving the quality of
obtained asn or p type by doping or by controlling the complex semiconductor materials. In the present paper,
deviations of the flux composition from stoichiometrifhe  which takes a step in this direction, we report results of the
development of the basic principles of the growth technologyfirst studies of inelastic light scattering and the electrical
for CdGeAs single crystals having a chalcopyrite lattice and properties of electrically homogeneous CdGgsisgle crys-
the observation of the highest coefficients of nonlinear sustals grown by Lockheed using a techniukeveloped at the
ceptibility among known nonlinear optical materfatshave ~ A. F. loffe Physicotechnical Institute. The development of
been responsible for the unique applications of this materigbhotosensitive structures using these materials is also exam-
as high-efficiency laser radiation converters. The extensivéned.
application of CdGeAsin radiation converters is limited by
the significant level of optical absorption in the region of EXPERIMENTAL RESULTS AND DISCUSSION
transparency which can be attributed to a high concentration 1) Preparation of single crystalsSingle crystals of
of lattice defects of various types. Recently, intensive CdGeAs were grown by directional crystallization of a near-
physicotechnological studies of growth processes for highstoichiometric flux of the ternary compound in a horizontal
optical-quality CdGeAs single crystals have been initiated crucible in a low and constant temperature gradfent.
in leading scientific centers throughout the worlds for 2) Raman light scatteringChalcopyrite CdGeAscrys-
well-studied phases of variable composition — II-VI com- tals possess a tetrahedral atomic coordination and are an iso-
pounds — it is vitally important to carry out technological electronic analog of IlI-V crystals having a zinc blende struc-
studies in different laboratories and then compare the maiture. Mixing of two cationic sublattices leads to ordering and
physical properties of the materials to establish a correlatiomlso changes th@3(F43m) space group typical of zinc
between the physical properties of CdGgAsd the growth  blende to theD23(142d) group typical of chalcopyrite. Since
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the sphalerite unit cell is doubled in this case, the ratio 4:1 is
obtained for the volume of the corresponding Brillouin zones
and the pointd(000), X(0,0,27/a) andW(2w/a,0,7/a) in
the Brillouin zone of zinc blende are transformed into the
point in the Brillouin zone of chalcopyrite. Thus, phonons at
pointsT’, X, andW in the sphalerite structure correspond to
phonons at the center of the Brillouin zone of the chalcopy-
rite structure. Consequently, the phonons corresponding to
the boundary of the Brillouin zone in the sphalerite structure
may be recorded in first-order light scattering.

Thus, the primitive CdGeAscell contains eight atoms 1 y ;
(two formula unit$ and the spectrum of lattice vibrations 700 130 200
consists of 21 optical and three acoustic branches. According Frequency shift, em=7
t(_) a g_rOUp'theo_retlcal analysis, the Iong-wavele_ngth norm%le. 1. Raman scattering spectrum opeCdGeAs single crystal obtained
vibrations(at pointI’) are transformed as follows in terms of ysing 514.5 nm At laser radiation with backscattering from ti&12)

symmetry type: plane, for parallel polarized incident and scattered light) at T=300 K.
Slit width R=1.3 cn™™.

e
o
Y

I
(=)
T

=
=
T

Raman intensity, ard. units

A+ 205+ 303+ 41 4+ 715, (1)

where all thel's vibrational modes are doubly degenerate.ijong| spectra for the optical phonons on the direction of the
Vibrations having the symmetry/;, I's, I's, andl's aré  \yave vector of phonon propagation relative to the crystallo-
active in the Raman scattering spectrum whileandl’s are  granhic axe&® This characteristic indicates that the disper-

active in the infrared absorption spectrum. The vibrationssjon of the optical phonons corresponding to the center of the
havingI', symmetry are not active in scattering processes OBrillouin zone is low.

in infrared absorption. In the first-order light scattering process phonons of

This analysis neglects the internal electric field in p°|arsymmetryF1-, I',(TO)- andT's(TO) are active for parallel
crystals. Allowance for long-range Coulomb interaction polarized incident and scattered light 1) while those of
caused by the macroscopic electrostatic field coupled witIT3_ andT's(LO) symmetry are active for crossed polariza-
optical polar lattice vibrations df , andI's symmetry, leads  ons (1)) To identify the observed phonon lines it is also

to splitting into Iongitudinal .and. transverse vibrations el to compare the light scattering spectra of CdGeAs
(3I'4+61's). Thus, 22 optical vibration modes may be pre- ¢rystais and another member of this class—CgSmich
dicted experimentally in the first-order light scattering pro- 550 has a chalcopyrite structdte.

cess. The measured frequencies together with the results of
1T, + 303+ 3, (LO)+6I5(LO) +65(TO). (2)  ourinterpretation of the phonon line symmetry are presented
in Table I. A comparison with the structure of zinc blende
The Raman scattering spectra were measured fahdicates that thd&'s(TO)-, I'y(TO)-, andI's(LO) phonons
CdGeAs crystals at room temperature using two argon lasewith frequencies of 66, 78, and 94 ¢ respectively, origi-
lines at 488.0 and 514.5 nm. A backscattering geometry wagate from acoustic phonon branches. These phonons may be

used. The focused laser beam was directed perpendicular tepresented as the result of folding of the appropriate acous-
the (112 crystallographic plane. The angle between the di-

rection of phonon propagation and theetragonal axis of
the crystal was 54.7°. The polarization vectors of the incident
and scattered light were directed alddd.0](L) and[112](ll)

in the (LL) or (LI)) configuration. The scattered light was
analyzed with a double diffraction spectrometer with a spec-
tral resolution of 4 cm™.

Typical Stokes components of the light scattering spec-
tra observed for the 514.5 nm line are shown in Figs. 1 and
2 for parallel(1 1) and crossed polarizatioris ) of the in-
cident and scattered light, respectively. Similar spectra were
obtained using the 488.0 nm radiation. Corresponding spec-
tra were also obtained for the anti-Stokes components of
these spectra. This indicates that all the observed spectral
lines (Figs. 1 and 2 are caused by first-order Raman light X ,
scattering by optical phonons corresponding to the center of 0 100 200
the Brillouin zone of the CdGeAslattice. These spectra Frequency shift , om~1

demonstrate a clear polarization dependence and indica}':t?G - teri trum op<CdGeAs singl al obtained
. . . : . 2. Raman scattering spectrum eAs single crystal obtaine

that the vibrational modes a_re amsotroplc_. . using 514.5 nm Af laser radiation with backscattering from tti&12)

The general law governing the behavior of chalcopyritepiane, for crossed polarizations of the incident and scattered (ightat

crystals involves a relatively weak dependence of the vibraT=300 K. Slit widthR=1.3 cn™™.

T

Reman intensity , arb. units
nN
o

1
Joo
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TABLE |. Measured frequencies and interpretation of the type of phonon
symmetry in a CdGeAscrystal.

Frequency, cm* Type of symmetry
66 I's(TO)
78 T'4(TO)
94 r',(LO)
161 I's(LO) 10731 10°
193 r,
202 I's(LO)
273 I's(LO)
283 I's(LO)

tic branches toward the center of the Brillouin zone of  70~*
CdGeAs. The observation of a clearly defined polarization
dependence for the spectra as well as the absence of an &
appreciable dependence of the intensity and frequency of the Ui
observed linegsee Table )l when the sample is swept in -
~300u m steps over an area ef3X 3 mm indicates these
crystals are high-quality and homogeneous.

For ZnSiB crystals, which also have a chalcopyrite 10764
structure, it was shown that the main contribution to Ehe
phonons is preferentially attributable to anion vibrations,
while the cation atoms may be considered to be in a state of
rest® Assuming that this relation is also satisfied for other
chalcopyrite crystals, the difference in the frequencies of the
I'; phonons in the Keating mod&ifor a CdSnR crystal, for

which we found 193 cmt, is only ~1% if we take into 10~¢-

account the difference in the atomic masses of P and As.

This then indicates a small difference between the force con- ;- 1;]
stants in CdGeAsand CdSnp crystals. 103/7,K"

3) Carrier transport effectsThe tensors of the electrical
conductivity o and the Hall coefficienR were investigated FIG. 3. Temperature dependences of the electrical conductivit{l), the
for (001) oriented samples with average dimensions offtall constan_tRl (2), and the Hall mobility of the hoIe$J,iJ (3) for a
1X 2% 15 mm, which allowed us to measure the following P~ CdCeAs single crystal.
tensor componentss and Rt. The kinetic coefficients
were measured using a four-probe compensation method in
the temperature range 80—400 K in weak static electric angdlong the tetragonal axis are plotted in Fig(cBirves1 and
magnetic fields. After mechanical polishing, the surface of2). These curves are similar to those plotted in Refs. 11 and
the samples was usually treated with a polishing etck@nt 12 and show that below 300 K, p-type hole impurity conduc-
parts HNQ:1 partHF:3 parts bD) at T=300 K for approxi- tivity is observed in these crystals and the faster drop‘in
mately 1 min. Current and potential contacts were preparedt T>300 K is caused by the onset of mixed conduction.
by deposition of copper from an agueous solution of CuSOThe exponential decrease in conductivity and increase in the
at appropriate points on the samples. The relative measurefall coefficient when the samples are cooled to
ment error foro andR did not exceed 3% and 5%, respec- ~120-130 K reveal a similar slope and may be attributed to
tively. thermalization of electrons at the acceptor level. Figure 3

The measurements show that this method can produceshows that I§*~T 2. Since the level of the growth tech-
p-type material with a free hole concentration nology for CdGeAs crystals does not provide the basis for
p~1.5x10" cm 2 at T=300 K, which corresponds to the assessing the degree of compensation beforehand, this be-
lowest p values published in Refs. 11 and 12. The mainhavior of R*(T) may suggest that in these crystals in the
feature of the crystals used is their high electrical homogetemperature range 140-300 K the free hole concentration
neity. The spread of andR" values in measurements of remains below the concentration of acceptors and compen-
the voltage drop at different pairs of probes did not exceedating donors [f<N,<Np). For a nondegenerate hole gas
1% atT=300 K and when the surface of the samples wasand a single acceptor level, neglecting the influence of ex-
probed with an optical probé~0.2 mm in diameter the  cited states, the following expressidrean be used to ana-
photovoltage typical of all previously studigg-CdGeAs  lyze the curvep(T)
samples was not observed.

Typical temperature curves™(T) and R-(T) for cur- P=[(Na—Np)/NaJ(N,/g) exp(—Ea/KkT). )
rent transport in alL ¢ geometry, where is the unit vector An analysis of the experimental curve$T) using this ex-
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pression yielded the acceptor level activation energy
EA=0.175 eV and their degree of compensation by donors 7
K~0.5-0.6. For calculations of the effective density of
states in the valence band, the effective hole mass was
taken to bem;~0.3m, (Ref. 14. It should be noted that this
acceptor activation energy falls within the range of known
E, values for CdGeAs(Ref. 1). Deviations from the expo-
nential behavior ot (T) at T<120 K may be caused by a
transition to conduction via localized states.

The dependence behavior of the Hall mobility tensor
Ué(T) on the holes in these crystalsurve 3 in Fig. 3 was 0
similar to that observed earlier for CdGeAsrystalgl 1214
and may be interpreted as the result of competition between
two scattering mechanisms: impurity ions and lattice vibra-G. 4. spectral dependences of the photocurrendrmalized to the same
tions. The sharp drop il’uJé, like the decay of the Hall number of incident photons, for an In/CdGeAstructure using natural ra-
constant aff>300 K, may be caused by the participation of diation: T(K): 1—300,2—77.
two kinds of charge carriers in the transport process. Assum-

ing that the coefficient of anisotropy of the Hall mobility of
the holes isk =U'/U" | according to Ref. 11, we can esti- attributed to transitions of electrons to the conduction band

mate the maximum Hall mobility of the holes as from the levelE,+0.17 eV, which is observed in the tem-
U‘gwsoo cn?/V-s for this material, near the temperature Perature dependences of the kinetic coefficients of these
TM~220 K at which the mobility passes through a maxi- crystals(Fig. 3).

mum as a result of the impurity mechanism being replaced ~When the plane of the In/CdGeAstructures parallel to

by the lattice one. We stress that the estimd.ﬂé,dvalue is thec axis is illuminated by linearly polarized radiation, the
slightly lower than that in Ref. 11. This may indicate a Photocurrent along _the normal to it exhibits a peri_odic de-
higher acceptor concentration compared with the sample@éndence on the azimuthal angiéoetween the electric vec-
used in Ref. 11. Thus, the lowet) values obtained for our {OF Of the light wavek andc, as for CdGeAg homojunc-

samples compared with Ref. 11 may be caused by the highéiP”S’ which is typical of uniaxial crystat4.The polarization
acceptor compensation. difference of the photocurreti =i'—i* (curvel in Fig. 5

4) Photosensitivity of Ifp-CdGeAs structures. A is positive ir.1.acco.rdance with the selection rules fqr inter-
semitransparent layer of indium was deposited on thd@ndA transitions in CdGeAs(Ref. 14 and has a maximum
CdGeAs plane parallel to the tetragonalaxis by thermal N€ar theA-transition energy. Unlike homojunctions, for
deposition in vacuum. This contact exhibits a photovoltaicVich the influence of absorption in the layer adjacent to the
effect whose polarity corresponds to the negative polarity afCtivé region of the structures changes the signofto
the barrier contact and did not depend on the incident photon
energy or on the localization of the light probe on the surface
of the structures. These I/CdGeAs surface barrier struc-
tures exhibited the maximum current photosensitivity when
they were illuminated on the barrier contact side
Si~20u A/W and Sy~2 V/W at T=300 K. The photosen-
sitivity increased by two to three orders of magnitude when
the temperature was reduced=@0 K.

Typical spectral dependences of the short-circuit photo-
current for one of these structures are plotted in Fig. 4. The
energy position of the long-wavelength edge of the photocur-
rent for these structures with its distinct step corresponds to
interbandA-transitions in CdGeAs(Ref. 15. Above the en-
ergy of theA-transitions, the photocurrent of surface-barrier
structures typically continues to increase and reaches a maxi-
mum near the energy of tH® transitions'® It can be seen
from Fig. 4 that the photocurrent remains high over a wide
spectral range within the fundamental absorption of
CdGeAs, which indicates that the efficiency of photogener-
ated pair collection is sufficient to suppress surface recombi- 0
nation. It can be seen from Fig.(durve?2) that a decrease in 0.5 1.0
temperature is accompanied by broadening of the long- ha , eV
wavelength photocurrent edge as a result of enhanced phf‘—)I'G. 5. Spectral dependences of the photocurrent polarization diffetence

toactive absorption ir_1\_/o_lving defect levels. The 10Nng- (1) and the coefficient of natural photopleochroiBn(2) for an In/CdGeAs
wavelength photosensitivity peak &tvp~0.48 eV may be structure aff=300 K.

T, arb. units

20

fiw, eV

~\

Ai, ord. units

P, %
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negative!® in In/CdGeAs structures we find\i >0 over the  °R. F. Mekhtiev, E O. Osmanov, and Yu. V. Rud, Prib. Tekh. Eksp.
entire range of polarization photosensitivity. The short- ,179(1964. , _ _
wavelength drop inAi is caused by the onset & transi- Yu. V. Rud’, Author's Abstract of Thesis for Candidate’'s Degrge

. . . . Russian, A. F. loffe Physicotechnical Institute, Leningréti965.
tions, which dominate foELc. The coefficient of natural sy A Goryunova, A. A Grinberg, S. M. Ryvkin, I, M, Fishman, G. P.

photopleochroisii? of p-CdGeAs single-crystal surface- Shpen’kov, and I. D. YaroshetgkiFiz. Tekh. Poluprovodn2, 1525
barrier structures is also positive and dominates near the(1968 [Sov. Phys. Semicon@, 1272(1968].

A-transition energy(curvez in Fig. 5), as for other direct- 6J. L. Shay and J. H. WernickTernary Chalcopyrite Semiconductors.
gap II-IV-V, chalcopyrite crystals Growth, Electronic Properties, and Applicatioriffergamon Press, Ox-

. . . . . ford, 1975.
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Electron spin resonance has been used to study the depth distribution of point defects in Si
samples bombarded by’N (E=16 MeV) and Si* (E=26.8 MeV) ions at 175 and 300 K in the
dose range (4—8y10'® cm 2. It was established that unlike the implantation of moderate-

energy Si ions E~100 keV), the depth distributions of planar tetravacancies in samples
bombarded by ions at 300 K under these conditions have two maxima. The experimental

results indicate that the tetravacancy density maximum closer to the surface is formed as a result
of secondary defect formation processes. No continuous amorphous layer was observed in

the bulk of any of the Si samples. This experimental observation is evidence of defect annealing
which takes place when high-energy ions are implanted in Si.1998 American Institute

of Physics[S1063-783%8)01002-9

lon implantation withE~ 1 MeV/ion is beginning to be The ESR spectra were recorded using a Varian spec-
used successfully for the production of integrated circuitdrometer in the microwave X rang® GH2 at room tem-
and microelectronics devices with an increased density oberature. The depth distribution profile of the concentration
active and passive elementsClearly, in the future the en- of paramagnetic defects was constructed by varying the in-
ergy which will be used in implantation to fabricate inte- tensity of the ESR signal while gradually removing Si layers
grated circuits will be~1 MeV/a.m.u.. Although the main from the irradiated side. The material was removed layer by
laws governing defect formation processes in Si bombardethyer by mechanical polishing using diamond pa&igain
by E~10 keV/a.m.u. ions have been fairly well studied, size~1 um). The thickness of the removed layer was deter-
those for Si bombarded ¥~ 1 MeV/a.m.u. ions have been mined by weighing the sample before and after polishing
little studied, even though the first publications on this topicusing analytic weights with an accuracy of 70g. The ab-
appeared more than twenty years dddote that at present, solute error in the determination of the thickness of the re-
there are very few reported investigations of the depth dismoved layer did not exceed Ogdm.
tributions of point defects in Si irradiated by
E~1 MeV/a.m.u. ions as a function of the sample tempera-
ture under irradiation. 2. EXPERIMENTAL RESULTS AND DISCUSSION

Here ESR was used to investigate the structure and 1) Atomic configuration of paramagnetic defedtar Si
depth distribution of point defects in Si bombarded bysamples irradiated under these conditions the ESR spectrum
~1MeV/am.u. N* and St* ions at temperatures of 175 consists of two superposed components: a broad intense line
and 300 K in the dose range= (4-8)x 10" cm 2, with an isotropicg factor and a series of narrow lines whose
position depends on the orientation of the magnetic field.

The first component has the sange factor as VV
center$® (a VV center is a broken bond in an amorphous

For the experiments we used commercial, zone-refine@@gion,g=2.0055,H,,=(5-7)x10"* T, whereH,, is the
Si doped with boron g~1 kQ-cm). The samples measured line width of the ESR spectrum
10X5X0.3 mm.

The samples were bombarded with ions at the Rossen-
dorf Scientific CenteGermany using the TANDEM jon ~ TABLE I Implantation parameters.
accelerator. The implantation parameters are given in Tablg, E. MeV D. lon/cn? |, nAlcr? T K
I. To prevent heating, an indium-gallium paste was deposited

1. EXPERIMENTAL METHOD AND TECHNIQUE

on the unirradiated part of the samples which were then rigS®" 26.8 8x10® 150 300
idly attached to a steel microscope stage which was mounteftlfs 268 aX10° 150 175
y pe stag + 16 6x 1015 30 300

in a chamber with automatic temperature control over thes-+ 16 6x 10'° 30 175
range 175-500 K.
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FIG. 2. Integrated depth distribution of layer concentration of planar tetra-
vacanciegP3 centersand VV centers in Si bombarded with®Siions (a)

and differential depth distribution of bulk concentration of planar tetrava-
cancies(P3 centers and VV centers in Si bombarded with®Siions (b):
E=26.8 MeV, T=175 K, andD=4X 10" cm 2,

8 -3
Nog s 70 cm

Depth, pm

by SP* ions at 175 K correlates reasonably well with the

FIG. 1. Depth distribution of inelasti¢l) and elastic(2) energy losses of dISU?I-bUtlon of prlmary radiation defgc(ﬁgs. la anq 2.}) In

implanted 26 MeV Si ions in SiRef. 8 (a), integrated depth distribution of a_ddltlon’ the ratio of the conpentratlon at the ?laStIC lon stop-

layer concentration of planar tetravacandie8 centef and VV centers in PG peak to the concentration at the beginning of the range

Si bombarded with 26 MeV &i ions (b), and differential depth distribution  iS approximately the same for primary defects and for VV

of bulk concentration of planar tetravacanci@s centersand VV centers  centers(~ 60 for implantation of St ions in S). This im-

(c): T=300 K andD=8x 10" cm™2 . : : ;
plies that the number of amorphous inclusions formed by ion
stopping per unit path length is approximately proportional
to the number of primary displacements. Thus, in this case,

An analysis of the positions of the lines of the secondthe amorphous phase is formed as a result of the overlap of
component in the ESR spectrum for various magnetic fieldubcascades in the track of a single ion.

orientations identified this as tH8 spectrurft’ produced by The distributions of VV centers in samples bombarded

planar tetravacancies. by SP* ions at 300 K and in those bombarded by'Nons

2) Depth distribution of VV center§he depth distribu- are broadened appreciably in both the directions toward and
tions in the irradiated samples have a single peak near theway from the surface. For these samples the ratio of the
end of the path. The density of VV centers in Si samplesoncentration of primary defects at the elastic ion stopping
bombarded by Sf ions at 300 and 175 KFigs. 1c and 2b  peak to this concentration at the beginning of the range is
and by N ions at 300 K(Fig. 3b show a slight increase in several times greater than the ratio of the concentration of
the initial sections of the range whereas for the samples bom#V centers at the distribution peak to its concentration at the
barded by N ions at 175 K the concentration of VV centers beginning of the rangéFigs. 1a and 1c, 3a and BbThus,

is below the sensitivity limit of the technique for most of the the formation of the depth distribution profiles of VV centers

range(Fig. 30. in this case is appreciably influenced by secondary defect

We shall analyze the experimentally determined depttormation processes such as the diffusion of Frenkel-pair
distributions of VV centers using known amorphization components toward the surface and in the depth direction,
mechanisms, especially those studied by GibBons. and their interaction with each other and with defect com-
The distribution of VV centers in Si samples bombardedplexes.
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a layer was formed in the bulk of any of the irradiated Si
samples. This is evidenced by the low concentrations of VV
6or JRTTIVC i 1% centers at the elastic stopping peal (<10 cm3),
! \ which is between two and three orders of magnitude lower

“ than the concentration typical of a continuous amorphous
\ 1% layer (Nyy~10°° cm™ 2 (Refs. 4 and § In addition, the con-
\

\

Energy loss, eV/A

-7

Y
S
T

b centration of tetravacancies at any point in the range is
L 15 10— 10" cm™2 (note that a tetravacancy, like all other de-

fects, excepting VV centers, can only exist in the crystal
phase of i Nevertheless, it is well knowr? that the im-
plantation of~10 eV/a.m.u. Si ions under the same implan-
tation conditions as those used in our experiments, leads to
complete amorphization of the implanted layer. Note that,
using positron annihilation, the authors of Ref. 11 observed
the formation of a continuous amorphous layer iRam Si
samples bombarded by Si ions af~300 K with
E~12 MeV andD=10" cm2.

Thus, doses appreciably high@nore than an order of
magnitude higher than the critical amorphization doses
characteristic of moderate-energy implantatiander other-
wise the same irradiation conditionare required for the
formation of a continuous amorphized layer at the end of the
range under bombardment byl MeV/a.m.u. Si ions.

For all implantation conditions used in these experi-
ments, the calculated energy density released by the high-
energy ions at the elastic stopping peak i§*40.0*° cm® and
is sufficient to form a continuous amorphous layer in Si
bombarded by moderate-energy ions under otherwise the
same irradiation condition:*3

Thus, the absence of a continuous amorphous layer in
the bulk of these Si samples may be caused by the following
factors: 1 implantation of~1 MeV/a.m.u. ions in Si is ac-

S

77 -3
Ny s 70 cm

77 -3
Npys 70 cm

2 Y A \.\\I N g companied by partial annealing of defects, which, as has
0 8 16 been indicated in various studies, is possible if the inelastic
Depth , pm energy loss of the implanted ions exceed00 eV/A (Refs.

14 and 16, 2) nearR, the implanted ions create mobile and
FIG. 3. Depth distribution of inelastid) and elastiq2) energy losses of 16  fixed defects, whose interaction has the result that the num-
MeV N ions implapted in S{Ref. 8 (a) and differential depth distribution ber of fixed defect complexes per unit volume does not ex-
of bulk concentration of planar tetravacanci®8 centersand VV centers .. . .
in Si bombarded with 16 MeV K ions at 300(b) and 175 K (0): ceed the critical concentratlon ne_eded to form a continuous
D=6X105 cm 2 amorphous layet>'” Mobile and fixed defects are formed
nearR, because the energy dispersion of implanted ions with
energyE~1 MeV/a.m.u. in a solid near the end of the range
The concentration of VV centers in samples bombardeds ~1 MeV (Ref. 8. Thus, ions whose energy neRy, is
by 16 MeV N' ions at 175 K in the depth range ~10 keV will create predominantly fixed defects since ion-
0<x<(2/3)R, is below the sensitivity limit of the method atom collisions take place with a small impact parameter.
(i.e., the intensity of the ESR line caused by the paramagnetons whose energy at the end of the range=is MeV will
ism of the VV centers does not vary in this depth rgnge create predominantly vacancies and interstitial atoms since in
whereas near the average projected raRgehe distribution  this case, ion-atom collisions take place with a large impact
of VV centers has a broad maximuftfig. 39. Since the parameter. Thus, in high-energy  implantation
full-width at half maximum of the VV centers is approxi- (E~1 MeV/a.m.u.) the formation of a continuous amor-
mately ten times that for the corresponding maximum of thegphous layer may be impeded by the interaction between mo-
primary Frenkel pairgFigs. 3c and 2a it may be concluded bile and fixed defect§!’
that the depth distribution of VV centers in these samplesis 4) Depth distribution of planar tetravacanciesn
mainly formed by overlap of disordered regions created bysamples irradiated at 175 K the tetravacancy density in-
different ions and partly as a result of interaction betweercreases monotonically from the surface and reaches a maxi-
primary radiation defects and disordered regions. mum at a certain depthxCR;) after which it decreases
3) Absence of a continuous amorphous layer within themonotonically(Figs. 2b and 3cas a result of a decrease in
bulk of the implanted silicorAs a result of these investiga- the fraction of the volume occupied by the crystalline
tions, it was also observed that no continuous amorphoughase® The range distributions of the tetravacancy densities
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in samples bombarded by ionsTat 300 K (Figs. 1c and 3p  that the surface is a powerful sink for vacancies and intersti-
do not correlate with the distribution of the elastic and in-tial atoms. Thus, in the immediate vicinity of the surface,

elastic energy losses of the implanted idR&ys. 1a and 3a  even if defect interaction is neglected, the concentration of
and are characterized by two peaks in the Si bulk. One ointerstitial atoms may be lower than the concentration of
these peaks is closer Ep and the other is 2—a&m from the vacancies since in the diffusion approximation, the coeffi-
surface. It should be noted that in the depth rangecients of the quasichemical reactions which determine the
0<x<4 um the layer concentration of tetravacancies in Siinteraction between components of Frenkel pairs and sinks,

samples bombarded by®°N ions at 300 K(E=16 MeV, are directly proportional to their diffusion coefficiertfs|f
D=6x10"®cm 2 is almost twice this concentration in the diffusion of interstitial atoms and vacancies from their

samples bombarded by®N ions at 175 K(E=16 MeV, generation site to the surface is considered as fluxes of non-
D=6x10"cm 2. This drop in the tetravacancy density interacting particles, in certain parts of the range some dis-
near the end of the range is evidently attributable to the retance from the surface, the concentrations of interstitial at-
duced volume of the crystalline phase for irradiation at 1750ms and vacancies will clearly be comparable whereas in the
K. Note that the maximum density of defedivacancies, region of maximum generation, the vacancy concentration
tetravacanciesh andE center$in Si samples bombarded by Will substantially exceed the concentration of interstitial at-

high-energy ions E~1 MeV/a.m.u.) at room temperature OmSs. Thus, quasichemical reactions, especially annihilation
was observed by the authors of Refs. 14, 18—21 at the dep®f interstitial atoms with vacancies, a sink for vacancies and
x~(0.2-0.5R, using ESR, Rutherford backscattering, in- interstitial atoms at the surface, and also interaction between
frared spectroscopy, positron annihilation, and capacitiv&€omponents of Frenkel pairs and various defect complexes,
deep-level transient spectroscopy. may have the result that, in addition to concentration maxima

In our view, the formation of the defect-density maxi- nearR;, the steady-state depth distribution of vacancies will
mum close to the surface cannot be explained qualitativel@!so have another maximum closer to the surface.
by denser cascades of recoil atoms in the initial sections of To check this hypothesis, we carried out a numerical
the high-energy ion rané%because our experimental results simulation, which involved calculating the steady-state depth
indicate that the formation of a tetravacancy density maxidistribution of the densities of vacancies and interstitial at-
mum close to the surface depends on the sample temperat@gs for the implantation of Si with high-energy
under irradiation. The authors of Ref. 14 suggested that th€E~1 MeV/a.m.u.) and moderate-energy
defect density maximum close to the surface is formed as 6E~10 keV/a.m.u.) ions. The following assumptions were
result of the interaction of vacancies which diffuse towardmade.
the surface from the region of maximum elastic energy 1) The steady-state depth distributions of vacancies and
losses. However, this interpretation is also purely qualitativénterstitial atoms may be determined by solving a system of
and incomplete, since it neglects the diffusion of interstitialnonlinear differential equations written in the diffusion
atoms toward the surface and their annihilation by vacancies&}plorOXima'fioﬁo
as well as interactions of primary radiation defects with vari-
ous defect complexes.

Our experimentally determined temperature depen-
dences of the tetravacancy range distributions indicate that
the tetravacancy density maximum close to the surface ifjerev andl are functions describing the range distributions
formed as a result of secondary defect formation processegs the densities of vacancies and interstitial atols,and
probably as a result of the interaction of vacancies among,  are the diffusion coefficients of interstitial atoms and
themselves and/or with vacancy complexes. vacancies, respectivelg, (x) andgy(x) are the generation
terms describing the depth distributions of the densities of
interstitial atoms and vacancies formed by elastic stopping of
a given ion flux(g(x) was calculated using the TRIM-94

One of the most likely reasons for the formation of aprogranf whereg,(x) andgy(x) were assumed to be equal
tetravacancy density maximum near the surface is that thg,,, Byyv, and g, are the quasichemical reaction constants
steady-state depth distribution of vacancies under ion bomwhich determine the interaction between vacancies and an
bardment of Si may also have a maximum in the initial secdinterstitial atom, between two vacancies, and between two
tions of the range. Interaction of these vacancies amongterstitial atoms, respectively, angl and g8y are the qua-
themselves and/or with vacancy complexes may lead to thsichemical reaction constants which determine the interac-
formation of a tetravacancy maximum. The possible existion between sinks and components of Frenkel pairs.
tence of this vacancy density maximum derives from the 2) The sink distribution was assumed to be directly pro-
following reasoning. portional to the distribution of elastic energy losses.

lon bombardment of Si is inevitably accompanied by  3) The system1) was solved for the following boundary
spatial redistribution of Frenkel pair componéftsince the  conditions: a the irradiated surface of the sample was as-
diffusion coefficient of interstitial atoms is considerably sumed to be an ideal sink for vacancies and interstitial atoms,
greater than that of vacancies. Consequently, in the steadye., the trapping coefficient of interstitial atoms and vacan-
state the ratio of the concentration of interstitial atoms to thaties, which determines their interaction with the surface, was
of vacancies varies substantially over the range. It is knowrmssumed to be infinite;)bthe unirradiated surface of the

Dyd2V/dx?= ByIV + ByyW2+ ByV + gy(X),

D,d?l/dx?=BIV+ B 12+ Bl +g,(X). (1)

3. NUMERICAL SIMULATION
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system(1) were the same in both cage¥he density maxima
for the calculated depth distributions of the vacancy concen-
trations are poorly resolved for moderate-energy ion implan-
tation of Si(Fig. 48 and well resolved for high-energy ion
implantation(Fig. 4b. The reason for this is obvious: when
Si is bombarded by moderate-energy ions, the region of
maximum Frenkel pair generation is situated in the immedi-
ate vicinity of the surface whereas for high-energy ion im-
plantation this region is some distance from the surface. To
conclude, the results of this numerical simulation indicate
that the formation of a tetravacancy density maximum close
to the surface whek~1 MeV/a.m.u. ions are implanted in
Si at 300 K, may be caused by the spatial redistribution of
vacancies and interstitial atoms and their interaction with the
surface, between themselves, and with various defect com-

Concentration, rel. units
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Layer-by-layer radiometric analysis in the temperature range 800—950 °C was used to measure
the diffusion coefficients of°Sr, °Ca, 133Ba radionuclides in St z,Lay, [1,(VO,),
(x=0,0.1,0.15,0.2,0.25) solid solutions. It was establishedBfgt-D¥>Dg,. An increase in

the concentrations of vacanci€sl) in the strontium sublattice leads to increased

coefficients of diffusion of rare-earth metal cations. The activation energies for radionuclide
diffusion were determined. It was shown that Mcations migrate via $2) positions. © 1998
American Institute of Physic§S1063-783@8)01102-7

The presence of structural defects in inorganic comity of the *®Ba v radiation was measured using a BDBSZ-1
pounds in many respects determines their transport charagiM system complete with a PSO-2-4 scaler. Th@a and
teristics. The formation of a §raLay,[1,(VO,), solid so-  99g¢
lution, where G<x<0.33, was identified in a pgradiation was measured with an RKB-4-1 eM radiometer.
Sr3(VO,),—LaVO, system: When lanthanum orthovanadate The diffusion coefficients of°Sr, “°Ca, and*33Ba were cal-
LaVO, is added to strontium orthovanadate(®0,),, La”  culated using standard solutions of the Fick equation. The
ions are incorporated into the sublattice of the strontiumgiffusion parameters were determined by approximating the
ions. However, with two V& groups, only two L&" ions experimental points with the calculated cur¥¢s and find-
are incorporated instead of the three replaceable strontiumg the minimum variance between the experimental and cal-
ions with the result that vacancies appear in the strontiungulated values of the residual integrated activifidhe rela-
sublattice. These compounds are attracting attention becaugige measurement error for the diffusion coefficient was less
high ionic conductivity has been observed witif'Sions as  than 30% at the 0.95 confidence level.
current carrier€.On the basis of the results of studies of the
electrophysical propertieglectrical conductivity, transport
numbers, it was postulated that a vacancy mechanism is

responsible for the transport of strontium ions. Here we in2- RESULTS AND DISCUSSION

vestigate the diffusion of C&, SF*, and B&" cations in Figure 1 shows typical experimental curves of the rela-
St 34Lay,[1,(VO,), ceramic samples and we determine theyjye integrated activity of°Ca, °°Sr, 133a (I/1,) as a func-
diffusion parameters as a function of temperature and dopagiyn of the depth of penetration in Srs,Lay, [ (VO,), ce-
concentration. ramic samples, wheré, is the integrated activity at zero
penetration depth. The diffusion coefficients of the radionu-
clides in Sg slag A 1y(VO,),, calculated from these diffu-
sion profiles, at 900 °C are 11710 °, 11.0x10 °, and
Samples synthesized as described in Ref. 2 were pressédBx 10 ° cn/s for calcium, strontium, and barium, respec-
into disks =10 mm in diameter, sintered at 1200 °C, andtively. The relationD§,<D%<Dg, may be attributed to the
then annealed at the experimental temperature. The open psize factor.
rosity of the ceramic was close to zero and the density, mea- The experimental curves of the radionuclide diffusion
sured by hydrostatic weighing, was90—92% of the x-ray coefficients are satisfactorily described by the Arrhenius
density. The diffusion of rare-earth metal cations inequation
Sry_3xLan,[1,(VO,), was studied by systematically remov-

1. EXPERIMENTAL METHOD

ing layers and measuring the residual integrated activity ( Dy = D’,f,lo exp(—Uq4/kT). (D)
(Ref. 3. The radionuclide$®Sr, “°Ca, and**8Ba were used
as labels. The temperature dependences ofD}, in

The source of diffusion on the surface of the sample wasr;_ 5,La,,[1,(VO,), (x=0.1,0.15,0.2,0.25) solid solutions
a thin layer of the material enriched in the appropriate radiowere used to determine the diffusion activation energies
nuclide. Diffusion annealing was carried out for 11 h at(Ug) for “°Ca, °Sr, and'®3Ba, which were similar~1 eV.
800-950 °C. The radionuclide distribution over the depjh ( In a previous studythe Tubandt method was used to
of the ceramic was determined by removing parallel layershow that the Si ions are responsible for the electrical
10—-20um thick by polishing. The residual integrated activ- transport, and the temperature dependence of the ionic con-
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FIG. 1. Relative residual integrated activity 6fCa(l), *Sr(2), and o 3 Diffusion coefficients of “Cal) and “Ba@ i

**Ba(3) radionuclides for St.Lag {1o.VO,),) as a function of depth at an Sh4Lag L9 (VOy), as a function of the lanthanum concentratirnat
annealing temperature of 900 °C. 900 °C.

ductivity (x) of strontium and barium orthovanadate solid and 900°C, DX in stontum orthovanadate is

solutions  M_5 L8[ 1x(VO,),, ~ where  M=SrBa, ;. ;510 cmé/s, 1.5< 107 % cn/s, and 2.% 10710 cné/s,
x=x<0.33, is described by .
respectively

xT=2x exp(—U/KT). 2 The changes inD§ as a function of x in
Srz_3,La,,[1,(VO,), may be described for smal by the

The activation energy ) for ionic conduction in ;
: well-known expressichfor the vacancy transport mecha-
Sr;_gLay,[1,(VO,), is 0.77 eV and does not depend on thenism P y P

concentration of strontium vacancies in the structure. Note
that the activation energies f8PSr diffusion in these com- ¥ =fur[Vglexp —Ug/kt), ©)]

pounds, around 1 eV, are slightly higher than the activation _ . _
energy for ionic conduction. wheref is the correlation factory is the frequency of hop-

Figure 2 gives thé%Sr diffusion coefficients as a func- PING attemptsy is the hopping length, anVs] is the va-
tion of the composition of the Stas,Lay, T, (VO,), solid cancy concentration in the strontium sublattice. According to
X X X . . . .
solution forT=const. The diffusion coefficients of divalent Ed- (3, the dependences of the radionuclide diffusion coef-

metal radionuclides in undoped ;8/O,), are lower than ficients on the vacancy concentratigrior constantT and f

those in the solid solutions under study because they contafii?ould be nearly linear. i—|owever,.it can be seen from Fig. 2
small quantities of strontium vacancieat 800 °C, 850 °c, that the dependenceB*(x) deviate substantially from
straight lines. Similar curves were obtained f5Ca and

13333 radionuclidesFig. 3. Of the parameters appearing in
expression(3), the correlation factor may undergo the largest
variation as a function of. It may be supposed that its value
is mainly influenced by the deformation of the crystal lattice
caused by doping.

In order to compare the radionuclide diffusion coeffi-
cients and the coefficients of random diffusion of strontium
ions calculated using the Nernst—Einstein equation using
ionic conductivity data

Dg=kTx/03Ns;, (4)

we need to determine the concentration of strontium s
involved in the charge transport. Figure 4 gives the preexpo-
nential factor of the ionic conductivity® as a function ok.
These values are accurately described by

x0=2'(2—3x)X, (5
FIG. 2. Coefficients of diffusion of°Sr in Sg_4La,,[1,(VO,), as a func- ,
— —1 H
tion of the lanthanum concentrationat various temperature3{(°C): 1— Whe_re% =26.6<10° S-.cm K. _The factor (2- 3X)_|S pro-
800, 2—850, 3—900, and4—2950. portlonal to the carrier concentration N
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FIG. 4. Preexponential factor of ionic conductivity versus lanthanum con-FIG, 5. Haven raticH in Sty_ s, Lay,0,(VO,), for variousx. T(°C): 1—
centration. The curve was calculated using &). 800, 2—950.

Sry_3Lay,[1,(VO,), and shows that the maximum number
of strontium ions involved in the transport is close to two percoefficients D*) and the random diffusion coefficientB],
formula unit. assuming that the parametésandf are interrelated.

The structure of $tVQO,), has not been determined to Figure 5 gives the Haven ratid at 800 and 950 °C. It
within interatomic distances but it has been shown that thi€an be seen th&t depends ol andx and is less than 0.5 of
compound has the same structure as barium orthovanadatéhe correlation factor calculated in the first approximation
An analysis of the structure of B&/O,), also indicates that using the Manning formula(f=(1-P)/(1+P), where
two barium ions, Ba(2) and Ba(d), situated in a ten- P=1/m, m is the number of nearest neighbors, which is
oxygen neighborhood and positioned perpendicular t@the three for the S2) sublattice. More accurate values défmay
axis, may participate in the transport process. This statemeltve obtained using the relation
is also supported first, by the longer bond lengths between
positions Ba(2), Ba(2b) and position Bél), in a six- 1+(cos 6)
oxygen neighborhood (Ba(2a)—Ba(1)—4.37 A and =—",
Ba(2b)—Ba(1)—4.30 A, compared to the Bag) —Ba(2b) 1-({cos6)
bond length of 3.71 A(Ref. 8. Second, the sizes of the
necks linking the free and filled positions arel.6 A be-  Where(coso) is the average cosine of the angle between the
tween positions Ba(@) and Ba(d) whereas between BB directions of a pair of successive hops used to calculate the
and Ba(&) and between Ba) and Ba(d), they are 0.6 and correlation factors for the simplest structures with a unit hop-
1 A, respectively. These small necks impede the diffusion oPing frequency in all direction$ Assuming that strontium
rare-earth metal cations along tbg axis. Assuming that the ions migrate predominantly via & positions in
structure is the same, it may be postulated that §i\&®,),  Sf-3xLaxx(VO,),, the closest structure to these com-
the SF* ions migrate via ) positions in the plane perpen- Pounds is a honeycomb structure for whidh=0.33
dicular to thec,, axis. The value 8 shows that the L ions  (#=120°). Since in real structures there is a difference in
and strontium vacancies are in the same position. The corositions along they, axis between neighboring Sig® and
centration of mobile ions is thens,=z(2—3x)/V (z=3 is  Sr(2b) ions (corrugated honeycomb structiyrén an undis-
the number of formula units torted solid-solution structure where—0 we find the angle

These dependences of the coefficients of random diffu#<120° and f>0.33. The value ofH in Sr(VO,), is
sion in S§—3XLa2XDX(VO4)2 on temperature and donor con- ~0.43. This value may be reduced SUbStantia”y for at least

)

centration are described by: two reasons. For example, it has been shown for anisotropic
structured’ that if the hopping frequencies along theaxis
D=Dgx exp(—U/KT). (6) (v, and in thexy plane (v,) are taken into account, for

large ratiosv, /v, the correlation factor describing the diffu-
The difference between the activation enerdieandU, is  sion process at the frequeney decreases. Moreover, when
=0.2 eV, which may be attributed to the temperature depensome of the strontium ions in positions(Srare replaced by
dence of the correlation factdr Since no detailed informa- lanthanum ions, accompanied by the formation of vacancies
tion is currently available on the structure of;#0,), or  in this sublattice, the Sr@-Sr(2), Sn2)-La(2), and
solid solutions based on this, we used the Haven rati®&n2)—1(2) bond lengths may vary appreciably. As a result
(H=D*/D) to compare the experimental isotope diffusion of this local distortion of the structure, the angléncrease
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Entropy of crystallization of materials from a “molten” sublattice of superionic
conductors

M. A. Korzhuev

A. A. Bakov Institute of Metallurgy, Russian Academy of Sciences, 117911 Moscow, Russia
(Submitted March 17, 1997; resubmitted May 28, 1997
Fiz. Tverd. Tela(St. Petersbungd0, 227—-228(February 1998

It is shown that the entropy of crystallization of materiédsch as Cu, Ag, Au, and Lin a

“molten” sublattice of superionic conductorscrystal system may substantially exceed the
entropy of crystallization of the same materials from a melt. The observed behavior

explains the known tendency of various superionic conductors to form filamentary crystals
(whiskers in the solid phase, together with the completely different structure of these whiskers.
© 1998 American Institute of PhysidS1063-783#8)01202-7

The crystal structure of superionic conductd®&ICs Here ko=Ry/Ny is the Boltzmann constantN, is
may be represented as the superposition of a “molten” subAvogadro’'s numberW= ng(b!)/[(b—a)!a!] is the sta-
lattice of mobile iong(Cu'*, Ag!*, Lil*, H*, F--, C1l", tistical weight of the appropriate state? is the number of
and so ohand a hard “core” which conserves the propertiesways of distributinga mobile ionsa in b vacancies in the
of the solid up to the melting point of the compourif,j).  crystal®'3%4
“Melting” of the sublattice of mobile ions generally occurs Assuming in expression(l) a=b=nNy(T<T.) and
at the temperature of the superionic phase transitiom=nNy, b=NNy(T>T.) (n andN are the number of mo-
T.~0.3—-0.4,, when some of the SIC ions are excited in bile ions and vacancies per formula unit of the compgund
interstitial sites(Frenkel defects where they are distributed we obtain using the Stirling formula i) =y(In(y)—1) for
over many vacancie@rder—disorder phase transitoThe N>n~1
order—disorder transition makes the major contributiop

to 90% to the total entropy of the superionic transition af®"=AS"Ry=| N In +nin ~In N.
a.=AS. /Ry (Rq is the universal gas constantvith defor- N-n

mation of the core accounting for the remaining 10%. On the @
whole, a. can have a fairly high value in superionic conduc- Figure 2 gives the curves™®"=f(n), calculated using Eq.

tors (up to one or higher'=3 Thus, the entropy of melting/ (2) for various values of the parametsr(curves1—3). Also
crystallization of SIC samples atT=T, decreases plotted are the values of the configurational component of
appreciabl§® (a/,~ am— ag, Wherea,=AS, /R, is the re-
duced entropy of melting of an ordered materi@urves2
and3 in Fig. 1), like the tendency of ingots to facetihhis T Ty Tm
tendency usually shows up clearly fag,>4-6) (Ref. 7). a £

The process of crystallization in superionic conductors 1
can also take place in the solid state by a “molten” SIC ‘
sublattice~crystal systenmigrowth of whiskers, ribbons, and
dendrites using Cu, Ag, Na, and so)8a*! For Cu, Ag, and
Na we haven,,=1.12, 1.17, and 0.85, respectivéfwhich
presupposes samples with a polycrystalline structure and a
rounded surface when these crystallize from a rhélow- ——
ever, whiskers and ribbofig typically have a single-crystal
structure and partial faceting which indicates a possible dis- .
parity between the values af, anda;, (herea;,=AS /R is @
the reduced entropy of crystallization of materials from a @
molten SIC sublattice The value ofaj, for SICs has not / c
been estimated separately before.

Here it is shown that the value af;, for SICs may
substantially exceed the entropy of crystallizatign of the
same materials from a melt.

The change in the configurational component of the engG, 1. Typical temperature dependences of the reduced entref§/R,
tropy accompanying melting of the sublattice of mobile ionsfor ordered materialél), SICs(2), amorphous materiak8), and a molten

in an SIC is described by the expression sublattice of mobile ions in a SIGY): T, Tg, and T, are the superionic
transition temperature, the glass-transition temperature of amorphous mate-
rials, and the crystal melting point. Configurational space: a—8I€ 10,

1) Cu,_,Se (Refs. 1 and 2 b—liquid (N=2, cellular modeéf!9, and c—
ordered solid phasa\(=1).

]

a

SR

] T, K

Asfonf: Ko(In Wrer — In WT<TC)-
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n~1, around half the copper meft$’ when mobile copper
crystallizes from the molten sublattice, we hawf~3.25
(curve2 in Fig. 2), which explains in terms of the empirical
relationg the high rate of copper whisker generation in
Cu,_,Se, their perfect crystal structure, the growth anisot-
ropy, and partial facetin®

The highest values of the parametdrandn in known
inorganic SICs ar&l= 21 for Agl andn~2 for Ag,Hgl, and
(Nay0),(Li,0),(Al,05) 1 (two sublattices of the compounds
melt?? from which the maximum entropy is estimated as
am~5-6 (Fig. 2). Even higher values ofr;, may be ob-
served in more complex organic SICs and in biological ob-
jects as a result of an increase in the paraméteasid/orn.
This high value ofa;, may be responsible for the increased
tendency of this group of materials to grow new
formations!® Studies of the physical properties and phase

we 1w 1 w ¢ n transitions of these materials may be especially interesting.

%

-7

7 10

FIG. 2. Configurational component™®" of the reduced entropy of disor-
derlng of m(;blle |?ns yt(_ersus theSaGt:orglc _If_rhactqunofdmoblle |onfe;or .a Verlag, New York, 1979; Zinatne, Riga, 192
supeérionic phase transition |n_a \ C;nf); € disorder parame Is: 2Yu. Ya. Gurevich and Yu. |. KharkatsSuperionic Conductorfin Rus-
1—100,2—10 (Cw_,Se), 3—2; 4—aP® =In 2. siar], Nauka, Moscow(19932.
3M. J. Rice, S. Strassler, and G. A. Toombs, Phys. Rev. 138t.596
(1974.
the enthalpy of melting for the cellular model of a liquid A(Aig%F’O”ShChUk, T. A Tishura, and A. N. Budarina, Ukr. Fiz. 26, 120
conf__ : .
ap =In2 _(cur_ve 4) (Refs. 15 and 1pwhich makes the 5M. A. Korzhuev, Rasplavy, No. 6, 108991,
main contribution(up to 70-80% to the total entropy of 6y A, Korzhuev, Phys. Status Solid21, K7 (1993).
melting of Cu, Ag, Au, Li, and NgRef. 12. 7K. A. Jackson, inCrystal Growth edited by S. PeisgiPergamon Press,

It can be seen from Fig. 2 that fof>2 andn>0.1, it is Saﬁ/irdklg?' p. {/3-': Bankina. N. K. Abrikosou. A V. Arakeh
H ” conf conf . . A. Korzhuev, V. F. Bankina, N. . rikosov, A. V. Arakcheeva,
possible to havery,~ ™"~ aM/IMi>an"~an in a SIC 14\ A Lobzov, zh. Tekh. Fizs6, 797 (1986 [sid].

(M is the atomic weight of the mobile ions excited in inter- °m. A. Korzhuev, Fiz. Khim. Obrat. Mater No. 5, 153993.

stitial sites andM is the molecular weight of the S)Cbe- V. V. VoI'skii, G. L. Koshel', and N. V. MakukinAbstracts of Papers

cause the ions in a “distributed” SIC sublattice have a presented at Seventh All-Union Conference on Physics, Chemistry, and
. . . . . Electrochemistry of lonic Melts and Solid Electrolytéfl. 3 [in Rus-

higher degree of disorder than those in a liquid. This is pos- siarl, Nauka, Leningrad1983, p. 39.

sible because of the hard SIC core which increases the dilyu. M. Gerbshten, E. I. Nikulin, and F. A. Chudnovskiibid., p. 43.

mensionality of the configuration space for possible disorder?V. M. Gl;lzov gﬂd A A-ﬂﬁvaZO\(l, Entropy of vave(ltingoof Metals and
; ; ; Semiconductorfin Russiar, Metallurgiya, Moscow(1980.
'ng of ions whenl e (Flg 1) (Ref 17) . . 3L, Zhirifal'ko, Statistical Physics of Solidir, Moscow, 1975.
Thus, forN>2 andn>0.1 mobile ions in the molten 17, Tanaka, S. Miyazima, T. Kakiuchi, and Y. Ota, Prog. Theor. Phys.

SIC sublattice may possess the excess entropy Suppl.115 185(1994.
(@~ am)~In(N/2) in relation to ordinary meltingcurve4  °S. M. Stishov, Usp. Fiz. Naukl44, 3 (1974 [sic].
in Fig. 1). Thus, crystallization of mobile ions by a molten % _S: Vorob'ev, Zh. &sp. Teor. Fiz.110, 683 (1996 [JETP 83, 368

IPhysics of Superionic Conductoredited by M. B. SalamofhSpringer-

: . 99].
SIC SUblamce"CfryStal system corresponds to a change im7u A Korzhuev, V. V. Baranchikov, N. K. Abrikosov, and V. F. Bankina,
entropya’ ~ «°" which exceeds the entropy of crystalliza- Fiz. Tverd. Tela(Leningrad 26, 2209(1984 [Sov. Phys. Solid Stat26,
tion a,, of the same materials from a méturve4—curvel — 1341(1984].
in Fig 1) M. A. Korzhuev, JETP Lett64, 105(1996.

For copper selenide Gu,Se (fluorite structureN=10,  Translated by R. M. Durham
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Interactive process in the mechanism of thermostimulated luminescence in anion-defect
a-Al,O5 crystals

I. I. Mi'man, V. S. Kortov, and S. V. Nikiforov

Ural State Technical University, 620002 Ekaterinburg, Russia
(Submitted June 30, 1997
Fiz. Tverd. Tela(St. Petersbungd0, 229—234(February 1998

A study of the role of deep traps in the specific features of the thermolumines@dncef anion-
defecta-Al O3 single crystals is reported. The existence of deep traps is proven by direct
observation of the associated TL peaks. Experimental support for the effect of deep-trap filling
on the main characteristics of the main TL peak at 450 K is presented. A model involving

trap interaction is proposed, which differs radically from the others described in the literature by
taking into account the temperature dependence of the carrier capture probability by deep

traps. This model was used to calculate the dependences on heating rate and deep-trap filling of
the main parameters of the main TL peak for the crystals under sfudyield, glow-

curve shape, and sensitivity to the stored light suwvhich were found to be close to those
observed experimentally. @998 American Institute of Physids$$1063-783@8)01302-1]

Interest in investigation of the luminescence propertiediated with visible or UV light was explained as due to re-
of anion-defecta-Al,O5 crystals stems from their use for distribution of charge from deep to shallower traps, which
development of high-sensitivity detectors for ionizing are responsible for the 450-K petk.
radiation} Experimental investigation of thermolumines- The objective of this work was experimental detection of
cence(TL) of nominally pure anion-defeai-Al,O; single- the deep traps and establishment of their role in the above
crystals reveals several features which are not accounted féatures of TL in anion-defeat-Al,O; single crystals.
by the available models of TL kinetics in solids. The most
essential of them are the substantial drop of the average ac-
tivation energy{(E)(T)] within the main(dosimetri¢ peak 1. SAMPLES AND EXPERIMENTAL TECHNIQUE

at 450 K, which is demonstrated by the fractional glOW We studied Samp|es of nomina”y puﬁeA|203 Sing|e
techniqué’ and the dependence of the TL yield on crystal crystals grown by directed crystallization in strongly reduc-
heating raté:* The reliability of the experimental observa- ing conditions provided by the presence of grapttitermo-
tions is not subject to doubt, since during the recent yearghemical coloringg The oxygen vacancF centej concen-
they have been confirmed more than once in independemiation in the samples, as derived from the optical absorption
measurements® spectra, was about ¥0cm 3. The main TL peak at 450 K
Investigation of the temperature behavior of radiation-(heating rate8=2 K-s™1) was excited by?°Srf% g radia-
induced and photoluminescence within the main crystal lution. TL measurements in the linear or fractional heating
minescence ban10 nm permitted one to relate the ob- regime were made using a computerized setup described in
served features of the TL to thermal quenching, which isdetail elsewheré! A distinctive experimental feature of this
most efficient around the main pe&fkEstablishment of this work was the possibility of selectively filling the deep traps
relation made possible formal description of the dependencat different crystal temperatures. To reduce the sample expo-
of TL yield on heating rate and of the anomalous behavior ofsure time under excitation, we used nonselective UV radia-
(E)(T) by a kinetic equation with a modified Mott factor, tion capable of efficiently populating deep traps. The radiator
which takes into account the thermal quenching. The mechdamp was DRT-240 mercury-vapor quartz type with a focus-
nism of the observed TL features at the microscale remainedd attachment. The TL was measured in the 300—-1100-K
however, unclear, and the observation that they becami@nge with a PM tube whose spectral sensitivity excluded
manifest in the same way in other characteristic luminestecording thermal radiation.
cence bands as weB30 and 690 nni did not find adequate
interpretation. In this connection it appeared reasonable to
analyze the role played by other processes capable of affect: RESULTS AND DISCUSSION
ing strongly the kinetics of luminescence and, in particular,  Our studies demonstrate the possibility of detecting deep
of carrier capture by deep traps. Because direct measurgaps by direct observation of the TL they are responsible for.
ments met with difficulties, the presence of deep traps irFigure 1 presents glow curves of anion-defeeAl,O; crys-
nominally pure anion-defect corundum crystals has so fatals excited by UV light at 500 Kcurvel) and 620 K(curve
been revealed from indirect evidence. In particular, it is with2). Besides the conventional TL features, namely, the main
their competition in carrier trapping that one associated thgpeak A (T,,=450 K) and peakB (T,,=570 K), which is
change in dosimetric sensitivity observed in crystals subassociated with GF ions, we readily see the appearance in
jected to high-dose irradiation. TL of the same crystals irrathe glow curves, of new maxim& andD (T,,=740 and
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FIG. 1. Glow curves of UV-excited anion-defeetAl ,O; crystals obtained

at a heating rate of 2 k1. Excitation temperatur&(K): 1—500,2—620. . . ) . .
A left empty. This makes possible investigation of the de-

pendence of the kinetics of the peAkthermoluminescence

890 K, respectively The TL peaksA, B, C, andD are  on the deep-trap filling when the crystal is subsequently il-
identical in spectral composition, and their spectra containuminated at room temperature. Figure 2 shows (B T)
bands characteristic ¢f andF " centers. relation for peakA obtained for four deep-trap states,

We see also from Fig. 1 that the relative TL yield in namely, when the deep traps were not populated on purpose
peaksC and D depends noticeably on the temperature af(initial state1), when only the deepest trap was filléstate
which the samples were excited. The same is true for peak®, when both deep traps were populatsthte3), and when
A and B too. For instance, when TL was excited at roompoth deep traps after filling were emptied by heating the
temperature, the main peakdominated in yield, with peaks sample at 1220 K for 15 mifstate4).
B, C, andD becoming practically undetectable. Shown in Fig. 3 are the results of a study of the péak

One of the main results demonstrated by Fig. 1 is theTL yield as a function of the heating rate of excited crystals,
possibility of selectively populating the deep traps responmade for the deep-trap states similar to those described in
sible for the TL peaksC and D by properly varying the discussion of Fig. 2, with the notation left unchanged. Table
illumination temperature, with the traps associated with peak illustrates the dynamics of variation in shape of the glow
curve, which was estimated from its halfwidth at peak
under variation of the heating rate and for the same changes

10000 - 1160 of deep-trap state. As seen from Table |, the emptying of
N | deep traps results in a stronger dependence of the glow curve
halfwidth on heating rate.
- - An analysis of the experimental data presented in Figs. 2
and 3 and Table | shows convincingly that the TL parameters
] B J - of peak A depend on carrier filling of the deep traps. The
5 - most essential point is, however, that the above features of
s 5000+ 2 4080 A . .
2 w the main-peak TL also are directly related to the deep-trap
:’: R 4 state. By varying properly their population, one can control
the temperature dependence of the average activation energy
n 5 /-
- B TABLE I. Glow-curve halfwidth of anion-defect-Al,O5 crystals vs heat-
ing rate and deep-trap state.
i 1 1 1 g
Js0 400 450 Halfwidth, K
T, K Deep-trap
state B=05Ks?! pB=2K.s! pB=5K.s?! pB=12K-s?
FIG. 2. (1-4) Temperature dependences of average activation energy for
four deep-trap states an@) glow curve for the main TL peak of anion- 1 33 42 47 56
defecta-Al, O, crystals excited at room temperature ¥grP% radiation. 2 32 38 39 41
1—deep traps not filled on purpos2—the deepest trap filled at 825 K, 3 29 32 34 37
3—both traps filled at 620 K4—both deep traps depleted by annealing at 4 33 40 45 54

1220 K for 15 min.
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n, c This model involving an interactive trap system can be

———————— - T—————— described by the following coupled equatibht’

P a dn

¥ P a=—pn+a(N—n)nc, (]
/4 g

" -J M dm_5 M 2
m, g - dM-—m)nc, )

h—_” " dn

0= 9" My ~C hn— _
henemen, gr PN a(N—n)n,
- 8(M—m)n.— y(n+m+ng)n, 3
dh

I(t)=— 4 = v(n+m+ne)ne, 4

wherel (t) is the TL intensity at the instamt The probability
for an electron to be ejected into the conduction band by
thermal ionization of the traps is described by the expression

=S exp(—E/KT), whereE is th ivation energys is th
M—deep trapH—Iluminescence center. Transitions:—radiative recombi- p=Se p( E T)’ erek is the activation energys is the

nation at luminescence centdr, 5—capture by deep trapd, a—capture frequency fgctor for this process, is the absolute t_empera-
by trapsN, p—thermal depletion of shallow TL-active traps. See text for ture, andk is the Boltzmann constant. The meaning of the

other symbols. other parameters was explained before.
Equations (1)—(4) were solved numerically by the
fourth-order Runge—Kutta method. The equations modeled
(Fig. 2 and the drop in TL vyield with increasing crystal the interaction of the shallow and deep traps under linear
heating rateFig. 3). As evident from the above results, an- heating. The solution was presented in the form of a glow
nealing of the crystals at 1220 K for 15 min resulted incurve, with both the filling of traps! andM and the heating
emptying of the deep traps and recovery of the anomalousate being variable parameters.
TL features of peald. Having assumed an interactive process, the dependence
The studies associated with the population of the deepf TL yield on the heating rate was studied theoretically for
traps revealed that the probability of their filling grows with two scenarios. In the first of them, the probability of carrier
temperature. This begins to be seen in the temperature regidrapping at deep levels, &(T), was made
characteristic of the TL peak. This observation led to ac- temperature-independetit:® whereas in the second it was
cepting as a working hypothesis the assumption that the Tiprescribed on purpose, since we observed it to exist in ex-
mechanism in anion-defeat-Al ,O; crystals involves an in- perimentally. The analytical form of thé(T) relation was
teractive process. This process consists essentially in contrased on our knowledge of the luminescence quenching pa-
peting capture by the deep traps of the carriers released iameters, which provided earlier a good agreement of the
readout of the main TL peai¢ 14 (E)(T) curves and of the drop of the TL yield with increas-
The simplest band diagram for the interaction of shallowing heating rate between model and actual experinfefits.
TL-active traps with deep tragan interactive trap systens  this work we limited ourselves to considering only two pro-
shown in Fig. 4. Her¢d,N,M (cm™3) are the total concen- cesses involved in the main TL peak, namely, radiative re-
trations of the luminescence centers, shallow, and deep trapspmbination with a probability; and trapping of the released
respectively;h,n,m (cm3) are the concentrations of the carriers at deep levels with a probability-1;. In this case
filled H, N, andM levels; o, 6, andy (cm 3s™Y) are the the §(T) relation can be presented in the following analytical
carrier trapping coefficientg is the thermal ionization prob- form:
ability for the shallow TL-active traps; ana, (cm™3) is the

FIG. 4. Band diagram of the interactive trap systéva—TL-active trap,

free-carrier concentration in conduction ba@d The zero S(T)=8y(1—n)=35| 1 -
B =0ooll=7)=00| 1~

index refers to the initial filling of the levels after excitation. 1+C exp(—W/kT)
Excitation at room temperature fills levels M, andH C exp(—WIKT)

by carriers. It is assumed that during this process and for 5)
some time after the start of the heating electric neutrality
persiststh=n+m+n., wheren,=0 before heating. Ther- whered, is a temperature-independent factor.

mal activation ejects electrons from the filled active trabs The quenching activation enerdy and constanC en-

into the conduction ban€. There are three possible paths tering Eq. (5) were estimated using the data obtafhérml

by which the electrons can relax from their excited statBs: modeling the TL features with inclusion only of the thermal
radiative recombination at the luminescence cemhter(2) guenching characteristics. Application of the best-fit criterion
capture by deep trapd ; and(3) retrapping by level®\. Itis  to experimental data yieldédilso the values foE and S.

also assumed that levetsandM are thermally stable within Thus there were grounds to use as input in the numerical

the temperature interval of TL measurement. solution of Eqs(1)—(4) the parameters already substantiated

=007 C exp —WIkT)"
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TABLE Il. Calculated dependence of the halfwidth of the main TL peak on

100}
heating rate and deep-trap filling.
i Halfwidth, K
2T me/M  B=05Ks! p=2Ks? p=5Ks' p=12Ks*
=
S F 1 34 36 38 38
§ 0.01 34 38 42 45
2050 0.001 34 42 49 53
3 0.0001 38 41 53 58
3 =
?
=
provide a qualitatively close description of the experimen-
i tally obtained dependence of the main-peak TL under varia-
0 ; ! tion of the heating rate and deep-trap filling, whose charac-
400 500 600 teristics are displayed in Fig. 3 and Table .

T, X The calculated effect of deep-trap population simulta-

FIG. 5. (1) Experimental and2,3) calculated TL yield for the 740-K peak Neously on the TL yield at the main peak and on its shape
vs tlexcitation temperaturd¥(eV) andC: 2—0.88 and 6<10°, 3—1.1and  under heating-rate variation is presented in Fig. 6 and Table
10", Il. The data listed in Table Il show the dependence of the
glow-curve halfwidth on heating rate decreasing with in-
carlie” E=131eV S=108s! W=097 eV and creasing deep-trap filling. A comparison of the results pre-
C=10". The applicability of the values alV andC to de- sen_ted |n_F_|gs. 3and 6 ano! m_TabIes | and Il shows them to
- ) " . be in sufficiently good qualitative agreement.
scription of thed(T) relation was verified by comparing the The results of the TL modeling by means of E¢H—
corresponding measurements with the figures calculate&) which are illustrated in Fig. 6 and Table Il weré ob-
from the analytical expressiag). The deep trap responsible | " . Y ] T e g
; . : tained with @y=10"""cm s -, =10 "“cm °s -,
for the TL peak at 740 K is best suited for experimental ™ "~ ;7 3% 7 _ TR
. ; N - %=10"em st w=1.1eV, C=10", E=1.31¢eV,
control of its population. Therefore in this stage the experi 3 1 3 4 4
mental values ob(T) were determined from measurements S=10"s", 3 N=10""cm 3 M =10 cm™,
no=10" cm3, andn,=10° cm 3. The variable parameters

of the TL vyield for the 740-K peak as a function of the were the deep-trap fillingng/M and the crystal heating

crystal excitation temperature. Initially the deepest trap wasrate 3

completely filled. . -
'IF')he r)ésults of the comparison are shown in Fig. 5 An experimental study of the effect of deep-trap filling

Curves2 and3 are plots of Eq(5) with parametersV andC. ‘on the TL properties of anion-defect corundum revealed one

varied. Taking into account the good qualitative agreemen'tﬂeoarlt(a fiia;llj;i govxﬁzgﬁéj dn(:;ht?]t;hseg‘_ffans'g:é:t ;h:mme?m it
between the theoretical and experimeni@r) relations, the P . ; jeep-trap ' Y
valuesW=1.1 eV andC= 10" were subsequently used in increased to saturation with their filling and could be re-
) turned to the initial level by annealing at 1220 K for 15 min.

the numerical solution of Eq$1)—(4). The other parameters . L . N
were chosen based on the criterion that the solution shoul-cli—hIS observation is depicted by cunlein Fig. 7. The data

1.00 7o}
i 1
- £
R e 2
2 Y/
3 o
- &
8" 050 -p" [
5 3
& S
3 S so0f
R R
2.20 ) 1 ! ) 1 1.0 & / lz 1 -
g 4 8 12 v wt w w ow 1
ﬁ » K/s m, / M, arb. units

FIG. 6. Calculated main-peak TL vs heating rate and filling of deep tvéps FIG. 7. Main-peak TL vyield vs deep-trap fillingl—experiment,2—
(mg/M): 1—1, 2—0.1, 3—0.01,4—0.001,5—0.0001. calculation.
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for this graph were obtained by measuring the main-peak Tlprocess in the TL mechanism for anion-defect corundum
under gradual filling of the trap responsible for the TL peakcrystals provides an explanation of the totality of experimen-
at 740 K(Fig. 1). The excitation dose at which the TL sen- tal observations within a common frame. In this model, ther-
sitivity at the main peak and the TL yield at pe@kwere  mal quenching of luminescence is considered as a direct con-
observed to saturate was accepted to correspond wequence of an interaction of shallow and deep traps in the
my/M=1. Curve2 in Fig. 7 shows the calculated change in crystal. This accounts for the success of our earlier attempt at
TL sensitivity at the main peak as a function of deep-trapthe description of their TL features both based on the thermal
filling. Egs. (1)—(4) were solved with the parameters used toquenching concept and by taking into consideration the tem-
obtain the data of Fig. 6 and Table Il. As seen from Fig. 7,perature dependence of the probability of carrier capture by
curvesl and 2 are qualitatively similar. When considered deep traps.
together with the other results, this observation argues for the
adequacy of our trap interaction model, which determines the V- S: Kortov, 1. I. Milman, V. 1. Kirpa, and Ja. Lesz, Radiat. Prot. Dosim.
main features and characteristics of the TL of anion-defectzﬁsl’. ﬁ?rﬁf 6)\'/. S. Kortov, and V. I. Kirpa, Fiz. Tverd. TeléSt. Peters-
corundum crystals. burg 37, 1149(1995 [Phys. Solid Stat&7, 625 (1995].

