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Measurements of the temperature dependences of the resistivity and Seebeck cosffagent
well as of the Hall coefficienRy at T=300 K are reported for two series of ceramic
Y1-xCaBa,CuzOy samples with oxygen contents in the initial sample close to stoichiometric
and then lowered by annealing. It has been found that an increase in calcium content in

the first series results in a drop of the critical temperafiyea weak variation o5 (300 K), and
an increase oRy (300 K), whereas in the second seri€sincreasesS (300 K) decreases,
andRy (300 K) remains practically constant. TI®&(T) relations acquire additional features with
increasing doping level, which are not typical of the YBa;O, system for other types of
substitution. An analysis of the data obtained made in terms of the phenomenological band model
permits a conclusion that calcium is capable of introducing additional states in the conduction
band. Based on this assumption, we have succeeded in providing a qualitative
explanation for the unusual features in the behavior of the transport coefficients and critical
temperature in Y_,CaBaCu;0,. © 1998 American Institute of Physics.
[S1063-78348)00112-9

The effect of nonisovalent substitutions on the variousstores superconductivity in Y-123 if it was previously sup-
properties of YBaCuO, is widely discussed presently in pressed by nonisovalent substitutions at the chain cdbprer
the literature. These substitutions have a common feature @fr bariunt® sites.
affecting the content of oxygen and its distribution among  Studies of the transport properties revealed that a de-
various positions in the unit cell, whose character is primacrease ofy at a fixed calcium content in Y ,CaBa,Cus0,
rily determined by the valence states of the substituting angesults, as in the case of YBauy,0,, in an increase of the
replaced element. In most cadeartial replacement of chain  Seebeck and Hall coefficient;*°and thatS decreases with
copper by iron or cobalt, as well as of barium by variousjncreasingx for a fixedy (Ref. 20. Note that, as shown in
rare-earth metalsan increase in doping level results in an Refs. 19 and 21, the empirical relation connectihgwith
increase of the oxygen index because of the larger valency Qfie Hall concentration of carriers, which holds for many

the impurity, which is accompanied by disordering of theH-I-SC system$? fails for Y, {Cay Ba,CusO, at large oxy-
oxygen sublatticé~® Calcium, whose valence is smaller than ' ' y

that of the ytirium it substitutes for, occupies a particular All the above observations indicate a specific influence

place among the various impurities. An increasexaf the . . ) .
of calcium on the properties of the carrier system in

Y1-xCaBaCu;Oy system entails an increase in the number. .
of oxygen vacancies, which not only inhibits growth of the ¥1-xCaBaCLO, . Atthe same time the nature, the reasons

. - . .and various aspects of this influence are practically ignored
formal carrier concentration but can even cause its drop, if! P P y 19

the increasing oxygen deficiency overcompensates the effex\fh”e the quoted publications, the conclusions drawn are of-

of calcium®~8 At the same time the critical temperature in ten contradictory. Thus the problems associated with the

Y, ,CaBaCu0, decreases weakly but monotonically mechanism of calcium’s influence on the properties of Y-123
with increasingx.g” certainly deserve further investigation.

There are reports that calcium impurity affects in a spe- An analysis of the transport coefficients in a normal
cific way the superconducting properties of the HTSC sysPhase based on the electron-transport model used e
tem Y-123. It was foun¥'! that after replacement of 20— narrow-band mod&¥) permits one to reveal the specific fea-
25%Y by calcium, YBaCu;O,, which is nonsuper- tures of what effect various impurities have on band structure
conducting at y=6.0—-6.2, becomes a superconductor parameters and, by comparing these data with the variation
with T,=20—-44 K, and that fory~6.7 the value ofT,  of superconducting properties, to draw conclusions on the
in Y, ,CaBaCuwO, increases with x,}2 while in  mechanism of this effect. This method was employed by us
ProsCa sBa,CusOy T,=35 K (Ref. 13. Finally, calcium re-  to advantage in studying the influence of such substitutions

gen deficiencies.

1063-7834/98/40(12)/7/$15.00 1943 © 1998 American Institute of Physics



1944 Phys. Solid State 40 (12), December 1998 Gasumyants et al.

as Fe, Co, Ni, Mn— Cu?*?®°La — Ba?®and Pr— Y (Ref.  TABLE I. Unit cell parameters for starting.Y ,CaBa,Cu;O, samples and
27) oxygen index for both series of samples.

The obijective of this work was to study the behavior of

.. . . Oxygen content
the transport coefficients in Ca-doped YBaiO, in two

series of samples with different oxygen contents, to analyz& a A b, A A Series 1 Series 2
the results obtained within the narrow-band model, and to 0.000 3.822 3.879 11.694 6.96 6.73
determine the character and mechanism of calcium effect on0.025 3.822 3.882 11.691 6.95 6.72
the parameters of the band spectrum and of the carrier sys-g-ggg g-ggi 2-2;2 ﬁ-ggg 2-2‘3‘ g-gg
tem in ¥; _CaBa,CL0, . 0100 3825 3879  11.690 6.93 6.66

0.150 3828 3871  11.693 6.90 6.58
1. SAMPLES 0.200 3832 3875  11.697 6.89 6.53

Two series of Y_,CaBaCu;O, ceramic samples
(x=0-10.2) with different oxygen content were studied. The
samples were prepared at the Institute of Silicate Chemistrygffects on the critical temperature in the two series of
Russian Academy of Sciences, by standard solid-state tecsamples differing in oxygen content. While in the starting
nology. The pellets were annealed in air @t=920 series T, decreases monotonically with increasing in
—950°C with intermediate grindings. Next the samplesoxygen-deficient samples an increase in Ca content brings
were cooled and, in the final stage, maintainedZd in an  about a noticeable growth in critical temperature within the
oxygen flow atT=450°C. The oxygen content in the sec- x=0—0.1 rangegwhich supports the data quoted in Ref) 13
ond series was reduced by additional annealing of aland a weak dependendg (x) with further increase of the
samples fo2 h in air atT=450 °C, with subsequent quench- doping level. This behavior of the critical temperature ap-
ing to room temperature. The oxygen content was deterpears fairly unusual, particularly if one takes into account the
mined by iodometric titration to within: 0.01— 0.02. Allthe  fact that, in the second series, the oxygen content decreases
samples were homogeneous, which was confirmed by loca¥ith increasingx more than it does in samples of the first
Seebeck coefficient measurements made at room temperatgeries(see Table), which, based on general considerations,
at various points on their surface, and single phase to withishould result in a steeper decreaseTef This implies the
1-2%, as follows from x-ray diffraction analysis. The lattice existence of some specific features in the effect that Ca has
parameters determined for the samples of the first series ®@n the superconducting properties of Y,BaO,. We note
within £0.001 from x-ray diffraction data, and the oxygen also that the width of the superconducting transitibi,
index both before and after the additional annealing are listewhile growing monotonically in the first series, varies only
in Table I. The trend in their variation for the samples of theweakly in samples of the second seri@sble II).
first series is similar to that quoted in the literatfird:8 Shown in Figs. 2 and 3 are the temperature dependences
Note that while in both cases the oxygen content decrease¥ the Seebeck coefficient. Note the following specific fea-
with increasing doping level, in oxygen-deficient samples thgures. The Seebeck coefficient is negative for all samples of
value ofy decreases considerably faster. the high-oxygen series, a feature typical of close-to-

We performed measurements of the temperature depestoichiometric YBaCu;O, compositions. Ax increases, the
dences of resistivity and Seebeck coefficient within the rang@&agnitude ofS;q, « varies very little(see Fig. 2 and Table
T=T.,—300 K, as well as of the Hall coefficient at

T=300 K, with both series of samples. The method of mea"I'ABLE Il. Electrophysical parameters obtained with ¥CaBa,Cu;0,

surement is described elsewhéfe. samples.

2. EFFECT OF CALCIUM ON THE TRANSPORT AND X T K AT, K Te K S0k #VIK

SUPERCONDUCTING PROPERTIES OF Y;_,Ca,Ba,Cu30, 1 5 3 4 5
The temperature dependence of the resistivity reveals First Series

features typical of HTSC materials. The slope of thér)

graphs decreases gradually with increasingn samples of 0'822 gi'g g'z Zg'; :gig
the first series an increase in Ca content results, starting with g5 88.2 6.0 83.3 _118
x=0.15, in a crossover of these relations to the semiconduct- 0.075 86.3 9.0 80.7 -1.20
ing pattern at low temperatures. The parameters of the super-0.100 83.3 10.0 71.9 —-1.14
conducting transition determined from resistance measure- 9-150 79.0 103 715 —1.29
ments are presented in Table Il. HeFE and T are the 200 8.2 Selc%: 4 Series 06.6 ~L24
temperatures corresponding to the midpoint of the transition g g 63.7 53 61.1 17.8
and the drop of the resistivity by 1000 times from its value in  0.025 70.8 7.5 67.9 14.0
the normal phase, andIT is the width of the resistive tran- 0.050 72.0 4.0 69.7 12.4
sition. Table Il lists also the room-temperature values of the 8-%3 ;g-é g-g ;?; 1;’-2
Seebeck coefficient. , 0.150 80.6 8.0 74.2 9.3

Figure 1 plots the critical temperatufd as a function of 0.200 80.9 76 76.6 8.0

Ca content. Doping with calcium is seen to exert opposite:
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II), while the S(T) relations exhibit a feature characteristic
of off-stoichiometric compositions, namely, a shift of the 90
maximum in theS(T) curve toward higher temperatures.

Note that, as follows from an analysis of the charge bal-
ance in the lattice with increasing Ca content, the decrease of g9
positive charge resulting from the €a— Y3* substitution x
is not fully compensated by the decrease in oxygen content ¢

. ) . ) W

(see Table ), which should give rise to a decrease in the
number of free electronf.e., an increase in carrighole)
concentratiof But, as already mentioned, one does not ob-
serve the expected decrease in the Seebeck coefficient. Con- ,
sider in this connection the data obtained for the second se- 60 0 0.10 0.20
ries of samples. As this should be expected, an increase in z
oxygen deficiency resulted in an overall growth of the See¢5 1 yitical temperatures calcium content in Y.
beck coefficient. The stronger decrease of oxygen contemefore annealing2 — after annealing.
with increasingx in the second serigsee Table)lgives rise,
however, to overcompensation of the charge effect of cal-

cium, which should produce in this case an increase in thgacfically constant in the second series. This observation
number of electrons and, accordingly, growth of the Seebecffy . ise appears fairly unusual because, in other cases of

coefficient. At the same time, our data show that an increasﬁeviation from stoichiometry in YBELWO,, the absolute

of Ca content in samples of the first series results in a Nog,es of the Seebeck coefficient are found to correlate with

ticeable decrease of the magnitudeSgfo  (see Fig. 3 and e Ha)l coefficientRefs. 29 and 30 Besides, the data ob-

Table I)). This discrepancy between the variation of chargeineq for the second series lack any correlation between the
balance in the lattice and the magnitude of the Seebeck Q35| carrier concentration and the critical temperature,

efficient observed in both series of samples is one more agyhereas its presence is invoked by some aufaé?s to

gument for thg exist'ence of another gnd very substantial in3c.qunt for the change ifi, when doping YBaCusO, with
fluence of Ca impurity on the properties of YEa0, .

. ) various impurities.
Note also the way in which the temperature dependence  g,mming up the above observations, one can confidently

of the Seebeck coefficient changes with increasing Ca COoMgaintain that calcium exerts a definite influence on the prop-
tent in the second series. Asincreases, a region of linear g e of the normal phase and superconducting parameters of
decrease of the Seebeck coefficient appears irB{1e re- Y, ,CaBaCu;0,, which sets it off from a number of other

lations above the temperature of the maximun$if), and  y5nants, because none of the other nonisovalent substitutions
the slope of this relation becomes gradually steeper. To make tha various cation sublattices of Y—Ba—Cu—-0, along with

this feature clearer, Fig. 4 presents W&(T) graphs, geyiations from oxygen stoichiometry, produces such results.
namely, for a Ca-doped sampl&<0.2) and an undoped ; is reasonable to assume that incorporation of calcium in
YBa;Cu; 06 gs Sample, which was chosen as having the samee |attice gives rise to additional features in the band spec-
value of the Seebec_k coefficieBtyg k. We readily see_that trum of YBa,Cws0,, and this is what accounts for the ob-

as the temperature increases, the slope oS({iE) relation  goreq unusual behavior of the transport coefficients. The

for YBa,Cu;Op gg decreases slowly, and that @t=300 K are of these features and a possible reason for their ap-
the Seebeck coefficient becomes practically temperature "b'earance will be discussed below.

dependent, a feature characteristic of the yttrium system for
small deviations from stoichiometry. At the same time for
Y 0 sCa .Ba,Cu3O¢ 553 0ne observes with increasing tempera-

70

«CaBaCu0, . 1 —

ture, besides the persistence of the maximunS{¥) at or 'u.,'z_
T~125 K, alinear decrease of the Seebeck coefficient and ¢ :E"-\
substantial increase of the slope &f(T) compared to ALY

YBa,Cu;Og g5, With Nno crossover to the temperature- | o \‘\‘ JRTTI
independent region occurring up To=300 K. N H L SRRTTTIL L

Thus Ca doping of YBZCu;O, reveals a number of fea- > _

tures in the behavior of the critical temperature and SeebecLi: ’ ";:v",v" Teeo ‘ec:;..mm"
coefficient, such as an increase Ty in oxygen-deficient ¢ -x=0 \ A8saas iRRETE o,:
samples, lack of agreement the changes in lattice charge ba | ¢ 0.05 ... ..:g:’
ance and the absolute values of the Seebeck coefficient it M g% I TUURUURRRC I Lt
both series studied, and an unusual pattern of transformatior . 0'2
of the S(T) relations with increasing doping level in the - P! P S S —

- : 2.0 5, 150 250 300
second series. We also carried out measurements of the Ha T K

7

coefficient Ry at T=300 K, whose results are displayed

graphic?‘”y in Fig- 5 One immeqiate|Y_SeeS_ that (309 K) FIG. 2. Temperature dependences of the Seebeck coefficient for the first
in the first series increases rapidly wihwhile remaining  series of ¥,_,CaBa,Cu,0, samples.
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the model parameters requires an analysis of the experimen-

FIG. 3. Temperature dependences of the Seebeck coefficient for the secokdl Seebeck-coefficient relations. The curves for the Seebeck
coefficient can be obtained to within its sign, whereas those

for the resistivity and the Hall coefficient, only to within a
constant factor, which offers a possibility of performing a
3. ANALYSIS OF THE EXPERIMENTAL DATA OBTAINED qualitative analysis of the (T) andRy (T) relations. Thus

We analyzed the experimental data within a phenomenoby fitting the calculated to experiment8{T) curve one can
logical band model assuming in the band structure of HTSG@letermine the band spectral parameters for each given
materials the presence of a narrow density-of-states pest@mple. The expressions derived for this purpose are as
near the Fermi level. This model, described in detail in Reffollows®
23, was used by us to advantage in analyzing the effect of
cation substitutions in various sublattices on the transport
properties in normal phase, the band-spectrum parameters,
and superconducting characteristics of the YBa&O,
HTSC systent®24+-% kg

The model contains three main parameters, the band fill- e
ing by electrong=, which is equal to the ratio of the number
of electrons to the total number of states in the band, the total 1 .
effective conduction-band widthWy, and the effective - W(COSW +coshWy)in
width of the interval of delocalized staté&¥/,. Using the 7
simpl_est possible approximation for the_ density-of-states exp(u*)+exp(We) ]
functionsD (E), as well as for the differential and Hall con- X —u*
ductivities, one can obtain analytic expressions for the tem- exp(u*) +exp(— W)
perature dependences of the chemical poteptjaiesistivity  wherey is the chemical potentiakg is the Boltzmann con-

p, and the Seebeck, and Hall coefficients. Determination otant, e is the electronic chargel\s=Wp/2kgT, and W*
EWO./ZKBT
_ Equations(1) and(2) previously permitted us to achieve
a good agreement between experimental and calculated
S(T) relations for Y—Ba—Cu—-O samples with various
substitutions®?4~2" As already pointed out, however, the

series of ¥, _,CaBa,Cu;0, samples.
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S(T) relations for the system under study here exhibit addi-
tional features. Although our previous studies showed the
conduction band in YBZu;O, to be nearly symmetrical,
one does not succeed in reaching a good quantitative agree-
ment of calculate® (T) relations with experimental data for
Y1-xCaBa,CuzOy within a symmetric model. On the other
hand, the obtaine8 (T) relations are qualitatively similar to
those observed in the bismuth-based HTSC system charac-
terized by a linear growth of the Seebeck coefficient with
decreasing temperatut®3? Our earlier quantitative analysis

of the dependence of5(T) in bismuth-based samples
showed that they can also be described in terms of the above
fnodel provided one introduces an additional assumption of a

Y .eCa BaCu;Og 53 Sample compared with a typical dependence for an .
PR weak asymmetry of the conduction baifd® Thus the ex-

undoped YBaCu,Og g5 samplé®. Solid line is a calculation using Eq&)

and (3).

perimentalS(T) relations for Y, _,CaBaCu;0O, give one
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grounds to assume that Ca doping creates in the band o

YBa,Cu;0, features inherent in a bismuth-based HTSC sys-  0.53 -0.025
tem, to wit, makes the conduction band asymmetric. For this .

reason we carried out calculations {T) within an asym- . -— —

metric model. > 1-0.015

The simplest way to take into account the asymmetry, § 0.51
described in detail in Ref. 25, consists in introducing a dis- *
tance bWy, whereb is the asymmetry paramejdsetween 3 N
the centers of the rectangles approximating the density-of-= . 1-0.005
states and differential conductivity functions. In this case Eq.

Asymmetry degree ,

1 0
(3) remains valid if one replaces injt* calculated from Eq. 0.49 0 0.10 0.20
(1) with x
(,U«* ) = M* —bWp /k,T . 3) FIG. 6. Band filling by electrons and band asymmaetsycalcium content

for Y,_,CaBa,Cu;0, samples of the second series.