Thus this work demonstrates the existence of deep trapéV. S. Kortov, I. I. Milman, V. I. Kirpa, and Ja. Lesz, Radiat. Prot. Dosim.
in anion-defect corundum by direct TL observation. The ,55 279(1994. - i,

.. . ..“V. S. Kortov and I. I. Mil'man, Izv. Vuzov, Fizik&89, No. 11, 1451996.

spectral composition of the glow at the peaks associated WIthT. I. Gimadova, T. S. Bessonova, |. A. Tale, L. A. Avvakumova, and S. V.
these traps and their kinetic parameters were determined.Bodyachevsky, Radiat. Prot. Dosii83, 47 (1991).
Convincing experimental data are presented for the effect of T. S. BeSSﬁHOV_eL,IT- I (iimacli(ova, I. A. Tale, L. A. Avvakumova, and L. A.
deep-Frap filling on all feature.s of the main TL peak. The 7'II_'I.t\g]%\gs§o.ncF:\r/;,.L$T ,:\r\?vsalj:;o‘t/f('rl.gl?%imadova, and . A. Tale, zZh.
experimentally observed relations were used to develop anpj spekirosk54, 258 (1991,
interaction model of the relatively shallow active traps re- 8a. s. Pradhan, Radiat. Prot. Dosib, 73 (1996.
Sponsib|e for the 450-K TL peak with therma”y stable deep 9S. V. Nikif(_)ro_v, I I M_ilman, and V. S KOI’tOVAbStI’a.CtS of 9t.h Intern.
traps. This model differs radically from others described in E:l%gfé Radz'agtéon Physics and Chemistry of Inorganic Materidiomsk
the literature in its inclusion of a temperature dependence oby; s ’Apklselrod and E. A. Gorelova, Nucl. Tracks Radiat. Me2ts.143
the trapping probability of the carriers released in TL readout (1993.
by the deep traps within the temperature interval 300—-600 Klls V. Nikiforov, A. K. Ki'metov, I. I. Mi'man, and V. S. Kortov, Avail-
The calculations based Qn this model support Sim_ultaneoqs?;)lﬁ/l.frng;/s:,nglli\l.li?J?I;aTr?i: ZE?ijll._l\B(%ihimura, A. W. Mol, T. M. Piters,
dependence on the heating rate and deep-trap filling of theang E. Okuno, Phys. Status Solidi1B6, 199 (1994.
main TL parameters of the crystals under study, namely, th&C. M. Sunta, E. M. Yoshimura, and E. Okuno, J. Phys2D) 852, 2636
main-peak TL yield, the glow curve shape, and the sensitiv;,(1994- _
ity to stored light sum, which are found to be close to those R. Chen, G. Fogel, and C. K. Lee, Radiat. Prot. Do$6).63 (1996.

observed experimentally. The model involving an interactiveTranslated by G. Skrebtsov
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Electronic structure of lead (ll) fluoride and lead (ll) chloride crystals
I. V. Murin, A. V. Petrov, I. I. Tupitsyn, and R. A. Evarestov

Scientific-Research Institute of Chemistry at St. Petersburg State University, 199034 St. Petersburg, Russia
(Submitted June 6, 1997
Fiz. Tverd. Tela(St. Petersbuig0, 235—236(February 1998

The method of complete neglect of differential overlap was used to calculate the electronic
structure ofe Pbk, B PbF, and PbC] crystals which form the basic matrices for the synthesis
of new superionic conductors. It was shown that the electronic subsystem is fairly stable

on transition from the high-symmetyy PbF, crystal to the low-symmetrw PbF,. The electronic
structure of the cotunnite crystal Pi@Vas calculated for the first time. @998 American
Institute of Physics.S1063-783®8)01402-9

Lead halide compounds form the basis for the synthesisonian and the Hartree-Fock operator in the crystal have the
of a broad class of superionic compourdsHowever, the following form:
nature of the anomalously high mobility of fluorides or chlo- N—1
rides has not yet been sufficiently explained in physico- (K)=U, o+ Zxy%0— 7 /0N
chemical studies of these compounds. As a first step toward PP PP SAYAA 2 E c¥

understanding the essence of the ionic conduction process, N-1
we attempt to calculate the electronic structure of the lead n SOn ext(ikR 1
halides Pbkand PbC. 2, Fa PIKRn), @
It is known that lead fluoride crystallizes in two modifi- N—1
cations: cubic (space groupFm3m)® and orthorhombic Ho o (K) = E SOn kR 2
q - IBAB equ n) ( )

(Pnma).* The cubic crystal is stable at high temperatures. In

order to search for promising new compounds, it is important N-1

to determine the differences in the electronic structure of

these two Pbfmodifications which have the same overall Foplk)=Hpp()+ 5 E z E P (k') YA
composition but different spatial configurations of the atoms.

The superionic state of the crystal is characterized by
structural disordering of the fluorine sublattice in lead fluo-
ride. It may be postulated that the fluorine ions in tetragonal
lead fluoride, which possesses lower local symmetry, are in a
state closer to disordered. 1 N1

We are not aware of any calculated data on the elec-  Fpg(K)=Hpq(k)— 5 > 2 Pr(K) Y
tronic structure of lead fluoride in the orthorhombic modifi- =0 K
cation so that it is interesting to make a theoretical study of xexpi(k—k")R,). (4)
the electronic structure and charge state of the ions in thi
crystal. This information will also be useful for spectroscopic
investigations of this crystal. oce.

The lead chloride crystal has the same spatial character- Ppq(K)= 22 ChL(k)Cig(k), )
istics as tetragonal lead fluoride and is known as cotufinite.

We are also unaware of any calculations of the electroniénvolves summation over all occupied crystal orbital} (
structure of cotunnite. which are linear combinations of atomic orbitals. In expres-

The electronic structure of lead fluoride and lead chlo-sions (1)—(4), Sgg and yﬁ’g are the overlap and Coulomb
ride crystals was calculated using the method of crystaintegrals, respectively, for the orbital of atomA in primi-
orbitals—linear combination of atomic orbital€O LCOA) tive cell 0 and theg atomic orbital of atonB in celln, U,
in the complete neglect of differential overlgfCNDO) describes the interaction between an electron and the atomic
approximatiorf This method can be used to calculate thecore of atomA, and the core chargg, is equal to the num-
band structure of a fairly complex crystal, having a largeber of valence electrons of atof
number of atoms per unit cell and low space group symme- A characteristic feature of the CNDO method is that it
try. has variablgfitting) parameters, which makes computer cal-

If cyclic boundary conditions are imposed on the mainculations considerably easier. Experimental data for well
region of the crystal, the wave vectkrhasN different val-  studied crystals were used to make an accurate choice of
ues which corresponds té primitive cells numbered by the parameters, especially the so-called resonant integsals
position vectoIR,,. Since a considerable number of integrals Thus, the parameters of fluorine and chlorine were chosen on
are not calculated in the CNDO approximation, the expresthe basis of calculations on Caknd KCI crystals, respec-
sions for the matrix elements of the single-electron Hamil-tively. The parameters of lead were refined for the cubic

~5N nE 2 Pha(k') Yah expli(k—K')Ry),
3

%alculation of thek-dependent density matrix
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TABLE |. Parameters of the electronic structure of lé¢fd fluorides and We calculated for the first time the electronic structure
chloride (in eV). of a cotunnite PbGlcrystal. Our calculations give a band
gap of 8.9 eV which indicates that this crystal has dielectric

crvstal properties. The width of the upper valence band is 10.7 eV,
Parameter aPbF, S PbR PbCl i.e., is similar to that for lead fluorides. The structure of the
Bottom of conduction band 1.247 1.227 5151 upper valence band is similar to that for fluorides: the top of
Top of upper valence band —4.558 —4.510 —3.748 the band is determined by the states of lead while the
ga;d gaF; | band 145;;%5 1551127 y 3-28799 bottom of the conduction band of Ppis formed by thes
ottom of upper valence pan - . - . - . .
Width of upSSr e bt 10058 10604 77 States of lead. The charges at the chlorine atoms-ar@ée,

which also shows the high degree of ionicity of the bond in
the crystal.
Some researchers have already attempted to explain the

modification, it being the most studied. Finally, it was as-nature of thge lonic ransport in cat.ionic-conducti'ng solid
sumed that the parameters of a given type of atom Werglectrolytes?,' by attributing the cationic conductivity to
transferrable from one crystal to another characteristics of the electronic structuie particular, the

The calculations showegee Table)l that when a Pby appearance of local levels in the conduction band and an
crystal is converted from thg phase(fluorite structurg to appremable change in the baqd gafor anionic-conducting
the a phaseg(cotunnite structung the change in the electronic S_O.I'd electrolytes, the electronlg pgttern before an_d after trfa n-
structure is very small. The band gap, the width of the uppeIsmon of the crystal to the superionic phase most likely varies

valence band, and the atomic charges vary negligibly. "pegligibly. This implies that the nature of the anionic disor-
both cases, th,e top of the upper valence band consisss ofder in these crystals has qualitatively different characteris-

states of lead while the bottom of the conduction band ig'®S: . . o .
formed by p states of lead. The existence of a fairly wide When a fluorine atom_leaves |ts_ regular s!te in the lattice
energy gap5.8 and 5.7 eV forr and 8 PbF,, respectively (O symmetry _f(_)r a quqnne atom in a fluorite crystalt :
means that these crystals can be reliably classified as insuldi0VeS Via positions which are known to be less symmetric.

tors. The calculated charges at the fluorine atoms-ai4e thowevelr, n theﬁk_ phalse o:;lesd flfuc_)rlld(la:otunmte s;crucéurjteth_
which is consistent with the experimentally observed highd € regutar position ar(_aably ﬁs a|ry.0\;\r/]syn|1mte Y ut |ts
ionic conductivity for fluorine. oes not cause appreciable changes in the electronic structure

One can distinguish conditionally two contributions to ;:ompared with theg phase of lead fluoridéfluorite struc-
the electrical conductivity associated with the ionic and elec-ure)'
tronic subsystems. The electronic subsystem dgtermlr}es .the This work was supported by the Russian Fund for Fun-
type of chemical bond and the electron density distribution ingamental ReseardiGrant 96-03-33134
the crystal. The ionic subsystem determines the characteris-
tics of these qrystgls from the point of view of the ion ‘T"S the Y. V. Murin, O. V. Glumov, and A. M. Andreev, irProceedings of the
smallest particle involved in charge transport. In thiS ap- Thirteenth International Symposium on Reactivity of Selidamburg,
proach, the calculated data on the electronic structure of thgGermany(1996, Paper 3PO-196. _ _
crystal “fit in” with the general picture of the ionic transport - V- Murin, A. M. Andreev, and H. Elgandoz, ilProceedings of the

. . . Seventh Europhysics Conference on Defects in Insulating Materials

process. In this particular case, a comparison between the yon, France(1994, p. 138.
electronic structure of two crystals having the same overall*H. Koto, H. Schulz, and R. A. Huggins, Solid State lonlgs355 (1980.
composition but different spatial configurations of the atoms *P- Boldrini and B. O. Loopstra, Acta Crystallogt2, 744 (1967.

. . . . Yu. Z. Nozik, L. E. Fykin, and L. A. Muradyan, Kristallografiy2l, 76
indicates that the electronic subsystem is fairly stable on (1976 [Sov. Phys. Crystallog21, 38 (1976,

transition from the _high'symmetry to the Iow-symmetry 5R. A. Evarestov and V. A. Veryazov, Rev. Solid State S¢id15(1991).
crystal. This is consistent with the fact that fluoride com- ’A. Hasegava, Solid State lonids, 81 (1985.

pounds of lead are conductors with high ionic conductivity 8“; N. *;frifmfesﬂl'_:diZ-StT\;g;d-szglzdLl%rgngfad 27,2001(1989
because of the characteristic features of the fluorite and co-L5°V: Phys- Solid Stat7, (1985).
tunnite crystal structures. Translated by R. M. Durham
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Study of crystals in medium- and long-wavelength IR ranges by
surface-electromagnetic-wave spectroscopy

E. V. Alieva, G. N. Zhizhin, L. A. Kuzik, and V. A. Yakovlev

Institute of Spectroscopy, Russian Academy of Sciences, 142092 Troitsk, Moscow District, Russia
(Submitted July 23, 1997
Fiz. Tverd. Tela(St. Petersbun0, 237—241(February 1998

First observation of excitation of surface electromagnetic wd8&3\) is reported in the

reststrahlen region in for biaxial crystal KTIORQKTP) using a tunable CQlaser around 1@m,

and for Cak, BaF,, MgO (cubic crystalg and LiNbQ; (uniaxial crystal in the far IR using

ith a free-electron laser. The parameters of SEW propagation in these crystals have been obtained
by the interference method of SEW phase spectroscopy, and the possibility of determining

the complex dielectric permittivity of crystals from the SEW propagation parameters demonstrated
in the range of SEW existence. @998 American Institute of Physics.

[S1063-783®8)01502-0

Spectral studies of thin films on crystal surfaces requireof the dielectric permittivity of the medium along which the
the knowledge of optical constants of the substrate in th&§EW propagate. This was used to advantage in determining
frequency region of interest. For this purpose one customathe optical constants of metdigor which the conditions of
ily uses reflectance spectra with their subsequent treatme®EW existence are met throughout the IR region up to the
by dispersion analysisor Kramers—Kronig transformation visible. On the surface of insulator crystals, SEW can exist
proceduré. In the reststrahlen region, however, the desiredonly within narrow spectral intervals corresponding to rest-
accuracy cannot be achieved, because in dispersion analysitahlen bands, within which crystals are surface active
fitting the calculated to experimental spectra is quite fre{Ree<0). Crystal studies by SEW spectroscopy meet with
guently impossible because of the anharmonicity in the redifficulties associated with the fact that the SEW damping
gion of the absorption bands, and the dielectric permittivitycoefficient by crystals is several orders of magnitude larger
calculated by the Kramers—Kronig method depends on exthan that by metals, which calls for miniaturization of the
trapolation beyond the measured spectrum and is sensitive &xperiment. Earlier studies determined the SEW propagation
the accuracy with which the absolute value of the reflectancgarameters and the dielectric permittivity of crystalline
was determined, particularly in regions with a small reflec-quartZ and of sodium chlorafewith a CO, tunable laser
tance. All these difficulties can be avoided by using phasenear 1000 cmi. Surface electromagnetic waves were found
sensitive reflectance measurement methods, for instance, IR propagate over SrTiat several methanol-laser frequen-
ellipsometry and dispersive Fourier spectroscopin this  cies near 100 ci.
work we also employed a phase-sensitive method of deter- In this work, SEW spectroscopy has been tried on a
mining the optical constants of crystals, namely, phase specwmber of crystals popular in various areas of optics and
troscopy of surface electromagnetic wav&EW), which  electronics. Besides the GQaser, we used also a FELIX
permits unambiguous calculation of the complex dielectricfree-electron laser, which is continually tunable from 100 to
permittivity from the SEW propagation parameters. More-2000 cm* and which permitted investigation over a broad
over, the presence of a thiabout a few nm thickinsulating IR range, including the long-wavelength domain that has
film on the crystal surface, which does not affect the crystabeen practically inaccessible until now.
reflectance spectrum within measurement accuracy, results in
a noticeable change of the SEW propagation parameters for
the crystal with a film, thus permitting one to find the dielec- | eyperiMENT
tric permittivity not only of the bulk crystal but of the thin
film as well# The optical arrangement used in SEW phase spectros-

SEW are a TM mode and, thus, exist at the interfacecopy is presented schematically in Fig. 1. Fixed-frequency
between media one of which is surface active, which meankser radiation was focused by a parabolic mirror onto a slit
that the real parts of the dielectric permittivitiesof these  between a metal screen and the sample surface and diffracted
media must have opposite sigh§he SEW electric field is from it. Part of the diffracted radiation acquired a wave vec-
maximum at the interface, thus making these waves highlyor equal to that of the surface wave. It transformed into a
sensitive to the state of the surface and to thin films. TheSEW, which propagated along the surface of the sample un-
wave vector of SEW is larger than that of the bulk wave,der study up to the edge and diffracted from it to become
and, as a result, SEW is a honradiative mode. To convert thagain a bulk wave. Interference of these two bulk waves
bulk wave to SEW and back, one has to have a device cgroduced, at a certain distance from the sample, a field dis-
pable of wave-vector matching, for instance, a diffractiontribution which was measured either by a receiver moving
grating, an impedance step etc. SEW spectroscopy permitdong theZ axis or by an array of pyrolitic detectors oriented
direct determination of both the imaginary and the real paralong theZ axis (256 devices on a strip 25.4 mm Iond he
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FIG. 1. Optical arrangement for a SEW phase spectroscopy experiment. B
1—parabolic mirror2—metal screen3—sample under study—IR radia- = |
tion receiver or pyrolitic detector arrag—digital oscillograph. = - 0.06
= e
] = ©
:E 2 <
Z scan of the SEW interference pattern was read out from the ] 0.04
detectors and fed into a digital oscillograph to be stored later ~~ [
in the data file. R
The SEW interference pattern contains information on 0.02
SEW phase and amplitude at the edge of the sample. The 3
coordinates of the extrenmg, can be written oF
Re(Ne)a+ (b?+25) Y2~ [(a+b)?+2z5]"2 - o
4
- L L
= (m+Am)/2v, (D) %0 280 300
v,cm-!

wherev is the laser radiation frequency,; is the effective
SEW refractive indexa is the distance from the SEW exci- FIG. 3. Frequency dependence of SEW propagation parameters over the
tation slit to sample edgdy is the minimum distance from car, crystal.

sample edge to the receiver or detector armays the extre-

mum number(even for maxima, and odd for minimaand

Am is the SEW phase advance depending on the surface The positions of the extrema obtained for several dis-
properties. It can be considered constant for a fixed slit widthancesa can be used to derive from Egl) the absolute
within a certain interval of and » variation. value of the real part of the SEW effective refractive index,
Reng, for the given frequency® To reduce the time re-
quired for measurement of the frequency dependence of
SEW dispersion, one can fix all geometric parameters enter-
ing Eqg. (1) and measure the relative change in the interfer-
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FIG. 2. Frequency dependence of SEW parameters for different directionBIG. 4. Frequency dependence of SEW propagation parameters over the
of propagation over the KTP crystal. MgO crystal.
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. became accessible for SEW studies only with the advent of
free-electron lasers, which have broadened substantially the
0.700 possibilities of SEW spectroscop§.For instance, SEW
propagation over CaF BaF,, MgO, and LiNbQ crystals in
the far IR region was studied with a FELIX pulsed free-
electron laser having unique characteristits.

$

=

S
T

0.050 E 2. RESULTS
=

Figure 2 shows frequency dependences of the quantities
An=(Rens—1) andL for a biaxial KTP crystal obtained
for several directions of SEW propagation. The letters
specify the direction of SEW propagation with respect to the
4 a, b, andc axes of the KTP crystal, namely, the first letter
identifies the SEW propagation axis, and the second, the axis
normal to the crystal surface. The points refer to the SEW
parameter§SEW dispersion and free patlextracted from
the interference patterns, and the lines, to SEW parameters
FIG. 5. Frequency dependence of SEW parameters for propagation alorgalculated from the dielectric permittivity of the crystal by
the LINDO; crystal axis. The various symbols refer to different series of combined use of dispersion and Kramers—Kronig analysis of
relative measurements of SEW dispersion. _FiIIed circles and squares COMene reflectance spectrum. Figures 3-5 display theoretical
spond to absolute values of SEW propagation parameters. . . . .

(calculated by dispersion analysiand experimental SEW
parameters for CagFand MgO (cubic crystaly and LiNbO,
ence pattern by properly sweeping the laser frequency. Havuniaxial crystal for the case of SEW propagation along the
ing treated a series of interferograms obtained in this waygrystal axis. The data presented in Figs. 3—5 demonstrate a
one can calculate the relative values of igg (SEW  good agreement of calculated SEW propagation parameters
dispersion.® with experiment. Table | sums up the experimental SEW

From the modulation of the interference pattern one carcharacteristics for all the crystals studied by us, namely, the
estimate the SEW absorption by calculating the SEW freespectral regions covered, free-path variation ranges, and dis-
pathL (the distance in which the SEW intensity decreases persion of the surface waves. The SEW propagation param-
times using the relatioht eters can be used to calculate the complex dielectric permit-

tivity of the crystale for the region where these waves exist.
alL=2 In[(@— M)/(\/Eﬁ M‘)]JFA’ @) Tabxie Il lists %he real and irr?aginary parts effor MgO,
wherel o and | i, are the maximum and minimum values which were derived from the values afn andL obtained
of the interferogram envelopes taken at a coordimandA  from the experimental SEW propagation parameters, and the
is a constant depending on SEW excitation efficiency. reflectance calculated from them for several frequencies.

Since the bulk to SEW wave conversion efficiency isAlso presented for comparison are data obtained from a dis-
small, it is desirable to use in SEW spectroscopy highpersion analysis of the reflectance spectrum of MgO and the
intensity coherent collimated radiation sources, i.e. lasers. Iexperimentally measured reflectance. All the data are seen to
this work, investigation of SEW propagation over the KTP be in good agreement.
crystal was made with a tunable GO laser The above studies have demonstrated the possibility of
(930-1080 crY). For a large number of crystals, however, determining optical constants of crystals in the reststrahlen
the absorption bands lie below 900 ch and these crystals region by SEW spectroscopy.

1.1 1L 1 1
250 270 290 310
v,em~!

TABLE |. Parameters of SEW propagation over crystals.

Crystal and orientation Frequency rangecm 1 Real part of SEW effective refractive index SEW free pati.,mm

Bak 186-193 1.002-1.0096 1.1-0.9

Cak 265-293 1.0056-1.042 1.0-0.4

MgO 399-476 1.0016-1.053 0.97-0.31

LiINbO3, SEW 263-281 1.0046-1.016 0.6-0.2
Perpendicular to crystal axis 175-180 1.012-1.0186 0.8-0.38
LiINbO3, SEW parallel to crystal axis 256-302 1.0033-1.013 0.8-0.3

KTP (ba) 1039.4-1046.8 1.017-1.045

KTP (bc) 1035.5-1055.6 1.0006—1.086 0.04-0.025

KTP (ca) 967.7-981.0 1.005-1.033 00.86 (969 cm*)—0.025 (980 cm?)
KTP (cb) 967.7-979.7 1.002-1.027 0.063 (970.5 cm')—0.034 (976 crm?)
KTP (cb) 1045-1055.6 1.014-1.077 0.016 (1052¢m
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TABLE Il. Comparison of complex dielectric permittivities and reflectance® (s polarized radiation, angle of incidence 1Qalculated from SEW
propagation parameters and by dispersion analyz# of the reflectance spectrum for a MgO crystal.

SEW DA
v, cmt Nigt L, um &' " Reatc &' &" Reatc Rexp
416.15 1.0070% 0.00005 66660 —62*2 25+2 91.2+0.9 —61.4 17.4 93.5 92.6
432.9 1.01550.0003 7360 —32.2£0.7 5.1+0.5 94.9:0.4 —-31.9 5.1 94.8 94.2
454.5 1.02740.0004 45@ 30 —18.6£0.3 2.5-0.3 94.3:0.4 —18.4 2.0 95.4 95.7
476.19 1.054:0.002 316:-30 —-9.9+0.4 0.9t0.2 94.9-0.6 —-12.2 1.06 95.6 95.4
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Dufour effect in superionic copper selenide
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The Dufour effect has been observed in the superionic conductor copper selenidgS€uThis
effect is the opposite of the Soret thermal diffusion effect which was previously only
observed in gaseous and liquid systems. 1898 American Institute of Physics.
[S1063-783%08)01602-5

The Dufour effect, which is the opposite of the Soret  So far the highest “chemical” diffusion coefficienfd
thermal diffusion effect, involves the establishment of a heatup to 10°* cn?/s) have been observed in I-VI semiconduc-
flux J4 and a temperature gradieWdl during the interdiffu-  tors having the formula 'AXBV' (A=Cu, Ag, Au and B=S,
sion of components of a binary system under the action of e, T&.° In nonstoichiometric copper selenigeCu,_,Se
concentration gradierC; of one of the componentsin  (x=0.01-0.3) approximately one third of the copper ions

the linear approximation for the generalized forces, the,.q mobile[D~10"2 cn?/s is found at room temperature
fluxes of heatl; and mass; in a binary system with inter-  5,4p~102 cni/s atT>T.=413 K, whereT, is the supe-

diffusing components may be expressed in the form rionic phase transition temperatufig. 1)], and these ions

J=- xVT—p Tu$D"VCy, (1)  are readily displaced in the sample under the action of con-
centration, temperature, pressure, and other force
J1=—pC1C,D'VT—pDVCy, (2 gradients**!! The possibility of a large Dufour effect in

where x is the thermal conductivityT is the average abso- Cl-xSe€ was indicated by the anomalously high values of
lute temperature/,LfF(5,u1/501)T, w4 is the chemical po- the inverse Soret effect which were observed eatfier.
tential of the first componenB”, D’, andD are the Dufour Here, in order to observe the Dufour effect, concentra-
! ! ! ; ; 1 2 )
Soret, and interdiffusion coefficients; and p, are the den- tion gradients (Ax~0.04-0.3, ACgq,~ 10°'- 1072 cm )

sities, andC, , are the concentrations of the componérits. Were established in the material by bringing two,CiSe
For the éteady statedf=J,=0) expressiongl) and (2) samples of different composition in mechanical contact and

give then homogenizing ther(Fig. 2) (Ref. 13. The Dufour ef-
) fect AT~ 1 K caused by diffusion fluxes of mobile copper in
=—DVC,/(C,C,VT), 3 the sample was observed during the homogenization process.
D"=\VT/(Tp1p1aV C), @
which, assuming the Onsager reciprocity relatidh=D" 1. EXPERIMENT
(Refs. 1 and 2 yields the following expression for the tem- Polycrystalline Cy_,Se alloys of varying composition
perature difference in the Dufour effect (x=0.01-0.1) were prepared by ampoule synth¥siEhe
AT:AC(Tlele/()\Clcz))l’z, () measurements were made using cylindrical samf@esim

diameterh=16 mm of varying composition X;<X,). The
where AT=VTh and AC=VCh are the temperature and sample compositionéx;=0.01 andx,=0.05 and 0.Lwere
concentration gradients in the sample, éni$ the height of selected within the homogeneous range of the compound
the sample. It follows from expressi@h) that the magnitude (Fig. 1) so that the homogenization process was not accom-
of the Dufour effectAT is mainly limited by the diffusion panied by phase transitions to the solid state. Copper-
coefficientsD of the system components. constantan thermocouple®.1 mm diameter, differential

At near-room temperature, the diffusion coefficients ofthermo-emfa=40 uV/K) were attached to the ends of the
atoms and ions in gases, liquids, and solids areamples and were used to meastrandAT (Fig. 2. The
D~10"1 cné/s, ~107° cni/s, and~10 1°—10 P cni/s, samples were held in a thermostat @.01 K) for an hour
respectively’~® Thus, the best conditions for observing the and were then compressed at a pressure of 0.01 GPa.
Dufour effect are found in gases. The measured valudsTof The compression process produced a composite inhomo-
for gases are a few degrees, in liquids thASevalues are geneous sample where the mobile copper diffused from one
~10* times smaller, and in normal solids the Dufour effectpart (x,) to the other k,) (Fig. 2) (Ref. 13. The homogeni-
is negligible? zation process was monitored by measuring the thermo-emf

In superionic conductorgsolid electrolytel the diffu-  « (Ref. 13. Homogenization was accompanied by the Du-
sion coefficients of mobile ions may be similar to those offour effect—by a temperature variation in different parts of
ions in liquids and gasesThis situation is observed in the composite sample. These Dufour temperature gradients
mixed electronic-ionic conductors where the ions are accelAT were identified using an N-309 automatic plot{seensi-
erated by more mobile electrons as they undergo combinetivity 25 uV/cm) controlled by a Shch-301 digital voltmeter
“chemical” diffusion in samples.™® (sensitivity 0.1 V). The measurements were made in the
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K decreasing and cooling with increasing during the diffu-
500 1600 sion procesgVT |l Jey, Jey is the mobile copper flux in the
sample.

It can be seen from Fig. 2 that at room temperature the
ﬁ*c"- Dufour effect in Cy_,Se samples is fairly smalAT up to
473 0.2 K) (curve 1), the effect increases with temperature,

4o0F \ 400 reaching a maximum(AT up to 1.2 K in the high-
: \ temperatureB phase of the compoun@urves2 and3). The

/3+GuSe
417

kinetics of the Dufour effecfcurves1-3 in Fig. 2) was
/3 completely determined by the homogenization kinetics of the
a+p composite sampl® At T=340-430K the composite
/3"0“3392 sample homogenized completely within 1—3 h(x~0.03,
291 1300 (Ref. 13). In this case, the Dufour effect reached a maxi-
a mum (AT up to 1.2 K, and then decreased monotonically to
zero forJ¢,— 0 (curves2 and3 in Fig. 2). At room tempera-
ar-rcu.JSez ture the homogenization process was considerably slower
and did go to completion because of the difficulties involved
200 \ . \ \ 200 in relaxation of the mechanical stresses created in the sample
-01 0 0.2 04 as a result of the Kirkendall effett;"*and the Dufour effect
z therefore decreased{~0.2 K) (curvel in Fig. 2).
FIG. 1. Part ofT—x phase diagram of Cu-Se system near the compound The Dufour effect ,at r_oom tempgrature was m,creased
Cu,_,Se. Polymorphic modificationsi—Cm, S—F43m (Ref. 10. (ATt0 0.7 K) (Cur\{e4 in Fig. 2) 'by using a more efficient
method of extracting the mobile copper from the donor
sample with 10% nitric acidby the chemical reaction
Cu,_,Se+ HNO3—Cu,_ (1 ax)Se+ Cu(NO3),+NO(NO) T
+H,0] (Ref. 11. For this purpose one end of the sample

temperatures phase of the compouri@ig. 1). Compression (X1) in the thermostat was brought in contact with the acid
of the samples, which were separated by an antidiffusio™d ghe temperature gradiehT along the sample was mea-
layer (Al foil, h=0.05 mm, showed that the plastic defor- S4"€%-

mation accompanying the compression causes negligible .The observeq increase_ i (curve4in Fig. 2 may be
heating of the composite sample near tkg/x, phase attributed to an increase in the concentration gradiext
boundary AT< +0.01-0.02 K) acting along the sample te-0.3. Some contribution may

also be made by endothermic phase transitions in the solid
state accompanying the change in the composition of the
2. EXPERIMENTAL RESULTS AND DISCUSSION samplesx=0.01-0.3 (Fig. 1) and the extraction process
itself! Thus, curve4 (Fig. 2) gives the Dufour effect ob-
served in the material under conditions of so-called “reac-
tive” “chemical” diffusion.
Thus, the Dufour effec{Fig. 2), previously only ob-
ved in gaseous and liquid systehshas now been de-
tected in the superionic conductor copper selenidg Cbe.
The relatively strong Dufour effect in Gu,Se (Fig. 2) is

a+0u

Joor

temperature rang€=300-430 K, covering the stability re-
gions of the low-temperaturex phase and the high-

Figure 2 shows the Dufour temperature gradiefAis
(curves1-3) observed for a composite gl&lse/Cq,XZSe
sample(x;=0.01, x,=0.05 and 0.L The sign of the ob-
served effect corresponded to heating of the material Wiﬂ%er

;;"_( determined by the following factors) the superionic nature
’ of the compound, which gives high copper diffusion coeffi-
0 cients in the samplegp to 10 2 cn?/s); 2) the large com-
—————— position gradientddx and mobile copper concentration gra-
-05F dientsAC, established in the samples achieved as a result
of the wide region of homogeneity of the compouirig. 1);
- 3) the high ,ufl values and low thermal conductivity
= x=4.2x10"3 Jlcm-s-K). For this reason Gu,Se has a
15 high thermoelectric efficiency = %/ 5%, where § is the
electrical conductivity.
0 — 50 120 160 ! 2,;0 The high chemical potentiadefl=(5M1/8C1)T can be

t,min attributed to thex-dependence of the free energy of nonsto-

ichiometric Cy_,Se. The standard heat of formation of the
FIG. 2. Dufour temperature differenceT (1-3) established in composite  compound is AH?(298.15)= —65.5 kJ/mol for x=0
Cle_xlse/Cq_XZSe sample by diffusion of copper. The time of contact and —416.4 kJ/mol for x=0.18 (Ref. 14. Thus, for

between the samples is indicated by the arrgys=0.01; x,: 1, 2—0.05, o .
3—0.1. T (K): 1, 4—300, 2—340, 3—420, 4—nitric acid was used as the complete homogenization of an inhomogeneous

copper acceptdt sample x;=0.01k,= 0.05(0.1)—>X_~ 0.025(0.045) under
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An analysis is made of mechanisms of the formation and redistribution of space charge which
influence the dielectric hysteresis in SrgiO’he excess space charge density in SgTiO

at 4.2 K is estimated by comparing calculated and experimental dependences of the initial
capacitance and the dielectric hysteresis parame®@/IC, as a function of the crystal thickness.
© 1998 American Institute of Physid$1063-783#8)01702-X

The nonlinear dielectric strontium titanate SrEiTO) obtained in Ref. 8. The reciprocal initial specific capacitance
has recently attracted increasing interest among developedd this capacitor may be written in the form
of new electronic devices:® These devices are based on a
capacitor structure with a STO dielectric and the electrodes i: 2Enzo L
are made of metal or the high-temperature superconductor Co o '

YBa,Cu;0;_5 (YBCO).

@

whereEy, is the normalization constardy=E(0)/Ey is the

However, a STO-based capacitor structure almost alnormalized electric field strength at the crystal—electrode in
ways has an excess negafiepace charge localized at the . . R )
y g 9 é rface k=0), L is the thickness of the STO crystal, and

acceptors:® This excess space charge is caused by effects T .
the STO-electrode contact and possibly also by the technd> the excess space charge per unit areg of the electrode.
logical processes involved in the fabrication of the structure. The valuez, is the root of the equation
When the dc voltage applied to the capacitor structure is
increased, the space charge may increase substantially as a K arctarizy) +z5=
result of the injection of electrons from the negative elec-
trode (cathod@.® After fabrication, the capacitor structure is whereK = (& max/emin) —1, ande ., and e i, are the permit-
usually stored at 300 K with short-circuited electrodes andivities of STO in the absence of an external static electric
the space charge is distributed uniformly in the STO bulkfield and in an infinitely strong field, respectively.
with a time constant of-30 s. After the structure has been Assuming different values of the space charge density
cooled to the working temperatur@8 K or lowes, this  we can findz, using Eq.(2) and then, using formulél), we
space charge distribution is conserved until an external eleean determine the thickness dependence of the reciprocal
tric field is applied to the STO. The applied static field re-specific capacitance for a uniform space charge distribution
distributes the space charge and after the external field has the crystal. We also need to know the values of the pa-
been switched off, a new, nonuniform space charge distriburameterse,,, K, andEy for STO single crystals for which
tion is conserved. In this case, the initial capacitance of thehe experimental data used for comparison were obtained.
structure is higher than that for a uniform distribution and  On the basis of known experimental data for STO single
this increase in the initial capacitance may be described asystals at 4.2 K (Refs. 6 and 8 we can take
“positive” hysteresis® Emac=(36—40)x10°, emn=2x10°, and E,=0.8
When the external dc voltage applied to the structure is< 10° V/m. Taking different values ofr, we can then use
increased further, the negative space charge injected from thegs. (1) and (2) to find the corresponding thickness depen-
negative electrode into the STO crystal begins to predomidences of the specific reciprocal capacitance.
nate and the initia(with the external voltage switched off The calculated curves are plotted in Fig. 1 together with
capacitance of the structure decreases. This reduction in thiee experimental data obtained on samples with metal elec-
initial capacitance may be described as ‘“negative”trodes before the voltage is first appligd.
hysteresi$. In this reasoning it is assumed that when an ex-  Satisfactory agreement between the calculated and ex-
ternal dc voltage is applied to the capacitor structure, theerimental dependences is obtained dor5x 102 S/n¥,
space charge does not drift to the electrode because of holehere S/C,)=3.75x 10° m%F. Note that, in the absence of
barriers at the STO-metal contaéts. space charge, the specific reciprocal initial capacitance is
Dielectric hysteresis, i.e., a multivalued capacitance{S/Cg)=L/egemax=2.98x 10° m?/F.
voltage characteristic, significantly impedes the development Thus, a comparison between the calculated and experi-
of electronic devices using STO. mental data shows that, after fabrication of the capacitor
Here we make a quantitative estimate of the excesstructure, the STO crystal contains space charge with a sur-
space charge densityeglecting the injected space charge face (per unit electrode ar¢alensity o=~0.05 S/m. We
based on experimental data obtained at 4.¢RKf. 6). stress that this estimate does not include the injected space
We consider a nonlinear capacitor with uniformly dis- charge since we used experimental data obtained before the
tributed excess space charge at 4.2 K, using the relationsoltage is first applied.

@
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FIG. 1. Reciprocal specific capacitance versus crystal thickness drlG. 3. Calculated capacitance-voltage characteristics for various space
T=4.2 K: 1-3—calculated curves for=0, 0.05, and 0.06 12, respec-  charge distributions in a strontium titanate crystal Tat4.2 K: p(2)
tively. The filled circles give the experimental data. X(S'm3): 1—0, 2—10, and3—100 (pa. Gauss law

Attention should be drawn to the fact that the slope offegarded as indirect evidence that the above estimates are

the thickness dependence of the specific reciprocal capacfalid- N .
tance is determined by the total excess space charge in the As an additional check on the validity of these conclu-

STO per unit electrode area and does not depend on tHons, we can compare this experimental thickness depen-
crystal thickness. dence of the dielectric hysteresis paramet&y/C, for metal

It should also be borne in mind that, according to ourélectrode$ with the corresponding calculated thickness de-
estimates, the maximum concentration of charged acceptoR€ndence. o .
is No=5x 10?1 m~3 (Ref. 8 so that an excess space charge 10 obtain this calculated dependence, we first note that
with the surface density=0.05 S/nf can exist only for the ~ for L=_Lmin=70 um the specific reciprocal capacitance of a
crystal thickness in=0/|elNa=70 um. If the crystal thick- ~capacitor structure with space charge depends on the crystal
ness is <L, the space charge distribution clearly cannotthicknessL asS/Co=3.75< 10°L, and the concentration of
vary under the action of an external bias voltdge assume charged acceptors has a maximum over the entire crystal so
here that the external field strength is insufficient to redistribthat no positive hysteresis occuksC/C,=0. o
ute the space charge as a result of electron injection from the FOr L>L i, the space charge becomes redistributed un-
cathode since N, is the highest possible concentration of der the influence of the external electric field, being located
charged acceptors. Thus, foi L, it is impossible to have ~ at the positive electrod@nods. _
positive hysteresis. This conclusion is quite consistent with ~ Figure 3 (curves 1-3) gives the capacitance-voltage
the experimental dathExtrapolating(dashed curvethe ex- ~ characteristics obtained by solving numerically the equations
perimental dependendilled circles of the dielectric hys- d?SC”b'ng a nonlinear capacitor Wlth space cha(tie-
teresis parameteXC/C, on the STO crystal thickness, plot- Without excess space charde--for a uniform space charge

ted in Fig. 2, give\C/Cy=0 L=70-100uxm. This may be distribution with the densitypo=10 S/n?, and 3—for a
Gaussian space charge distribution with the maximum den-

sity pmax=10po at one electrod®. It can be seen that pref-
erential distribution of space charge at one electrode leads to
an increased specific initial capacitance compared with a uni-
form space charge distributidvhen the total space charge
is the samg This increased capacitance which is conserved
when the external field is switched off, is positive hysteresis.
To simplify the calculations, we assume that as a result
of the action of an external field, the excess space charge fills
acceptors at the anode to the maximum concentration
No=5x10? m~3 (in a layer of thickness ), whereas no
excess space charge is found in the rest of the crystal. In this
case, the influence of the space charge on the capacitance of
the structure will decrease as the thicknesscreases. For
LN ST NN NN W R L=L,, the thickness dependence of the specific reciprocal
0 0.4 0.8 capacitance of the structure should be almost the same as that
Lymm in the absence of space charge, i.&/d,)=2.98x 10°L.

FIG. 2. Calculated1) and experimentaf2) dependences of the dielectric W€ assume that this agreer_n_ent is foundl-f_efl mm.
hysteresis on the crystal thicknessTat 4.2 K. Thus, the angular coefficieni of the thickness depen-
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dence of the reciprocal specific capacitan86Q) = alL of a  tor structure an excess space charge is found in the dielectric
capacitor structure exposed to the action of an external voltwhose density, according to our estimates for these STO
age varies between 3.¥8.0° for L=L,,;,=70 um and crystals, isc=0.05 S/m.

2.98x< 1P for L=1 mm. We assume that the angular coeffi- 2) When the capacitor structure is fabricated using thin
cienta(L) varies linearly in the thickness range from @fh  (L<<100 um) STO layers, the entire bulk of the crystal is
to 1 mm, for which we obtaimr=3.81x 10°~0.828< 1C°L. completely filled with space charge having a maximum con-

The dielectric hysteresis is usually characterized by theentration of charged acceptom {=5x10°* m~3). In this
paramete®AC/Cy=[C(0)—C,]/C, (Ref. 6. HereC, is the  case, the application of an external voltage to the capacitor
capacitance before the primary application of voltage andtructure cannot cause redistribution of the space charge so
C(0) is the capacitance after voltage has been applied. In oihat no positive hysteresis should occur in such a structure.

case, this expression is conveniently given in the form ) .
The authors would like to thank O. G. Vendik for useful

A_C: ¢ 1= S'Co _ 3) discussions.
Co Co S/IC(0) This work was carried out as part of the State Program
where, in accordance with the above/Cy)=3.75x 1(PL High-Temperature  Superconductivity”; (Project No.

4 .
and [S/C(0)]=(3.81x10°-0.828<x 1C°L)L for 0.07<L 94053
<1 mm. Substituting these thickness dependences into ex-
pression(3), we find the thickness dependence of the dielec—1 o ' ' _
tric hysteresis parametArC/Co, which is given by the solid T. Uchihashi, T. Okus_ako, T. Tsujuguchi, Y. Sagawara, M. lgarashi,
in Fig. 2. It b that th t bet th R. Kaneko, and S. Morita, Jpn. J. Appl. Phg8, Pt 1, 5573(1999.
curve In Fig. <. Can_ € seen that the agreement be We_en e, Fujii, K. Sakuta, T. Awaji, K. Matsui, T. Hirano, Y. Ogawa, and
calculated and experimental dependenced fa10.6 mm is T. Kobajashi, Jpn. J. Appl. Phy81, Pt 2, L612(1992.
extremely good. This condition indirectly confirms the as- *O. G. Bendik, L. T. Ter-Martirosyan, A. I. Dedyk, S. F. Karmanenko, and
; ; R. A. Chakalov, Ferroelectrick44, 33 (1993.
Sumptloniand estimates mad? above. . 40. G. Vendik, A. I. Dedyk, R. V. Dmitrieva, A. Ya. Zanchkovski, Yu.
. For L/O_-G mm, the experlme_ntal values of the dielec- V. Likholetov, and A. S. Ruban, Fiz. Tverd. Telaeningrad 26, 684
tric hysteresis parameter are considerably lower than the cal-(1984 [Sov. Phys. Solid Stat26, 412 (1984)].
culated ones. This may be because a fa|r|y h|gh Vo|tage |35K E. Borisovski, A. |. Dedyk, N. V. Plotkina, and L. T. Ter-Martirosyan,
: : : : wSverkhprovodimost’ KIAE5, 762 (1992.
applied to the cgpacn.or.strlljcture, at large thicknesses, which A 1. Dedyk, S. F. Karmanenko, M. N. Malyshev, and L. T. Ter-
!eads to appreciable injection of eIeCtronS_ frqm the cathode Martirosyan, Fiz. Tverd. TeldSt. Petersbuig37, 3470 (1995 [Phys.
into the STO crystal because of the electric field inhomoge- Solid State37, 1906(1995].
neity around the cathode and thus reduces the influence ofA: L. Kholkin, Yu. . Sezonov, V. A. Trepakov, and Yu. V. Likholetov,

the space charge redistribution, i.e., decreases the dielectri<17:'127' (Tl‘gg'] Tela(Leningrad 29, 1252(1987 [Sov. Phys. Solid State9,

hysteresis parameter. 8A. I. Dedyk and L. T. Ter-Martirosyan, Zh. Tekh. Fi4(3), 51 (1994
Thus, a comparison between the experimental and calcu-[Tech. Phys39, 250(1994].

lated data yields the following conclusions with a high de- 9IO- G\-/ Vep]dillj, ﬁ- g- DzedykaA'F-YaN?Qngg;Zki’ and N. A. Smurova,
gree of reliability. 2v. vyssh. Lehebn. zaved. Fiz. N8, '

1) During the fabrication of a metal-STO-metal capaci- Translated by R. M. Durham

222 Phys. Solid State 40 (2), February 1998 A. |. Dedyk and L. T. Ter-Martirosyan 222



DEFECTS. DISLOCATIONS. PHYSICS OF STRENGTH

Studies of the structure of defects in In  ,Se; crystals by small-angle neutron scattering
V. M. Garamus

Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Moscow;
I. Ya. Franko State University, 290000 Lvov, Ukraine

A. Kh. Islamov

Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Moscow
Ya. P. Pilat and V. P. Savchin

I. Ya. Franko State University, 290000 Lvov, Ukraine
(Submitted June 23, 1997
Fiz. Tverd. Tela(St. Petersbungd0, 248—250(February 1998

Small-angle neutron scattering is used to study the layered semicondu&ey. I is observed

that the samples contain inhomogeneities of colloidal dimensions, which are attributed to

the precipitation of indium. Annealing reduces the concentration of inhomogeneities. Modeling
the system using an ensemble of primary spherical inhomogeneities showed that a single
cluster of a rectangular superlatti¢2—2—6 contains 24 primary inhomogeneities of radius
13.5+1,5 A and the distance between them is 720195 A. © 1998 American Institute

of Physics[S1063-783%8)01802-4

1. Indium selenide IiBe; is a layered semiconductor 2. It is knowr! that the presence of isolated point defects
(a=15.296 A, b=12.308 A, c=4.0806 A, space group in a single-crystal matrix makes no contribution to small-
Pnnm) which has various characteristic features compare@ngle scattering. When the defect concentration is large, fluc-
with other layered crystals. The most important characteristituations in the defect density may be recorded by means of
is the experimentally proven one-dimensional disorder whiclits contrast to the crystal matrix. The existence of small-
may be established by the superposition of some pseudeéngle scattering provides evidence that the sample contains
structure on the main lattice structdre. colloidal inhomogeneities and means that the inhomogeneity

The characteristics of the crystal structure and its capacscales can be estimated without using model representations.
ity for disorder show up in the anisotropy of the kinetic, We measured the small-angle neutron scattering spectra
optical, and photoelectronic properties over a wide temperafor single-crystal 1gSe; samples and also for finely dispersed
ture range. A broad spectrum of localized states is observe@owder. The 13Se; single crystals were grown by the Czo-
whose existence is attributed to structural defects and dychralski method. Single-crystal samples were prepared by
namic disorder. cleaving thin wafers of varying thicknes®.5-2.0 mm

Appreciable concentrations of defects may strongly in-along the(100 natural cleavage plane. These crystals are
fluence the phonon and electron spectra of semiconductor8:type with a carrier concentration 0b610'° cm>.
An analysis of the mobility dynamics for indium-doped ~ The measurements were made using the YuMO small-
In,Se, single crystals after annealfi§jindicated that cylin- @ngle neutron-scattering spectrometer in the IBR-2 pulsed
drical defects oriented along tleaxis may be formed. Itis reactor at the I. M. Frank Neutron Physics Laboratory of the
assumed that these defects form as a result of a decreaseJfint Institute for Nuclear Researdbubna, Russia The
the maximum solubility of indium and its precipitation at 'ange of neutron wavelengths used was between 0.7 and 4 A
structural lattice defects and betweenSe, layers. The an- SO that neutron scattering cross sections could be recorded in

isotropy of the internal field in the }Se; crystal lattice may € range of scattering vectors between 0.01 and 03A

lead to characteristic features in the distribution of structurall '€ @Psolute values of the scattering cross sections were de-

defect$® If the growth conditions are not optimum termined using a standard metallic vanadium scatterer. The

n-In,Se, exhibits implantation regions whose number is ré_measurement error for the differential neutron scattering

duced after annealing in vacuum. Crystalspefn,Se; typi- 1SS se|<|:t|ons] did not exceed Stef. 8. or all th

cally have a block structure which is not changed by anneal- S:na —arr:g e neutron s;;atter_ln_g was obsetg\/?(lj _ordg the

ing. However, the density of extended defectpiin,Se; is samples. The presence of a m|p|muq1~(_0.05 . ) indi-

considerably lower than that in-type crystals. f:ates a narrow inhomogeneity size distributiéig. 1). Us-
Here we use small-angle neutron scattering to study th&'9 the relatior

structure of defects in j$e; samples as well as the distribu-

tion of these defects. qminR= T, 1)
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where p(r) is the neutron scattering density distribution in
FIG. 1. Differential neutron scattering cross section foiSt semiconduc-  the particle ps is the average scattering density of the solvent
tors versus scattering vectdr—initial crystal state2—after heat treatment.  (in this case, the crystal matyixd= (0)/dQ is the zero-angle
scattering,

we obtainR=120 A. HereR is the inhomogeneity radius, d2(0)/dQ=n(p—ps)*V?, )
q=4m sin6/\ is the scattering vector,is the scattering n is the inhomogeneity concentration awdis the inhomo-
angle, andh is the neutron wavelength. geneity volume. The value obtained for the radius of inertia

The maximum on the scattering curve may be inter-is 100 A with a systematic error of 15¢Ref. 7).
preted as interference between the scattering of isolated in- |t should be noted that measurements of the small-angle
homogeneities. In this case, an accumulation of point defectseutron scattering spectra for powder samples yield informa-
(clusterg should be considered. The authors of Refs. 3 and 4ion averaged over all orientations of the crystallites whereas
put forward the hypothesis that indium may be precipitatedor crystal samples, it is possible to observe a scattering
in the interlayer region and at structural lattice defects. Atcurve which is only averaged in the plane perpendicular to
present, no other explanation has been put forward for thehe beam. A comparison between the scattering curves for
physical nature of these defects. the powder and crystal samples may provide information on

After the samples had been annealed in vacuum ahe anisotropy of the orientation of the defect clusters in
350 °C for 12 h, the character of the scattering curvesrystalline InSe;. It can be confirmed that single-crystal
changed negligibly with only an appreciable drop in the scatin,Se, has some pseudostructure formed by defect clusters,
tering intensity(Fig. 1). These data indicate that the concen-as was noted in Ref. 3.
tration of the defects decreases while their average sizes in-
crease slightly. An estimate of the scattering intensity for
samples with and without annealing gives a decrease in the
concentration of defect clusters by a factor of approximately
2.5. These results agree with the results of electrophysical 1071
investigations which showed a substantial decrease in the
carrier concentration and the concentration of localized
state$

The general form of the neutron scattering curve for
In,Se; powder reflects the characteristic features for the
In,Se single-crystal sampléFig. 2), although the minimum
and maximum are less well-defined. A Guinier
approximatiol to the differential neutron scattering cross 10°?
sectiond (q)/dQ was made for the initial section of the

™1 T TrTTT

dl‘(q’)/dﬁ?, cm

scattering curve L =~
1072 > 10
d=(q)/dQ=d2(0)/dQ exp(—g?R3/3), 2 gy A
Wher? Rg iS_ the radius_ of inertia of the scattering particle FIG. 3. Modeling of neutron scattering by,Be; sample using a rectangular
density(radius of gyration superlattice of primary inhomogeneitiésontinuous curve
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Assuming that indium may be precipitated in the inter- By modeling the system with an ensemble of primary
planar region in IpSe; samples and also assuming that therespherical inhomogeneities, we established that a single clus-
is a maximum which can be interpreted as interference in théer of a rectangular superlatti€e—2—-6 contains 24 primary
scattering of inhomogeneities, we modeled this system witihhomogeneities of radius 13:51.5 A and the distance be-
an ensemble of primary spherical inhomogeneities forming aween them is 70.81.5 A.
superlattice. The scattering intensity was calculated using the The results of these small-angle investigations indicate
Debye formula, which is written as follows for a system of that the position of the defect clusters in crystallingSe
spheres having the same radRgRef. 9: exhibits long-range order, i.e., a certain pseudostructure ex-
, ) ists which could form the subject of a further investigation.

d3(q)/dQ=nF3(qR)| 1+ = >, m, (5)

NS+ qri
whereF?(qR) is the scattering by a homogeneous sphere oftu. Schwarz and H. Hillebrecht, Z. Kristallog210, 342 (1995.

radiusR, n is the number of spheres, anﬁl is the distance  20. I. Bodak, Yu. M. Orishchin, V. P. Savich, and I. M. Stakhira, Kristal-
lografiya25, 628 (1980 [Sov. Phys. Crystallog25, 363(1980].

betwehenéhe centers of two spheres. vtained by the | 31, M. Stakhira and P. G. Ks'ondzik, Ukr. Fiz. Z&6, 762 (1981,

The best agreemem:'g' 3) was obtaine y the least 4D. M. Bercha, O. B. Mitin, L. Yu. Kharkhalis, and A. I. Bercha, Fiz.

squares method for the following paramete&ts2—6lattice, Tverd. Tela(St. Petersbupg37, 3233(1995 [Phys. Solid Stat&7, 1778

radius of primary inhomogeneities 13:3.5 A, and dis- 58935]-K 6. Yu. Bosacheu. V. P. Midlchenko. and L
H . Ya. Kuryacni, . YU. bogachev, V. . ikhal’chenko, an . .

tance bejtween them 7.GtCl..5 A. Thus, .accordmg to 0,ur Stakhira, Deposited Paper No. 14.14k-B84 Russian, Ukr. NIINTI,

data, a single superlattice cluster contains 24 primary inho- Chernovtsy(1984.

mogeneities. The normalizegf value is 1.1 and the radius °Ya. S. Umanski Yu. A. Skakov, and A. N. IvanovCrystallography,

of inertia of the model structure is 110 A. X-Ray Diffraction Analysis, and Electron Microscogyn Russian,

. . . Nauka, Moscow(1982.
In sum, we have obtained the fpllowmg results: ’D. I. Svergun :r(1d L.ZA. Fgin, X-Ray and Neutron Small-Angle Scatter-
Small-angle neutron scattering in,8g; crystals has re- ing [in Russiafl, Moscow (1986.
vealed defect clusters having a narrow size distribution. 8Yu. M. Ostanevich, Makromol. Chem., Macromol. Synif, 91 (1988.
Annealing the samples in vacuum at 350 °C for 12 h °Yu: A. Rolbin, R. L. Kayushina, L. A. Figin, and B. M. Shchedrin,
reduces the defect concentrations approximately 2.5 times<"Stallografiyais, 701(1973 [Sov. Phys. Crystallogd8, 442 (1973

while the size of the defect clusters changes negligibly.  Translated by R. M. Durham
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Kinetics of impurity segregation at grain boundaries in polycrystals. 1l. Concentrated
solution

V. V. Slezov, L. N. Davydov, and V. V. Rogozhkin

Khar'’kov Physico-Technical Institute, 310108 Khar’kov, Ukraine
(Submitted August 8, 1997
Fiz. Tverd. Tela(St. Petersbungd0, 251-253(February 1998

The isothermal impurity segregation from a finite-size grain into an intergrain boundary region or
at an external free surface is investigated when the impurity concentration in the boundary
region is not small. Simple algebraic equations are obtained that describe the impurity
concentration for the case of several competing and interacting impurities. The process of
segregation of two impurities is discussed in detail, and it is shown that the concentration of one
of them can have a maximum as a function of time. 1@98 American Institute of
Physics[S1063-783#8)01902-9

In Ref. 1 we presented the first analytical investigation  Let us assume the concentration of impurities within the
of impurity segregation from a finite-size grain which al- grain is small ¢(x,t)<<1) but that its value in the boundary
lowed us to describe correctly the process of impurity segreregion can be arbitrary @c®(t)<1). The corresponding
gation in the intergrain boundary region in polycrystalline condition at the boundary has the form of a Langmuir

materials. isothern?
Our theory in Ref. 1 involved a relatively simple situa-
tion, however, where only one type of impurity was present cP(t)
whose concentrations in the grain and in the boundary region 7Bty = a(T)N(L), ()

were small. As the concentration of impurities in the bound-
ary region increases in the course QT th(_a segregation angyere i referred to as the redistribution coefficient which,
becpmes large, the exodus of impurities into the boyndaq«Or small c®(t), should depend on concentration
region can slow dowiifor example, due to a decrease in the
number of free sites at the boundaryn addition to this
“local” interaction, in a concentrated solution the direct a=exp
(*nonlocal”) interaction between neighboring impurity at-
oms becomes important. When the segregation involves sev-
eral different impurities at the same time, the competition forHere T is the temperature an, E’ are energy parameters
space and interaction between neighboring atoms can leathat describe the difference in solution energies of the impu-
as shown in Ref. 2, to a nonmonotonic change in the contity in the grain and in the boundary region. The function
centration of one of the impurities with time. Since the grain@(c”) describes the interaction of closely spaced impurity
size was infinitely large in Ref. 2, the question of how thisatoms(on neighboring sitgs attraction(for E’>0) or repul-
process takes place in a real finite-size grain remains to baon (for E’<0). Another kind of interactior{single-site or
addressed. In this paper we investigate the segregation #tcal interaction, which is expressed mathematically by al-
several(or one types of impurity simultaneously into the '0wing the denominator on the left side of E(B) to be
boundary region from a finite-size grain when the impuritydifferent from unity, arises from a competition for space, i.e.,
concentration in the boundary region happens to be large. from the impossibility of placing more than one impurity
As we showed in Ref. 1, the equation that describes th&tom at the same site. In contrast to the local interaction

change in the impurity concentratia®(t) with time t in a  Detween impurity atoms, which is specified by the parameter
boundary region of thicknessd2has the form E’, we customarily refer to this new interaction as “nonlo-

cal”. When c<1, Eq. (3) becomes the Henry isotherm
c®(t) = a\(t) with a=expE/T). In this case the segregation
is similar to that discussed in Ref. 1.

If there are different kinds of impurity atoms present in
the solid solution able to segregate simultaneously into the
cgrain boundary region, interacting with one another as they

0, the situation becomes much more complicated. Since Eq.
(1) does not depend on the choice of equilibrium conditions
at the boundary?), in the multicomponent case these rela-
tions take the forms

E+E’cb(t)
— (4

d b b
|—[c (1)—c”(0)]=(co— A (1))S(1), 1

where 2 is the thickness of the planar gray, is the initial
impurity concentration in the graig(x= *1,t)=\(t) is the
impurity concentration in the grain near the boundary, an
S(t) is a known function of timk given by the following
interpolation formula

2 /Dt
S(t)zl—EX[{—\/—_ |—2

ko

: )

d b b
Tler(® =i (0)]=(Coi —Ai(1) S(1), )

whereD is the diffusion coefficient of the impurity.
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mﬁ(—t):a‘(cb’n)\‘(t)’

wherei=1, 2...N labels the impurity,N is the number of

these impurities, and
N

1
ai(cb,T)=exp?

Ei+2 E”C:)(t)) .
J

(6)

()

Thus, it is clear that the approach used in Ref. 1, which
leads to simple algebraic expressions for the time-dependent
change in the concentration of impurities segregating out of a
finite-size grain into the boundary region, can be used for a
concentrated solution of impurities in the boundary region as
well. The condition for equilibrium at the surface separating
the boundary and grain is, in this case, the Langmuir

Note that Eq(5) is valid for any interaction of the impurities isotherm?

at the boundary.

If the impurity concentration is not small, it is necessary

Let us consider the simultaneous segregation of severdp include interactions between impurity atoms. The local
different impurities in more detail for the example of a two- interaction or competition for space, i.e., the impossibility of

component solutioniE& 1,2). It is not difficult to show that

placing more than one impurity atom on a given site, is ex-

when a;<a, andD;>D, the time dependence of the im- plicitly taken into account by the Langmuir isotherm. The
purity concentration in the boundary region can be nondependence of the redistribution coefficienon the concen-

monotonic. The time dependences of the impurity concentratration c® takes into account the nonlocal interaction of

tions ¢ and c5 for this case are shown in Fig. Xander
various isothermal conditioisIn this case we have used the
same values of parameters as in Refs@e the Table In

TABLE |. Parameters for segregation process used to solve (Bis(7)

and make the plots shown in Fig.(4ee Ref. 2

E,=0.6 eV E;,=E,=—0.13 eV
E,=0.8 eV E;1=E,=0
c2(0)=0.15 Co=1073
¢5(0)=0.08 Cop=10"*

D1=Dg exp(=Qi/T) Dg;=Dg,=10"% m?/s
Q,=22eV Q,=2.4 eV
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neighboring atoms. Both forms of interaction have a signifi-
cant effect on the segregation process; whereas competition
for space decreases the segregation, the nonlocal interaction
can either facilitate the segregatigmhen the impurity atoms
attrac} or limit it (when they repel

If two (or several kinds of impurity are segregating into
the boundary region, it can happen that one of the impurities
precipitates out predominantly in the boundary. However,
another scenario is also possible, in which an impurity that
diffuses more slowly but dissolves better in the boundary
region will in due time begin to displace a rapidly diffusing
impurity that has already arrived there from the boundary
region. Once this process begins, the concentration of the
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latter will begin to decrease. In a finite-size grain, the maxi-before, is described by Eq$5) and (6) (with new initial
mum concentration of this impurity, and also the relativeconditiong, we now can find the time required to establish a
changes in the concentrations, are not as marked as they agen low level of impunity concentration in the boundary.
for an infinitely large grain. This is natural because theThese facts must be taken into account when a method is
smaller strength of a finite grain as an impurity source willchosen for thermal processing of a polycrystalline material.

limit the segregation. ] ] _ .
Finally, it is worth noting that once the solubility of the ~ 1hiS work was partially supported financially by the

impurities in the boundary is known, E¢&) and(6) imme- government of Ukraine and the International Science Fund
diately tell us what the maximum initial concentration of ISF) (grant U2Y200, the German Federal Ministry of Re-
impurities in a grairc, or (and the size of a grain should ~ S€&rch and Technolog§8MBF) (Grant ROS-1995B6and

be in order that no new phase separation with this impurityfh€ International Soros Support for Education Progréa
take place at the boundary, 6ior prespecifiect,, c°(0),1)  SED (Grant ISSEPSPU 042052
the time at which its precipitation begins. Generally speak-
ing, Egs.(5) and(6) allow us to find the time it takes for the | o
V. V. Slezov, L. N. Davydov, and V. V. Rogozhkin, Fiz. Tverd. Téft.

|_mpu_r|ty concentration at the bounqlary_ to reach som(_e pr_esetpetersburg?ﬂ’ 3565(1995 [Phys. Solid Stat@7, 1964(1995].
limit imposed, e.g., by some applications-related criterion. 2\ wiiitzer and J. Wieting, Acta. Metall34, 1229(1986.

For times greater than this, we can reverse the segregatiofB. S. Bokshtin, Ch. V. Kopetski, and L. S. ShvindermaiThermodynam-
process by increasing the sample temperature for a certaincs anq Kinetic_s of Grain Boundaries in Metalsletallurgiya, Moscow,
time and thereby preventing a portion of the impurity from 1968 [in Russiaf

re-dissolving into the grain. Because this resegregation, amanslated by Frank J. Crowne
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Anomalous absorption of thermal neutrons in copper in the presence of strong
mechanical stresses

A. G. Lipson, I. I. Bardyeshev, V. A. Kuznetsov, and B. F. Lyakhov

Institute of Physical Chemistry, Russian Academy of Sciences, 117915 Moscow, Russia
(Submitted July 11, 1997
Fiz. Tverd. Tela(St. Petersbungd0, 254—259(February 1998

A study has been made of the interaction between an ultraweak flux of thermal neutrons

(1,=20 n/scn?) and a copper cathode during electrolysis in a 1M solution of KOH j&.HAn

effect involving the generation of appreciable elastic and plastic deformations, revealed as
transverse bending of the copper plate and damage to its surface, was observed in the copper. It
was shown that the average cross section for absorption of thermal neutrons in the copper

is increased approximately twenty times compared with its equilibrium valuel9€8 American
Institute of PhysicsS1063-7838)02002-4

It was established in Refs. 1 and 2 that in nonequilibriumits bulk modulus. Note that the creation of such appreciable
ferroelectrics in a state of ferroelectric—paraelectric phasenechanical stresses for long time intervals by any other
transition under the action of an ultraweak thermal neutrormethod(apart from electrolysjswould present problems. In
flux (0.1-100.0 n/sn?), appreciable mechanical stressesaddition, the presence of dynamic stresses whose magnitude
are generated, leading to defect formation and the appeais of the order of the bulk modulus is a necessary condition
ance of microcracks, as well as anomalous absorption dbr the generation of the strongly nonequilibrium optical
thermal neutrons. The consequences of the action of uphonon branch in a crystal since, under the action of these
traweak thermal neutron fluxésuppression of spontaneous stresses, the entire spectrum of normal modes is excited to
deformation and a shift of the Curie poiii. by 3-4 K the Debye frequency. However, it is knotvimat, when the
toward low temperaturg¢sare equivalent to irradiating the optical phonon mode is introduced in a crystal, the cross
crystals wih a 5 Mrady-radiation dosé€.It was postulatel ~ section for capture of thermal neutrons may be increased
that such effective interaction between thermal neutrons angompared to crystals containing only the acoustic phonon
a crystal involves inelastic scattering of neutrons by nonequibranch. However, the current view is that the action of elec-
librium phonons generated in the phase transition procegsomagnetic vibrations of a lattice in equilibrium with a me-
resulting from the extremely efficient conversion of the elas-dium cannot significantly(severalfold increase the cross
tic energy stored by the lattice into plastic deformation en-section for absorption of thermal neutrons in this medium.
ergy. Thus, the presence of a second-order phase transition However, we show here that under highly nonequilib-
or strong mechanical stresses in a crystal irradiated by therium conditions of interaction between hydrogen and copper
mal neutrons is a necessary condition for the excitation ofin the presence of an ultraweak thermal neutron)flic-
nonequilibrium phonons whose energy is transformed by agompanied by strong mechanical stresses in the surface layer
inelastic mechanism in the neutron diffusion process. of the sample, the average cross section for capture of ther-

Similar effects could be observed in crystals by creatingnal neutrons by Cif and C&° nuclei in a crystal environ-
highly nonequilibrium conditions, for example, by introduc- ment may be increased twenty times.
ing mechanical stresses during the hydrogenation of metals
which do not dissolve hydrogen, by simultaneously exposing
them to an ultraweak flux of thermal neutrons. In this casey eypeRIMENTAL METHOD
as a result of the shallow depth of hydrogen penetration and
the high rate of surface defect generation under irradidtion,  In order to create strong mechanical stresses, hydrogen
the mechanical stresses will be created in a thin surfaceas introduced into the surface layer of copper by means of
layer, so that they are concentrated in a small volume. electrolysis. The hydrogen was introduced into the copper by

In particular, the interaction between hydrogen and copan electrochemical method using samples of electrolytic,
per can take place by substitution only in a thin surface layecold-rolled, technical-grade copper, having an é8edb cn?
<10 nm thick(Refs. 5 and § Hydrogen atoms accumulate and thicknessl=2x10"2 cm. The results of a x-ray micro-
preferentially within pile-ups of point defects and disloca- probe analysis indicate that the main impurity in the samples
tions and also near twin boundaries. The hydrogen implanis silicon (2.5<10°! mol %), which is introduced to im-
tation process in coppgby analogy with the injection of prove the elastic properties.
low-energy argon io$ should result in the formation of The electrolysis was carried out in a 100 ml glass cell
dislocation pile-ups in parallel rows at the crystal surfacefilled with a 1M solution of KOH in HO. The copper
This gives rise to the creation of strong lateral compressivsamples were the cathodes and the anodes were made of
stresses in bands oriented in 142 and{110 directions. It  platinum. The process used a dc curr¢rt40 mA/cnt at
will be shown subsequently that the surface stresses duringom temperature. The duratianof one electrolysis cycle
the electrolysis of copper may reach values comparable witivas 7=2000-10 000s. After each cycle, the copper
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FIG. 1. Arrangement of apparatus=—lead capsule containing &f neutron ; :
k - which tak I when thermal neutrons ar red in th
source 2—electrolytic cell,3—Cu(Pd) cathode 4—neutron detectofin se- ch takes place en thermal neutrons are captu ed in the

ries No. 1, 4'—y detector(in series No. 2 and5—passive polyethylene POlyethylene shield and the electrolyte. The thermal neutron

(Co) shield. Inset—profile of Cu cathode after electrolysisfer10 000 s;  flux inside the system was determined using reldtion
&—transverse deflection of cathode.
A N ¥ Uy

'”:387 [1—exp—NjouL]V’
samples were degreased. The hydrogen concentration in th

: N 1N TG ere AN, is the total number of counts at the peak
copper aft(laor electrolysis was measured by thermal d|ffu5|o% =2225 keV with the continuous background subtracted
in vacuum:. Y '

The cell was placed inside a passive shield made of 6 cr"nnCIUdIng the Compton scattering backgroung,is the effi-

thick Neutrostop polyethylene blocks. The volume of theliency of they detector with allowance for the measurement

shield including the free internal space wds-0.4 ne. A gfgzﬁtrgéﬁcsnir:ﬂg:]e:213!enelglroer,‘[hvelé?gti]ﬁielf@ﬂ:g »23:9
Cf?52 neutron sourcdl,=200 n/s in the solid angle, 9 polyethy '

. . . . . cross section of the(p,d)y reaction for the thermal neu-
contained in a Ie_ad capsule V.V!th a 2.'5 cm thick prOteCtlvetrons L is the thickness of the shield, aivis the volume of
polyethylene casing, was positioned inside the shield at th o s;ylstem enclosed by the polyeth);lene shield. Experiments

distancer =8 cm from the Cu cathode. In order to record = . .
changes in the neutron flux and/giquantum flux inside the using they detector showed that in this system the average
thermal neutron fluxfor I ,=200 n/s in 47) per unit area of

system(Fig. 1), in the immediate vicinity of the cell we the cathode i, = 20.0+ 1 n/s crr?.

positioned a neutron detector comprising an array of seven : .
. . ) In all the series of tests we used the following control
NWI-62 proportional neutron counters coated with cadmium

sheet? or a low-background GEM-201808 detector(ex- experiments: pexperiments a,tf_40 mA/cnt in the absence
. . - of a neutron sourcaunder conditions of cosmic thermal neu-
trapure germanium in a supersensitivepectrometermade

by EG&G Ortec!! From calibration measurements using a}rojzgic/l;%mmzuggi V\I/i(tahi)TJt gnlelne/gtrfgl’ s?)s ceuxr[r)::lltmienfo .at
Cf?2 source, the efficiency of the neutron detedfor neu- " Y , 975

trons withE,>0.1 eV) in this measurement geometry was ©) experiments af=40 mA/cn? andl =20 n/scnv using a

e,=2.0x1072. The vy recording efficiency, according to pal[adlum plate as thg cathod§=4cm_2, d=50 um). The
Lo ) > series ¢ control experiments were carried out to demonstrate
calibration measurements using a “Nay source, was

6= 15x 102 with an intrinsic y detector efficiency of the preferential activity of the cathode compared with the

24.1%. A comparison between the effect and the backgrounﬁtrlezro materials exposed to the electrolytic action at
; »=20 n/scn? (such as the electrolyte, anode, cell material,

for the y spectral measurements and an analysis of ythe and so on
peaks were made using the MAESTRO-1 program and an
SIG multifunctional system designed to use digital informa-
tion (program package by Soft Service bLtd

The thermal neutron flux intersecting the Cu cathode  The experiments showed that during electrolysis in the
was monitored by measuring the integral intensity of he presence of an ultraweak flux of thermal neutrons
peak atE,=2225 keV (Fig. 2) observed by recording the 1,=20 n/scn? for 10000 s (=40 A/cn??), a vigorous

capturey radiation in the reactiop+n—d+ vy (2.22 MeV), damage process takes place at the surface of the copper ca-

@

2. EXPERIMENTAL RESULTS
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thode. The surface of the copper sample becomes black ar
the electrolyte solution becomes blue because of the crum  gghk
bling of the copperafter a few hours, a deposit of highly
disperse copper forms at the bottom of the )ceéti addition, y
after electrolysis has ended, the sample is laterally deforme
(curved. The transverse deflection &1 mm (Fig. 1). At
the same time, under the conditions of cosmic thermal neu = I
tron background,=0.1 n/scn? (in the absence of the &f
neutron sourde electrolysis at j=40 mF/cnt and
7=10 000 s reveals no visible changes at the cathode. Th
experiments showed that the hydrogen concentration in th
samples after electrolysisr€& 10 000 s) isny=10"2 cm’/g
copper. Bearing in mind the maximum depth of penetration™%
of hydrogen in copper =10~ cm), we can conclude that =
a compound of the type Cykl wherex=0.1, forms at the
surface layer of the cathode.
Thus, as a result of the irradiation of a copper cathode by
thermal neutrons,,=20 n/scn? during electrolysis, elastic
and plastic deformation energy is stored in the cathode
which is observed as transverse deflection and surface dan
age to the sample. This indicates that powerful elastic
stresses act in the surface layer of the cath@adi® which 0 i
hydrogen penetratgsit will be shown subsequently that 2219.5
these mechanical stresses are capable of generating noneq E
librium optical phonons, whose presence could alter the ab 4
sorption CFOSS. section of thermal neunons in the cathode. FIG. 3. y peaks(with continuous background subtracted, including Comp-
The experiments showed that in almost all of the twentyion scattering backgroundformed by capture of thermalized neutrons by
1 h intervals in which the intensities of the neutronBr  hydrogen in materiall—without electrolysis(exposure timer=8000 3,
guantum capture fluxes were measured, the number of back=with electrolysis {=40 mA/cn?) for 7=8000 s. The measurement ge-
ground counts is higher than the values obtained in measur [g(a;rgpfg)étl?;(?:iyrzishlthaengozntlisn H(‘)i:%Zcek;gﬁn‘ﬂrgwssugf}gﬂé?e region of
ments during electrolysis with a Cu catho@eirvesl and?2
in Fig. 3). However, during similar electrolysis in the same
cell using a Pd cathode, no changes in the intensity of thé lower than the ratio fory quanta(see Table )l indicates
thermal neutron flux were recorded. Data giving changes inhat only approximately one fifth of the thermalized neutrons
the intensity of the thermal neutron flux for the electrolysiscan have energies higher than cadmium. This is because the
of Cu and Pd are summarized in Table I. Note that in ordeneutron distribution inside the polyethylene shield is close to
to improve the accuracy of the analysis, the lines Maxwellian® Thus, to obtain a more accurate estimate of the
(E,=2225 keV) in the effect and the background were com<ross sectior(o) for absorption of thermal neutrons in the
pared after subtracting the continuous backgro@imcluding  copper cathode, it is better to use threuantum data be-
the Compton scattering backgroyrftbm the spectral range cause these directly correspond to the change in the thermal
2220-2230 keV, which corresponds to theeak formed by neutron flux inside the polyethylene shield. The cross section
proton capture of a neutron. It can be seen from Table | thafior possible absorption of thermal neutrons, averaged over
the copper electrolysis process reduces the count rate féhe volume of the copper sample used in the electrolysis
E,>0.2 eV neutrons by approximately 2.5%. At the sameprocess, is given By
time, the thermal neutron count raté (~kT) is reduced by 1 (Np)
approximately 12% compared with the background value. o= —In(—
Since while y radiation is recorded,y quanta with nd "1 (New)
E,=2.225 MeV are formed exclusively by capture of ther- wheren is the concentration of copper nucléi,is the cath-
mal neutrons by the hydrogen surrounding the detector, thede thickness{N,) is the averagey count rate in the back-
deficiency of thesey quanta during electrolysiccompared ground, and(N.) is the averagey count rate in the elec-
with the backgroundcan be uniquely attributed to the ab- trolysis procesgsee Table)l Using the data given in Table
sorption of ~12% thermal neutrons in the cathode materiall, we then haver=71.5 b. This value ofr is almost twenty
(Cu), i.e., it can be attributed to capture rather than inelasticimes higher than the known cross section for capture of
scattering processes with increasing neutron energy. This lagtermal neutrons in a stoichiometric isotopic Cu mixture.
case would inevitably involve slowing and subsequent cap- If the capture of thermal neutrons by and C&® nu-
ture of neutrons in the polyethylene. As a result, the intensityclei is a radiative process, the observedpectrum should
of the peake,=2225 keV would be the same in the effect contain a hard component which corresponds to the neutron
and in the background. The fact that the relative change iinding energy in the G (7.91 MeV) and C§®° (7.060
countsAN/(Ny) for the recording of neutron€(,>0.2 eV)  MeV) nuclei. In order to check this assumption, we studied

i }
2225 2230.5

4 keV

, (2)
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TABLE I. Variation of count rated N for neutrons withE,>0.2 eV andy quanta at the peak.,=2.225 MeV during electrolysis with copper and palladium
cathodes j=40 mA/cn?) compared with background measuremerjts Q).

Type of measurement (Ny), counts/s (Nep), counts/s AN, counts/s An, neutr(y)/s

Neutrons(E,>0.2 eV, Cu cathode 1.402+0.006 1.370+0.007 —(3.2£0.9)x 102 —(2.5+0.5)
y quanta(E,>2.225 MeV, Cu cathode (2.41+0.03)x 102 (2.10=0.04)x 102 —(3.1+0.5)x 1078 —(3.0+0.5)
Neutrons(Pd cathodg 1.328+0.005 1.33@:0.006 +(2.0+7.0)x10°2 -

y quanta(Pd cathodg (2.45+0.04)x 1072 (2.46+0.05)x 1072 +(1.0+6.0)x10°8

Note (Ny) is the average count rate in the backgrouner Q) with the continuous spectrum subtractéN,) is the average count rate in the “effect”
(j=40 mA/cn?) with the continuous spectrum subtracted, ad=(N..)—(N,), An=AN/e, wheres is the detector efficiency.

the hard part of they spectrum (2.4E,<8.5 MeV) and namic as a result of the simultaneous absorption and desorp-
compared this with the background measurements. Howevelion of hydrogen in the surface layer of the sample. Thus,
the results showed that, within measurement error, the interintensive generation of nonequilibrium optical phonons and
sity of the spectra during electrolysis of Cu and the backcoherent multiphonon excitatiotfs’should be expected in a
ground show no difference in this range. This indicates thag€opper cathode during electrolysis in the presence of an ul-
the capture of neutrons by copper nuclei is not a radiativéraweak thermal neutron flux. In fact, the equilibrium bulk

process and is evidently similar to the Babauer effect, i.e.,
the neutron binding energy in the ®uand C§° nuclei is

modulus B) may be expressed in terms of the energy of the
phonon subsystemVW) of the crystal and the volumeVvj

preferentially transferred to the copper lattice in the form ofoccupied by the excited vibrations kspace, a8 = 10W/9V

phonons and/or the generation of structural def&cts.

(Ref. 18. In this case, the energW per unit fcc cell is

Thus, it has been established by two independent mettwritten asW=3k% wp (wherek is the number of atoms per
ods that in a highly nonequilibrium copper cathode duringunit cell, 7 is Planck’s constant, andy, is the Debye fre-
electrolysis(i.e., in the presence of appreciable elastic deforguency of copper This energy corresponds to the volume
mations intensified by the action of an ultraweak thermalV=rg, wherer, is the distance between the nearest neigh-
neutron fluy, the cross section for absorption of thermal bors in the lattice. This gives

neutrons is increased approximately twenty times.

3. DISCUSSION OF RESULTS

4

The measurable transverse deflection of the copper platEhe value ofB for copper obtained from Eq4) agrees sat-

(¢=1 mm) observed during the electrolysis process in thdsfactorily with the published dat&. Thus, it follows from
presence of an ultraweak thermal neutron fluxexpression4) that a necessary condition for the generation
(1,=20 n/scm?) can be used to calculate the mechanicalof a nonequilibrium optical phonon branch is the creation of
stresses acting in the surface layer of the sangd¢hod¢  mechanical stresses comparabldtosince only in this case
during hydrogenation. We showed in Ref. 10 that the freds the entire spectrum of normal modes with the cutoff fre-
energy of the elastic deformations stored in the sample dulguencywp, excited in the crystal. Conversely, it is also clear
ing hydrogenation may be estimated approximately usingrom (4) that, when the mechanical stresses in the crystal are
relation* much smaller thaB, the probability of generating nonequi-
We=Ed(&/l)s, 3) librium modes with the frequencyp is negligible.

However, an abrupt increase in the intensity of the opti-
whereE is Young’'s modulus of the copper platé,is the cal phonon mode in the crystal can increase the cross section

for absorption of thermal neutrofiS.For instance, the author
of Ref. 13 described the generation and concentragom-

thickness of the samplé,is its length, which is equal to its
width under conditions of transverse deflection, &id the

area of the Cu cathode. Thus, per unit length of the cathodmation over amplitudgsof nonequilibrium optical phonons

we haveW:=2x10"2 J/cnt. Then, the efficiency of con-
version of the energy supplied during electrolydis=jU 7

and coherent multiphonon excitations when various metals
were saturated with hydrogen. It was shown that under

(whereU=2V is the cell voltaggto elastic energy stored in highly nonequilibrium conditiongsimilar to those created in

the sample ig8=W/jU 7=2.5x 10" 5. The rest of the sup-

the surface layer of a copper cathode during electrolysis and

plied energy is expended mainly in plastic deformations aneéxposure to thermal neutronshe energy of a “collection”

damage to the surface layer of the cathéd@mbling of the

of optical phonongcoherent multiphonon excitationsnay

copper in the electrolyte solutipnand is also expended in be comparable with the neutron binding energy in the

electrochemical dissociation of water molecules.

nucleust® This type of process can realistically increase the

In order to estimate the stresses acting in the sample, weapture cross section of thermal neutrons, especially in re-
need to estimate the volume into which hydrogen penetrategions with a high concentration of elastic energy, and spe-
during electrolysis. Taking the depth of penetration of hydro-cifically in the surface layer of a copper cathode. No anoma-

gen in the cathode to bel=10""-10% cm (Ref. 6, we
obtain mechanical stresses-efL0'°— 10 Pa, which is simi-

lous absorption of thermal neutrons is observed in a Pd
cathode because of the fairly uniform distribution of hydro-

lar to the bulk modulus of coppér.These stresses are dy- gen in the sample as a result of its high solubility in
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An analysis is made of the influence of impurity content and of the sign and variation of the

load on the stress-strain curves of aluminum at liquid helium temperatures. It is shown that the
deformation instability, observed as jumps in the diagrams, depends on all these factors.

When the sign of the load is reversed, the amplitude of the deformation jumps increases, which
leads to the appearance of macrocracks, even under compression. The temperature-strain

rate region of unstable deformation was determined for the alloy D16T19€8 American

Institute of Physics.S1063-7838)02102-9

It is known that impurities strongly influence macro- The testing was carried out in an Oxford helium cryostat
scopic plastic deformation instability at liquid-helium using an Instron 1342 universal testing machine. Liquid ni-
temperatured.For instance, for pure aluminum jumps on the trogen was used for precooling and liquid helium was fed
tensile stress-strain diagram are observed at temperatures lieto the cryostat using two pumps which created a weak
low 1.6 K (Ref. 2 whereas for technical-grade aluminum vacuum in the cryostat.
containing impurities, these jumps are observed at tempera- The test temperature was varied over the range
tures of 4.2 K and abovk® This behavior is usually attrib- 4.2—-20 K.
uted to the increased flow stresses in impure crystals and to
their strong temperature dependences, which is an important

X S . . 2. EXPERIMENTAL RESULTS AND DISCUSSION
factor in models of thermal deformation instabilftfor this
reason, jumps are sometimes observed in pure metals at the Figure 1 gives the tensile and compressive stress-strain
end of the stress-strain diagram, i.e., after appreciable plastiiagrams of the initial samples while Fig. 2 gives the com-
deformation whereas, in impure metals and alloys, they argressive stress-strain diagrams of previously tensile-tested
observed almost immediately beyond the yield pdiGom- samples, plotted using the coordinates: stressP/F,
pared with their influence on deformation, impurities can(whereP is the load,F, is the initial cross-sectional area
have an even greater influence on fracture. The most typicalersus strairs = (Al + M)/l (whereAl is the change in the
example of this is the low-temperature embrittlement, knowrsample lengthl,, is the initial sample length, and the value of
as cold shortness, which is in many cases attributed t® is determined by the rigidity of the machine, and in our
impurities® However, even at liquid-helium temperatures thecase at maximum loads its contribution to the deformation of
material retains its plasticity, although this is generally lowerthe sample did not exceed 1.5%Vhen analyzing the data
for impure crystals compared with pure orfes. plotted in Fig. 2, the preliminary deformation was taken into

In addition to analyzing the influence of impurity content account in the strain calculations but its sign was neglected.
on abrupt deformation and fracture, we also investigate th&his may be justified by the results of Ref. 6 where it was
part played by the sign of the deformation and its variationshown that the dislocation densityin LiF single crystals
during the loading procegée., we studied the Bauschinger increases under each new load regardless of the sign of the
effect in the region of deformation instabiljitylt was as- deformation ang was proportional to the algebraic sum of
sumed that since a plastic material does not fracture undehe deformations for each load.
compression, this can explain, first, how instability develops  Note that if the tension and compression curves drawn
at high strains and, second, how fracture occurs under tenhrough the tops of the jump&ipper envelopgsare com-
sion at the instant of a deformation jump. pared, in true coordinates whefg is replaced by the instan-

taneous are&,/(1+¢), ande is replaced by In(%¢), the

compression and tension curves for AD1 and D16T are al-
1. EXPERIMENTAL METHOD most the same, which indicates that there is no anisotropy in

relation to the sign of the load. For the V95 alloy the tension

Uniaxial tension and compression testing was carried outurve is lower than the compression curve and ends rapidly
using cylindrical samples of AD1 aluminum and its alloys with rupture of the sample.

V95 and D16T. The diameter of the tensile samples was This abrupt deformation develops differently in the ma-
4 mm and the length of the working section was 30 mm, forterials studied. It can be seen from Fig. 1la that for AD1
the compression samples these values were 3-4 araluminum, jumps under tension appear at the end of a section
7—-10 mm, respectively. New samples were prepared fronof uniform deformation(near the maximum of the diagram
the working section of some samples fractured under tensionhe strain is approximately 20#&and have immediately a
and these were then used for compression tests. fairly large amplitude, which varies little until the instant of
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FIG. 1. Tension(1) and compressioti2) stress-strain diagrams for AD1
aluminum(a), and aluminum alloys D167b) and V95(c) at 4.2 K.

larger than those under tension. For a sample subjected to

compression after tension, the plastic deformation is initiated
fracture. On the compression diagram jumps of very smalht stresses lower than those at the instant of unloaghimge
amplitude are initiated beyond the yield point at approxi-precisely, at the point of the maximum averaged over the
mately 8% strain and the curve then becomes a pulsating linemps on the diagram, i.e., at the instant where uniform de-
with jumps of continuously increasing amplitude. formation is converted to localized deformation in a netk

Thus, the first jumps under compression are initiated earThe difference in the flow stressébe Bauschinger efferis

lier in terms of strain and have a smaller amplitude thamAB=110 MPa. The jumps are initiated almost immediately
those under tension but then as the strain increases, the aafter reaching the stresses at which the uniform deformation
plitude of these jumps increases and if they are compared famnder tension ended. Compared with compression of the ini-
the same strain, the jumps under compression are found to il sample under repeated loading, more intensive hardening
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substantially: the yield point is appreciably higher and the
deformation hardening lower for the alloy. If the Bausch-
inger effect is compared with the relative deformation hard-
ening, the stress jump when the sign of the load is reversed is
approximately half the difference betweer, and o for
both aluminum and D16T. The strain dependence of the
jump amplitude under repeated loading with reversal of the
sign of the load can then be understood: this is determined in
any case only by the deformation under the last load, i.e., the
jumps do not “remember” the previous deformation of op-
posite sign. It should also be noted that a “memory” for
deformation of the same sign undoubtedly exists: when com-
7 mm pression or tension is interrupted, after removal of the load
and application of a new load, the diagram almost returns to
FIG. 3. Formation of cracks along inclined fault bands during compre:ssiorFhe unloading point and the jumps are restored with their
of tensile-tested V95 alloy sample &t=4.2 K. former amplitude.
Since a sample of alloy V95 fractured under tension at
very low strain(around 3%, the compression diagrams of
and a larger increase in the amplitude of the jumps are obhe initial sample and that cut from the tensile-tested sample
served with increasing deformation. are almost the sam@s can be seen from Fig. )2¢lowever,
For alloy D16T (Fig. 10 the jumps under compression ths js only valid up to~25% strain. When the tensile-tested
and tension begin immediately beyond the yield point. U”degample undergoes further compression, two deep drops in

tension they rapidly attain a large amplitude-30 MPa)  |naq (by ~309¢) can be identified on the diagram. This ap-
which increases with deformation and reacheB00 MPa at o iaple |ocalization of the deformation leads to the forma-

Ejheer igitggaodfifrfirr);ufrr%rr-]r?#:,btehﬁa?/g:a;i?;luor;?rlorﬁ Ejg;igg$on of inclined fault bands with macrocracks along these
above. Under compression the diagrams for AD1 and D16 ands(Fig. 3, which is typical of the compression of low-

L lasticity materials(such as marble but is by no means
are externally similar, only the scale of the stresses show arny " . . : .
difference pical of aluminum and its alloys. Unlike the other materials

It can be seen from Fig. 2b that the Bauschinger eﬁec?tUdied here, at liquid-helium temperature the alloy V95

for alloy D16T is extremely small and the compression dia_tends to exhibit highly localized deformation and ensuing

gram of the previously tensile-tested samples is similar tJractyre, as is also evidenced by the Iow]imiting deformation
that of the initial samples, even though the preliminary strairPf this alloy under low-temperature tensitin.
was 17%. One reason why aluminum and its alloy exhibit It has already been noted that the abrupt deformation of
such different behavior may be because the deformatioAluminum has been studied by many authors. The author of
hardening values(i.e., the difference between the flow Ref. 8 attempted to determine theoretically the temperature-
stresses at =10-20%,0,, and the yield pointg,) differ ~ strain rate boundaries of the region of unstable deformation.
For technically pure aluminun99.5%9 the normalization
parameters determining these boundaries we&e: 6.6 K
°, ande=10"! s, Here we determined the range of tempera-
o ture and strain rates for the stretching of D16T aluminum in
° which deformation jumps are observéeig. 4). One param-
* eter ise,=2.5x10"2 s ! and the othe,=15 K. A com-
parison between the region of unstable deformation for alu-
minum and its alloy shows that for the alloy this region is
shifted toward higher temperatures and lower strain rates.
In sum, we have shown that deformation instability at
liquid-helium temperatures cannot produce large macrode-
formations. Its increased localization leads to the formation
of macrocracks, which reaffirms the importance of strain lo-
calization in the fracture process.
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T/ Tk Note that in this case, the juxtaposition of uniform and localized deforma-
tion is not completely correct since the deformation was localized before

FIG. 4. Calculated curves showing the boundaries of the region of unstablethe maximum of the averaged diagram. _

deformatior® The experimental points for D16T alloy correspond to tension It is also possible that fracture may occur without reversal of the load

curves with deformation jumpil) and smooth deformation curvé®). under compression if the sample is subjected to high stress rates.
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This paper demonstrates the effectiveness of the microindentation method as a way to monitor
the quality of cadmium telluride crystals. Measurements of microhardness and the length

of dislocation rays from the rosette around the indentation pit can clearly identify nonuniform
distributions of structural defects, both along the direction of growth and along a diameter

of a CdTe boule. The mobility o& dislocations is more sensitive to nonuniformities in the
structure than the mobility oB dislocations and the microhardness. A qualitative
correspondence is established between the microplasticity characteristics of CdTe:Ge and its
germanium content: the hardness of the crystal is insensitive to changes in the Ge content in the
range from 3< 106 to 1x 10'7 at/cn?, but increases sharply beginning at a concentration

of ~1x 10" at/cn?. The correlation between the value of the microhardness and the length of
the dislocation rays from the rosette around the imprint of the indentor are analyzed. An
estimate is obtained for the hardness of pure CdTe.1998 American Institute of Physics.
[S1063-783%8)02202-3

Imperfections in semiconducting crystals, e.g., impuri-the crystallization front was 6—7 K/cm. The initial concen-
ties, intrinsic nonstoichiometric defects, and dislocationstration of impurities introduced into the melt was
have a very strong effect on those properties of the crystals,=1.6x 10'° at./cnr.
that are important for applicatioh$. The structure and prop- The distribution of impurities dissolved in the crystal
erties of a grown crystal are often found to be variable bothwas monitored by using a germanium source tagged with the
over its cross section and along its length, which for semiradioisotope G& (K capture,T,,="7 day$ and subsequent
conducting materials is undesirable. Therefore, it is impor+adiometric analysis of a 3-mm-thick plate cut from the
tant to study the defect structure and degree of uniformity oboule parallel to the growth axis.
these crystals in order to optimize their growth regimes. In order to study the micromechanical properties, a 4-

It has been established that the mechanical, electricaimm-thick plate oriented in thél11) plane was cut from the
and optical properties of undoped crystals of cadmium telluboule with a tungsten wire 1 mm in diameter and a suspen-
ride are all interrelatedt* One way to monitor the mechani- sion of abrasive powders with particle diameters 348 in
cal strength and plasticity of materials is the method of mi-kerosene. The angle between the plate surface and the
croindentation, which is distinguished by simplicity and easegrowth axis of the boule was 60°. The shapes of the plate and
of use. Other advantages of the method are the nondestruitie sample are shown in Fig. 1. After being abraded on glass,
tive and local character of its sampling, and also, what ighe film surface was twice treated with polishing eehof
particularly important for our purposes, its sensitivity to thecomposition KCr,O;+HNO;+H,0 (4 g: 10 ml: 25 m), first
presence of structural defects. to a depth of~20 um and then, after indenting the sample,

In this work we have measured the microhardness antb a depth of~500 um.
the length of rays from the dislocation rosette in the vicinity =~ The sample was indented on th@])Te plane using a
of the indentor imprint to study the effect of germanium pmMT-3 device with a standard Vickers pyramid at a load of

impurities on the micromechanical characteristics of cadP=0.1 N at the indentor. The value of microhardnéss
mium telluride. By doping CdTe crystals with microadmix- was determined from the expression

tures of germanium we obtain a high-resistance material )
whose properties are close to those of intrinsic CHTe, Hy=1.854/(2a)%,

which makes it a promising candidate for use in fabricatingynere 2 is the length of the diagonal of the indentor pit.
detectors of ionizing radiatiGrand in optoelectronics. The error in measuring the microhardness wa@%.

The dislocation structure was revealed by selective
chemical etching in a solution of HEoncentratedt 50%
solution of CrQ in water (2:3).° The average density of

A boule of CdTe doped with germanium with a mass ofgrown-in dislocations in our sample was2x 10° cm™2. In
600 g was grown by the vertical Bridgman method in anthe “background” region(see Fig. 1 we observed a high
evacuated graphitized ampoule with an inner diameter of 38lensity of flat-bottomed etch pits which usually form at
mm. The rate of crystallization was 3 mm/h, the gradient afpoint-defect sites. Since the structure of the dislocation en-

1. EXPERIMENTAL METHOD
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FIG. 1. Shape of sample cut from a cylindrical boule of CdTe(@slined 450F . |
by the solid lineg AB (projection of the growth direction from left to right 0 20 II-I
andCD are lines along which the indentations are made; to the left of the z.mm 0
9

sample is another orientation that has been cleaved off, to the right a chip on
which the germanium concentration was measured at points 1, 2, &risl 3.

the “background” region. FIG. 3. Measurement of bulk microhardness along segrént

semble around the imprint of the indentor is not in equilib-cated that the concentration of germanium along the axial

rium, the dislocation rays from the rosette around the indendirection (segment AB) varied from 3x10% to

tor pit spontaneously get longer with tim®For this reason, 2x 107 at./cn?. On segmenCD, i.e., in the radial direc-

the indented sample was kept at room temperature for 2¢on, the impurity content can be assumed constant, and the

hours before etching in order to relax the stresses in theame extrapolation procedure gives a value of

dislocation system. (1-1.5)x 10 at./cn? for it. This prediction is in good
Figure 2 shows a dislocation rosette containing sixagreement with studies of the germanium concentration in a

double rays having the directiogd10. The authors of Ref. chip from the sample at points-3 using an EMAL-2 laser

11 state that the rays are made up of @0dislocationsthe  mass spectrometer. According to our measurements,

long ray$ and 60°g dislocations(the short rays Note that ¢;=3.6x10"4, ¢,=4.7X10 %, and c;=9.7x10 % at. %

the diameter of the etch figure f@rdislocations is 1.4 times Ge, that is, 5.8 106, 7.0x 10 and 1.4< 10" at./cn? re-

larger than fora dislocations. This difference allows us to spectively.

identify the types of dislocations to some extent. In this work  Figure 3 shows how the microhardnésg varies in the

we measured average values of the lengthg afid 8 radials  direction of thex axis along segmemB (which is the pro-

in each rosette as a function of the coordinates of the inderjection of the direction of growth onto the surface of the film,

tation on the sample surface. see Fig. 1 on the sample after removal of the damaged sur-
face layer to a depth of 500 um. It is clear that the func-
2. RESULTS AND DISCUSSION tion Hy(x) does not exhibit any marked regularity. The mi-

crohardness exhibits a narrow peak in the interval
o< x<30 mm against a background of non-systematic
changes, and a certain tendency to increase after the point
The maximum and minimum valudsvmax=585 MPa and
Hy_ =485 MPa differ by only 17%. Measurements of mi-
crohardness along the lir@D located roughly in the center
part of the film and perpendicular to the direction of growth
show that the quantitid,, changes from 530 MPa at poi6t

to 610 MPa at poinD, i.e., by roughly 13%. Although these
differences are not large, they exceed the measurement er-
rors. This implies that our data are reflecting a structural
nonuniformity in the plane of the cut plate that arises during
crystallization of the boule.

The lengthd, 5 of the rosette rays, which characterize
the mobility of &« and 8 dislocations, are considerably more
sensitive to nonuniformities in the structure than the micro-
hardness or size of the indentor imprint. Whereas the diago-
nal of the imprint varies by no more than a factor of 1.07 as
a function of its location on the sample surface, and the
microhardness by only a factor of 1.2, the length of the ro-
sette rays changes by almost a factor of 2.

Data from our measurements lof ; along the linesAB
andCD are shown in Fig. 4. For the directionthe depen-
dence of the length of the rosette rays on the coordinates of

FIG. 2. Dislocation rosette near the imprint of the indentor in a CelGe the indema.tion is CharaCtelristica”y nolnmqnotofﬁdg. 49.
crystal. The function 1,(x) exhibits a dip in the range

Our studies were carried out on the single-crystal portio
of the film, which is identified in Fig. 1 by the solid lines.
Extrapolation from data from the radiometric analysis indi-
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changes by a factor of 1.5 from 450 to 300—-320 MPa after
50k a o o polishing to a depth of 40-5am.
0 o 0 & R :o% Qualitatively, the data set shown in Fig. 4a can be ap-
ok ® 50 o * . o°‘ ° proximated by two line segments. In the range of values
°o %a ALla WA Aa oo: Xx<20 mm corresponding to a germanium content from
£ e %% 3x10% to 1x 10 at/en?, the length of the dislocation
’Q o* - Cop % '..‘o:: At o rays, i.e., the plasticity of the material, changes very little. As
s, 1 % ¢, a A A N A‘“t. Ao3 the concentration of Ge is increased further, there is a
Bt 700 a4 a ,..: , marked decrease in the quantitigs; both in the hardened
e a, % layer and in the bulk. This type of concentration dependence
ALy of I, 4 correlates with the data of Ref. 14, which indicate a
ok A ? 2 change in the way that germanium incorporates into the lat-
, \ , . tice of Bridgman-grown CdTe€Ge crystals when
-10 0 10 Jo 50 c=1x10" at./cn?. According to the model, at low concen-
z,mm trations the impurity occupies a Cd position forming a singly

ionized G4 center. Electrical neutrality of the crystal in this
case is ensured by twice as many doubly charged acceptors,
provided by cadmium vacancid4.4. At higher concentra-
tions the impurity dissolves both in the form of isolated cen-
ters G¢, and in the form of associates (¥ cg)’. In this
range of germanium concentrations the cadmium telluride
lattice is hardened. Evidence for this is the decrease we ob-
serve in the length of dislocation rays and the slight increase
in the microhardnesg-ig. 3 and Fig. 4a

The linear decrease ih, g along the line segmer@D
(Fig. 4b is evidence that the hardness of the material in-
creases as we approach the “background” region of the
sample, which enriched by point defects that probably are
complexes of vacancies and vacancy disks. The character of
) ! L . . the functionl, 4(y) is unchanged by removal of the hard-
0 4 8 ened surface layer.

Yy, mm It is interesting to compare the results given here with

FIG. 4. Measurement of the length of rosette rays from indentor pits onthe data available .m t.he “t?r.ature Or_] m_echamcal propt_ertles
segmentsAB (a) andCD (b). (a I, (1) andl, (2) are at the surface of a of CdTe crystals with impurities and intrinsic defects. High-
sample polished after cutting to a depth-eR0 um, |, (3) andlz (4) are  resistance undoped stoichiometric crystals exhibit the small-
after removal of a surface layer to a depth-0800 um. (b) I, (1) andlz (2) est yield stress. However, the yield stress increases by almost
are for the surface of a sample polished after cutting to a depth26f wm. a factor of 2 as the concentration of electrons or holes in-
creases(due to interstitial Cd ions or vacant cadmium
site9.2 The introduction of isovalenZn)**>®or donor(in)*’
é'mpurities into the CdTe crystal also leads to an increase in

20<x<30 mm, which corresponds to the microhardnes i 5,16 i &
peak in Fig. 3, and less obvious dips near5 and 15 mm, € Yield stre and microhardness, the more so the

along with a rather abrupt decrease in the lerigtbf the « higher the impurity concentration. Wth .regard to the value of
rays at the end of the sample. This wave-like variation ofN€ir hardness, our Cd¥ese samples lie between very soft
,(x) is obviously associated with the periodic incorporationS@mples of C(ﬂ'e reported in the literature, with a value of
into the solid phase of impurities that are forced back into thé1v=300 MPa;” and very hard samples with a value of
melt at the crystallization front. These features, which reflectlv=670 MPa (for CdTet+1.2x10' In/cn?), see Ref. 17
the nonuniformity of the sample structure, are not nearly s¢heavily doped CdTe2x10' In/cm® possesses the maxi-
evident in the function 4(x) and, when the film is indented Mum hardnessH,=1.4 GPa; see Ref. 17However, it
after being polished to a small depth, they cannot be found avould be rash to assume that the hardness is associated with
all, as is clear from the figure. This is probably due to thegermanium atoms alone. Rather, it arises from the combined
presence of residual internal strains in a near-surface layédnfluence of growth dislocations, impurities, vacancies, and
that has been hardened during the cutting process, sindaterstitial atoms on the micromechanism for the hardness
these strains limit the development of the dislocation struccharacteristics.

ture under the indentor. In the hardened layer, the rays of the In conclusion, let us discuss the relation between the
rosettes from the indentor pit are 25—30% shorter than in theneasured values df, andl, z. In the theory of Gridneva
bulk. This observation correlates with the data of Refs. 12gt al,'® which treats the evolution of dislocation structures in
13. In Ref. 13 it was shown that as the damaged layer is semiconducting crystal near an indentor pit, the following
removed the microhardness of an undoped CdTe crystaklation is obtained:
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FIG. 6. Relation between microhardnebl, and the lengthl, of a-
dislocation rays from rosettes measured along segn®Btand CD (see
Fig. 1).

FIG. 5. A 7p—Hy plot made using data from measurements of the yield
stressr, and microhardnesd,, of CdTe crystals with various hardness and
impurity content obtained in Refs. 10, 11, and 18-21.

ponent of the hardness(analogous to 7;), and
(AN p) 172 a=ANP/C=0.5 N (here we takev=0.3, g=1.5).
Ioz y

Our experimental conditions ensured that the measured
. lengthsl, ; of the rosette rays correspond to steady-state
wherel, is the steady-state length of a ray from the rosetteya|yes, since we allowed the dislocation structure around the
A=(1-2v)/mJo, N=1+3B(cosa+ sina/l—v), vis the imprint of the indentor to stabilize after 24 hours of relax-
Poisson coefficient, the constgit-1, =60° is the angle ation at room temperature. The time dependehgg(t)
between dislocation lines and the Burgers veckris the reaches saturation after 1-2*hPreliminary studies show
load on the indentor, and; is the long-range component of that the dependended,(T) is still strong at room tempera-
the yield stressy, i.e., the starting stress for the motion of a ture and far from athermal, at which point the condition
dislocation. There is a definite relation between the yieldH,,(T)=H, = const should hold.
stressry and the microhardneds,, . For brittle and strongly Figure 6 shows the relation between microhardness and
strain-hardened materials this relation is simplg=H,/3; the lengths of dislocation rayls, corresponding to a given
see Ref. 19; for plastic materials it must be found by a speimprint of the indentor for measurements along the direc-
cial investigation. For a number of alkali-halides it has beertions AD andCD. For g dislocation rays the dependence is
shown thatry=C(H\—H,,) over a wide range of impurity analogous. The slopes of the straight lines computed by the
concentrations; see Ref. 20, wh&e=const, andHyq is the  method of least squares have the following values: 0.66 N
hardness of a pure crystal. The available unrelated data sefsr « dislocation rays and 0.46 N f@ dislocation rays, i.e.,
on the yield stress and microhardnést>1°-1721-2%10ng  in rather good order-of-magnitude agreement with the value
with the measurements in this work, serve only to establista=0.5 N calculated from the theory of Ref. 18. The range of

T

the fact that this latter relation betweep andH,, is quali-  values that defines the segment of Hhg axis corresponds to
tatively satisfied for cadmium telluride crystals of variousthe total valueH3 +Hyq.
hardness. We can conclude that there is a qualitative correlation

By making ar,—Hy plot (Fig. 5 on which the mini- between the length of the dislocation rays and the value of
mum (known) values 7,=5+2% 2522 and the microhardness. However, the lengths of the rays, which
4.8+0.5 MP&* are assigned to the minimum value of the characterize the mobility of dislocations in the crystal, are
hardnessH, =300 MPa®® while the values,=4 MP&®for  more sensitive to structural imperfections. The hardness is a
CdTe and7,=17 MPd® for CdZnTe are assigned to the more complicated characteristic determined not only by the
value of the hardnesd,, =500 and 600 MPa that we mea- resistance of a dislocation to motion but also by processes of
sure, we obtain the approximate dependemge=C(H,  re-creation and multiplication of dislocations in the material
—Hyo), where C=0.03. Then the valuH,(,=190 MPa  under the indentor, which are difficult to take into account
should correspond to the value of hardness for a pure CdTeneoretically. Therefore, we can hardly expect complete
crystal. If so, the relation given above betwelgnand 7+ agreement betwedn, ; andH,, without taking into account
should be replaced by a relation betwdgrand the micro- the local properties of the material.
hardness in the form With regard to the valuéi, (=190 MPa obtained from

(Hy—H%)—Hyo=al: 2 Fig. 5, which should indicate the hardness of pure cadmium

Voo Vo <lo telluride, let us say the following. Previously it has been
whereH, —H¥ =H,1, H} is the component of the hardness reported that the empirical relatidf, ,=2x 10 3E is well
that depends on temperature, whilet is the athermal com-  satisfied for polycrystalline metals with cubic symmetty,
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MAGNETISM AND FERROELECTRICITY

Static and dynamic properties of an isolated strip domain in a thin ferromagnetic film
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A perturbation theory is developed for the integrodifferential Landau—Lifshits equation that
describes the state ofr2domain walls in ferromagnetic films. The static and dynamic parameters
of a 2m-domain wall are determined, taking into account its micromagnetic structure. The

limits of applicability of geometric domain wall models are indicated. 1@98 American Institute

of Physics[S1063-783%8)02302-9

The theory of the nonlinear Landau-Lifshits equationsplane of the film, and,, is the intrinsic magnetostatic field
has been studied in considerable detail, especially for onesf the ferromagnet determined by the relation

dimensional system’s® However, in certain applications-
related problems that involve properties of nonlinear
domain-wall-like structures in ferromagnetic systems, the
structure of these equations can become much more compli-
cated. Thus, in finite-size samples magnetostatic contribu- |n studying the structure of ar2domain wall it is con-
tions lead to the appearance of integrodifferential terms iyenient to use the variables q=cos6, wheree, 6 are azi-

the Landau—Lifshits equations. Solution of the resultingMuthal and polar angles in a coordinate system whose polar
equations requires the use of direct methods, including reg@XisOX is orthogonal to the plane of theromain wall. In
resentation of domain walls by geometric boundaries andhis case the components of the magnetization vector are
conversion to simplified equations of the type used by Slongiven in terms of the new variables by the relations

czewskyet al. to describe the dynamics of the magnetiza- _ 5 . 2 B
tion. Like all direct methods, these procedures are not with- m=(d,V1+q° sin ¢,y1+0q° cose)6(z) 6(z—9),

div m(r’")
hm=VJdr’W. (2)

out well-known flaws, the most important of which is the 0. z<0
possibility of introducing uncontrolled errors. Perturbation 0(z)= ’ ’ 3
theory is free of these difficulties when it is developed in the 1, z>0.

neighborhood of exact solutions whose results are asymptoti- In the approximation of an infinite ferromagnet, a-2

cally exact. However, it should be understood that their arf%omain wall has a Bloch structure characterized by rotation

special problems with perturbation theory for nonlinear SYSof the magnetization in the plane of the domain ViaTlis
tems, in that the neglect of terms with small parameters cal

) . thodel is useful for investigating ferromagnetic materials
qualltatn/_ely change the type of solution. . whose thickness greatly exceeds the characteristic magnetic
In'thls paper we devglop a perturbauon ”.‘eof-‘/ for theIength A=+ aldm). For finite samples we must take into
o_ne-dlmensmngl integrodifferential Lanc_jau—Llfshlts €aUa-5ccount the effect of surface nonuniformity of the magneti-
tion that despnpes the_ state_ of a-Aomain yvall n a th'r_' zation, however, which leads to the appearance of regions
Iﬁgosntqrig?ueric;:gmp\;vrhal(r:r?etve\z”rl IE?(?&-'{;O:r?la?zovrgllt.lh“atTrZiesﬂne with Neel structure near the surfac;e and to War.ping of Fhe

o . surface of the Z-domain wall. For films whose thickness is
thepry, which Incorporates the internal structure of the do'c:Iose toA, the strong exchange interaction suppresses this
main wall, predicts a value of the collapse field of a-2 effect, and the domain wall may be considered uniform in

domain wall that differs considerably from results Obtain?dthicknessi.

wlinin the framework of & geometic domain wall modey; It Thus, within the thin-fim model we assume that the-2
aiso Indicates the Imits ot applicabiiity of the fatter MOdeL. y,4in wall has a Bloch structure. In this cage-m,,

The chbar?ﬁterlstlcs o;the _L:,ystem discussed in this PaPLnich describes the departure of the magnetization vector
are given Dy the energy density from the plane of the wall, is a small quantity, i.gs1.
In the new variables, the Landau—Lifshits equations are

a(om\? B 1 Hamiltonian in form:
W=Mgr§(& +§(1—m§)_hzmz_§mhm ) (1) '
gaq 1 oW 4
wherem=M/M, is a unit magnetization vectos, 3 are the Cor BM? ¢’ (43
exchange interaction constant and uniaxial anisotropy con-
stant respectivelyh,=H,/M, is the reduced magnetic field dp 1 W (ab)

parallel to the easy-magnetization axis and orthogonal to the © 97 BM2 5q°
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2

wheree=1/8<1, 7= wot, wg=2ugMy/f, and ug is the 1 62 ,0°q
Bohr magneton. +5a_y2f dp’l2(p—p")a(p") =1 Eva 9)
In light of what was said above, we will retain non-
leading terms ing in these equations, and write the value of s 3 &2 1
in the f li(p—p")=—| dz| dZ' —— ——,
¢ In the Torm o Jo = 9zaz' |r—r’]
e=@o(X)+ @1(X,Y,7), |@1/eol<1. (5 s s 1
The functiong(x) describes the equilibrium distribu- 'z(P—P’)=fodeodZ’ =
tion of magnetization of the 2domain wall. Its value is
determined by the integrodifferential equation p=extey. (10
Peoy . Since solutions to E(6) are only extrema of the energy
-1? +Sin ¢g €0S @p+ &(h,+hiy(X))sin ¢o=0 - , :
v o Po T e(NzTNg, Po=Y, functional of the ferromagnetic system, the physical states

described by them must be tested for stability. The most
complete information about the stability and character of
possible transformations of ar2domain wall can be ob-

tained by analyzing the dispersion relations for bending and

1
h°m=5 f dx’J(x—x")cos ¢q,

_v’\2
Ix=x")=21n (X ’X ) ' (6)  bulsating perturbations of its equilibrium structure.
(X=x")+46 At this stage of the investigation we should examine the
where§is the thickness of the ferromagnetic film in units of Properties of solutions to Ed6) in general form. This will
| = W make it possible to treat not only an isolated domain wall but

Perturbations of the equilibrium structure are in this case?!S0 @ periodic domain structure in what follows.
determined by the system of linear integrodifferential equa-  AS @ result of integrating Eq6) we obtain

tions z(é’goo)z 2
19| —| =si +2eh,(C—cos¢p)
(Ll(%) 0 )(‘Pl)+ (LT1 LTZ)(%) o X %o z @0
& =V,
0 |—2(<Po) q L?l Lg]z q X d
+2sf dx"hom(X') —5 cos(x’), (11)
where o %

2

J
Li(@g)= —I2W+cos 209+ £(h,+h{,)cos ¢q,

whereC is a constant of integration whose value is deter-
mined by the state of the system. In particular, for @ 2
domain wall its value equals unity. From Ed.l) it follows
that the zero-approximation operatdrg andL, coincide to
zero order ing; consequently, their eigenfunctions differ
only by a small quantity.

After differentiating Eq.(6) with respect to the variable

dgo\?

0z ®

Lo(@g) =L1(pg) +sir? @o—I 2(

The first term in Eq(7) is the zero-approximation operator,
while the second term contains the small parametend

will be treated as a perturbation in what follows. In it we x, we find
include corrections that describe slow dynamic and surface ) . d
perturbations of exchange and magnetostatic origin. The L1i(¢0)@o=—¢ Sin o(X) == hom(X). (12

components of this operator have the form
It is not difficult to confirm that

1
Lia(e1) == J dp'l1(p—p")sin @o(X")(@1(p") — @1(p)) L,(¢o)sin @o(x)=0. (13

Porp) 1 &P Thus, ¢1(X)=¢@i(X), ¢¥o(x)=sing)(x) are eigenfunc-
e e tions of the zero-approximation operator. They are orthogo-
ay 8 dy nal, possess different symmetries, and correspond to two
closely-spaced levels. The solution to Ed@) can be written
Xf dp'l(p" —p)cos @o(X)cos go(X' ) @1(p'), in the form of an expansion

©1(p,7)=(C1(K, ) ¢h1(X) + Ca(K, ) thy(x)) e kY=,

L 99 19 J 4o ) aq
D=5 55y | G lpmeicoseo) 5o A(p.7) = (Ca(k,@) Y (X)+ Clk, ) ho(x) )&l 0.
14
La(er)=————5 ay Substituting Eq(14) into Eq.(7) and scalar-multiplying

with the corresponding eigenfunctions, we obtain a system of

, 0 , , algebraic equations
XJ dp’la(p=p") -7 COSeo(X) pa(p),

At this stage it is necessary to specify the value of the

1
LoAQ)=4mq+ 5 f dp’l1(p=p")alp’) function that describes the ground staig(x), which is a
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solution to the nonlinear integrodifferential E¢6). The
presence of the small parameteallows us to use perturba-
tion theory modified to take into account the nonlinearity of
the equation. The magnetostatic interaction has a long-rang
character and over a scale of magnetic uniformiityit
changes very little. This makes it possible to formally intro-
duce the parametér into the discussion, whose value is the
effective superposition of intrinsic magnetostatic and exter—§
nal magnetic fields. In this case we can write the equation oI:..
state in the form

2

29°®0 :
I WJrsm g COS g+ eh sin ¢q

=¢(h—h,—ho)Sin @g. (16)

The right side is now treated as a perturbation, and the solu-

tion is determined by perturbation theory
eo(X) =P (X)+ 6D (x), a7

where

[ €eh
<I>(x)=77+2arctar{ 1-T-sh sinh(y1+eh(x/l))

is the solution to the unperturbed Ed.6) that describes an
isolated 2r-domain wall, whose properties are well
known?*® while 6®(x) is a correction whose values are de-
termined by the equation

L1(¢o) 6P =e sin ¢o(h—h,—hgp).

(18)

Although the value of the correction proportionalgads
insignificant, the condition of solvability of Eq18) deter-
mines the unknown parametBe=H/M,. The solutions to
the uniform equation in zero approximation are known, see
Egs.(12) and(13).

In the case wheré> 1, computations lead to the result

H,—H _ 1 2 1 (14 a2
477M0_; arcta 3 —aln(l+a 9,
H=4B8Mqe 9, a=d/é. (19

Equation(19) relatesd (the width of the 2r-domain wall
in units ofl) to the external magnetic field. In small fields,
where the wall width is considerable, the quantityis neg-
ligibly small and Eq.(19) reverts to the well-known form
given in Ref. 2 The exponential correction derived in this

0.5

1.0

FIG. 1. Functional dependence Hf, on a from Eq. (19).

Agxp=Gi(\,a)+x2eN(N+0y(a)),

’y%
—-1
In 5

)

Az=G,(\,a)+x%eN| A+gq(a)+4

)

A44:(Gl()\,a)_2h)+%28)\

X
In 7__1

X
2

A—m2—g,(a)+ 2

A= Ap=Agn=A%=i 0l wg,
AIZZ A21: A34: AZgZ 4’7T| 2N x,
A13=Az1= A= As=0,

N=1/e8, y=e%7 -

v
G,=4m| 1—e) Z[In(()\/s)z)—ln(1+1/a2)] ,

G,=2h+8e\ In(1+1/a?),

2

77 2 2
5 (3a“ In(1+1/a%)

gx(a)=

—8a arctaril/a)—In(1+a?),
gi(a)=—a?In a’+(1+a?)In(1+a?). (20
The constank = 1/ 6= \aB/ A introduced into Eq(20)

paper comes from exchange, and is important near the CO{\'NhereA=I5 is the width of the ferromagnetic filmis a

lapse field. In Fig. 1 we compare how the width of &2

combination of fundamental characteristics of magnetic films

domain wall depends on the external magnetic field for a4 completely determines their properties. It is obvious that

film thicknessé= 10, taking into account the exchange in-
teraction(solid curve and without it(dashed curve

Analysis of the function Eq(19) shows that near the dispersion brancheso,(x)

a sample may be considered thin wher 1.

Spin-wave perturbations of an2domain wall have two
w,(x), which correspond to

collapse field tt,~4mMo) the width of the wall is mainly  penging and pulsating vibrations. Their asymptotic behav-
determined by the value of the exchange interaction angiors, calculated using Eq20) along with the condition that

magnetic anisotropy.

e\<<1, have the following forms in the long-wavelength

Using the solution we have found for the ground state tQ;,;t:

calculate the coefficients of E¢L5) in the long-wavelength
approximation §?=(ks)?<1), we derive

A= x*eN(N—g4(a)),
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FIG. 3. Dependence dfi. on é.
0

H, /47T M,
Combined with Eq(19), Eq. (23) determines the lower
stability boundary for the 2-domain wall. Expressiori23)
is in complete agreement with the results of Ref. 9 obtained
from a model of geometric domain boundaries, which in turn
Since we used an expansion in powersc«b determine is evidence of the magnetostatic nature of the bending insta-
the coefficients in Eq(20), we are guaranteed accuracy of bility.
the expressions in E§21) under the square root only up to In this investigation, the second inequality E82) is of
terms that are quadratic in the wave vectors. great interest, because it reveals how the structure of the
The branchw,(x) corresponds to pulsating perturba- magnetization distribution affects the stability of ar-2
tions of a 2r-domain wall, and has a ga@(h,), whose domain wall. Combined with Eq19) it determines the up-

FIG. 2. Dependence &2 on external magnetic field.

value depends on the external magnetic field: per boundary of stabilitythe collapse fieldand has the form
f2h) _ dml1— Zlin 82— 1+i i<2 1- [2Ins-In(1+a 2]
wo |\t as| M TN AT @2 Mo “7\7 45
8 1)) ¥2 — 4B exp(— ad)+0(5 ?).
X|2h+ <In| 1+ — . . o
o a Analysis of the solution to Eq(20) indicates that the

In Fig. 2 we compare our resultthe solid curvi for how structure of a Z-domain wall becomes unstable against es-

the value of the gap depends on film thickness with results
obtained from a geometric domain wall modéie dashed
curve for a typical materidi® with an anisotropy constant
B=100.

Obviously, the internal structure of arddomain wall is
strongly affected by the dynamic properties of the ferromag-
netic system in magnetic fields for whitth,~47M,.

Our expressions for the dispersion relations can be used
to investigate in detail the existence region of a strip domain
structure. The ground state is stable if the spectrum of spin-
wave perturbations is real and positive definite, while at criti- ™= |
cal points the spectrum reduces to zero. Analysis of(Ef). p=200
shows that the structure of ardlomain wall is most sensi-
tive to bending distortions, because the braaglix), which =
corresponds to bending distortions, reduces to zero first. The
condition w4(%)=0 breaks into two inequalities that deter-

mine the region of existence of the strip structure: - p=10
A11,A4=0. (22)
; i i 1 1 L 1 1 | 1 ] 1 L ] i
The first inequality has the form 5 70 =
i?—az In a2+ (1+a?)In(1+a?) (23 g
€d ' FIG. 4. Dependence af, on 6.
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wall reducing to zero, whereas the exact theory predicts a
finite value of the critical width of a 2-domain wall which
greatly exceeds the parametefor the width of a Bloch
domain wall. Thus, our theory quantitatively determines the
limits of applicability of geometric models of domain struc-
tures, along with the properties of the latter in this field
range. Analysis ofA,, reveals that during collapse of ar2
domain wall the mathematical representations are periodic in
character, with a finite wave vectar,. The dependence of
this wave vector on film thickness is shown in Fig. 5.
Although the representation of the coefficié, in the
form of an asymptotic expansion in powerssf somewhat
limits the applicability of these results, the theory developed
in this paper is applicable for highly anisotropic materials,
for which 8>100, which corresponds to a rather wide class
of orthoferrites and epitaxial ferrite-garnet films. In order
to use the theory in more general cases, we must relax the
requirement that an asymptotic expansiorxbe used in
Eq. (20).

FIG. 5. Dependence of; on &. *A. P. Malozemoff and J. C. SlonczewsKJagnetic Domain Walls in

Bubble Materials[Academic Press, New York, 1979; Mir, Moscow,
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metric domain walls, which indicates that these models are 1234(1986 [in Russian.
unsuitable for investigating the properties ofr-Bomain 10y, G. Bar'yakhtar and Yu. I Gorobet$fagnetic Bubbles and their Ar-
walls in magnetic fields close to critical values. Thus, in a @S (Naukova Dumka, Kiev, 1988

geometric model collapse is identical with the width of the Translated by Frank J. Crowne
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Effect of thermal broadening on the paramagnetic susceptibility of the Invar alloys
FegsNizs and Fe,,Pt,g

V. M. Zverev

P. N. Lebedev Institute of Physics, Russian Academy of Sciences, 117924 Moscow, Russia
(Submitted June 4, 1997
Fiz. Tverd. Tela(St. Petersbund0, 274—275(February 1998

Experimental data is used to show that bulk thermal broadening makes a considerable
contribution to the Curie constants of the Invar alloygsRé;s and Fe.Pt,s. © 1998 American
Institute of Physicg.S1063-783#8)02402-3

Many theoretical approaches have been used to discusdfect the magnetic properties of metals and alloys, which
the temperature dependence of magnetic susceptibilities afiffer from discussion in Ref. 6, it is interesting to compare
metals and alloys in the literatuisee, e.g., Ref.)1among the contributions from thermal phonons to the temperature
them the traditional approach of Ref. 2 in which the temperadependence of the paramagnetic susceptibility of the Invar
ture dependence of the magnetic susceptibilifif is deter-  alloys FesNizs and Fe,Ptg arising from two different ef-
mined by Stoner excitations. Another important cause oféects: magnetostriction and magnetoelasticity.
temperature dependence of the magnetic susceptibility is Let us start from the well-known thermodynamic rela-
spin fluctuationgsee, e.g., Refs. 3}5which when the real tion for paramagnetic susceptibilities defined at constant
band structures of metals and alloys are taken into accoufessurexp(P,T) and constant volumgy(V,T) (see, e.g.,
gives a temperature dependence close to the Curie-Weigef. 1
law.

In Ref. 6 Zverev and Silin proposed yet another possible Xp(P ) =xv(V,T) D
mechanism for temperature dependence of the magnetic susnd take into account the increase in the volume of the solid
ceptibility of metals and alloys—a contribution to the Curie due to thermal expansion explicitly:
constant from thermal acoustic phonons due to magnetoelas-
ticity. After a detailed analysis of the experimental data on V(P,T)=V(P)+AV(P,T). )

magnetoelasticity, these authbmncluded that such a con- HereV,(P)=V(P,T,) is the volume of the solid at the Curie

tribution should be important for the Invar alloys Fe—Ni, temperatureT, and pressureP, while AV(P,T) is the
Fe—Ni-Mn, and Fe.—Pt, with various compositions and de'change in volume caused by the difference between the tem-
grees of alloy ordering. _ _peratureT and T.. Since the paramagnetic temperature
In order to compare these theoretical approaches W'”FangeT>Tc in Invar alloys FeNiss and Fe,Pbg corre-
experimental data obtained at constant pressure, it is impo%‘ponds to a range of temperatures above the Debye
tant to identify the role played by thermal expansion of theemperaturé?4for thermal expansion of the volume we can
bulk solid in generating the temperature dependence of thgse the approximatiodV(T)/V.=38(T.)(T—T.), where
magnetic susceptibility. Thermal expansion enters into thez(T ) is the linear coefficient of thermal expansion of the
magnetic properties of metals and alloys via the well-knowrparamagnetic state at the Curie temperature. What we have
magnetostriction effedsee Refs. 7-101In this case, Zverev said above allows us to write the following simple expan-
and Silif used experimental data on paramagnetostrictiorion:
and thermal expansion of the bulk to demonstrate that a sig-
nificant role is played by thermal expansion in the tempera- _ din xy
ture dependence of the magnetic susceptibility in metals such Xp(P. 1) =xv(Ve, T) 1+3’8(T°)(T_T°)( d1nV, T
as platinum, rhodium, molybdenum, and iridium. 3)

In this paper it is shown for the example of the ferro- . o
magnetic Invar alloys ReNiss and Fe,Pbg that thermal ex- which takes into account the contribution of thermal expan-

pansion is indeed important in discussing the temperatur8©on (0 the temperature dependence of the paramagnetic sus-

dependence of the paramagnetic susceptibility of these aF—,ept'b'“ty' Above the Curie temperatgre WE Ccan use expres-
loys. The alloys FgNiss and Fe,Ptg are chosen primarily sions t_hat corresp_o_rjd to the Curie-Weiss law for the
because they are characterized by anomalously large magn'@—agnet'c susceptibilities EqL):

tostriction(see, e.g., Refs. 11 and)1Z his suggests that the C(P) C(V)
effect of thermal expansion on the temperature dependence xp(P,T)= T—T.P)" xv(V,T)= T—T.v)"
of the paramagnetic susceptibility of these alloys should be ¢ ¢
considerable. Furthermore, the thermal expansion of thesghereC is the Curie constant. Expressiof8 and(4) allow
alloys is determined primarily by the lattice at high tempera-ys to find the following relations:

tures(above the Curie temperatyré.f.,, Refs. 13 and 14

Because this is yet another example of how thermal phonons  Tc(P)=Tc(V¢) %)

4
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AC C(P)—C(V) dT, Ref. 15. The value of the baric derivative of the Curie tem-
(?) =Tovy —3B(TIK(Te) 45+ () peratured T./dP=—(4.0-3.2) K/kbar was taken from Ref.
MV ¢ 12. Then Eq.(6) allows us to obtain the following upper
Here C(V,.) is the Curie constant when the thermal expan-estimate for the contribution of thermal expansion to the Cu-
sion of the volume is neglected, akqT,) is the modulus of rie constant: AC/C)y,=0.13-0.21, which turns out to be
hydrostatic compression of the paramagnetic state at the Cueughly the same as that of the Invar alloysffizs. If we
rie temperature. Equatiof6) assumes that the condition then use Table 2 of Ref. 6 to estimate the contribution of
|d In T./dP|>|d In C/dP|[(T—T,)/T.] is satisfied, which is thermal phonons to the Curie constant due to the magne-
true for these Invar alloys over a wide range of temperaturetelasticity effect AC/C)yg=0.37—0.41 for the disordered
due to the large absolute value of the baric derivative of thénvar alloy Fe,Ptg, we find for the total contribution the

Curie temperature. anomalously large value AC/C=(AC/C)yy
Since the ferromagnetic transition in Invar alloys +(AC/C)yg=0.50-0.62.
FessNiss and FePtg is “washed out” with respect to tem- Thus, using experimental data we have shown that bulk

perature, in order to estimate E®) we will use two values thermal expansion is important in discussing the temperature
for the thermal expansion coefficie(T.) and hydrostatic dependence of the paramagnetic susceptibility of Invar alloys
compression moduluK(T.), the larger of which corre- FesNiss and FesPhg, and that the total contribution of ther-
sponds to a value extrapolated from the high-temperaturmal phonons to the Curie constant of these alloys when the
region down to the Curie temperature, while the smaller isffects of magnetostriction and magnetoelasticity are com-
measured experimentally at=T,. bined turns out to be anomalously large.

We can use Fig. 1 of Ref. 13 to find the thermal expan- ) . . )
sion coefficient of the Invar alloy keNiss, which gives the In conclu§|on I would like _to thr_;mk V. P. Silin for direct-
value B(T.)=(1.5-1.0)x10"5 K~L. Analogously, using N9 MY attention to the question discussed here.

Fig. 6 of Ref. 15 we find for the modulus of hydrostatic NS work was carried out within the framework of
compression the two values Project 96-02-1731&of the Russian Fund for Fundamental
K(T¢)=(15.0-11.8)x 1C? kbar. Research.

For the baric derivative of the Curie temperature we use
data from Table | of Ref 11, according to which i, Shimizu, Rep. Prog. Phys4, 329 (1981).
dT./dP=—(3.9-3.6) K/kbar. Then Eq.6) leads to the 2p.m. Edwards and E. P. Wohlfarth, Proc. Roy. Soc383 1427, 127
following very remarkable estimate for the contribution of (1968. .
thermal expansion to the Curie constant: %]. E. Dzyaloshinskiand P. S. Kondratenko, ZhkBp. Teor. Fiz70, 1987

(A_C/C)MVZO':_B__O'ZG' This Cont_”buuon coincides in sign “'(I':L.QZ/I?)r[if;Vézir;lysFll353;?6:503;2(]l\-/IQaYg?\]éts with Collectivized Electrons
with the contribution to the Curie constant from thermal (mir, Moscow, 1988.
phonons resulting from magnetoelasticity, for which we ob- ZM- Shimizu, Physica BL59, 26 (1989.
tain the estimate{C/C)z=0.14—0.18 for this Invar alloy 7:2' '\S"L'Jé‘i’e;n"aa’g/? \gh'r'as'gzaJETZ;—;ﬁntrf 81932'5 Soc. 4n996
from Table 2 of Ref. 6. Therefore, the total contribution of (7974 yama, 1. Sniga. ' o TS =0 AN
thermal phonons to the Curie constant of the Invar alloy®8v. M. Zverev and V. P. Silin, JETP Letti3, 579 (1986).
Fe;sNiss when both the magnetostrictive effect and the mag-g\/l-gl\él- Z_VerRev and V. P. Silin, Short Commun. in Physics, FIAIY, 35
netoelastic effect are simultaneously included turns out to bv;;_})(F. A gg:;m“\s/s'ﬁ‘/? Zverev, E. A Pamyatnykh, and V. P. Siin, Fiz. Met.
the comparatively large value AC/C=(AC/C)yy Metalloved.63, 876 (1987).
+(AC/C)ye=0.27-0.44. 11G. Hausch, Phys. Status Solidi ¥6, 371 (1973.

For the disordered Invar alloy F£tg we used Fig. 4b  1>G. Oomi and N. Ma, J. Phys. Soc. JpiE0, 2024(1981).
of Ref, 1410 find the thermal expansion coeffcent, obtainvg Relinghaus, 3. Keher, T SChneider, E. . Wassermann, and . Mohn
l vaiu =1 » wWhi Phys. Rev. B51, 2983(1995.
the lattice contribution extrapolated down to the Curie tem-l-”M.yShiga, K. Makita,( K. 3Uematsu, Y. Muraoka, and Y. Nakamura,
perature; the experimentally measured vgB(@.)=0. Data , J: Phys. Condens. Mattéy 1239(1990.
on the modulus of hydrostatic compression °: Hauseh. J. Phys.Soc. JST, 819(1974.

K(To)=(15.8-12.1)x 10? kbar was obtained from Fig. 4 of Translated by Frank J. Crowne
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Ferromagnetism and the metal-insulator transition in the magnetic semiconductor
system Fe ,Mn,_,S

G. V. Loseva, L. I. Ryabinkina, and A. D. Balaev

L. V. Kirensky Institute of Physics, Russian Academy of Sciences (Siberian Department),
660036 Krasnoyarsk, Russia

(Submitted June 2, 1997

Fiz. Tverd. Tela(St. Petersbuig0, 276—277(February 1998

The results of investigations of the structure, electrical, and magnetic properties in the system of
antiferromagnetic semiconductors,Mn, ,S (0<x=<0.5) are described. It is established

that metal-insulator transitions with respect to concentration and temperature are connected with
changes in the magnetic properties of the system.1998 American Institute of Physics.
[S1063-783%8)02502-1

It has been observed previoushthat the electric and the appearance of a hysteresis loop for the spontaneous mo-
magnetic state of the system of antiferromagnetic semicomment, the presence of a Curie temperature, and a deviation
ductors FeMn,_,S changes as the concentration of icon from linear behavior for the field dependence of the magne-
increases until a concentration-induced metal-insulator trartization at 300 K. The existence of ferromagnetic exchange
sition occurs. Studies of systems of magnetic semiconductoig this system is confirmed by constructing the magnetic
based on two monosulfides from thel 3eries containing phase diagram based on magnetic measurements and Monte
magnetoactive cations such as MnS-CrS, MnS-FeSCarlo calculationg.