Our quantitative analysis of the calcium-induced
changes in the band spectrum of ¥CaBaCu;0, made
use of data obtained only for the second series of samplespntent that accounts for the appearance of additional fea-
because the absolute values of the Seebeck coefficient for alires in the band structure of YBau;0,. We believe that
samples of the first series were found to be very small. In thishe most probable cause for the observed changes in the band
case the pattern of th&(T) relation is affected strongly by structure is the Ca-induced additional states in the conduc-
small features in the conduction-band structure, which aréion band. This gives rise to an additional Ca peak in the
difficult to take into account within the approximation used density-of-states function, and this is what accounts for the
here. This may result in a larger error of calculated bandnset of conduction-band asymmetry and its subsequent
parameters. For this reason the data obtained for the firgrowth with increasing doping level.
series were employed only in a qualitative analysis. On the  The assumption of the onset of asymmetry in the con-
other hand, the Seebeck coefficient of second-series sampldaction band provides an explanation for the concentration
increased in absolute magnitude due to the higher oxygedependences of the filling and effective width of the conduc-
deficiency, which should weaken the effect of small featuregion band.
in the band structure on the overall pattern of S¥T) re- As already mentioned, a comparison of the changes in
lations. This permits one to derive reliable information onthe oxygen index with Ca contefiTable ) makes it clear
band-structure parameters from a quantitative analysis of thinat, while in the first series the calcium-induced distortion
experimental data and to use subsequently these resultsf, the charge balance is not fully compensated by decreasing
combined with the qualitative conclusions drawn from oxygen content, in samples of the second series, by contrast,
the data obtained from samples of the first series, inhe effect of calcium is overcompensated by the increasing
considering the effect of calcium on the properties ofoxygen deficiency, and this should result in a decrease of
Y1 xCaBaCus0, . carrier(hole) concentration, i.e. an increase of the number of

We have succeeded in reaching within this approach @&lectrons. This means that the Seebeck coefficient should
good quantitative agreement between the experimental aridcrease and the band filling by electrons, calculated within
calculatedS(T) relations for all samples of the second se-our model, grow withxk. Our experimental datdhe decrease
ries. For illustration, the solid line in Fig. 4 shows a relation of S350 ) and calculationgthe decrease of thié parameter
calculated for a ¥ {Ca Ba,Cu;Og 53 Sample. By using Egs. may be considered as a further argument for the appearance
(1)—(3) and comparing the calculations with experiment, weof additional states in the band due to calcium. Indeed, the
derived the parameters of the carrier system for all samplesand filling by electrons is determined by the ratio
of the second series. Figure 6 plots concentration deper==n/N, wheren and N are the numbers of electrons and
dences of the electron band filling and of the degree oftates in the band, respectively. Only the creation of addi-
conduction-band asymmetry. We readily see thdecreases tional band states by calciurfi.e., an increase oN with
linearly with increasing Ca content, and that the behavior ofncreasingx) can account for the decrease in the filling and,
the asymmetry parametdr is likewise linear and can be accordingly, the decrease of the valueSaf, « obtained in
described by the expressidi=—0.1x. The values of pa- the experiment.
rameterb are small, i.e. the conduction band is only slightly The observed weak change in the conduction-band width
asymmetric. Besides, calculations showed that the total efalso finds an explanation. In principle, a substantial decrease
fective band width W, for the second series of of oxygen content, which brings about disordering of the
Y1-xCaBaCu;O, samples varies only insignificantly with oxygen sublattice, should tend to broaden the conduction
increasing Ca conterithe value ofWj, lies from 160 to 190  band?*% It should, however, be borne in mind that calcula-
meV). Note thatW,, likewise varies little with increasing, tions yield the effective band width, i.e., the width of the
so that our data do not support the assumptithat doping  rectangle approximating tH (E) function and, in this case,
with calcium causes strong carrier localization. the weak variation oW with increasing calcium content

The linear increase in the conduction-band asymmetrynay actually result from a combination of two effects,
with increasingx clearly implies that it is the increase in Ca namely, a broadening of the band due to disordering of the
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oxygen sublattice, and its affective narrowing due to the forand decrease monotonically in oxygen-deficient samples,
mation of an additional peak created by the Ca-inducedvhereas the Hall coefficient at=300 K increases markedly
states. in the first case and remains practically constant in the sec-
As for the Hall coefficient, calculations made in terms of ond;
our model for theRy (T) relations showed that for large 3) Ca doping changes the pattern of tB€T) relations
band fillings (the case of samples of the second se¢rthe  for oxygen-deficient samples, namely, it results in the ap-
decrease of and the increase of band asymmetry practicallypearance of an extended region of linear growth of the See-
counterbalance their effects on the Hall coefficient. At thebeck coefficient with decreasing temperature, which is due to
same time, at close to half band filliigamples of the first a specific calcium-induced modification of the band struc-
series, the effect of asymmetry becomes more essential anture;
gives rise to an increase & (300 K). Note that, even a 4) An analysis of the5(T) relations and of th&®y, (300
qualitative analysis of the Hall coefficient data obtained onK) data made for the ¥ ,CaBa,Cu;0, compound within
the first series of samples supports the conclusion of &he narrow-band model shows that Ca doping gives rise to a
gradual increase in conduction-band asymmetry with inconduction band asymmetry, which increases monotonically
creasing doping level. Because for the starting sample of theith doping level. The most probable reason for the onset of
first seriesF<0.5, and data obtained for the second serieassymmetry is Ca-induced formation of additional states in
suggest that the band filling decreases with increasing ~ the conduction band;
becomes obvious that tHe< 0.5 condition is upheld for all 5 The assumption of the formation of additional
samples in the first series, and that, most probably, the valueonduction-band states by calcium provides an explanation
of F in this series likewise decreases with increasinglev-  for the observed transformation of transport properties in
ertheless, the Hall coefficient remains positive for all first-normal phase and for the pattern of critical temperature
series samples, an observation that can be explained only Bgriation in Y;_,CaBaCuO, for different oxygen con-
assuming the conduction band to become asymmetric. tents. One observes also a correlation between the density-
The results obtained also provide a qualitative explana0f-states function at Fermi level and the critical temperature.
tion for the opposite trends in the variation of critical tem- ~ The authors owe their warm thanks to I. B. Patrina and
perature with increasing doping level in the two sample seN. P. Baranskaya of the Institute of Silicate Chemistry for
ries, namely, its decrease in the first series and growth in thereparation of samples for the investigation, x-ray diffraction
second. In the first series, the composition of the startingneasurements, and oxygen content determination.
sample is close to stoichiometric and, hence, the band is
nearly half full, i.e., the Fermi level lies close to the midband , .
L . . . . . J. M. Tarascon, P. Barboux, P. F. Miceli, L. H. Greene, G. W. Hull,
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additional states in the band, the filling decreases, and thg\l(lf(SO(égg% (i AR Moodenbaudh. Y. Zhi S.G. Shvu. M. S
Fermi level shifts frc_)m the maximum of_ the (E) function X V\;’ Dénrﬁsfi;ﬂ'c’, RW. ﬁgCZ“uﬁgphygicauxéglzoé(1&39/3(’). e
toward lower energies. Thus the density of states at Fermig |jang. m. itoh, T. Nakamura, and R. Aoki, Physical67, 83 (1989.
level decreases, and this is what causes the decreabg of °A. Manthiram and J. B. Goodenough, Physicd &9, 760 (1989.
observed in this series. By producing oxygen deficiency in®A. Tokiwa, Y. Syono, M. Kikuchi, R. Suzuki, T. Kajitani, N. Kobayashi,
the staring sample of he second series, we shit the Fermj- %55 Naktow i i Jr 3. A PLicoa(an,
level toward higher energies. Doping with calcium, as in the 750 (1983
first case, reduces the band filling, and the Fermi level als@M. R. Chandrachood, I. S. Mulla, S. M. Gorwadkar, and A. P. B. Sinha,
shifts toward lower energies but, in this case, this corre- Appl. Phys. Lett56, 183(1990. _ ,
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Superconductivity in the Ti—D system under pressure
I. O. Bashkin,* M. V. Nefedova, V. G. Tissen, and E. G. Ponyatovskii

Solid-State Physics Institute, Russian Academy of Sciences, 142432 Chernogolovka, Moscow Region, Russia
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The pressure dependence of the superconducting transition temperature, in @S been
measured up to 30 GPa in a diamond high-pressure chamber. It is found that the deutegige TiD
becomes a superconductor at pressures corresponding to the transition to the high-gressure
phase, with a transition temperature that increases from 4.17 to 4.43 K in the interval
P=14-30GPa. The value extrapolated to atmospheric pre3sgfg=4.0K is significantly

lower than the superconducting transition temperattiie=(6.0 K) measured earlier in

the metastable state obtained by quenching,Tiinder pressure. It is assumed that the significant
difference of the extrapolated value from the superconducting transition temperature in the
metastable state after quenching under pressure is caused by a phase transition on the path from
the stability region of the€ phase under pressure to the region of the metastable state at
atmospheric pressure. @998 American Institute of Physids$S1063-7838)00212-3

The T—c diagram of the Ti—H(Fig. 1) and Ti—D sys- the structure-sensitive physical properties. One of the clear-
tems at atmospheric pressure includes the eutectoid equililest features of thg phase is superconductivity with a tran-
rium of the o, B, and § phases, based on the hexagonalsition temperature that is high for the Ti€B) system[T.
close-packed(hcp), body-centered cubi¢bcg), and face- =4.3(5.0) K|,%° which is a result of the transition of the
centered cubidfcc) titanium sublattices, respectively> A hydrogen into the octopores. The superconductive properties
new phase{,?? appears at a pressure of 2.05QBal GPa of the y phase have not previously been studieditu. For
in the deuteridgsand a temperature of 560K in the alloy this paper, we measured the pressure dependence of the su-
of eutectoid compositionx= H(D)/Ti=~0.74). The structure perconducting transition temperature i TiDy,4 up to
of the £ phase directly under pressure has been determine80 GPa and found that extrapolating thg(P) dependence
only by an x-ray method: It was found that,R&5 GPa, in  for the { phase to atmospheric pressure gives a value lower
the temperature interval=520—720 K, the metal atoms in than was determined earlier for thephase. The measure-
the ¢ phase are packed into a face-centered tetragdcial ments were made on the deuteride, since it has a higher
sublattice with a parameter ratio ofa=0.892 In order to  superconducting transition temperature than does the hy-
study the properties of the new phase in more detail, it waglride.
guenched to 80K after heat treating the samplesTat
=560 K under a pressure above 5 GPa. After quenching un-
der pressure, the single-phase state remained metastable a;z
temperatures below 9800 K all the way to atmospheric
pressuré. The structural characteristics of the metastable
guenched state have been studied in detail €90 K by
inelastic neutron scattering and diffractidr.” In this state, 800
the hydrogen statistically occupies octahedral interstitial sites
of the fct titanium sublatticé unlike phases that are stable at 3
P=1atm, where the hydrogen is always located at X‘\
tetrapores:® Since the specific volumes of thephase and wof 1 o ~

the metastable quenched state were extremely close to ea /4 {’ t

other and much less~10%) than in the other hydride i x
phases of this system, it was assumed that, if thlease, the 4 i 1 N A e *
hydrogen also was distributed over the octopdresiow- 0 20 4w 80 0 20 40
ever, the ratio of the lattice parameters in the state afte ¢,at.%H P, kbar
guenching was ;alppreuably closer to unity than in the 5 1 ppase diagram of Ti—-H. On the left is tiie-c projection for
phase,c/a=0.95." It was therefore assumgfithat the hy-  atmospheric pressure, and on the right is TheP projection for the hy-
drogen distribution over the octopores can be different in thelrides of the near-eutectoid stét€he dashed lines denote the thermobaric

i i tment of the’ phase and the unloading that results in the synthesis of the
¢ phase than in the state after quenching, and the metastald{e?

: : : - x phase(its region of metastability aP=1 atm is hatched On theT—P
quenched state was given an independent deSIQnatlonrtheprojection, the low-temperature boundary of the region ofittphase ends

phase. _ _ _ with a dashed bifurcation, representing the region where the existence of a
The difference in crystal structure must be reflected insecond high-pressure phase is probable.

1063-7834/98/40(12)/3/$15.00 1950 © 1998 American Institute of Physics
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1. TECHNIQUE "a
The initial two-phase deuteride of chemical compaosition 13.8

D/Ti=0.74+0.01 was synthesized by the reaction of high- pp

purity (~99.98 at.%) titanium with deuterium gas, given off v

by heating TiDQ) (see Ref. 10, for example, for more details {

The deuterium content was determined by weighing. In orde &

9.4
for the small fabricated samples 0.1x0.1xX0.03 mm to 'g 23,2 '
maintain the average chemical composition, it was requirevg .
that the microstructure of the two-phase deuteride be homc » 29.8
geneous and fine-grained. The limiting comminution of a
crystalline grainthe characteristic size of the Ti precipitates
in the matrix of they phase was <100A) was accom-

1 1 1 A A i 'l 1 i ] 1. i

plished by heat-treating and quenching to 80K a pellet of
TiDg 74 under a pressure of 6.5 GPa, followed by decay of the
quenchedy phase when the sample was quickly returned t¢ 3.0 40 K 5.0 6.0

normal conditions. !

An apparatus with diamond anvils fabricated from non-fiG. 2. Experimental curves of the temperature dependence of the magnetic
magnetic materials was used to create high pres%ﬁfﬁm susceptibility of TiQ 7, under conditions of heating at fixed pressufies
sample and crystals of a ruby standard were placed in th@cateq in GPa near the curyedhe arrows show curves recorded during
aperture of a metallic gasket 0.15mm in diameter. A 4:1“n|°ad'ng of the high-pressure chamber.
methanol—ethanol mixture served as a pressure-transmission
medium. The pressure was varied and measured at room
temperature. The pressure was determined to withi
+0.05 GPa from the shift of thR line of ruby. The super-
conducting transition was determined from ac measuremen

f th ti tibility(T).*® Th lit f th
of the magnetic susceptibility(T) e amplitude of the be seen from this figure that tiie,(P) dependence is close

variable 5.2-kHz magnetic field was 0.30e. The high- i i th iorP>12 GPa. O hand. the devi
pressure apparatus was cooled as a whole to 1.5K in a cryk.EJ Inear in the regio a. On one hand, the devia-

ostat, and the measurements)@f) were made while heat- o of the initial load pointP = 11.86Pa frgm a linear de-
ing, using a(Cu—Fe—Cu thermocouple to measure the pendence, as well as the smearing of the jump(@f), can

temperature to within= 0.2 K. Because of the necessity of be regarded as evidence that the transition into a phase with

repeatedly heating the apparatus to vary and determine tgéjperconductmg properties was incomplete. On the other

ressure, a measurement cycle at each pressure took da _and, when theT—P Qiagram of the Ti-H system above
P y P y4GPa was studied, bifurcation of the anomalies of the elec-

trical resistance and the thermal effects of the transition into
the ¢ phase was observed, and, based on this, the possibility
that a second high-pressure phase exists was indiéated.

n The temperature at which the jump #{T) reaches one

half was taken as the superconducting transition point. The
%uperconducting transition temperatures determined in this
way are shown in Fig. 3 as a function of the pressure. It can

2. RESULTS AND DISCUSSION

In the rangdP <7 GPa in which th& —P diagram of the
Ti—D system was studied earliethe line of the transforma-
tion into the { phase was located at temperatures above 5,4
450 K. Extrapolating this line makes it possible to estimate
the transition pressure into thiephase when the sample is
loaded at room temperature as approximately 10 GPa. The
first measurement cycle gf(T) was therefore carried out at
a pressure of 9.5GPa. No superconducting transition was B
observed in this cycle. In the next cycle, under a pressure Ofx
P=11.8GPa, an anomalous superconducting transition or™ 44
the x(T) isobar was clearly evident, although the jump is
rather smeared out and has a low-temperaturéRajl 2). A "
further increase of the pressure to 30 GPa results in an in-
crease of the superconducting transition temperature, while 0 o
the jump becomes sharper and increases somewhat in ma¢ AT SR SN TN T NN TR N SO S S
nitude. As the pressure is decreased, the superconductin 0 P,GPa
transition becomes still more distinct than in the process of ’
loading the chamber. However, after the pressure is reducesG. 3. Pressure dependence of the superconducting transition temperature
from 11.2 to 8.2 GPa, the superconductivity in the sampléﬂ {-TiDg 74. Transitions during loading are denoted by circles, and transi-

; ; ; ; ; -.tions during unloading are denoted by triangles. The initial load point prob-
completely disappears, which is obviously associated Wltrﬁalbly reflects a property of an intermediate phase, and therefore is not filled

the decay of the] phase at room temperature to the low-, o comparison, the superconducting transition temperatureTiDg 74
pressure phase. is shown by a squar®.

4.8
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formation of some intermediate phase in a relatively narrowT(P) extrapolated to atmospheric pressure is significantly
region of theT —P diagram can be another explanation of thebelow the superconducting transition temperature in jthe
observed deviation. phase. This noncorrespondence serves as a basis for a ques-
The slope of the dependence for the load curve in thdion concerning a structural transition in the high-pressure
region P>12 GPa isdT./dP=0.016 K/GPa, and the slope phase, associated with the ordering of hydrogen.
of the unloading curve is close to this value. Linear extrapo-  The authors are grateful to V. G. Glebowstar prepar-
lation of the T,(P) dependence to atmospheric pressureing the ingot of high-purity titanium.
gives a value oﬂ'8=4.0i 0.05K (Fig. 3), which is signifi- This work was carried out with the support of the Rus-
cantly lower than the superconducting transition temperatursian Fund for Fundamental Research in the framework of
in the y phase obtained after thermobaric treatment ( Projects No. 97-02-17614 and No. 96-15-96806.
=5.0K). The entireT,(P) curve in the interval to 30 GPa
lies below 4.5K. The strong noncorrespondence of one oIE - bashkin®i
the main superconductivity characteristics of theand ¢ “mail: bashkin@issp.ac.ru
phases agrees with the assumption expressed éart it
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Luminescence spectra produced by exciton relaxation at local magnetization
fluctuations in semimagnetic semiconductors

A. V. Kudinov and Yu. G. Kusraev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted June 4, 1998
Fiz. Tverd. Tela(St. Petersbung40, 2156—216QDecember 1998

An analysis is made of the exciton angular-momentum alignment along a fluctuation in local
magnetization, which is the first stage in evolution of the localized-exciton spin state in

a semimagnetic semiconductor. It is shown that spin relaxation of localized excitons subjected to
resonant optical excitation is accompanied by their relaxation in energy. When excited by
polarized light, this process gives rise to an anisotropic angular-momentum distribution in the
spectrum of final exciton states and, hence, to polarization of the secondary luminescence.
Luminescence spectra of a cubic crystal are calculated, and the possibility of their experimental
observation discussed. @998 American Institute of Physid$§1063-783%8)00312-§

1. In CdMnTe-type semimagnetic semiconductors, exture$. These experiments revealed a fluctuation-induced
change interaction of excitons wittd3lectrons localized at shift between the maxima in the spectra of circularly-
manganese ions results in a substantial dependence of expielarized luminescence components, which is the most re-
ton energy on the average manganese-ion spin. If excitongealing argument for the fluctuation mechanism. At the same
are delocalized, this is observed in an external magnetic fielime the polaron-induced broadening of the luminescence
as giant Zeeman splitting of spin sublevélsyt in zero mag-  line in stationary conditionéwhich occurs even under reso-
netic field the exciton state is degenerate, because the excitmant excitatioh!) washes out considerably the spectral fea-
interacts with numerous randomly oriented spins of magnetitures in polarization, a phenomenon relating particularly to
ions. Localized excitons feel only the magnetic-ion spin av-bulk cubic crystals.
eraged over the exciton localization region. The spin projec- The idea of inelastic spin-flip transition in zero magnetic
tion averaged over the localization regidncal magnetiza- field is in no way new. Light scattering involving spin flip of
tion) is nonzero due to fluctuations even with no externala neutral-donor-bound electron was reported, for instance, in
field present. The energy of exciton interaction with localRef. 5, where the Raman line shift was assigned to the mag-
magnetization depends on the relative fluctuation of the latnetic polaron effect. In the present work we calculate polar-
ter, and therefore the fluctuation effect is the stronger, thézed spin-flip spectra of localized excitons, which are reso-
smaller is the exciton localization region. nantly excited in the exchange fields of magnetic

Magnetization fluctuations give rise to exciton-line fluctuations. We shall use the results of Ref. 7 and comple-
broadening, and are seen in Raman spin-flip procedses ment them by taking into account the distribution of mag-
and in polarized luminescerft& As the temperature is low- netic fluctuations in magnitude but, by contrast, shall aban-
ered, the relaxation times in the disordered and strongly indon phenomenological inclusion of the polaron shift and
teracting spin system of magnetic ions become long, and thisroadening. The latter corresponds to the initial stage in the
results eventually in freezing in of the random st@espin-  evolution of the spin state of a localized exciton, which is the
glass transition® The existence of persistent fluctuations in alignment of its angular momentum with a magnetization
magnetization is evidenced by optical field-cooling experi-fluctuation. While major focus will be placed on the cubic
ments® crystal, we are going to discuss also the simpler case of

It is possibly because of the long relaxation times thathexagonal crystals or quantum wells.
magnetization fluctuations are seen in the polarization of sta- 2. Let light with a narrow spectral width excite reso-
tionary magnetic-polaron luminescence in semimagnetic sysiantly localized excitons in the Urbach region of the density-
tems, although the magnetic moment created in polaron foref-states tail. The excited excitons do not migrate, i.e. recom-
mation exceeds by far the fluctuation moment. A fluctuation-bination takes place in the same microregions of the crystal
based approach was proposed to account for the high degras excitation. A fluctuation in the total manganese-ion spin
of circular polarization of the luminescence observed undepresent in the vicinity of each localized exciton splits the
resonant excitation of localized states in semimagneti@xciton state. Following Ref. 6, we shall assume an isotropic
semiconductor8.The spectral response of the luminescencenormal distribution of local magnetization, so that the prob-
polarization arising in such an experiment was analyzed foability for the magnetization in a given region to be of mag-
bulk CdMnTe crystals and CdMnTe quantum-well struc- nitude m will be proportional tom?exp (—n¥). Also, if the

1063-7834/98/40(12)/5/$15.00 1953 © 1998 American Institute of Physics
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hh*"' 8’ 6 TABLE |. Coefficientsa, ,py and polarization factordy for the cases of
exciton orientation and alignment according to Ref. 6 in cubic semimagnetic
semiconductors.
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a,d
i Note: a, andp, were calculated under the assumption that the electronic and
hole exchange constants relate as 1:4, and that they have opposite signs.
th f+ e+ 2 This is valid with good accuracy for the widespread cubic semimagnetic
semiconductord.The factorsA are relative luminescence intensities in the
7 polarization geometry with only thkth spin sublevel excited; they take
hh* + e* k=1 into account the selection rules in angular momentum and the random local-
field orientation. Indexsr takes on the values+,—,|,L), which corre-
FIG. 1. Diagram of optically active exciton spin sublevels in a cubic gponds to circular polarizatiofthe first pair of symbolsor linear polariza-
CdMnTe-type semimagnetic semiconductor. The levels are split by the exijon (the second pairof pump light, with measurement performed in the

change field of a magnetic fluctuation. The figure explains the meaning ofame polarizatiorthe first and third symbojsor orthogonal polarization
coefficientsa, andpy (in this casea, andps): they relate the position of  (the second and fourth symbpls

the kth sublevel to multiplet center and to the lowest sublevel, respectively.
The coefficients are connected through the obvious relatjor=a,+ 1/2.

Taking into account Eq.l), the recombination-emission
intensity distribution of excitons excited at théh spin sub-

characteristic fluctuation magnetization is not large, and th : o~ :
evel in local splitting can be written

exciton splitting is linear im (a condition always upheld in
real systems the magnetization can be described conve- dlIy . )
niently in terms of the splitting\ induced by it: ga FAKATexp(— A% exp(aA/U). @

W(A)x A2 exp(—A?), ) Here A/ are the polarization factors corresponding to the
polarization geometry of experiment which were calculated

where W (A) characterizes the probability to observe in ain Ref. 7 (see caption to Tablg,land the meaning of coef-
randomly chosen state an exciton splitting and A is a ficientsa, is clear from Fig. 1. To obtain the luminescence
dimensionless splitting in units ofA)=A ((m**?). We intensity spectrum, we have to take into account that the
shall understand here by the exciton splitting the splitting ofenergy deficite of the emitted photon originating from the
the extreme sublevels of the exciton spin multigleig. 1). transition to the lowest spin sublevéhe spin-flip transi-

The exponential decay of the density of states close taion), rather than being equal to the total spin splittihgis
the pump photon energy is characterized by the Urbach panly a fraction of A which depends ok. By applying the
rameterJ, which we shall likewise measure in units(@). corresponding transformation to compress the distributions
It should be stressed that this bare density of states is a§2), A=p,e (the meaning of coefficientp, is clear from
sumed to be unperturbed by the exchange fields of fluctuarig. 1), one can now obtain already the distribution of inten-
tions, and that their effect will be taken into account in oursity in e, i.e., actually the luminescence spectrum itself
calculations. qir

The principle underlying the calculations is explained in Xk , \ = 2 _ 2
detail in Ref. 7. Because the local fields are randomly ori-  de AcP(piee)” ex ~ (pie)"Jexp(apie!U)- 3
ented, light of any polarization will excite excitons at eachpgy the lowest subleveh, goes to infinity(but the intensity

spin sublevelFig. 1), but the efficiency of excitation is dif- omains naturally finite and the spectrum becomes
ferent and is determined by the pump-light polarization, theshaped:

actual selection rules, the position of the given sublevel in

the multiplet, and the density-of-states function. Excitons ex-  dI7 -
cited in upper sublevels will thereafter undergo spin relax-  gg
ation to the lowest sublevels, with the energy released in the
process depending on the number of the excited sublevel and 1
the local splitting, and recombine already from the lowest X (1+ @)
spin sublevelwe assume the temperature to be small com-

pared to{A), i.e., neglect thermal activation of the excitpns Here §(x) is the delta function, an@ (y) is the error inte-
Accordingly, the recombining excitons will emit photons gral. As seen from Eq$3) and(4), the only parameter of the
with energies lower than that of the pump photon. By con-model is the Urbach paramet&r (expressed in units of
trast, excitons excited at the lowest spin sublevel will emit akA)). As we shall see later, some of the results obtained in
the pump frequency, irrespective of the local splitting. this way depend fairly weakly on this parameter as well.

: 4
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FIG. 3. Luminescence polarization spectsame as curve$ in Fig. 2) for
different values of the Urbach parametél) U=, (2) 1, (3) 0.3,(4) 0.1,
(5) 0.05.

it, 4 — polarization spectrédifference between spectfaand 3 normalized
to their sun).

able value. One readily sees that the polarization in the
optical-orientation geometr{fig. 23 is larger in absolute
The total emission spectrum is a sum of theshaped magnitude than that observed in the conditions of alignment
burst ate =0 associated with the excitation of excitons in the (Fig. 2b), and exhibits a larger asymmetry over the spectrum
lowest spin sublevel$‘the resonant line’) and of the flip  (recall that fore =0 the resonant line polarization is posi-
spectrum itself, which is produced by the other spin subleviive). Therefore the conditions for observation of orientation
els. For zerce, only the resonant line has a finite intensity, in a broadened spectrum of stationary magnetic-polaron lu-
and its polarization depends only on the polarization geomminescence are considerably more favorable than those in
etry of the experimentit is 5/7 for the optical orientation, the alignment geometryAt the same time it is the alignment
and 1/7 for the alignmentNow the flip-spectrum polariza- flip spectra that exhibit, in contrast to the orientation spectra,
tion depends otJ, and it is mostly opposite in sign to that of an interesting honmonotonic polarization behavior, which is
the pump light and of the resonant line. The polarizationseen(Fig. 3 to have a nearly universal pattern down to very
integrated over the spectrum dependslbmand is confined small values oU (curves1-3).
between zerdfor constant density of stateld,—«) and the In concluding the discussion of Figs. 2 and 3, consider
resonant-line polarizatioffor a steep density-of-states func- two points. First, one readily sees that the steeper the spectral
tion, U—0). course of the density-of-states function, the larger the frac-
Figure 2a and 2b presents spin-flip spectra calculatetion of luminescence intensity confined to the resonant line,
using Eq.(3) for the optical-orientation and alignment geom- and the weaker the flip-spectrum intensity. Therefore the cal-
etries forU=1, which estimatés® suggest to be a reason- culated dependences of tygeand 5, corresponding to the
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cases where the flip spectra are dominated by the contribyormation time~ 100 ps!? the gated time interval should be
tion of the second spin sublevel, can hardly be of practicafrom 1-2 to 10-20 ps. This makes sense, however, only if
interest. Second, one has to bear in mind that thermal actithe pump pulses are sufficiently short. The characteristic
vation of excitons at a finite temperature results in a modififluctuation-induced splitting.e., the unit on the scale was
cation of the flip spectra, which primarily involves states estimatefi®as 1-3 meV, so that for a 1-ps pulse its spectral
with small local splittings. This should contribute to the width will be of the order of the spin-flip spectrum width.
spectral region within a fewgT from the resonant line, and This would require replacement of ti&function in Eq.(4)
for real fluctuation-induced splittings can bring about awith the real pulse shape and convolution with the pulse
wash-out of the gap between the resonant line and the fligpectrum in Eq(3). While the spectrum of a pulse a few tens
spectrum. of ps long may be considereél shaped, its duration ap-
Consider finally the case of uniaxial crystals, superlat-proaches already the polaron formation time. Thus the opti-
tices, or quantum wells excited by polarized light alongZhe mum pulse duration is 5—10 ps.
axis. In the presence of strong enough fluctuations, the Processes involving acoustic phonon emission in 11-VI
exciton-state spin structure is here substantially simpler thasolid solutions, both in quasi-resonant excitation and in re-
that in cubic crystals because of the strong anisotropy of theombination of localized excitons, are quite frequently ca-
hole g factor in zero external field. The fluctuation-induced pable of competing in efficiency with the corresponding
exchange fields will split the doublets of optically active zero-phonon process&sBecause such transitions shift the
heavy-hole excitons. Because all final states here correspormanission spectrum by the same amo(mtfew me\j from
to Z-oriented circular dipoles, no alignment can be expectedhe exciting line as the spin-flip transitions, these processes
to occur in this model, although unpolarized flip spectra cat€may become spectrally superimposed. We have no reliable
be observed under linearly polarized pump light. As for theinformation on comparative efficiency of zero-phonon tran-
orientation effect, it should manifest itself in the appearancesitions and transitions involving phonons in semimagnetic
of a fully polarized resonant line and of a flip spectrum, solid solutions, and it would be difficult to arrive a priori at a
likewise fully polarized but of the opposite sign. Note that correct conclusion, because the answer to this problem de-
because of thg factor anisotropy only th& components of pends on more than one factor. Based on general consider-
the fluctuation magnetization will be significant, and, there-ations, one can suggest that in order to suppress nonresonant
fore, for a Gaussian distribution of fluctuations there shouldprocesses involving acoustic phonons one should choose a
be no gap between the resonant line and the flip spectrunmaterial with as weak electron-phonon coupling as possible,
the latter forming a monotonically declining wing of the and excite states localized within not too small a volusee
resonant line. For a constant density of states, this wing wilRef. 15. Should a need arise to separate the spin-flip from
directly reproduce the distribution of th# component of nonresonant phonon processes, it may be advisable to apply
fluctuation magnetization while, for a decaying density-of-to the sample a weak magnetic field to shift the flip spectrum
states function, the wing should also decay down to completeoward longer wavelengths.
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Electric-field and interface effects on the orientation of Jahn—Teller vacancy distortions
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Energy variation of various Jahn—Teller vacancy configurations in thin near-surface layers of a
semiconductor is considered. The calculations are made within a model in which each

dangling bond near a vacancy is described by the wave function of an electron localized at a
defect with a zero-range potential. The Jahn-Teller stabilization energy was assumed to

be much smaller than the crystal-field splitting but substantially larger than the energy variations
introduced by other perturbations. It is shown that vacancy alignment in semiconductor

layers with thickness=100 A at liquid-nitrogen temperatures and lower can be most effectively
caused by the electric field which can exist in such layers due to a surface-state charge.

The direct effect of the interface on both the electronic and nuclear energies of various
configurations is weak and can become manifest only in layers less than 10 A thick at liquid-
helium temperature. €1998 American Institute of PhysidsS1063-78388)00412-3

Single vacancies and complexes containing them areear-surface space-charge layers in a semiconductor, is gen-
common defects in semiconductors. These defects may crerated by electric charges localized in interface states. Va-
ate a number of deep levels in the gap, whose position desancies located in these layers are acted upon, besides the
pends on the actual number of localized carriers. In cubiglectric field, by the interface, which destroys the equiva-
semiconductors, the initial state of such a deep center can Bence of the Jahn—Teller configurations; in particular, the ex-
orbitally degenerate and have a lower symmetry because dgtence of an interface gives rise to mechanical and electrical
the Jahn—Teller effect. Such symmetry distortions were inimage forces, whose influence on the nuclear subsystem of
deed observed in the case of vacancies and Vacancﬂahn—Teller defects was considered in Ref. 7. An interface,
containing complexes in $2 GaAs®* and some I1-VI owever, acts not only on nuclei but on the carriers trapped

semiconductoréRef. 5. Defect distortions were observed to by & defect as well. This action is associated with the bound-
change direction spontaneously even at relatively low tem&'Y conditions imposed on the bound-carrier wave function.

peratures and to become aligned under uniaxial crysta] "€ Purpose of this work is to study the influence of the
126 \which destroy the initial equivalence of Jahn- above phenomena on the energy of vacancy configurations in

strains, ) i ) X
Teller configurations of defects with different distortion ori- cubic sequndugtor; and t'o estlmate the role played by vari-
ous mechanisms in disrupting their equivalence near the sur-

entations. Electric field also disrupts the original crystal sym-
metry and can give rise to energy differences between thgace.

various Jahn—Teller defect configurations caused by interac-

tion of the electric field with the defect dipole moment. Va-

cancies in diamond and zinc blende semiconductors can have MODEL OF THE VACANCY

a dipole moment for two reasons. First, a vacancy in gtate For definiteness, we are going to consider a cation va-
possesses an initial dipole moment because of the original 4.0y in a 11—V semiconductor, and a hole localized at it
symmetry of the local environment, and this moment will b\ hich interacts with thee, mode of local vibrations of an
affected by the Jahn—Teller effect. Second, even in the Caﬁ?riginally tetrahedral quasi-moleculé,4B (Fig. ).

where the initial dipole moment is zero, spatial distortions of ~The electronic structure of the defect will be presented in
the defect induced by the Jahn—Teller effect may create grms of a modélin which each dangling bond of a vacancy
dipole moment. Because in the first case the magnitude Q& gescribed by a wave functiop; of a zero-radius cent®r

the dipole moment is determined by the lattice atom separgpcated at the atorB; adjacent toV,. This means that we
tion, and in the second, by the Jahn—Teller vacancy shift, thean write

major contribution to the dipole moment will come from the

component associated with the origifig} symmetry of the ;= [ & e — [a qler) (1)
vacancy, and it is this component that should be considered "' 2T T 2w o

when analyzing the electric-field effect. This is why the yarer. is the distance from the electron to ata@p
. . . 1
model to be used in calculations should take into account the

initial T4 symmetry of the vacancy. o V2m*/E,
A strong electric field, which appears quite frequently in ) '

1063-7834/98/40(12)/4/$15.00 1958 © 1998 American Institute of Physics
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For the sake of simplicity, we shall assume the Jahn-Teller
stabilization energyE;r to be much less than the splitting
between the singlet and the triplet

Eyr<|Ei,—Eq,|=A. (©)

In this case the wave functions of the hee in each of the
equivalent configurationg (j=1,2,3,4) are derived only

Bz from thet,-state wave functions
~ b1 T( b1t Pt Pay),
AV P 1
A, ! P T( Y1 Pt Pay), (4)
A y
Iy 1
/) | W S A 8 ®3 T( Pt = 3y,
\/// | \\
BCJ LI
% ba=—= (1= 2= ar),
A [o01] V3

where 1, , o , 03 are the wave functions of the hotg
007) state, which satisfy conditior®). As follows from Eqs.(2),
these functions can be written

FIG. 1. Position of a&/,4B quasi-molecule relative to the semiconductor-
vacuum interfaces. b3=Cld(k,r1)+a(x,r) —d(x,r3) —q(x,rg)] ~2Z,

¢2=Cla(x,r1)—ad(k.r2) +q(k,r3)—a(x.rg)]  ~Y, (5

whereE, is the energy needed to detach an electron from ar%]§lt Clater)=aterz) —a(crs) +atera)]  ~X.
isolated dangling bond, anth* is the effective electron HereC is a normalization constant, and the positive param-
mass. In accordance with the zero-range potential methodeter « is found from the relation
the wave function/ (r) of an electron localized at a vacancy e<Ro
(four dangling bondsis a linear combination of four func- K=a— o, (6)
tions g («,r;) subject to the following boundary conditions 0

whereR, is the distance between tieatoms.

J
Eln(rw(r))h_,Ri:—a, i=1,2,3,4, 2
2. EFFECT OF ELECTRIC FIELD

wherer andR; are the position vectors of the electron and of
theith B; atom. Becaus®; atoms occupy the vertices of a
tetrahedron, the wave functioms(r) will correspond to the
original local tetrahedral symmetry of the vacancy and aCtnx elements of the dipole moment should be calculated us-
count for the existence of an electric dipole moment approIng functions (5). In this way one obtains the following
priate for a defect of tetrahedral symmetry. On the Otherexpressmns for the Hamiltonian describing the interaction of
hand, using a linear combination of wave functions of type the system under studga vacancy binding a hole with a
(1) permits an analytical description of the effect on a va- chargeq) with electric fieldE:
cancy of both an electric field and a semiconductor interface.