FeS—CrS, CoS—CrS have shdbihat cation replacement in Magnetic measurements show thatxdaacreases from 0
the solid solutions is one effective method that can be usetb 0.2 the temperature behavior of the magnetic susceptibility
not only to regulate the parameters of the metal-insulatofthe curve 1x(t)) corresponds to antiferromagnetism in the
transition in these materials but also to significantly changéemperature range 80-700 K. However, the low-temperature
their magnetic characteristics, and also create new magnetiveasurements of magnetization indicate nucleation of ferro-
materials with metal-insulator transitions. magnetism at sufficiently low concentrations xf for ex-

In this paper we report the results of studies of the strucamplex~0.05. Figure 2 shows the temperature dependence
ture, electrical, and magnetic properties of the system of aref the magnetization for the compositior-0.3. Measure-
tiferromagnetic semiconductors Jn,;_,S undergoing a Mments were made using an automated magnetometer with a
metal-insulator transition and the interrelation between théuperconducting solenoid in the temperature range 4.2—-300
metal-insulator transition with respect to concentration and in a field of 700 Oe. The curver(T) has a low-
temperature and changes in the magnetic properties. temperature anomaly in the range<35<40 K. A similar

Samples of the E#n,_,S system (&x=<0.5) were high-temperature anomaly was observed~at5 K in the
obtained by heating vacuum quartz ampoules containingystem of antiferromagnetic semiconductorgMm, _,Se,
electrolytic Mn, reduced Fe, and sulphur with a purity of Which is isostructural with the EMn;_,S systenf. Mea-
99.999%, at 1233 K for a week to induce cation replacementsurements of the magnetic properties and neutron-scattering
A compound withx~0.3 having special electrical and mag- investigations of the system IMn; _,Se lead these authors
netic properties was synthesized several times using theto conclude that this low-temperature anomaly is connected
same fabrication technology. with the formation of a canted antiferromagnetic structure

According tox-ray structure analysis, all the compoundsand the appea rance of a magnetic moment. However,
investigated with 8x<0.5 in the temperature range 80— Whereas increasing andT in the system LiMn; _,Se leads
300 K were solid solutions with the FCC lattice @fMnS. ~ to a change from antiferromagnetic ordering to ferromag-

The electrical resistivity measured by a four-probe po-
tentiometer at constant current showed thatyx asreases, a
metal-insulator transition takes place with respect to concen-
tration whenx,~0.4 It is clear from Fig. 1 that, as the
temperature increases, the composition with0.3 exhibits sl
a smooth change in the type of conductivity from semicon-
ducting to semimetallic af >700 K (a metal-insulator tran-
sition with respect to temperatyraith a change in activa-
tion energy from 0.18 to 0.03 eV.

As the iron concentratiox increases, ferromagnetism
appears in the collinear antiferromagnetic hes¥inS (type ok v
I!) when x,~0.3. The following expe_:rimental effec_ts con- 300 ﬂlln 7('70 9('70 7.K
firm the appearance of ferromagnetism and coexistence of
antiferromagnetism and ferromagnetism in these compoundsIG. 1. Temperature dependence of the resistivity qf;F®,-S.

p.S2-cm

A
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Thus, the system EbIn;_,S for 0<x=<0.5 exhibits a
metal-insulator transition with respect to concentraticand
0.20r temperatureT, which are connected with changes in the
magnetic properties. In this system the concentration-
induced metal-insulator transition occursxat-0.4, so that
0161 the magnetic AFM~FM transition atx;~0.3 precedes the
metal-insulator transition. As for the temperature transition,
with increasingx and T the conductivity type is smoothly
replaced in the system, accompanied by the magnetic trans-
formation AFM—FM—PM and coexistence of antiferro-
magnetism and ferromagnetism.

G,6-emi/g

0.12¢ 1 d 1
0 50 150
T,K

A
250

FIG. 2. Temperature dependence of the magnetization gfM®, ;S in a ) .
magnetic field of 700 Oe. The author is grateful to G. A. Petrakovskind S. S.

Aplesnin for discussing this work.

netic, with simultaneous replacement of semiconductor con-

ductivity by metallic conductivity, in the system fn; _,S ) o o

the change in electrical and magnetic properties has its ownC: V- Loseva, L. I. Ryabinkina, S. G. Ovchinnikov, and O. A. Bayukov,
. g . .g prop . . Fiz. Tverd. Tela(Leningrad 25, 3717(1983 [Sov. Phys. Solid Stat25,

peculiarities: 1 compositions with 8x<0.3 are impurity 5145 (1933].

semiconductors with nucleated ferromagnetising@mposi- 2G. A. Petrakovski S. S. Aplesnin, G. V. Loseva, L. I. Ryabinkina, and

tions with 0.3<x=<0.4 are ferromagnetic semiconductors in K. I. Yanushkevich, Fiz. Tverd. Teld_eningrad 33, 406 (1991 [ Sov.
; - . - Phys. Solid Stat@3, 233(1991)].
which a smooth hlgh temperature transition takes place Wlth"‘G. V. Loseva, S. G. Ovchinnikov, and G. A. Petrakovskletal-Insulator

increasing temperatures from semiconductor to semimetal intransitions in3d-Metal Sulfides(Nauka, Novosibirsk, 1983[in Rus-
the temperature range 700— 1000 K; 3 compositions with siar.

0.4<x<0.5 are ferromagnetic semimetals with a Curie tem- “R. R. Heikes, T. R. McGuire, and R. J. Happel Jr., Phys. R@t, 703
peratureT .~ 780 K which become metallic ail~1000 K, (1963.

i.e., they enter the paramagnetic phase. Translated by Frank J. Crowne
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The antiferromagnetic-ferromagnetic transition in the system Zn 1-xCu,Cr,S,
R. Z. Sadykhov, D. A. Guseinov, and A. I. Akhmedov

Institute of Physics, Azerbaijani Academy of Sciences, 370143 Baku, Azerbaijan
(Submitted June 11, 1997
Fiz. Tverd. Tela(St. Petersbuigd0, 278—279(February 1998

The magnetization and paramagnetic susceptibility of the system of compoundgCagCr,S,
(0<x=1) are investigated at low temperatures. It is shown that as the content of Cu
increases the system exhibits a transition from an antiferromagnetic to a ferromagnetic state.
© 1998 American Institute of Physids$$1063-783%8)02602-1

In Refs. 1 and 2 we investigated the low-temperaturdinear in character, which is a sign of antiferromagnetism.
magnetic properties of the system of compoundstvidence for antiferromagnetic ordering in this compound is
Zn, _,Me,Cr,S, (where Me=Fe, C9. We associated the ob- the temperature dependence of the magnetic susceptibility
served deviations from linearity in the concentration depen{see the inset to Fig.)2lt is clear from this figure that, as the
dence of the magnetic moment at 4.2 K in both systems witlemperature increases from 4.2 K, the susceptibility increases
re-orientation of the spin magnetic moments of Cr ions in arup to a certain maximum value in the range- 25 K, after
octahedral sublattice, resulting in a concentration-inducesivhich it falls off linearly.
magnetic phase transition from antiferromagnetism to ferro- The temperature 25 K at which the susceptibilyT)
magnetism. reaches its maximum value corresponds to thelkempera-

The goal of this paper is to continue investigating howture of the composition witk=0.1. Note that the N tem-
the occupancy of the®shell of the ion being replaced af- perature of the original compound ZnSy is 18 K
fects the magnetic properties of such compounds. To accom- By processing the experimental temperature dependence
plish this, we have studied the magnetization and paramagf the magnetizatiofFig. 2) in the region of magnetic trans-
netic susceptibility of the system ZnCucCr,S, Our formation by the method of thermodynamic coefficients we
interest in this system stems from the fact that it allows us tgletermine the Curie temperature of the compounds being
trace the dynamics of a transition from an antiferromagneti¢ised, which turned out to equal 326=0.3), 371 ¢=0.5),
(ZnCr,S,) to a ferromagnetic statéCuCrS,) as Zn ions are 380 (x=0.7), 390 &=0.9) and 420 K x=1.0). The high
progressively replaced by Cu ions. value of the Curie temperature evenxat 0.3 is probably a

The samples we investigated were obtained by directesult of the exchange interaction mediated by charge carri-
solid-phase reaction of the high-purity starting component$rs that appear once a certain concentration of Cu ions has
in quartz ampoules. The synthesis took place at 850 °C oveyeen reached.

a period of 10 days. The powered samples obtained as a The calculated experimental values of the magnetic mo-
result of this synthesis were again pulverized, pressed intfientn at 4.2 K for compounds with 08x<1 were: 0.7
shapes under high pressure, and annealed in vacuum for(¥=0.3), 1.9 &=0.5), 3.0 &=0.7), 4.1 &=0.9) and
period of 7 days. X-ray analysis allows us to verify the 4.6 ug(x=1.0).

single-phase character of the samples and determine their The concentration dependence of the Curie temperature
crystal lattice parameters. We found that all the compoundgnd magnetic moment are shown in Fig. 3. It is clear from
crystallize in a cubic lattice, like the end-point compoufds, this figure that the concentration dependence of the magnetic
with lattice parameters 0.997%6€0.1), 0.9942¢=0.3),
0.9910&=0.5), 0.9878%¢=0.7), 0.9849¢=0.9), and

0.9820 nmk=1.0), which satisfies Vegard's law.

The magnetizationr was measured with a Domenicalli 80
pendulum magnetometer, and the magnetic susceptihility
was measured by Faraday’s method with magnetoelectric
weights. The spontaneous magnetization at a given tempera- .,
ture was determined by extrapolating the magnetization mea- E o
sured at various magnetic fields down to zero field. <| 40 -

Figure 1 shows the dependence of the specific magneti- &
zation of compounds Zn,Cu,Cr,S, with x=0.3 on mag- 1
netic field at 4.2 K. It is clear that the functiar(H) has the s —
ferromagnetic shape. The rather wide range of technical L | . . L \ .
magnetization of the sample with=0.3 decreases with in- 0 3 6 9 12
creasing Cu content, with the process of technical magneti- H,x08

zation Completed essen“a”y by rotation of the magnetic moT:IG. 1. Plots of the specific magnetization of compounds of the system

ments. - ) ) ] Zn, _,CuCr,S, versus magnetic field at 4.2 i: 1—0.3,2—0.5,3—0.7,
For the composition witk=0.1 the functiono(H) is  4—0.9,5—1.0.
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FIG. 2. Temperature dependence of the spontaneous magnetization and
verse paramagnetic susceptibility of the compounds Z0u,Cr,S,. x: 1—
0.3,2—0.5, 3—0.7,4—0.9, 5—1.0. The inset shows the temperature de-
pendence of magnetic susceptibility of Z&u, 1Cr,S,.

'IQI_G. 3. Concentration dependence of the Curie temperdfi)rehe mag-
netic moment at 4.2 K2), and the effective magnetic mome(3) of com-
pounds from the system Zn,CuCr,S,.

that use pure spin values of the magnetic moments of triva-

. . lent CP* and divalent Ct". Thus, for these states of the Cr
moment is essentially made up of three segments, each @ . : .
and Cu ions, the value of effective magnetic moment ex-

Wh'_Ch is characterized by a d|fferent_typ§ of m_agnet|c orde_r- ected from such calculations increase from 5%5 (.3) to
ing: 1) a segment where the ordering is antiferromagneti 75ug(x=1.0)
. B - . .

(0=<x=0.1); 2 a transition region (0&£x<0.3), where it . . .

) : . . . Thus, replacement of Zn ions by Cu ions in the system

is most likely that antiferromagnetic and ferromagnetic or- I .
Zn,;_,Cu,Cr,S, leads to a transition from an antiferromag-

dering coexist; and)3a segment where the ordering is fer- netic to a ferromagnetic state: upxe=0.1 the state antifer-

romagnetic (0.8:x<1). romagnetic, in the region 0<1x<<0.3 antiferromagnetic or-

For samples W'th 03x<1 (Fig. 2, Fhe tempera.tl'Jre dering coexists with ferromagnetic, and for=0.3 the
dependence of the inverse paramagnetic susceptibility has

) . ; . _compounds are all ferromagnetic in structure.
the typical ferromagnetic shape. Knowing the function P 9
1/X_(T) allows us to calculate the following effective mag- 1z 7. Sadykhov, L. M. Valiev, D. A. Guseov, and A. O. Ismailov, Fiz.
netic moment$: 5.7 (x=0.3), 5.75 &=0.5), 5.8 ¢=0.7), Tverd. Tela(Leningrad 26, 1206(1984 [Sov. Phys. Solid State6, 732
5.9 x=0.9), and Gug(x=10). 2(ng§4§' dykhov and A. D. N Fiz. Tverd. Télzningrad 31, 314
H H H . £. Sadyknov an . D. Namazov, Fiz. lvera. ningrad y
The copcentrauoq dependencg of the effective magnetic (1989 [Sov. Phys. Solid Stat81, 175(1989)].
momentp is plotted in Fig. 3. It is clear that as the Cu 35 \Methfessel and D. C. Mattis, iHandbuch der Physjkv. 18, Part 1,
content increases there is a definite increase in the effectiveH. P. J. wijn(Ed), Springer-Verlag, Berlif1968; Mir, Moscow, (1972.
magnet|c moment. Thls dependence Of the effecuve mag_AE Agostlnelll, P. Filaci, D. Fiorani, and E. Paparazzo, Solid State Com-
netic moment on the concentration of Cu, and also its nu- Mu" 56 541 (1985.
merical value, are in satisfactory agreement with calculationSranslated by Frank J. Crowne
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Magnetic phase diagrams of ferrimagnets having two magnetically unstable subsystems
N. P. Kolmakova and M. Yu. Nekrasova

Bryansk State Technical University, 241035 Bryansk, Russia
R. Z. Levitin and A. S. Markosyan

M. V. Lomonosov State University at Moscow, 119899 Moscow, Russia
(Submitted June 14, 1997
Fiz. Tverd. Tela(St. Petersbuig40, 280—284(February 1998

The molecular field approximation is used to construct magnetic phase diagrams along with
magnetization curves for ferrimagnets having two magnetically unstable subsystems. Diverse
sequences of phase transitions of various kinds—first qrdetamagneticand second

order(via a noncollinear phage-are realized in the course of magnetizing such ferrimagnets.
Analysis reveals how the magnetization curves depend on the relative values of parameters

of the two subsystems, e.g., sublattice magnetizations in weak and strong states, critical fields,
and values of the exchange interaction between sublatticesl998 American Institute

of Physics[S1063-783%8)02702-9

In a two-sublattice ferrimagnet with stable sublattices, armagnetic instability is manifested by both sublattices are a
external magnetic field induces a transition from a ferrimagnew class of magnetic materials in which magnetization
netic state with antiparallel magnetic moments to a ferrocurves and magnetic phase diagrams are still more compli-
magnetic state with parallel magnetic moments via twocated than those discussed in Ref. 2. Although there is no
second-order phase transitions through a noncollinear phageformation available from experimental studies of ferrimag-
(see, e.g., Ref.)1If one of the magnetic subsystertib- nets having two unstable subsystems, such compounds could
latticeg of the ferrimagnetic exhibits magnetic instability, be exist among thé—d intermetallics, in which thel-band
i.e., it undergoes a metamagnetic transition from a weak to aubsystem is metamagnetic while the rare-earth subsystem
strong magnetic state when a magnetic field is applied, variexhibits the phenomenon of crossover. Moreover, such ferri-
ous sequences of metamagnetic transitions and noncollinearagnets could be found among tbe-d intermetallics, in
phases can also occur. Magnetic phase diagrams for sugihich two magnetically unstable sublattices are present with
ferrimagnets were discussed theoretically in Ref. 2. In thigiegative interlattice exchange interactions.
paper, the analysis centered on how the magnetization pro- In this paper we discuss theoretically the magnetic phase
cess depends on the system parameters: the magnetizatigiggrams and magnetization curves of a two-sublattice ferri-
of the stable and unstable sublattio@s strong and weak Mmagnet with two magnetically unstable sublattices in which
statey, the field for the metamagnetic transition, and thea first-order transition takes place from the weakly magnetic
value of the intersublattice exchange interaction. Magnetizato the strongly magnetic state. The discussion is based on the
tion curves of this kind were observed experimentally in€ffective field model in the exchange approximation; for
Refs. 3 and 4 for #-3d intermetallic compounds of type simplicity it is assumed that there is no susceptibility, and
Y, R(Co;_,Al),, where R is a heavy “rare earth.” In that the magnetizations of both subsystems change discon-
these compounds thieband subsystem is unstable, and thustinuously at the metamagnetic transition fields.
is subject to metamagnetic transitions in a magnetic field
from a weakly magnetic state to a strongly magnetic state,
while the rare-earth subsystem is considered to be stable. A \opeL
number of these compounds have been observed to have two
metamagnetic transitions with a noncollinear phase between Let us consider a two-sublattice ferrimagnet, both of
them3%in agreement with the theory developed in Ref. 2. whose magnetic sublattices={1,2) are magnetically un-

Recently, however, a number of more complicated sysstable, i.e., at a critical value of the magnetic fiélg the
tems have been discovered in which the second magnetlattice transforms from a weakly magnetiw) state with
subsystem is magnetically unstable as well. Thus, for exmagnetizationm; to a strongly magnetics) state with mag-
ample, recent studies of the magnetic properties of the intemetizationM; :
metallic compound Tngshoyv that, along w[th the Co sub-  Mi=m,, H<H;: M,=M, H=H,. )
system, the Tm subsystem is also magnetically unstable in
this compound, and that various magnetic states of this suli-et us consider the magnetic phase diagrams and magnetiza-
system are possible depending on stoichiomeffiie nature  tion curves of such ferrimagnets in the molecular field ap-
of this instability is unclear at the present time. In particular,proximation, in which magnetic moments of the sublattices
it could arise from the phenomenon of crossover in the Tnin a state of thermodynamic equilibrium are assumed to be
subsystem, which is often observed in compounds with raredirected along the effective fields that act on them. We will
earth ions(see, for example, Ref,)6Ferrimagnets in which analyze the signs and magnitudes of these effective fields
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and choose the state corresponding to a minimum value dbr AW1

the ther_mo.dynamlc potential for a given value of the external Ay <A <Ng, (5b)

magnetic field.
In the simplest model, the thermodynamic potential of afor AW2

ferrimagnet with a negative exchange interaction between N A<\ (50

sublattices with magnetic moment, andM, is character- 3 5

ized by the exchange parametey,, and can be written in for AS

the form A>Nqg, I A <Ay A3,

G(H,T)=F;+F,—H(M1+M3)+AM;M;, A>Ng, if Ap<Aq,\s3

N=|\12(A12<0). 2

HereF; (i=1,2) is the thermodynamic potential of theh The process of magnetizing a ferrimagnet from any of these
unstable subsystem, which is different for the strong and . P gnetizing a fernmag y ot
iginal states can take place in various ways depending on

weak magnetic states. In this simple model, the connectioﬁ1r

betweenF; in the s andw states can be determined by the e specific relation of parameters 9f both sgbsystems.
relation Among these we can have a magnetic phase diagram that

includes the sequence of all twelve possible phases listed

Fis=Fiwt(M;—m,)H,. (3) above’ This interesting case we will treat in the following
section: here, however, we discuss only certain general fea-
gures that are characteristic of the magnetization processes.

Phase transitions between possible states of the system
can be both type [metamagnetic transitionsand type Il
nsitions to a noncollinear phaserhe critical fields at
ch the magnetic state of the system changes correspond
o setting the thermodynamic potentials of the phases equal.
n the simplest model we will discuss, analytic expressions
can be obtained rather simply for all the critical fields at

A>Ng, If Ag<<Aq,\s. (5d)

In these calculations we will be interested only in the differ-
ence in values of thermodynamic potentials for the two state
of each unstable subsystem.

Let us introduce the following nomenclature for denot-
ing phases that occur in this ferrimagnet. The possible phasé%?.
in the usual two-sublattice ferrimagnet differ by the mutual¥""
orientation of magnetic moments of the sublattices. Let usm}
label them in the following fashion: a ferrimagnetic phase

(with antiparallel orientation of the magnetic momenty . . :
A, a ferromagnetic phase ty, and a noncollinear phase by which the ma_gne_nc state of the system ghanges, a_md for this
reason we will list only a few of them in this article. By

N. Because of the existence of weak and strong magnetlghoo inam.>m. for definiteness and without loss of aene
states for each of the sublattices in this ferrimagnet, the num: singmz =My nl SS withoutloss of gener-

ber of phases increases by a factor of 4, and we will denotgl'ty’ and varying the relation between the remaining param-

them by addingW to the phase notation if both subsystemse.ters’ we can derive 3.2. different phase transjtions in all. For
are in the weakly magnetic statéf, (i=1,2) if one of the fw;?—ordgr phase transitions between noncollinear phases the
i-th subsystems is in the weakly magnetic state, &ifdoth critical fields are linear n .the exchang.e parameteror
subsystems are in the strongly magnetic state. Thus, for e)?_xample, the phase transitighw2—AS gives
ample, itAW1 corresponds to a ferrimagnetic phase with the (My—my)H,—AM(Mo+my)
first subsystem in the weakly magnetic state, while the sec- Hrw2as™ IM1—My[—M;—m, . ©®
ond is in the strongly magnetic state.

Depending on the value of the intersublattice exchangd he critical fields for first-order phase transitions between a
interaction and the relation between parameters of the suptoncollinear phase and a ferrimagnetic phesreferromag-
system, the original state &=0 will be one of four pos- Netic phasgare nonlinear functions of. For example,

sible ferrimagnetic stateAW, AW1, AW2, AS. Let us in- Hawzeaw=MMo—my) —{A(M;—my)[2H; —AM;
troduce characteristic values of the exchange parameter -
which separate the regions of various original states: —xmJ}2 (7)
(My—my)H;+(My—my)H, Noteworthy is the fact that second-order phase transitions
A= , occur only between noncollinear and ferromagnéic fer-

MiM,—mim . . . .
e TR rimagneti¢ phases, and occur without a change in the state

H, H, H, H, of either of the subsystems. The critical fields equal
Mt Mt Mo Ty @
1 2 2 1 Haioni=MMai—Myl,  Hyicp =AM+ My),
In what follows we W|Il.wr|te out conditions for t.he exis- i—W, W1, W2, S,
tence of each of the ferrimagnetic state#lat O obtained by
using Egs(1) and(3). Mi=m;, i=W; M;=M;, i=W1,W2,S (8
For AW
N<hy, if N<Ap\a, 2. THE CASE OF A MAXIMUM NUMBER OF PHASE
TRANSITIONS

A<\, if No<<N{,\3, . .
2 2-hns If the magnetic moments of the second subsystem in

N<Ngz, if Ag<Ni, Ny, (5a both states are so large that the condition
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FIG. 1. Schematic magnetization curve for a ferrimagnet with two magneti-
cally unstable subsystems satisfying conditit®sand(10) for Ag<A <\;.

my>My, My>my+2M;, (9) 0 A; Ay ARG A A

is satisfied, and furthermore if FIG. 2. Magnetic phase diagram for a ferrimagnet with two magnetically
unstable subsystems satisfying conditi¢®sand (10). Phase transitions of
first and second kind are shown by dashed and solid curves respectively.

H2>H1+)\(m2_m1), (10)

f(gz)vfg??ﬁ eoé)tih:ieen)g;hgp ?hi%a:irgir:aer ihatt! Sn ,Zatl(?_fg_ C&ldglr(;? then the magnetization curve d_iffers from that shown ir_l Fig.
subsystem in the strongly magnetic state, the second in th by the appearance of not six but only twoe noncollinear
weakly magnetic stajevery curious magnetization curves P asgsNWandNWl. . . . .
can occur, in which magnetization reversal of the first un- Fig. 2 shows the full F“?gne“c pha;e d_|agram in coordi-
stable system can take place twice: the first time when th ates t,A) when the original magnenzatlon curve of the
role of a stable subsystem is played by the second subsyste cond_supsystem IS phargctenzed by a larger value of the
with magnetizationm,, and the second time when the role of magnetization and critical field than the first subs_ys(ear_e
the stable subsystem is again played by the same subsysteﬁﬂs' ©) gnd (.10))' Note thgt the phase transition field
but now with a magnetizatioM,. Fwz2AsiS @ linearly dggreasmg function af(see Eq(6)).

For values of\ that satisfy the condition Depending on the specific relation between parameters of the

subsystems, the value of the exchange parameter

)\6>)\>)\7, )\6:H1/M1, )\7:2H1/(M1+m1), (l\/|2_rnz)H2
11 Ag= ,
(1) 97 2M (M p— My — mp) + my( M ,—my)

the magnetization curve is shown in Fig. 1. It is clear that itfor \which H ey, as= Hwoo ewa €N be largetas in Fig. 2
is exhibits five first-order phase transitions and six noncoly, smaller tham. If \g<\,, then in the range of values of
linear phases. Magnetiz_ation up to st&#t#v2 takes place the exchange parameteg<\ <\, the magnetization curve
according to the scenaril@W2—NW2—AW—NW—FW i differ from that shown in Fig. 2 by the absence of a
—NW2—FW2. Then, via a first-order phase transition the hnaseFW2 and the presence of a first-order phase transition
system arrives at the stakeS, and once more magnetization Nw2..AS. From Fig. 2 it is clear that smal\&\3) and
reversal of the first subsystem takes place according to th@rge (\>\-) values of the exchange parametercorre-
scenarioAS—NS—AW1—NW1—-FW1—-NS—FSup to  gpond to a situation with a considerably simpler sequence of
a second stable subsystem with magnetizahby, and fi- magnetic system states.
nally to the last statd=S. A characteristic feature of this
magnetization curve is its “detours” from the noncollinear 3. ANOTHER EXAMPLE OF A MAGNETIC PHASE DIAGRAM
phasedNW2 andNSinto “strange” ferrimagnetic phases. In
this case, the configurations of magnetic moments are deter- When conditiong9) and(10) for the subsystem param-
mined by well-known expressions for the anglese, e.g., eters are not satisfied, the magnetic phase diagrams are sim-
Ref. 8 in fields that make the thermodynamic potentialspler. When the relations between parameters are much less
equal one another. strict than(9) and (10), for example

If the values of the exchange paramelersatisfy the M,>My, Ho<Hi, Ap<\g (14)
following condition instead of conditiofil1):

(13

(recall that for definiteness we set,>m;), the magnetic
N3<A<DNg, (12 phase diagram is shown in Fig. 3. Magnetization curves for
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plest model allowed us to sort out the possible topologies for
the phase diagrams and their dependences on fundamental
subsystem parameters, and also to identify the situation with
the largest number of phase transitions. In order to refine this
theoretical approach it is necessary to include the magnetic
susceptibility, washing-out of the metamagnetic transitions
with respect to field, the influence of anisotropy, temperature
effects, etc., which we also propose to do in the future. The
question of what specific sequence of phase transitions and
in what real systems they can be observed requires a special
study. As we have already noted, certain Laves phases based
on TmCag could be ferrimagnets of the kind discussed above
if the rare-earth subsystem can exhibit crossover. In future
papers we shall address the question of whether it is possible
for low-lying energy levels of the thulium ion to intersect
when the latter is present in compounds of the type R€o
Hy Fw ‘ﬁ“ - /T positions with cubic symmetry, and we shall also discuss the

(AW, e e jumps in the magnetization that accompany such crossing.
0 2y Ay Ayl Ay A4 A2, A Once we have derived the parameters of the thulium sub-
FIG. 3. The same as in Fig. 2 for casdld). o= H,/M,. system, it V\_/iII be clear Whigh of the phase diagrams we have
No= (Mp—mp)Hy /(Mp—my) (M, —2my) +2m3, A= (M,—my)  discussed is the actual diagram. We should also look for
Hy /(Mp—my) (2my+my) —2m2, o= H,/m,. other compounds which could be ferrimagnets having two
magnetically unstable subsystems, in particular among ter-
nary rare-earth intermetallics with transition metals or in cer-

compounds with a magnetic phase diagram of this kind will@n intermetallics with manganese.

be much simpler than those shown in Fig. 1. However, itis  This work was carried out with the support of the Rus-
clear from Fig. 3 that different values of the exchange paxjan Fund for Fundamental Resealéhoject 96-02-16373
rameter\ correspond to various sequences of phase transing INTAS—RFFI(Project 96-IN-RU-641

tions that differ in their characteristics. For example, the non-

CO”'n_e_ar phas_e can be followed by two flr?’t'order phasels_ V. Tyablikov, Methods in the Quantum Theory of MagnetiBhiiley,
transitions, or it may be located between the first-order phasenew York, 1967; 2nd ed., Nauka, Moscow, 197p. 196.

transitions. Thus, by analyzing the magnetization curves we'l. S. Dubenko, N. P. Kolmakova, R. Z. Levitin, A. S. Markosyan, and

; ; ; . K. Zvezdin, J. Magn. Magn. Mated53 207 (1996.
can estimate the Valu? of the eXChange interaction betwee . E. Brommer, I. S. Dubenko, J. J. M. Franse, F. Kayzel, N. P. Kolma-
subsystems of the ferrimagnet.

) . . kova, R. Z. Levitin, A. S. Markosyan, and A. Yu. Sokolov, Phys. Lett. A
Once we have considered the various relations betweeni1sg, 253(1994.

the subsystem parametdrs;, M; andH,), including those 4P. E. Brommer, I. S. Dubenko, J. J. M. Franse, F. Kayzel, N. P. Kolma-

- e kova, R. Z. Levitin, A. S. Markosyan, and A. Yu. Sokolov, PhysicaB,
that do not satisfy conditiong9), (10), and (14), we can 155 (1995,

construct all possible magnetic phase diagrams. In COOI?di-SL S. Dubenko, I. V. Golosovsky, E. Gratz, R. Z. Levitin, A. S. Markosyan,

nates H,\) they number twelve. These magnetic phase dia- and I. Mirebeau, J. Magn. Magn. Mater50, 304 (1995.

grams allow us to construct magnetization curves whichG& 'i Bromme(rj,Al. 3 Dsublfrllko, th J M@Tﬁ&ﬁg 3)z Levitin, A. S.

. . . arkosyan, an . YU. SO0Kolov, ysica .

have different forms and Va‘_nous mtervqls of valugs of the7N. P. Kolmakova and R. Z. Levitin, il\bstracts of MM-M'96 Atlanta

exchange parametar for a given magnetic phase diagram, (199, P. BU-11.

as was shown in Figs. 2 and 3. 8K. P. Belov, A. K. Zvezdin, A. M. Kadomtseva, and R. Z. Leviti@ri-
Thus, in this paper we have discussed magnetic phase‘;g;a“‘%_”akphasg Transtions in Rare-Earth Magnéttauka, Moscow,

diagrams within the effective-field model for a ferrimagnet 9 [in Russiad, p. 211.

having two magnetically unstable sublattices. Use of the sim¥ranslated by Frank J. Crowne
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Magnetic anisotropy of YFe ;,Ti and its hydride
S. A. Nikitin, I. S. Tereshina, V. N. Verbetskil, and A. A. Salamova

Moscow State University, 119899 Moscow, Russia
(Submitted June 14, 1997
Fiz. Tverd. Tela(St. Petersbuigd0, 285—289(February 1998

A study of the magnetic anisotropy of single-crystal YH& and of its hydride is reported. The
measurements were performed on a vibrating-sample and a torsion magnetometer on field-
oriented single-crystal and powder samples. The temperature dependence of the magnetic
anisotropy constant&; and K, was determined by a mathematical treatment of

experimental torque curves and by applying the Sucksmith-Thompson technique to magnetization
data. It is shown that the temperature dependence of the magnetic anisotropy constants of
YFe;1Ti and of its hydride does not follow the prediction of the single-ion exchange model. It is
found that hydrogenenation results in a growth of the magnetic anisotropy constant, which

can be explained by an electron-density redistribution near the lattice positions occupied by iron
atoms. ©1998 American Institute of Physid$$1063-783%8)02802-7

RFeTi compounds, which have the Thinstructure, ried out on single-crystal YR€Ti and field-oriented hydride
are currently studied in a number of laboratorigDue to  samples, thus offering direct determination of the magnetic
the specific features of their crystal and magnetic structureanisotropy constants of these compounds.
these alloys are convenient subjects for investigation of fun-
damental problems in the physics of magnetic phenomena.

RFe;Ti compounds may be considered as a tWO-; gayp| g PREPARATION TECHNOLOGY AND
sublattice magné't.The rare-eartiRE) metal and iron sub-  \EASUREMENT TECHNIQUE
lattices contribute both to the resultant magnetization and to
the overall anisotropy. For light rare earths, the magnetic The technology of preparation and quality control of
moments on both sublattices order ferromagnetically and, fo¥Fe,;Ti samples are similar to those used earifelThe
heavy ones, ferrimagnetically. At low temperatures thesamples for magnetic measurements were single-crystal
dominant contribution to the overall anisotropy comes fromblocks with misorientation within 1-2°. The crystal quality
the RE sublattice, while in the high-temperature domain thevas estimated from Laue x-ray diffraction patterns. The
iron sublattice contribution prevails. Compensation of thesamples intended for torque measurements were discs
anisotropy contributions due to the two sublattices gives rise-4 mm in diameter and-0.3—0.4 mm thick. The disc plane
in some compounds, such as ThHe and DyFeg;Ti (Refs.  contained either th€110 or (001) crystallographic plane.
2-4), to spin-reorientation transitions under temperatureThe samples for magnetization measurements were spheres
variation. ~2 mm in diameter.

To obtain information about the properties of the iron The hydrogen used for hydrogenation was obtained by
sublattice, we studied compounds with rare earths having natecomposing LaNHg., , hydride containing 103-10 %%

a localized magnetic moment, such as Y and°furhe  impurities. The interaction of the starting material with hy-
YFe,,Ti composition was studied by various methods, in-drogen was studied at pressures of up to 20 atm in a tem-
cluding measurement of magnetic properfiesieutron perature range 293-593 K, with the amount of reacted hy-
diffraction® and Mssbauer spectroscopyAs for the mag-  drogen derived volumetrically. The H/Me ratithe number
netic anisotropy of single-crystal YEAi and its hydride, it  of gram-atoms of hydrogen per one gram-atom of the inter-
has received inadequate attention; indeed, data on the manetallic compoungwas calculated using the van der Waals
nitude and temperature dependence of the anisotropy fielelquation. The composition of the hydrides thus prepared was
H, of YFe;;Ti are contradictory. Estimates dfi, scatter checked by high-temperature hydrogen extraction.

over a wide range, fronH,=21-48 kOe afT=300 K to At room temperature, the intermetallic compound under
35-60 kOe at 77 KO the constanK; has not been deter- study did not react with hydrogen. The reaction started with
mined to a sufficiency accuracy within a broad temperature slight delay after the temperature was raised to 573 K and
range from 4.2 K to the Curie point, the anisotropy constanended in about an hour.

was derived indirectly from the magnetization curve ob-  X-ray diffraction analysis of the hydride was performed
tained for oriented powder samples, and there are no data @n a Dron-2 diffractometefCu K o radiatior) using powder

the second magnetic-anisotropy constidpt The magnetic samples. The analysis showed the samples to be single phase
anisotropy constants of the hydride of this compound als@nd crystallize in ThMg, structure, with lattice constants
require refinement. agreeing with literature data. The only reflections present in

The objective of the present work was a comprehensivéhe diffraction patterns correspond to this structure. No re-
study of magnetocrystalline anisotropy of YfBE and flections of« iron, which is found almost inevitably in iron-
YFe,1TiH. For the first time torque measurements were car+ich cast alloys, were observed in the diffraction patterns.
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FIG. 1. Experimental torqueL() curves for single-crystal YR€Ti measured  FIG. 2. Temperature dependence of saturation magnetizatjai single-
in (110 plane in a fieldH = 13 kOe at different temperatur@¢K): 1—78,  crystal YFg;Ti. Inset: temperature dependence of magnetizatiomea-
2—200, 3—300, 4—400, 5—480. sured in a fieldH =2 kOe. 1—YFe,; TiH, 2—YFe,;Ti.

Magnetic measurements of YRF&iH were made on free
powder placed in a ceramic vial, as well as on powder grainperaturegwithout preliminary correction This shape of the
oriented in a static magnetic field of 7 kOe and fixed in  curves, with a repetition period of 180°, is typical of uniaxial
this position with epoxy resin. The samples were shaped amagnets, with th¢001] direction being the easy axis, and
discs and spheres, thus ensuring correct consideration of th&10], the hard magnetization axis. As seen from Fig. 1, the
demagnetizing factor. torque curve amplitude decreases monotonically with in-
Experimental torque curves were obtained on a torquereasing temperature. The measurements performed on a disc
magnetometer within at temperature range of 77—700 K anih the (001) plane did not reveal any anisotropy in the basal
in magnetic fields of up to 13 kOe. The torque was measureglane of the sample.
in 2° steps of single-crystal sample rotation relative to the  The torque acting on a ferromagnetic single crystal is
magnetic field. related in a straightforward way to the derivative of the mag-
The magnetic anisotropy constants were derived fronnetic anisotropy energk ,(6) througH4
the torque dependence on the angle of turn by separating the
harmonics successively for external magnetic fidgldm ex- L(0)=—dF,/a9,
cess of the magnetic anisotropy fidit},. For fields below
H,, the processing of experimental curves required prelimiwhereé is the angle between the spontaneous-magnetization
nary correction by least-squar&sThe relative error in de- VvectorMs and the tetragonad.
termination of constank; by this method did not exceed The conversion ot (¢) to L(6) curves required to take
3%, and that of constant,, 10%. into account the difference between the angteand 6 is
Sample magnetization in static magnetic fields of up todescribed in detail in Ref. 14. In this way one corrects for
13 kOe was measured along different crystallographic direcdifferences in the orientation of vectoks andH.
tions by means of a vibrating-sample magnetometer within a ~ Figure 2 displays the temperature dependence of satura-
77-700-K range. To determine the magnetic anisotropytion magnetizatiorss for single-crystal YFgTi, which was
magnetization was measured in pulsed magnetic fields up t®easured on the sample used to obtain torque curves in a
120 kOe and temperatures ranging from 4.2 to 300 K. magnetic field of 13 kOe. This dependence follows a typical
When working in the low-temperature domain, the mag-ferromagnetic pattern with a monotonic decrease of magne-
netic anisotropy constants were determined also by thézation as the sample temperature increases from 4.2 K to
method of Sucksmith-ThompsdAwhich consists in a spe- the Curie point. The temperature dependence of the curve is
cial mathematical treatment of the magnetization curvedvell fitted by Stoner's relatiof. For the (110) crystallo-
measured along the easy and hard directions. The relati@aphic plane, the angular dependences of the torque can be
error of K, and K, determination by this method did not Specified in the forrtf
exceed 9%. The magnetic anisotropy constants thus obtained
were used in checking the main aspects of the theoretical L11d 6)=—2Kj sin 6 cos 04K sin® 6 cos6.  (2)

model underlying investigation of Rgi-type compounds. o )
Least-squares fitting of the( ) curves yielded the tempera-

ture dependence of the magnetic anisotropy constantnd

K, (filled circles in Fig. 3 within the temperature range
The experimental torque curves(e), for the YFg Ti 77—600 K. To determine the constars and K, in the

compound measured in a field of 13 kOe for {i&0) plane low-temperature domain, magnetization curves were ob-

as a function of the angle the field H makes with the tained along the easy and hard directions in magnetic fields

tetragonal axis are presented in Fig. 1 for different tem- of up to 120 kOe, well in excess of the magnetic anisotropy

2. RESULTS OF MEASUREMENTS AND DISCUSSION
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TABLE I. Lattice parametera andc, unit cell volumeV, magnetic anisot-
ropy constant,, and saturation magnetizatian; for the YFeq;Ti com-
pound and its hydride.

2.0

" K. 10, o,
\E 1.2 Compound a, A ¢, A VvV, A3 cla erglcnt  emulg
P YFe,,Ti 8509 4.783 346.6 0.56211  0.85 120
'T‘” YFe;TiH 8.547 4.786 349.6 0.55996 1.25 138
R
X

S
®

3d sublattice and the magnetic anisotropy obtaining a certain
contribution from the itinerant electrons, a point disregarded
by the theory of Ref. 15.
FIG. 3. Temperature dependence of magnetic anisotropy constant for singIT,- The_ above C,On(,:IUSIOn on the na_ture of magn?tocry,Stal_
crystal YFa,Ti: 1—K,, 2—K, (filed circles—torque method, open 1IN€ anisotropy is in agreement with neutron diffraction
circles—Sucksmith-Thompson methodnset: temperature dependence of data® which showed that the magnetic moments localized on
reduced magnetic anisotropy constai§/K,(0); l—experiment,2—  Fe atoms in YFgTi in the three nonequivalent positions, 8
caleulation. 8j, and & of ThMn,, [the iron magnetic momentg,., are
(in ug): 1.92, 2.28, 1.8 for the i8 8j, and & positions,
respectively differ strongly in magnitude from those on the
field. The magnetic anisotropy constants were found by plotdi- and trivalent iron ions4 and Jug , respectively. It thus
ting H/M vs M2 by the method of Sucksmith-Thompson fo!lows that. t_he magnetism of the iron sublattice is to a cer-
(open circles in F|g B tain extent itinerant.

The temperature dependencemf and K2 presented in We consider now the effect of hydrogenation on the
Fig. 3 exhibits a monotonic decrease of the constant§iagnetic properties of YRgTi. Hydrogenation is knowtft’
with increasing temperature as one approaches the Curl@ increase the interatomic distances and the unit cell vol-
point. The values of the magnetic anisotropy constapt Ume. In some compoundR,Fe;; and othersthe increase of
determined by the two methods coincided with a fairly good@tomic volume results in a large increase in the Curie tem-
accuracy within the 77—-300 K range. It was found thatPerature.

K,=(0.85+0.031)x 10 erg/cn? at T=300K and K; The Curie temperature of YEAi is dominated by ex-
=(1.89+0.06)x 107 erg/cn? at T=77 K. As for constant change interactions between iron atoms. We determined
K,, in the first casétorque measurementis was an order of &S the temperature corresponding to the steepest drop of
magnitude smaller than  Kq, namely, ~Magnetization in the transition of ferromagnetic to paramag-
K,=(0.032+0.003)x 10" erg/cn? for T=300 K and K,  netic state in a weak magnetic fielsee inset in Fig. 2 We
—(0.17+0.02)x 10’ erglcn? for T=77 K (see Fig. 3 The foundT.=538 K for YFeTi, which is less by far than that
calculations made by the Sucksmith-Thompson methodor metallic iron. Our calculatichshowed the shortest dis-

yielded still smaller values: tances between iron atoms in Y€ to be those in the
K,=(0.014+0.001)x 10" erg/cn? for T=300 K and K, 8f-8f and &-8i pairs(2.3818 and 2.3900 A, respectivily
=(0.095+0.009)- 10’ erg/cn? for T=77 K. Such small Fe-Fe distances make possible negative exchange

The high magnetocrystalline anisotropy of the Yfé interactions. Hydrogenation of Y& increases noticeably
compound is a consequence of a partial “unfreezing” of thethe lattice constania and the unit cell volumeV (by
orbital momentL of Fe ions in the anisotropic local crystal ~0.95%), while only weakly affecting the constaat(Table
field, which differs strongly for different crystallographic po- D.
sitions. This small “unfrozen” momenta component of the The Curie point of the hydride YkeTiH is substan-
orbital moment_) aligns with the easy magnetization axis to tially, almost by 60 K, highetsee inset Fig. 2 The increase
affect, in its turn, the orientation of the total spin moment via®f Tc can be attributed to the exchange energy increasing
spin-orbit coupling. with increasing Fe-Fe separation and atomic voldfrié.

The inset to Fig. 3 compares the experimental The rising Curie temperature induced by interstitial ele-
K,(T)/K4(0) curve with the theoretical relatibhfor the =~ Ments brings about also a substantial increase of such a tech-
case of a localized magnetic moment in terms of the Sing|enically important characteristic as the saturation magnetiza-
ion exchange model, which takes into account the interactioHon (0s=120 Gcm/g for YFe Ti and os=138 Gcm'/g

of the orbital moment with the crystal field: for YFe;TiH at T=300 K). The o4(T) dependence for
YFe;TiH has a typically ferromagnetic character, similar to
Ky (T)/K1(0)=[M4(T)/M40)]3, (3)  the starting compound, with a monotonic decrease wiith
heating.
whereK,(0) and M¢(0) are the magnetic anisotropy con- It appeared of interest to obtain information on the char-

stant and the saturation magnetic momentat K, respec- acter of the effects responsible for the change in magnetic
tively. The discrepancy between the experimental and theaanisotropy induced by hydrogenation.
retical data may be attributed to the magnetic moment of the The magnetic anisotropy constants of YH&H were
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1.0r1 It is known that single-ion exchange theory for localized

i moments yields the following expression for the magnetic
o6 anisotropy constar; (Ref. 19:
- Ki~Mg[1-(c/a)?]. (4)
T ok
S, 0.2 Estimation of the variation ofK; due to the
5 0 : : Job 4 e hydrogenation-induced change in magnetization and of the
'S -0.2} 45 G’emf;y J a_xiaI rati.o n=cla from this expression does not, however,
3 yield satisfactory results. Indeed, Table | and the above rela-
i tion predict a change dfk; approximately by 6%, whereas
-0.61 the experimental value of the changeHln is larger by an
i A order of magnitude.
0 5 0 15 One may thus conclude that the theory of magnetic an-
-1.0%- H,x0e isotropy based on the single-ion exchange model is inad-

_ _ _ equate in our case. Hydrogenation not only affects the crystal
FIG. 4. Experimental torqueL() curves for an oriented YR¢TiH powder fields generated by ionic charges in the nearest-neighbor en-

sample measured in a field=13 kOe at different temperatur@¢K): 1— . . . .
77, 2—300. Inset: magnetizationr vs magnetic field plot obtained at vironment but gives rise to Iarger effects of another origin as

T=300 K on an oriented YFRgTiH sample along(1) easy and(2) hard well.

directions. Hydrogen atoms incorporating into YR&i during hy-
drogenation occupy tetrahedral interstiéésExperimental

. ) ] data (see Table)l suggest that hydrogenation changes the

obtained by the above two techniques. Figure 4 shows torqugiice parameters and unit-cell volume. This results in a nar-

curves measured on oriented powder samples in a magneyigying of the itinerant & electron band® The nearest-

field of 13 kOe atT=77 and 330 K. The inset to Fig. 4 pejghpor environment of Fe atoms changed by incorporation

presents magnetization curves for the hydride taken on origf hydrogen atoms stretches the Fe-Fe valence bond, which

ented powder samples along the easy and hard directions gigjts in a redistribution of the valence-electron derfity.

T=300 K. We see that the magnetic anisotropy of the hy-s these effects that apparently account for the considerable

dride is also uniaxial, since thie(¢) curves repeat with a jncrease of the magnetic anisotropy constant of ;YFiél
180° period. The anisotropy field of the hydridg=30 kOe  ypserved in this work.

at T=300 K, exceeds that of the starting compound ¥Fe
(H,=20 kOe). In conclusion, the authors express gratitude to O. A. Zo-

The dependence of the first magnetic anisotropy constaotukhin and K. A. Skokov for supplying the single-crystal
of the intermetallic compound YEgi and of its hydride samples of the compounds, and to I. V. Telegina for assis-
YFe,;TiH on reduced temperatur&/T, is shown in Fig. 5 tance in sample characterization.
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A study is reported of the magnetic, electrical, and crystallographic properties; 0f$gaMnOg
(0.15=x=<0.23) epitaxial films grown on single-crystal substrate$0af1)ZrO,(Y ,05)

having the fluorite structure an@01)LaAlO5 having the perovskite structure. It was found that

films with close compositions fox=0.15 and 0.16, grown on different substrates, have

different properties, namely, the film on a fluorite substrate is semiconducting and has a coercive
strength 30 times that of the film on a perovskite substrate; the temperature dependence of
electrical resistance of the latter film has a maximum around the Curie Pgirsind follows

metallic behavior folT<T. These differences are explained as due to different structures

of the films. Thex=0.23 film on the perovskite substrate has been found to exhibit a combination
of giant magnetoresistance at room temperature with a resistanre@@d () which is

useful for applications. The maxima in resistance and absolute value of negative magnetoresistance
are accounted for by the existence of two-phase magnetic states in these filmi€989

American Institute of Physic§S1063-783@8)02902-5

Studies of rare-earth manganites having the perovskitenductively heated substrate. After deposition, the films were
structure have recently been attracting considerable intereadditionally annealed in oxygen at the deposition tempera-
due to the giant magnetoresistan@dR) which some of ture (750 °Q for 0.5 h. X-ray characterization of the films,
them exhibit at room temperatutelhe temperature depen- including determination of the phase composition, orienta-
dence of the MR of these materials, similar to other magnetition, and lattice parameters, was made with a four-circle Si-
semiconductoré, has a maximum in absolute magnitude emens D5000 diffractometer with a secondary graphite
about the Curie poinT, and it is only in this temperature monochromator(Cu Ka radiatior). The film composition
region that a giant MR is observed. In this class of magnetiavas determined by x-ray microprobe analy&g means of a
semiconductors, La,SrMnO;  compounds  with CAMSCAN scanning electron microscope equipped with an
0.3=x=<0.4 have the highest Curie temperatures,EDAX systen). The magnetization of the thin films was
~370 K24 The Curie temperatures of compositions with measured with a SQUID magnetometer, and electrical resis-
0.175<x=<0.3 also lie around 300 KIn these compositions tance, by the four-probe technique.
with To>300 K, however, the resistivitp of bulk single
crystals is of the order of I6—10"3 Q-cm3 Such asmall  , ExpERIMENTAL RESULTS AND DISCUSSION
magnitude ofp makes bulk crystals inconvenient for appli-
cations, although they exhibit giant MR aroufig. More A. Crystallographic properties
suitable for applications are thin films, whose resistivity is As follows from x-ray diffraction measurements, the
several orders of magnitude larger than that of bulk samples.aAlO, perovskite substratéhe parameter of pseudocubic

The objective of this work was to prepare perovskite cella=0.3792 nm permits one to grow(001)

La; _,Sr,MnO; epitaxial films with 0.15:x=<0.23 on differ-  griented La_,Sr,MnO; films (Fig. 18. ¢ scanning shows
ent substrates and to study their physical properties and thfie perovskite lattices of the film to be in epitaxial relation
effect of substrate structure on their magnetic and electricakith the substrate. The rocking-curve width measured at half
characteristics, as well as to grow films with giant MR maximum (FWHM) for the (002 and (004) reflections was
around 300 K and an electrical resistance suitable for applitypically 0.17—-0.25°. The mosaic structure of the substrate
cations. did not permit one to reach a higher perfection in film orien-
tation.

ZrO,(Y,03) (2a=0.514 nm) has the fluorite structure.
Thin Lg; _,Sr,MnOs films grown on this substrate h&dl10)
orientation(Fig. 1b with a FWHM of the rocking curve for

The films were grown by MOCVD using a vapor aerosol (111) and (222 reflections of 0.25—-0.3°. The choice of this
source of metallo-organic compoundsa, Sr, and Mn dipiv- orientation was motivated by the fact that the
aloyl methanate® 1-mm  thick  single-crystal (Zr)*"(0,)* (LaMnO)*"(O,)*" atomic layer sequence is en-
(001)ZrO,(Y ,0,) and (001)LaAlO; plates were used as sub- ergetically preferable taZr)**(0,)* (LaO)*(MnO,)~ for
strates. The films were deposited in a vertical reactor on athe (001) orientation. In the case of th@ 10 film orienta-

1. THIN-FILM PREPARATION AND EXPERIMENTAL
METHOD
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FIG. 1. X-ray diffraction patterns of thin films(a) LaggsSr 1aMNO; on
ZrO,(Y ,05) and(b) Lag g,Stp1dMINO5 on LaAlO;.
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FIG. 2. Orientation of a thin La ,Sr,MnO; film on ZrO,(Y,05) substrate
having the fluorite structure. Shown is one of four equivalent orientations in
the interface plane.

creasing temperature starting from=50 K. As evident
from Fig. 3, theM (T) curves for these compositions taken at
T=5K are far from saturation up to 30 kOe, the maximum
fields at which the measurements were performed. A similar
phenomenon was observed earlier for bulk sambleish no
explanation given. It should be pointed out that, as seen from
Fig. 3, for compositionx=0.23 for T<50 K, andx=0.16

for T<185 K the magnetizatioM is in excess of the values
due to the spin only, which on the average are 660 G for
compositions 0.15x=<0.23. By contrast, for thx=0.15
composition the magnetizatioM is lower than the above
theoretical value. This may be due to errors in determination
of the film thickness, which was derived only from the depo-

tion, the fluorite lattice of the substrate possesses excesition time, and could be as high as 30%. In this case the
symmetry elements in the interface plane, which gives rise t@eviations of the experimental values of magnetization lie

equivalent structural arrangements in the film. Thecan-

within the error limits.

ning technique established coexistence in the film of the fol-  As seen from Fig. 4, determination ®§ from theM (T)

lowing possible orientations in the interface plane:
(1) [111]4//[110]s, [112]//[110]s;
(2) [111],//[110]s, [112],//[110]s;
(3) [111]//[110]s, [112],//[110]s;
(4) [111]//[110], [112],//[110]s;

curves[for instance, by extrapolating the steepest part of the

Lf

7000

where indiced ands refer to the film and substrate, respec-
tively. The orientation of the body diagonal of the perovskite
cell along the diagonal of the fluorite cell face is common for
all possible variantdFig. 2), with high-angle boundaries
(19.5, 70.5, and 90%orming in the film plane.

B. Magnetic properties

Film magnetization was measured in a magnetic field
applied parallel to the film plane, with the results being cor-
rected for the substrate magnetization. Figure 3 presents
magnetizationM vs magnetic fieldH plots obtained at
T=5K, and Fig. 4, aM (T) dependence obtained at 30 kOe

0 5 15 25 35

H, kOe

fo_r all the films studied. We _re_ad”y see thfit the Co_mposmonsilG. 3. 5-K magnetization isotherms of thin L3Sr,MnO; films with x:
with x=0.16 and 0.23 exhibit a strong rise bf with de-  1—0.15,2—0.16,3—0.23.
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FIG. 4. Temperature dependence of magnetization in a magnetic field of 3@ 6. Hysteresis loops of thin La,St,MnO; films with x: 1—0.15 and
kOe obtained on La ,Sr,MnO; films with x: 1—0.15,2—0.16,3—0.23. 2-0.16.

M(T) curve to the temperature aXiwould be fairly difficult to the temperature axi§jielding 220 and 265 K, respec-
because of the slow falloff of magnetization in the vi(_:inity qf tively), and for the latter composition, from the maximum in
Tc. The Belov—Arrott plots also turned out to be inappli- e\ (T) relation(272 K). Figure 6 displays hysteresis loops
cazble because of the absence of linear parts in thg, o) the films studied:; we see that the loop for the0.15
M?#/(H/M) relations in the strong-field domain. Therefore g5 h1e is substantially broader, and the coercive force is

we used for determination df- the M(T) curves measured about 30 times that for the other two compositions.
in weak fields(Fig. 5. For compositions withx=0.15 and

0.16, the magnetization was obtained by cooling the sample

in a field H=20 Oe, and for thex=0.23 composition the c. Electrical properties
sample was cooled down t©=5 K with no field applied,

after which the magnetization was measured at 20 Oe during |
heating. For the first two above compositiofig; was ob- a
tained by extrapolating the steepest part of BhET) curve

Figure 7 presents the temperature dependence of electri-
resistanc® of all compositions studied, and Fig. 8, that
of magnetoresistance of thxe=0.23 composition. We see in
Fig. 7 that theR(T) relation for thex=0.15 composition
follows semiconducting behavior, whereas for the film with a
close compositionx=0.16, but grown on another substrate,
this relation is not monotonic. Indeed, in the low-temperature

150 domain,R of the latter composition increases weakly with

° temperature, which is characteristic of metallic conduction,
° and, starting fromT~230 K, exhibits a steep growth to
° reach a maximum nedi; . TheR(T) relation of thex=0.23
20 composition has a metallic character with a strong growth of
@< 1004
b
0.8 17.6
50 - 1.2
] &
b
0.4 10.8 .-
& o
' ) i
0 100 200 300 B 10.4
, -
FIG. 5. Temperature dependence of magnetization in a magnetic field of 20 0 L 0
Oe obtained on La ,Sr,MnO; films with (1) x=0.15 (the magnetization 100 200 J00 T,K

was measured with the film cooled in this field down to % &hd (2)
x=0.23 (the film was zero-field-cooled down to 5 K, after which its mag- FIG. 7. Temperature dependence of the resistance of thin,58MnO;
netization was measured during heating films with x: 1—0.15,2—0.16, and3—0.23.

265 Phys. Solid State 40 (2), February 1998 Gorbenko et al. 265



for coexistence of magnetic domains with at least four dif-

ferent easy-axis directions, whose walls make different

angles with the domain magnetizations. In such a film, mag-

netization by domain-wall motion requires stronger magnetic

fields than that in the case of 180° domain walls, and there-

fore the hysteresis loop of the film on a fluorite substrate is

wider than that for the film grown on a perovskite substrate.

As seen from Fig. 7, the resistance of the 0.15 film

on the fluorite substrate is two to three orders of magnitude

larger than that of th&=0.16 film on the perovskite sub-

strate. Moreover, the latter film has metallic conduction, and

the maximum in itsR(T) relation lies slightly abovel,

FIG. 8. Temperature dependences of magnetoresistance gf 83tdMinOg Wheregs the former has semiconducting .behaVIOr. As men-

film with x=0.23 measured in different magnetic fields Inset: magne- tioned m_ Subsect. A' the O-Mn-O bonds in the structure of

toresistance isotherms of this film. the fluorite-based film make angles of 19.5, 70.5, and 90°,
which makes Zener double exchange in it impossible. By
contrast, the O-Mn-O bond angles in perovskite-based films

R slightly above Tc; indeed, within the region are always close to 180°, thus creating favorable conditions

280<T=2330 K the resistance increases approximately by dor the Zener double exchange and, hence, for metallic con-

factor three. duction.

The magnetoresistand®R/R (AR=Ry—Ry-() of all

three compositions is negative and isotropic in the film plane

(no MR measurements with the field perpendicular to the: tyo-phase magnetic states as the main cause of the

film plane were performed As seen from Fig. 8, the maxima in electrical resistance and magnetoresistance near

|AR/R|(T) relations measured for the=0.23 composition  the Curie point

in various magnetic fields pass through a maximum around

310 K, i.e. slightly abov& . At the maximum this quantity

reaches a giant magnitudeAR/R|~13% in a field of 11

kOe. This film is very suitable for applications, since its

resistance, at the temperature wheX&®/R| has a maximum, . . )
P r&/R| Besides, it predicts a weak dependence oh the amount of

is ~400Q, i.e., it lies in the range convenient fpAR/R| : q tic-field and t twre d q ;
measurements. The magnetoresistance of the other two coﬁgp'ng’ and magnetic-ield and temperature dependences o
p below T¢ which are not observed in experiménit was

positions behaves in a pattern similar to that shown in Fig. 8} &9 . N
namely,|AR/R| reaches a maximum nede, and its mag- proposett® to explain the anomalies ip and the colossal

nitude at the maximum is larger than that for tke 0.23 MR ip thesg compouqu as due to Zener douple exchange
composition. For instance, for=0.15 it is 20%, and for combined \.N'th dynamic Jahn-TeIIer effect. In this way one
x=0.16, 35% in a field of 11 kOe. These giant magnetore-ca.ln associate the metal-semiconductor crossover Pear
sistances are observed, however, below room temperatur‘é’,'th atrans_|t|on frqm the polaron-t_ype condu_ctlon abdye
and therefore these compositions are less attractive from thtg the hopping regime t_)e_lowc. This assumption, however,
standpoint of applications than the=0.23 composition. IS not capable _Of explaining the_ fact that the temperfatures_of
Note that, as seen from the inset to Fig. 8, the MR isotherm e metal-semiconductor transition and of the maximum in

are far from saturation at 11 kOe, the maximum field in R\;\/re very close_to the (t:hune pmﬂt. . i tfor th
which measurements were made. e are proposing another mechanism to account for the

features observed in electrical resistance and magnetoresis-
tance in these materials, namely, the existence of a two-
phase magnetic state, which is characteristic of magnetic
semiconductor$? It is known that the conduction-electron
As seen from Subsections A-C, films with close com-energy in magnetic semiconductors is the lowest at complete
positions,x=0.15 and 0.16, but grown on different sub- ferromagnetiqFM) ordering in the crystal. In a nondegener-
strates differ substantially in their magnetic and electricalate antiferromagnetiAFM) semiconductor, however, the
properties. Indeed, Fig. 6 demonstrates that the hysteresidectron concentration is too small to change the state of the
loop of the film grown on the fluorite substrate is noticeablywhole crystal. At the same time FM microregions can form
wider than that of the film on the perovskite substrate. Thisn an AFM semiconductor through the gain in electssa
may be explained in the following way. In the latter case theexchange energy, and electrons stabilize them by self-
easy magnetization axes of different parts of the film ardrapping. As the impurity concentration increases, these FM
parallel to one another, and therefore magnetic domains witlrops in the AFM insulating matrix grow in size, which may
180° walls should occupy most of the film area. Domainresult in percolation if the amount of doping is high enough.
walls can move here even in a weak field. By contrast, inThus we come to another two-phase magnetic state, with
films on the fluorite substrate there are four different crystalinsulating AFM regions incorporated in a conducting FM
lographic orientations listed in Subsect. A, and this accountsatrix.

Calculation$® show that Zener double exchange alone
cannot account for the features observed experimentally in
rare-earth—doped manganites, for instance, the large values
of p aboveT. and the jump inp in the vicinity of Tc.

D. Effect of substrate crystal structure on the magnetic and
electrical properties
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Lay;_,SKLMnO; is a Sr-doped LaMn@AFM semicon-  Application of an external magnetic field brings about delo-
ductor. Thex=0.15 film with semiconducting behavior may calization of carriers from the band tails and an increase of
be considered as being in a two-phase magnetic state of tiigeir mobility,!® which manifests itself in the onset of giant
first type, in which FM drops occluding charge carriers arenegative MR. AboveT¢, this two-phase magnetic state is
distributed throughout an insulating AFM matrix. Applica- thermally destroyed, as a result of which magnetoresistance
tion of an external magnetic field destroys the FM drops andasses through a maximum in absolute magnitude figar
\rxalw?:r? ii;h:aﬁ?glréeréstir;gaecg Igr(t)rp])imassjr:)lﬁ;, e;sn(;a cr)i?autt: f Partial support of the Rl_Jssian Fund for Fundamental Re-
serves giant magnetoresistance. Abdye, this two-phase search(Grant 97-03-32979as gratefully acknowledged.
magnetic state is thermally destroyed, and therefore there is
no giant MR in this temperature region. It was shdwimat LE. L. Nagaev, Usp. Fiz. Nauk66, 833 (1996.
the radius of FM drops is maximal nedig, and this is why ~ *E. L. Nagaev,Physics of Magnetic Semiconductdfs Russiar (Nauka,

i i ; iMoscow, 1979.
magnetoresistance reaches a maximum in absolute magni}\. Urushibarg Y. Moritomo, T. Aruma, A. Asamitsu, G. Kido, and

tude at these temperatures. Y. Tokura, Phys. Rev. B1, 14103(1995.
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Paramagnetism in copper monoxide systems

A. A. Samokhvalov, T. I. Arbusova, N. A. Viglin, S. V. Naumov, V. R. Galakhov,
D. A. Zatsepin, Yu. A. Kotov, O. M. Samatov, and D. G. Kleshchev

Institute of Metal Physics, Russian Academy of Sciences (Ural Department), 620219 Ekaterinburg, Russia
(Submitted June 21, 1997
Fiz. Tverd. Tela(St. Petersbuig40, 295—298(February 1998

This paper describes the problem of high-temperature superconductivity related to investigations
of the magnetic susceptibility, electron paramagnetic resonance, afdxeray emission

spectra of samples from the following systems based on copper monoxide: CuO—Cu, G@D-Cu
and CuO—-MgO. In all these systems, thermal processing results in a paramagnetism which

is not observed in the individual components of these systems before they are procekaed. O
spectra of the interface of a Cu—single-crystal CuO film structure indicate the presence of

not only Cif* but also Cti* ions in the layer of CuO in close contact with Cu. Possible reasons
for the appearance of paramagnetism in these systems are discussed. It is proposed that a
paramagnetic layer at the contact between the antiferromagnetic copper monoxide and the other
copper-oxide phases or with copper could be the cause of the impurity metastability

observed previously in the high; superconducting phase. ®998 American Institute of
Physics[S1063-78318)03002-7

In Ref. 1 we showed that regions of a localized super4in equal amounts with an admixture of 3—5 mol. % Cu in the
conducting phaséseeds or fragmentswith a critical tem-  form of finely dispersed powders.
perature of 200—300 K form in specially prepared samples of  Samples of the system CuO—Quwere prepared hydro-
copper monoxide. Unfortunately, the small content of thisthermally at 160—170 °C over a periofi®h from a suspen-
phase, equal to 2-3% by volume, prevents it to be identifiedjon of C{OH), and CyO in a NaSO, solution.
by X'ray diffraction. HOWeVer, information about this phase Samp'es Of the System CuO_MgO were prepared by an-
can be obtained by studying its properties. To this end, Weyeajing a pressed mixture of CuO and MgO powders in air at
have prepared several heterophase systems based on copggs °c for 40 h, i.e., under conditions in which the solid
monoxide that imitate the specially treated samples of CuOgtion Mg, ,CuO cannot form. The resulting samples

l.e., consisting of CuO, Cu and g0, and the system CuO— ¢, qisted of a mixture of particles of MgO coated by a fine
MgO. We also have investigated their magnetic prOpertlesI'ayer of CuO. In essence, this was an imitation of the thin-

ele_ctron paramagnetic resonance, and x-ray spectra, film state of CuO on an MgO substratéray phase analysis
which allows us to determine the valence state of the copper,

. clearly showed only two phases: CuO and MgO.
ions. The samples underwentay structure ana-ray phase
analysis. In order to evaluate the role of a free surfdas opposed

to bulk) in the magnetism of CuO, we prepared fine crystal-
line powders(with an average particle size of i) of

1. SAMPLES AND MEASUREMENT METHOD mono- and polycrystalline CuO. The resulting powders have
a surface area that is several orders of magnitude larger than

Several series of samples based on C(uO-Cu, the bulk sample.

CuO-CyO and CuO-MgQ@ were prepared from reactants Thus, these samples were heterophase systems made up

with the trademark OSC. . ) .
Samples of the CuO-Cu system were prepared fI’OITcl)f guo phasest W':: C(l;’ QO(Dor l\(;IgMO.OSmcedC_:uO IS atn
mixtures of CuO-Cu powders by stirring, pressing, and ananierromagnet whiie U, GO and MgO are diamagnets,

nealing in air at 600—650 °C for 1—3 miX.ray phase analy- samples of these systems show no EPR signal before thermal

sis showed that the samples primarily contained the origina‘?rocessmg' and .their magnetic susceptibilities_ will not have
phases CuO and Cu, but with a rather small admixture of"y Paramagnetic temperature dependey(@® (i.e., C/T).
Cu,0 (3%) formed by partial oxidation of copper when the !N this casex(T) is determined by the additive sum gffor
mixture is heated in air. The samples used for investigating"u© and the diamagnetic components. Thermal processing
the OKa x-ray spectra were CuO—Cu heterostructures conthanges the magnetic properties of the samples considerably.
sisting of single-crystal CuO with a film of copper on the ~ The magnetic susceptibility was measured in the tem-
(110 plane. These heterostructure were identical to the hetPerature range from 70 to 500 K using magnetic Faraday
erostructure in which we observed a Meissner effect awveights with a sensitivity of & 10~® cm/g for H=15 kOe.
T=300K! The electron paramagnetic resonance was studied with an
Samples of the CuO-GO-Cu system were prepared ERS-231 EPR spectrometer X-band. The OKa x-ray
by explosively atomizing a copper wire by passing a high-emission spectra of the Cu—CuO interface were investigated
power current pulse through it in an air atmosphere. Thewith a JCXA-733 electron microprobe analyzer at 5 kV and
samples consisted of a mixture of phases of CuO angCu 100 nA having an aperture width of 0.5 eV.
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FIG. 1. Temperature dependence of the magnetic susceptibility of sample . . ,
T.K
2. RESULTS FIG. 3. Temperature dependences of the magnetic susceptibility of samples

0.2Cu0+0.8MgO (1), 0.1CuC+0.9MgO (2), and MgO(3), and the differ-
1) The CuG-Cu SystemFigure 1 shows the typical tem- enceA x= xs— xcuo— Xmgo for samplel (1') and sample 22')

perature dependence of the magnetic susceptibjlly) for

samples with the composition 0.79Cu0O-0.21Cu by mole. It o " , .
is clear that the functiony=C/T, i.e., it is paramagnetic in Paramagnetic impurities, Fig. 3 also shows the funcg¢n)

character with a negative temperature coefficient that is opf©" MJO and the differencel x = xs— xcuo~ Xmgo (Where
is the magnetic susceptibility of the samplBy plotting

posite what it should be i(T) were determined only by the Xs'>! . ) ) )
susceptibility of CuO(see Ref. 2 It is also clear that below this difference we ellmlngte the impurity paramagnetism of
240 K x(T) exhibits an anomaly against the background ofMgO from our results. It is clear thal)_((T) has the same
overall paramagnetic dependence whose character is “digznaracter as for the system CuO-Ouith increasing frac-
magnetic,” i.e., whose contribution decreases the paramagion of CuO. _
netic x(T) (see Ref. 1 Comparative measurements pfT) for bulk and_ f|_ne-

2) The CuG-Cu,0 SystemFigure 2 shows the function powder samples of_C_uO_show the same results within mea-
x(T) for two samples of the systemCuO+(1—x)Cu,0 surement error. This |nd|cates_ that the free ;urface of CuO
wherex=0.4 and 0.5. These functiongT) are primarily plays only a small role in creating the magnetic properties of

paramagnetic in character, i.e¢=C/T; the paramagnetic COPPer monoxide. o .
contribution increases with increasing fraction of,0uin _I_EPR measurements show that.whe.reas initial syste_m im-
the sample. As the fraction of CuO increasg€T) acquires purities (before thermal processipgive rise to no EPR sig- .
an opposite dependence that is characteristic of CuO with gal, samples of aI.I the systems that ghowed a paramagnetic
positive temperature coefficient. x(T) have an easily measured EPR signal after thermal pro-
3) The CuG-MgO SystemFigure 3 shows the function cessing. Typical values of the EPR linewidth were in the
¥(T) for samples o&kCuO+ (1—x)MgO wherex=0.1 and ~ ange 100-1100 Oe for g@-factor equal to 2.00—-2.20. For

0.2. Since MgO usually contains uncontrolled amounts of*@mple, at 293 K for the CuO-MgO system, the
0.05CuC+0.95MgO sample hadAH=258+50e and

g=2.182-0.005, the 0.10Cu0.90MgO sample had
AH=420+10 Oe and g=2.164-0.005, and the
0.20CuQ:0.80MgO sample hadAH=570+20 Oe and
g=2.14+0.01. Similar values oAH and theg-factor were
obtained for the other systems as well.

The results of investigating the ®a x-ray emission
spectra of the Cu—CuO interface are shown in Fig. 4. On this
plot, we also show the CuO and £ spectra for compari-
4 son. It is clear that the Cu—CuO interface in the region of
CuO in close contact with Cu contains not only ?Cibut

- , also Cd" ions.

ote-a)
25 3. DISCUSSION OF RESULTS
1 1

i A
100 200 300 The results of these studies of the magnetic susceptibility
7. K and EPR of heterophase systems consisting of antiferromag-

FIG. 2. Temperature dependences of the magnetic susceptibility of sampld¥etic CuO and diamagnetic Cu, 5@1 or Mgo _ShOW that in
0.4Cu0+0.6Cy0 (1) and 0.5Cu@-0.5Cy0 (2) all these systems thermal processing gives rise to a paramag-
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of the small role played by the free surface in creating mag-
netism in CuO, we can assume that the physical reason for
this paramagnetism in CuO is the defective nature of the
surface layer of the CuO phase, which enhances contact with
the other(diamagnetit phases. This defective nature in turn
leads to destruction of the antiferromagnetic exchange bonds
in the near-contact CuO layer and conversion of a portion of
the C#" ions to the free magnetically-disordergghramag-
netic state. In this case the possibility of antiferromagnetic
ordering of this phase at low temperatures cannot be ruled
out. It is well known that the presence of such a magnetically
ordered state in low-dimensional cuprate compounds is one
of the conditions for occurrence of high-temperature super-
conductivity. Another necessary condition for high-
temperature superconductivity is metallic conductivity. In
the copper monoxide based systems we have studied, and in
the specially prepared samples of CuQ, this metallic conduc-
tivity comes either from the metastable oxides,CQuCuy0
L ) 1 (see Refs. 4, bor the copper film. We can assume that in
520 Phatob;zr,senergy . ev530 CuO-Cu systems, e. g., in polycrystalline mixtures of
CuO—-Cu phases or in heterostructure CuO single-
FIG. 4. OKa x-ray emission spectra for the Cu—CuO interfate), cuo  crystal—Cu films as in the specially prepared samples of
(3), and CyO (4). The solid curves show fitted spectra for the Cu—CuO CuO, multiple interfaceqcontact$ create a near-contact
e e 0 B5e 2ocs S, " paramagnetc layer of copper—copper monoxide. This
CuO-Cu interface could be the cause of the magnetic and
electric anomalies we observed previously in Ref. 1, which
netic phase along with the antiferromagnetic CuO phase. Th&e explained by an impurity superconducting phase with a
Cu, CuO or MgO phases present in the samples have pradligh critical temperature. At this time it is difficult to say
tically no effect on the magnetism of the system due to thei@nything definite regarding the structure of this interface;
small amounts and the weak temperature dependence of théigwever, several assertions can be made. Thus, tier O
diamagnetic susceptibilities. spectra of the CuO-Cu interface imply that this interface
The CuO—Cu system exhibits a “diamagnetic” anomaly contains both Cti ions and Cti*, suggesting that the inter-
against a background function(T) that is paramagnetic in face can contain the oxide CuO with the NaCl structure or
character, due to the appearance of impuritiesgment$ of  the oxide CyO,;, which favor the appearance of supercon-
a localized superconducting phase with a critical temperaturguctivity (see Ref. L We also cannot exclude the possibility
of 240 K (see Ref. 1L Above 240 K,x(T) is purely para- that seeds of polar Jahn-Teller centers form in the interface
magnetic in character. We used the functy(T) measured |ayer, or that phase separation occtsse Ref. 1 Both these

in this temperature range, taking into account the phase coppssibilities could also mediate the creation of an impurity
tent of the sampléfor a concentration of 2% of the paramag- superconducting phase at the CuO—Cu interface.

netic phase; see Ref),1o make a best-guest estimate of the  \ye may add that the assumption of paramagnetism lo-
extrapolated Curie temperature, which turns out to be closg,jized in the CuO—MgO interfacéand other interfaces

FO 0K fqr arleifze?tivehmagélﬂic moment of 178, assum- based on Cuagrees with the results of Ref. 6 with regard
ing a spinS=1/2 for the Cd" ions. to multilayer CuO—MgO films. In this paper it was shown

A similar picture of the appearance of paramagnetlsm[hat paramagnetism in such films is localized to the CuO-

applies also to the systems CuO—ZOuan_d CuO-MgoO. For_ MogO interface layer. As the thickness of the CuO layer de-
the system CuO—-MgO the paramagnetism may be associate . . :
either with the thin film of CuO on the MgO grains or, as in Creases, i.e., as the role of the interface increases and the role

the other systems, with CUO—MgO interfaces of the bulk decreases, the’ dletlemperature of the film de-

The observation of paramagnetism in the temperatur§'€3Ses and the film exhibits an ovgrall paramggnetic tem-
dependence of the magnetic susceptibility is confirmed byPerature dependence for the magnetic susceptibility.
the appearance of clear EPR signals in these systems. The Thus, we can claim that heterophase systems based on
observed dependence of the EPR linewidth on the composfOPPer monoxide exhibit a paramagnetism after thermal pro-
tion of the CuUO—CO system can be explained by exchangecessing that is localized at interphase boundaries. The pres-
narrowing of the paramagnetic resonance linewidth. The valeénce in these systems of other copper-oxide phases in addi-
ues of AH and theg factor for this system are close to tion to copper monoxide with metallic conductivity or
observed values for the specially prepared samples of CuOcopper in contact with a paramagnetic layer of copper mon-

Thus, systems based on copper monoxide exhibit a paraxide could be the origin of the impurity metastable high-
magnetism that is absent before thermal processing. In liglgtuperconducting phase observed previotisly.

Intensity , arb. units
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Exchange mechanism for localization of phonons near the surface of a magnetically
ordered crystal

S. V. Tarasenko
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Fiz. Tverd. Tela(St. Petersbung40, 299—-304(February 1998

It is shown that first-principles inclusion of nonuniform exchange interaction leads to the creation
of a new type of generalized shear acoustic wave propagating near the mechanically free
surface of a magnet. Criteria are formulated that can be used to specify conditions under which
an “exchange” type of surface acoustic wave can exist at the boundary between a magnetic

and a nonmagnetic medium once the spectrum of magnetoelastic oscillations of the unbounded
magnetic crystal is known. €998 American Institute of Physid§1063-783#8)03102-5

It is well known from the acoustics of anisotropic media derstood in light of the fact that there is a complete analogy
that surface acoustic waves can propagate without attenubetween the generation aftype magnetic polaritons and
tion along a mechanically free crystal surface only whenshear surface acoustic waves when the surface of the mag-
their velocities are below a certain limiting velocity. If this netic crystal is in continuous acoustic contact with a non-
condition is not fulfilled, only traveling pseudosurface magnetic insulating medium. This problem is greatly clari-
(leaky) elastic waves can exist, which generate bulk elastidied by using Green’s functions to eliminate the magnetic
oscillations and consequently decay in the direction ofsubsystem from consideration, When this is done, the mag-
propagation. However, a qualitatively different situation netoelastic dynamics of the crystal can be described by using
arises when the propagation of an elastic wave along a meffective elastic moduli that now possess temporal disper-
chanically free sample surface is collinear with one of thesion. In analyzing the conditions for creation and propaga-
high-symmetry directions of the crystal. In this case, surfacdion of shear surface acoustic waves with a given polariza-
Rayleigh waves and the so-called limiting bulk waves cartion, the role of the magnetic susceptibility tensor is played
propagate simultaneously and independently. The latter, rdsy a set of corresponding components of the effective elastic
ferred to as bulk elastic waves of shear type, have a waveoduli of the crystal. Following the terminology introduced
displacement lying in the plane parallel to the free surface ofo analyze conditions for generation of surface polaritSns,
the crystal. It is not difficult to show that such an acousticwe can speak of a type-l shear surface acoustic wave, which
wave simultaneously satisfies both the equation of motion oéxists when a principal value of the effective elastic moduli
the elastic medium and the boundary conditions. When théensor has a negative sign, and a type-ll shear surface acous-
velocity of propagation of the Rayleigh wave in this high- tic wave, which can exist for any sign of the effective elastic
symmetry direction exceeds the velocity of the limiting bulk moduli. It should be noted that type-l shear surface acoustic
wave, small departures from the symmetry direction causgvaves also exists in situations where the effective acoustic
the solution for the bulk limiting wave to disappear, andretardation can be ignoredhe elastostatic approximation;
instead it becomes possible to create an elastic surface qusee Ref. 1L In this case these waves become elastostatic
sibulk wave!~* However, the conditions for localization of a spin waves? in complete agreement with the situation
limiting bulk wave turn out to be sensitive not only to the where surface magnetic polaritoGEE wave become sur-
choice of propagation directions of the wave but also toface magnetostatic spin waves when the effects of electro-
changes in the character of the boundary conditions, evemagnetic retardation are ignored. As for type-Il shear surface
when a wave of this type propagates along a high-symmetrgcoustic waves, they cannot exist without including the ef-
direction. This fact leads to the possibility of creating surfacefect of acoustic retardation, and their spectrum ends at a
acoustic waves of shear type when piezoeletfric point for which k#0, i.e., they also can be referred to as
(piezomagnetit® effects are present. The surface acoustic'virtual” shear surface acoustic waves by analogy with
wave types listed above that propagate near a mechanicaltype-Il surface polariton® Finally, one more type of shear
free surface(Rayleigh, quasibulk, and Gulyaev-Bleustein surface acoustic wave can exist in a magnetically ordered
waves can all exist not only in nonmagnetic but also in crystal when the spontaneous nonzero magnetization of the
magnetic crystals. In this case the presence of a macroscogatter (for T<T.) points along the normal to the propagation
ferromagnetic (antiferromagnetic moment when T<T, plane of the limiting bulk waveT>T,), or, when the spon-
(where T, is the Curie temperaturein magnetic crystals taneous magnetization equals zero, the equilibrium antiferro-
(both exchange-collinear and exchange-noncollinezm  magnetism and external magnetic-field vectors point along
lead to additional mechanisms for piezomagn@tiezoelec- this direction. In terms of the matrix of effective elastic
tric) effects® There are also other ways to generate sheamoduli this corresponds to a magnet with acoustic activity.
surface acoustic waves near the surface of a magneticalllowever, despite intense studies of various aspects of the
ordered crystal. The presence of additional mechanisms fareation and propagation of surface acoustic waves in mag-
generating surface acoustic waves of shear type can be unetically ordered crystals, the corresponding calculations tra-
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ditionally neglect the nonuniform spin-spin interacti¢the M;+M, M;—M,

exchangeless approximation’ln the few papers devoted to Im[<[l], m= oM. T T oM (1)
studying the effect of nonuniform spin-spin exchange on the 0 0

conditions for localization and propagation of surface acous-  Taking this circumstance into account, we can write the
tic waves, the role played by nonlocality of the Heisenbergenergy densityV of a rhombic antiferromagnet that includes
Spin-spin exchange in the phonon dynamics of the Crysta| |H1e interaction of the magnetiC and elastic Subsystems of the
reduced to converting surface acoustic waves into pseudosuftystal in the form®

face (leaky) acoustic waves, i.e., to delocalization of the  \y—\w_+w,__+W,, )
latter}* The question of whether the exchange mechanism
can localize phonons near the surface of a magnetically or-
dered crystal has yet to be addressed.

This latter fact provides the motivation for this paper, in )
which we determine the necessary conditions under which a Wmne=yMgl1lUsi, ©)
new typ_e of shear surface acoustic_vya\_/e_ can exist near the A
mechanically free surface of a semi-infinite magnet, whose We=§u§1+ wUd, 4
localization is determined by the nonlocality of the Heisen-
berg mechanism for spin-spin interaction, i.e., without takingwhere
into account the magnetic-dipole interaction. 1

(aul AUy

By|2

o a
W= M§[§m2+ 5 (Vh2+ %|§+ > W

The structure of the paper involves several sections. In y, ==
the first section, general boundary conditions are formulated 2
for a two-sublattice model of a rhombic antiferromagnetis the strain tensoi, u, andy are the Lameoefficient, the
based on first-principles with inclusion of magnetoelasticityshear modulus, and the magnetoelastic interaction constant
and nonuniform exchange interactions, assuming that the amrespectively,3,, , is the magnetic anisotropy constant, ahd
tiferromagnet occupies a space whose surface is free fro@nd o are the uniform and nonuniform exchange constants
elastic stresses and the spins are completely unpinned. In thgspectively. In what follows, we shall assume without loss
second section, the possible types of shear acoustic oscillaf generality that the following relation holds between the
tions propagating along a high-symmetry direction are clasmagnetic anisotropy constantg(,) calculated with magne-
sified with respect to the character of their localization neatostrictive strain includedin the ground stape
the boundary of the magnetic medium. In the third section, a
solution to the boundary problem formulated above is found Bz> By>0. )
that is localized near the surface of the magnet, and its dis- This corresponds to equilibrium orientation of the anti-
persion relation is investigated for a generalized shear suferromagnetism vector along tf@X axis. It is well known
face acoustic wave traveling along the surface separating thtaat the dynamics of this model are described by a closed
media. In a separaigourth) section we investigate how sur- system of equations consisting of the Landau-Lifshits equa-
face magnetic anisotropy affects the character of spatial loons for the sublattice magnetizations and the basic equation
calization of this type of surface acoustic wave. In the fifthfor the displacement vectarfrom the theory of elasticity. If
section of the paper, based on results obtained in the previne magnetic medium occupies a half-space with a mechani-
ous sections, criteria are proposed for the existence of thisally free surface at which the spins are entirely unpinned,
type of surface acoustic wave at a free surface of a magnetitien the system of boundary conditions that determines the
half-space with free spins in the presence of nonuniforminear surface magnetoelastic dynamics for this model of the
spin-spin exchange. These criteria can be used to identifihagnet(we assume that the normal to the magnet surface
sufficient conditions under which generalized shear surfaceoincides with one of the Cartesian axes of the coordinate
acoustic waves of exchange type can exist at the surface ofsgystem introduced aboyean be cast in the form
magnet with completely unpinned spins once the structure of
the spectrum of normal magnetoelastic oscillations of the M—O _ _

. A =0, alknk—O, §—0,d,
unbounded magnet is known. In the last section of the paper ¢

we state the conclusions that follow from these results. _
Iy,z_>oa E——o0, (6)

My Xy

1. BASIC RELATIONS whereT describes the amplitude of small oscillations of the

It is well known that exchange simultaneously enhancegintiferromagnetism vectdr near the equilibrium direction
magnetoelastic effects and weakens magnetic-dipole effects Il 0X), & is the coordinate along the directionandoy is
in ferromagnetg?® As an example of this, consider the mag- the elastic stress tensor.
netoelastic dynamics of a two-sublattice modetre M , Following the standard method for solving boundary
are the magnetizations of the sublattices andvalue problems, we look for a solution to this dynamic sys-
[M1|=|M,|=M,) of a rhombic antiferromagnet. If we intro- tem of equations, for instance for, that is localized near the
duce the ferro- and antiferromagnetic vectorsandl), then  free surface of the magnet, i.e., in the form
for a sufficiently weak magnetic fieltl (compared to the N
exchange fieldthe following approximation holds with good T%E Aj expliot—q;E—1k,1,), @
accuracy: ]
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where A; are grbitrary c_:onstants. The quantitiaﬁ_ ky<k, <Ks, wi(ki)<w2<wg+wg+w2me+ Czkf-
(g2=—(kn)?, 1<j=<N), which are roots of the dispersion 9
(characteristip equation, determine the spectrum of magne-
toelastic oscillations of the magnet without taking into ac-
count the boundary condition&; andr, are respectively ks<k,, 02(k)<o’<wd+wi+c?k?,
the projections of the wave vector and running coordinate
along the propagation direction of the magnetoelastic oscil-
Igtlons in the plgnel of t_he boundary. For our m.odezl, the ki<k, <k, w?<w?(k,). (10)
dispersion equation is a fifth-order polynomi&l€5) in g*. . _ 5

As a result, the corresponding dispersion equation will be ZC- Quasisurface magnetoelastic waveéReq; ,#0;
very awkward in general, and its solution will be possible'm 01,27 0):

only by numerical methods. Therefore, in what follows we | <k | 0?2 (k) <w?<w?(K,). (12)
limit ourselves to considering only shear acoustic oscillations

propagating along high-symmetry directions of the crystal D- Type-Il bulk magnetoelastic waveg;>0, q5<0):

B. Surface magnetoelastic wavég >0, g5>0):

0<k, <k;, w?<s?k?,

(i.e.,in pla_mes normal to a Cartesian c_oordinate)ak@re— Ko<k, wg+ wﬁqur czki<w2<szkf ,
over, by virtue of Eq(5) we need consider only the interac-
tion of elastic oscillations with the low-frequency magnon  k, <k,, sk <w?<wi+w3+c%k?. (12)

mode of the spectrum of an unbounded antiferromagnet E
(2). As an example, let us consider the casé 0X, k

e XZ. Calculations show that the characteristic equation fo
the magnetoelastic boundary value problem under discussion k2= w3/(s?—c?), ki=(wi+ w2 )/(s>—c?),
is a reduced biquadratic equationgrwhose coefficients are
functions of two external parameters specified by experi-

Here wi=g?c?By/a, wie=g?c?y*MZ(ua) for keXZ
I(uIIOY) and

k2= (w3t 0l (1+%c))/(s2~c2), w’(Ky)=0.

ment: the oscillation frequenay and the component perpen- Analysis of Eqs(9)—(12) in the geometry under discus-
dicular ton of the wave vector of the magnetostatic oscilla- sion reveals one particular characteristic feature of the spec-
tionsk, : trum of bound magnon-phonon oscillations induced by the
, , w§+2c2kf — w¥(1—c¥s?) S|multar.1eo.us inclusion of nonuniform exchange“and a,(’:oustlc
q*-P.0%+P,=0, P,= 5 , retardation: the presence at the surface of “high-" and
¢ “low-frequency” bands of parameters® and k, in which
wg +czkf + wrzn — w2 s s surface magnetoelastic waves can coexist with both type-I
P,= =2 (ki —w?/s9). (8) and type-1l bulk magnetoelastic waves.

2_ N2 2 H H :
Herec®=g°a6Mg/2 ands is the velocity of the propagating 3. GENERALIZED SHEAR SURFACE ACOUSTIC WAVES OF
spin and shear elastic waves in an unbounded magnet EgXCHANGE TYPE

(2), g is the gyromagnetic ratio, angdy and w ¢ are respec- . .
tively the activation and magnetoelastic gaps for that mode Using Eqs.(6)~(12), we now can turn to a more detailed

of the spectrum of normal spin waves of an unbounded mad_nvestigation of surface linear magnetoelastic dynamics of a
L~ i-infinite rh [ tif t. Th i
net Eq.(2) for which T || 0Y whenk e XZ. semi-infinite rhombic antiferromagne e corresponding

; ; . di i ti b itten in the f
Using Egs(7), (8), we can classify the possible types of ISpersion equation can be Written In the form
propagating magnetoelastic oscillations based on the charac- q'f+ q§+ qlqz—(kf—wzlsz)zo,
ter of their spatial localization near the magnet surface. P P
o

ql,Zz?— 2
2. CLASSIFICATION OF POSSIBLE TYPES OF
MAGNETOELASTIC EXCITATIONS Analysis shows that Eq(13) describes a two-component
shear surface acoustic wave of exchange type, whose disper-
sion law can be found from Eq13) in explicit form for
arbitraryk, (k, a>1, wherea is the lattice constajt

2
_P2

112
(13

Analysis of Egs(7) and(8) shows that depending on the
magnitudes of the frequenay and the wave vector projec-
tion k, of k onto the plane of the film, four fundamentally

different types of propagating two-component magnetoelas- ~ , N; [[N;}? 172
tic normal oscillations are possible, which differ in the char-  “ ~ 75 o —Ng|
acter of their spatial localization along the normal to the 2 22 o 2. 2 2
magnet surfacéq; , are roots of Eq(8), andw? (k) are the N _ 2w5+ K]~ (w0t et cki)/s
roots of the equatio®?=4P,, which is quadratic inv?). = 1—c?/s? ;
: 2 2 .
A. Type-l bulk magnetoelastic wavég;<0, q5<0): _(w§+c2kf)2—czkf(w§+wﬁq9 »
k <kp, wg+w?t+cki<2, 2= 1—c?/s? ' )
ko<k,, w?>>s%k?, The appearance of this type of surface magnetoelastic
5 s o2 wave at the boundary between a magnetic and nonmagnetic
ki<k, <kz, —oi(k)<w <sk, media is a consequence of the influence of nonuniform ex-
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change on the interaction of bulk elastic and low-frequency, . In this case the spin wave becomes a pure surface wave
bulk spin modes of an unbounded magnet. In this case, bot(rqi2>0), which agrees with Eqs(9)—(12) for the low-

the elastic displacement vectorand the amplitude of oscil- frequency band of surface magnetoelastic excitations. If,
lations of the antiferromagnetism vecibrare polarized lin- however, the surface magnetic anisotropy is the easy-axis

early and directed along the normal to the sagittal plane ofyP® ®>0), it follows from Eq.(16) that for smallk, there
the surface acoustic wave. is no localization at all of magnetoelastic excitations of this

Comparison of Eqs(13) and (14) with Egs. (9)—(12)  tYpe near the magnet surface. However, with increaking
shows that this type of surface acoustic wave is delocalizef® influence of pinning of the magnetic moments on the
whenk, =k, #0 and transforms into a bulk elastic wave. character of the dispersion curves EIf) is gradually weak-
However, if ko<k, <k, (wherek, =6wd5¢), the shear ened_unnl forkL:k*_l(b) the surface acoustic waves, bot_h
surface acoustic wave under study is a two-component gerf@" this and the previous case, smoothly pass into the regime
eralized surface elastic wave whose dispersion curve foff quasisurfacegeneralizes magnetoelastic waves. Ag
k, =k, becomes a two-component surface elastic wéwe continues to increase, the localized surface acoustic wave
Eq. (7) we haveg? ,>0). It is simple to show that this type determined by Eq(16) smoothly passes into the regime of

of localized magnetoelastic excitation cannot occur without Ngh-frequency” surface magnetoelastic waves E8)-
including the nonuniform exchange interactiom— 0). (12) when k, =k, (b). Analysis of Egs.(16) and (17)
shows that the value of the easy-plane anisotropy constant

cannot be higher than a certain critical value, otherwise the

directions of the equilibrium magnetization will be different
The dispersion characteristics of the traditional types ofn the bulk and near the surface of the maghet.

shear surface acoustic waves are practically independent of

the character of the surface magnetic anisotropy; however,

analysis shows that this is by no means true for the shear CRITERIA FOR GENERATING GENERALIZED SHEAR

surface acoustic wave of exchange type discussed in thigURFACE ACOUSTIC WAVES OF EXCHANGE TYPE

paper. To illustrate this statement, let us assume as before |n order to observe this type of magnetoelastic surface

that the surface of the magnetic half-space is mechanicallgcoustic wave experimentally, it is clearly vital to find crite-

free, but that the spins are partially pinned at the surfacgia based on analysis of the spectrum of magnetoelastic os-

(hereb is the constant for uniaxial surface magnetic anisot-illations of an unbounded magnién this case Eq(8)] that

ropy). In this case, the system of boundary conditions thaindicate what relative orientations of the vectbrs andk

determines the linear surface magnetoelastic dynamics fafllow the exchange type of shear magnetoelastic surface

this model of the magnet takes the following form in place ofacoustic waves to exist along the mechanically free surface

4. EFFECT OF SURFACE MAGNETIC ANISOTROPY

Eq. (6): of the magnet. To find these criteria, it is above all necessary
to note that[as follows from Eq.(14)] the corresponding
Y2 +bTy ,=0, oun=0, &=04d, antiferromagnet should be, according to the terminology of
9¢ ' Ref. 18, a low-temperature antiferromagnet, i.€,>Tp
Ty,zHO, s —oo. (15 [where T\(Tp) is the Nel (Debye temperaturg Even if

this condition is fulfilled, however, it follows from Eq8)
Calculations show that when the surface magnetic anthat the new type of shear surface acoustic wave found in
isotropy is included, the dispersion relation for surface magthis paper will propagate in this high-symmetry direction
netoelastic oscillations in this model of an antiferromagnebnly if the direction along which conditions are realized for
can be written in the form strong magnetgf?lastic coupling in the unbounded antiferro-
2, .2 2 2.2\ magnetic crystaf' coincides with the directiom normal to
A1+ Az H dydz~ (KL~ @7/ =b(A1+qy). (16) the boundary between the magnetic and nonmagnetic media
If the spins are partially pinned, then it is not possible tofor the semi-infinite magnet. Our confidence in the correct-
find an exact solution to the dispersion H§) in explicit  ness of this criterion is based on solutions for the boundary
form. However, we can investigate the main consequences eflue problem Eq(6) for propagation of magnetoelastic os-
allowing the surface magnetic anisotropy to influence thecillations in planes other than those associated with B)s.
localization of this type of surface acoustic wave near a mef17). Calculation shows that analogous types of magneto-
chanically free magnet surface by considering the point atlastic shear surface acoustic waves arise from the model
which this surface acoustic wave transforms into a bulk eIasEqS.(z)_(G) whenn | OY andkeYZ (T=T,) as well.
tic wave in the case of easy-plane surface magnetic anisot- |t js noteworthy that this type of magnetoelastic shear
ropy (b<<0): surface acoustic wave can be viewed as intermediate in na-
w2—c2b? ture between the first and second kinds of magnetoelastic
k2(b)= %. (17  surface acoustic waves, since, like the first kind of magneto-
s-¢ elastic shear surface acoustic wave, it can also exist without
Comparison of Eq(17) and Egs.(9—(12) shows that inclusion of acoustic retardation, but its existence does not
easy-plane surface magnetic anisotrogy<Q) leads to require that the effective elastic modulus simultaneously
abrupt(compared to Eq(13)) localization of the traveling have a negative sign, as is the case for “virtual” magneto-
spin wave near the surface in the region of relatively smalklastic surface acoustic waves.
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Pulsed magnetization reversal of single-crystal iron borate in the presence of a
transverse magnetic field
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This paper describes the first investigations of the process of pulsed 180° magnetization reversal
in iron borate in the presence of a transverse magnetic field. How the intensity of
magnetoelastic oscillations depends on the amplitude of the magnetization reversal field and the
duration of the primary period of the transient process is studied, and also the analysis of
hodographs of the magnetization vector, which show that the primary reason why the pulsed
magnetization reversal curve exhibits a kink is a decrease in the energy lost to excitation

of magnetoelastic oscillations, caused by lagging of the elastic subsystem of the crystal behind
the magnetic subsystem for magnetization reversal times less than 13-16 19989

American Institute of Physic§S1063-783%08)03202-X]

The study of transient processes in single crystals omagnetization reversal. Up to now detailed confirmation that
FeBQ; (iron borate is of special interest since this magnet this is true has been obtained only for Fe—Ni filffar ex-
exhibits an interaction between the elastic and magnetic sutample, in Ref. 8 However, since these films are polycrys-
systems of the crystal in a way that is most remarkable anthlline in structure, it is not possible to study them with suf-
accessible to investigation® It has now been establisted  ficient theoretical precision. Our interest lies in the
that the magnetoelastic interaction can have a strong effegossibility of obtaining unequivocal indications that magne-
on the form of the primary pulsed integral characteristics toelastic oscillations can affect the shape of the pulsed mag-
i.e., the pulsed magnetization reversal curve, in which thenetization reversal curve.
inverse duration of the transient process is plotted versus
the amplitude of the magnetization reversal fiéld. It is
observed that the “freezing” of the crystal lattice previously
seen in ferro- and antiferromagnetic resonance experiments We studied six single crystals of FeBOwith thick-
at frequencies of-10°— 10* MHz,%® really begins to appear nesses ranging from 24 to 136m and irregular polygonal
at magnetization reversal times13—16 ns. However, only shapes with transverse dimensions 3-8 mm. In the absence
one transient process has been investigated in detail—that of external fields, the total magnetic moment of each single
pulsed 180° magnetization revergat zero transverse field crystal was close to zero. The minimum DC magnetic field
In order to obtain a deeper understanding of the peculiaritiemtensityH ¢, that produces technical saturation in any direc-
of magnetic interactions and their influence on the transiention in the plane of the samplgerpendicular to the axis)
processes that occur, it is desirable to broaden the range @fas in the range 1.4—-2.5 Oe for various samples. Our results
processes under study. Thus, the study of 90° pulsed magnare illustrated by a sample with the following parameters:
tization could reveal the reason for the kink we discovered irthickness of 45um, saturation field,~=1.4 Oe, and period
the curver 1(H).” Analysis of the hodograph of the mag- of magnetoelastic oscillations of 22 ns.
netization vector has shown that throughout the range of Our investigations were carried out in an induction ap-
fields H studied to date the magnetization of single crystalsparatus similar to the one used to study pulsed properties of
of FeBQ; takes place via a quasi-uniform rotation of the Fe—Ni films1® The samples were placed in a magnetization
magnetization vector. Thus it is unambiguously establishedeversal apparatus consisting of a short-circuited segment of
that the shape of the curwe 1(H,) is entirely determined by stripline. The amplitude of the magnetization reversal pulses
the character of energy loss to pulsed excitation of magnetaeached 12 Oe, with a duration of the leading edgéhat did
elastic oscillations. not exceed 1 n¥'

In this paper we describe the first studies of pulsed 180° In order to construct the hodograph of the magnetization
magnetization reversal of single crystals of FeBi@ the vectorM we analyzed its componenks, andM, collinear
presence of a transverse magnetic fidld. Based on studies and perpendicular to the pulse fieltl respectively. Their
of Fe—Ni films®® we might expect that, for a sufficiently changes were recorded by longitudinal and transverse re-
large value of the fieldH,, magnetization reversal of iron movable coil€ %A signal induced in one of these was sent
borate will take place by a quasi-uniform rotation of theto a stroboscopic converter, then processed by a device that
magnetization. In itself, confirmation of the validity of this automaticaly subtracts out noise, then sent through a low-
assertion would be of great value to the evolving understandrequency RC filter to a plotter. Graphical integration of the
ing of the physics of transient processes, since it would implotter signals yields instantaneous relative values of the
ply an additional way to directly confirm that equations of componentsn,=M,(t)/Ms andm,=M(t)/Mg, whereMg
motion for the magnetization can be used to describe pulseid the saturation magnetization.

1. EXPERIMENTAL METHOD
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The initial saturated state of the sample is set by an
adjustable DC magnetic fieltHy~(1.25-1.5H, and a 1
transverse magnetic field , ~0.4—0.6 Oe. The fieldH; is
directed antiparallel to the pulse fielti, that drives the pro-
cess under study, and the fieltl is perpendicular to the 2
latter. In what follows, we will understand the quantity 2001 16
Hs=H,—H, to be the amplitude of the magnetization rever-
sal field. Since there is practically no anisotropy in the plane

of the samplé&!! we can assume that in the original state 'g- T
(t=<0) % -
N <
M. —__Ho M= L (1a 700 - 13
> HZeRZ Y W2 HY
while in the final state t(—x)
Hs H,
m|x=ﬁ, m|y=ﬁ. (lb)
VHE+HT VHE+H? ’ : : 0
In our arrangement we used auxiliary magnetic field Hg,0e

pulses of durations-100us, which are suppressed for 60
us before the start of the process under study and repeatétfs. 1. Plot of inverse duration of the transient process' (for
with a frequency that is half the frequency of thé H, =0.5 O#¢ (pulsed magnetization reversal cur¢#) and the amplitude of
0 . . . p the signal oscillation(2) versus magnetization reversal field intendity.
pulsest® Their purpose is to saturate the samfitethe di-
rection of the fieldH,) before the arrival of every othéd,,
pulse and in this way ensure conditions for separating the _— .
. . . . an example the pulsed magnetization reversal curve obtained
signal from noise. In order that the accuracy of this operation

not depend on the transverse field, the latter is chosen to be'a fields Ho=2 Oe andH, =0.5 Oe. This curve exhibits a

ulsed field as well. Pulses of this fielgvith duration Kint at a fieldHs=Hy,= 3.7 Oe, accompanied by an abrupt
p~100,us) arrive at the sample under study at a rate that isi[ncrease in the magnetization reversal rate. We also found
half the repetition rate of thel, field pulses, but within the hat for transverse field intensities exceeding 0.4-0.Gdge

eriod in which the saturating pulses are suppressed pending on the samplemagnetization reversal of an iron

b . . : 9 puls P ' . borate crystal actually takes place by quasiuniform rotation
As in previous studies of transient processes, we are N ihe magnetization over the entire range of fidtisinves-
terested in the correlation between the duration of the “pri- ' . aHtls o

N L . . tigated. In order to confirm this, we show magnetization
mary period” of magnetization reversal and the intensity thodographs in Figs. 2 and 3, obtained in fields that were
the magnetoelastic oscillations. The duration of the primarysmaller H.=27 Oej and Iarg’erl-q —7 Oe) than the kink
per_iodre Is ta"?” to be the interval bet_ween tint_eandtf at field Hy,. ,Zt eéch experimental posint which shows the po-
which the longitudinal signal voltage is 0.1 of its amplitude sition orf the end of the normalized’ magnetization vector
A, . Following this primary period we observe decaying sig-

nal oscillations which, as we showed previousi§are signs M/M;, we show the time at which it was obtained mea-

of pulse-induced magnetoelastic oscillations. As a measur%ureoI from the beginning of the pulse fiekt},. We also

of the intensity of the latter, the amplitudeg of oscillations mark the times; andty (_:orrespondmg to t_he beginning and
. S . ; . end of the primary period of magnetization reversal, along
in the longitudinal signal voltagémeasured during the first . S . ” :

- . . . with the initial mg and finalm, positions of the magnetiza-
oscillation period immediately after the end of the primary .- ector determined by E €3 and (1b)
period is used. Since in the majority of casAs$<0.1A,, y Eq '
our definition of the duration coincides with the definition of
magnetization reversal time most widely used in the
literature'®'2 As the field intensityH increases, from-85
to ~96% of the total change in magnetization takes place 7
during the primary period, i.e., within,. Therefore, we will
consider the quantityr. to be the magnetization reversal 3.5
time, and refer to the curvegl(HS) as the pulsed magneti- 2 0.5
zation reversal curve. i

1.0

2. RESULTS AND DISCUSSION OF THEM

In this work, as in our previous studies of transient —1.0 0.5 0 6.5 7.0
processe$;*’ the most significant result is that the process z
under discussion here leads to a pulsed magnetization revefis. 2. Hodograph of magnetization vector obtained far=2.7 Oe and
sal curve with two well-defined segments. Figure 1 shows asl, =0.5 Oe.
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FIG. 3. Hodograph of magnetization vector obtained fty=7 Oe and
H,=0.5 Oe.
1 ]
0 10 20
It is significant that the experimental points shown in Tp NS

Figs. 2 and 3 measured within the primary period of magne- o , _ _
tization reversal practically lie on the arc of a circle with a FIG. 4. Plot of osclllanon amEhtude of the signAL versus duration of the
radius equal to unity. From this follows that the magnetiza=" > period(Ho=2 Oe,H,=9 Oe andH, =05 Os.
tion reversal of single-crystal iron borate is accomplished by
a quasiuniform rotation of the magnetization, whether the
field is smaller Hg<Hy,) or larger Hs>H,,) than the kink ~ Curves in samples with different thicknes It follows from
field. Thus, the kink in the pulsed magnetization reversalhis table that the duration of the primary period of the tran-
curve is not associated with any fundamental change in thélent process, during which the intensity of magnetoelastic
magnetization reversal mechanism. This in turn implies thaPscillations begins to decrease significantly, is practically in-
for the regime under study here we can unambiguously independent of the frequency of the magnetoelastic oscilla-
vestigate the question of how the intensity of magnetoelastiéons. i.e., the resonance properties of the crystal. It also de-
oscillations affects the kink in the curve *(Hy). pends only slightly on the character of the transient process.
The results of these investigations are shown in Fig. 1!n Ref. 2 we claimed that for magnetization reversal times
where the functiom;(H,) is plotted along with the curve 7s~ 13—-16 ns there is a significant lag be_tween the elastic_
75 Y(Hs). As we found in our previous investigations of 180° Subsystem of the crystal and the magnetic subsystem. This
magnetization reversadlat H, =0) and 90° magnetization, asseruon was then conflrmeq by experiments in whlch_ the
the intensity of magnetoelastic oscillations clearly increase§MPplitude of the magnetization reversal pulse was fixed
with increasing fieldH, and then, having reached a maxi- Whlle.the durat|or_1 of its frqnt was varied, which varied the
mum, begins a rather abrupt decrease. The maximum of tHération of the primary period as V‘{é”- _
curve A;(Hy) coincides with the kink in the pulsed magne- ~ Similar studies were made in this work. In Fig. 4 we plot
tization reversal curve. All these results taken together implfh€ intensity of magnetoelastic oscillations obtained for
unambiguously that the kink in the pulsed magnetization reHo=2 Oe, H, =0.5 Oe andH =9 Oe. The left-hand por-
versal curve of single-crystal iron borate actually is nott'on_ of this function is especially interesting. The first point
caused by a change in the magnetization reversal mechanist it corresponds tay~1ns andre~3.5 ns. It is clear that
but rather by a decrease in the fraction of energy of the spi¥hen the duration of the primary period increases to 12-14
subsystem of the crystal expended on exciting the magnetdlS: which is accomplished by increasing the duration of the
elastic oscillations. front 7; of the pulse to 14-16 ns, the intensity of the oscil-
Table | shows the times for 90° magnetizatigfy, 180°  lations grows by a factor of 3, despite the fact thatras
magnetization reversal &, =07* , 180° magnetization re- ncreases the magpetlzatlon reyersal takes place prlmarlly at
versal forH, #07% , and the period of magnetoelastic os- the pulse front, Whlch naturally is apcompanled by a cqn5|d-
cillations T*, measured at the points where kinks appear irfrable decrease in energy deposited in the magnetic sub-

the pulsed magnetization curves and magnetization reversgyStem of the crystal by the external field. In short, for large
7t (and 7,) this factor acts to decrease the intensity of the

magnetoelastic oscillations.
TABLE |. Temporal parameters of samples with various thicknesses. However, the left-hand portion of this curve clearly il-
lustrates the “thawing-out” effect of the crystal lattice, in

D, um T NS 7S NS TS NS T, ns that the rate of magnetization reversal decreases within the
24 13+1 13+1 13+1 13+1 primary period of the transient process under study. In its
45 15+1 15+1 14+1 22+1 turn, this result shows decisively that the decrease in inten-
48 1arl 15+1 16x1 23*1 sity of the magnetoelastic oscillations for magnetization re-
80 1581 1ol 16x1 40+2 versal times smaller than 13—16 ns is caused by the elastic
90 15+1 15+1 15+1 48+2 : > i
110 14+ 1 16+1 16+1 56+ 2 subsystem of the crystal lagging behind the magnetic sub-

system.
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tain intermediate values ¢, at which abrupt changes take
s X" place in the behavior of the magnetization, connected, for

AR = example, with a change in the behavior of the strip domains:
for smallH, we observe the destruction of domain bound-
700 o1 aries, while for rather largkl, their motion is accompanied
%2 by rotation of the magnetization within the domains, tc.

As a result, segments appear on the curvg:%(Hl) with
] abruptly different slopes.
However, there are no domain structures in single crys-
] tals of iron borate like the blocking domains mentioned
above, obviously due to the small value of the magnetostatic
interaction, and so the nature of the magnetization rotation
itself (two-sided, one-sided, or quasiuniform when
\ \ H, =0.3-0.6 Oe, depending on the sampie not found to
0 0.4 0.8 affect the rate of the transient process significantly. Natu-
/-I_L,Oe rally, in this case we assume that local regions of the single
crystal with strongly differing directions of the magnetiza-
FIG. 5. Plot of inverse magnetization reversal time versus transverse fielion are quite large in size, so that exchange interaction
intensity.Hg (Og): 1—2.5,2—5.8. Hy=2 Oe. forces do not have much effect.
Thus, we see that, for a sufficiently large value of the
transverse field, the magnetization reversal of single-crystal

It is obvious that the study of this transient process; L 2
would be incomplete without investigating the dependencéron borate in fieldsHs>Hs, takes place by guasiuniform

of the magnetization reversal rate on the transverse field inr-(_)tat',On of the magnetmapon_. We have estabh;hed that the
tensity. However, it turns out that the magnetization- reversafink in the pulsed magnetization reversal curve is caused not
rate of single crystals of iron borate is practically indepen-2Y changes in the pulsed magnetization reversal mechanism
dent of the field intensityd, . In order to confirm this, we but rather is due to a decrease in the energy loss to excitation
show in Fig. 5 the functionr; 1(H,) for two values of’the of magnetoelastic oscillations. We have shown that, as in
e transient processes investigated previously, the decrease in

magnetization-reversal-field intensity: 2.5 and 5.8 Oe. It | it of lasti lati duri lsed
is clear that the rate of magnetization reversal increases tn}gtensnyo magnetoelastic oscillations during pulsed magne-

no more than 5% as the transverse field intensity varies frorfization reversal in the presence of a transverse field is

zero to 1 Oe. caused by lagging of the phonon subsystem of the crystal
As for other magnets, the influence of the transversaper'Ind the magnon system.
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Magnetopolaron states of a spin-correlated antiferromagnet in the neighborhood of the
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The problem of the spectrum of magnetopolaron states of a strongly correlated conducting canted
antiferromagnet is solved. The approach used to study the spectrum is based on an atomic
representation and a diagram technique for Hubbard operators. This approach makes it possible
to include strong intra-ion interactions in a first-principles way, and to obtain the dispersion

equation for the magnetopolaron spectrum for arbitrary values of the magnitude of the spin,
temperature, and magnetic field. In the vicinity of the spin-flip transition an analytic

expression is obtained for the spectrum of magnetopolaron states that goes beyond the framework
of the quasiclassical approximation. €98 American Institute of Physics.

[S1063-783#8)03302-4

In the course of their experimental studies of the desume that the width of the filled valence band is small com-
Haas-van Alphen effect in the heavy-fermion compoundpared with the characteristis— f-interaction energy. In
CeCuySi,, Huntet al® observed an abrupt change in the fre- these narrow-band antiferromagnets, it is well known that a
guency of de Haas-van Alphen oscillations as they scanneaiagnetopolaron narrowing of the band takes pladdis
through the spin-flip point. In its normal phase, Ce8ighas phenomenon has been well studied for the collinear geom-
antiferromagnetic order with a low value of the &lgem-  etry.
perature. Therefore, in the range of strong magnetic fields In this paper we find the spectrum of magnetopolaron
and low temperatures, the de Haas-van Alphen effect wilbtates of a strongly correlated antiferromagnet under condi-
coexist with a spin-flip phase transition. tions of large canting of the magnetic sublattices. The use of

The role of antiferromagnetic order in the de Haas-varHubbard operatofs'®and diagram techniques for thétn'®
Alphen-effect was discussed in Refs. 2 and 3. However@llow us to derive the required dispersion equation for the
these papers do not predict any change in the period of the&Pectrum for arbitrary values of temperature, magnetic field,
oscillations. In Ref. 4 we used a simple model that includecnd spin. In the low-temperature regime we obtain an ana-
s—d(f )-exchange coupling between spin moments of thdytic expression for the energies of magnetopolaron states in
collectivized and localized electrons to demonstrate that théhe neighborhood of the spin-flip transition.
frequency of de Haas-van Alphen oscillations in a conduct-
ing antiferromagnet could be different on different sides of
the spin-flip point. The results of Refs. 2—4 show that it is
important to take into account both antiferromagnetism and
the exchange coupling between collectivized and localized- HAMILTONIAN OF A STRONGLY CORRELATED
subsystems when attempting to understand experimental JQURROW-BAND ANTIFERROMAGNET

Haas-van Alphen-oscillation data from first principles. . .
b P b Let us consider a strongly correlated narrow-band anti-

The latter is also important for strongly correlated sys- ) A . .
P gy y ferromagnet with hole-type current carriers. We will describe

tems having low concentrations of current carriers. Exampleg.. .
g . P ﬁms system within the framework of the-d(f )-exchange
of systems that belong to this new class of strongly corre-

lated systems are, e.g., the rare-earth picti@swith the model!” The physics of the narrow-band variant of this
WS ) model has been described in detail in Ref. 7. Strong single-
general formula RX, where %Bi, Sb, As, P. The unusual

. : . site correlations are conveniently taken into account by in-
nature of their galvanomagnetic and thermodynamic proper- . . ’ .
. ; troducing an atomic representatiotf and the diagram tech-
ties has led to the formulation of new concepts for construct- . 16
: . nique for the Hubbard operatots.
ing the ground state of these compensated RX semimetals, : o .

Let us write the Hamiltonian of the model in the form

among them the concepts of magnetopolaron liquids and

crystals>® Many-body effects play a key role in generating H=Hp+Hgeq+Hp. (1)
these scenarios for electronic structures as well as the pres-
ence of long-range antiferromagnetic order. Here the first term describes the band current carriers. In

In order to describe the magnetopolaron states of therder to describe the antiferromagnetic phase we introduce
valence band, we can use the ideas developed in the papeveo sublatticed= andG. Then within the Wannier represen-
by NagaeV. Here, in keeping with the known peculiarities of tation, and taking into account the Hubbard repulsion on a
the band structure of rare-earth monopnictides, we will assingle site, we have
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1 1
Hh= 2 [t = S (2usHo— w)]ci Sy Hi==5 2 (S8 = 5 2 lgg (SSy)
ff’ gg’

ff'o

+%‘, trg(CiydgeTh.C)+ X [tgy — Sy —gugH Zf SHO)+ > Si(0)
v 9g'o 9

X (2ugHo— u)]dg,dgr
(2usHo—w)1dg,dg + Kyglcos B(SISi+ SIS2) + /8
fg

*20 Unie 2% Ung g @ +sin 20(SiS— (S}, (5)
where the labeld,f’, andg,g’ enumerate sites on tHe-  Itis clear from Eq.(4) that the noncollinear phase is charac-
and G-sublattices respectively, and the operators(c;,) terized not only by af-dependent effective overlap integral
and dgu'(dg(r) describe the processes of annihilatitere- but also by an addit'ional oper.ator term corresponding for-
ation) of Wannier-representation holes in the- and Mmally to a hole hopping from site to site, accompanied by a
G-sublattices. change in the projection of the spin moment.

The second term of the Hamiltonigid) describes the
coupling between band carriers and localized spin moments

via thes—d(f )-exchange interactidf 2. THE NARROW-BAND ANTIFERROMAGNET IN ITS
NONCOLLINEAR PHASE IN THE ATOMIC
REPRESENTATION
Hsd=—AZ @«n)—A% (Sy05), &)

In studying narrow-band antiferromagnets it is assumed
that the following inequality holds between the
s—d(f )-exchange constant and the overlap integral:
ltegl<|A|. Therefore, thes—d(f ) coupling between local-
ized and collectivized subsystems must be taken into account
exactly/'2 To this end, we separate out terms from the total

HamiltonianH’ that contain only single site operators:

whereA is thes—d(f )-exchange paramete®; is a vector
operator for a localized spin on sife and o is a vector
operator for the spin moment of a hole in the Wannier rep
resentation for thé& sublattice. An analogous definition can
be made for thé& sublattice.

The last term in Eq(1) describes the Heisenberg inter-
action in the subsystem of localized spins, and also its Zee- _
man energy. Hion= Z {=A(Sto1) —HS{—hof—h, of+Ungn }

When a magnetic field is applied to an isotropic antifer-
romagnet, its sublattices become cantétf.In order to de-
scribe this effect it is convenient to change to local coordi-
nates so that for each sublattice the equilibrium
magnetization vector is oriented along a new iz We (6)

presented a detailed derivation of the Hamiltonian in localyhere the effective fieldH includes the self-consistent field:
coordinates in Ref. 4, along with rules for transforming the

Fermi and spin operators. Using these rules, it is not di||iCU|li | 1 v4
= H cos 6+ 1,R—K, cos %R, R E S).
gug 0 0 - < f)

+§ {—A(Sy05) —HS;—hof+h, of+Ungng },

to write down the Hamiltoniand’. In this case N
)
Hf= E tisCl Crpt 2 tgg,dg(,dg,(, Herel, andK, are Fourier transforms of the exchange pa-
fi'o 9’ rameters for zero quasimomentum. The longitudinal and
. . ) transverse components of the magnetic field acting on a hole
+ fE tg(COS OCt,dg,+ 20 sin 6c¢,dg,+h.c) are determined by the expressions
go
h=2ugH cosd, h,=—2ugH sin 6. (8)
. +
+ fE {mgH sin oc, ¢, —(2ugH cosfo—u) In what follows we will assume that the Hubbard repulsion is

so strong that we can neglect states of two holes on a single

site. Since in reality the inequalitigd\|>H, |A|>h, |h,|

hold, the Schroedinger problem of finding eigenstates of the

single-site operator in the noncollinear phase can be solved

by following a simple kind of perturbation theory.

As is well known!’ the s—d(f )-exchange operator
4) —A(So) has two eigenstates with energiég=—AS2
when the total moment= S+ 1/2 ande,= A(S+1)/2 when

The Hamiltonian for thes—d(f )-exchange interaction re- J=S—1/2. For narrow-band magnets we can limit our dis-

mains unchangedi = Hgq. For the subsystem of localized cussion to only those single-site states that correspond to the

spin moments the transformed operator is given by the exsmaller energy. For A<O0, the states of interest are

pression (n=1,2, ..., 5

xcrgcfg}+2 Unanu—; {ugH sin 6dg,dg,
g

9
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2S5—n+1 n
_ e e _ _ H, = VB IMXToXE 1
M=\ s 1) s IS 011) w33 VLXK as
9

o . ) _ . Here, in the interest of abbreviating the description, we have
If we treat the remaining terms of the single-ion Hamiltonian yenoted summation over the sublattices as sums Avard
by perturbation theory, it is not difficult to construct a basisAr, where the variablea andA’ can take on two values
of single-ion stategy/,). In this case the energy spectrum of gnq G. The matrix elements of the interaction operator are

the one-hole states can be written in the form defined by the expressions
2n—2S-1 (v? aBig 1
= — - = = V(1) =t 1 ve(@) vo(B),
E,=e;te(n—1)+ (25+1)2 (8), n=12, ..., %5,
ap N — N o
A(S+1) ﬁs 1 ) h2S—1 V(9,9 ) =ty 4 ve(a) vo(B),
g1=——F—— - > ) —
R 2S+1) 225+1 VEE(f,g) =ty 4[COS 07,(@) 7, ()
2S+2 — h . —
_ _ _ ; +20 sin Oy (a) Yy, (B)],
e=5g71 H 2577 v=meH sind. (10 Yol@) ¥o(B)]

. . . . L af = ™
Knowing the solution to the single-ion problem, it is not Vo (9:f )=trglcOSOy,(a)y,(B)
difficult to write down a representation for the Fermi opera- L=
tors ¢, andcg, in terms of the Hubbard operatoxg’ .4 20 sin Gy, (@) y.(B)]. (16)

Cuﬁ% <M|Cfa|¢n>x$ﬂn52 yo(@)XE. (11) 3. GREEN’S FUNCTIONS AND DISPERSION EQUATION

" ¢ In order to compute the spectrum of Fermi-type, we in-
Here the labehlphaidentifies the transition of an ion from troduce into the discussion the Matsubara Green’s function
state|¢,,) to a statgM) corresponding to the ion without a in its atomic representation:

hole with spin moment projectioM. For theG sublattice , o

the representation can be written in the form Gha (Inl'7")= —(TXMDX (7)), 17

where the lattice labdi(l’) takes on a set of values corre-
sponding to theA(A’) sublattice. The remaining notations

. i . . tandard and tained in Refs. 11 and 16. The fol-
In this description we have included the fact that the smgle-are standard and are contained In Rets an €10

) . . lowing graphical equation can be written for the Fourier
ion problem for theG sublattice differs from the same prob- / : : P

. . . transformsG , ;AA’ (k, th lest tion:
lem for theF sublattice only by a change in the sign of the ransiormsqp (K, y) in the simplest approximation

I3

Coo= % Yol@)XE. (12)

angle 6. It is obvious that the parameters of the representa- 4 4 _ A \'4 o + '4 AV 4 7\'1 .
tion v, () are in reality functions of the angle For brevity a /3 o /3 a a B

we will use the following written formsy (6, a)=vy,(«a),

Yol@)=v,(—0,a). (18)

Using Eqgs.(11) and(12), we find the following form for
the total Hamiltonian in the atomic representation:

H'=Hipnt Hings (13)

on

In this graphical equation, a thin lin® « corresponds to the
intra-ion propagator

G wy)=[lw,+aE]"Y, w,=2n+1)=T, (19

where . .
in which the scalar product of the root vectarand the

vector E is determined by the equation
aE=a(M,n)E=Ey —E, . Because the sublattices are iden-
tical and the values of single-ion energy levels for them are
+> (En_M)Xgn- (14) the same,Ga_(wn) does not d_epend on the sub!attice label.
gn When the diagrams are written out in analytic form, the

Hi’on:% EMX?AM"_QEM EMX'E\;AM—’_% (En_M)X?n

The operatoH ... differs from Hy, in Eq. (6). First of all wavy lines correspond to the Fourier transform of the inter-

' is written in the atomic representation; secondlykif, action matrix elemen(16) summed over values of the spin

fon . . moment projection. The specific values that label the inter-
we used a truncated basis corresponding to states of the low- . . .
est multiplet. action matrix elements are determined by the labels of the

In Eq. (14) the first two terms take into account the Greeng function lines 1hat jomn W'_th the wavy Ilng. Fpr ex-
) i , , , — ample, in Eq(18) for A=F andA;=G the interaction lines
single-ion states without holes with energieg=—HM,

o ; represent the expression
M=S, S—1,...,—S. The remaining terms in Eq14) cor-
respond to inclusion of states with a single hole. way
Let us write the interaction operator in a form that is I _g e[ cos Oyq(a)yo(ay)
convenient for applying the diagram technique for Hubbard o
operators: +20 sin Oy (a)y.(a1)],
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1 _ small. This greatly decreases the number of intra-ion transi-
] > trg explia(Ri—Ry)}. (200 tions that participate in forming the collective quasiparticle
g spectrum, and simplifies the form of the dispersion equation.
If, however,A=F, A;=F, the wavy line corresponds to the In fact, whenT<Ty contributions come only from those

following analytical description: transitions in which at least one of the low-lying states of the
multiplets participates, with a hole or without one.
tgalz 203 tqYo(@) Vo(ar), Another factor that allows us to simplify the structure of

the dispersion equation is the existence of the small param-
1 eter (v/e). We will carry all calculations out to quadratic
tq:N >t expliq(Re—R¢r)}. (21)  accuracy in this parameter. The need to do calculations to
f! this level of accuracy is dictated by considerations involving
The remaining notations are standard and are discussed @ifects that are~ 6% in the neighborhood of the transition
detail in Refs. 11 and 15. from the canted to the collinear phase.
From Eq.(18) there follows a system of equations in
analytic form
4. SPECTRUM OF HOLES IN A NEIGHBORHOOD OF THE
Geup(Ki0n) = 80gGal @) +Gofwn)b(a) SPIN-FLIP TRANSITION

aa FF aa GF
X{t Gy gk @n) + TG p(K, 0n)}, After calculating the functions., ,, andM, , to the

(22) specified accuracy, we obtain the dispersion equation in the
following form:

GSE(k.wn>=Ga<wn>b<a>[tkE Yol @) Yol @) GST5(K, @p) (1-T2M2)(1-T2M?)+2T2M M |,

X(1-TiM ;M )=0, (26)

I’ cos 021 Yol@)yolas) where we assume that analytic continuation has already been

done. For simplicity we assume that the only nonzero matrix
GFF (K, )]_ elements are thosg: which correspond to hopping of a
@i charge carrier between nearest neighbors.
23) Solving Eq.(26), we find the branch of Fermi excitations

of interest to us:
In solving this system of equations, it is very useful to note

+

+T sin 02, 207y,(@) ye(ar)

ogaq

that the nature of the interaction matrix element leads tq. || _ A(S+1) N H +E23—1 25 I\ Jcos 6
separability with respect to the labels of the root vectors 2 2S+1 22S+1 2S+1'° K
a,aq. This separability is quite evident from Eq20) and 5 ’
(21). Using the methods for solving equations with separable +N, S—1 3 2) IT,|
kernelst*'*we find that the dispersion equation can be writ- (25+1)°\ e
ten in the form N 2(25-1) (U sin 0)|r | 25-1 (v2>
0=[(1-t,L;)2=TEMZ I[(1—t,L|)>-TiM? ] (25+1)?\ ¢ K (2s+1)%\ ¢
+TEM? MT+2(TEM M —tEL2 )[(1—tyLy ) _sir? 0|r | -
2S+1" M-

Itis clear that foH=H_, when#=0 this spectrum becomes

2 2 2) 2
XMy =M )My =M )+ L7 [l the polaron spectrum obtained previously by Nagaev.

—Fﬁ(M%ﬁMfT)], (24) These expre_ssions for thg spectrum of magnetopolaron
states of an antiferromagnet in the canted phase are funda-

where mental for studying many kinetic and galvanomagnetic phe-
L nomena in conducting antiferromagnets in a magnetic field.

Lwl(w)= 2 yg(a)ygl(a)Ga(w)b(a), This statement is especially true for the de Haas-van Alphen

effect in these systems. Limitations of space have not al-
Mwl(w)=Lwr(w)cos0+(201)Lagl(w)sin 0. (25 lowed us to discuss stgdies of the in_flue_nce _of magnet_o_po—
laron states on magnetic moment oscillations in a quantizing
In studying the de Haas-van Alphen-effect it is the low- magnetic field here. The corresponding results based on deri-
temperature regime that is of primary interest to us. Thisvations in this work will be published in a separate article.
regime is defined mathematically by the inequalitg Ty . It ~ We note here, however, that the expressions obtained will
is well known that occupation numbers for single-ion statesallow us to follow the temperature evolution of magnetopo-
are distributed according to atomic statistics. Therefore, idaron states. This information is necessary, for example,
the temperature range of interest to us, only the numNers when temperature behavior of magnetoresistance in conduct-
and Ng are interesting, while the others are exponentiallying antiferromagnets is investigated.
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L. I. Koroleva and A. |. Abramovich

Moscow State University, 119899 Moscow, Russia
(Submitted September 15, 1997
Fiz. Tverd. Tela(St. Petersbungd0, 315—-317(February 1998

A study is reported of the dependence of magnetoresistapég on the square of

magnetizatioro?® of the semiconducting spinelide g:Ga, 37<Cr,Se,, which exhibits a low-
temperature transition from long-range magnetic ofi&MO) to the spin glas$SG)

state in strong magnetic fields. It is shown that at the freezing tempefBtuhe A p/p(o?)

relations change their slope, and that bel®wthis slope is about one half that far>T;. This
finding, together with the earlier observation that the freezing temperature does not depend

on the frequency of the ac magnetic field in which it was measured, suggests that the spin-glass
phase consists of spins of individual®Crions, and that the SG-LRMO crossover is a

phase transition. ©1998 American Institute of Physids$$1063-783&08)03402-9

The existence of a spin glagSG) paramagnetisniPM)  shown that the &x=<0.1 compositions are nondegenerate
and SG-LRMO(long-range magnetic ordephase transition semiconductors and possess properties characteristic of spin
is presently a major problem in the physics of the spin-glasglasses. Their MR is isotropic, negative, and very large
state. While the SG-PM transition was considered in man{~98% in a field of 40 kOg Compositions with
publications, the SG-LRMO transition is much less studied0.1=x=<0.2 exhibit a low-temperature LRMO-SG transition,

It is well known that magnetoresistan@R) in magnets is Which makes the semiconductor degenerate. It was found
proportional to the square of magnetizatioywith the slope that the freezing temperature of these compositions, defined
of the Ap/p(a?) curves in the strong-field domain charac- as the temperature at which the initial susceptibility mea-
terizing the intensity of the paraprocess. To reveal the naturgured in an ac magnetic field with frequencies in the range of
of the SG state, it is of interest to compare these slopes if-2 Hz to 8 kHz starts to drop, does not depend on the mea-
samples with the low-temperature LRMO-SG transition inSurement frequency. Slightly below this temperature one ob-
different temperature regions, namely, in the region withServed a sharp minimum in negative isotropic MR down to
LRMO and in the SG region. If these slopes are close i~ 8% in absolute magnitude in a field of 40 kOe. For in-
magnitude, then the SG phase is most likely a system oftance, for a&x=0.125 compositioriT{=10.5 K, while the
clusters, inside which the magnetic order is the same as iffinimum in MR was observed dt=6.1 K. This argues for
the LRMO phase. If, however, these slopes are essentiallji¢ €Xistence of an SG-LRMO phase transition at the freez-
different, then the SG phase may differ substantially from ng temperaturely. Compositions withx=0.6 are metallic

the phase with LRMO. Several versions of the structure o]fegro(;neégnetsi CThus Wg (ln'Zser\I/etq int the
the SG phase can be envisagé®): It consists of clusters *-Y~% &~ (1-%)Cly £Ga, 5Cr,Sg solid-solution system a

with the same magnetic order as the LRMO phase, of Othe?oncentra\tlon-dnven transition from the SG state to ferro-

. . . L magnetism through a mixed stdpin glass at low tempera-
magnetic-moment carriers, for example, spins of individual . :
tures and long-range magnetic order at high temperatures

ions, and of clusters with magnetic order other than that inwhich was accompanied by a crossover from semiconducting
the LRMO phasef2) the SG phase is made up of clusters

with another magnetic order than the LRMO phasg;the

SG phase consists of clusters with magnetic order different soF
from that of the LRMO phase, and of individual magnetic
ions; and(4) the SG phase consists of individual magnetic
ions. In the latter case one should expect the freezing tem-
perature to be frequency independent.

We studied? earlier the magnetic and electrical proper- 1
ties of the solid-solution systemxCuCnSe—(1—X) o
X Cly sGa sCr,Se. It was found that IR spectra of compo-
sitions with 0<x=<0.2 contain seven fundamental absorption

b 4

P

40

bands, which is in agreement with factor-group analysis of 56
compounds with space grodp3m, whereas IR spectra of 0 0_',, 0_'2
the conventional spinelHd3m) have only four bands. This z

implies unambiguously 1:1 ordering in the tetragonal sublat-FIG. 1. Magnetic phase diagram of tREUCKSE— (1-x) Cl (Ga, C1Se,

tice of these compos?t?ons. It .thu._S appeqrs m.ore appropria‘i.‘?/stem.PM—paramagnetic phas&M—ferromagnetic phase, SG—spin-
to call these compositions spinelidés spinel-like. It was  glass phase.
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3 are MR isotherms of the same composition obtained in
FIG. 2. Magnetization isotherms for different temperatufék): 1—4.8, fields H=45 kOe in the same temperature region. We see
2—75,3—11,4—13.4,5—-18,6—23.2,7—28,8—32.2,9—38.5,10—48.  that theAp/p(H) curves are far from saturation. We con-
structedAp/p(a?) plots in the strong-field domain, 30—45
kOe, for different temperatures neby=10.5 K(Fig. 4). We
to metallic conduction. Figure 1 presents a magnetic phassee that the slope of these relations which are actually
diagram for the system under study. Thus mixed-state constraight lines changes as one crosses the freezing tempera-
positions in this system are a convenient subject for verifiture, namely, abovd; it is approximately twice that for
cation of the above hypothesis. T<T;. This suggests that the intensity of the paraprocess
In this work, we studied the dependence of MR on theincreases above the freezing temperature, which is appar-
square of  magnetization, Ap/p(c?), for the ently caused by a significant rearrangement of the spin sys-
Cuy 2:Ga 37:CrSe composition with a low-temperature tem atT;. This provides an additional argument for the ex-
LRMO-SG transition. Figure 2 shows magnetization iso-istence of an SG-LRMO phase transition &. The
therms for the given composition both above and belgw  independence ol of frequency, combined with the large
They are seen not to saturate up to 45 kOe. Presented in Fidifference in slope between thep/p(a?) relations in the
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FIG. 3. Magnetoresistance isotherms for different temperaffifg3: 1—
4.2,2—6.1,3—7.4,4—8.6,5—10.3,6—12.2,7—15,8—17.7,9—22,10— FIG. 5. logAp/p vs logH plots for different temperatureg(K): 1—6.1,
26.7,11—31.5,12—41. 2—7.4,3-10.3,4—12.2,5—15,6—17.7,7—22,8—31.5.
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SG and LRMO phases, suggest that the structure of the S@Ilume in the sample, and this results in the/p(H) de-
phase corresponds to the fourth of the above versions, i.e., itendence which is weaker in all phases than it is in a pure
consists of individual magnetic ions. ferromagnet.

It was of interest also to study the dependence of the MR Thus the increase in the intensity of the paraprocess ob-
of this composition on magnetic field. There is at present served by us to occur in the transition from the SG to LRMO
no theoretical description of th&ap/p(H) relation for spin  phase, combined with earlier observatidgtie presence of a
glasses and systems with a low-temperature transition frormaximum in the temperature dependence of the absolute
the SG to LRMO state. Based on general thermodynamieagnitude of MR around’;, the change in the conduction
considerations and taking into account the properties o#ctivation energy at this temperature, and the independence
second-order phase transitions, it was shththat for me- of the freezing temperature itself of measurement
tallic ferromagnets at the Curie poinhp/pxH?3 for  frequency?d), permit a conclusion that a thermodynamic
T>T,, Ap/pxH?; and forT<T,, in the region of the para- phase transition takes place Bt, and that the SG phase is
processAp/pocH. It was found that these relations hold for made up of spins of individual ions.

ferrites as welP Figure 5 presents log-log plots of the )
Aplp(H) relation for strong magnetic fields in the tempera- _ SuPport of the Russian Fund for Fundamental Research

ture region 6.1—-38.5 K(For this compositionT =34 K).  (Grant 96-02-19684as gratefully acknowledged.