As follows from Egs.(1) and(2), the one-electron en-

Because for real electric fields, the splitting of the origi-
nal vacancyt, state is substantially smaller than the ma-

0 1 1
1 01
1 10

ergy level of the quasi-moleculd,4B, which is originally Hf1yy= — 276 ERy (7)
fourfold degeneratéaccording to the number of the at-

oms, splits into a singlet, which has the lowest energy, and

a triplet. Because localization of one hole at a vacancy meari8 the case wheré& is oriented along111], and

that the dangling bonds accommodate seven electrons, the 01 0

hole ground state is a tripletf statg. As already mentioned, q 10 0

the hole interacts in this state wikh, vibrations of the quasi- H[EOOl]z -—= , 8
molecule, and this gives rise to four quasi-molecule configu- 442 0 0 O

rations with C5, symmetry. In the absence of anisotropic
factors, these configurations in the bulk of the crystal ardor the orientation off along the[001] direction. If the va-
equivalent, i.e. their energie&; (j=1,2,3,4) are the same. cancy is subjected to a strong Jahn-Teller effect exceeding
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the action of the electric field, the change in the total enerdt can be showrisee, e.g., Refs. 8 and fhat the zero-range

giesAW; of the equivalent configurations of th&4A mol-

potential model allows the existence of a boupdtate pro-

ecule can be calculated similar to the way this was 8ooe vided

take into account the effect of a donor on this quasi-
molecule. In an electric field directed alofigL 1], the energy

of configuration 1 with a three-fold axis aligned in this di-
rection will change by

qERo
7

AW, =— 9

aRy>1. (15)

On the other hand, the model under study assumes for the
sake of simplicity that the crystal-field splittimy exceeds all
splittings of thet, state. BecausA decreases exponentially
with increasingaR, (Refs. 8,9, inequality (3) requires that

aRy is not too large. If condition§l4) and (15) are upheld,

The energies of the other three configurations will change byhe expressions fof for the interfaces shown in Fig. 1 can

the same amount be written
qERy Eo Ro
AW, 3 j=——. 10 =_ _—@g2aR_Z _
2,34 36 (10 8o 8 e R 6\/5(\/5 1)
For an electric field aligned witf001] e~ Ro
x| 1- —7e “Ro|, (16)
qERy @To
AleAWZZ_AW3:_AW4:_—. (11)
6\/5 5 . EO _2aR RO 2 1 e_“RO . haRO 1
1= R (TR, Sy @D
3. EFFECT OF THE INTERFACE R ~aRg R
@ e @ amr
We shall assume the potential barrier at the interface to 92~ ~2Eo—¢ \1_ 2Ry ) COShf—l)- (18

be infinitely high, so that the carrier wave function will van-

ish there. The resulting lowering of the wave function sym-yy;

metry brings about a splitting of the origingl state of the

e readily see that matriced2) and (13) are similar to
matrices(7) and(8). Therefore the energy splitting of Jahn-

The magnitude of this splitting depends both on the distancgl3) in first order of perturbation theory iH

S

1117 and H{SOOJ}

from the vacancy to the surface and on the orientation of thig;; e proportional tod, for an and to 8, for HSy,, .

surface relative to the crystallographic axes.

Using symmetry considerations one can show that the.

Hamiltonians describing this splitting in the basis functions
(5), in the cases where the interfaces are parallel tq1h&
or {001} planes, can be written, respectively,

01 1
1)
H{Sllj}z_go 1ol ) (12
1 1 0
8,428, 36, 0
e __ 1l 38 s+25 0
{oog 6
0 0 —2(8,+25,)
(13

The quantitiess, can be calculated in terms of the zero-
range potential model, within which the vanishing of a wave

function at the interface is satisfied if this function is chosen

in the form of a linear combination of functiong(«,r;)
—q’ (k,r;), whereq’ («,r;) (i=1,2,3,4) corresponds to a
dangling bond of the mirror reflection of atom®; in the
interface plang¢see Eq(1)]. Using the basig5) here means
that the interface-induced change in the level positions i
substantially smaller than, i.e., that the distance from the
vacancy to the interfaceR) exceeds by far the smallest
separation between ator8s

R>Ry. (14)

S

The corresponding expressions #W; for the (111) inter-
ace are obtained from Eqg9) and (10) by replacing
—9ER0/\/5 with 25,/3, and for the(001) interface, from
Eq. (11) by substituting— &, for qER,/2+/2.

Let us estimate and compare the differences in energy
between various vacancy configurations associated with the
presence of an electric field and an interface in some real
cases. We shall assume for definiteness &= 2, which
means, for instance, for GaAs that the energy required to
detach an electron from one of the vacancy bords eV
(Ro=2.45 A). According to Eqs(9)—(11), the energy dif-
ference between the originally equivalent configurations in-
duced by an electric field=10° V/cm is 3—1 meV. This
means that such a field can produce noticeable alignment of
vacancy distortions at temperatures of 77 K and lower. The
field strength~10° V/cm appears realistic enough foitype
gallium arsenide, where surface-band warping due to inter-
face states-1 eV. For an electron concentration in this ma-
terial ~10® cm™2 the width of the space-charge region
~400 A and the mean field-2x 10° V/cm, so that fields
above 16 V/cm can exist in layers-300 A wide.

On the other hand, according to Eq$6) and (17), for
aRy=2 the quantitiess and §; do not exceed 0.1 meV even
at distances from the surfad®=2R,, and they decrease
exponentially with increasind?. Therefore the interface-
induced change in the wave functions of a localized carrier
should not affect noticeably the energy of different configu-
rations in near-surface layers algo% A in thickness.
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The temperature dependence of electrical conductivity 7—300 K and magnetic susceptibility
x (2—300 K of Ag,TiSe, in the Ag,4TiSe, phase has been studied in order to determine

the possibility of preserving the charge-density-wave state in silver-intercalated. TThe
behavior ofy and ¢ in this phase is compared with that of the starting compound,TiSe

© 1998 American Institute of PhysidsS1063-783#8)00512-7

Titanium diselenide is the only Group-IV transition- such compounds are AGiSe,,® FeTiSe,,° Co,TiSe,,°
metal dichalcogenide exhibiting a commensurate chargeand probably NiTiSe, (Ref. 11). Obviously enough, such
density-waveCDW) state: This state sets in when cooled {0 |ocalized electrons may leave the band carrier balance un-
202 K and manifests _|tsglf as a@gx 289X 2Cy SUPErstruc-  changed, but random impurity distribution can suppress
ture produced by periodic in-plane titanium-atom displaceygqgyjar lattice distortiongRef. 12. At the same time all the
ments in the Se—Ti—Se sandwich. The transition is accomspoye compounds exhibit ordering of impurity atoms at
panied by a diffuse resistive anomaly in the temperaturg _ s 55 ( 'is the stoichiometric index in the formula
depf%d?.n%et of condgcﬂvi‘tﬁ antqb'li d_:_(:]p COfD\j\*/“? E)I'?u“ M, TiSe) into the 2a,X 2a4X 2¢ superstructure for MFe,
contribution to magnetic susceptibiiity. ' ne In Tige Co, Ni (Ref. 11 and into the 2,X2ayX ¢, superstructure

is associated with electron-hole pairifig,which requires B . : S .
balance of free electrons in the conduction band with holegOr M=Ag (Ref. 13, which practically coincide with the

in the valence band. Extensive studies of the effect of dopin gperstructulre produced by periodic displacements .Of tita-
on the CDW state showed that any change in compositio ium atoms in the presence of a CDW. It appeared of interest

affecting the balance of free electrons and holes in this semf© Study the possibility of preserving the CDW state in such

metallic material (intercalation, substitutiondestroys the Mmaterials. o
CDW state at impurity concentrations of a few perceht.” The coincidence of the superstructure formed in impu-

This observation is traditionally assigned to the extremely'ity atom ordering with the one produced by periodic tita-
high sensitivity of the transition to the Fermi surface shapenium atom displacements makes detection of the CDW state
On the other hand, it has been established recently thdy diffraction methods difficult. Therefore the most suitable
many metals intercalated in TiSeonate their electrons not €experimental method for this purpose appears to be measure-
to the conduction band but rather to a band of localizednment of the temperature dependences of the transport prop-
states, which apparently appear in hybridization of the titaerties and of magnetic susceptibility. Such measurements
nium d% orbital with valence states of the intercalant. Amongwere previously made in the CBiSe, system:® where a
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400 TABLE I. Dependence of TiSglattice parameters on silver content.

Ag,TiSe, FeTiSe, (Ref. 1] CqTiSe, (Ref. 1))

X ag, A ¢, A ag, A Co, A ag, A Co, A
- 0 3.5419 6.0095

',E 300 0.250 3.5352 6.0041 3.574 5.985 3.545 5.880

(] 0.252 3.5397 6.0098
@ 0.260 3.5387 6.0091
;’_ 0.267 3.5373 6.0087

200

Ag1,4TiSe phase in order to study the possibility of preserv-

) 4 . i i . 1 t i ing the CDW state under the above conditions.
100 f.”ﬂ 300 The starting material Ag,TiSe, intended for sample
?

preparation was obtained in the usual way from elements in
FIG. 2. Temperature dependence of the electrical conductivity gTisg, . an ampoule. The silver content was varied and checked by
(1) x=0.244 and2) x=0.256. One can see on this scale a shift of the CDW amperometric titration. Sample characterization and mea-
transition temperaturg. . surement of the crystal-lattice parameters were carried out on
a DRON-3M diffractometer (ClK « radiation, a graphite
monochromatgr The electrical conductivity was measured
broad maximum in the temperature dependence of electricdly the four-probe technique. The sample to be studied was
conductivity was found at a temperature of about 300 K. Thanaintained at each temperature until the equilibrium ob-
nature of the temperature dependence of conductivity detained. The methods used for sample preparation and char-
pended only weakly on intercalant content, which was interacterization and for conductivity measurements are described
preted as an argument for the formation of polarons bound tin detail elsewher&?!® Table | summarizes the results ob-
Ti—Co-Ti centers. Magnetic susceptibility measurements déained in the study of the concentration dependence of the
not reveal any decrease in the density of states at Fermi levélg,,,TiSe,-phase lattice parameters, together with the pa-
at the temperature corresponding to the conductivity minitameters of the compounds obtained by cobalt and iron in-
mum, which should be observed in the case of onset of #ercalation. One readily sees that the parameters of the TiSe
CDW state. A similar situation was found to exist for the host lattice do not depend on silver content within experi-
Fe TiSe, system*1°Note, however, that intercalation gives mental error, whereas intercalation of cobalt and iron sub-
rise to a substantial distortion of the host lattice in thesestantially deforms the lattice. Typical temperature depen-
materials, namely, parameteg decreases, and paramedgr  dences of the electrical conductivity are presented in Figs. 1
increases with increasing, which obviously causes defor- and 2. AtT. of about 200 K one can see a resistive anomaly
mation of the Brillouin zone and of the Fermi surface. similar to the one accompanying CDW formation in TjSe
In contrast to these materials, AgSe, exhibits within ~ The fact that the Pauli magnetic susceptibility measured in
the Ag;,TiSe, phase(the closest to the starting Tiseom-  the high-temperature region is the same in the starting and
pound an extremely weak dependence of lattice parameterimtercalated TiSg(Fig. 3) indicates preservation of the free-
on the intercalant contefit.In connection with this, we mea- carrier concentration in accordance with the above conjec-
sured the electrical conductivityithin the 77—300 K range  ture that the electrons introduced in intercalation become lo-
and magnetic susceptibilit2—300 K of Ag,TiSe, in the calized. The feature in thg (T) relation assigned to the
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decrease in the density of states at Fermi level because of tipairing being the reason for formation of charge-density
opening of a pseudogap is retain@ee inset to Fig.)3Thus  waves.
the closeness of the transition temperatures and the coinci- The authors express their sincere thanks to A. V.
dence of the electrical conductivity and susceptibility in tem-Korolev (Institute of Metal Physics, UB RASor assistance
perature dependence with those observed in JTEbggest in magnetic experiments.
that the transition occurring in A§iSe, is associated with Support of the Russian Fund for Fundamental Research
formation of a CDW state. (Grant 97-03-33615aand of the Ministry of Education of
The resistive anomaly in AgiSe, is most clearly pro- the Russian Federatid@rant 97-0-7.1-16Qis gratefully ac-

nounced in thex=0.256 compositiorfFig. 2). According to  knowledged.
Ref. 13, this composition is stoichiometric in the AdiSe,
phase and exhibits the strongest ordering of silver atoms in-
side the van der Waals gaps, thus corresponding to a minitr. H. Friend and A. D. Yoffe, Adv. Phy®6, 1 (1987.
mum in the concentration dependence of entropy for the in-°F. J. DiSalvo, D. E. Moncton, and J. W. Waszczak, Phys. Rel4,B321
tercalant subsystem. This gives us grounds to relate thg(1976- . .
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pendence o of the minimum in theo (T) relation can be (1974,

seen in Fig. 1, which we believe to argue for electron-holeTranslated by G. Skrebtsov
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Determining the lattice parameter and the single-electron model potential of the
compound CdS by means of the soft x-ray absorption spectra

Yu. F. Migal’, A. A. Lavrent’ev, B. V. Gabrel'yan, and I. Ya. Nikiforov

Don State Technical University, 344010 Rostov-on-Don, Russia
(Submitted February 18, 1998
Fiz. Tverd. Tela(St. Petersbund0, 2168—2171December 1998

The method of determining the structure parameters of multiatomic systems, using the spectra of
soft x rays(XANES) proposed earlier, is extended to the case of nonmetallic crystal

bodies. This method is used to determine the lattice parameter and the empirical muffin-tin
potential from the positions of maxima of single-electron origin in the sffapectrum in the
compound CdS. ©1998 American Institute of Physid$$1063-78348)00612-1

Pronounced maxima in soft x-ray absorption spectraenergies and lifetimgdy means of the poles of tHematrix
(XANES) usually correspond to a transition of a photoelec-in the complex energy plane. It is well known that the real
tron from the ground state, localized inside the absorbingoordinate of the pole corresponds to the endeggf the
atom, to unfilled discrete or quasi-discrete single-electrorstate, while the imaginary part determines its lifetiméesee,
states belonging to the entire multiatomic system. The maifior example, Ref. b These values can be found from experi-
characteristics of these maxin{¢the energies and widths ment with a comparatively small erré¢this mainly refers to
strongly depend on the relative location of the atoms, théhe energies and to a lesser extent to the lifetjraad their
presence and nature of the defects, etc. For this reason, amost important use is to interpret the information contained
analysis of the features in XANES can be used to obtairnin the spectra.
information on the structure and physical properties of mol-  The equation for the poles of th® matrix in the MT
ecules and solids. This method could be especially useful iapproximation was obtained in Ref. 6 and has the form
studying disordered systentglasses, alloys, molecules ad-
sorbed on the surface of solids, étcsince conventional
diffraction-based methods of structural analysis are not very -
convenient for such systems. + 2 HEL by (k[ =1 D=0, 2

Systems began to be developed in Refs. 1-3 to make it L"
possible to extract from XANES information on the geo- wherek=(E)?, r; is the radius vector of thgth nucleus,
metrical parameters and single-electron potential of multi-5( i

D i ; i i’
. . : . ) i/ is the phase shift at thgth atomic sphere, andl|’[, ,
atomic objects. One is actually dealing with a method 0fare the real structural constants. In terms of the method, the

solving the u:vsrsethpr?blem.fln :hteh theorly of t.hexrlﬂtgsem%:polesa obtained by means of Eql) for the model with
resolr:_ance sta es tha ma(\jnltes Iemsizhves in : f ’ N ome chosen set of parameters are compared with the experi-
resulting system was used to analyze the spectra of the mental values oE;—iI';/2, whereE; is the energy of théth

SO, NO,, and CHNO, molgcules and th? Ncomplex in maximum and’’; is its half-width, and the set of parameters
the compound NaN© The internuclear distances were de- is then varied until the functionab= S {S,— (E,—iT/2)}?
termined in this case to within 1%, while the valence anglesl'.S minimized : : :

i ithi 0,
were determined to within 3%. The method was also used to The geometrical parametefhe internuclear distance

|nvr(fast|g4ate the adsorption of the, @olecule on a C@00 and the bond anglesre chosen as variable parameters in the
surtace- method, along with the parameters of the MT potential. We

Sssume that this potential inside the atomic spheres has the
of crystalline nonmetallic structures. The compound Cdsfor P P

whose geometrical parameters are known, was chosen as a

test object. The general formalism is first briefly explained,

and it is then used to obtain the crystal lattice parameter and V(r)=V0(r)+; bar™  (n=0,1,...), 2
the model single-electron potential.

defl[1+i cots{V]8;, 8,

with a given initial potentiaVy(r) of the atomic or MT type.
The coefficientd,, are variable parameters.
The total number of the variable quantities must not ex-
To simulate the single-electron quasi-stationary stateseed the number of experimental characteriscandT’; .
(shape resonanceism a multiatomic system, we shall use the Otherwise the problem becomes ill-conditioned and can only
muffin-tin (MT) potential, whose applicability for this kind be solved by resorting to additional informatidsee, for
of problem has long since been proven. It is convenient t@xample, Refs. 3 and) .7t follows from this that, for a small
define the main characteristics of the resonance stites number of experimental quantities, the number of variable

1. SOLVING THE INVERSE PROBLEM OF XANES THEORY

1063-7834/98/40(12)/4/$15.00 1965 © 1998 American Institute of Physics
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coefficientsb,, must also be small. It was shown in previous - a
papers that, to reproduce the main characteristics of shape
resonances, it is sufficient to have a model in which the
energy and the mean radii of the valence states of the indi-
vidual atoms of the system are correctly reproduced. In par-
ticular, for an atom withm valence states, it is necessary in
general to have & parameters of the potential available.
However, if the shape of the initial intra-atomic potentiq|

is chosen approximately correctly, the number of parameters
can be substantially reducethe smaller the size of the g

atom, the fewer coefficients are requirelsh such a situation, u _
it can be expected that the available volume of experimental . —
information will be sufficient to solve the problems that need
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to be solved. 8
3 oo
2. RESULTS OF THE CALCULATIONS AND DISCUSSION .g B
Let us consider th& absorption spectrum of sulfur in <o
CdS (Fig. 1a.8 The origin of the energy readings on the B 0.8F
figure is chosen where the absorption coefficient rises ,s i
sharply. In the 0—1 Ry region close to the absorption thresh- ~
old, there is a group of maxima, some of which presumably § ~
correspond to transitions to states with a single-electron ori- <2 K
gin. Our problem is to choose these states and, by using the
characteristics of these states, to determine the crystal lattice O s 1 L
parameter and the model MT potential of the compound. fr

At the first stage, the density @f states inside the MT c
sphere of the absorbing sulfur atom is calculated for clusters
of various sizes, containing as many as eight coordination
spheregFigs. 1b—1d show the data for small clusjefbnhe
MT potential from program FEFF7 was used in this Case
and was taken as the starting potential in what follows. This
potential contains three different atomic potentials: that of
the absorbing sulfur aton\/@*), that of the remainingnon-
absorbing sulfur atoms vg), and that of the cadmium atoms
(ng). The internuclear distance in the initial calculation is
taken to be equal to the value known for CdS,
Rs.c=2.53A As can be seen from Fig. 1, all clusters
except the smallest are characterized by the presence of three " d
groups of states, the positions of whose centers of gravity are
virtually unchanged as the cluster size increases. Based on
this observation, one can restrict oneself in the subsequent
computations to a comparatively small cluster, containing
three coordination spheres with a total of 29 atoms; one can
then determine the poles of ti&matrix for this cluster and
use them to optimize the parameters of the model system.