We see that experimental points fit satisfactorily to straightlL | Koroleva and A. I. Kuz'minykh, Zh”

lines. The slopes of these lines yielded the following rela- [so. phys. JETE?, 1097 (1983].

tions: for T=T, AplpxH%8 for T>T,, AplpxHYS for 2L, 1. Koroleva and A. I. Kuz'minykh, Fiz. Tverd. Teld_eningrad 26, 56

Ti<T<T., AplpxH®* and for T<T;, Ap/pxH®Z A 3<19F§®B[SIOV-EFI’hyt,S- ?ﬂ”d St?ms’dsél(l?m{ph - t

comparison of these relations with the ones presented above; " ©¢°V.=1astc, nerma, and iectricalizhenomena in Ferromagnets
. in Russian (Gostekhizdat, Moscow, 1957

for ferromagnets and ferrites shows that MR depends weakefk. p. Belov,Magnetic Transition§Consultants Bureau, New York, 1961

on the field everywhere, and, particularly, in the SG and Fizmatgiz, Moscow, 19509

LRMO regions. It was suggestedhat in the composition 5SA- K:;JP'dfa’ EhyS'klg%F&f_”teMund der Ygervgandten Magnetischen Oxide

under study SG regions are incorporated within an infinite [Academia, Prag, + Mir, Moscow, 157

ferromagnetic cluster. They occupy apparently a substantialranslated by G. Skrebtsov

Esp. Teor. Fiz84, 1882(1983
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Temperature anomalies in the relaxation of static photoelasticity in triglycine sulfate
(TGS) crystals

B. G. Mytsyk and N. M. Dem’yanishin

Institute of Space Investigations, Ukrainian Academy of Sciences, 290601 L'vov, Ukraine
(Submitted May 28, 1997
Fiz. Tverd. Tela(St. Petersbung40, 318—320(February 1998

The relaxation of static photoelasticity in triglycine sulffeG9S) crystals is investigated. The
relaxing amplitudes are quite anisotropic, including changes in sign, and exhibit

temperature anomalies. A mechanism is proposed for photoelastic relaxation and its temperature
anomalies based on the piezocaloric effect. The corresponding calculations are presented.

© 1998 American Institute of PhysidsS1063-783#8)03502-3

Static photoelasticity of ferroelectrics has been the subwave stresses or the method of Senarmon. The sigh gfs
ject of many paperffor example, Refs. 194and the nature defined to be positive if the directions of change of the in-

of related temperature anomalies has been studied as welduced 5A,, and relaxation-induce(iliAL"‘n'1 path differences

Nevertheless, very little attention has been paid to the relaxeoincide, and negative iﬁArke,L decrease$A, .

ation of photoelasticity, i.e., time-dependent changes in the Figure 1 shows an example of the relaxation dependence
crystal optical parametergpath difference, birefringence, of the path differencg,(t) (wheret is time). It is clear that
and refractive indexinduced by mechanical stresses that arethe maximum relaxation amplitude, defined in the region of
fixed in magnitude. It is likely that the primary reason for the saturation of the functiong(t), is significantly aniso-
lack of work on photoelasticity relaxation is the complexity tropic both in magnitude and in sign. The quantitigs,(t)

and precision the corresponding experimental methods redo not depend on the magnitude of the applied mechanical
quire. In particular, we used the well-known polarization- stresses  within the range of  values o,
optical method to study induced changes in the path=(20—100)x10° N/m? used in this paper.

differencé in this work; in order to do so we had to ensure Figure 2 shows the temperature dependence of the maxi-
the following experimental conditions) ktability of the in-  mum relaxation amplitudes of the path differenggs,. The
tensity of our monochromatic light source to a level of functionsB,(T) increase significantly in absolute value as
<0.1%; 2 stabilization of sample temperature to an error ofwe approach the phase transition from the ferroelectric phase
~0.01°, which is ensured by temperature-stabilizing theside, while the values oB,,, far from the phase transition
path difference\, to within ~0.1% of the inducead,; and, correspond to values extrapolated from the paraelectric
3) rigidity of the mechanical portion of the apparatus in orderphase. The most obvious mechanism for photoelastic relax-
to exclude insignificant time-dependent translations and roation is the change in induced path difference due to the

tations of the loaded sample. piezocaloric effect, in which rapid application af, leads to
The relative amplitude of the relaxation is defined in thisan adiabatic change in temperature by an amalrt' pro-
paper as follows: portional to the value ofr,,. The temperature of the sample

then becomes equal to the temperature of the external me-
Brm=(8A{G] 8Aicm) - 100%, dium after a Certgin time (the releixation timpdue to heat
wheresA® is the absolute relaxation of the path difference,exchange with the external medium. This relaxation-induced
and 5A,, is the path difference induced by a mechanicalchange in temperature causes a thermooptical change in the
stresso,; the labelk, m take on values 1, 2, 3, and indicate path difference and, accordingly, the relaxation of the light
the direction of propagation of the light and the effect of intensityl, recorded in the experiment. This mechanism for

uniaxial compression along the corresponding axis of theghotoelastic relaxation is confirmed by calculations based on

optical indicatricesX;,X,,X3 of the TGS crystals. the following expression:

The relaxation is studied by determining the change in
light intensity | with time on the linear portion of the SAE = STIEA (T)/d T, )
functiorf

=1 max SIP(AIN) (D) where the laben on 5T{ﬁ' indicates the dependence of the

piezocaloric effect on the direction of the uniaxial compres-
sion. The values of the temperature derivatives of the path
differencedA,(T)/dT are determined from data of Ref. 8,
while the value of&T[ﬁ'(T) is given by the temperature de-
pendences of the piezocaloric coefficiedfﬁ,rﬁ'/dam given

when a time-independent mechanical stregsacts on the
sample(here\ is the wavelength of light. Based on the mea-
sured relaxation-induced changes in light intensitlf! , we
calculate the quantitpA[e. from Eq. (1). The induced path
differencedA,,, is determined from the well-known relation

SAym= —wEmdkam/Z using known piezooptical coefficients in Ref. 9:
w0, and the effective value af,,. The quantitiesry,, are o »
also measured in the present paper by the method of half- 6Tm=0omdTy/dop,. 3
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FIG. 1. Example of relaxation function@,(t) for TGS crystals at
T=308 K, A\=0.63um. 1—f;3, 2—PB53, 3—PB31, 4—B12, 5—PB3;, 6—
:821'

It is clear from Fig. 2 that within limits of error in processing
graphical materials from Refs. 8 and®-10% the experi-
mental and computed functiorg(T) coincide.

Note that the quantitiesT'®' can be determined from the
coefficients of thermal expansian, of the sample as wetlf

STIRI= —(To/Cp) o merm, (4)

whereT, is the sample temperature in the external medium
and C,, is the heat capacity per unit volume of crystal. In
order to calculatesT'e, values of the heat capaci6,(T) of
TGS crystals were taken from Ref. 11, taking into account
the fact thatC,= C,(T) p. The densityp=1690 Kg/n? was
taken from Ref. 12, and the thermal expansion coefficients
an(T) along the crystallographic axés ,X,, X3, which co-
incide with the optical indicatrices of the TGS crystal, are
determined by transforming the components of the second- ~8
rank tensora,(T) from the data of Ref. 13, where coeffi-
cientsa,(T) were given along axeX,Y,Z rotated through
an angle of 18° around the ax¥s=b relative to the axeX,
and X5 of the optical indicatrices. FIG. 2. Temperature dependence of the relaxation ampliggefor TGS
Differences between the functiodd ,rﬁ" defined accord- crystals.1—B5, 2—B,3, 3—B3;,. The solid curves are experiment, the
ing to Egs.(3) and(4) do not exceed 5%. However, in Fig. 2 dashed lines are computed.
we present the computed functiofig,(T) starting from the

function ST[T?' defined in Eq(4), because in contrast to Refs. . .
ese chromium concentrations we observed no change

9 and 13, we clearly have indicated the system of coordinateg‘_ i L -
in which the coefficients,(T) are determined. within 10% in either the temperature dependence of the pi-

Also noteworthy is the fact that the relative relaxation €200Ptic coefficients or the functioy(T) compared with

amplitudes B;, and 5 at temperatureT =293 K change the pure TGS crystafs.
sign, which in accordance with E¢R) is due to a change in
the sign of the piezocaloric effect at this temperafulithe

function B,5(T) changes sign af =303 K, despite the fact

that there is no change in the sign 7 at this tempera- : :
(Leningrad 33, 2857(199)) [Sov. Phys. Solid Stat83, 1614(1991)].

ture. In this case, according to E@) the change in sign of s "G Viokh, A. V. Kityk, and I. 1. Polovinko, Ukr. Fiz. Zh31(7), 1051

B23(T) is caused by a change in the sign of the derivative (19s6.

dA,(T)/dT at T=303 K. The latter fact is confirmed in this 4?- Gd\[/lokh, I. 1. Polovinko, and S. A(- SV%I]eba, Kristallografig, 780
; e i ; _ (1990 [Sov. Phys. Crystallogi35, 457 (1990].

papgr eXpenmenta”y’ because it is |mpos_5|b!e to exaCtIy deSS. S. Kotsur, B. G. Mytsyk, and V. A. Romashko, Kristallografi§3

termine th.e temperature where the derivatii&,(T)/dT 1517 (1992 [Sov. Phys. Crystallogi37, 822 (1902].

changes sign based on the temperature dependencg bf 6A. S. Sonin and A. S. VasilevskayBectrooptic Crystalg§Nauka, Mos-

given in Ref. 8.

cow, 1971.
. . A 7
In conclusion, we note that we have also investigated B

1B. G. Mytsyk, V. A. Romashko, and Ya. |. Shopa, Fiz. Tverd. T
Petersburg35, 2272(1993 [Phys. Solid Stat&5, 1129(1993].
2B. G. Mytsyk, V. A. Romashko, and Ya. I. Seglin’sh, Fiz. Tverd. Tela

. G. Mytsyk and N. A. Romanyuk, Ukr. Fiz. ZI28, (4) 538 (1983 [in

. . . . : Russian.
photoelastic relaxation of TGS crystals with chromium-ion sy R vanov, S. Ya. Benderskiand I. T. Tukhtasunov, Bull. USSR Acad.

impurities (TGS+Cr¥*, 0.1% chromium in solution At Sci. Ser. Phys39(4), 798(1975 [in Russiai.
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%K. Imai, J. Phys. Soc. Jpi38, 836 (1975. 12\, Pepinski, R. Okaya, and B. Yona, Bull. Am. Phys. Soc. Ser, 4,
0vu. 1. Sirotin and M. P. Shaskol'skay&rinciples of Crystallography 220(1957.

(Nauka, Moscow, 1979 13). Stankowski and W. Malinowski, Acta Phys. Pol.58&(6), 773 (1980.
11B. A. Strukov, S. A. Taraskin, V. A. Koptsik, and V. M. Varikash, Kri-
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Mechanisms of EPR line broadening in Pb  sGe;O,; near a structural transition
V. A. Vazhenin, E. L. Rumyantsev, M. Yu. Artemov, and K. M. Starichenko

Scientific-Research Institute for Physics and Applied Mathematics, Ural State University,
620083 Ekaterinburg, Russia
(Submitted July 8, 1997

Fiz. Tverd. Tela(St. Petersbung40, 321—-326(February 1998

The polar angular dependence of the anomalous linewidth of three EPR transitions in*the Gd
trigonal center has been used to determine the broadening mechanism. It is shown that

the dominant mechanism of @dEPR signal broadening in the vicinity of the ferroelectric
transition is the critically growing spread of thg, andc,; parameters accounting for the odd-
order fields of remote charge-compensating defects. 1988 American Institute of
Physics[S1063-783®8)03602-9

1. Lead germanatéd_G) PlxGe;0,4 undergoes a ferro- ping of signals from various domains near the ferroelectric
electric phase transitio3(C1)«— P6(CJ,) at 450 K} A transition.
distinctive feature of LG is the appearance in its ferroelectric  In contrast to the trigonal Gd center, the axial Mf"
phase of a natural optical activity, whose magnitude is lin-center observed in manganese-doped crystals and localized,
early related to spontaneous polarization. The temperaturgmilar to G&#*, in trigonal positions of LG, does not exhibit
dependence of the spontaneous polarizafign dielectric ~ domain splitting b,3=0),™ as well as EPR line broadening
permittivity, optical activity and other parameters of LG ex- in the vicinity of the structural transition.
hibit additional anomalie$;® suggesting the existence of Figure 2 shows polar angular dependences of the line-
other structural transformations. width for three transitions of the trigonal &dcenters mea-

An analysis of LG lattice vibratiofs® showed that one sured in thezx plane at 453 K(i.e., in the paraphageThese
cannot obtain the ferroelectric structure without additionaldependences do not change their pattern within about 10°
distortions by mere freezing of the IR-active mode responaround the ferroelectric transition. Presented in Fig. 3 is the
sible for spontaneous polarization. To describe the temperangular behavior of the anomalous part of the linewidth for
ture behavior of LG, a sequence of structural transitions watwo EPR transitions at 458 K, obtained by measuring the
propose@!°[the group symmetry of the praphase is assumedemperature dependence of the linewidth for several
to be p6_2m(Dgh)], in particular, with the order parameter magnetic-field orientations and by subtracting from it the
transforming as an axial vector. “background” width interpolated into the phase-transition

2. The room-temperature EPR spectrum of gadoliniumregion. We believe that the results displayed in Figs. 2 and 3
doped LG single crystals is characteristic of a trigor@y)( ~ are in qualitative agreemerithe relative positions of the
Gd®" center, whose symmetry group beconizg above the linewidth extrema for various transitiopgarticularly if one
ferroelectric transition point. The presence in the spin Hamiltakes into account the possibility of an angular dependence
tonian of parameterd,; and bg; (the latter is very small  of the noncritical linewidth and a certain arbitrariness in es-
related linearly(neglecting higher-order odd terjn® polar- ~ timating the background. In our opinion, the different and
ization P gives rise to EPR splitting, which is due to the nontrivial angular behavior of the linewidth of the EPR tran-
existence of domains of two types and is maximum in asitions under study can be used in a search for the mecha-
magnetic fieldB lying in the zx plane(z]|C5, x is perpen- nism responsible for the anomalous linewidth in LG.
dicular to the growth fage with no splitting observed in the 3. The broad temperature interval within which the’Gd
zy plane*t*? centers exhibit anomalous EPR broadening, as well as the

For 6+0°, 90° (@ is the polar angle oB) all transitions  behavior of the line shapghe increasing contribution of the
of the trigonal center exhibit a broadening within a wide Gaussian near the transitjoargue for a static mechanism of
temperature region around the ferroelectric transifiiy.  formation of the additional width, for instance, a spread in
1).% For the linewidthAB,,, one takes the distance between polarization because of defects in the crystal, which in-
the extrema of the first derivative of the absorption signalcreases as one approaches the ferroelectric transition due to
The line-shape analysis is hindered by the presence of a lardbe increase of the polarizability and results in an ever in-
number of locally compensated triclinic &dcenters, whose creasing modulation db 5.
signals lie in the wings of the trigonal-center transitidfs. An additional argument in support of this assumption
One could establish only that near the phase transition theomes from the absence of any broadening in®MEPR
line shape is a superposition of a Gaussian and a Lorentziagignals in the region of the structural transition, whose posi-
whereas far fronT the central part of the line is a Lorent- tions do not depend linearly on polarization. If this mecha-
zian, with the wings falling off faster. Measurements of thenism of broadening does operate, one should expect the an-
temperature dependence of the EPR linewidth were pemular dependences of the linewidth and of the domain
formed on single-domain samples in order to avoid overlapsplitting to behave similarly, since their angular course is
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plane.(T=458 K, 0.02% GgO;). 1—3+4 transition,2—5<6 transition.
FIG. 1. Temperature dependence of EPR linewidth of'Gdgonal center

in the vicinity of the ferroelectric transitiof3«— 4 transition, levels num-

bered from bottom upwardd=75°, ¢=0°). 1—0.1% GgO;, 2—0.01% ) - )

Gd,0;. ferroelectric transition to modulation of paramebgg. The
same conclusion can be drawn from the fact that the signal

width in thezy plane, where spread ib,3; should not pro-

. B es IBes . duce any broadening, follows qualitatively the same angular
determined byﬁ(a)~ ab43(9)' and this is exactly what  pahavior as that in thex plane.
was observel®!’in a study of the F& — 0 -vacancy axial Figure 5 illustrates the behavior of the quantity
center in SrTiQ. 8(0)=+AB3,(6,0°)—ABZ (6,90°), where AB,,(6,90°)

Figure 4 shows angular dependences of the domain splignd AB,,(6,0°) are the angular dependences of linewidth
ting, both experimental and computed by diagonalization ofneasured in they andzx planes, respectively. The similar
the spin-Hamiltonian matrix, for the trigonal-center transi-behavior of the curves and of the relations shown in Fig. 4
tions treated in Fig. 2. No correlation between the angulaindicates the existence #=0° of a contribution to line-
dependence of linewidth and the domain splitting is seenwidth due tob,; modulation, although it is not dominatgee
For instance, the domain splitting for the-% transition the vertical scales in Figs. 4 and.®As for the dominant
passes through a maximumeét 60°, whereas the linewidth contribution to the anomalous linewidth, it is apparently axi-
is the largest a¥#=30+40°, although for the 8-4 transi- ally symmetric.
tion the linewidth and domain splitting behave in a qualita-  Let us take into account the fact that the dependence of
tively similar way. It thus does not appear possible to at-the spin-Hamiltonian parameters on polarization cannot be
tribute the angular dependence of EPR signal width near théescribed only by the linear relation

bys=CP, (1)

T
™

48pp ., ™

4o 80 8., deg
8, deq

FIG. 4. Calculatedcurves and experimentaldots angular dependences of
FIG. 2. Angular dependence of the linewidth in the plane(T=453 K, domain splitting in thex plane (T=300 K). 1—3«4 transition,2—5<6
0.1% GdO3). 1—3+4 transition,2—5« 6 transition,3—4«5 transition. transition,3—4«+5 transition.
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FIG. 5. Contribution to the EPR linewidt®(6) in the zx plane due to
modulation ofb,3(P). 1—3«4 transition,2—5«6 transition.

whereR;;(T,rij,6;;), Qij(T.rij,6;), N;j(T,rj;,60;) are in-
teraction parameters depending on the ion spacing, the angle
wherec=42 MHz(uClcn?) 2, between the bond axis ar@;, and(anomalously on tem-

A study'® of the polar angular dependence of EPR signalperature, an®',, andO), ,, are the Stevens operators for ions
shift in an external electric fiel&||C3 in paraelectric phase i andj.
showed that the observed effect can be described with a good The angular dependences of the second moment of the
accuracy by Eq(1) and relations two EPR transitions appearing by mechanigt were ob-

- 2 - _ -2 tained within Van Vleck theory, as well as estimated by nu-

bao=boo(T) +aP" a 2.6 MHZuClen?)™ () merical diagonalization of a 64-order matrix for a pair of

bao=bao(T)+bP?, b=0.17 MHZuClcn?) 2, (3) interacting ions. The dependences were found to be close to

whereP is induced polarization, and the coefficierts,c one another and to the behavior of domain splittiRgys. 4
' ' nd 6, while not correlating with the experimentally ob-

are estimated from the temperature dependence of the paraﬁ"q . . .
eters of the spin Hamiltonian under the assumption that théfi\fd Imew&dth behatvlcflzrl]g. I?). The al?gul?r dependhenges
paraphase relationsy(T) andbs(T) do not have singulari- ' (N€ Second moment othe in€ resulting from mechanisms
ties at the transitiotat room temperatur®,=4.8 uClcn? (5) and (6) were still farther from the observed pattern.

Ref. 2 ¢ ' It was found to be possible to explain the angular depen-

The square root of the second moment, which takes int(gIence of the anomalous EPR linewidth of trigonaPGden-
account the variations i, bsy, andbys c’aused by the ters in LG by assuming the existence of fluctuating nondi-

: P : agonal components of thg tensor?® Indeed, inclusion of
spread in spontaneous polarizatipigs. (1)—(3)], differs . o ,
very little in angular dependence from the domain splittingterms 9xzBHxS, and gy,8H,S, into the Hamiltonian(with

(Fig. 4), thus bringing us to the conclusion that the EPR Iinegﬂi: géy: 0) dresults. na S.h'ﬁ of :he tEtPRthS|gnsI, whosehan-
broadening near the structural transition cannot be attribute'a" G€PeN encerig. .7)’ In contrast to the above mecha-
to the spread in the component of polarization. nisms, provides a qualitatively correct description of the line-

Taking into account the mosaic structure of the crystal isW'dth behavior (Fig. 2. Symmetnzaﬂo_n of theg tensor
hardly promising because it would not result in an anoma-(gzxz 9xz: 9z2y=0y2) changes subst_annally the angular de-
lous linewidth dependence on temperature. pendencgs to make them totally unlike the_observed patterns.

The assumption of a spread in the transverse components Nondlqgoqal components may appear ingrtensor due
of polarization(i.e. in the mean square of parametsp),  '© SPin-lattice interactiortin the Cg, group
whose contribution to linewidth becomes easier to estimate
using measurements of the transverse electric-field éfject
leads to irrelevant polar dependences. Besides, as in the case
of mosaic structure, one could hardly expect this contribution
to increase in a ferroelectric transition.

4. In connection with the experimental observation of a
weak dependence of linewidth near the structural transition
on gadolinium concentratioiFig. 1), we considered the
broadening of EPR transitions caused by the spin-spin inter-
action of paramagnetic centers via the soft-phonon%iéfd

of the kind?

1.0F //~\

I
TS

48, arb. units

o 0
Rij(T.rij  6i) O4sOla, 4 W0
o 8, deg
Qij (T, ry; 19ij)olzoojzo, (5)
D FIG. 7. EPR signal shift vs polar anglecaused by inclusion of,, and
i y
Nij(T,rij aeij)o4301201 (6) Oyxz. 1—3+4 transition,2—5«6 transition,3—4«5 transition.
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0=63°, ¢=0°. FIG. 9. Angular dependence of the modulus of EPR line shift inzke
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Oxz= G1€yxt GZEzy: Oyz= Glezy_ Goe,x, (7)

whereG; are the components of a fourth-rank tensor, egd study (Fig. 9 in the zx and zy planes, respectively, is in

are those of the strain tensor, or in the product of polar or . ; . iy .
axial vector componenta.A.  Since. however. tha tensor accord with the angular behavior of linewidrig. 2), i.e.
xiatv P kA SINce, however, Ing _both are described by theB,.s/db,,(6) relation. Thus the

in S state depends usually very weakly on crystalline env'.'assumption of the existence and spread of paramiejgend

ronment, and the description of the observed relations |%21 or, according to Eq(8), of nondiagonal components in

fairly conventlpnal, this mechanism is hardly the one O"€he strain tensor, which appear in the vicinity of the struc-
would be looking for.

. - tural transition, permits one to explain the contribution to the
5. Studies of the effect of a strong electric fieH|C3) b b

) . anomal linewidth which vanishes in rong electri
on G&* EPR spectrum in the vicinity of the ferroelectric ?ilel?j alous linewidt ch vanishes a strong electric

transition in LG revealed a noticeable field-induced signal As mentioned in Sec. II. one observes in LG. besides the
narrowing, which was attributed to suppression of the multi-, . &+ 0 S

B h : | trigonal Gd™ centers, a large number of triclinic centers,
phase state of the samp Flgure_ 8 Shows ex_perlmentq hose low symmetry is due to local compensation of the
temperature dependences of the linewidth obtained in a fiel

) ! . : .. excess gadolinium charge by interstitial ions of chlorine,
of 19 kv/cm and with no field applied. The line shape with oxygen, and bromine present at distances of about and less

B e e e tothan 1 . As the temperaure i loere, an ver larger
. P P . _nhumber of lines become resolved in the wings of the
electric strength of the crystal at these temperatures, WhICF

rigonal-center signals because of the associated decrease in

results in a finite sample lifetime. After the electric break- inewidth 4 The compensating ions occupying positions with

down and removal of the electrode, one sees in the S’ampé?rbitrar olar and azimuthal angles generate both longitudi-
triangular-based black needles directed al@ng yp gesg g

. - . . nal and transver -order fiel t th ramagnetic ion
The angular behavior of the anomalous linewidth in the al and transverse odd-order fields at the paramagnetic ion,

) . : thus giving rise to Hamiltonian terms of the type
presence of an e.xternal field is th(_a same in zl_xear_ld zy By10 51~ PPy » Canar— PPy [Py are local-polarization com-
planes and is similar to that shown in Fig. 2, which implies a nents, see Eqg7) andy(8)] which produce transition
closeness of the broadening mechanisms operating with arp(ﬁifts wi,th the an l.J|aI' de endence shown in Fig. 9
without a field. The line-broadening contribution associated” There are ungoubtfulli)/ many &t ions whicr?'int.eract
with the multi-phase state and suppressed by an electric ﬁe'8|nly weakly with more remote compensating ions and, there-
can be explained as due to a high density of interfaces an%r '

. o : L e, give an experimentally unresolvable contribution to the
domain walls near the structural transition, which give rise ta . :
: L . Intensity of the trigonal spectrum. Measurements of the tem-
arbitrary strain fields at paramagnetic centers. By analo

. ; . g%erature dependence of linewidth after a sample anneal in a
with Eq. (7) we can write relations . : S . :
chlorine ambient, which increases the concentration of inter-
boi=Fi€,+F26,y, Co=Fi8,—F€,, (8)  stitial chlorine ions, showed the anomalous linewidth to
grow stronger than the background one.

As one approaches the ferroelectric transition, fhe
component induced by a charged point defect increases, so
that one may expeo{tpg) to follow the same temperature
behavior as the mean square of polarization fluctuatfons

connecting the spin-Hamiltonian parametieygandc,; with
components of the strain tenseg and of the spin-lattice
interaction tensofin the C; group. While lowering of the
Gd®* symmetry will naturally generate other low-symmetry
parameters of various ranks as well, thg andc,; param-
eters are remarkable in that their contribution to the angular 5

dependence of the resonant positions of the transitions under {Pz)=4KkTe/V, (C)
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apparently from the smallness of its parameten Eq. (1),
which is a component of the third-rank spin-lattice interac-
tion tensor.

In the case of the Gd triclinic centers in LG, interac-
tion with the compensating ion creates its own EPR spectrum
and determines the parameters of the “average” spin Hamil-
tonian. In these conditions, the probability for one more
charged defect to be present in its vicinity is considerably
smaller than that for nonlocally compensated centers. In con-
nection with this, line broadening near the ferroelectric tran-

0 sition due tob,; and ¢, fluctuations should be ineffective,
: : 110 1'5 and, as a result, the spread lin; should be a dominant
E, kV/em mechanism. Measurements probing the:6 transition of

center Ia (Gd®" associated with an interstitial chloritfe
FIG. 10. Field dependence of the signal shifashed lingand of the signal performed at=58° on an LG Crysta' annealed in a chlorine
narrowing(solid ing) at T=451 K, §=63", ¢=0° (34 transition. atmosphere showed that its linewidth also exhibits a maxi-

mum around the structural transition. Unfortunately, one did

where ¢ is the dielectric permittivity, and/ is the crystal not succeed in measuring the angular dependence of line-
volume. Assuming the longitudinal and transverse compoWidth near T and, hence, in establishing the dominant
nents of the defect-induced polarization to be unrelated, anfechanism of broadening for the triclinic centers. The rea-
no singularities in the behavior dp?2) and(p)z,), one can Son for this was the splittingnto six equivalent, but rotated
readily obtain the temperature dependence of linewidth. Théenters and broadening in arbitrary orientation of the EPR

dashed line in Fig. 1 shows the result of fitting the experi-Signal, which had low intensity and was located in the wing
mental data with a function of the intense trigonal-center transition.

c,T 12 The authors express their gratitude to F. M. Musalimov

== +c5| 10 for th les of doped singl tals and to A. O. Sher-
T.—T]| or the samples of doped single crystals and to A. O. Sher

) ) styankin for assistance in measurements.
where the radicand is a sum of second moments for the vari-

ous mechanisms of EPR line broadening, namely, the first

. . . . . 1
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Field dependences of the rhombohedral unit cell paranzetard birefringence of crystals of

lead titanate zirconate with 4.2 mol % additions of Ti are found to be linear in the range

from zero to 400 kV/cm. The linear and bulk expansions of the crystal in a field of 400 kV/cm
are close to 0.25 and 0.7% respectively. The coefficient of the longitudinal piezobffect
computed based on data from-Fay structural analysis exhibit a strong nonlinearity: it increases
monotonically by a factor of 7—8 as the electric field increases from zero to 200 kV/cm,

and reaches saturation at stronger fields. 1898 American Institute of Physics.
[S1063-783%08)03702-7

Recent years have seen considerable progress in struder study exhibit symmetric type of optical extinction within
tural investigations of phase transitions induced by strongll intervals of electric field, which argues in favor of a
electrostatic field$=° In characterizing Refs. 1-5, it is worth rhombohedral type of distortion of the perovskite cell. The
noting that although these authors aimed to investigate radfield dependence of birefringence in the plane perpendicular
cal structural changes that take place in fields ofto the direction of the fielE (the (001 plane of the perov-
E~2x10" V/m, they observed no changes in the structuraiskite unit cel) was given by the equation
paramgters induced by the f|el_d in the range over which the |An|=0.034- 2.9 10" 1%, &
crystalline phase under study is stable. Possible reasons for
this could be insufficiently hlgh values of the applled eleCtriCWhere the position of optica| extinction was fixéuereE is
field, and also bending of the samples under the action of thghe intensity of the field applied along the directif®01]
field, which decreases the measurement accuracy. expressed in V/m For the case under study, the value of the

In this paper, our goal is to investigate the field depen-irefringence expressed in terms of the principal refractive
dence of crystal lattice parameters. To do so, we have choséidices and the coefficient of the linear electrooptic effect are
as our object of investigation the rhombohedral compoundjiven in Ref. 11. The half-wave voltage calculated from
lead titanate zirconate (PZT) in the composition Eg. (1) was around 1.9 kV. The values of the parameters of
PbZr o56Tig 04L3, WhoseR3c phase has a wide region of the rhombohedral lattice averaged over measurements of re-
stability on theE-T plane® The crystals were grown using flections from thg400) plane are shown in Fig. 1 as a func-
the method described previously. tion of the voltage of the DC electric field. The error in

The crystals chosen for this investigation were less thameasuring these parameters waAs=7X 10 ¥ m. The
25 um thick. Vacuum sputtering was used to deposit a semimagnitude of the rhombohedral lattice angle remained con-
transparent graphite film on the developed face of thestant over the entire range of fields and was
sample, which acted as one of the electrodes. In order t¢=89.76+0.01°.
create the second electrode, the crystal was glued by a sec- In electric fields whose intensity does not exceed that of
ond developed face to glass coated with a conducting trandhe coercive field, the quantity (@yda/dE corresponds to
parent layer of Sn@and a layer of glue a few microns thick. the definition of the longitudinal inverse piezoelectric effect.
This latter procedure reduced random bending of the crysthlowever, in stronger fields polarization reversal occurs in
during the measurements to a minimum. the crystal, so that the sign of the effect does not change

The lattice parameters were measured with a DRON-Z.U"he” the polarity of the eI.ectric field is reversed. In light of
diffractometer using the C&a,, Ka, emission lines. The this statement, we can write
positions of the diffraction peaks were refined by separate da/a=fdE, %)
measurements with respect t@ and ¢ using the method
described in Ref. 8. The optical path difference was deterwheref is an effective piezomodulus amtE=|dE|. Repre-
mined using an Ehringauss compensdtdarl Zeiss Jeng  sentations of longitudinal piezoelectric effects that appear
and also tables of interference colorihtf. The samples un- when external fields are applied along directions of type
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das=[1a(En)l[a(En+1) —a(En) [/ (Eqs1—Ep),
FIG. 1. Field dependences of the rhombohedral cell pararaeterd bire-
fringence| An| measured in thé001) plane perpendicular to the direction of n=0,1,.., 5

ropagation of light in PbZrgsgli single crystals. . . .
propag g Bosel lo.0410s single cry where the perovskite cell parameteis determined for two

rather close values of the field intensity such that
Ens1— E,<1CP V/Im (curve 1 in Fig. 2). For a comparison
{100}, which in particular do not coincide with orientations we also plot curve (Fig. 2):
of the crystal polar axi&? suggest that the expression for the des=[1/a(0)][a(E) —a(0)]/E, ©6)

strain can be written in the form
which corresponds to a hypothetical strain of the perovskite

&= faB. @ cellina single crystal as the electric field increases from zero
For symmetry classi®, the nonzero components of the lon- to its current valud. Both curves demonstrate the nonlinear
gitudinal piezoeffect tensor expressed in two-label form inbehavior ofdz3(E) in strong electric fields and the possibility
Eq. (3 can be written f,;=-—d,,, f,=d,,, of reaching a limiting value (saturation such that
f31="f3=(d3;+d15)/3, andfzz;=ds3. Hered;; are the pi- d33=80 pC/N. We mention that this piezomodulus coincides
ezoelectric moduli of a single-domain crystal defined alongn order of magnitude with experimental valuesda mea-
the principal crystallographic axéaxis OX; coincides with  sured for perovskite single crystals in weak field&ecause
the axis 3 and is parallel to the spontaneous polarizatiothe piezoeffect is measured by recording changes in the in-
vector P, while OX; is perpendicular to the symmetry terplanar spacings under the action of the field, and the co-
planem). In describing the piezoeffect in PZT crystals we ercive field of PZT single crystals in thR3c phasé* is
can assume with high accuracy that the electric field intensityoughly 30 times smaller than the field corresponding to
vectorE is directed almost parallel to an edge of the perov-saturation for the curves in Fig. 2, the nonlinear behavior we
skite unit cell, and Eqs2) and (3) become are describing of the piezomoduluks(E) cannot be ex-

plained by domain orientation.

da/a=ds{E)dE. @ As far as we know, no data has been reported in the
The dependence of the piezomodutisg on the intensity of  scientific literature on field dependences of unit cell param-
the applied fieldE is shown in Fig. 2. Using Eq(4), the eters for field intensities higher thankgl0° V/m. Therefore,
guantity d;3 can be determined from the relation in this paper we can give only an elementary analysis of our
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TABLE I. Computed values of the unit-cell parametgg {E) in the rhom- Thus, the results given above imply the following: On
bohedral phase of the crystal PB&gTio.04Ls which satisfy the condition e one hand, the linear relation between strain and electric
fa3(E)=const, and a comparison of them with the corresponding experi-field intensit " . | . | b iolated i
mental values o&(E) y In piezoelectric crystals can be violated In

strong fields. On the other hand, the exponential dependence

E, 10’ V/Im acadE), 100°m a(E)—agdE), 100 m of acad E), which rigorously ensures this linear relation, is
o 41500 0 only a special type of functional dependence. Therefore, it is
0.426 4.1502 1.0 unlikely that the functiona.,{E) can have broad applica-
0.852 4.1504 1.9 tion. This indicates that it is advisable to continue to inves-
1.28 4.1505 3.0 tigate the functiora(E) for other similar piezoelectric crys-
170 4.1507 38 tals in strong fields.

2.13 4.1509 4.8

g'gg jigi; g-g One of the authorA. V. Leiderman is grateful to the
341 41514 8.0 National Aeronautics and Space Administration of the
3.83 41516 8.8 U.S.A. for support through Grants MAGW/404®rogram
4.09 4.1517 9.7 NASA-IRA) and NCC8/37(Program NASA-OMU).
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The first Mssbauer study of hyperfine interactions'&%n nuclei in the complex ferroelectric
oxides KTi_,SnOPQ, is reported. A one-to-one correspondence between the hyperfine
interaction parameters and tin atom arrangememwisrandtrans positions of the structure has
been established. The electric-field gradient'&n nuclei is shown to be dominated by

the contribution of valence electrons in the hybridizeénd d orbitals. A linear correlation
between the quadrupole displacement of the spectrum components and the average Sn—0O
distances has been revealed. Thesktmuer line shift data were used to estimate the number of
valences electrons of St ions occupying theis andtrans positions throughout the

range covered. @©1998 American Institute of Physid$$1063-783408)03802-1

This work is a continuation of the nuclear gamma- not permit one to extend the interpretatiorP@¥e spectrato
resonance(NGR) investigation of the potassium titanyl- Mgssbauer spectra of other representatives of this family. At
phosphate family, KTIOPQ(KTP). While the earlier study  the same time a common symmetry for all KTP ferroelectrics
Used57Fe nuclei to prObe KFeFP@KFP), this work focuses (rhombiC, space grourpnazl) and the presence of two
attention on the state df°Sn nuclei in the KTj_,SnOPQ,  strycturally nonequivalent octahedra suggest the NGR spec-
system(KTSP). . . tra to be a superposition of two doublets differing both in the

The increasing interest in KTP and its analogs seen tQsomer and quadrupole shifts of the components. The latter is
emerge in recent years is due primarily to the ferroelectricg consequence of substantially different states of the two

ionic-conduction, and nonlinear optical properties of theseneighboring Mssbauer atoms in the octahedron chain
crystals, which promise considerable application IOOteﬁtial'which are responsible for the anion-cation-anion chemical

The nature of the unique physical properties of K-I_P'typebonding of two kindsgcis andtrans in this chain. In KFP,

crystals still r(_amains u_nclear. This_ relates, in_ particul_ar, Yhe octahedra are bonded through fluorine anions to form a
fche colossal difference n the m.agnltud.e_ of optical nonllnear-cham’ and in the case of KTP, KSP, and other, purely oxide
ity among crystals of this family,specifically between its

k . mpoun f the family, through the oxygen anions. Th
two outstanding representatives, KTP and KSP (KSngQPO compou d$ of the amiy, throug .t € oxygen anions €
. : L nearest-neighbor environment of iron atoms was shown to
which are at the same time closely similar in structtieaid

: 56 e exert a dominant effect otfFe Mcssbauer spectfaChanges
dielectric® characteristics. in the nearest-neighbor environment of $4bauer atoms
All KTP crystals studied thus far are ferroelectrics with g

high Curie temperaturdsThe presence in some of them of cannot apparently be ignored for other compounds of this

iron, tin, or antimony permits one to use B&bauer spectros- family ?}S V\Ilglt dth 4KS |
copy to probe fine features of chemical bonding in the octa- |t should be stressed that KFP and KSP crystals are very

hedral anion groups centering on these atoms, which act asmilar in their physical properties; indeed, they are ferro-
building blocks in the framework and dominate the nonlinear€!€ctrics with close Curie temperaturé&0 K for the first
optical characteristics. The tetrahedral groups,X@here crystaP and 706 K for the secofiij and are also close in
X=P, As, Si, or Ge, are more rigid than the octahedra, andh€ir optical nonlinearity, which is substantially smaller than
they represent the second building block of the framework irfhat of the KTP crystals. Therefore investigation of the
KTP-type compounds. The skeletal crystal frameworkKTSP system offers a possibility of identifying the colossal
formed by the octahedra and tetrahedra is criss-crossed I§iange in the optical nonlinearity of the solid solution ob-
channels filled by high-mobility alkali-metal or thallium cat- Served to occur upon variation of the relative content 6f Ti
ions or various hydrogen-containing grodpdt is these and SA* ions with a comparatively small but important
singly-charged particles in KTP-family crystals that play achange in the nearest-neighbor oxygen environment of the
dominant part in the phenomena of ferroelectricity and ionidatter.
conductivity/® The present work is a first Msbauer study ot'°Sn
The complex structure of KTP crystals on the whole, andhyperfine interactions in the ferroelectric complex oxides
the specific features of the KFP structure discussed below d§TSP.
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FIG. 1. 1%Sn Mossbauer spectrum of KJiSm, 0PQ, and its model assign-
ment(curvesl and?2).

1. EXPERIMENT METHOD

p(8),arb. units

Our experimental studies were performed on powder
samples of the KTi_,SnOPQ, solid solutions (B<x=<1).
The samples were prepared in high-temperature solid-phase
chemical reaction8. Polycrystalline samples for Msbauer
measurements were produced by grinding the synthesized y i .
material in an agate mortar, with its subsequent deposition in 0 0.6 12
alcohol on an aluminum-foil substrate. e, mm/s

The Mossbauer measurements were made at room tem-IG 2. Reconstruction of the distribution functions @) isomer shifts
perature Ir.] absorption geometry On. an N(.BR Spectrometég’(g) and(b) quadrupole shiftp(e) for the components df°Sn Mssbauer
operating in the constant acceleration regime. The SOUrC§ecium in KTj-Sn, OPQ,.
was!®"sn in BaSnQ@ with activity of a few mCi. The spec-
trometer was calibrated against reference spectra of BaSnO
sodium nitroprusside, and Fe. Model identification and re-
construction of the distribution functions of the hyperfine
parameters in Mssbauer spectra, as well as calculation of
the electric-field gradientEFG) tensor were carried out us-
ing MSTools program&’

shifts £ of the spectral componentfig. 2 made under the
assumption of two symmetric quadrupole doublets present
confirmed the analysis of thg( ) function.

In order to make a reliable estimate of the relative inten-
sity of the components in each quadrupole doublet, control
experiments were performed which were aimed at revealing
the presence of crystal texture in the samples. Since the tech-
nique of sample preparation used in our case allows forma-

Mossbauer spectra dt°Sn nuclei in the KTSP oxides tion of a texture of cylindrical symmetry with the axis along
were slightly asymmetric, broadened quadrupole doubletthe sample surface normal, we obtained spectra of samples
(Fig. 1). To reveal their fine structure, the resolution waswhose normal made a characteristic angke54.7° with the
improved using the DISTRI cod®!! by reconstructing the y-ray direction, at which texture must not be visible in the
distribution functionp(8) of the isomer shiftss of the spec-  spectra® Turning the samples by an angledid not change
tral componentgFig. 2). An analysis of thegp(8) functions  the component intensity ratio, thus indicating the absence of
showed the spectra to consist of two quadrupole doubletany texture.
with close isomer shiftss and essentially different quadru- In accordance with the results of the control experiments
pole shiftse, with components of one of them lying along and with the analysis of the distribution functiopés) and
the Doppler velocity axis between those of the other. Reconp(e), all Mossbauer spectra were treated with the SPECTR
struction of the distribution functionp(e) of quadrupole codé®'2under the assumption of the presence of two quad-

2. RESULTS AND DISCUSSION
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FIG. 3. Concentration dependence of the relative interisityf the partial
spectrum of KTj_,SnOPQ, with a large quadrupole shift. The filled
circle refers to the relative population of thes positions by Sn atom@Ref.
14).
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rupole doublets having pairwise equal amplitudes and { T
widths.

For illustration, Figs. 1 and 2 show the results of a model -0.12 L % L 1
identification of the Mssbauer spectra df®Sn nuclei in
KTig7Sn 0PQ, and of a reconstruction of the distribution
functions of the isomer shiftp(5) and quadrupole shifts
p(e) in the spectra. One readily sees the specific features of
the spectrum and of the distribution functions described
above.

The existence of two partial spectra corresponds to the
presence in the oxides crystal structure under study of two
crystallographically nonequivalent tin positionsjs and
trans*!* To identify the partial spectra, we shall use their
relative intensities. Figure 3 presents the concentration de-
pendence of the relative intensity of the quadrupole dou-
blet (1) with a large quadrupole shift We see that for small
Sn concentrations the relative intensity~35%, and it in-
creases continuously with concentration to reach0% at
x=1, as this should be expected considering the equal mul-
tiplicity of the cis andtrans positions in the structur!® For
a sufficiently thin sample and equal &&bauer effect prob- T < T S
abilities for different positions, the relative intensity of a par- 0 0.2 0.6 10 =
tial spectrum is equal to the relative occupation bydsto z
bauer atoms of the positions corresponding to this SpeCtrunIQIG. 4. Concentration dependencegafisomer shiftss and(b) quadrupole
(see, _e.g., Ref._])3\_Ne shall use the results of _Ref' ]_'4' where shifts & for the components of partial spectra of this and trans °Sn
combined application of x-ray and neutron diffraction meth-nyclei in kTi,_,Sn0PQ, structure.
ods permitted one to establish the relative population by Sn
and Ti atoms of thecis and trans positions in the
KTi,Sn,,0PQ, compound. The preferable distribution of Jcis iNCreases noticeably, wheredg,,s remains practically
Sn atoms was fourtdito be 64.15)% in transpositions(and, ~ constant and exhibits a large statistical scatter. The values of
accordingly, 35.6)% in cis positions. A comparison of the shifts for both positions fit in a comparatively narrow
these data with the relative intenslty(Fig. 3 of quadrupole interval, (—0.12—0.04) mm/s, characteristic of quadriva-
doublet(1) leads one to a conclusion that the partial speclent tin ions(see, e.g., Ref. 35Within this interval, a larger
trum with the larger quadrupole shiftand a smalletfor the ~ shift corresponds to a larger covalency of the Sn—O bond.
given tin concentrationrelative intensityl [partial spectrum This means that the Sn—O bond feis positions is more
(1)] belongs tocis Sn atoms, and the partial spectrum with covalent throughout the tin concentration range covered than
the smaller quadrupole shift and larger relative intensitythat for thetrans positions, and that the degree of its cova-
[partial spectrun(2)] is due totrans Sn atoms. lency grows with increasing tin concentration.

Figure 4 shows concentration dependences of the isomer In accordance with the phenomenological description of
shifts § (measured relative to thE°n Mdssbauer line in  the relation between the charge electron densftyss,nsp)
BaSnQ) and of the quadrupole shiftsof the components in  at a'%n nucleus and the electron configuration of the tin
the partial spectra o€is and trans 11%n nuclei in KTSP  ion'® one can write

0.9 b

&,mm/s

xides. We readil that the isomer sldiff for the ci

oxides. We readly see that (he 1somer SIak 10 ME SIS p(ngs.Nsp) =p(0.0)+ pyss+ Syss+ S

position is larger than the shif§,,s for the trans position

throughout the range of tin concentrationsAs x increases, +2S5pN5Nsp s (1)
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wherensg andns, are the _numbgrs of valence elegtrons inthe Mossbauer probeG,,, and of valence electron§,
thes andp states, respectively is the charge density due both involved,Gy,, and not involvedG,y,, in ligand bonds.
directly to one $ electron, S is the effect of inner-shell Taking into account the shielding and antishielding effects

screening by one$electron, andSss and S, are the results  due to the inner closed electron shells, Beensor can be
of screening of a § electron by one § and S electron,  written

respectively. A comparison of calculated changes in the

charge density at thE%n nucleu¥ with experimental iso- G=(1-7%)Giart (1-R)Gya

mer shiftsé measured in ionic compounds of tin yieldéa — (1= )Gyt (1~ R)Grpt (1~ R)Gp, @
calibration relation connecting shif# relative to BaSn@

with the numbers of § and 5 valence electrons: whereR and y are the Sternheimer shielding and antishield-

ing factors'®
In the absence of magnetic hyperfine interaction, one can
present the quadrupole shifof components of &'°Sn spec-
We shall use this equation to estimate the population of th&'um in the form(see, e.g., Ref. 15
tin-ion valence shell. As seen from E@), in the case of the €290 ( 7]2> 12
1 :

8(Nsg,Nsp) = —0.433+ 3.01N5s— 0.2n2,— 0.1seNsp -

Srf* ion with weak covalent bonding, where the occupancy ¢= -
of the 5s and 5 orbitals is low, the Masbauer line shift is 3

dominated by the number ofsZelectrons: whereeQ is the quadrupole moment of the nucleus in ex-
S(Nee Neo) = —0.433+ 3.01N... 3 cited stateeq=G,, is the principal component of t_he EFG
(Nss Nsp) > @ tensor G at the nucleus, andy=(G,x—G,,)/G,, is the
In this case one can estimate the number ®f/alence elec- asymmetry parameter of tens@r(here the axes, y, andz
trons,ns, to within ~5% directly from the Mssbauer line form a right-handed coordinate frame, an{iG,,|,
shift. It was found that the number o&alence electrons in  |G,,|<|G,}).

: ®)

the trans position is~0.11 for any tin concentration, while We used x-ray diffraction data on atomic coordin4tés
in the cis position nsg increases from~0.112 to ~0.128  and calculated fof!°Sn nuclei the contribution to tens@
when Ti is totally replaced by S¢Fig. 4). due to lattice atoms, approximating them by point charges

The quadrupole shifts of components of thé'®Sn par- and acceptingy=—10 for the Sternheimer antishielding
tial spectra for theis andtrans positions in the KTSP oxide factor?® The calculations involved about 40000 atoms inside
system were found to be fairly large (0.4—0.9 mm/s) anda sphere of radius-40 A. For the nuclear quadrupole mo-
essentially different. For theis positions, the magnitude ef  ment we tookQ= —0.109 barnRef. 21), and for the Mas-
is 1.5-2.0 times the quadrupole shift for tlians positions  bauer transition energf,=23.871 keV(Ref. 22. The cal-
(Fig. 9. culations were performed for both formal atomic charges

Note that this result is the exact reverse of that obtainediq(K)=+1, q(Ti)=+4, q(Sn)=+4, q(P)=+5,
by us for >’Fe nuclei in KFeFPQ which is isostructural q(O)=-2] and effective charges [q(K)=+0.98,
with the oxides under study. The quadrupole shifbf the  q(Ti)=q(Sn)=+2.9, q(P)=+1.8, q(O)=—1.136. The
spectral components for theans positions was found to be effective atomic charges in the KSP crystal were obtéihed
twice that for thecis positions. We showeédhat this relative by modeling the crystal structure of the compound by means
magnitude of quadrupole shifts f8fFe nuclei is connected of METAPOCS codé?
with the mechanism of EFG formation at the nucleus, with  The calculated quadrupole interaction constafyQ,
the main contribution coming from localized matrix charges,asymmetry parameten, and quadrupole shift for *1%n
and with the arrangement of Fand G~ ions in thecisand  nuclei in KTSP oxides are presented in Table 1. A compari-
trans positions around Fé ions. In contrast to KFeFPQin  son of Table | with Fig. 4 shows that the calculated quadru-
the KTSP oxides SH ions are the Mesbauer probes, and pole shifts are significantly smaller than those observed ex-
O?" ions act in place of the Fbonding ions. perimentally, particularly if one takes into account the

The quadrupole shifte of components of the partial effective charges localized at the atoms. This means that the
spectra due teis andtrans *'%n nuclei in the KTSP oxides, EFG atcis and trans 1*°Sn nuclei in the KTSP system is
which are shown as functions of concentration in Fig. 4,dominated by the contribution due to the valence electrons
have the same pattern as those of the isomer shif@ne G, [see Eq(4)], and particularly, if we recall the electronic
observes a strong increasesotby ~0.23 mm/$ for thecis  configuration of the Sh ion, of the valence electrons in-
positions and a weak changey ~0.05 mm/$ for thetrans  volved in bonds with the ligand$;, .
positions. In connection with this, let us consider the correlation

To discover the mechanism of nuclear quadrupole interbetween the quadrupole shiftsof spectral components for
action with an inhomogeneous electric field, we calculatedhe cis and trans positions and the specific features of the
the EFG generated by localized matrix charges, and the hynutual arrangement of tin and oxygen atoms in the structure
perfine interaction parameters for this andtrans 1'%n in  of the oxides under study. KTSP oxides crystallize in ortho-
the KTSP oxides by means of the LATTICE cofe. rhombic space groupna2, (C3,).*** The main structural

It is known(see, e.g., Refs. 15 and)li®at in the case of elements are the phosphorus tetrahedra 8@l tin octahe-
ionic and covalent compounds the EFG tenébrcan be dra SnQ making up a mixed Sn,P framework. The structure
presented as a sum of contributions of the charges external tmntains wide helical channels localizing potassium atoms,

305 Phys. Solid State 40 (2), February 1998 Rusakov et al. 305



TABLE I. Quadrupole interaction constaetqQ, asymmetry parametey, and quadrupole shiit for cis andtrans 2°Sn nuclei in KTSP calculated for the
contribution of localized lattice charges.

KTiOPO, KTisSn sOPO, KSnOPQ
Charges Parameter cis trans cis trans cis trans
Formal e?qQ, mm/s +0.687 +0.842 —0.655 -0.747 —0.632 +0.911
n —0.894 +0.374 +0.399 +0.536 +0.383 +0.531
g, mm/s +0.193 +0.216 —0.168 +0.195 -0.162 +0.238
Effective e?qQ, mm/s +0.280 +0.197 —0.200 +0.193 —0.196 +0.288
7 —0.476 +0.368 +0.407 +0.691 +0.321 +0.606
g, mm/s +0.073 +0.050 —0.051 +0.052 +0.050 +0.076

which are weakly bonded to the framework. The tin octahetrans Sn atoms. Namely, for thérans positions it is the
dra made up of a central tin atom surrounded by six oxygen®,;—Sn-0;, bond in the—O-Sn—-0-Sn-0-hain plane,
are linked in chains-O-Sn—-0O-Sn-0O-arranged along the and for thecis positions, the @-Sn—Q bond directed prac-
[011] and[011] directions. Figure 5 displays a fragment of tically perpendicular to this plane.

the chain of tin octahedrfthe plane of the figure is perpen- ~ As long as the relative change in distance from the Sn
dicular to the[110] crystallographic directioh The Sn@  atom to the nearest O atoms induced by changes in tin con-
chain octahedra share corners through the bonding oxygegentration is relatively smallup to ~5%, see Fig. b one
atoms (@, and Q,), which are located alternately on oppo- may expect that the population of Sn orbitals will, in the first
site sides'Sn trans positions and on the same sideis po-  approximation, vary linearly with distance. This will result,
sitions of Sn of the central tin atom. Thus one half of the

structurally independent tin atoms occupy ttis, and the

other half, thetrans positions of the structure. a
Taking into account the possible spatial configuration of 2.1
the s, p, andd tin orbitals incis andtrans positions of the o
structure, consider the concentration dependences of the av- ///’ »
erage distancesg,_o from the Sn atom to the six oxygen /1/0/' Pl
atoms in the first coordination sphere, to the four oxygens -7 ST P
lying in the planes of nearest-neighbor octahedra, and to the - ’,3,0':/,’/:///7'
two oxygens located on opposite sides of the Sn ateiy. 2.0 ,/”/,,"gg’,/ /;////
6). A comparison of the dependences of quadrupole shifts :/:’:/::__g..o/:///
and of the average distanaes,_oon tin concentratioFigs. "__,,._--3‘:2;/
4 and 6§ shows that the quadrupole shift forans positions "7
behaves with concentration similar to the average distance of -
the trans Sn to the bonding oxygen atoms;@nd Q, (Fig. Y | N T B
5), and that forcis positions, similar to the average distance o
of thecis Sn to the two oxygens £and Q; lying on opposite b b »
sides of the chain plan@-ig. 5. This permits a conclusion «".z 1 7
on the orientation of the strongest Sn-O bonds fordisend e //’ /,0
P
/1/:{//////,’:
¢ 7 P 3/0’/ - —~Zo
1 ® Sn - - ////5/
2007 _2Z70 -7
L —
et o
8 - L/O--—_""’—'_o
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FIG. 6. Concentration dependences of the average distaggggrom the
tin atom in(a) cis and (b) trans positions to the corresponding oxygens in
tg the first coordination sphere in the KTi SnOPQ, system.(a) 1—Os, Og;
110) 2—0;, Oy, G5, Gg; 3—0y, G5, G5, O; 4—04, Oy, Os, Og, Oy, Op; 5—
Oy, Oz 6—04, Oy Oy, Op; 7—0Op, O1. () 105, Oy 2—05, O4 Oy,
FIG. 5. Spatial arrangement of nearest-neighbor oxygen environment of ti®g; 3—0;, Og; 4—03;, Oy, O;, Og, Oy, Op; 5—03, O, Oy, Oy; 6—05,
in cis andtrans positions of KTj_,SnOPQ,. Og, Oy, Oy; 7—04, Op.
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in its turn, in a change in the number of uncompensatedlifferent, namely, for théranspositions the bond aligns with
electrons in the p and 4 orbitals, and a change in quadru- the line  connecting oxygen ions in the
pole shifte linear with the corresponding distances,.o: —0-SRans0-Snis—O-chain, and in theis positions it is
_ perpendicular to the plane containing these chains.
&(X)=a+brsn-dx). ® 4. The quadrupole shift of th&°n Mossbauer spectrum
The most reliable correlation between the quadrupole&components was found to correlate linearly with the average
shift ¢ for the cis positions and the average distance to the O Sn—O distances.
and Q pair in the nearest-neighbor environmé¢higs. 4 and )
6) yields the following values for the coefficients in E@): Support of the Russian Fund for Fundamental Research
a=—5.8(4) mm/s andb=3.2(2) mm/s A. Using these (Grant 96-02-17723as gratefully acknowledged.
values and the dependence of the average distajgsfrom
a trans Sn atom to the bonding oxygen atomg; @nd Q,  YThe samples were synthesized by V. B. Kalinin.
(Fig. 6), one can obtain, in its turn, the concentration depenf)The'calculations were carried out by N. N. Eremin at Crystallography
dence of quadrupole shifi(x) for the trans positions(see ~ Chaf: Department of Geology, Moscow State University.

dashed line in Fig. ¥ As follows from Fig. 4, the calcula- ———

tions made under the assumption of a linear relat®rbe- V. S. Rusakov, S. Yu. Stefanovich, and V. M. Cherepanov, Fiz. Tverd.
. . Tela(St. Petersbupg38, 2851(1996 [Phys. Solid Stat@8, 1561(1996)].

tv_veen the quadrupole sh|ft_and the correspondmg averagey g pagerman and K. R. Poeppelmeier, Chem. Mate602 (1995.

distancesr s,.0 agree well with the experimental values of 3G. D. Stucky, M. L. F. Phillips, and Th. E. Gier, Chem. Matér.492

eyandX). This implies that the EFG atis andtrans **%Sn (1989,

nuclei in the KTSP oxide structure is dominated by the con- P. A. Thomas, A. M. Glazer, and B. E. Watts, Acta Crystallogr., Sect. B:

. . . L Struct. Crystallogr. Cryst. Chemd6, 333(1990.

tribution of the valence electrons involved in ligand bonds. s\, g kaiinin and S. Yu. Stefanovictgolid-State Chemistrfin Russiai}

Besides, the directions of the Sn-O bonds found fordise (Itogi Nauki i Tekhniki, Ser. Khim. Tv. Tela, Vol. 8; VINITI, Moscow,

andtranspositions are the directions along which the change61992)-

in distance between Sn and O atoms plays a dominant role in(sl'gztgusawa’ H. Yanagisawa, and Y. Ishibashi, J. Phys. Soc62p#l52

the population of the Sn_FS and_4d orbitals. _ 7S, Yu. Stefanovich, B. V. Mill, and A. V. Butashin, Ferroelectrit44,
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New long-lived memory effects in LINbO 5 crystals
B. B. Pedko, E. V. Lebedev, and I. L. Kislova

Tver’ State University, 170000 Tver’, Russia
T. R. Volk

Institute of Crystallography, Russian Academy of Sciences, 117333 Moscow, Russia
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This paper describes a new way of recording information by changing the potential contour at
the surface ofz-cut crystals of LiINbQ. The effect of various kinds of external

perturbations on the rate of decay of optical images written using this method is investigated,
along with the possibility of writing information on crystals with transition-metal

impurities. © 1998 American Institute of PhysidsS1063-78348)03902-1

It is well known that practical applications of lithium pendicular to the polar axis at inclinations of less thafy, 30
niobate crystals depend to a significant degree on opticand were polished optically. A sample with a conducting
uniformity, which characterizes the constancy of optical con-grating deposited on the-cut surface was heated to 150 °C
stants throughout the sample volum@ptical nonunifor- and cooled down to room temperature, after which the mask
mity, for example variations in the refractive index, can bewas removed. Following this procedure, when observing the
caused both by structural nonuniformities and variations irsurface of the crystal in polarized light, we saw an optical
the crystal compositidnand can manifest itself in the form image whose form corresponded to that of the conducting
of locally reversible changes in double refraction whenmask(see Figs. 1a and 1b
lithium niobate crystals are illuminated with laser beams. We investigated the optimal temperature regimes for
The form and behavior of optical nonuniformities dependscreating optical images. We established that the process of
on a number of external factors: the presence of illuminatiorcreating optical images in samples with deposited masks be-
in the crystal, thermal, electrical, or elastic fields, ettis  gins in the temperature range 40—70 °C. When a sample with
well known that the usefulness of the photorefractive effecta deposited conducting mask was heated above 80-100 °C,
for holographic writing of informatiohis based on the pos- the contrast of the pattern observed was considerably lower,
sibility of rewriting information, which is impossible when and upon heating the sample to 130—150 °C the pattern dis-
the refractive index modulation is due to structural nonuni-appeared. The temperature interval 130-150 °C corre-
formities in the crystal. sponded to thermal erasing of the effect, independent of the

Using polarization-optics methods, we have investigategresence of the conducting mask. Note that this temperature
the optical uniformity of single crystals of lithium niobate, interval corresponds to thermal erasure of holograms in
the kinetics of their behavior in the temperature range 20-ithium niobate! and also to the disappearance of optical
200 °C, and the connection between these characteristics andnuniformities that are imaged in lithium niobate by
domains and defect structures in the crystals revealed byolarization-optics methodsWhen the crystal with a depos-
various method$? In the course of these studies, we usedited conducting mask was cooled, the process was repeated
polar-cut crystals on which electrodes made of aquadag werlie reverse order, but the resulting pattern obtained had a
placed, in the form of two parallel strips deposited on thehigher contrast. Images were formed both when observed in
surface and separated by a distance of 0.5—-3 mm. We disransmitted polarized light and in darkness.
covered the following phenomenon when we observed these After cooling to room temperature the mask was re-
crystals in polarized light: as a crystal was being heated to enoved; in this case the optical images, whose shape corre-
temperature of the order 40—70 °C, an optical pattern wasponded to that of the conducting maske Figs. 1a and b
generated in the interelectrode gap in which the distributiorwere maintained for a period of several months, after which
of illumination was determined by the shape of the depositedoss of contrast took place. The optical images that formed
electrodes. Our observation was made without an externalere erased by heating the crystal to 150 °C without the
electric field. After cooling the crystal and removing the conducting mask.
electrodes, we saw an “optical trace” of the removed elec-  Our observation of this effect was hindered by *“old”
trodes when we observed the crystal under crossed polaroidgions that were not subjected to the external perturbation,

In order to study the details of this effect we deposited aand the “older” the cut chosen to repeat the experiment was,
conducting masKa grid with a regular structure and a lat- the smaller was the contrast of the image obtained. After
tice period of order 0.5 mm. To form the image we usedmultiple annealings to a temperature of 200 °C, the creation
LiNbO; crystals, both nominally pure and grown from a sto- of images took place in the usual order.
ichiometric compound by the Czochralski method; contained In our opinion, the heat-induced appearance of optical
these crystals metal impurities Mn, Zn, Fe, Cr, Ni, etc. inimages that replicate the shape of a conducting mask depos-
concentrations of less than 1 at. %. The films were cut perited on the sample surface pfcut lithium niobate crystals is
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FIG. 1. Crystal of LiINbQ+0.1 at %Mn(z-cut) observed in polarized light, the crystal diameter-i&.5 cm, T=20 °C. a—before processir{the optical
nonuniformity is made visible by polarization optics, b—the same crystal after processing.

connected with changes in the potential contour of the crystdbwer contrast. Characteristic differences in the process of
surface while the latter is in contact with conducting andforming optical images for crystals with various composi-
nonuniform distributions of screening charge. These pictureions were not identified to a first approximation.

become visible because of the local electrooptic effect gen- It should also be noted that the observed generation of
erated by components of the internal space-charge electrinduced birefringence was bulklike in character, one conse-
field perpendicular to the crystal polar axis. The temperaturequence of which was observation of a thickness dependence
dependent behavior is due to screening of these fields bfpr the process of creating the optical images. The best re-
nonequilibrium chargewhile the fixation of the optical im-  sults were achieved for crystals with thicknesses up to 0.5
ages is due to trapping of these nonequilibrium carriers bynm; further increases in sample thickness reduced the con-
deep traps. The correlation between the temperature depetmast of the images observed. Moreover, in crystals with
dence of the observed effects and well-known data on theharply expressed optical nonuniformities, observation
temperature dependence of electrical conductivity of LillbO generatioh of optical images was considerably hindered,
single crystals is evidence for the connection between thsince variations in the refractive index caused by structural
observed phenomena and effects arising from space-chargenuniformities and changes in crystal composition could
fields. significantly exceed the induced birefringence.

If this model is valid, it seemed advisable to study this In order to investigate the effect of illumination on im-
effect in crystals with various impurities, since impurities ages obtained by thermal processing, we used a high-
determine the concentration and thermal activation energy gfressure DRS-250 mercury lamp. Samples with images cre-
charge carriers, and also to study the influence of illuminaated previously were placed in the observation mount and
tion by light with wavelengths corresponding to the appear-exposed to long-period optical illumination. In order to avoid
ance of the photorefractive phenomena on the optical imageseating the crystal by the light source and to eliminate the
that form. influence of temperature effects, the samples were cooled

The images were obtained in pure lithium niobate crys-throughout the entire experiment. After the first 10 minutes
tals and crystals containing Mn and Fe impurities. Theyof illumination, the contrast of the images decreased. Over
formed most clearly in crystals of LiNb@3-0.1 at %Mn. In  the next two hours the character of the observed pattern was
LiINbO; crystals without impurities, LiNb©+0.1 at %Fe, practically unchanged. However, long-period illumination
and LiNbG;+0.1 at %Mn, the images that formed had a(around three houyded to recovery of the image contrast.
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As we should expect, we were able to generate imagepropose a whole series of possible methods for writing infor-
similar to those described above by illuminating-aut crys-  mation on polar-cut crystals of lithium niobate. The physical
tal with a deposited opaque conducting or nonconductindpasis for these possibilities is the thermal fixation of changes
mask. We carried out the corresponding experiments ircreated by some method or another in the potential contour
which a crystal with a deposited mask was exposed to a longf the crystal surface, and the nonuniform distribution of
period of optical illumination. After the mask at the crystal screening charge that arises as a result of this. In the context
surface was removed, there remained an optical image whiobf this report, we feel it is necessary to point out qualitatively
was read by placing the sample between crossed polarizesimilar effects observed by the authors of Ref. 7 involving
and observing it in transillumination. Note that to a first ap-the appearance of optical images in LiTa€rystals sub-
proximation the process of generating images by illuminajected to local mechanical perturbations.
tion should occur in the same way both when conducting and )
nonconducting masks are used. The effect can be observed in 1N€ authors are grateful to the Russian Fund for Funda-
LiNbOj crystals with Mn impurities. The physical model of Mental Research for support from Project 97-02-16600,
this phenomenon corresponds to the model normally used {§h0se subject is related to that of this paper.
describe optical images formed by photorefraction, taking
into account that the writing takes place on polar-cut crys-yu. s. Kuz'minov, Electrooptic and Nonlinear-Optic Lithium Niobate
tals. Crystals(Nauka, Moscow, 1987(in Russian.