The filling of the states of the system by electrons was
analyzed at the same stage. It turned out that the boundary
between filled and unfilled states lies closéete 0, and thus
all the states shown in Fig. 1 are free and must show up in N i . ot a1
the K absorption spectrum of sulfur. 0 0.4 12 2.0

A comparison of the experimental curve with the distri- Energy,Ry
butions ofp states in the model makes it possible to assume
that the four maxima in the spectrum that appear in the
0-1-Ry region correspond to transitions to single-electron
states. The energies of these states equal 0.15, 0.39, 0.63, and
0.92 Ry. The main contribution to the first three states comes . . -
from thes andp states of cadmium, and the fourth is causedFIG' 1. Th_eK_absorptlon spectrum of sulfur in Cd® ar_1d local densities

! of p states inside the MT sphere of an absorbing atom in the case of a model
by the presence of a weakly expressa@sonance in the MT  cluster with one(b), two (c), and threg(d) coordination spheres.

Local densily of stales

Local densily of stutes
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potential of the sulfur atom. The peak with energy 0.23 Ryit turned out that variations of the potential of the absorbing
cannot be identified in such an approach and evidently is nagulfur atom have an extremely small effect on the character-
associated with single-electron transitions. istics of the resonances under discussion. For this reason, it
The following poles of theS matrix correspond to the is impossible to make potentia.{(?Jr more accurate in this
maxima of single-electron origin in the case of a 29-atomsystem; the corresponding coefficiefts were taken to be
cluster: 0.106-i0.0036, 0.384i0.047, 0.627%i0.111, and equal to zero and in what follows were not varied. Since the
0.911-i0.060. The real parts of these poles are obvioushtotal number of variable parameters must not be greater than
rather close to the energies of the experimental peaks. Thike number of experimental characteristics, the following
energy of the first peak, for which the difference between thdour quantities were taken as these parameters: the internu-
experimental and calculated values is 0.05Ry, is an exceplear distancdRg.c4, the coefficientd, andb; for the cad-
tion. mium atom, and the coefficielnty for the nonabsorbing sul-
For the best agreement of calculation with experimentfur atoms(in accordance with what was said in Sec. 1, a
the parameters of the model must be optimized. To do this, itarger number of variable parameters is introduced for the
is first necessary to choose a set of experimental guantities targer cadmium atomm
which the results of the calculation will be adjusted and then  The results of the optimization are as followRg ¢4
to choose a set of variable parameters by means of which this 2.548 A, b,=1.7476 andb, = —0.8615(for the cadmium
adjustment will be carried out. The set of experimental quanatomg, andby=0.0277(for the nonabsorbing sulfur atoms
tities definitely should include the energi& of the four  The crystal lattice parameter in this case equals 5.884 A. The
peaks of single-electron origin. The half-widths of these  difference between the resulting valueR -4and the value
peaks, however, cannot be determined with sufficient precifrom Ref. 10 is 0.018 A0.8%), which does not exceed the
sion in this experiment. The problem arises mainly becauserrors of this method when determining internuclear dis-
there is a contribution to the experimental valued'ofnot  tances(see above However, it should be emphasized that
only from the decay process of the state when an electronomplete agreement is not in general possible for structure
escapes to infinity, which is taken into account in the modelparameters obtained by means of different experimgres.
but also from many factors that are neglected in the modelO0 gives data obtained by means of x-ray structural analysis
(the vibrational structure of the spectrum, instrumental disin particular, according to the estimate of Ref. 11, the dis-
tortions, the decay of the resonance state due to the return afjreement for internuclear distances can be of the order of
the photoelectron to the initialslstate of the sulfur atom, 0.01A, which is indeed observed in our case.
etc). If there were peaks in the spectrum corresponding to  The values of the poles of tH@matrix in the optimized
transitions to states of the discrete spectrum, the effect gbotential are as follows: 0.15610.0076, 0.393i0.051,
these factors could be approximately estimgee Ref. L 0.629-i125, and 0.918i0.065. The real parts of these
However, there are no such peaks in the given spectrum, argbles virtually coincide with the experimental energkes
we are compelled to refrain from using thig as adjustment Figure 2 shows the distribution gf states in the optimized
characteristics and must restrict ourselves to a set made ygtential. The energies of the peaks in this distribution obvi-
only of the fourE; values, determined fairly reliably. ously coincide with the energies of the spectral maxima, and
When the variable parameters of the model were chosen,

r,a.u.
0.8 1.6 2.4
[ 0 T T T T T

hal

A~
T
!

L 4
1

Local density of slales

= L
o
2.0 o 2"
-12—
/] I P S S S S Yt Y WO N W HE OO B B
-05 0.5 15 il
‘ Energy,Ry 20

FIG. 2. Local density op states inside the MT sphere of an absorbing atom, FIG. 3. The MT potential of cadmium in the compound CdS. The dashed
calculated for the optimized potential. For comparison, the dashed curveurve corresponds to the potential obtained by means of program FEFF7,
shows the experimental spectrum. and the solid curve corresponds to the optimized potential.
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consequently the adjustment has been successful. These results thus confirm that the proposed scheme for

Judging from the values of coefficients,, the opti- analyzing XANES data is capable of giving information con-
mized potential of the sulfur atoms differs little from the cerning the geometrical parameters of nonmetallic crystalline
original value. More substantial changes occurred in the pobodies and makes it possible to construct an empirical model
tential of the cadmium atoms. This is associated with the facsingle-electron potential for them. It has been shown that
that the optimization was mainly to shift the first peak, cor-more accurate values of the geometrical parameters are ob-
responding to the transition of a photoelectron into a stateéained if, along with the variation of these parameters, the
whose main contribution comes from thstate of cadmium. parameters of the potential are varied.

Figure 3 shows the optimized MT potential of the cadmium  This work was carried out with the support of the Rus-
atoms. It can be seen from this picture that, by comparisosian Fund for Fundamental Resear@roject No. 96-03-
with the initial potential, its shape was somewhat changed: i822044.

became weaker at the internal points of the atom and stron-
ger close to the sulfur atom.

It is important to emphasize that the empirical potential "
obtained hgrg is the best possible po.tentlalll of the given type;Y F. Migal Physica B208-209, 77 (1995,
when describing single-electron quasi-stationary states of they,, ¢ wigar, zh. Strukt. Khim.39, 1, 18(1998.
compound under investigation. By comparison with any MT “4yu. F. Migal, J. Phys. V7, C2-169(1997.
potential constructed from first principles, this potential also °J- R. Taylor,Scattering Theory: The Quantum Theory of Nonrelativistic
automatically allows for multielectron effects, deviations of 6$3”'§'°&?§Z}’"§ybﬁz" E\;%rké715957 (21;9'\5':';' Moscow, 1975, 565 pp.
the actual potential from the MT approximation, etc. The 7y p_ Baltakhinov, inModern Vibrational Spectroscopy of Inorganic
geometrical parameters of the crystal are determined moreCompoundgNauka, Novosibirsk, 1990p. 243.
accurately by using this potential. For example, if only the °A- A. Lavrentev, I. Ya. Nikiforov, A. B. Kolpachev, and B. V.
internuclear distance is varied for CdS, while the initial po- Sgtt’gsyal’;’;l'figgggd' TeléSt. Petersbungss, 2347(1996 [Phys. Solid
tential V, is used as the potential, optimization gives the sa | ankudinov and J. J. Rehr, J. Phys. W/ C2—121(1997.
value Rg.c=2.489A, which differs by 0.04A from the °A.V.Novoselovaand V. B. Lazarev, Ed®hysicochemical Properties of
known value and is substantially worse than the result ob; Semiconductor Substances. A Handb@diuka, Moscow, 1979340 pp.

. .. . . L. A. Gribov, Zh. Strukt. Khim.35, 4, 123(1994).
tained by jointly varying the geometrical parameters and the
parameters of the potential. Translated by W. J. Manthey

u. F. Migal, J. Phys. BR7, 1515(1994).
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Local lattice distortions and ligand hyperfine interactions in Eu 2*_ and Gd3*-doped
fluorites
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A computer simulation of lattice distortions around an impurity iorf Ein MeF, fluorites

(Me=Ca, Sr, Bais reported. ENDOR data on displacements ofiéns distant from an impurity
center were used to determine the parameters of tRé-Ha  short-range interaction

potential. A theoretical study of the effect of hydrostatic pressure on the impurity-center local
structure has been made. A comparison with experimental data permits a conclusion that

the calculated ligand displacements are reliable. An experimental ENDOR investigation of the
ligand hyperfine interactiofLHFI) in MeF,:Gd®* crystals(Me=Ca, Sr, Pb, Bphas

been performed. The results obtained in the simulation are used to describe the LHFI of impurity
ions with the nearest-neighbor fluorine environment. The contributions to LHFI associated

with ligand polarization are shown to constitute 10—-50% of the experimental LHFI constants. The
inclusion of such contributions results in practically linear dependences of the remaining
short-range part of the LHFI on distance. 98 American Institute of Physics.
[S1063-78388)00712-9

Many important physical properties of doped crystals,zation of a lattice with an impurity. The crystal is divided
e.g. the mechanisms responsible for impurity-ion luminesinto two parts, the defect region and the remainder of the
cence and the interaction of impurity ions with lattice vibra- crystal. The defect region consists of the impurity ion and the
tions, are intimately related to the local lattice distortionsnearest-neighbor ions, which are allowed to displace from
created by introducing an impurity into the crystal. Experi-their positions in the pure crystal. To reduce the calculational
mental determination of ion positions in the nearest-neighbodifficulties, the minimization procedure allows only the ion
environment of an impurity center presents, however, condisplacements which do not change the impurity-center local
siderable difficulties. On the other hand, ENDOR data offer ssymmetry. In the case of a El center in fluorites, one
possibility to measure the ligand hyperfine interactionshould take into account only the displacements that trans-
(LHFI) for both nearest-neighbor and distant ions. In theform according to theA,, representation of th®, group.
latter case LHFI originates from the dipole-dipole magneticThe defect region breaks up into sets of ions, subsequently
interaction of the impurity electronic moment with the called orbits such that all ions in a given orbit can be ob-
nuclear moments of host-lattice ions, thus making it possibleéained by applying to any initial ion in the orbit all point-
to determine the distance to these ions. LHFI for nearestgroup symmetry operations of the doped crystal. All orbits
neighbor ions is dominated by the overlap and covalencyre numbered, subsequently, in the order of increasing dis-
effects, which precludes isolation of the dipole-dipole contri-tance from the impurity ion. The ions in the remainder of the
bution to LHFI and determination of the metal-ligand dis- crystal are considered fixed. Accordingly, the size of the de-
tance. This paper reports determination of the nearesfect region should be chosen such that its further increase
neighbor environment of the Eti impurity ion in fluorites  does not produce substantial changes in ion positions in this
within a pair-potential model made using experimental LHFIregion. Our calculations included 247 ions into the defect
data for distant fluorine ions. Because published experimernregion, which, judging from the results obtained, is large
tal data on the parameters of &dcenter LHFI with nearest- enough.
neighbor fluorines in fluorite crystals disagree to some ex- The lattice energy was described in terms of the
tent, these parameters were redetermined in our work. Theairwise-interaction approximation and the shell model,
calculated distances and dipole moments induced at thehich considers each ion to consist of a positively charged
ligands permit construction of a phenomenological model oftore and a negatively charged shell. Then the lattice energy
LHFI in Gd®*- and Ed*-doped fluorites which takes into can be written
account the important contribution to LHFI of polarization of
the ligand electronic shells. 12 D

Ua=5

1

52 2 vik+§2 ki 82 1)
1 I

1. CALCULATION OF THE LATTICE RELAXATION AROUND a

AN IMPURITY ION Herek; 87 is the energy of core interaction with thigh ion

The equilibrium positions of the nearest-neighbor ionsshell, andV;, the interaction energy between thié andkth
around an impurity center can be found by energy minimi-ions, which can be presented in the form
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where the function ok
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describes the short-range screening of the electrostatic ion- ’ n2
core interaction, and the function
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Gik(r)=Cix@Xp(— Djyr) — N /1° 4

relates to the short-range repulsion between ionic shells writ-_'g 0.021 b

ten in the form of the Born—Meier potential and the van der &

Waals interactionX;, Y; are the core and shell charges of 5 i

theith ion, §; is the shell shift of theth ion relative to its N

core, andr,, is the core distance between tha andkth ':n:. or

ions. We used the following core chargeXg=+5, S i

Xcasrpaer 8. The F—F interaction parameters were «

obtained semiempirically by the Hartree—Fock and configu- 5_0 o2t

rational interaction formalisrds The parameters of the
Me?* —F short-range repulsion potentidfle = Ca, Sr, Ba

were derived by fitting the calculated properties of pure 0.004r ¢
MeF, crystals to available experimental datattice con- s
stants, dielectric permittivities, and ¢.,, elastic constants oF

C11, Cq2, andC,,, and the fundamental vibrational frequen-
cieswtp andwg), and the electrostatic screening parameters -
were obtained by numerical integration of the free-ion
electronic-density interaction. The short-range interaction =0.008
between metal ions was neglected because of their being fai

L]

apart. The F-F and M&"—F interaction potential pa- - 1

rameters calculated in this way can be found in Ref. 3. The ‘

energy of Coulomb interaction of ions in the defected region ~~0.076 i ‘: A ‘; — ;E
with those in the remainder of the crystal was calculated by 0rbit number

the Ewald method.

To check the reliability of the Me —F potentials thus  FIG. 1. (1) Experimental and2) calculated radial displacements of ions
obtained, we calculated dispersion curves for the ,GaF around a E&" impurity center(in units of the lattice constant(a) Cak,
SrF,, and Bak crystals along certain high-symmetry direc- (b) St () BaF.
tions in the Brillouin zone. A comparison of the calculated
dispersion curves with slow-neutron diffraction measure-
ment$~°® showed that our model is capable of fitting ad- SrF,, and Bak crystals with ENDOR data. Because the ex-
equately the experimental data. perimental lattice constants differ from the constants calcu-

The main feature of our work consists in using experi-lated by our model, the ion displacements are given in units
mental data on radial ion displacements in the second to fiftlof lattice constant{experimental and calculated, respec-
anion orbits in the doped crystals under study, which werdively (Ref. 3]. ENDOR data permit high-accuracy determi-
derived from ENDOR dat4,to find the EG"—F short- nation of distances only to the second anion orbit. The ex-
range repulsion potential parameters. Paramdleend D  perimental error increases by more than an order of
were determined from the condition of an optimum fit of the magnitude for more distant anion orbits, and for Baihe
calculated to experimental radial ion displacements in theould not derive distances to the fourth and fifth orbits at all.
second to fifth anion orbits, with experimental errors of ionlt is also evident that the agreement between calculated and
displacement measurement taken into account. Although thexperimental displacements for the second anion orbit is
angular displacements of Fons in the second orbit were good enough, whereas while the ion displacements calcu-
measured experimentally, they were not used in fitting of thdated for more distant orbits still lie within experimental error
C and D parameters because of a poor agreement betwedhe agreement with experiment is substantially worse. We
the experimental and calculated valusse below. The fit-  believe, however, that experimental data on distant anion
ting yielded the following values:C=268.3 at. un. and orbits, particularly the experimentally predicted behavior of
D=1.921 at. un. displacements with increasing distance from an impurity

Figure 1 compares the radial displacements of host lateenter, should be considered with caution. For instance, in
tice ions around a Ed impurity ion calculated for CaF; SrF, the ionic displacements in the third—fifth orbits are sub-
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TABLE I. F~ ion displacements in the first anion orbit in MeEW* ments do not exhibit such a monotonic behavior. Calcula-

crystals(in units of the lattice constant tions made for more distant orbits predict only insignificant

Crystal Calc. FP-LMTO By KanzakiRef. 9 angular displacements, and ther_e.fore the absencg of. experi-
mental data on the angular positions of these orbits is con-

Cak —0.0318 —0.0288 —0.0176 nected, most probably, with the impossibility of their experi-

Sk ~0.0204 ~0.0232 ~0.0009 mental determination

BaF, —0.0058 0.0 0.0209 .