Thus, in this study we have obtained the following re- ~X: G- Belobaev, V. T. Gabrielyan, L. M. Kazaryast al, Piezo- and
Ferroelectric Materials and their Application®. 29 (Materials Seminar,

sults: . Moscow, 1972 [in Russian.
1) We have observed a new memory effect in crystals of3m. Lines and A. GlassPrinciples and Applications of Ferroelectrics and
lithium niobate, which essentially consists of the following: a  Related M?]ter:ialiﬂafendon ZFESS, OXfOFdfdl97|[(Mif'c'jV|OSCOW' 1981-h
: : : : E. . Bratishchenko, B. B. Ped’ko, V. M. Rudyak, and V. P. Yarunichev,
conductlng mask is de'posned .On a polar ?Ut Lll\jbﬂhgle . Bull. USSR Acad. Sci. Ser. Phy48, 6, 1213.(1984) [in Russian.
crystalthat repeats the information to be written; the crystal issg g pedko, I. I. Sorokina, N. A. Hohonina, Book of Abs. 7th Int.
then heated to 120-150 °C, and then cooled to room tem-Meeting on FerroelectricitfSaarbrucken, Fed. Rep. Germany, 1989
perature, after which the mask is removed. As an optical P 2Algél't £ V. Mak e V. V. Geras'kit al. Fiz. Tverd
. . AL Istanov, E. V. Makarevskaya, V. V. eras’ al, Fiz. lverd.
image forms qn the crystal surface _that re_phcates the sh_ap@_f’?ela (Leningrad 20, 2575 (1978 [Sov. Phys. Solid Stat@0, 1489
of the conducting mask. The optical image is read by placing (197g].
the crystal between crossed polarizers and observing it iffA. I. Otko, Yu. M. Poplavko, S. I. Chizhikov, and L. A. Shuvalov, Tech-
transmission. nical Digest for “Photorefractive Materials, Effects and Devices,”
. . PRM-93 (Kiev, 1 . 310.
2) The fact that the effect observed here manifests itself 93(Kiev, 1993, p. 310

in the same way as the photorefractive effect allows us tdranslated by Frank J. Crowne
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EPR and NMR line shapes in disordered ferroelectric crystals
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A theory is developed for the magnetic resonance line shape in disordered ferroelectric crystals.
In a study of the random fields responsible for inhomogeneous line broadening, nonlinear

and spatial correlation effects are taken into account. It is shown that homogeneous broadening
depends on the temperature and on the magnitude and orientation of the external magnetic
field, as well as on the nonlinearity parameters of the ferroelectric material. The resonance line
shape is calculated as the envelope of homogeneously broadened Lorentzian spin packets.
Analytic expressions foll,(w) and |;(w) are introduced to account for nonlinearity and
correlation effects of second and third order, respectively. Calculations are done for

centrally symmetric crystals, as well as for those without a center of symmetry. It is shown that
homogeneous broadening is important near the line peak, while the wings are determined
mainly by inhomogeneous broadening. Manifestations of the predicted effects in the spectrum lines
of disordered ferroelectric crystals are discussed.198 American Institute of Physics.
[S1063-783%08)04002-1

Because of their anomalous physical properties, disorreplica formalism employed for spin glassea. more gen-
dered ferroelectric crystals, including the group of ferroelec-eral, rigorous computational technique that is free of assump-
tric crystals with diffuse phase transitions, such astions regarding the shape of the random field distribution will
PbMgsNb,s0s  (PMN),  PbSg,Ta;,0; (PST, and be based on the use of statistical thebfCalculations have
Pb,_La,Zr;_,Tiy,O3 (LPZT), the group of virtual ferroelec- mostly been made in the framework of a first order statistical
tric crystals with off-center impurities, such ag KLi,TaQ;  theory which includes linear contributions from the random
(KLT) and PQR_,Ge Te, and the group of mixed systems in fields. It might be expected that for disordered ferroelectric
the KH,PO, (KDP) family, such as Ri{NH,),_,H,PO, crystals characterized by large random fields it would be nec-
(RADP), have attracted the close attention of researcherg€ssary to include nonlinear and spatial correlation effects.
These anomalies are, to a substantial degree, related to thée have recently developed a general formalism for calcu-
complexity of the phase diagrams in these systems which cdating the distribution function of the random fields taking
include ferroelectric and antiferromagnetic phases and a dihese effects into account in a statistical theSry.
pole glass, as well as a mixed ferroelectric-glass phase. The In this paper, we use that formalism to calculate reso-
variety in the phase diagrams of disordered ferroelectri®iance line shapes and generalize it by including the contri-
crystals is caused mainly by the different sources for théution from homogeneous broadening. Theory and experi-
random fields, by the form and magnitude of the fields theyment are compared. It is shown that the calculated line
produce, and, especially, by their distribution functiofs. shapes are in good agreement with the observed shapes in a
As a result, the observed physical properties of systems dgfumber of disordered ferroelectric crystals.
this type depend strongly on the characteristics of the ran-
dom fields, so that the average macroscopic and local prog- THEORY OF THE RESONANCE LINE SHAPE

erties can differ substantially. The methods of radio fre- In the statistical theory the absorption intensifys) is

quency spectroscopyEPR, NMR have bee%ﬁparticularly proportional to the number of source configurations for the
informative in connection with this latter point. The ran- random fields leading to a given frequency shift

dom fields created by disordered substitution of catieng., Aw(ry,...ry) at the observation poifit,
Mg and Nb in PMN and Sc and Ta in P5Ty impurities

and vacancies in the cation and anion sublattices, etc., cause (@)= i j f &y Py w—Awr (]
inhomogeneous broadening of the resonance lines. Usually N wN o 12N LrortNJ
this broadening is greater than the contribution from homo- (1)

geneous broadening, so that the distribution function of th?—lerev=fd3r N is the number of sources of the random
random fields determines the line shapes in disordered ferrgre|q, which are assumed to be independent and isotropically
electric crystals. Studies of the EPR and NMR line shapegjistributed at the points, ,...,ry, and the observation point
can, therefore, yield valuable information on the features otgjncides with the origin of the coordinate system. In gen-
the random field distributions when calculated and observed,g| the change in frequency of a resonance transition can
line shapes are compared. Up to now, the resonance linGcjude both linear and nonlinear contributions with respect
shapes have been calculated for mixed systems such as KR ihe |ocal perturbation w(r;), specifically,

assuming a gaussian distribution of the random electric fields ) 5 m

and Ising-model dipole interaction constants based on the A®(ri,....'n)=ont a0yt azoyt -+ apoy, (2)
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and taken into account by replacing by o =+ (i/7). This substi-
N tution corresponds to having inhomogeneous broadening of
wN:z Aw(r)), 3) the Iir!e in the form of the enveliope of Lorentzian spin pack-
i=1 ets with a half-width, half-maximum of/ 7. Note that this
procedure is simpler than that customarily employed, where
an inhomogeneously broadened line with both homogeneous
and homogeneous contributions is represented in the form

where the dimensions of the nonlinearity parametgfsare

given by the (n—1)-th power of the frequency. Note that

the nonlinear terms in Eq2) include products of the type

(Aw(r)))¥ and the typeAw(r;)Aw(r,)...Awn(r,), which %

account for the effect of spatial correlations. Im( @)= f
On writing the § function in Eq.(1) in the form of a

Fourier integral and substituting Eq®) and(3) in the inte-  Where

grand of the Fourier transform,(w), after a number of

Jw,0")f(0)do', (8

— o0

r
transformations, we find Jw,0")= 71+t (o—0 )22 (C)
m
| ()= E l1(@) 4) Heref (') is the distribution function of the random fields
m &1 | ()]’ andl(w,®') is a Lorentzian spin packet. It is clear that when

Jw,w")=8(w—w"), Ih(w)=f(w). Later it will be
shown that Eqs(8) and(9) give the same result as replacing
——apo'™, (5) by w=(i/7) in Eq. (4). In the case where the homoge-
neous broadening is small compared to the inhomogeneous
broadening, the line shape neat= w, is determined mainly
f(w’)|w,:wk=0. (6) by the mechanisms for homogeneous line broadefeng,.,
) ] ] reorientational motion, dipole interaction of identical spjns
_ Thus, the line shapes calculated in theth order statis- \ypile the line shape is mainly determined by inhomogeneous
tical theory include nonlinear terms in the frequency ghn‘t “pbroadening in the regiom>w,. We emphasize that this
to them-th order but are expressed in terms gfw), which  gearation of the contributions from homogeneous and inho-
is calculated in the first order statistical theory, which Onlymogeneous broadening is a characteristic feature which oc-
includes terms linear in the frequency shift. The function. ;s \when nonlinear effects control the inhomogeneous
I1(w) has been calculated for many of the most often eny o gening of resonance lines. These are especially impor-
countered sources of random fielgoint charges, electric 5+ i gisordered ferroelectric crystals and, as shown below,
dipoles, dilation centeysand it has been shown that it is pocome larger as the degree of disorder and the dielectric
usually linear and cgan be represented in a gaussian, Lorentz, ciant increase, so that the line shape should depend on
or Holtsmark form‘-’:' As can be seen from Eqe)—(6), the  tomperature. Since the temperature dependence of the inho-
line shapd ,(w) including nonlinear effects cannot be writ- q4eneous broadening of resonance lines in disordered

ten simply as a sum of these forms, since the coefficients i roeectric crystals originates in the nonlinearity param-
I1(w) depend onw. For example, Eq4)—(6) imply thatthe  gters et us discuss this question in more detail.
calculated line shape including second order nonlinear ef-

fects,l,(w), is given by

and
flo)=w—0' —aw'?

where thew, are the real roots of the equation

2. RESONANCE FREQUENCY SHIFT AND THE

()= H(Fo*w) Vl+4azw—l) NONLINEARITY PARAMETERS
2 [V1+4a,0] ' 2a;

1) In disordered ferroelectric crystals, random electric

m+ 1 fields govern the properties and form of the phase diagram.
+1, e N In the following we shall regard these fields as the main
@2 cause of the frequency shift owing to the electric field effect
1, x>0, in radio frequency spectroscopy.
0(x)= [ 0. x<0 (7) The frequency shift owing to electric field effects can be

linear or nonlinear with respect to the electric fidldinear
where the uppetlower) sign corresponds to positii@ega- effects are possible only at paramagnetic centers whose local
tive) values of @, and w.=—(1/4a,) is the critical symmetry does not contain a center of symmetry, while non-
frequency at whichl,(w) diverges.l,(w)=0 for w<w, linear effects always occur. Note that the local symmetry
(ay>0) or for 0> w(a@,<0). Thus,l,(w) is an asymmet- depends both on the structure of the paramagnetic center and
ric function of the frequency. The critical frequencies aton the lattice symmetry. For example, in non-centrally sym-
which the line intensity increases without bound have alsametric structures, the local symmetry does not contain a cen-
been obtained taking third order nonlinear terms into accourter of symmetry, while in cubic lattices this is true only for
for a3<0.1°In the case ofr3>0, on the other hand, the line off-center ions or complex centers of the impurity-vacancy
shape was symmetric with respect to the resonance fraype, etc.

guency which we chose to coincide with the origin for The magnitude of the electric field effects depeénois

The divergences mentioned above vanish when(amgn a the magnitude of the spin and, in an approximation that is
smal) contribution owing to homogeneous broadening islinear in E, the spin-hamiltoniaidg has the form
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- . a etersa,. The constanfA=|dw/dE| is determined by the
HEZE EiS(TijHi+ Fijeli) + Rij E{ S S (10) matrix elements of the hamiltoniad for the electric field
effect (see EQq.(10), for examplg and can depend on the

whereS;, 1;, B;, andH, are, respectively, the components magnitude of the magnetic field and its orientation relative to

of the electron and nuclear spins and of the electric and magy | lattice. | di f lectri T
netic fields. The third term in Eq(10) equals zero forS © Crystq attice. In or inary ferroe ectric crystals 1/(

=1/2. The frequency shifts of the resonance transition which Teo) (T_C s the phas.e transition temperat)Jrso that thmm_

are linear and nonlinear in the electric field can be obtainec?hOUId increase rapidly nedr;. In disordered ferroelectric

by expanding the matrix elements of the spin-hamiltoniarC'yStals,¢ depends both on the temperatureand on the

(10) in terms of wave functions of the electric field- degree of disorder in the system. Thus, for example, it has
independent spin-hamiltoniaf,, in, respectively, the first P€en showt that in the ferroelectric crystal PST, which has
and higher orders of perturbation theory. In addition, the? diffuse phase transition and can be obtained with any de-
frequency shifts that are nonlinear E can be obtained in gree of disorder, the ratio of the maximum valueséoff

first order perturbation theory by including the terms of the=0.1 kHz) for two samples with substantially different de-
spin-hamiltonian that a nonlinear B! It should be empha- grees of ordering is 1.5 and thét decreases as the degree of
sized that the electric field effect can not only lead to a fre-ordering increases while the maximum becomes sharper. An
guency shift, but also to line splitting, for example, in crys- analysis of the measured temperature dependences of the
tals with aT4 symmetry. In lattices of this type, there are two third order nonlinearity coefficients of PST samples with dif-
nonequivalent positions with respect to inversion for whichferent degrees of ordering show&¢hat the nonlinearity pa-

all the parameters are the same, while the fieldiffers in  rameters of samples with a higher degree of disordering are
sign, and this leads to the splitting of the lines in an externaimuch higher than in the more ordered samples, and B3).

field that has been observed in a number of crystdfs. fits the experiment fairly well fof <T,, (T,, is the tempera-
ferroelectric crystals,_this kind of splitting has peen ob-tyre at whichg(T) has a maximur while for T>T,, we can
served, for example, in the EPR spectrum of Towing 10 oniy speak of a qualitative agreement which improves with

spontaneous polarization in the paraferroelectric transition i'ihcreasing ordering of the sample. The latter appears to be
RbH,PQ,, as well as in the disordered ferroelectric crystal related to the fact that Eq$11)—(15), which were derived

RADP1? - : :
for illustrating the temperature dependence of the nonlinear-

2) The no nlinear param eters for ferroelectric crystals aﬁty parameters, are strictly valid for ordered ferroelectric
usually obtained by studying the effect of an external electric

. . 2 i . crystals. For disordered ferroelectric crystals, a comparison
field on the lattice polarizatio® and are described using an with experimer® shows that Eq(15) provides a qualita-
expression for the free energy(P). As an illustration, let P d P 9

us consider the case of the polarizat®rinduced by a field tively correct temperature variation in the nonlinearity pa-
Ellz (E,=E, P,=P) in centrally symmetric lattices: rameters.

1,01 1
®(P,E)=Do+ 5 aP?+ 5 bP*+ 2 cPo+:—PE.

6
(12) 3. RESONANCE LINE SHAPES IN NONCENTRIC CRYSTALS
The polarization, as usual, is determined from the condition
d®/dP=0, i.e., 1) In these systems the frequency shift caused by ran-
dom fields includes both even and odd powers of the nonlin-
aP+bP3+cP°+---=E. (12 ear contributions. Since the magnitude of these contributions
In the linear cas¢b=c=---=0, P=P,, E=E)), usually decreases as the degree of nonlinearity increases, we
shall restrict ourselves to the largéguiadrati¢ contribution,
P =¢E,, a=§&1, (13)  i.e., we shall retain the first two terms in the frequency shift

(2). In this case, the shape of the inhomogeneously broad-

ened lines is determined by E(), where it is necessary to

replacew by w(i/7), where 1f is the half width of the spin
E=E +b&E3+cE5ED +--- . (14) packet. For the following calculations we choose a gaussian

form for | ;(w):

Comparing Eq(14) with Eq. (2), wherewy is the frequency

shift in the linear approximation with respect to the field, we

find

where¢ is the dc dielectric permittivity of the system. Sub-
stituting P; in Eq. (12), we find

exp(— w?/2A2). (16)

1
l1(w)=
a%gm l( ) \/EA
Um= Am=1- (15
Heread=b, al=c, etc., depend on the type of material and
usually are temperature independent, whif&(T) deter- Then the real part of Eq.7) for the resonance line shapes
mines the temperature dependence of the nonlinearity paraman be rewritten in the form
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(1/2) + (1/7)arctgr(w — wc) a
A2 p(0))12 s
fi(w)—2(1+2ayw)
X1 ex 8aZA?
(40’2/7')_ fz(w)
8a§A2

N ~fi(w)—2(1+2ay0)
ex 8asA2

|2((1) =

X €OosS

« (Aayl7)+fo(w)
COS——g 7Rz |

o(w)= \/(1+4a2w)2+(4a2/7)2,

f1.40) =V2Vp(0) = (1+ 4az0). (17)

Equation(17) clearly transforms to Eq7) as 1/—0. In
the limit of a large nonlinear contributiofdimensionless
nonlinearity parametetr,A>1), the exponents in Eq17)
approach unity, so that Eql7) also implies that for
w>we, l(w)—1J1+4a,0. Lineshapes constructed in
accordance with Eq.17) for different values of the nonlin-
earity parametetr, and of 1/ are shown in Fig. 1. Clearly,
the line shapes differ substantially from the gaussian shape
corresponding to the linear approximation. The most impor-
tant point is that the line shape is asymmetric even for small 0z
nonlinearity parameters and its asymmetry increases rapidly
with increasing a,A, approaching the limitl,(w)

=11+4a,0 for w>w,. Near the critical frequency 0 ‘ | . . . . . .
(w=w.*x1/7) the line shape is entirely determined by the -15 -1.0 0 1.0 2.0
homogeneous broadening contribution. This is true both for w/4

large (Fig. 18 and intermediatéFig. 1b values of the non- FIG. 1. Inhomogeneously broadened line shapes calculated using #g.

linearity parametgr, When the_ line sﬁape consists (?f ”Qt ON&he dotted curve is a gaussian shape corresponding to the linear approxi-
but two peakS W|th dlffel’ent |ntenS|t|eS, one Of Wthh IS I'e- mation without homogeneoug broadenir@zA:OA (@ and 0.22(b).

lated to the denominator and the other, to the exponents itrA)~*: (a) 0.1(1), 0.05(2), 0.01(3); (b) 0.3 (1), 0.016(2), 0.01(3).
Eq.(17). ltis also clear from Figs. 1a and b that the shape of
the right hand wing is determined by inhomogeneous broad-
ening, while the left hand wing results from homogeneousvy first order perturbation theory, where the spin-hamiltonian
broadening. In the case of large nonlinearity parameters, thel.0) for +E and —E, respectively, serves as the perturba-
line shape is given by a curve with a sharp pealwatw,  tion. In this approximation the center of gravity of these lines
(Fig. 13 whose intensity increases, while its half width de-is w=0, so that one line lies in the regian>0 and the other
creases as the homogeneous contribution becomes smaller.the regionw<0. The shapes of the two lines are given by
For smaller nonlinearity parameters, the line has two peakggs.(7) and(17), respectively, fow>0 andw<0. Note that
which merge into one as 4increasegFig. 1b. the origin of the frequencw axis is taken to be the reso-
Figure 2 shows the expected transformation of the linenance frequencywg, i.e., v=w'—wg, SO that including
shape with temperature on approaching the phase transitiderms nonlinear itk leads to a renormalization ef, for the
temperature. The nonlinearity parameter was estimated usireyen terms irE or to an additional shift of the lines for the
Eqg. (14) and it was assumed thatrlihcreases exponentially odd.
with rising temperature. For concreteness we have used the Figure 3 shows the shape of the spectra that can be ob-
values of&(T) and 14(T) for KTa;_,Nb,O3 (x=0.157) 4 served in the disordered KDP ferroelectric family. Profiles
2) We now consider ferroelectric crystals in the KDP were calculated for several values of the nonlinearity param-
family with a T4 symmetry in the paraelectric phase. As eter and of the homogeneous width. The overlap of the tails
indicated in paragraph 1 of Section 2, in systems of this typ®f the lines clearly enhancés(w) nearo=0, while the line
there are two inversion-nonequivalent positions and thishapes are essentially unchanged near the magdmé&igs.
leads to splitting of the resonance lines in a fiEldwing to 1 and 3a This behavior should be typical of all ordinary
the polarization of the lattice in the ferroelectric phase. Theferroelectric crystals, since the lattice polarization that causes
positions of the first and second lines are usually determinethe line splitting is always much greater than the fluctuations
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in the internal fields responsible for inhomogeneous broad-

ening. In the case of the dipole glasses, however, the flud=IG. 3. Spectra consisting of two lines in crystals with symmetry.a,A

tuations can be of the same order as the average field. Thf§d (-4) *: 0.22 and 0.021), 0.3 and 0.0212), 0.4 and 0.03§3). The
. .distance between the lines id4a) andA (b).

leads to greater overlap of the lines and to a more compli-

cated spectrun(Fig. 3), right up to the disappearance of the

peaks neaw= *(w,+ w.) and the appearance of a single

brqad Iﬁne with a pgak ab=0 as.the homogeneous .contri- Eo(F, o FN)=Eant Boe 2yt + Baely,

bution increases. Since the nonlinearity parameter increases

with rising temperature forT<T. and decreases for N

T>T,, the line shapes will be substantially differentinthese o =" ¢ (r.). (18

temperature intervals. When7lis determined by jumps be- =1

tween equivalent positions, this analysis generalizes the

theory of resonance lines in the motional broadening regimé&ince the left and right hand sides should vary the same way

to the case of intrinsically nonlinear contributions to inhomo-under inversion(e ,n——¢&.n, E,——E,), we conclude

geneous broadening. Note that under the conditions of mdhat B2=B4="""=Bx=0. Given thatay,=B,/A""*, we

tional narrowing usually observed at high temperatures, norconclude that only the odd-power nonlinearity parameters

linear effects will be small, so that the changes in thedre nonzero in centrally symmetric systems.

spectrum with temperature will have the customary form. It appears thaltz(w) depends significantly on the sign of
the nonlinearity parametew;. Equation(15) implies that

a3>0 and a3<0 correspond to ferroelectric crystals with
4. RESONANCE LINE SHAPES IN CENTROSYMMETRIC second and first order phase transitions, respectively. Let us
SYSTEMS examine the case;>0.

(2) For @3>0 Eq. (6) has a single real root. Including
In these systems the line shapes are given by &)s.  the contribution of homogeneous broadening in E).for

(6), with only the odd-power nonlinearity parameters re-the case of a gaussian line shape in the linear approximation
tained, i.e.,az+ 170, ax=0 (k=1,2,...). Actually, in this  (16), we find
case, when the frequency shifts are caused by the random

electric fields from sources located at the poin{s...,r,, 1 52
the o component of the random field including the linear and  |;(E)=Re ——— exp( - ?O) , (19
nonlinear contributions can be written in the form Av27|1+ 325
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[ crystals can be used for describing other spectrum lines, spe-
cifically in optical, Mcssbauer, dielectric, and other spectra.
Given that the mechanisms responsible for inhomogeneous
i 3 line broadening are extremely diverse and can be significant,
not only in disordered, but also ordinary ferromagnetic and

<
[~
|

w

-

"

5 o04f ferroelectric crystals, where the nonlinear contributions be-
o come much greater near the transition temperafiré® the

Y] - theory of inhomogeneously broadened spectrum lines devel-
~ 2 oped in this paper applies to a broad class of solids. For
302 1 example, the transformation of the line shape on approaching
~

the phase transition temperature in KTaNb,O; (X
=0.157) shown in Fig. 2 is close to that observed recently in

0 ) I I ! the spectrum of first-order Raman scattering by the o@®
-3 -1 0 1 J tical phonon in this materidft We emphasize that immedi-
IJ"" ately adjacent tdl;, the observed line shape far>w, is

1/3
Xo= 2~ 1/327 1/2

+ ) (20

. . . . well described by the theoretically predicted expression
FIG. 4. Inhomogeneously broadened line profile including third-order non- . .
linear effectgsee Eqs(19) and (20)]. azA? and (rA)~1: 0 and 0.3(2), 1 |2(w)~1{\/1+4aw. Note that a second,_l_ess Intense maxi-
and 0(2), 1 and 0.3(3). mum which occurs away from the transition temperature at
w=220 cm ! has been mistakenly interpretéais an addi-
tional peak caused by acoustic phonons.
2 4 ) The observed variation with increasing temperature in
27X+ \ 571 XZ the EPR t f T in RibysNH PO
27 e spectrum o in - Rby 3(NHg)o AHPO,
U3 (RADP-70*? is qualitatively consistent with the curve
Ay /i+x22 shown in Fig. 3b, which is illustrative, since the nonlinearity
27 and homogeneous broadening parameters in it were chosen
Here 7= a-A2 is a dimensionless nonlinearity parameter quite arbitrarily. In addition, calculations were made assum-
X= /A issa dimensionless frequency. a d=1/)ETZ) is a 'ing that the homogeneous width is caused by the motion of
- . . quency, ag . this spin or its surroundings with a single time £}L/In a
dimensionless half width of the spin packet which deter-_ " . .
mines the homogeneous broadening contribution. spin or dipole glass state there is usually a spectrum of re-
Figure 4 shows an inhomogeneously broadened line prolgxation times characterized by a distribution function. In-
file constructed on the basis of Eq49) and(20). It is clear clr?dlngbsus[:hk_a functiorf(7) in ? tc;]alctjlatmn of fthe (;me
that, as opposed th,(w), a function of the forml ;(w) is S aﬁjel yd ta N9 han avgra;%e g. t't? t.yﬁb?(w,? (7) g
strictly symmetric with respect to the resonance frequency, a ou tleath 0a ckange '2 € 'E. " ullor; unckljor; and, ap-
which it has a maximum. Nonlinear effects in the inhomo-Parenty. the peg soneﬁlr— wtchm h'gs'd - IW(IJUIﬁ ecome
geneous broadening narrow the line and enhance its win §ss pronounced. ©n e oIher hand, calcuia ) 'S a
(cf. curvesl and2 of Fig. 4). It is also clear from Fig. 4 that ather F:ompllcated .tas_k a_nd the form ifr) is (-jetgrmm.ed
homogeneous broadening changes the line shape mainly ne%ﬁhsenually by the distribution of random (_electnc fields in th(_e
the resonance frequency, leaving the wings of the profiIeSyStgnj' So tgat sc::nz iortr of srclelf-conssrt]enth procedy;e IS
essentially unchanged as their behavior is controlled by in"€€ded in order to find the line shape. In the theory with one
homogeneous broadening. Note that when the inhomogé'—me T it is possible to assume that this time corresponds to
neous broadening is caused only by the linear terms in thi'€ Most probable tr':l%e' which is greater than the half width
random fields, i.e., is determined only by the linef Fig. 4, A of the distributior. . . .
introducing homogeneous broadening of the same magnitude. '€ Proposed theory, in which the dynamics is deter-
as in curve 3 (1#A)=0.3) causes only a negligible increase Mined by a single timer also gives a qualitatively correct
in the height of the peak, a slight narrowing of the line, anddescrlpnon of the observ_ed tgmperature variation in the
a small enhancement in the wing. profile| and the dotted NMR line shape of deuterium in RADP-J4T?E%9bserved
curve. Thus, it is nonlinear inhomogeneous broadening ef NMR and EPR line shapes have been descfibeuh terms
fects which enhance the influence of the homogeneougf a distribution function of the local polarization of disor-
broadening mechanisms which turned out to be especiallgered ferroelectric materials _which correspon(_js to a dipo_le
important near the resonance frequency. Since the magnitu@&2ss model phase for an Ising model assuming a gaussian
of the nonlinearity parameter varies with temperaturergs distribution for the random interaction and for the random
~&%(T) (see paragraph 2 of Sectiop, zhe line should be- fields. The form of this distribution function in the motional
come narrower as the temperature is reduced fef, and broadening regime is close to that shown in Figs. 3a and 3b.
wider for T<T,. Our results, however, are not limited to the assumptions
listed above, but include nonlinearity effects and are, there-
fore, more general. The NMR lines of nuclei with a large
quadrupole moment can be broadened inhomogeneously in
The above theory for the inhomogeneously broadenedisordered ferroelectric crystals owing to fluctuations in the
magnetic resonance line shape in disordered ferroelectrigradients of the electric fields. In particular, the obset{ed

5. DISCUSSION OF RESULTS
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NMR line shapes of*®Nb and PMN have been fitted by Would yield valuable information on the nature of the mecha-
numerical Monte-Carlo calculations in which the electric nisms responsible for the features of the phase diagram and
field gradients owing to the disorder in the ion substitutionthe properties of disordered ferroelectric crystals.
were calculated for a Gaussian distribution of the Nb substi-
tutions relative to the lattice site in an ideal PMN structure.
NMR spectra of’Rb broadened by a quadrupole interaction *M. D. Glinchuk and V. A. Stephanovich, J. Phys.: Condens. Maer
have been fittel using both a Monte-Carlo calculation and 26317(1&9‘9-h < and Stetanovich. 4. Ted2. 139 (199
another approach in which the distribution of the electric '[wbhljé ol Stad? \;sﬁ(\iggtg]anov'c + Fiz. Tverd. Te#, 139 (1999
ﬁel(_j gradiept was CO_Upled t.O the distribution of the local sm. p. Glinchuk and V. A. Sephanovich, Ferroelectrit®9, 281 (1995.
lattice polarization. It is possible that the obseREANMR :M. D. Glinchuk and R. Farhi, J. Phys.: Condens. Ma8e6985(1996.
line shape of®Nb in PMN is close to that in Fig. 4 because zRéz‘%“(”lgsg- C. Ailion, B. Gunther, and S. Zumer, Phys. Rev. L&,
of this coupling. In our .approaph, the shape of lines broad-s,, "\, Laguta, M. D. Glinchuk, 1. P. Bykov, A. N. Titov, and E. M.
ened by a quadrupole interaction can, in general, be calcu-andreev, Fiz. Tverd. Tel2, 3132 (1990 [Sov. Phys. Solid Statg?,
lated using Eqs(4)—(6) since the mechanisms responsible 71818(‘1990]. _ _ _ _
for the frequency shift in Eqg2) and (3) can be arbitrary. R. B_Ilnc,_ J. Doninchek, R. Pirc, B. Tadic, B. Zalar, R. Kind, and
Difficulties may arise only in the case df1/2— ¥ 1/2 tran- O. Liechti, Phys. Rev. Let3, 2248(1989.
i Yy y . e+ 8A. U. Stoneham, Rev. Mod. Phy41, 82 (1969.
sitions, for which the frequency shift begins with terms that °m. . Glinchuk, V. G. Grachev, M. F. Dgen, A. B. Rdtsin, and L. A.
are quadratic in the field gradients and, therefore, does notSuslin,Electrical Effects in Radio Frequency SpectroscipyRussiar,
: : ; ; : ; ; Nauka, Moscow(1981).
Cr?mfam the; linear Conmb?thns which e.SSGII‘\tIa")r/] deterrTmQOM. D. Glinchuk, I. V. Kondakova, and D. V. Anchishkifroceedings of
the form of Eq.(4). A preliminary examination shows that e ogih Congress Amper€anterbury(1996.
magnetic resonance line shapes can also be calculated by this B. Aleksandrov, The Theory of Magnetic Relaxatioiin Russiar,
method in the case where there are no linear terms irfZkq.  Nauka, Moscow(1974.
In conclusion, we note that an experimental manifestation of R Kind. R. Blinc, J. Dolinchek, N. Komer, B. Zalar, P. Ceve, N. S. Dalal,
. . . .__and J. Toulouse, Phys. Rev.48, 2511(1991).
the nonllnea_r effects in magnetic resonance spectral lin&y gogs, H. Beige, P. Pitzius, and H. Schmitt, Ferroelectfies, 127
shapes predicted here should be sought at temperatures cor1992.
responding to the maximum dielectric constant, as well as a]t“?éfé(\l/ggéne'ﬂeﬂ P. di Antonio, and J. Toulouse, Phys. Rev. L&t.
the parucula_r on_entauons of the external magnetic field N5, Abragan;’The Principles of Nuclear Magnetisixford (1961,
the crystals implied by Eq15). A study of the features of 16y T, Hochli, R. Knorr, and A. Lidl, Adv. Phys39, 405(1990.
the magnetic resonance spectra in disordered ferroelectriéM. D. Glinchuk, J. P. Bykov, and V. V. Laguta, Ferroelectrib43 39
crystals such as PST and PLZT with different values of non-_(1993. _
. . . 18N, Korner and R. Kind, Phys. Rev. B9, 5918(1994.
linearity parameters would be of special interest. An exami-

nation of the magnetic resonances in systems of this typ&ranslated by D. H. McNeill
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LATTICE DYNAMICS. PHASE TRANSITIONS

Determining the Debye temperature and Gru neisen constant of solid hydrogen at high
pressures

Yu. V. Petrov

L. D. Landau Institute of Theoretical Physics, Russian Academy of Sciences, 142432 Chernogolovka,
Moscow Region, Russia

(Submitted June 26, 1997

Fiz. Tverd. Tela(St. Petersbuig0, 348—349(February 1998

A method is proposed for determining the Debye temperature ande@en parameter from
data on the equation of state of solid hydrogen and deuterium atTewb(K) and

room (T=300 K) temperatures. €1998 American Institute of Physics.
[S1063-783#8)04102-1

Solid hydrogen has never ceased to be an object of infrom these equations the common static pressure and taking
tense study, both in the low-pressure regiaere it is one into account the connection between Debye temperatures of
example of quantum crystalaind at high pressures, where hydrogen and deuterium:
phase transitions in it cause interest, in particular the
insulator-metal transitioi;*° In determining the equation of £=0p/0p=12, ®)
state of hydrogen, the highest accuracy is provided by statige obtain an algebraic equation that determig (it is
compression experiments in diamond anvils. By fower-  convenient to introduce the dimensionless quantity
rors in measurements are sufficiently small that we can dis;=@0/T, in place of®!):
tinguish the equation of state of the two isotoglegdrogen

and deuteriumand how they change at temperature differ- _ L Tz
. D(T) _D T h h
ences near room temperature. There is even greater expecta- T, P(v,T2)—Pv,T1)
tion for accuracy of planned experiments using intense syn- \7/ = T, T, - PYv,T,)—PYv,T;)
chrotron radiation to determine the sample volume. This D(ST)—T—D €TT
makes it possible to directly determine such important char- 2 ! (6)
acteristics of solids, and in particular hydrogen, as the Debye N o o
temperature and Gneisen parameter. For each specific volume, which is a parametefin this
. . . . . h d R
In the Mie-Grineisen approximation, the pressure of hy-¢ase.,T1, To, P" andP® are also parametersthe algebraic
drogen can be written in the form Eq. (6) with respect to the single unknowncan be solved
numerically, for example, Newton, as= lim 7", according
P(v,T)=Ps(v)+Po(v)+Pa(v) +Py(v,T). (N n—s

Here T andP are the temperature, specific volume andto using  the recursive  Newtonian procedure:
v P » SP » NG 0+ 1) ) (AMy/F7 (7) (n=1,2,...). Thederivative

pressurePy is the static pressur®, andP, are pressures of

zero point oscillations caused respectively by optical and) f the functionF(7) required for this with respect tois

acoustic branches, arf®} is the thermal part of the pressure . 3 T,\3( T, T,
arising from acoustic phononB, andP; are determined by Fi(7)= P f(7)— T, f T, D(é7)— T_2D
the expressions
5\, ° <] |- en-[2 ez
D T -3 T)— | — T
= —Kp—— T T T
P. 8kB v’ 2 1 3 2 1
T (05 d® x| D(7)— 1D(TT2”/
— _3ke—_p| 20| ZED T, \'Ty
P, 3kB®D D( T ) ! 3 2 1
: . T, T,\]?
wherekg is Boltzmann's constan®, is the Debye tempera- [D(gT)— —D( 57—” , 7
ture, and T2 T
3 rx t3dt wheref(x) =x3/(e*—1).
D(x)= 3 J Py (4) In this case, the Gneisen parameter for the valuehat
0 is the same for both isotopes can be found from the equation

is the Debye function. Using labels andd to refer to hy- Py T-)— P(u.T
drogen and deuterium respectively, let us write four Efjs. y=-— (P(v.T2) . Ty ) (8
for these two isotopes with the same specific volume and two 3kgT, D(7)— E D( TE) }
values of the temperatur®, and T,. Then by eliminating T, Ty
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TABLE |. Debye temperatur®;, and Grineisen parametey of hydrogen,  applied to determine the Debye temperature andn€igen
obtained by solving Eq6) according to the experimental data of Ref. 11. parameter of a crystal of another Iight eleméhelium)

v, cnmol N 0y, K y startglng from measuremgnts of the equation of stat‘i_e loé
and* He crystals. Despite the fact that the mass difference

8 2543 763 0.863 for this system is relatively smaller than that for hydrogen
! 2871 861 0.828 isotopes, solid helium has the advantage in that it is better
6 3.780 1134 0.856 pes, g9

described by the Gneisen equation over a wide range of
specific volumes due to its atomic character. In it, in particu-
lar, there does not appear a phase transition caused by rotat-
As an example of the use of this procedure we will re-ing a molecule out of its orientational order, as happens in
cover the values of the Debye temperature andn@isen  solid hydrogen crystals.
parameter from data given in Ref. 11 on the equation of state ) i , ) ,
of hydrogen and deuterium at lowTE5K) and room This work was carried out with the financial support of
(T=300 K) temperatures. The results of the calculation aré>rant RFFI-95-02-0453band INTAS-94-1105.
shown in Table I.
We note that if a value,= @/ T, is found from Eq/6)
fo_r some value of the_ _specific volum@_, then by integrating 1 ¢ Rumaker, L. Kumar, and F. E. Harris, Phys. Rev. L8t 812
with respect to specific volume the difference between pres- (1975,
sures of only a single isotope (hydrogen 2C. Friedli and N. W. Ashcroft, Phys. Rev. B5, 662 (1977.

5Ph(v)= Ph(v :Tz) _ Ph(v,Tl), we obtain the equation 8J. van Straaten, R. J. Wijngaarden, and I. F. Silvera, Phys. Rev.4ett.
97 (1982.
1-e" T, T, 4W. J. Nellis, M. Ross, A. C. Mitchell, M. van Thiel, D. A. Young, F. H.
W(7)=D(7)—D( 7-0) -3 |n—_T —— | D| 7= Ree, and R. J. Trainor, Phys. Rev.2&, 608(1983.
l1-e T, T 5B. I. Min, H. I. F. Jansen, and A. J. Freeman, Phys. Re\33 6383

(1986.
6D. M. Ceperley and B. J. Alder, Phys. Rev.38, 2092(1987).
7J. van Straaten and I. F. Silvera, Phys. Re\87/81989(1988.
8R. J. Hemley and H. K. Mao, Phys. Rev. Lditl, 857 (1988.
9T. W. Barbee Ill, A. Garcia, M. L. Cohen, and J. L. Martins, Phys. Rev.

T2 1_e—TT2/T1
-D o, 3 ——m

v
— SP"(v)dv =0, ©) Lett. 62, 1150(1989.
kBTz vo 104, E. Lorenzana, I. F. Silvera, and K. A. Goettel, Phys. Rev. L&4f.
. . h ) 1939(1990.
which also determines, and thus® as a function of the 1R j Hemley, H. K. Mao, L. W. Finger, A. P. Jephcoat, R. M. Hazen, and
specific volumev. The derivative of the functioV(r) re- ,C: S Zha, Phys. Rev. B2 6458(1990.
quired for its numerical solution by Newton’s method has the (Hl-gg(-) Mao, R. J. Hemley, and M. Hanfland, Phys. Rev. Léf, 484
form 3R, J. Hemley, H. K. Mao, and J. F. Shu, Phys. Rev. L&5it.2670(1990.
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In conclusion, we note that the same procedure can beranslated by Frank J. Crowne
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Lattice dynamics of ionic crystals in a model of “breathing” and polarizable ions
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An expression is written down for the dynamic matrix of ionic crystals in terms of a

microscopic, parameterless model of “breathing” and polarizable ions. Results from a calculation
of the complete spectrum of the lattice vibrations of ionic crystals having an NaCl structure

are presented as an illustration. ¥98 American Institute of Physid$1063-783%08)04202-9

Recently lvanov and Maksimov have presenteaicro- 1 Zlonzion
scopic justifications for a model of ionic crystals consisting ~ E=> > ﬁﬂLE Er(v)
of individual ions whose interaction also determines all the S L
static and dynamic properties. This picture of ionic crystals 1 Pi2
is described rather completely by a simplified version of the ts > ViV R -RD+ Y (V)
functional density method proposed by Gordon and Rim. . R
The later work? generalizes the Gordon—Kim model so as 1
to include the multipole polarizabilities of the ions. These ts > PQi(IR—Rj)P;
must be included when calculating the electronic polarizabil- !
ity of the ions in the crystal, the dielectric permittivity, and 1 i
the spectrum of the crystal lattice vibrations. The polarizabil- + 2 %‘4 Pl (ViLV; |Ri— Rj|)Pi - %‘4 PiS(i)
ity and deformability of the ions have been taken into ac-
count previously through a phenomenological médeand E PE

1=
I

@

an adequate description of the lattice dynamics of ionic crys-
tals was obtained by including these effects. This approach,
however, could only be used to calculate the lattice vibratiorwhere the first term describes the Coulomb interaction of the
frequencies of ionic crystals with a simple structure, since auclei and the second is the intrinsic energy of an ion, which
large number of unknown parameters are involved. In Ivanodepends on the potentid, created by the crystalline envi-
and Maksimov’s methdd® there are no fit parameters and ronment. The pairwise interaction enerdy; is defined a&s’

this method can be used for calculating the lattice vibrations

of ionic crystals with a complicated crystalline structure. In ~ Pi;=E[pi(ri=R) +p;(ri—=Rj) ] —E[pi(ri —R})]

it the lattice vibration frequencies are calculated by the CE[p(r—R)] @3
frozen phonon method, which greatly limits the possible ap- PIRTITRI:
plications, since the whole frequency spectrum of the latticgn £q, (1) R,=R°—u; , u; is the displacement of an ion from
vibrations cannot be calculated by the frozen phonons equilibrium positionP; anda; are the dipole moment and
method. _polarizability of thei-th ion, respectively, an#; is the elec-

In this paper the approach employed in Refs. 1 and 2 igic field at thei-th ion owing to the displacement of the
used to derive expressions for the dynamic matrix and highzioms from their equilibrium position, i.e.,

frequency dielectric constant and to calculate the complete
phonon spectrum of the lattice vibrations of alkali halide )

i ides wi E=—2 QiZ . (4)
crystals and alkaline earth oxides with an NaCl structure. [ ~ <iS] I

The matricesQ;; andI';; describe the long and short range
parts, respectively, of the dipole-dipole interactidg(i)
=2 MUy, and the matrixm;, describes the deformability
1. DYNAMIC MATRIX of an ion. Expanding the first three terms in Eg). in terms
o , o ) of the small displacementsg, eliminatingP; from the mini-
An ionic crystal is treated as consisting of spherically ,ym energy condition, and transforming to normal coordi-

symmetric overlapping ions and the total electron de”Si%ates, we obtain an expression for the dynamic matrix,
can be written in the form

D ak i (@)= (D 5y (@) +DPY o1 () (mymy) 12
p(N=2 p(ri—R). (D)
: 1
pib -
The total energy of the crystal is given 'ty Dot prr (A = 5 2Qak pic (A 21
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TABLE |. Cell parameters, dielectric constants, limiting phonon frequencies, and dynamic charges.

Crystal a, A £, wrg, cM ! wL o, cmM? Zett
Exp. Theor. Exp. Theor. Exp. Theor. Exp. Theor. Exp. Theor.
LiF 4.03 4.02 1.9 1.71 308 343 636 536 1.0 0.70
NaF 4.63 4.66 1.7 1.54 239 229 413 338 1.02 0.72
KF 5.34 5.24 15 1.69 191 127 323 269 1.01 0.95
RbF 5.60 5.61 1.9 1.84 154 156 286 277 1.25 1.16
LiCl 5.14 4.5 2.7 3.36 191 364 398 557 1.15 1.27
NaCl 5.64 5.4 2.3 2.30 164 161 265 239 1.13 0.9
KCI 6.29 5.92 2.1 2.25 143 102 212 180 1.11 0.99
RbCI 6.60 6.24 2.32 124 112 172 169 1.13 1.08
LiBr 5.50 5.03 3.2 3.25 159 319 323 466 1.18 1.25
NaBr 6.00 5.82 2.6 2.38 133 139 207 193 1.14 0.88
KBr 6.60 6.24 2.4 2.36 120 111 166 154 1.11 0.94
RbBr 6.88 6.56 2.38 82 115 0.96
Lil 6.00 5.32 3.91 326 506 1.72
Nal 6.48 6.14 29 2.70 120 169 170 216 1.07 1.06
Kl 7.06 6.59 2.7 2.58 101 109 138 150 1.14 1.10
Rbl 7.34 6.88 2.6 2.58 74 76 101 102 1.13 1.01
MgO 4.21 4.21 3.0 2.83 400 476 750 617 1.15 0.98
CaO 481 4.79 3.4 2.95 300 350 574 516 1.26 1.28
SrO 5.16 5.10 3.3 3.09 240 330 495 474 1.40 1.41
BaO 5.54 5.50 3.3 3.32 150 222 430 418 1.45 1.75
+2 (0 n)Q (Z + T3 k(DR i (D Qyrir g (A Zie
. Pl i) Qaksw K’
oYk : + Zk Q% ad DRy i (DT 17 i ()
self
k +T* R e T 1t ’ ’ 6
aVk Qak,ﬂk’(q)zk’ 'yl,ak(q) vyl (q) y'i’, Bk (q)] ( )
where
. Vi
)
> pzk(q E P (@) SR @S # 0 -
i = —— —ign),
K=< ViR, \k K d
APIRALI LVK LS Vi >
IRg IR, T 1 IR,IR, A ——3 Y R
R kT L VR, \k )
E 1% ® n O )
+ — exp —I1gn
= | RR, Tk )[R 7 n o _
| Ok (D=2 | 5557 Py o | [exe—ian),
Xexp(—iq(re=ris)), 5
2 2=self
1 d 0 n I°Eyg
pol =— _ * i=- — O —
Dak Bk’(q) 2 ﬂ%i, [Zka,yk(Q) k % {avﬁ (k j L?Vﬁ )
XRyrir g (@) Qi prr (A Zyer R=(T'+Q+a)™Y, (@) i1=08,,8iq,

TABLE II. Electronic polarizabilities of oxygen, halogens, and metals in compounds with an NaCl structure.

Crystal ay, A3 ay A3 Crystal ay, A8 ay, A®
LiF 0.02 0.71 Kl 0.71 5.09
NaF 0.12 0.79 Rbl 1.29 5.24
KF 0.73 0.86 LiBr 0.02 3.21
RbF 1.36 0.89 NaRb 0.12 3.58
LiCl 0.02 2.35 KBr 0.71 3.76
NaCl 0.12 2.69 RbBr 1.3 3.88
KCI 0.71 2.89 MgO 0.06 1.6
KbCl 1.32 2.99 CaO 0.38 2.03
Lil 0.02 4.38 SrO 0.75 2.28
Nal 0.12 4.84 BaO 1.3 2.63
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An expression for the dynamic matr@P® in the “breath- Te S EEN LT
ing” ion model has been obtained in Ref. 7. ;-700 ~.
2. LATTICE DYNAMICS OF CRYSTALS WITH AN NACL \
STRUCTURE 2
We shall use this expression for the dynamic matrix to r X w K r L

calculate the lattice dynamics of alkali halide crystals andriG. 2. Phonon dispersion in MCI. The smooth curves are calculated. For
alkaline earth oxides with an NacCl structure. The calculategomparison, the results of a “breathing”-ion-model calculation neglecting
equilibrium values of the unit cell parameters Iimiting vibra- the ion polarizability are shown as dotted curves. The hollow and solid

. f . high-f diel . ' dd circles are the experimental dependences for the longitudinal and transverse
tion frequencies, high-frequency dielectric constant, and dypanches, respectivels.

namic Born charges, as well as experimental data for com-

parison, are listed in Table |. The calculated polarizabilities

of the metals, oxygen, and halogens are given in Table llagreement between the calculated and experimental values
Dispersion curves together with available experimental datand dependences is quite satisfactory, except for LiCl and
for the symmetric directions of the Brillouin zone are shownLiBr crystals, for which the calculated transverse optical

in Figs. 1-5. As can be seen from Table | and the figures, thenode frequencies are 2 times the experimental values.
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FIG. 5. Phonon dispersion in MO. The smooth curves are calculated. The
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Thus, the calculations made here show that a rather
simple microscopic model of ionic crystals including the
monopole and dipole polarizability of the ions can be used
successfully to calculate the static and dynamic properties.
The advantage of this method is that the time to compute the
complete phonon spectrum is several orders of magnitude
shorter than for the other known methods of calculating the
crystal lattice vibrational frequencies based on first principles
and this offers the possibility of calculating the lattice dy-
namics of compounds having a complicated crystalline struc-
ture.

We thank O. V. Ilvanov and E. G. Maksimov for provid-
ing the programs for calculating the total ion energy and
polarizability.
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Characteristic behavior of the specific heat of exsolving 3He—*He solid solutions
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A theory that includes a substantial contribution of the correlation effects to the specific heat of
exsolving®He—*He solid solutions is constructed on a lattice-gas model. This theory

makes it possible to construct a unified description of the temperature variation of the specific
heat of these systems for a wide range of values ofHeimpurity densityn,. It is

shown that, to obtain quantitative agreement of the proposed theory with published experimental
data, the effective coordination numbefor the impurity in the solution must be treated

as an adjustable parameter. For concentrated solutions(h%50%) the optimal valug=250

is independent of density, while for dilute solutiong&5%) it decreases withy.

Specifically,z=5 for np=0.28% andz=3 for np=0.11%. This suggests that a second phase
can precipitate in the form of low-dimensional fractal structures during the exsolution of

dilute solutions. ©1998 American Institute of Physid$1063-783%M8)03501-]

It is well known' that solid solutions of helium isotopes and determined exclusively by fluctuation effects. In Ref. 7
with any concentration of the components segregate if theyhe dependences of the specific heat of a solution on the
are cooled below the segregation temperaflite whose temperature andHe concentration af>T were obtained
value depends on both the composition of the mixture andinder the assumption that the impurity density fluctuations
the external pressure. Exsolution is a first-order transitiorare Gaussian. It was assumed that the rigidity of the Gauss-
leading to the formation of a two-phase heterostructure in thé&an mode is proportional t@ — Tg, while in reality, as fol-
crystal. In the case of the exsolution of dilute solutions eachows from microscopic analysfit should be proportional to
phase consists of virtually puféle or*He.! For the case of T—T, (T is the critical temperature of the mixtyreAtten-
exsolution in concentrated solutions, phases have the santion to this important circumstance was also drawn in Ref. 9,
property provided the temperature of the system is suffibut the corresponding theoretical analysis is not available in
ciently low. The presence of structural transformations in ehe literature.
solid solution strongly affects its thermodynamic properties. ~ Thus, it is obvious that the problem of developing ad-
Specifically, the specific heat of a crystal in the two-phaseequate models for describing the specific heat of exsolving
region contains a contributiofiarge compared with the spe- “He—"He solid solutions above the separation temperature
cific heat of a homogeneous latticdue to the additional remains open. Our objective in the present paper is to con-
degrees of freedom of the heterophase system. In a homoggtruct a theory of the specific heat of such systems with ar-
neous solution, however, the impurity contribution to thebitrary concentration of the components in the entire tem-
specific heat is very small, so that, in the case of a transitioferature range, including neag.
into the single-phase region, the total specific heat drops
abruptly to values which are virtually equal to the specific
heat of the lattice. Behavior of this kind was first observed; rorMULATION OF THE PROBLEM
experimentally in Refs. 2 and 3, where the temperature de-
pendences of the specific heat of solid solutionéHé in a We shall assume that the Hamiltonian of the system un-
3He matrix, with “He concentrationsn, in the interval der study can be represented by a lattice-gas niddel
1.1x10 3< né)<60.5, were measured, and confirmed by later 1
investigations™ performed under different experimental _ -
conditions. Nonetheless, the experimental @tre more H_sozf ™2 ﬁE Vir iy @
helpful in the development of a theory of the specific heat of
exsolving solid mixtures of helium isotopes, since such datieren; are the occupation numbers #e impuritons occu-
consist of results obtained under identical experimental conPYing a site f, &, is the impuriton energy, and
ditions for solutions having a wide range %fle concentra- V' =V([f=f']) is the interaction energy of impuritons lo-
tions. cated at the sitekandf’. Since the segregation curve of the

In Ref. 3 it was shown that the behavior of the systemssond solutions*He—°He in the concentration—temperature
of interest to us in the two-phase region, at temperature§oordinatesn-T is virtually symmetric with respect to the
T<T,, can be described satisfactorily in the self-consistentP0intn=0.5,"* we shall employ a Hamiltonian that is explic-
field approximation(SCP. The interpretation of their ther- itly invariant with respect to the substitution— 1—n;
mal properties for the case of a transition to a homogeneous 1
solution (at temperaturd>T,) is a more complicated prob- H== > Vg (1-np), = > Vigr=ego. 2
lem, since in this region the impurity specific heat is small 2 % 2%
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For further calculations, it is convenient to introduce thein the SCF model? it is inapplicable in the region of a
variable oy=1-2n;, after which, to within an nonessential homogeneous solutionT¢T,). Allowance for correlations

constant, the equatior{) transform to in the system under study could be made by using, first,
1 1 different variants of cluster approximatiotfer example, the
H=—= Jeowp, Jg==Vi . (3)  quasichemical approximatidh or the Kikuchi methotf)
2% 4 and, second, different variants of the random-phase

The self-consistent fieldSCPH approximation provides a appr(_)ximationg. Further, exact methods based on virial ex-
very simple method for describing qualitatively correctly the Pansions are applicable at low concentratlﬁpnﬁjnglly, n
behavior of the impurity specific heat. It is formally exact in the specific case when the impurity concentration equals
the limit of an infinite impuriton interaction length under the 90% extrapolation of the high- and low-temperature expan-
conditionS Jx, = const. In specific calculations, a model is SIONS of the specific heatsto temperatures near the critical
often used in which the interaction of an atom, occupying d€mperature can be uset.

site f, with all other impurities is assumed to be constant

(equal toJ) right up to a definite coordination sphere con-

taining z neighbors. The interaction is assumed to vanish2. DETERMINATION OF THE SPECIFIC HEAT BY

outside this sphef@Thus, the number of neighbozswith ~ EXTRAPOLATION OF SERIES

which an impurity atom interacts effectively is a character- . . . - .

istic of the inFt)erac):/tion length. The SCF app?/oximation corre- We-_ beg_ln our d|scus_5|c_)n of the appl_lcablllty of _d|fferent
sponds to the limiz— o with Jz— const. We also note that approxllmatlons for descf'*?'.“g Fhe specmc he4) W'th an
this approximation gives the correct asymptotic behavior 0]analy3|s of thfa last possibility I|sted_|n the preceding section.
the thermodynamic functions in the low-temperature Iimit,At concentratlom9=0.5 the separation temperatig= TC'
irrespective of the value of the coordination number. Low-temperature(in powers ofu=exp(-4J/T)) and high-

In the SCF approximation the expression for the specifid®MPeraturelin powers of»=tanh(/T)) expansions of the
PP P b specific heat are presented in Ref. 14 for a system described

heat(here and below all extensive thermodynamic functionsb L . . ) )
are calculated per lattice sjtaave the form y the_Hamlltonlan(S) in the nearest-neug_hbor interaction
approximation for three types of cubic latticexc, fcc, and
Cmf:JZO'd—U 7 bgc). As is well known} a solid solution of helium isotopes
aT’ with equal concentrations of the components has a bcc lat-
. _ tice. The low-temperature sertégor this case is irregularly
Wher?U:.l_ 2nis an o_rder parameter related with tfide sign-alternating and its coefficients differ sharply in absolute
dens!tyn in the separating phases. The order parameter aSriatagnitude. The direct application of this series for the inter-
function of temperature must be found from the equafion pretation of the experimentally observed specific heat of the
Jzo mixture *He—"H¢e? is ineffective, since its region of applica-
o=tanh—— (5 bility is limited to extremely low temperatures. Moreover,
the specific heat calculated using this series becomes nega-
until the order parameter reaches, as the temperature iffye, even aff=0.3T,. This behavior is due to the fact that
creases, the limiting valuep=1-2n, corresponding to a the convergence radius of this series is determined by non-
homogeneous solution with average density The tem-  physical singularities in the complax-plane which are lo-
perature at whichr becomes equal toy is the separation cated closer to the origin of coordinates than the physical

temperatureT singularity®16
1 1+ o Following Ref. 15, this difficulty can be circumvented
Ts‘l— In by re-expanding the series, as proposed in Ref. 14, in terms

2200 1= a0 of the variabley related withu by the relation

In the case of transition to the single-phase regiof:af, y )2

the order parameter is temperature-independent and remains (=

equal tooy. Then, in the SCF approximation the quantity 1-y
do/dT appearing in Eq(4) satisfies The result is a new representation for the low-temperature
do [ —(a/MN(A-N)], T<T.. (T<T,) specific heaC-"(T) in the form of a sign-constant
= (6)  expansion
dT |o, T>T,,
J 2 26
where GLT(T)=16(?> y&> boy". €)
n=0
Jz
A= ?(1— a?). (7) The coefficients in this series are given in the Appendix. For

this series the singularity closest to the origin lies on the
The SCF approximation completely ignores the exis-positive real semiaxis and corresponds to the true physical
tence of fluctuations in the system, so that fior-Tg the  singularity.
impurity contribution to the specific heat identically equals ~ The expansion of the specific he@t!T(T) for a bcc
zero. Thus, despite the fact that the variation of the specifitattice at high temperature3 & T.) is sign-constant and de-
heat in the two-phase region can be explained satisfactorilpends only on the variabl= v? (Ref. 14
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J\2 8 L
cHT={=| X dw", (9) yo = lim
T/ 7=o

n—ow

bn-1

where the coefficientsl,, are: dy=4, d;=140, d,=40586,
d;=129360, andd,=4381848. As shown in Ref. 13, the
high-temperature expansions converge in the entire temper.
ture rangeT>T, and the ratiod,, /d,,_, of coefficients rap-
idly approaches the asymptotic valu@c’l[1+(a—1)/n]
(a=1/8 is the critical exponent for the specific heat,
w=tanti(J/T,)).

To describe the specific heat in the entire temperatur
range, the low- and high-temperature branches of the specific
heat must be extrapolated to temperatures near the critical B_+: A_+ 2 i 1
temperature with allowance for the critical behavior of the B_ A_ \/W—c
functionC(T) asT—T..

It is known'’ that nearT, the specific heat diverges as To compare the present theory with the experimental
A.|1-T/T| '8 (where the coefficienté\. refer to tem-  data, terms taking account of, respectively, the lattice contri-
peratures above and beloWy, respectively. These coeffi-  bution to the specific heatph:(12774/5)(T/@D)3 (where
cients are related with one another by the approximat®, is the Debye temperaturand the contributiorC,, due

in the sense that the differeng'@_l—bn/bn,1 changes sign
g_regularly with increasingn. In this connection the coeffi-
cient B_ in Eq. (13) cannot be determined by analogy to
B. . Here it is necessary to use the relation betwerand
B_ that can be obtained from E{LO), if the first terms in
Egs.(11) and(13), respectively, are re-expanded in the pow-
&rs of 1—(T/T;). The result is

—-1/8

relation'® to the exchange interaction 8He atoms must be added to
A, B\ y(1-2B)]7"2" the expressions obtained above. The latter contribution can
=gl D) | = be represented in the fofhm
A 4( y) 2601 (10 P
where3=5/16 andy=5/4 are critical exponents.We now ) 2 I 7/(1)\2
supplement the high-temperature seli@sby a term of the Cex=3(1—n) T 1 ?’L 4\T/) |’
form
wl-18 3 n wherel is the exchange integral. We shall always take these
sCHT=B,||1- — - 2 an _) , (12) corrections into account when we compare with the experi-
We n=0 We mental data all the expressions for the specific heat that are
wherea, are the coefficients in the Taylor series expansionPresented in the present paper. It should be noted that be-
of the first term in square brackets in Ha1) cause these corrections are small we neglected the pressure
dependence of in our calculations, taking for it the maxi-
I'(n+1/8 (12) mum value corresponding to a molar volume of

T+ DI (18’

(I'(x) is the Euler gamma function Thus, the expansion

24.2 cni/mole. According to different published ddththe
experimentally determined value bfunder these conditions

(11) in powers ofw/w, starts with a term proportional to is 0.88-1.22 mK. We shall employ the average numerical

(W/w,)®. Next, we choose the coefficiel®. so that the value | =1 mK. Moreover, we neglect the temperature de-

term C01‘ the éxpansion oBCHT that is proportional to pendence oBp, since the associated corrections are small

(wiw,)* is identical to the last term of the starting exact in the temperature interval where the effects of interest to us
C

high-temperature expansidf). Then oceur.
g P P ¢8) The results of a comparing of the extrapolation formulas
73308 164 derived above for the specific heat with the experimental
T 425 ( ) data of Ref. 2 as well as SCF calculations for solutions with

ny=0.5 are presented in Fig. 1. The quantkywas deter-
mined from the real experimental vallig= 0.38K,2° so that
J=—0.25T In(0.5327)=0.15 K,** for the expressioné9)—
(13) while for the SCF approximatiod=T./z. At high tem-
peratures, the theory agrees only qualitatively with experi-
ment. Ways to improve the theory will be discussed below.
-ug 34 y\" As one can see from Fig. 1, the low-temperature branch of
1-— - E an —> } (13)  the specific heat in the SCF approximati@) agrees some-
Ye n=0 Ye what better with experiment than does the extrapolation of
where the coefficients,, are once again determined by the the power series. In our opinion, the discrepancy between
relation (12) and 2/.=1—tanh@/T.), must be added to the theory and experiment is due to the following. Although, in
low-temperature expansion. Despite the fact that the lowprinciple, power series formally give exact solutions in the
temperature expansion re-expanded in termg a§ sign-  corresponding temperature intervals, the interaction of only
constant and its coefficients exhibit a more regular behavionearest neighbors is taken into account in the derivation of
than those of the starting series, the coefficients nonethelesise series expansioni$This suggests unequivocally that the
converge nonuniformly to the asymptote nearest-neighbor approximation is insufficient for describing

As a result, forT>T_ the specific heat is described by the
sum of the term<C"T and 6CHT, in one of which a term
proportional to the fourth power a¥ has been dropped so as
to avoid taking this term into account twice.

Similarly, a termsCLT of the form

SC'T=B_

‘ y
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where\ is determined by the relatiofY) and v is the cell
volume.

In a model where the interaction is constaand equal
to J) right up to the coordination sphere containmgeigh-
bors, the first correction with respect to the paramétérto
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B ;. 'l On the other hand, the first term in the expansion in(E6)
| % ’ in powers of the reciprocal of the temperature must be the
108 - | ‘l/‘/ same as in Eq17). This makes it possible to find a relation
- : / between the cutoff parametgp and the effective coordina-
- ] // tion number. The result is
- } / , 10577
i y/ dovo=—4, - (18)
] 1 A 22 1 3 41}
10°7 1 The corresponding correction to the specific heat has the
T,K form
RPA RPA
FIG. 1. Temperature dependence of the specific heat of a #084*He ACRPA:AE + 1 E_ AE + 1)\2
mixture. Solid curve—theory, obtained by extrapolating power series. T 1-A[\2 T 4z
Dashed line—SCF approximatiob—Experimental data from Ref. 2. Here
and in the following figures the specific heat is normalized to the universal Jzo do
gas constanR. X 1+2Tﬁ . (19

_ _ ~ Heredo/dT is once again given by Ed6).
our system, and we are apparently dealing with a situation  Comparing the obtained result with the experimental
where the contribution of the distant coordination spheregjats for “He concentrations,=0.5, 0.21, and 0.5 showed

must be taken into account. that to achieve good agreement between theory and experi-
ment the coordination numberin the above-obtained for-

3. CORRELATION CORRECTIONS TO THE SCF mulas must be treated as an adjustable parameter, whose

APPROXIMATION value turns out to be unexpectedly large. Thus, for all con-

A natural method for obtaining the correlation correc- centrations listed above=250. This means that the nearest-

tions to the SCF for lattices with large coordination numbersr_'eIghbor approximation d_o_es not give an adequat(_a descrip-
7 is to expand the thermodynamic functions in powers af 1/ tion of the observed specific heat in the concentration range

The first term of this expansion corresponds to the so—calleamd":“dI fand tth$ |mpur|t§. |ntt9ract|orl]1 exteq_(:]s fat ![et?ftt ?r:/ er
random-phase approximatidiRPA).2 The correction to the several(four to five) coordination spheres. The fact that the

average energy of the system in this approximation equalsOptlmal (from the standpoint of agreement with expe.rm)ent
values found here for the parameterare comparatively
1 Q) (1—0?)?

AERPAZ _ E large must signify, on the one hand, that the above-calculated
- 2NT 4 1-J(q)(1-dd)IT" fluctuation corrections are smafiroportional to 12) and, on
) ) . , the other, that the conditions of applicability of the SCF ap-
HereJ(q) is the Fourier transform of the functialy,, N'is  r65imation are satisfiedormally corresponding to the limit
the total number of sites in the system, and the order param_ ;) In reality, however, above the exsolution tempera-
eter o satisfies Eq(5). We call attention to the fact that the ture, T>T,, in the homogeneous solution region the excess
impurity interaction length is of the order fllftf For this  gpecific heat in the SCF approximation equals identically
reason, the terms with<0q<do, wherego~2" ", make the ;614 anq the lattice specific heat of the matrix rigais stil
main contribution to the sum in Ed14). To estimate this ey small. For this reason, the fluctuations make the main
sum we approximate the potenti#(q) by the expressidh  ¢ontibution to the specific heat of the solid solution at

(14

Jz(1-9%93), q<do, T~Ts.
J(q)= 0 - (15 We note, however, that in the case of low concentrations
' 9= o- the correction(16) presented above is negligibly small even

Switching in Eq.(14) from summation to integration, we find compared with the lattice contribution. This is evidently so

328 Phys. Solid State 40 (2), February 1998 Antsygina et al. 328



10-1:' AT
F 03 3 o1
i - A2
I [ ¥
—~ 0
e:m’_- 3
N u C
x
Q - N [
N Q -
/g
. W §
10 3 A
07 "
- s [
K ~ o
[ | L i [ N N A A W |
10-1 1 103"-—1 s aaal 1 Lt 2 aaaal
T,K 107" 1

T,K
?
FIG. 2. Temperature dependence of the specific heat of dildee*He

. : ; . 4 4
solid SOIIIJtt'OnfSt'hEXt%e”m?mﬁI de}%all—tp.ll% t':?’ 2_?('28% He. Curves g 3, Temperature dependence of the specific heat of concentrated
are results of the theoretical caculations In this work. 3He—*He solid solutions. Experimental datat—5% “He, 2—21% “He,
3—50%*He. Curves are results of the theoretical calculations in this work.

because the RPA describes the interaction due to substan-
tially collective effects, provided that the interaction within and 5% andz=5 (ny=0.28%) andz=3 (ny=0.11%), re-
each pair of sites is determined in the first nonvanishingspectively, for low concentrations. The quantitywas as-
order of perturbation theory. sumed to be equal td=T./z for all concentrations on the
For low concentrations, an approach based on expansidpasis of the fact that af<T. the specific heat lies on the
of the thermodynamic functions using Mayer grofips  same curve for all solutions.
more effective. The corresponding correction to the energy
in the approximation of the second virial coefficieAE,

depends only on the coordination number and is independeﬁt DISCUSSION
of lattice type. In our case Our analysis shows unequivocally that the existing ex-
iz perimental results can be interpreted only under the assump-
AE,=— E(l—az)z[exp(M/T)— 1]. (200  tion that the impurity interaction is long-range. We took ac-

count of this long-range interaction indirectly by introducing
Let us combine both approximatiori$6) and (20) so as to an effective coordination number. Thus, in all approxima-
obtain a unified description for both low and high concentrations discussed above the coordination numbenust be
tions. A diagrammatic analysis of the Ising mddehows treated as an adjustable parameter. The entire concentration
that the correction(17) is taken into account in both the intervaln,<50% separates naturally into two parts. At high
relation (16) and(20). For this reason, it must be subtracted concentration$5% and higherz is virtually independent of
from the sumg16) and(20). The resulting total correctionto ng and good agreement with experiment is obtained with
the specific heat is z=250. For each of the low concentratiofrg,=0.28 and
43 {AEZ . da(AEz )\2> 0.11%,.however, the values czf are _diﬁgrent:;zS :_;md 3,
AC=ACRPA_ _ + . +— respectively. We note that this choice is unique, i.e. agree-
TLT A dTL T 2z ment with experiment cannot be obtained for any values of
(1) different from those indicated above. Indeed, the leading
Figures 2 and 3 display theoretical curves and experiterm in the low-temperature asymptotic expansion of the
mental data for alfHe concentrations presented in Ref. 2. specific heat depends only on the combinatimn At the
The proposed theory contains two adjustable paramelgrs: same time, in the single-phase region, where the impurity
and z. The first one is taken directly from experime(fior density is fixedC(T) is determined by two independent pa-
our systenT.=0.38 K), and the coordination numbemust  rametersJ andz. This last circumstance makes it possible to
be set equal to 250 for all high concentratidang=50, 21, determine uniquely the value of the coordination number.
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We underscore that the virial approximation is certainlyapplied to describe the thermodynamics’di crystals with
applicable at low concentrations. Moreover, the first viriala small quantity ofHe impurities. The reason is that thide
correction does not depend on the specific type of lattice, bugttice is substantially more “quantum,” so that dislocation
in the lattice-gas modélsing modeJ unique agreement with  mobility is high in it and, therefore, there is a high probabil-
experiment obtains only for=3 or z=5, which does not ity that dislocations will leave the crystal during growth of
correspond to any regular spatial structure. This suggestpe sample.
that, at low concentrations, exsolution in the solution occurs  In conclusion, we note that the further investigation of
with formation of a new phase in the form of fractal struc- the problem should involve a systematic microscopic de-
tures of the Cayley tree type. This is not surprising, since th&cription of the impurity interactions, taking into account the
impurity interaction at large distanceslecreases asrf/fand  discrete nature of the crystal lattice. Unfortunately, we do not
is strongly anisotropicit is attractive for some directions and know of any works where measurements of the specific heat
repulsive for others The magnitude and sign of the interac- of solutions were performed in the intermediate concentra-
tion depends strongly on the crystallographic direction intion range 0.3Xny<5%. Such results would make it pos-
which the radius vector connecting the interacting impuritiessible to draw more definite conclusions about the change in
lies2°=22 For this reason, at low concentrations, when thethe mechanism of nucleation as a function of the composi-
average impurity separation is much greater than the inteition of the solid solution.
atomic separation, a new phase grows in the form of a tree, We wish to thank Professor D. O. Edwar@3hio State
the degree of whose vertex is determined by both the condniversity, USA for discussions which led to the publica-
centration and the number of crystallographic directiongion of this paper and also V. N. Grigor'ev and Ea. Ru-
along which there is attraction. davski for valuable remarks and for their interest in this

At high concentrations, when the impurity separation iswork.
comparable to interatomic distances, the elastic fields of the
impurities overlap and the effective interaction between the&. APPENDIX
impurities becomes substantially isotropic, but remains long-
range. In this case, the nuclei of the new phase grow in thﬁ)W
form of compact formations. Thus, the large difference in the
values of the effective coordination number with high and  bo=4; b;=32; b,=144; b3=480; b,=1320,
low “He concentrations is in our opinion due to the specific bs=3168; bs=6913; b,=14414; by=30813,
nature of the impurity interaction in bctHe lattices.

We note that the character of the impurity interaction at  bg=72048; b,,=184620; b,,=488376,
large distances is very similar to the dipole-dipole interaction
(electrostatic and magneliin the sense that it depends on P12~ 1252648; D13=3006272; b,,=6674186,
distance ag ~2 and the angular dependence is such that it bys=13811996; b,s=27447686; b;,=55431280,
vanishes after averaging over directions. It is kn&that
very complex structures with a nontrivial distribution of ori- b1g=121396999; byo=293835094;
fentatlons of t_he dlp_ole moments at_the lattice .Slte.S can appear 749271795,
in systems with an interaction of this type. This circumstance
can serve as an additional argument in support of our con- by =1884259692; b,,=4474431975,

o it ranhi luons I e IMPUIIES b, 0864530634; b,i~20287650355

Of course, it could be assumed that, ot 3, regularly b,s=40058936096; b,s=80443615062.
packed planar structures consisting e atoms appear
when the solution segregates. This assumption would be obtg N. Esel'son, V. N. Grigorev, V. G. Ivanov, Eva. Rudavski D. G.
vious only if the3He matrix possessed the specific anisot- Sanikidze, and I. A. SerbirSolutions of Quantum Liquid#He—*He [in
ropy that is characteristic of, for example, layered crystals., Russian, 1973. -
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LOW-DIMENSIONAL SYSTEMS AND SURFACE PHYSICS

Propagation of quasi-two dimensional exciton polaritons in a quantum well waveguide
V. A. Kosobukin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted July 17, 1997
Fiz. Tverd. Tela(St. Petersbung40, 362—365(February 1998

The propagation of exciton polaritons in an optical waveguide with a quantum well is studied.
Spatial dispersion of the excitons causes the wave vector of the exciton polaritons to

split between waveguide and exciton modes at resonance. The magnitude of this splitting is
determined by the radiative decay parameter of excitons with corresponding polarization in the
quantum well. The group velocity of the waveguide exciton polaritons in the resonance

region can be three or four orders of magnitude lower than the speed of light in vacuum.

© 1998 American Institute of Physids$$1063-783@8)04402-5

Energy transport of optical excitation by exciton polari- quency and speed of the lighdg is the Bohr radius of the
tons plays an important role in understanding the mechaexciton obey the inequalitta<L and correspond to a low-
nisms for the interaction of light with excitoridn particular, ~ dimensional spatial limit along theaxis for both the exciton
the multimode character of energy transport by polaritonsand the electromagnetic modes. The background dielectric
caused by the spatial dispersion of excitons in bulk crystalgonstant is, for |z| <L/2 ande, for |z| >L/2 (e,<e}), and
has been establishéd* There is special interest in analo- an optical waveguide mode can propagate in this structure
gous effects which occur in solid-state waveguide structuresyhen there is no quantum well. The interaction of this mode
where coupled exciton and electromagnetic waves are quaskith the polarization field of a quasi-two dimensional exci-
two dimensional. ton of the quantum well can lead to the formation of a wave-

A time-of-flight experiment for observing waveguide ex- guide exciton polariton near the exciton resonance fre-
citon polaritons has been performiéd which a delay time  quency.
of ~5 ps was found for pulses propagating along a wave- Outside the quantum well the electric field of a mono-
guide with a quantum well of length 25am. Models of chromaticTM wave is given by
semiconductor structures with an isolated quantum well
which lies inside the waveguifleor itself serves as a E(r,w)=exp(i xx)[ e+ e,(i x/k2)d/dZ]Ey(z, %, 0). (1)
waveguidé have been proposed for the theoretical descrip-
tion of waveguide exciton polaritons. In this paper we exam-Here x is the magnitude of the wave vector in the interface
ine the first type of model. This model has been Gsed plane, k, takes valuesq= \epkg—2* for |z]<L/2 and
simulate numerically the propagation of TE-mode in an q'=\etka— 2 for |z|>L/2, ky=wlc, and g is the unit
experimental waveguide structutdt was found that the  vector along thex-th cartesian axis. The normal waveguide
group velocity of the waveguide exciton polariton was nomodes are enumerated by integershat are related to the
more than an order of magnitude lower than the speed ofomponent of the wave vector gy~ 7m/L, and them-th
light in vacuum. The existence of certain contradictions bewaveguide mode at frequenayexists ifL>m7rc/w\/e—b. In
tween Refs. 5 and 6 and of major discrepancies between tlbe absence of a quantum well, we denote Ti\é mode of
results of Ref. 6 and their analogs for bulk excitontype (1) by Eg, where the parity of the giveM mode is
polaritong~* suggest that the dispersion and, especially, thaletermined by the componeH(j~dE2/dz in the expression
propagation characteristics of waveguide exciton polariton$or the magnetic field, blzey(—iebk(z,llg)(d Eff/dz). For the
are issues that have not been fully resolved. odd (m=1,3,5,...) TM-modes we haveES(z)zc cos@2

The purpose of this paper is to investigate a simpleand HS~ sin(@2), while for the even in=2,4,...) we have
model which provides a reliable estimate of the propagatior’ES(z)zC sin(@2 and H3~ cos@2).
characteristics of waveguide exciton polaritons. The disper- When the nonlocal contribution of the quasi-two dimen-
sion relation for waveguide exciton polaritons, including thesional exciton to the polarizatidhi}® which is assumed an-
spatial dispersion of quasi-two dimensional excitons, and thésotropic here, is taken into account, we can write the electric
corresponding group velocities are discussedlfvt-modes, field in a semiconductor layer that includes a quantum well

which have not been analyzed theoretically before. in the form

1. MODEL AND DISPERSION RELATION E.(2)=E%(2)— 2ko;/s—b > f dz’Dgﬁ(z,z’)‘lf(z’)
As a model for a symmetric optical waveguide, we con- 1S B

sider a layer of semiconductofz(<L/2) with a quantum OMTY/%

well inside it (z|]<a/2). The waveguide thickneds~c/w X — b . f dz'W (2" E(Z"). ()

and the quantum well widtla~ag (w and c are the fre- 2~ (%ey) b

332 Phys. Solid State 40 (2), February 1998 1063-7834/98/020332-04%$15.00 © 1998 American Institute of Physics 332



Here theDgﬁ(z—z’) are Fourier components of the form iton propagation. Thus, in the following, we shall examine
(1) of the electrodynamic tensor Green function for a homo-TM mode waveguide exciton polaritons using the simplified
geneous (without a quantum well semiconductor, equations

l.=fdz¥(z)cos@2), and

fu(x,w)=cotqLi2), f(x0)=—tanqL/2),  (7)
xe(@)=V(2M/h) (0= w, +iT). 3 which correspond to the tangential componerEgz), go-
Equations(2) and (3) correspond to the conditiofw— w,| ing to zero at the waveguide walts= +L/2 and is obtained

<w,, Wherew, is the resonance frequency of the quasi-twofrom Eq. (6) in the limit |ep/ey| —. We might expect that
dimensional exciton¥ (z) is the envelope of its wave func- Egs. (5) with the substitution(7) would be suitable for a
tion, M is the translational mas$,? is the radiative decay Wwaveguide bounded by a precious metelg., ey~ —30
constant, and’ is the dissipative damping constant. Equation+0.4 for silver at a photon energfw=1.6 e\** in the re-

(2) shows that, because the functioR§z)=W(—z) are gion of the exciton resonances of GaAs

even, in the ground state the exciton interacts with dkté For clarity, nearx= xy4(w) we approximate the func-
component of the field of the waveguide mode, for whichtions (7) of 2, by f,=A{**—[xy4(»)]? with constants
Eg(z): Eg(—z) inside the quantum well. As a consequence’Aa> 0. Then the solution of the equation obtained from Eq.

the odd and evefiM modes form waveguide exciton polari- (5) has the form

tons with thex andz components of the polarization, respec- (33)2+ (52 )2
tively. (%3 )%= %
In order to calculate the waveguide exciton polariton
field for |z|<L/2, in Eq.(2) we substitute the components of (22— (2 )22
the Green function, + \/ X 2 T+ (Ax®)?, ®)
2 H ’
Dgxz 9 5 singlz=2'| , where the quantity 4 »*)*=(2M/4)(T",,/A,)>0 calculated
epKo 29 for x= x4 has the significance of a photon-exciton interac-
ixq cosq(z—2') tion constant. Equatiofi8) implies that near the resonance
D%,=DY%= 2 > signz—z'), frequency determined by the conditiefl,(w) = xj4(w), the
&b¥o q wave vector splits into components’(w) and x5(w) cor-
o x? singlz—z'| 8(z—2') respondjng to the upper.and Iower dispersion brz_mches of the
DZZ:Sbké 2q sbkg (4)  waveguide exciton polariton. This resonance splitting, whose

magnitude is determined by the quantity{)2—(x5)?

Using Maxwell boundary conditions, we then match the=2(A »%)?, is a consequence of including the spatial disper-
functions (2) at the interface boundaries==L/2 with a  sion of the exciton 1 #0), and its existence means that at
field of the form (1) for |z|>L/2 in which E(2) the given frequency two waveguide exciton polariton modes
=C’ exp(q’|Z). This yields dispersion relations for the should propagate and interfere with one another.

waveguide exciton polariton, Figures 1a and 2a show the waveguide exciton polariton
A dispersion branches calculated from E@S. and (7) with
F. (x,0)= >M Wt w,—w—iT fu(%,0)—T,=0, typical parameters for quasi-two dimensional excitons in

5 GaAs/AlGaAs quantum wells. Figure 1 corresponds to the
® oddm=1 waveguide mode interacting with tkecomponent
which are different for the different Cartesian components of the polarization of arel—hh1l heavy hole exciton and

Here Fig. 2, to the everm=2 mode interacting with tha com-
o o ponent of the polarization of agl—Ih1 light hole exciton.
J’_ —
X:fﬁ/ctg(qL/Z) ﬁ, Z=B ' tg(ql_./Z?' (6) It is clear from Fig. l1a that the upper waveguide exciton
|5’ — pety(alL/2) p(qLi2)+ip polariton dispersion branches(w) found from Eq.(5) or

B=¢,/q, andB’=¢//q’. In solving Eq.(5) we use an ana- EQ. (8) approach the curverg(w) from below or above,
lytic continuation of the radiative decay parametdts  respectively, for f—w,/I's>1. However, these details of
=F§(qc/was_b) and Ffl“?(%zclqwz\/s—b) with constants the asymptotic behavior ok,(w) are only of theoretical
I'° that depend on the polarization direction of the quasi-twdnterest here, since in GaAs they should be strongly affected
dimensional exciton states. The paramefsfor the exci- by the analogous polariton resonance which is coupled to the
ton of a quantum well are given explicitly elsewhéfdzor ~e1—Ih1 light hole exciton and lies several tens of units
T',=0 (ie., no interaction between the exciton and light higher in frequency on the scale of Fig. ¥eFigure 2a illus-
Egs. (5) determine the dispersion relationsl(w) and trates the anticrossing of the dispersion curves, which is
#gg(w) for the uncoupled exciton and waveguide modesuniquely _DOSSi(?'e for the component of the exciton polar-
respectively, wherecg () is the solution of the equation ization, sincel’;=0 for theel—Ih1 exciton.
f (%, w)=0. In the absence of spatial dispersiad -G »),
Eq. (5) transforms tof ,(x,w)=I",/(w,— 0—iT).

The type of boundary conditions which determine the, sroup vELOCITY
form of the functiond ,(x,w) does not have a critical effect
on the theoretical characteristics of waveguide exciton polar-  The group velocityv= dw/dx of the waveguide mode is

333 Phys. Solid State 40 (2), February 1998 V. A. Kosobukin 333



0.008

5 10 Uh

0 1
(w-wg)/Ty (@-wy) /T0

FIG. 1. The dimensionless wave numbers REw,c,) (@) and group velocities/\z,/c (b) as functions of the frequency detuning € w,)/T° for odd
[er/C=6 (L=1.3um). The smooth1, 2) and dashedl’,2")

m=1 modeTM mode exciton polaritons in a waveguide with=12.6,|e,|>ep, andLo,/ey
curves were obtained from the dispersion relati@)sand (8), respectively, for the upper; (1, 1) and lowerx, (2, 2’ branches of the waveguide exciton

polariton and the dashed curve shows the functiefi$w) and xy,(w) for the noninteracting modes. The parametgys- 1074, TY w,=4Xx107%, and
hI'2~0.6 meV, corresponding to a quasi-two-dimensicelat hh1 exciton in ana=50 A wide GaAs quantum well, have been used. Dissipative losses are

neglected for both the excitod’&0) and waveguide (In,=0) modes.

1
or V12~ ((?%12/(7(1)) '

a fundamental characteristic of the transport of optical exci- (F19%)1 5
tation energy by it in a wave packet. For a waveguide exci- V12= — (OFTa0)1, 9

ton polariton, the group velocity can be calculated as fol-
lows: where the solutionsc=»; (w) of Egs. (5) or (8), respec-
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FIG. 2. The dimensionless wave numbersREw,\=,) () and group velocities\/z,/c (b) as functions of the frequency detuning € w)/T° for even
[ey/c=7 (L=1.5um). The dotted curve shows the function§(w) andxyy(w) for the

m=2 modeTM-mode exciton polaritons in a waveguide with /ey,
noninteracting modes. The parametgrs=2.6x 10°%, I'Yw,=6.2x 107, and#I'%~1 meV, corresponding to a quasi-two-dimensiogkt-|h1 exciton in

ana=50 A wide GaAs quantum well, have been used. The notation for the curves and other computational parameters are as in Fig. 1. The inset shows the

same curves on a reduced scale.
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tively, are used. Here and in the following, we shall omit theAssuming as an estimate that the two monochromatic wave-
polarization indexa. For them=1 (a=X) mode, for ex- guide exciton polariton modes at a given frequency propa-
ample, the first of Eq99) gives gate independently of one another, we can approximately
ascribe the propagation velocity of the electromagnetic en-
v _y xC _1+S (10  erayto the faster of these modes. Then, as Figs. 1b and 2b
cle, | woe, 1TBS imply, this transport velocity must have a minimum near the
frequency of the photon-exciton resonance at which the re-
duction in the velocity will be related to the parametét).
B=gephgdy/(Mc?), (11 We have found, therefore, that the features of the reso-
pance splitting of the waveguide exciton polariton wave vec-
tor depend strongly on both the polarization direction of the
exciton component and the symmeftparity) of the wave-

where

wq is the exciton resonance frequency of the quantum wel
(wy in this casg and S(x,)={x>—x’(w)}

1+ L/si LIMoP(r,w). | i ) : :
i 2(2)()%”;)71 I/ESo:rEg(();“i?is]}r{gc(:éZ;ry tr(n) rgpr)?aeoreb?x O:():f)m guide mode. In the neighborhood of an isolated resonance
1, . ' 1,

in the range of frequencies where the latter are real. After thgtat_e of the _quaSI-two-dlmer_lsmnal exciton, the Wav_egwde
substitution(8), the second of Eqg9) yields exciton polariton group velocity or the transport velocity for

the optical excitation energy is characterized by the same

Uio (o 12 small parameter as for bulk exciton polaritons. The calcu-
i =2 i 12 . . . " .
c/ ’_8b g r:b lated waveguide exciton polariton group velocities in the

resonance region are three-four orders of magnitude lower
at the frequencyw corresponding toxq ()= x4() than the speed of light in vacuuffigs. 1b and 2p This is
= \/sbxoz— (w/L)?, where the guantites x;, close to the estimates of the group velocity for bulk exciton
o B e o B e amvanerte st oo ton ot I e
obtained for they andz components of the exciton polariza- TE-polarized waveguide exciton polariton mode. In this re-
tion. gard, we note that all the above conclusions regardingcthe
In the resonance regions; ;~ xe,™ g™~ Jepwo/c in  component of the waveguide exciton polarifbhl mode are
Egs.(10) and(12) and the small parametét1) determines qualitatively valid for the waveguide exciton polaritdrE
the reduction in the group velocity of the waveguide excitonmode. It might be expected that these conclusions would
polariton in a way similar to the case of bulk exciton retain their validity even in more precise models which, as
polaritons?~* For heavy and light hole excitons in bulk GaAs must be done, take into account the interference of two
and the corresponding quantum wells, the param@dtBris  monochromatic waveguide exciton polariton modes or of the
of order~10“. Thus, the group velocity may be reduced by waveguide exciton polariton wave packets considered above.
three-four orders of magnitude compared to the speed of
light in the region where the waveguide exciton polariton
exists, while the exact values of and v, may be affected
by the details of the waveguide exciton polariton dispersio
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This conclusion is confirmed by the numerical calcula- persion and the Theory of Excitofis Russiai, Moscow(1978, 432 pp.
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. . . . . . State Commun37, 925 (1981).
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group velocity v, for the modes in the upper waveguide °5K. Ogawa, T. Katsuyama, and H. Nakamura, Phys. Rev. 6dt.796
exciton polariton branch decreases sharply with frequency, (1990 _ o
while v, for the lower-branch waveguide exciton polariton JK Lgm:tilé'_gé ;'fg'(l';é];\"s“'m”ra' K. Ogawa, and T. Katsuyama,
modes increases. It also follows from Fig. 1b that the sim-7g jorga, Phys. Rev. B0, 2283(1994.
plified solution based on Eqg¢8) and (12) gives much  ®L.C. Andreani and F. Bassani, Phys. Rev4B 7536(1990.
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Two-particle correlations in 1D-lattice systems with o-interactions
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The problem of two interacting particles in finite closed and open chains is solved by the
Lifshitz method. The “density-density” correlation function, the dependence of the “surface”
energy on the two-particle interaction energy and number of links in the chain, and the
two-particle distribution on the chain are found and the nature of the ground state is clarified.
© 1998 American Institute of Physid$1063-783#08)04502-X

1. Correlations between particles are known to determin&hen U =+ two particles cannot simultaneously be at a
the physical properties of many systems. The simplest modsingle lattice site.
els in which particle interactions are rigorously taken into  The two-particle wave function is taken to have the form
account are the 1D Bose-daand Hubbard modelswhich
are solved exactly by the Bethe-Ansatz metfd¢h the case 12)= > w(ninya; a’|o), 3)
of a finite number of particles, it is incorrect to make the niny roe

transition to the thermodynamic limit; hence the problemnare #(nyn,) is the “first-quantized” wave function and

must be solved for a finite chain. The two-particle problem|0> is the vacuum ket vector corresponding to an empty lat-
on a finite low-temperature lattice is of current interest fromyjca- Acting with operatof1) on the staté3), we arrive at the
the standpoint of clarifying the mechanisms for high- Schrainger equation

temperature superconductivitygs well as clarifying the na-
ture of the magnetic ordering in highly-correlated systems
with hole exchande(a generalization of the Nagaoka theo-
rem). This explains the heightened interest in the two-
particle problem on a finite low-dimensional lattice. A varia- +U 5n1n2¢(n1,n2)= Ed(ng,ny). )
tional technique has been u%@qlo study the ground state of v seek a solution of Eq4) in the form

two electrons on a closed chain and an expression has been

2 J(my=n")g(n’,nz)+ 2 I(np—n')y(n’,ny)

obtained for the ground-state energy that is asymptotic in the 1 (ol

number of linksN. An attempt has been m&t® solve this $(ny.nz) = NY exfi(Q/2)(n;+ny)]

problem numerically on a 2D lattice. This problem has been

solved for asymptotically larghl.® An exact expression has xS exnlik(n:—n K 5
been obtaineld for the density-density correlation function Ek Rik(ny=nz))wk.Q), 2

for two spinless fermions on a closed chain and the ground- here y(k,Q) is the two-particle wave function in the mo-

state energy of the _system h_as bee_n determined. Thus, at tweentum representatiod, is the dimensionality of the prob-
present time there is an entire series of separate results ob-

. ) . : em, Q is the quasimomentum of the center of mass, lail
tained by different, mainly approximate, methods. All these ! X . o
. ; . . the bare quasimomentum of the relative motion. Substituting
results can be combined in a single approach, which makes ; .
g. (5) in Eq. (4), we obtain

possible to find an exact solution for the problem, such as the

Lifshitz method! In this paper we solve the problem of two U _
particles (identical and nonidenticaland, in some cases, $(ny,np)=— Ng exp(i(Q/2)(ny+ny))
compare our results with the earlier wori°
2. The hamiltonian of a system of interacting bosons on K exp(ik(ng—ny)) ®
a lattice has the form x e(k+Q/2)+e(k—Q/2)—E’
where

H=>, J(n,— Nz)a, an,+U > Sy, @n, @n,8n 2n, ey
(1) 7= Yre(N1— Ny ng=n,
wheren, , are the discrete vectors of the lattice, aidand is the wave function for the relative motion at zero and
a, are the Bose creation and annihilation operators. In the 1 n
case of the Hubbard model, in the Fermi creation and anni-  €(K)= g 2 J(n)e
hilation operators it is necessary to add a spin subscript,
while the interaction operator has the form is the dispersion relation of the particles. We shall work in
the nearest neighbor approximation below. Then, in the case
1 d=1, we haves(k)=—2t cosk, where 2 i i
_- + + , e cosk, where 2 is the width of
Hint= 2 U Oning 0oy, 0, 2n,0,800, 800, 80,0y (2) the energy band. We assume that the lattice constant is unity.
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In order to find the constant it is necessary to write the this yields the transmission and reflection coefficients
general solution of Eq(4), augmenting Eq(6) with the

| N “
plane wave R=sin p cogQ/2)+in’
p(n1,nz) =expi(Q/2)(n1+ny))| explikg(ny—ny)) sin p cogQ/2) (15

T Sinp cosQ2)Fin

On passing from the coefficien®® and S to the scattering
phaset? we again arrive at the eigenstaids).
7) 3. In the case of a closed chain, we must impose the

following boundary conditions on the wave functi or
Examining this expression far; =n,, we obtain the follow- (12): g y @

ing self-consistency condition:

U
N

rS explik(ny—ny))
= e(k+Q/2)+e(k—QI2)—E|’

1 Ya(ng+N,ny) = hg(ng,ny),

B U
T 1=1+W§k: e(k+Q/2)+e(k—Q/2)—E" (8) Pg(ng,Ny+N)=a(ng,ny), (16

where 5 g(ny,n,) are the wave functions in the regions
n;<n, andn;>n,, respectively. In order to find the eigen-

The energy spectrum of the systdnis the solution of the

equation values of the problem from the Lifshitz equati@®), first of
1 1 1 all we have to determine the spectrum of the seed valuks of
N Ek e(k+Q/2)+e(k—Q/2)—E T 9 starting with the boundary conditior§6). Thus, we assume

that translation byN does not change the state with respect to
and is determined by the poles of the mutual particle scatteithe motion of two particles. Then,
ing amplitude, i.e., from the condition 1=Q.

Let us examine the solution of the problem of two k:277_m m=0.1.2.... N—=1
bosons on a one dimensional lattice. We choose a parametri- N - T '
zation of the energ§ of the form and the Lifshitz equation takes the form

E=—4t cogQ/2)cosp. (10 L N1 1 cogQ/2)
Substituting Eq.(10) in Eq. (6) and proceeding to the P=N n§=:0 cog2mn/N)—cosp 7 a7

integration'* we obtain two solutions corresponding to con-

verging and diverging waves: To find the sum, we multiply both sides of E{.7) by sinp

and integrate with respect

I| n . N—1
L(XY) = — __ gl(Tpx+(QR)y), m
T p cogQ/2) xin f I(p)sin pdp=N In2+In ] sin(%+g
m=0
77:E X=N;—Ny, y=N;+ny (11 Nt ™m p
TR : x I1 sin(W— 5)' (18
m=0
The eigenvalues of the parity operator are linear combina-
tions of - (x,y), then we use the fact tHat
. N-1
—_ Ai(QR)y, _ m N
v(x.y)=e @[ cogkx+ 5)0(—x) I sin(%i g) L
+cogkx—8)6(x)], m=0
Finally, we obtain
. 7
d=arctan—————=> 5 oS I2)” (12) cot(Np/2) _ cogQ/2) 19
sin |
These solutions satisfy the boundary condition P 7
We introduce the simplest solutions of H49):

lim lim ¢(x,y)=0. (13

X—0 U—oo a. U=0, p=2mm/N,
The solutions corresponding to the reflected and transmitted b. U=+w, p=(2#/N)(n+(1/2),
waves have the form .

i.e., in the ground statp= /N,
H ipx
e-ipx_ '€ x<0, c. 7>1, p=(2an/N)+(m/N)—(4mIN?),
{0y sinp cogQ/2)+in’
‘ﬂ(X,Y)—e Sinp COSQ/Z)eipX 0 d. 7]<1, P=v 7]/N
sinp cogQ/2)+in’ X=5 Thus, the ground state energy, in particular for

(14 U=+w,is

337 Phys. Solid State 40 (2), February 1998 A. N. Kocharyan and A. S. Saakyan 337



T The averaging in Eq(25) should be taken over the two-
N’ (200 particle state$3). Substituting Eq(3) in Eq. (25) and using
Eg. (12), we obtain

Eo= —4t cos

or, in the asymptotic approximation M™%, we have

2 4
w? Gnn) =g 5n1n2+mCog{p(nl_n2)+[0(n1_n2)
EO:_4t(l_W . (20@
—6(ny—ny)]6(p)}- (26)

The result(20) was first obtained in Ref. 9 for spinless fer- ]
mions and a result similar 203, in Ref. 6(see Section 1 !N particular, forU— +c, we have

of this papey. 2 4
In the case of attractionU<=), the solution of the G(n1.n2) = Onn,+ 2 sir? p(n;—ny). (27)
Lifshitz equation corresponding to the ground state has the
form Equation(27) was first derived in Ref. 10 for 1D spinless
B 5 N2 fermions.
Eo=—4tyl+7°+0(e ) (2D 4. Let us consider the two-boson problem on an open

which corresponds to a bound state of the particles, and thiattice. We write the paramete€3 andp in the form
wave function is 2Qij=¢€ip1tejP2, 2pij=&iP1—&jP2, &=1,—1.

2 x| (28)
)= \[ﬁ exp( B ﬁ) (22)  This allows us to include all the waves incident on and re-
L - flected from the chain boundary. The seed spectrum can be
whereR=1/sinf1 “» is the “radius” of the bound state. found from the condition that the wave function goes to zero
For a repulsive interaction the probability density of the yhen the particles are separated by a distance equal to the

particle distribution in the chain in the ground state for o5 length#(0,N) = »(N,0)=0. Applying these boundary
U=+ is given by the expression conditions to Eq(6), we obtain

P(x)=sir? WWX (23) kKN=#(n+1/2), n=1,...,N,
so that the Lifshitz equation becomes
which implies that after a single scattering event the particles N
separate to a maximum distance equal to the chain length i 1 _ cogQ;j/2)
(the dynamic ground state N =1 co§ m(2n+1)/2N]—cosp;; ]

From Eqgs.(6) and (19) it is easy to obtain the ground

state energy and the wave function of a “diatomic mol- and, after summing, takes the form

ecule”, a system consisting of two particles on a two-point 1
lattice, tan Np;;=— o SN P cogQ;;/2), (289
1 i initi N
- (JUZF (8D2-U), U>D0, or, using the definition of the parametgrs andQ;; ,
_ 1
Eo= 1 (243 tan Np,=— — sin p co§Q/2),
—5(\/U2+(8t)2+|u|), u<o, 7
NQ 1 )
and tanT =— ; cosp sin(Q/2). (29
On,n, COSP . 1-6nn, U0 We introduce the simplest solutions of the system of Egs.
w : Vi+codp i+codp’ (29):
ng,nNy)= _ .
1 Snn, COShP  1=6, 4, U<0 & 7=0, p1=py=2mm/N,
+ y ! i = =
JItcosR p Jitct p in the ground state=m=1,
(24b Eo= —4t cog@/N),
where b. n=+4+», p;=w(n+1)/N, py,=mm/N,

2 .
cosp=— g+ \ /%4_1, U>0, in the ground state

n=m=1, Ey=-—2t(cogn/N)+cog27/N)),

2
coshngjL \/%+1, u<o. c.n>1,
27 27 T T
co | oo

The pairwise correlation function has the form Eo=—2t
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G(nl,nz)=(arflanlaﬁzan2)- (25) and



\/; Hnsers ) = (1~ Prolxas 1 S eXp(i(QI2
COos N 101,207 12 Xaﬁm kQ

T 27
d. <1, Eg=-4tco —+7

N
The wave function can be obtained, as in Section 2, from X (ny+ nz))xwglgz(kQ)eik(nl_nz)’
Egs.(6) using Egs(28) and(29),
36
(—1)'1 sin pyny sin py(n,—N)+(—1)'2 (39
Sin pony sinpy(n,—N), Nny<n,, wherey, is the singlet spin wave function. Then
$(n1.nz)= (—1)'2 sin p,n, sinpy(n;—N)+(—1)'1 Q Q
sin pin, sin p,(n;—N), n;>n,, e\ kt o |+e| k= E) - E} ¥o,0,(KQ)
== U( Ttrlo’z_ 7020'1)! (37)

wherel, , are the single-particle quantum numbers on an
open chain. The main difference from the problem of
closed chain is that here the quasimomenta of the center of
mass and of the relative motion appear in a resonant form:
because of reflection processes at the ends of the chain, they

“periodically” exchange roles. In the case of attraction, ysing the self consistency conditideee Section 2 we ob-
U>0, the ground state energy is tain the following expression for:

aw
Eo=—4t\/ 7>+ cod . (31 _ U 1
2N 7'0.10.2(0.20.1)—i 1iN7 ; (
&

et 3] +ol k- 3] -

here

Toyo,= ¥(N101,N202) |0 =,

Evidently, the energy of a two-particle system on an open 2 2
chain is higher than on a closed one. Let us define the surface (38)
energy as
AE=E 32 and then, using Eq$36)—(38), we finally obtain the follow-
= EoperFeiosed (32 ing for the coordinate part of the singlet wave function:
Thus, forU=+0o, we have
U
3m? niNy)=— —z expi(Q/2)(n;+n
AE:WL N1, 33 (niny) N &xp (Q/2)(ny+ny)
1 -1
and forU<o, x| | 1+ (U/N9 —_—
L (UNOZ Tho-E
a
- 2 5 5 .
AE—|U|N2t , |U|/t>1, N>1. XE equk(nl_nZ))
5. We now examine the problem of two electrons on a . 2(kQ-E
finite chain. We write the two-particle wave function in the d 1 -1
form +| 1= (U/ND STA L E
k Z(kQ—-E
12)= 2 l/f(nlo'l,n202)3;1013;202|0>- (34 exp(—ik(n;—ny))
nin; X 2 )
¢ zkQ-E
Applying the Hubbard hamiltonian to the sta@4), we ar- o) o)
rive at the Schrdinger equation Z(kQ)=¢| k+ > +s( k— E)’ (39
Z, J(ng=n")h(n’o’,nyop) + z while the energy spectrum is determined from E9). As
e ne can easily be shown, in the 1D case [E8P) is the same as
><J(n2—n’)tjl(n’cr’,nlcrl)JrUénlnzégl,,g2 the Bose two-particle wave functiofl2). The 1D wave
functions (12) and (30) both have the feature that they go
% E [800 80 8 8. identically to zero fop,;=p,, i.e., they obey the Pauli prin-
Ny "My 70,0702, ciple, and the system becomes “fermiized” with an arbi-

nmoo’
trarily small interaction, but it should be noted that this result

= SnnyOmn, 9o, 0" 9,01 Y/(N1011,N202) cannot be obtained using perturbation theory. Clearly, the
_ pairwise correlation function for the singlet electrons is de-
=Ey(n101,n207). 39 fermined by Eqs(26) and (27).
The expression in the square brackets is the matrix element Thus, 1D systems of two spinless bosons, two singlet
of the operatot — P, wherel is the unit operator anB,is  electrons, and, forU=+o, two spinless fermions, are
the permutation operator. We seek, therefore, a solution tequivalent, i.e., they have the same wave functions, energy
this equation in the form spectra, and pairwise correlation functions.
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The initial stages in the formation of the Sm:Bi]) interface have been studied by thermal
desorption, atomic beam modulation, and low-energy-electron-diffraction spectroscopy. The
structure of adsorbed films and samarium silicide films, as well as the Sm atom desorption
kinetics have been investigated within a broad range of surface coverages and temperatures. The
activation energy of desorption from the thermally most stabt€2 3submonolayer structure,

as well as the binding energy of a single samarium atom with the substrate, have been measured.
The temperature of the onset of silicide decomposition and the activation energy of this

process have been determined. It is shown that the $bi-Biinterface forms by a mechanism

close to that of Stransky-Krastanov. €998 American Institute of Physics.
[S1063-783%8)04602-4

Thin silicide films formed in deposition of rare-earth system®  The samarium surface  concentration
metals(REM) on a silicon surface exhibit a number of spe- Ny, =7.84x 10** cm 2 at which there is one deposited atom
cific physicochemical propertigfor instance, a high thermal per one substrate atom in the(Bi1)1X1 structure was as-
stability and metallic conductionwhich make them prom- sumed to correspond to monolayer coverage ().
ising for use in micro- and nanoelectronics. This attracts This work reports results obtained by thermal desorption
considerable interest to the processes occurring in differergpectroscopyTDS), atomic beam-modulatiofABM), and
stages of REM silicide formation from both a scientific andLEEDS. TD spectra were recorded in thel ¢ coordinates,
practiced standpoint. where v is the Sm atom desorption flux measured with a

Attention to REM-silicon and, in particular, to mass-spectromet@mndl, is the current through the sample.
samarium-silicon film structures has been focused until reThe heating current was increased linearly with time,
cently on the electronic properties of the silicides, whichl4(t)=14+ 8t (Iy,8=const). The substrate temperature
form on the substrate surface coming in contact with thevas determined with an optical pyrometer. The second
adsorbate materi4® One still does not know, however, the method, ABM, was described in detail earlfét.
mechanisms of formation of the interfaces of this type, as Experimental data obtained by the first two techniques
well as the part played by the adsorbed phase in this processere analyzed under the assumption that the flux intensity
Our investigation of the adsorption and desorption kineticoobeys a kinetic equation of the type
of atoms of Eu(Ref. 6 and Yb (Refs. 7 and 8and of the o
kinetics of formation and thermal decomposition of their sil- v=CN"exp(~Eq/kT), @
icides on the Si111) surface provided answers to some of whereC is a prefactorN is the adsorbate atom concentra-
these questions. The present work deals with the Sat$i  tion, n is the order of desorption, arfd, is the desorption
system. activation energy. The latter quantity was derived from the

slope of the straight line drawn in lag=f(1/T) coordinates

(the Arrhenius plot and the prefacto€, from the known

values ofy, N", E4, andT using Eq.(1). For more details,
h-see Refs. 6 and 8.

1. EXPERIMENTAL METHOD

The experiments were carried out in an ultrahig
vacuum chamber with a base pressure less tharir °
Torr  described e_I_sewhe?é*. The substrates Were , oyocomenTAL RESULTS
phosphorus-doped-silicon samples cut parallel to thH&11)
plane and having resistivity of 1-1Q-cm. They were thin As already mentioned, adsorption of REM atoms on a
ribbons 40<2x 0.3 mm in size prepared by the method of silicon surface can give rise to the formation of silicides.
Ref. 9. Heating was done by passing dc current through theleating the substrate may result in evaporation from its sur-
sample. The cleanness and structure of the surface weface either of the silicide molecules or of the products of
monitored by Auger electron spectroscogAES) and their complete or partial decomposition. Preliminary experi-
LEEDS. The diffraction patterns were studied at room tem-ments performed within broad temperature and coverage
perature. ranges revealed that heating desorbs only free Sm atoms,

The adsorbatéSm) was deposited onto the substrate sur-with the silicides being completely decomposed. It was also
face from an evaporatSrDuring the deposition the pressure established that surface migration of adsorbate atoms to the
in the chamber was not worse thaix10~° Torr. The flux  back side of the substrate, which could introduce serious
intensity from the evaporatow, was calibrated against error into our measuremefitss either absent altogether or
known thermal desorption spectra of the Sng1\d0 small enough to be neglected.
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FIG. 1. TD spectra obtained at different initial coveragesieating rate8=0.03 A/s. Dashed lina shows the shift of the top of peak;. Also shown is
theT=f(l) relation.6: () 1—0.04,2—0.07,3—0.11,4—0.14,5—0.18,6—0.21,7—0.25,8—0.29,9—0.32,10—0.36,11—0.39,12—0.43,13—0.46, and
14—0.5; (b) 1—0.21,2—0.43,3—0.64,4—0.86,5—1.07,6—1.29, 7—1.50, and8—1.71.

A. Thermal desorption spectroscopy 1/T, used in these calculations. The desorption activation
. . . I . found to bE4(S)=4.1 eV.
Prior to starting a systematic investigation, we carrieg®"¢'9Y Was i~ L .
g y ¢ Second, the monotonic intensity increase of pBakith-

out control experiments to learn the effect of prehistory of . C
the Sm-Si111) adsorption system on the shape of TD Sloec_out appearance of any additional maxima in the TD spectra

tra. It was found that the spectra do not depend on whetheSrUQQGStS that Sm evaporates from an infinitely growing film

the adsorbed layer was heated before their measurement \Mth constant desorption parameters. Such a film can consist

not. The structure of the spectra did not change either wheﬁither, me OT .S.m atomémeta) or from_ a.t.o ms of samarium
the sample heating rat@ was varied. This implies that the and silicon(silicide). The second possibility is argued for by

rates of the surface processes substrate heating exceecfgg.faCt that the_rate of evaporation of Sm from a metal film,
rates. estimated from its vapor pressureTat 1220 K, should ex-

Figure 1a shows TD spectra obtained for different cov-Ceed by more than eight orders of magnitude the Hhob-

f th 17 £ by S t  Within th served experimentally, and the valdg(S)=4.1 eV exceeds
erages of the &111 surface by Sm atoms. Within the by two eV the sublimation energy of metallic 9&.14 eV

éRef. 11)]. These two considerations suggest that$heeak

scale varies nonmonotonically with increasing density of thd" the TD spectra is due to evaporation of adsorbate atoms

adsorbed layer. At the lowest coverages, this maximun%rom the silicide layer.
moves toward lower temperaturésee the dashed line and ) ,
spectra 1 and)2 Above §=0.06-0.07, the peak begins to B- Atomic beam-modulation method

shift in the opposite directiofspectra 3—5 While the rate of Figure 2 presents isothermal dependences of the desorp-
desorption in the Iovy-temp_erature domam_ does depend ofion flux » on coveraged obtained in the course of adsorbate
adsorbate concentration, this dependence is weak. deposition onto the sample surface. The temperatures at

With further deposition of Sm atoms onto the substrate
the structure of the spectra becomes more complex and ex-
hibits two new peaksi, andS, lying at temperatures lower
than that ofA; . No more maxima appear with further evapo-
ration of the adsorbatéour measurements extended to 17
monolayers In contrast to TD spectra obtained by us
earlier'® for the Yb-S{111) system, all three peaks resolve
very poorly, thus making their analysis difficult.

As seen from Fig. 1a, the third pedk, becomes clearly
pronounced in the coverage intervé# 0.35-0.40. Figure
1b illustrates its growth in the region of large coverages.
Inspection of the two plots reveals a number of characteristic
features.

First, starting with practically the very earliest stage of
formation, one observes zero-order desorptios Q) in the 0 02 04 08
low-temperature part of pea® This permitted us to deter- 8, monolayers

mine by means of qu) the activation energiz, of desorp- FIG. 2. Isothermab=f(0) relations obtained with samarium deposited on

tion from the given adsorption state. Figure(@irve 10) e substrate aT(K): 1—1315, 2—1300, 3—1285, 4—1270, 5—1255,
illustrates the plot of log fluxv vs reciprocal temperature, 6—1235,7—1215. Incident fluxvy=4.83x 102 cm™2s™%.

-3 -
‘s

cm

v, 0%
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which the isotherms were measured were determined by thi
thermal properties of the adsorption system and were abovi 0 [

the temperature of theX¥7+ 1X1 phase transition of the [

clean S{111) surface] T,=1100 K (Ref. 19]. A special ex- [ 7 d
periment showed that the material deposited onto the sub 5

strate surface does not dissolve in the bulk of silicon
throughout the temperature range-1215- 1315 K studied. @ 2

One can discriminate four characteristic parts in each'g 10
isotherm. Section | is observed in the earliest stage_g
(#=<0.03-0.04) of metal deposition onto the substrate. It is "{ [ \
characterized by a close-to-linear dependence of the desorf® [
tion rate on atom concentration in the adlayer. The slope of
the linear portion decreases with decreasing temperature i
since the lifetime of adsorbed atoms increases. As the sa
marium concentration increases, new parts appear in th T—- 7.|0 ! 7:5 8.0
curves: Il (0.08<60=<0.18) and Ill (0.23<6=<0.34), where YT, 0%k
the growth of fluxy slows down substantially. The extent of
these regions grows with decreasing temperature. As 0”0@5673'2 Ag%i§”§f$°éi§kifiige§5bé’_’*§g”gf& fgfflelfe;t goilzfggegl;
transfers from region | to region I, the order of desorptlongl—m’. Cur‘ve l’O Waé ob’tained b’y TDé 6n thé Io,w-terﬁpe’rature‘ si;je of
changes froom=1 to a value close to=1/2. peaks.

As the coverage reachés=0.42, a maximum appears in
the curves. Further increase éfresults in fluxy reaching
saturation(Part IV), with the level being independent of the
adsorbate concentratiq@ero adsorption orderNo equilib-
rium is reached between the incideng, and desorbingy,
fluxes at any coveragé.e., we have always<wg). This

TTTT
-

clean S{111) surface gradually disappeared, to reveal, al-
ready at coverageg=0.1-0.2, a (1X1) pattern with a
higher background.

implies unlimited growth of the Sm silicide film. The reasons _ Heating the substrate produced significant changes in the
adlayer structure. In the first place, annealing at

why we associate region IV with the growth of the silicide B : ) )
T=750-800 K resulted in film ordering, which was evi-

rather than metallic samarium film have been pointed out in -
Subsection A. denced by the appearance of additional reflexes. Second,

The isothermal curves presented in Fig. 2 permit one tdeated films exhibited a successive sequence of diffraction
follow the concentration dependence of the desorption actiPaterns replacing one another with increasing Sm concentra-

vation energy of Sm atoms. The calculationEgf was made tion on the surface. It could be obtained in two different

under the assumption that desorption takes place from advays. In the first of them, the adsorbate deposited. on the
sorption states of one type and is described by (Ex.The sample at room temperature was heated for three minutes at
families of curvesy=f(6)1—cons Similar to the ones dis- T=900 K. In the second, the adsorbate was evaporated di-

played in Fig. 2 were converted to 10g= f(L/T)| 5 conetfor @ rectly on a substrate maintainedTat 909 K. Both mthods .
number of values ofg. Some of these plots representing produced the same results presented in Table I, which speci-

straight lines are shown in Fig. @urves 1—9. Their slope fi_es the_z coverage intervals within which _the Cprresponding
was used to derive the value &, for the corresponding diffraction patterns were observed. Our diffraction measure-

coverage. The results of several series of such measurements
are displayed in Fig. 4.

A characteristic feature of this relationship is the non-
monotonic variation ok, in the earliest stage of the inter-
face formation. Fop<<0.17, its value first rises sharply from
Eq=3.2eV to reach a maximum of 495 eV at
¢=0.07-0.08, after which it decreases to 4.5 eV. The lack 4|
of data in the coverage interval 63<0.35is duetoa 3
nonlinearity of the logr="F(1/T)| s cons: PlOtS in this region. L.L:’
The reasons for this will be discussed later.

Finally, after a silicide film has grown on the surface, the  z}
desorption activation energy from this layer becomes 4.1 eV
The dashed line shows the valueEyf(S) which was derived s
from a TD analysis of peak.

o 0 % ° ’+++{
o g

2 1 i 1 | L A 1 1 1 L 1 L ys | |
1] 0.2 0.4 06 &8 15
8, monolayers

C. Low-energy-electron diffraction

. . - FIG. 4. E4=f(6) relation. The various symbols correspond to different
If a samarium adlayer deposited on silicon at room teM-=gyies of ABM measurements. Dashed line shows the silicide decomposition

perature was not heated, the {7) reflections from the activation energy obtained by TDS.
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TABLE |. Diffraction patterns and corresponding coverages: < 6, for A. Adsorption stage
Sm-S{111) structures obtained &t=900 K.

For low adsorbate concentrations corresponding to initial

61 0> Diffraction pattern region | in thev=f(0)|1—constr€lations plotted in Fig. 2, the

0 0.06 (7x7) samarium atom flux from the surface grows nearly linearly
0.07 0.09 (7TX7)+(3X1) with increasing number of samarium atoms in the adlayer
0.12 0.29 (3x1) and is described by first-orden€ 1) desorption equation
0.33 (3X1)+(5x1) (1). This reflects formation of a two-dimensional gas of
8'22 039 EZZ&L (1 single adsorbate atoms on the surface. To estimate the ki-
0.46 (7X1) netic parameters of the desorption, we chose the lowest pos-
0.49 (7X1)+(V3XV3)R30° sible values off, at which lateral interactions may be ne-
0.52 10 (V3XV3)R30° glected. The activation energy of desorptidy=3.2 eV,

obtained for6=0.007 is thus the binding energy of a single
Sm atom with the substrate, and the prefactor
C~1x10"s1is typical of desorption of atoms from the
ments are in good agreement with the data of othepp gas staté®

researcher§}** Growth of the adsorbed film results in a qualitative

In order to compare LEEDS data with TDS and ABM change in the pattern of the=f(6)_cons relations. This
measurements performed at temperatures above 900 K, W@ange occurs in the coverage intenat0.04—0.07 and
carried out additional diffraction studies of adlayers deposhecomes manifest in the appearance of region Il in the iso-
ited on the substrate at 1300 K. The observed diﬁ:ractiortherms_ The rate of increase of the desorption N/ A 0
patterns and the corresponding coverage intervals are givegithin this region is substantially smaller than that in the
in Table II. preceding one. The transition from the first to second region

Upon inspection of the two Tables we see that, for cov-indicates a change in state of the adsorbed film. TDS senses
eragesy<0.4, both sequences of the diffraction patterns co+this change also. The motion of the top of pe&kin TD
incide. Differences appear at higher adsorbate concentrgpectra(Fig. 19 reverses direction exactly at the adsorbate
tions. Namely, in the case of interfaces formed’at900 K concentrations at which region Il appears in the isotherms.
(Table ) we observed (¥1) and ¢3Xv3)R30° patterns On reachingd=0.06—0.07, this peak begins to shift toward
which were not seen from interfaces formedTat 1300 K. higher temperatures.

The diffraction patterns obtained after the substrate heat- The two above observations Suggest that the desorption
ing atT=800 K were compared with scanning tunneling mi- activation energy for samarium atoms in new adsorption
croscopy(STM) data for the Sm-$111) system'® It was  states is higher than that for atoms of a two-dimensional gas.
found that the (X 1), (5X1), and (7<1) patterns can be This is clearly seen from Fig. 4 showing that an increase of
identified with STM images obtained from thex2, 5X1,  adlayer thickness only by a few hundredths of a monolayer
and 7x1 structuregwe shall in what follows drop the pa- prings about a strong increaself, which becomes as high
rentheses in the STM notation and leave them in the diffracas 4.95 eV forg=0.07—0.08. This value is considerably in
tion patterng excesgby 1.75 eV of the binding energy to the surface of a

samarium atom in the 2D gas.
LEEDS measurements lead one to a conclusion that the
filling of new adsorption states characterized by substantially

TDS and ABM(Subsections II.A and II.B, respectivgly higher values ofE is a consequence of a structural rear-
showed that the appearance of the Sifi-B) interface can rangement in the adlayer. This is evidenced by the appear-
be separated into an adsorption and a silicide formatiomnce atf=0.07 of reflections belonging to a new diffraction
stage. In the first stage, samarium atoms reside on the surfapattern, (3<1). This pattern persists without any change
in adsorbed state. The growth of this film leads eventually tovithin a broad adsorbate concentration range, and its reflexes
the second stage, namely, silicide formation, where the rupgrow in intensity as one moves toward larggtthus imply-
ture of interatomic valence bonds in the substrate makes ing that the geometric structure of the growing adsorbed film
possible for Sm and Si atoms to combine in a chemical comremains unchanged. As for the X7) reflections from the
pound. clean surface, they die out gradually as the adlayer fills up

the substrate surface, to vanish altogethef-aD.12.
The above results obtained independently by means of
TABLE Il. Diffraction patterns and corresponding coveraggs: < 6, for three methods suggest that, similar to the Y{&81) case
Sm-S{11Y structures obtained &t=1300 K. studied by us earliét structural rearrangement in the adlayer
in the Sm-S{111) system proceeds from the 2D-gas state to
2D islands, after which the growth follows a domain pattern.
0 0.06 (7x7) The evolution of the two-dimensional structure occurring at

3. DISCUSSION OF RESULTS

0, 0, Diffraction pattern

8-22 8-;2 gig””” the interface is accompanied by a change in desorption order
0.33 (3x1)+(5x1) n as one transfers from region | to region Il in the isotherms

0.35 ~15 (5x1) (Fig. 2). Deviations from the first-order characteristic of de-
sorption from a two-dimensional gas are seen in the coverage
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a zero order, and that through state 2 occurs by rikel/2
order, andii) the gas atom concentration is negligible com-
pared to the total adsorbate concentrattdnthen the flux
can be written

v=v,+v,=(1—a)Cq exp(— Eq/kT)+ aC,N2
xexd — (Eq—E3)/KT], 2

whereC, andC, are the preexponential factors, aads the
relative area of the surface occupied by the island phase. For
a<1 the second term, which describes desorption through
state 2, may be neglected. In this case the desorption is zero
A order, and the measured energy of its activation is equal to
the energy required to remove an atom from a domain into
FIG. 5. Scheme illustrating the model of desorption processes in the 2Dvacuum, Ey. Conversely, when the surface is filled com-
islands—adsorbed-gas system. pletely by islands, the first term becomes negligible, and the
desorption order becomes closerte-1/2. In this case the
desorption activation energy B;=Ey—E?} (Fig. 5).
interval 6~ 0.03— 0.04, which signals nucleation of an island The above approach offers a qualitative interpretation
phase at the given adsorbate concentration. In contrast to tlier the course of the concentration dependekge- f(6).
system Yb-Sil11), however, where formation of 2D do- The maximum energyE;=4.95 eV obtained in the early
mains from atoms of the adsorbing substance results in thgtage of island formatiofi.e. when their total area is small
onset of zeroth-order deposition, in the Snfidil) systemn approaches most closely the eneiy required to remove
becomes close to 1/2. an atom from a domain. As the substrate surface becomes
The desorption kinetics are determined both by the adfilled more and more by the island pha&es follows from
layer structure and by the conditions in which particlesTDS and ABM measurements, this process is completed at
evaporate into vacuum. Two limiting cases of desorption ki-9=0.17), the activation energy of desorption drops to
netics from the system containing a mixture of 2D islands4.5 eV. This yieldsE5 =0.45 eV.
with a 2D gas were consideréd®® In the first case, the LEEDS dataTables | and I) reveal a (3< 1) diffraction
desorption is zero ordemE&0), and in the seconcy=1/2.  pattern for the adsorbate concentration corresponding to
Figure 5a shows schematically an adlayer consisting of tw@ompletion of the island phase formation. The STM image
phases, namely, 2D islands and an adsorbed gas, whose abrresponding to this diffraction pattern was shdimo have
oms can reside either on the substrégtate ) or on an  3X2 structure. The maximum filling for this surface super-
island(state 2. The corresponding energy diagram in Fig. 5blattice is also§=0.17. One can therefore conjecture that at
illustrates adsorption centers with a high binding endfgy  coverages up t@=0.17 the island-layer domains have 2
(particles in an islandand centers with lower binding ener- structure at high temperatures as well.
gies,E; andE,, for adsorbed-gas atoms. Desorption from  An analysis of STM images and of photoelectron spectra
the island phase, where most of the adsorbate is conceprovided a basis for an atomic model of the Srit$1)3 X2
trated, takes place in such a system in two stages. In the firstructure!® In this model, bridge-type adsorption centers
stage the particle transfers to one of the 2D-gas states, fromere chosen as preferable sites for Sm adsorption on the
which it can subsequently leave the surface. Si(111) 1X1 surface. The Sm atoms adsorbing at these cen-
Here a very essential simplifying assumption was madeters and having a valence oft2become bound to two sili-
namely, that the 2D-gas atoms residing in the two differenton atoms and form rows with Sm atoms spaced hyafd
adsorption states have the same desorption parameters, ie.row-to-row separation of & where a=3.84 A is the
E,=E, andE? =E} =E*.*>®|f within this approximation ~ Si(111) 1x1 lattice parameter. The other four silicon atoms
it is assumed that the mean diffusion pathof gas particles (Si*), which are contained in the>32 unit cell and are not
exceeds by far the average distance between island$?  bound to samarium atoms, have one dangling bond each. The
(wherep is their density, then the desorption kinetics will be atomic model of the Sm-8i11) 3X2 structure is shown in
zero order. In this case the measured desorption activatiofig. 6a.

2D island

energy isE,. In the other limiting caseX.<p 2 the de- The data obtained in this work permit a suggestion that
sorption order is one half, with the activation energy decreasSi* atoms play a decisive role in the increase of the desorp-
ing by E*. tion activation energf 4 when 3x2 domains form from the

In actual fact, however, the desorption parameters of théwo-dimensional gas. If we assume that the energy required
2D gas from states 1 and 2 may differ considerably, since thteo remove a samarium atom from such a domain into
substrate and the island have essentially different surfacesacuum is 4.95 eV, then incorporation into this domain
Obviously enough, the desorption flux will in this case be ashould increaseEy by 1.75 eV. The distance between
sum of two termsy; andv,. The first of them is determined nearest-neighbor samarium atoms in an island is, however,
by the surface properties of the substrate, and the second, Iyo large(about 8 A for direct lateral interaction to contrib-
those of the domain. Ifi) the desorption through state 1 is ute noticeably to this value. The ener@y may increase
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ear. This may be due to the fact that desorption occurs si-
multaneously from several adsorption states, and its rate is
determined by the sum of the rates of these states. As for the
presence in the isotherm&ig. 2) of region Il similar to
region ll, it argues for the domain character of growth of the
adsorbed film. Turning now to the structure of this film, it is
believed?® that after the X 2 domain layer has been filled, a
thicker film with 5X 1 structure begins to grow. The latter
was studied by STM. The data obtained provided a basis for
development of an atomic model, by which Sm atoms, simi-
lar to the 3x 2 structure, occupy bridge-type adsorption cen-
ters on the Si111) 1x1 surface. They combine to form lin-
ear chains with period, spaced alternately bya2and 3.
This model is shown in Fig. 6c¢.

Our LEEDS data suggest that thex() diffraction pat-
tern corresponding to the>61 structure appears only after
6=0.33 has been reached. At lower concentrations, thé 3

c pattern is observed. The maximum coverage at which it is
seen isf=0.33. This number of adsorbed atoms corresponds
gg g‘g g g ﬁ to complete filling of the X 1 structure. Although this struc-
T\ @ ture was not observed by STMwe believe that the 81
°r°0%0%0 %0 °n° adlayer forms within the coverage interval 0<19<0.33,
ﬁ@gﬁ gs 53 ﬁ with 5X 1 layers growing abové@=0.33. Thus for6>0.17
\ \\ e domains of different types coexist on the surface. The non-
°26 %G Yo Q\G °6 ° Imez_arlty of the Arrhenius pl_ots reflects the_ fact that sa-
o . o0 .0 \Q \Q o manum atoms de;orb f_rom _dlfferent adsorption states corre-
2 sponding to domains with different structure.
o gg ﬁ gﬁ gg}é ﬁ Our introduction of a new structure 31, in an attempt
to explain the experimental data appears logical if we take
O Sm OA0 © A1 into account that it is an intermediate step in the evolution of
080 O—O Si.; an adlayer from X2 to 5X 1 structure. Figure 6b proposes

an atomic model for the lattice of such a layer. By this
FIG. 6. Atomic models of unit cells of the Sm¢$L1) submonolayer struc- Model, Sm atoms occupying bridge-type adsorption centers
tures; a—3< 2, b—3x1, c—5x 1. A0 andA1—Si atoms in the first sub- make up rows separated by 3similar to the 3 2 structure.
strate layer, not bound to Sm and bound to one Sm atom, respectivelyas in the 5% 1 structure, the distance between the neighbor-
BO_—Si atoms in the second substrate laye}~Siwo Si atoms making up ing atoms in the row is.
a dimer. The growth of 3x1 and 5<1 domains is apparently
also accompanied by a rearrangement of the substrate surface
and formation of Si-Si* dimers. The desorption activation
nergyEq4 from the three above structur€3x 2, 3x 1, and
X 1) depends on the concentration of these dimers.

through formation of Si-Si* dimer pairs on the substrate
surface. One of the versions of this process is shown in Fig:
6a. Charge redistribution between* Sitoms and the corre-

sponding enhancement of their interaction should bring
about a decrease of the energy of the system and an increase

of E4.

'f’he assumption of the dimer formation is in accord with &+ Siicide formation
a study by photoelectron spectroscdpyt was found® that As seen from Fig. 1a and 1b, the film consisting of at-
the 3x2 structure does not have dangling borids. the  oms of the adsorbate and substrate materials, samarium sili-
surface has a semiconducting chargcter cide, starts to form at high temperatures at cover#ge8.4.

Our results permit an evaluation of the binding energy ofThe Sm desorption kinetics from such a layer is zero order
the SF-Si* dimer. Formation of the 82 domain increases already at low coverages, less than one monolayer, and a
the bond strength by 1.75 eV. In the unit cell of such amaximum appears in the isotherr{fdg. 2) around a cover-
domain, there are two silicon dimers per one samarium atormage 6=0.42. Both these observations argue for the island
Hence the energy required to break each of them should beattern of growth. The feature in the form of a maximum is
0.85 eV. Evaluation of this quantity for the Yb{$11)3X2 due to the existence of an activation barrier against the
structure yielded 0.75 e¥. growth of a silicide film and can be explained in terms of the

In this case the activation energy of the desorption protheory of heterogeneous nucleatidrt® According to this
cess equalEy=Ey—E5 (Fig. 5. The energyEy within the  theory, thin-film growth on a substrate passes through a stage
coverage interval 02 6<0.35 was not evaluated, since the of formation of a nucleus of critical size, which possesses the
Arrhenius plots at these adsorbate concentrations are nonlifargest free energy. In these conditions, the adsorbate desorp-
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tion rate from the surface is maximum. The desorption ratgeratures adsorbate desorption may be neglected.
decreases after the nucleus has grown beyond the critical In conclusion, it should be pointed out that the Sm-
size. Si(11)) interface forms by a mechanism close to that of
Our results permit a conclusion on the dimension of theStransky-Krastano¥® The difference lies in that the 3D is-
silicide islands. The unlimited growth of the TD pe8KFig.  lands growing on a monatomic Sm film consist of atoms not
1) without the appearance of any new features, as well as thenly of the adsorbate but of the substrate as well. The inter-
existence of region IV in the isotherniBig. 2) with no ad- mediate layer grows also by the island pattern. The structure
ditional maxima present, give us grounds to believe that thef its domains(3x2, 3X 1, 5X1, and 7<1) is determined
crystallites forming at the interface are three-dimensional. by the adsorbate concentration and the formation tempera-
Our data provide also an answer to the question of whyture. The silicide phase starts to form even before the
a silicide and not a metallic phase grows on an adsorbedompletion of the intermediate adlayer. The structure and
monatomic samarium film. The explanation lies in that for-stoichiometric composition of a silicide film depend on the
mation of a layer consisting of atoms of the adsorbate angubstrate temperature at which it grew. All structural rear-
substrate materials is energetically preferable to growth of @angements in the system under study exhibit thermally irre-
metallic film; indeed, the valu&, =4.1 eV for samarium versible character.
silicide, which is actually the activation energy of silicide ) , .
decomposition, is nearly twice that of sublimation of pure  Financial support of the Russian Fund for Fundamental
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FULLERENES AND ATOMIC CLUSTERS

Unusual behavior of thermal conductivity of a crystalline-NaCl—-opal nanocomposite

L. I. Arutyunyan, V. N. Bogomolov, N. F. Kartenko, D. A. Kurdyukov, L. S. Parfen’eva,
I. A. Smirnov, and N. V. Sharenkova

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

A. Jezowski, J. Mucha, and H. Misiorek

Institute for Low-Temperature and Structural Research, Polish Academy of Sciences,
50-950 Wroctaw, Poland
(Submitted September 2, 1997

Fiz. Tverd. Tela(St. Petersbungd0, 379-380(February 1998

An opal-based nanocomposite has been prepared with NaCl incorporated in its pores. The
nanocomposite was produced by impregnating the opal with a NaCl solution at room temperature.
Thermal conductivity of the nanocomposite has been measured in the temperature range
4.2-300 K. The effective heat conductivity of the nanocomposite was found to be equal to that
of pure opal. The observed phenomenon can be explained by assuming that NaCl resides

in opal pores in the form of noncontacting needles, thus precluding heat propagation through it.
© 1998 American Institute of PhysidsS1063-783#8)04702-9

A number of our studies dealt with the thermal conduc-presence in some of the closed opal pores of supercooled
tivity of nanocomposites based on synthetic dpélThe cor-  water crystallizing in ice needles, which are not in contact
responding publications discussed in detail the opal structureith each other and, thus, do not transmit heat flux.
and the specific features of formation of opal-based nano- The objective of this work was twofold: to prepare a
composites. NaCl-opal nanocomposite by impregnating opal samples

An investigation of the surface oscillations of NaCl in- with a saturated NaCl solution at room temperature, i.e., to
troduced from a water solution into porous glass with porery to produce a composite by a technology similar to the one
diameter of~70 A showed NaCl to reside in the pores in employed in Ref. 5, and to measure its thermal conductivity
the form of needles which do not contact each other. within a broad temperature range.

The temperature hysteresis observed in thermal conduc- NaCl was introduced into opal-1 by the above technique,
tivity measurements of opaft2was attributed by us to the after which the samples were dried at 100 °C. The pore fill-

200
2 220
Rl
5
'g FIG. 1. Diffractometer curve for the
nanocomposite representing opal-1
; in which 45% of the volume of first-
§ order pores is filled by NaCl.
'3
Y
®
~
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. 1
20 4“0 60 80 20,°
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Figure 2 shows the experimental thermal conductivity
o8 data of the nanocomposite and of opalihe latter were
—AMM“L _ taken from Refs. 13
x o o We readily see that the heat conductivity of the opal-1
g ,;.:E;:? matrix and of the nanocomposite practically coincide
2 04t _ Tt o throughout the temperature range covered by the measure-
5 Iz’ o1 ments.
,‘.5.7-" °2 We may thus conclude that NaCl resides in opal pores
e (the largest diameter of first-order pores in opat~s
‘u'“:' . . , ~800 A) in the form of noncontacting needles and, there-
0 4 120 200 280 T, K fore, there was no heat flux through NacCl.
FIG. 2. Thermal conductivity of(1,2) the nanocomposite representing Support of the Russian Fund for Fundamental Research

opal-1 in which 45% of the volume of first-order pores is filled by NaCl, and (Grant 96-03-32458ais gratefully acknowledged
(3) opal-1(Refs. 1 and 2 The numbers 1 and 2 refer to the nanocomposite '

measurements performed in heating and cooling runs, respectively. Shown
in the top left corner is the proposed arrangement of NaCl crystals in first-

order opal pores. Pore diamete800 A (Refs. 1-3. YWe are following here the terminology accepted eaffiér.
IThe volume of the first-order pores constituted 26% of the total theoretical
opal porosity(59%).1~3
ing, determined by the solubility of the substance in water,
was found to be 45% of the volume of the first-order pétes.
The conductivity measurements were performed in alv. N. Bogomolov, L. S. Parfen’eva, A. V. Prokofev, I. A. Smirmov, S. M.

vacuum of~10"° mm Hg in an arrangement described in Samadlovich, A. Jezowski, J. Mucha, and H. Misiorek, Fiz. Tverd. Tela
detail elsewheré (St. Petersbung37, 3411(1995 [Phys. Solid Stat®7, 1874(1995].

. . . 2V. N. Bogomolov, D. A. Kurdyukov, L. S. Parfen’eva, A. V. Prokof'ev,
Flgure 1 dlsplays a diffractometer curve for the nano- S. M. Samdovich, I. A. Smirnov, A. Jezowski, J. Mucha, and H. Misi-

composite representing opal-1 in which 45% of the volume orek, Fiz. Tverd. TeldSt. Petersbung39, 392 (1997 [Phys. Solid State
of first-order pores was filled by NaCl. Similar curves sup- _39 341(1997].

3
; _ ; L. I. Arutyunyan, V. N. Bogomolov, N. F. Kartenko, D. A. Kurdyukov,
porting the amorphous state of opal 1 were obtained by usV. V. Popov, A. V. Prokof'ev, I. A. Smirnov, and N. V. Sharenkova, Fiz.

earlier: ™ Tverd. Tela(St. Petersbung39, 586 (1997 [Phys. Solid State9, 510
X-ray diffraction analysis of opal-1 and of the nanocom- (1997].

posite was performed on a DRON-2 diffractomet€u K « 4v. N. Bogomol(_)\{, N. F. Kartenko, L. S. Parfen‘eva,‘ A V. Prokofev, I. A.

radiation, Ni filte) within the angular range @=4—100°. ﬁggfsot:’l;rg"lsm(sl'gg%k’(ii‘ '\rﬂeuscga’ and A. Jezowski, Fiz. Tverd. T@a

The diffraction patterns indicate the presence in the sample. |. abaev, V. N. Bogorr;olov., V. V. Bryksin, and N. A. Klushin, Fiz.

of a well-developed NaCl phase and the absence of anyTverd. Tela(Leningrad 13, 1578(1971) [ Sov. Phys. Solid Statk3, 1323

traces of opal crystallization. The cell constant of NaCl in the (19721

opal was found to be 5.641 feference tables give 5.6402 A Jez0Wski. J. Mucha, and G. Pome, J. Phy2®739 (1987.

A for the unit cell parameter of bulk Nagl Translated by G. Skrebtsov
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