We studied also the effect of hydrostatic pressue to
Note: Negative sign means displacement away from the impurity ion. 3 GPa on the local structure of the Bl impurity center in
fluorites. An analysis of the results obtained can be conve-

] ) ) ) niently done by introducing the concept of local compress-
stantially larger than those in the second orbit. Interestlnglyib”ity of a crystal determined for any ionic orbit. All ions in

experimental data suggest that the ionic displacements in thg, Jipit can be imagined to lie on a sphere with a radius

second anion orbit in SgFand Bak, crystals are equally gqyq) to the distance to ions in the given orbit. Hydrostatic
small and opposite in sign, whereas model considerationsompression of the crystal will change the distance to ions in

based on the concept of ionic radii, as well as calculations,, arbitrary orbit while leaving the orbit symmetry un-
made by the modified Kanzaki methbgredicted that only changed. This will entail a change in the volume of the

; gt )
in the case of SiEEW " could one expect very small lattice imaginary sphere, on the surface of which all ions of the

distortions. ) o ) orbit lie. Then the local compressibility coefficient for the
By our calculations, radial displacements in all the crys-, orbit, which we denote b, , can be introduced through

tals studied are, on the whole, monotortexcept for the o change in the sphere voluride (p) induced by applica-
seventh orbjt and decrease away from the crystal surfaceion of hydrostatic pressungin the following way:
The ionic displacements are the largest in GaBnd the

smallest, in Bak, and in Bak the displacement does not 1 Vy(p)—Va(0)

exceed about 0.006 in units of the lattice constant. The ”:_Vn(O) p ) ®
monotonic character of ion displacement, as well as the prac- ] ]

tically zero displacements starting with the tenth orbit, ap-EXPressing the sphere volurivg (p) through the distance to
pear to be a consequence of isovalent substitution. Tableti€ orbitionsr, (p) yields

presents the ligand positions in MeEW " crystals calcu- 1 r3(p)—r30)

lated by us, as well as the results obtained by full-potential k= — n n- (6)
linear muffin-tin orbital methodFP LMTO) with a real form r3(0) p

of the crystal-field potential and charge dendiand by a
modified Kanzaki methdd One readily sees that our calcu-

lations agree fairly well with the FP-LMTO results while ibility coefficient for a pure crystal. Introduction of an impu-

disagreeing markedly with the predictions of Ref. 8. It is rity permits one to probe selectively the elastic properties of
essential that both our calculations and the FP-LMTO data y P b y prop

. . . individual orbits. After calculation of the lattice distortion
expect the effect of EuI' introduction to be the smallest in : T i )
BaF,. around an impurity ion for various hydrostatic pressures, the

Table Il presents calculated and experiméntita for local compressibility coefficients were determined for each

angular displacements of-Fions in the second anion orbit. orbit by using Eq(6) for fitting. The results of the simulation

As already mentioned, the calculated angular displacemenfé:re shown graphically in Fig. 2. Note that impurity introduc-

) . S ion results only in insignificant changes of the local com-
do not show good agreement with experiment, which, in our - - -
. i . ressibility coefficient compared to the volume compressibil-
opinion, could be caused by our models lattice energy disr

gard of many-particle interactions. On the other hand, ou}ty coefficient for' pure'crystaISpqrncularly compargd to the
Lo ) ; case of the G impurity center in the same materiglsFor
data on angular ionic displacements fit well into the overall

. . . ) . . mor mprehensive analysis of th t tain ne h
pattern of lattice distortions around a#uimpurity center in a more comprehensive analysis of the data obtained, one has

; : separate the local compressibility coefficients for cation
fluorites, where one observes a monotonic decrease of bo%ﬁ P P Y

. : : . . land anion orbits. As seen from Fig. 2, the elastic properties
radial and angular ion displacements in going from crystal . : . : )
of cation and anion orbits in fluorite crystals are affected in

with a smaller lattice constant to another with a larger one . . . . . )
: : ; essentially different manner by introduction of an impurity
for all fluorites. The experimental values of angular displace- oo e . )
ion. The local compressibility coefficients for cation orbits
remain practically unaffected. Anion orbits turn out to be
TABLE II. Angular displacements of Fions in the second anion orbitin Much more sensitive to the presence of an impurity ion. The
MeF, :El?* crystals(in deg). results obtained are in accord with the preexisting opinion

regarding the Mef lattice, according to which the cation

Obviously enough, in the case of pure crystals, coeffidignt
is the same for any orbit and equal to the volume compress-

Crystal Cale. Exp(Ref. D sublattice is rigid, whereas the anion sublattice is flexible, a
Cak -0.16 0.07(Ref. 9 feature used, in particular, to account for the phenomenon of
Srk, —0.08 0.12(Ref. 15 superionic conductidfl in these materials. The local com-
BaF, -0.01 0.07(Ref. 6

pressibility coefficients obtained by us can be employed in

Note: Negative sign means decrease of angle between the direction to th'gNDOR experiments performed on these crystals under hy-
ion andC, axis. drostatic pressurg
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that, as shown by our calculations, the lattice distortions

F_IG. 2 Local compressibility coefficients fpl_)_ anion a_n_dZ) cation orbits  ground an impurity ion induce a dipole moméntt ligands
(SlcF;Jnlgs)(gapére—crystal volume compressibility coefficigntg) Cak, (b) amounting to 10-50% of that generated by the impurity it-

’ ' self.

We shall describe LHFI only with the fluorines nearest
to the impurity center, because interaction with more distant
anions involves only magnetic dipole interaction propor-
tional toR™3, and can be readily measured by ENDOR. In

It is known’*2-¥that the experimentally measured LHFI contrast to Refs. 7 and 12, we take into account the contri-
of E** and Gd" impurity centers in fluorites depends non- butions toAg andA, due to ligand polarization without im-
monotonically on the lattice constants of pure crystals. Orposing on them the assumption of their being linearly depen-
the other hand, calculatiotssuggest that LHFI should be a dent on the displacements of the nearest ligands.
monotonic function oR; (distance between the impurity ion The experimental parameters of LHFI can be described
and the nearest-neighbor fluor)n&/e are going to desc[ri;)e phenomenologically in the form used in Ref. 12
now the LHFI based on the values Bf calculated b ,
both for E#* and for Gd™. . Y A=A p(R) A 5(D), @)

LHFI of the cubic EG" and Gd* centers is described whereAg , (R) is a contribution depending only on distance
by an isotropicAs and axially symmetricA, contributions. (it is determined by radial dependences of the covalence and
All contributions to LHFI, except for the magnetic dipole overlap parameters in a cluster consisting of the impurity ion
interactionAy, are determined by covalence and overlap ofand the nearest-neighbor fluorines under the assumption that
the 5 and 5 electrons of E&* and Gd™ with the 1s,2s,  D=0), andA;,(D)=K;,D (MeF,) is a contribution pro-
and 2 shells of F, as well as by the induced spin density portional to the induced dipole moment. Because both impu-
in the 3s and 3 orbitals of the F ion.**~**The spin density  rity centers have spherically symmetric electron distributions
in the previously empty fluorine orbitals is due to the mixing and the same ground state, we assume thakthe coeffi-
of even and odd states by the low-symmetry crystal fieldcients for E&* and Gd* should be close in magnitude.
which gives rise also to an electric dipole momént This Figure 3 displays thé\s(R) and A, (R) —A4 (R) rela-
moment is induced both by the impurity center the case tions for E¥* in MeF,. One readily sees tha(R) and
of nonisovalent substitutiorand, what is more essential, by A, (R)—Aq(R) are linear functions oR. Similar relations
displacements of ions from their equilibrium positions; noteare obtained for all MefE Gd®* crystals. Both for E¢i" and

2. LIGAND HYPERFINE INTERACTION OF Eu?* AND Gd®*
IN THE LOCAL-DISTORTION MODEL FOR FLUORITES
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TABLE lll. Experimental values of LHFI parameters for Melsd®" at 4.2 K, calculated distances to nearest-neighbor fluorines, and dipole moments
induced on them in MefFEW?", G crystals.

Parameter CdF CaFk, SrF, PbF, BaF,
As, MHz —1.793) (Ref. 12 —1.8766) —1.8715) —1.6564) —1.8086)
A, MHz 5.162) (Ref. 12 5.1044) 4.8513) 4.7712) 4.6374)
R;, pm 231.94) 230.5 237.2 242(@) 243.1
D, e-pm 12.84) 11.9 11.0 11.@) 10.4
A, MHz(Gd"7 16.8561) (Ref. 14 16.882813) 16.753410) 16.6442) 16.639815)
=

Ry, pm 255.76) 253.1 262.1 271.1
D, e-pm 5.65 4.00 2.94 1.83

for Gd®", the parameters K;=12.3(3)x10 2 MHz/  for CdFR,:EW?* and Cdk:Gd®" is larger than that for CaF

(e-pm) andK,=7.1(3)X 10 2 MHz/(e-pm) (eis the abso- having the same impurities, am}, derived for Pbg:Gd*

lute value of the electronic chargeNote that the LHFI pa- is approximately equal to that for Bafsd® . Thus the final

rameters calculated for doped Gd&nd Pbk crystals like-  expressions foAg (R) andA, (R) can be written as follows

wise fit well onto these relations within experimental error exp Al B

and calculational inaccuracies, although, as evident from As(R)=A"—As(D)=A4(0)(1+BsR), ®)

Table 1, the experimental values & and A, for these

materials fall out of the general trend Af andA,, variation

with R. A (0)=—14.399) MHz, B,=-3.20Q7)x10 3 1/pm
Table Il presents experimental values Af and A,

both measured by us and taken from literat?#8 as wellas ~ fOr

the values oR; andD calculated for all crystals. Note that + —_

our data for G&" differ from those quoted in Ref. 7. The B andA,(0)=—7.887) MHz,

reason for this lies in that ENDOR experiments were treated B_= —2.48510)x 1073 1/pm for Gd™;

in the above-mentioned works without taking into account

the contribution of initial splitting to the position of the elec- Ap(R)=ATP—A4(R)—AL(D)=A,(0)(1+ByR), (9

tronic and nuclear levels. Therefore, as pointed out in Refs. 7

and 12, the sets of the LHFI parameters found in differentvhere

magnetic-field orie_ntations were differ_ent. We usgd i_n theAp(0)=—7.4110) MHz,

treatment of experimental data numerical diagonalization of

the total energy matrix and obtained for each crystal a comfor

mon set ofAs and A, parameters describing all angular de- N

pendences. EW" andA, (0)=—11.7520) MHz,
The experimental LHFI parameters for MeEW* were _

taken from Refs. 12 and 14. The dipole moments at the Bp=—3.66812)x10 > 1/pm for G&*.

ligands were calculated in terms of the above lattice relaxin our opinion, we obtained a fairly good phenomenological

ation model. description for the variation of LHFI parameters for the
The electric dipole moments induced at the nearestwhole set of crystals in terms of the simplest model using

neighbor fluorines andR, for the Cdkr and Pbk crystals calculated distances and, what appears most essential, the

were calculated based on the following considerations. Theipole moments induced at the nearest-neighbor fluorines.

hyperfine interaction constaAtfor odd E¥* and Gd* iso-  Note that such a model of a radial variation/yf andA; is

topes were found to depend linearly Bp determined within  not connected in any way to one of the basic

our model. Assuming this to hold for C¢land Pbk as well,  assumptions®!2thatR; cannot be less than the sum of ionic

the values ofR; were derived from the known values &f  radii of the impurity and fluorine ions. It describes quite well

(see Table Ill. Such relations were discussed in thealso our ENDOR data on Gd and E4* in CdF, and Pbk,

literaturé® and are well known. Note th&@ (MeF,) depends which also supports our assumption of the closeness of the

substantially both on displacements of the nearest-neighbgrarameters connected with the polarization contributions to

ions and on the dipole moments induced at the neighboringHFI in magnitude.

ions. As a result, dipole momen and, hence, the contri- We can compare the derivatives obtained from

butions toAs and A, due to fluorine polarization can in no CakR:Gd®" ENDOR experiments on the effect of electric

way be proportional td R=R; — Ry, as this was postulated field and hydrostatic pressure. The values quoted in Ref. 15

in Ref. 12. Moreover, the momerilsat the nearest-neighbor are dA/dR=1.0(12)x10 3 MHz/pm  and dA,/dR

fluorines in the doped crystals Cdnd Pbk fall out of a  =7.69(2.5)x 10”2 MHz/pm, and our data are 1.96(70)

possible monotonic dependence for other crystals altogethekx 10~ 2 MHz/pm and 4.4(25% 102 MHz/pm, respectively.

As a result, in contrast to Ref. 12, the valueRyfcalculated The values of the derivatives depending on dipole moments

where

B,=—3.535)x10 3 1/pm
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An analysis of available data on the electronic structure of nominally undoped sillenite crystals
and on their surface-barrier photoemf provides a basis for an unambiguous conclusion of

a monopolarelectronig¢ character of photoconduction in these materials in the blue-green region
of the spectrum. ©1998 American Institute of Physids$$1063-783408)00812-(

The present communication discusses the idea of bipoare the photon capture cross sections for optical transitions to
larity of photoconduction in nominally undoped crystals with the ¢ andv bands, respectively, ang, and vy, are the re-
sillenite structure BLbMO,, (M=Si, Ge, T) used by some combination coefficients for the corresponding reverse tran-
authors(see, e.g., Refs. 1340 interpret the observed fea- sitions. One cannot give a priori the values of the above
tures of holographic recording in these materials. An analysigjuantities for sillenites. Therefore in order to estimate the
based on available data on the electronic structure of silleniefficiency of two-step optical transitions, we shall invoke the
tes and on studies of the photovoltaic effect in these crystaleesults of a study of steady-state photovoltaic effect in
suggests that the contribution of minority carri¢heles to  sillenites®’
extrinsic photoconduction in the blue-green spectral regionis A photovoltaic effect in undoped sillenite crystals, asso-
of a minor significance. It should be stressed that we areiated with the existence of a surface barrier for electrons, is
speaking about the photoconduction observed under quasibserved both in the intrinsic and extrinsic excitation re-
steady-state illumination. The problem of the extent to whichgions. In the latter case the required minority carrigrs.,
holes participate in the photoconduction generated by highholes are generated primarily in two-step optical transitions,
power laser pulses of nano- and subnanosecond duration reith the holes excited in the space-charge red®@R pro-
quires a separate consideration. viding the predominant contributionAs it is known® an

It is knowr? that nonequilibrium conduction becomes alternative situation occurs when the photovoltaic current is
bipolar under extrinsic excitation as a result of either thermodominated by minority carriers generated at a distance of the
optical or two-step optical transitions. Let us estimate theorder of their diffusion lengthl(,) from the SCR. Hence, if
contribution of both mechanisms to hole generation in sillethe first of the two mechanisms is operative in the sillenites,
nites using a simplified diagram of energy levels and correthis means that either the SCR widihexceeds by faL, or
sponding electronic transitionig. 1). Photogeneration of the hole generation rate in the SCR is substantially higher
electrons in the blue-green spectral regibm{2.5 eV) in-  than that in the bulk of the crystal.
volves primarily optical transitions from close-to-midghp In the first case, the upper limit @f,, is determined by
levels with concentratioM ~10'° cm™3. The criterion of
monopolarity of photoconduction in the case of thermo-
optical hole ejection fromM levels is the conditioh c-band
§M=m§/M P,u>1 (here mgy is the M-level filling in the
dark, P,y =P, exd(Ey—Eg)/KT]~P, exp(—E4/2kT), P, is }
the effective density of states in theband,k is the Boltz-
mann constant, and is the temperatuje At room tempera-
ture and for P,~10°°cm 3, P,y is negligible ———1 T F
(~10"7 cm™3), and therefore£y>1. In principle, athy E
~2.5 eV, optical transitions of electrons to théand can :
take place from the lower-lyindA levels as well A~D E,
~10%-10Y cm™3). However, even assuming the optical Sl SR SN SN RS —"
and thermal electron ionization energies from thdevels : —I_f,,
being equal, i.e., thd&E,~E;—hv~0.8 eV, the correspond-
ing value P,,~10° cm™2 likewise is not large enough for
the conditioné,~1 to be met.

For hv=1.65 eV, M levels can take part in two-step FIG. 1. Diagram of local levels and assumed thermo-optical and two-step
optical transitions. The criterion of monopolarity is deter- optical transitions producing holes in hominally undoped sillenite crystals

mined in this case by the following relatidmetween the (E4~3.3—3.4 eV) under blue-green excitation. The optical transitions of
electrons are denoted by solid arrows, their thermal ejection fromvthe

3|eCFr0niC Opn) and h0|ze Ppr) contributions to photocon- g, by dashed arrows, and the dot-and-dash line identifies the approximate
duction:ngn/ppn=de¥eMo/dn ¥n(M — mo)2, whereq, andqj, position of the Fermi level.

O T030.9, 0,0,
QSOOI IRNNIIICHHIR X IR
LRSI

1063-7834/98/40(12)/2/$15.00 1975 © 1998 American Institute of Physics



1976 Phys. Solid State 40 (12), December 1998 A. |. Grachev

w, which permits one to obtain an upper estimate of thegests that this conclusion is valid for BGO and BTO as well.
product w7, (where u, and 7, are the hole mobility and On the whole, taking into account estimates of the efficiency
lifetime, respectively using the expression following from of thermo-optical transitions, the above results show that the
Einstein’s relation:L2= u,7,(kT/e). In BSO crystalsw  model of bipolar extrinsic photoconduction is inapplicable to
~10"%cm,” which for kT/e=2.5x10 2V vyields the the crystals under study. Moreover, our analyéis results
following estimate;u,7,=4x10"° cn?V 1, This value is will be published separatelyshows that the features
about two orders of magnitude lower than the estimate thadeobserved™ in holographic recording can be explained by
for electrons. considering the drift and diffusion processes under condi-
If the second mechanism is operative, we can obtain ations of nonsteady-state and nonlinear photoconduction.
upper estimate for the ratiog,/ppn=GepteTe!Gpinh
[where G, and G,, are equal, respectively, tq.my and 1A, A. Kamshilin and M. P. Petrov, Fiz. Tverd. Tefaeningrad 23, 3110

_ : . - (1981 [Sov. Phys. Solid State3, 1811(1981)].
Ah (M —mo)] using the following relation's 1) the electron 2E p. Strohkendl and R. W. Hellwarth, J. Appl. Phgg, 2450(1987.

(ge)_ and hole gh) generat_lon rates 'n_th_e SCR are equal! 2 3M. Miteva and L. Nikolova, Opt. Commuré7, 192 (1988.
G, is at least not smallefin real fact it is larger thange, 4S. G. Odulov, K. V. Shcherbin, and A. N. Shumelyuk, J. Opt. Soc. Am. B
and 3 G,L,<g,w. In this case the relation we are looking 11 1780(1994.

; — 1/2 _ 5S. M. Ryvkin, Photoelectric Effects in Photoconductdi@onsultants Bu-
for can be written asign/ppy MeTelvlv (,'ulhThe/kT) - As reau, New York, 1964; Fizmatgiz, Moscow, 1963, 494)pp.

. _ 76 _ -
SUMINg  up7h=peTe~10 " cNTV 2575, we  obtain s | Grachev and M. V. Krasinkova, zh. Tekh. FiB3, 2293 (1983
Npnh/ Ppn~ 10°. Clearly enough, if the true value @fy, 7, ex- [Sov. Phys. Tech. Phy28, 1410(1983].
ceeds the above estimate by about, say, a factor 100, Wh|CF’A I. Grachev, Fiz. Tverd. Tel@Leningrad 26, 227 (1984 [Sov. Phys.
- ; o o _ Solid State26, 132(1984].
IS eXtreme,Iy un“kely’ the hole contrlbqtlon to ,eXt,””S_'P phO 8T. S. Moss, G. J. Burrell, and B. Ellisemiconductor Opto-Electronics
toconduct_lon of BSO cannot be anythl_ng but |n5|gn|f|c_ant. (Butterworths, London, 1973441 pp.

Thus in none of the above scenarios does the existenc&M. P. Petrov, S. I. Stepanov, and A. V. KhomenRtotorefractive Crys-
of two-step optical transitions in bulk BSO result in destruc- tal'§ in Coherent Opticdin Russiai (Nauka, St. Petersburg, 1992
tion of monopolarity of extrinsic photoconduction. The PP

closeness of all undoped sillenites in electronic structure sugrranslated by G. Skrebtsov
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The dynamics of defects with linear dimensions fresi to ~100 nm on a Au surface under

load have been studied by means of tunnelling microscopy. It is found that the origin,

growth, and resorption of the defects is caused by displacements of bands of material from 5 to
50 nm wide, parallel to th¢111} slip planes. The defects can be separated into two

groups: nonsteady-state defects, whose lifetime does not exceed 15 min, while the depth is

=20 nm, and quasi-steady-state defects, with a lifetime three orders of magnitude greater than the
first. It is assumed that the nonsteady-state defects are formed when the ensemble of
dislocations is being reconstructed, while the quasi-steady-state defects are formed at the instant
of formation of dislocation substructures during the creep of the loaded metal. 998

American Institute of Physic§S1063-783%8)00912-5

In earlier papers; 3 tunnel microscopy was used to be- lifetime of At, while the other included non-steady-state de-
gin systematic studies of submicroscopic defects formed ofects that lived for an order of magnitude less than the first
the surfaces of loaded metals. It was found that the maimnes. It turned odf that the depttH, of the quasi-steady-
defects that appear have the form of an impression of a prisrstate defects is approximately a multiple of the degthof
with a definite size and vertex angle for each metal. Fotthe primary defectdd,~nH,, wheren is a whole number. It
example, Fig. 1 shows a “primary” defect on a Au surface, was then fountithat the angles at the vertices of the defects
formed 2 h after a tensile stress of 350 MPa was applied. Thare close to the angles between the slip planes, while the
depth of the defect is=20 nm, while the dimensions in the walls are oriented parallel to such planes. Based on this, the
plane of the surface are60xX 100 nm. Three walls of the formation of the defects was explained by the emergence of
defect are approximately perpendicular to the plane of thelislocations at the surface of the loaded metal along inter-
sample surface, while the fourth makes an angle~@0°  secting slip planes. The discontinuous character of the defect
with it. The angle at the vertex of the defect~s/0°. growth was explained on the basis of a model proposed by

The size of the defects increased with time. This procesgottrell,* who assumed that the defects result from the merg-
has a discontinuous character: The size remained unchanggf) of dislocations blocked by a sessile dislocation on the
during some intervaAt, then increased or decreased by sev-intersection line of the slip planés.
eral tens of nanometers in a time of0.1At, again stabi- This paper continues this series of studies. If Cottrell’'s
lized, once again changed, etc. This character of the evolunodel actually describes the formation of the defects, they
tion of the defects made it possible to separate them into twenust appear with the velocity of sound and have linear di-
groups: One group included quasi-stationary defects with éensions no less than those of a primary defect. This paper
has the goal of checking these assumptions.

The surface profile of rolled foils of Au with a purity of
99.99%, from 30 to 6@&m thick, was studied by means of an
RTP-1 scanning tunnelling profilometer, developed at the
Physics Institute of the St. Petersburg State Univetsityd
fabricated by the Ea Production Cooperative. Samples in the
form of shovels were cut out along the direction of rolling,
were polished using chromium-oxide buffing compound,
were rinsed in acetone, and were loaded by means of a spring

1% nm apparatus.The chemical composition of the samples before
50 M — ! — and after loading was studied by Auger spectroscopy. Within
:ﬁm the sensitivity limits of this method, it was impossible to
e, .
— detect th(_a presence of foreign atoms on the Au surfaces.
50 nm —~—— The time to record one topogram by means of the pro-

filometer is=40 min. Therefore, earlier, only defects whose

FIG. 1. Segment of a topogram of a Au surface with a primary defect.  lifetime was greater than the indicated time interval were

1063-7834/98/40(12)/4/$15.00 1977 © 1998 American Institute of Physics
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‘ FIG. 2. Evolution of a fine defect on a
i —t Au surface under a load of 350 MPa
] with time t (se9: 1—0; 2—38; 3—76;

4 4—114. The rectangles show the bands
during whose displacement a defect is
5 nm formed and is resorbed, while the arrows
show the direction and the displacement.
3 The lower part shows cross sections of

the surface 382) and 76 seq3) after

aw, , loading, superimposed on each other.

-
L)
(™

detected and studi€d? In order to elucidate whether defects on time. It can be seen that the defects grow with time and
with a smaller lifetime exist, the surface profile of a loadedare then resorbed, with their shape constantly pulsating.
sample was recorded in one of the chosen cross sections. Tii@ese results contradict Cottrell’'s model.

time to record a profile in one cross section is 38sec, i.e., To explain the defect-formation mechanism, we com-
~2 orders of magnitude less than the time to record a compared successive recordings of the surface cross section, su-
plete topogram. The scale perpendicular to the surface waserimposing them on each oth@dor example, see the lower
simultaneously increased by a factor of from 3 to 10, and thigart of Fig. 2. It turned out that the defects are formed and
made it possible to reliably record defects with a depth ofresorbed when bands of the material from 5 to 50 nm wide
~1nm. move at angles of=90 and~30° to the surface. Figure 2

The studies showed that the formation of a quasi-steadyschematically shows the bands and the directions in which
state primary defect precedes the appearance of the finer dg¢rey move during the evolution of one of the defects. It can
fects. For example, Figs. 2 and 3 show the evolution of suclhye seen that the band of material in the right part of the
defects, while Fig. 4 shows the dependences of their depthicture first moves by=2 nm at an angle of=30° to the
plane of the surface. As a result, a defect with a depth of
~1 nm is formed. At~ 38 sec, a band of material to the right
of the defect begins to move perpendicular to the plane of the
surface. In the next 38sec, it moves by3 nm, and the
depth of the defect reaches4 nm. Afterwards, a band of
material in the left part of the figure moves in the same
direction. As a result, the defect disappears.

The directions of motion of the bands of material were
7 ~90 and~30° to the plane of the sample surface and were
consequently parallel to thel1l) slip planes. Actually, as
already mentioned, pre-rolled Au foils were used for the
studies. It is well knowhthat the(111) slip planes in rolled
samples of metals with a fcc lattice lie at angles~<dd0 and
~30° to the surface. The movements of the bands of mat-
erial are apparently caused by the displacement of trains of
edge dislocations. In this case, the number of dislocations
whose emergence at the surface forms a defect can be esti-
mated by dividing the depth of the defect by the Burgers
4 vector. Thus, a defect with a depthsfl nm is formed when
two or three dislocations emerge at the surface.

Figure 5 shows the dependence of the lifetimef the
defects on the maximum depth,, that they reach during
their evolution. It can be seen that the lifetime is approxi-
mately directly proportional to the maximum depth of the
defect. By extrapolating the straight line to the depth of a

s

2 primary defect withHy=20nm, we find that its lifetime
must be~15min. In actuality, it is significantly greater. In
10 nm order to estimate it, let us consider the time dependence of
l 1 the concentration of such defe¢tg. 6). It can be seen that
20 nin it has a bell shape: The concentration of primary defects

FIG. 3. Evolution of the shape of a fine defect on a Au surface under a Ioa(ljncreases’ reaches a maximum, and then decreases. By mea-

of 350 MPa with timet (se0; 1—0, 2—38,3—76,4—114,5—152,6—190,  Suring the width of the bell at half of the maximum value, we
7—228,8—266. found that the mean lifetime,, of the primary defects is
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FIG. 6. Time dependence of the concentration of quasi-steady-state defects
~30h. This value is three orders of magnitude greater thamith various depths on a Au surfade.(nm): 1—20,2—40, 3—60, 4—120,

that found by extrapolating the straight line in Fig. 4 to 5—240. The loading on the sample is 350 MPa.
20 nm.

Let us now consider the evolution of defects whose
depth is greater than 20 nm. For example, Fig. 7 shows

segment of the dependence of the depth of a defect, who Analvsis sh that the f i wih and
value at one instant exceeded 20 nm and began to grow. |t nalysis shows that the formation, growth, and resorp-

can be seen that the depth stops increasing with time an?f?og]sr%h?r}'jr?]t?f ?HI tdefﬁcitst W'tfh d? drt(ejptrh ;frr:mvi Ilm t(r)lt f
then decreases to its earlier value Z0 nm. Measurements S ldentical. Tt consists of disordered movements o

showed that, for all defects whose depth excee@® nm, in bands of material V\."th a depth of from5 to ~1QO nm
the course of 15—-20 min, the depth either decreases to tHaarallel to the{111} slip planes. Consequently, the difference

indicated value or increases in the same time<t40 nm o% the lifetimes of the defects is not caused by any change in

However, if the depth of the defect reaches 40 nm, its Iife-the de_fect-formanon g“eCha”'srT‘-
It is well knowrf® that, during creep, an ensemble of

time again increases to-20h. It is possible to convince dislocations is reconstructed and forms a series of stable
oneself of this if the width of the time dependence of the ' ' ' u ! '

concentration of such defects shown in Fig. 6 is measuredong'lived substructures. Apparently, m.ainly nonsteady-stgte
For defects with a depth between 40 and 60 nm, the Iifetiméi:cefects are formed on the surface during the reconstrucnop
again decreases to 1015 min, and, for defects with a dep the ensembles. Cpnversely, when a stable substructure is
of ~60 nm, it increases te-30 h, etc. It turned out that the ormed, mainly quasi-steady-state defects are formed on the

lifetime of all defects whose depth is a multiple of that of asurface. In terms of the proposed explanation, the fact that

primary defect is 20—40 h, while, for other defects, it is threethe depth of the quasi-steady-state defects is a multiple of the

orders of magnitude less. Thus, defects whose depth is %epth of the primary defect can mean that the stable disloca-
’ tion substructures consist of aggregates that are multiples of

ultiple of 20 nm behave like attractive trajectories in a non-
inear nonequilibrium system.
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FIG. 5. Connection between the maximum depth of a defect and its
lifetime. FIG. 7. Part of the time dependence of the depth of a primary defect.
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the same number. For example, an aggregate 8® dislo- v, 1. Vettegren’, S. Sh. Rakhimov, and V. N. Svetlov, Fiz. Tverd. T&a

cations emerges on the Au surface during the formation of Petersburg37, 913 (1995 [Phys. Solid Stat@7, 495(1995]; 37, 3635
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The effect of magnetic and electric fields on the state of point defects in single-crystal
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It is established that exposing crystals to a pulsed electric field with an amplitugd @fkV/m
creates metastable states of the point defects, while a magnetic field with an induction of
7T causes them to relax. @998 American Institute of Physid$$1063-783%®M8)01012-0

It was established in Refs. 1 and 2 that one cause for thdefects was studied in nominally pure single crystals held for
plastification of ionic crystals in a weak magnetic fi¢gddF)  five days at 700K and cooled at a mean rate of 1-2 K/min,
with an induction ofB~1 T can be a change of state of the called NaCll), as well as in crystals of Na@l), which dif-
point defects in the absence of freshly introduced dislocafered from NaQll) by the fact that, after heat treatment, they
tions. The nature of these magnetosensitive celil¢@s) is  were held for a year af =293 K. Fresh edge dislocations
currently unknown. However, the experimental data of Refswere introduced by applying scratches to the sample after it
3 and 4 make it possible to assume that they are metastableas exposed in these fields. This eliminated the influence of
long-lived complexes whose Gibbs free energy can be rethe EF and MF on the dislocations themselves and the pro-
duced under the action of an MF, which in turn affects thecess by which they interact with point defects in this phase of
mobility of the dislocations. This hypothesis concerning thethe experiment. After the dislocations were introduced, their
irreversibility of changes of point defects in an MF needs tomovement was initiated by a MF pulse, identical in all the
be experimentally checked. experiments and having the shape of one half period of a

Moreover, it is not clear what factors cause these metasinusoid of amplitude 7T and a width of 1®sec. The
stable complexes to be formed. Since the MCs and the indichange of state of the point defects was measured by the
vidual defects of which they consist can possess a charge, atifference AL=L,—L between the path length, of the
electric dipole moment, or a higher-order multipole moment,dislocations in control samples not subjected to the introduc-
like many other types of structural defects in ionic crystals, ittion of dislocations by external action and the path lerigth
seems very likely that the internal nonsteady-state electriin crystals subjected to preliminary exposure to an EF and an
fields that arise when ionic crystals are plastically deformed MF, switched on in various sequences. The valuesodnd
can “pump” point defects into metastable states. This asl were determined by double chemical etching and by aver-
sumption can be checked and the charge state of the MCxgging the displacement of 100—150 dislocations for each
can be established in experiments in which the crystals urpoint on the graphs. To elucidate the character of the influ-
dergo the action of not only an MF but also external electricence of MFs and EFs on the evolution of the point defects,
fields (EF9. The first experiments of this kind were reported three series of experiments were carried out, differing in the
in Refs. 6 and 7, where it was found that the combined actiomature and sequence of the procedures.
of magnetic and electric fields results in a greater plastifica- In the first series of experiments, a NéCIcrystal was
tion of the crystals than when they are exposed to only an Eprocessed with an MF pulse; edge dislocations were then
or an MF. As proposed by Al'shitst al.®’ the role of the EF  introduced into it and their motion was initiated at titpeby
in their experiments consisted of a strong influence ora secondthe same as the fipsMF pulse. The path length
charged dislocation segments, as a result of which the corof the dislocations in this case was less than the path length
ditions improve for unpinning the dislocations from local L in experiments in which the crystal was not processed in
stoppers. At the same time, in these crystals, where the poirtn MF before dislocations were introduced. As the payse
defects are sensitive to MFs, it can be essential that the pirbetween the first and second MF pulses was increased, the
ning centers can themselves alter their state in an EF byalue of AL=L,—L decreasedFig. 1). The inclusion of
reorientatiorf change of the degree of aggregatfdi, additional MF pulses immediately before introducing the dis-
ionization!! and other methods. locations had no effect on the behavior of the(t,) depen-

The goal of this work was to study the question of thedence(Fig. 1.
possible influence of an EF on the state of magnetosensitive In the NaC(ll) crystals,AL equalled zero for any,;
point defects in the absence of freshly introduced dislocat.e., aging the crystals caused the sensitivity of the defects to
tions, as well as to establish the degree of reversibility of thean MF to be lost(Fig. 1). In the second series of experi-
changes introduced by a weak MF into the point-defect subments, the NaGll) crystals were subjected to processing in a
system. strong EF pulse (amplitude ~3x10°V/m, pulsewidth

The effect of an EF and an MF on the state of the point~10us, mean repetition rate-1 kHz) for 15min. It was
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o1 ﬁ!\ *[B\*

 —— a3 FIG. 1. DifferenceAL=Lo—L be-
P tween the mean path lengths of dis-
o2 /D\ /B\ */ﬂ\* locations initiated by MF pulses in
10 7 t NaCl(l) crystals not subjectedLg)
4 and subjectedL() to processing in an
r_l MF before the introduction of dislo-
nJd D /3\1 *m* t cations vs the duration of the pause
t, between the first processing of the

crystals in an MF and the introduc-
I tion of dislocations(1); the same

when the NaQl) sample was sub-

4L, pm

l
I
l jected to the action of an additional
_' } intermediate MF pulse before the
L] dislocations were introduce@); and
' AL=Ly—L in NaCKll) crystals(3).
' | is the first stage, and Il is the sec-
ond stage. The inset schematically
] shows the sequences of the proce-
dures in each type of experiment in
’ which the deviation of the path
[ lengths of the dislocations frorh,
was studied. On the diagramB, is
! 1 I L 1 Lz ]| an MF pulse, an arrow is the intro-
0 0.5 1 ) 15 25 100 duction of dislocations, an asterisk is
tp, 1035 etching, and is aging.

I n

found that, after the crystals were exposed to an EF, thand frequency 100 HZor timet. It is found that exposing
value of AL, measured by the same method as in the previthe NaCl{l) crystals to such a field in the pause between the
ous series of experiments, differs from zgfig. 2); i.e., two MF pulses acceleratdby a factor of ~10-100) the
under the action of an EF, the point defects become sensieconstruction ot (Fig. 3.
tized to the action of an MF. Increasing the pause between The AL(t;) dependence obtained in the first series of
holding the crystals in an EF and beginning the procedure oéxperiments(Fig. 1) reflected the kinetics of the magneti-
measuringAL to 15 min causes the EF-induced sensitivity of cally stimulated transformations of the point defects, which
the crystals to an MF to disappear; i.&l. again becomes can be characterized by two successive stages. The first stage
zero(Fig. 2). Processing the NaQl) crystals in a weak sinu- occurs during the first MF pulse, and its result is to reduce
soidal EF with an amplitude of-10°V/m does not cause the path lengths of the dislocations stimulated by the second
them to be sensitized to an MF. MF pulse(Fig. 1). As a result of the occurrence of the second

In the third series of experiments, the sequence of thatage, which starts immediately after the first MF pulse ends,
procedures and the samples that were used were the sametlas path lengths of the dislocations caused by the action of
in the first series, except that, in the pause between the firshe second MF pulse increase as the pause between the MF
MF pulse and the introduction of dislocations, the crystalspulses increases. An analysis of the kinetics of the MF-
were exposed to a weak sinusoidal @mplitude~10° V/m stimulated process in the point-defect subsystem shows that

E *I-;]*

t FIG. 2. DifferenceAL=Ly—L be-
tween the mean path lengths of the
dislocations initiated by MF pulses
in NaCl(ll) crystals not subjected

(Lo) and subjectedL() to processing
E ?l l*m* in an MF before the introduction of
—t dislocations vs the duratioty of the
te pause between the preliminary expo-
sure of the samples in an EF pulse
and the procedure of measurifgd..
The inset schematically shows the
sequences of the procedures in the
experiments in which the values bf
'l' and L, were determined in crystals
preprocessed in a strong pulsed EF
20 301 for 15 min. The notation is the same

as in Fig. 1,E is exposure in an EF.
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FIG. 4. Schematic energy-level diagram of the subsystem of magnetically

. . sensitive point defects and the transitions between them caused by the action
FIG. ‘3_ D.|ff_e_renceAL:L07L be_tween the mean path Ie_ngths of the dis- o an EF or an MF. The numbers denote the level numbers, and the arrows
locations initiated by MF pulses in Na(@l crystals not subjected.¢) and  gpqyy the transitiond — is thefirst stage, and Il — is the second stage.
subjected ) to processing in an MF before the introduction of dislocations

vs the duratiort,, of the exposure of the samples in a weak sinusoidal EF in

the pause between the first processing in an MF and the introduction of . . ..
dislocations(1); AL vs the duratiort;, of the pause between the first pro- ing the point defects into metastable states sensitive to an

cessing in an MF and the introduction of dislocations when there was no EIMF. This suggests that the EFs that arise during the intro-
in the pausd?2). The notation in the inset is the same as in Fig. 1. duction of the dislocations play a substantial role in forming
the sensitivity of the plastic properties of the crystals to MFs.
Generalizing these results, the following thermodynamic
monomolecular reactions occur at the first stage, and bimascheme can be proposed to describe the transitions between
lecular reactions occur at the second stHgEhis can mean the energy levels of the point-defect subsystem, whose
that the defect complexes decay at the first stage, and that tlshange of state during the transitions can consist of dissocia-
decay products recombine with each other or with othetion, recombination, or intracenter transformations. As a re-
point defects at the second stage. sult of the occurrence of two stages, the MCs make a transi-
The insensitivity of theAL (t,) dependence to switching tion from the initial magnetosensitive state(Fig. 4) to a
on additional MF pulses at the second stage means jliael lower-energy state: first into stafein which the mobility of
first MF pulse changes the state of the point defects irreverghe dislocations in an MF decreases, and then into a still
ibly, and 2 the MF pulse that initiated the movement of the lower-energy stat&, in which the mobility of the disloca-
dislocations results in no additional changes of the states dfons again increases to a level somewhat less than inktate
the point defects by comparison with those that wereThe procedure of introducing dislocatiofigr of exposing
achieved at the time of the first pulse. Consequently, onéhe crystals to a strong ERpparently promotes a transition
cause for the change of the plastic properties of the NaCl of type 3—1, partially returning the defects to the magneti-
crystals in an MF is that it affects the relaxation rate ofcally sensitive state. If it is assumed that the procedure of
metastable point defects. Since the path length of the disldntroducing dislocations does not affect the point defects re-
cations in an MF does not equal zero even after the relaxsiding in state2, the necessity of pausg for reconstructing
ation of the MCs, the effect of the field on the process ofthe sensitivity of the path lengths of the dislocations to an
unpinning the dislocations from the stoppers, which was firsMF (Fig. 1) can be explained by the expectation of the tran-
detected in Ref. 13, should probably be regarded as anothsition of the defects into staté The fact that the point de-
cause. In the Nadl) crystals, this cause of the plastification fects cannot be sensitized to an MF by introducing disloca-
is probably the only one, as in Ref. 12. The superposition ofions if they are not in a definite state similar 3ois also
two channels of the effect of the MF on the mobility of the indirectly evidenced by the experiments reported in Ref. 4,
dislocations in the Nadl) crystals apparently explains its where it was established that the softening of crystals in an
complex multistage character. MF when they are macroplastically deformed shows up most
At first glance, the spontaneous reconstruction of theclearly in quenched crystals.
path lengths of the dislocations as the pause between the MF In this paper, the sensitivity of the point defects to an
pulses increased-ig. 1) seems to contradict the assumption MF is detected after the crystals are heat-treated at 700K,
that the change of the states of the MCs is irreversible. Howand subsequent aging at 293 K causes the influence of an MF
ever, in the process of introducing the dislocations, they acen the point defects to disappear, and this also confirms the
quire charge and can create electric fields that sensitize theonsiderations expressed above. We should point out that the
point defects to the action of an MF; i.e., the sensitization ofexcitation mechanism and the type of MCs formed during
the crystal to an MF can occur not spontaneously but undeneat treatment and exposure to an EF can be different, since
the action of an external perturbation. This assumption ighe relaxation times of the induced metastable states in these
confirmed by the results of the second series of experimenisaseg1 year and 15 min, respectivelgliffer by many orders
(Fig. 2), which are evidence that an EF is capable of pump-of magnitude.
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The thermodynamic scheme developed above makes it It has thus been established that an MF promotes the
possible to assume that the third series of experiments deelaxation of metastable point defects. Such defects can re-
tected the influence of a weak EF on the kinetics of thesult from heat treatment or under the action of a pulsed EF.
occurrence of the secor{itecombinatioi stage of the relax- This elucidates the mechanism by which the nonequilibrium
ation process stimulated by an MF in the point-defect subnecessary for the point defects to be sensitive to an MF is
system. The increase of the sensitization rate of the crystal toreated and indicates that the MCs studied here and the prod-
an MF in a weak ERFig. 3) can be explained in principle in ucts of their relaxation possess uncompensated charge or di-
two ways: by the acceleration of a transition of type 3, or ~ pole moment.
by pumping of the point defects from sta2do statel (Fig. This work was carried out with the financial support of
4). The latter seems unlikely, since, for the EF used in thehe Russian Fund for Fundamental Resedfatant No. 97-
third series of experiment&~ 10° V/m, the energy commu- 02-16074.
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A study has been made of the concentration profiles of radioactive isotopes produced by
transmutation in the YB&u;0O,_, superconductor and PhzyTig 405 ferroelectric by energetic
protons(10 and 15 MeV, deuterong4 MeV), and®He and*He nuclei(20 MeV). Profiles

of two types have been observed: monotonic and with a maximum. It is shown that the type of
isotope concentration profile is determined by the nature of the cross-section energy
dependence of the nuclear reaction producing a given isotopel998 American Institute of
Physics[S1063-783%8)01112-5

Nuclear transmutation is widely used in the production2. RESULTS AND THEIR DISCUSSION
of radioactive isotopes and analysis of residual impurities in ] i
solids. Considerable interest has been expressed recently in We measured in the YBCO géjpergfnduggor th& profiles
transmutation doping of solids by thermal neutrons. In con—ngmthe raldgloactlve |sot?£)e§52n, Zr, *Cu, “Nb, "Ga,
trast to neutrons, which possess a high penetrating ability, Nb, :SCe, a”% ‘Ce 8groduced63 by rea62t|o?15
charged particles penetrate into a solid to a very small deptfy Cu3(p,n) Zgr;, 6 Q (AP'n) 626r1 . EU (d,ps)mCu,
As a result, transmutation-produced isotopes occur only_ Y ( 'je’z‘) 13Nb’ Cul(sHe,nA) Ga,149Y( He,n) “*"Nb,
within a local near-surface layer, and it is here that the iso- - B2 (‘He.n) ***Ce, and*Ba (*He,n) **'Ce. As seen from
tope profiles are formed. F|g.3 1a—£d, thg concentration of various isotopes reaches

Our earlier studies dealt with the profiles of the isotopes}01 —10*cm™? in irradiation by protons, 9§9ter0“3: and
produced in 11—V compound€ and chalcopyrite Culnge He nuclei, and is slightly in excess (_)flf(]:m in the case
(Ref. 3 and 4 by energetic charged particles, namely, pro-Of 3I_—|e nyc!el(the quoteq concentrations relate to the end of
tons, deuterons, artHe and*He nuclei. This work reports  the irradiation. The profile depth varies from 60 to 17m.
preparation and profile analysis of the isotopes created b\/\/he” |£gad|ated byHe nuclei, the profile depth is the largest
such irradiation in the YBZwO, , superconductor Iof the®Ga isotope, and the smallest fo¥Ce. All profiles

(YBCO) and PbZg < Ti ferroelectric(PZT). fall off monotonically away from the surface, with the ex-
2854704803 ception of the®"Nb isotope profile, which exhibits a fairly

flat maximum. Note that irradiation by protons was carried
out under oblique incidendd.8° beam angle to the surfgce

Plane-parallel samples 1-2 mm thick and 0.1—% @m In the PZT ferroelectric, we measured the profiles of the
area were clamped to a water-cooled brass plate and irradiadioactive isotope&dV, ®Nb, °2"Nb, 2°%Bi, >!Cr, %Mo,
ated through a 1-cfdiaphragm in a cyclotronThe YBCO  and®Mo produced by the reactiori®ef. 6 *Ti (p,n) 4V,
superconductor was irradiated by 10-MeV protons, 4-MeV?Zr (p,n) ®°Nb,  %2Zr(p,n) °>"Nb,  2%%Pb (p,n) 2°%B;,
deuterons, 20-MeVHe nuclei, and 20-MeVHe nuclei. The  “Ti(*He,n) °XCr, °°Zr (*He,n) ™Mo, and %Zr(“He,
PZT ferroelectric was subjected to 15-MeV protons and 201) ®*Mo. The concentration of various isotopes reaches
MeV “He nuclei. The beam was monochromatic to within4x102—103cm~2 in irradiation by protons, and
5%. The particle flux was varied from 610" to  10%-10“ cm 3 when irradiated byHe nuclei(Fig. 2a and
3% 102 cm ?-s7%, and the irradiation time, from 15 min to 2b). The profile depth is 70—15@m for “He nuclei, and
4 h. Accordingly, the dose accumulated varied fromt®10  420-650um for protons. The profiles of th&’Nb, 2°Bi,

10 cm 2. and ™Mo isotopes are monotonic, whereas those*¥f,

The profiles of transmutation-produced radioactive iso?"Nb, °!Cr, and®Mo pass through a maximum. The PZT
topes were determined by successive removal of thin planewvas irradiated by protons under continuous variation of the
parallel layers and by measuring their activity. The layersbeam incidence angle.
were ground off, and their activity was measured with a cali-  As follows from the measurements, the concentration
brated GéLi) gamma spectrometer. The uniformity of iso- profiles obtained in the above experimental conditions are of
tope distribution over the sample cross section was monitwo types, namely, monotonic and with a maximum. Profiles
tored by autoradiography. with a maximum are observed for tA&"'Nb, **Mo, and>'Cr

1. EXPERIMENTAL TECHNIQUE

1063-7834/98/40(12)/4/$15.00 1985 © 1998 American Institute of Physics
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FIG. 1. Depth profiles of radioactive transmutation isotopes produced in irradiation ofCtB®,_, by (a) protons,(b) deuterons(c) *He, and(d) *He. (a)
1 — %zn, 2 —8%2r; (b) ®*Cu; (c) *°Nb; (d) 1 — %Ga, 2 — %?"Nb, 3 — *'Ce, 4 — 3%Ce.

isotopes produced b¥He nuclei in the fHe,n) reaction, as transmutation-produced radioactive isotapgx) to the pa-
well as for®"Nb and*3V obtained by the |6,n) reaction.  rameters of the material and irradiatfon

To find an interpretation for the isotope profile pattern,
consider the expression relating the concentration of the c¢(x)=N®o(X)A " 1—exp —At)], (D)
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where N is the concentration of the stable isotope of the
material, ® is particle flux, o is the cross section of the
nuclear reaction) is the isotope decay constartjs the
irradiation time, andx is the coordinatdthe distance from
the sample surfagec (x) is the concentration at the end of
irradiation.

Assuming the particle flux to be coordinate independent,
d=const, and taking into account th&l=const, one
readily sees that the isotope profile pattern is determined by
the variation of the reaction cross section with coordinate,
i.e., by the behavior of functiono(x), namely, c(x)

«¢g (X). The reaction cross section is an indirect function of
coordinate, because it depends on the local energy of the
particles,oc= o (E), and the latter, in its turn, varies with
coordinateE=E (x). Thus we haver=o [E (X)]. The par-

ticle energy decreases monotonically with depth, whereas the
o (E) dependence may follow a more complex course. In
particular, theo (E) function for (*He,n) reactions is a
curve with a maximunfi.In this case the pattern of the(x)
dependence will be determined by the relative magnitude of
E.,, which is the position of the maximum in the (E)
curve, and byE,, the initial energy of*He nuclei. If E,
<E., the reaction cross section will decrease monotonically
with decreasing particle energy, i.e., with depttic(dE
>0), which implies a monotonic decrease of the transmuta-
tion isotope concentratiort (x). And conversely, ifEg
>E,,, the reaction cross section will initially increase with
decreasing particle energyl¢/dE<0), to begin a mono-
tonic fall-off after the local energy of particles has dropped
to E,. The concentrationc (x) of the transmutation-

FIG. 3.
1 — %%Cu (*He,n) 5¢Ga, 2 — 8% (“He,n) %"Nb, 3 — %zr (*“He,n) *Mo,

7
w*
0
AT N YT S T W NN N NN W N N N A
4+ 8 12 76 20
£, MsV
Energy dependence of nuclear reaction cross sections.

produced isotope will behave in the same way, namely, % — °zr (*He,n) **Mo.
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will increase with distance from the surface, reach a maxidependence (x) was used to derive the functian(x), af-
mum at a certain depth, and decrease subsequently. Ther which o (E) was determined by means & (x). The
maximum for the tHe,n) reactions lies usually at energies E (x) dependencé& (x) was calculated from dation the
exceeding the reaction thresholgl, by about the same retardation power of elements, taking due account of the
amountAE, E,=E;+AE, where AE=11 MeV.2 Hence principle of additivity. The results obtained are illustrated for
for the isotopes forming in the*e,n) reaction with a low a few reactions in Fig. 3.

thresholdEy, the inequalityEy>E,, will hold, and the pro-

files for such isotopes should have maxima. By contrast, for

isotopes with a high thresholgl, the inequalityeo<Ep will - 1y, A pigik, v. v. Kozlovskir, R. Sh. Malkovich, E. A. Skoryatina, and

be upheld, thus making their depth profiles monotonic. In- . A shustrov, Pis'ma zh. Tekh. Fi5, 12, 19(1989 [Sov. Tech. Phys.

deed, the profiles obtained in our experiments for isotopes Lett. 15, 920(1989].
with a low reaction threshold namelngNb (E 2v. A. Didik, V. V. Kozlovskii, R. Sh. Malkovich, and E. A. Skoryatina,

W ' o m Fiz. Tekh. Poluprovodr27, 265(1993; ibid. 29, 2078(1995 [Semicon-
=72 MeV, E;=18.2 MeV), “Mo (Ey=5.1 MeV, E, ductors27, 148 (1993 29, 1085(1995].

=16.1 MeV), and®'Cr (E;,=2.9 MeV, E,,=13.9 MeV)  3v. A Didik, V. V. Kozlovskii, R. Sh. Malkovich, and E. A. Skoryatina,
pass through a maximugat E,=20 MeV), see Figs. 1d and z;gzﬁ Zh. Tekh. Fiz.20, 16, 59 (1994 [Tech. Phys. Lett20, 920
Zk.))’.Whereas the .Other isotopes exhibit monOtomc.: prOfIIes"‘K. Gartsman, L. Chernyak, V. Lyahovitskaya, D. Cahen, V. Didik,
Similar considerations can apparently be used for interpreta-,, Kozlovsky, R. Malkovich, E. Skoryatina, and V. Usacheva, J. Appl.
tion of the depth profiles of isotopes forming in other nuclear Pphys.82, 4282(1997.

reactions. B. N. Zabrodin, L. F. Zakharenkov, and V. V. KozlovskMopr. At.

: . - - Nauki Tekhn., Ser. Fiz. Rad. Povr. Rad. Mat53, 87 (199]).
As for the concentration profile depth, it correlates with 5G. Maples, G. Goth, and J. Cerny. Nucl. Data, Sece, 429 (1967).

the particle range anq increases with decreaging threSh0|q Ofc. Vandecasteeleictivation Analysis with charged particlg&llis Hor-
the nuclear reaction involved. Indeed, as evident from Fig. wood Ltd, Chichester, 1988; Mir, Moscow, 1991, 208]pp.
1d, the profile depth is the largest for #sa isotope, which 8H. Munzel and J. Lange, ilses of Cyclotrons in Chemistry, Metallurgy,
is characterized by the lowest thresholﬂth(=6 9 MeV) and Biology edited by C. B. Amphlet{Butterworths, London, 1969
) : ' p. 373.
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the cross-section energy dependencE) for the nuclear S\i Fk Negetskani. Y“'lg';'SGOfma”"'a”db‘mk on Nuclear Physics
reactions producing the given isotopes. The procedure em-" o o o DUmia, BEv:

ployed to findo (E) was as follows. First the experimental Translated by G. Skrebtsov
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A study is reported of the effect of high-temperature annealing in oxygen, an inert gas, and
water vapor on EPR spectra of the®Fecenter of different local symmetries in the incipient
ferroelectric KTaQ. An analysis of the relations obtained permits one to propose and
substantiate a model of the rhombic®Fecenter, by which F& substitutes for T near two
oxygen vacancie§Fe’t-2V). Calculations of the crystal-field parameters performed

within the Newman superposition model showed in the rhombic center thieiBe is displaced
along[011] from the T&" position it occupies within the tetrahedron formed by four
oxygens, to a distance of about 0.25 A. Some of the recent results obtained in second-harmonic
light scattering in iron-doped KTa{samples are interpreted. It is shown that, within the
temperature range of 4.2—300 K, rhombic Feenters are static electric dipoles, and that they
cannot therefore be a source of dielectric losses in KTaO ~40 K, as suggested

earlier in some publications. @998 American Institute of Physid$§1063-783#8)01212-X]

Recent years have been witnessing increasing interest ghnealing in He, @, and water vapor ambients on the EPR
the investigation of F&' paramagnetic centers in KTg@  spectrum of the rhombic Bé center. An analysis of the
connection with observation in this crystal at low tempera-relations obtained, as well as the crystal-field parameters cal-
tures (T<40 K) of second-harmonic light scatteringyeak  culated within the superposition model of Newman permitted
first-order Raman scatterifigand dielectric losse$phenom-  us to propose and substantiate the model by which® Fe
ena atypical of its cubic centrosymmetric structure. Becaussubstitutes for T&" with formation of two oxygen vacancies
all these phenomena turned out to be dependent on the actualy) on the adjacent faces of the KTa@ubic lattice. A
sample type, they were assumed to be due to defects. Iratiscussion is given of the role of iron rhombic centers in
impurity centers were most frequently discussed as possibleuch low-temperature phenomena occurring in the cen-
candidates among some residual impurities and intrinsic derosymmetric cubic KTa@as second-harmonic light scatter-
fects occurring in KTa@. The F€* ion substitutes for both ing, first-order Raman scattering, and dielectric losses.

K* and T&" cations to form a number of low-symmetry

paramagnetic centers, which may serve as sources of polar

regions at low temperatures, where the polarization correla; expeRIMENTAL
tion length becomes large.

The least studied among all known °Fe centers in Most of the EPR measurements were made in the 9 GHz
KTaQO; is a center of rhombic symmetry first described inrange on KTa@ samples exhibiting the strongest rhombic
Ref. 4. This observation was followed by a comprehensiveFe°’+ spectrum(Fig. 1. The analysis of rhombic Bé spec-
study of EPR spectra of these paramagnetic impurittds.  tra was based on the spin Hamiltonian of the type
particular, there were even found two different® FeEPR A - ~ A
spectra of rhombic symmetry, one of which was assumed to H=gpBS+ bgog+ bgoz‘ @
be associated with Bé occupying a Ta' site, and the where for T=300 K, g=2.00, b3=0.440(2) cm?, b2
other, a K site. Quite recently, however, it has been shown=0.196(2) cm® coincide with the values quotdakarlier.
that in actual fact there is only one rhombic®Fecenter, but  The principal axe€ andX of the centers are always oriented
it exhibits strongly temperature-dependent parameters of thalong the(011) directions, and th¥ axis coincides with one
spin Hamiltoniar'. Despite such comprehensive studies ofof the (001) cubic directions of the crystal. There are six
EPR spectra of this center, its local structure remained, newnagnetically nonequivalent rhombic¥Fecenters altogether,
ertheless, unclear. The model proposed eatlismely,  which differ in the direction of their principal axes. As the
Fe" occupying a T&" site with a charge-compensating in- temperature is Ioweredhg and b% decrease substantially to
terstitial ion nearby, did not find experimental confirmation,reach 0.485 cm! and 0.277 cm?, respectively, af=4.2
as this will be shown below. K. The temperature dependenchgs(T) andb% (T) obtained

The present work studies the effect of high-temperaturéy us(Fig. 2) are similar to those reportéeéarlier.

1063-7834/98/40(12)/5/$15.00 1989 © 1998 American Institute of Physics
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FIG. 1. EPR spectra of Bé in KTaO;:
(a) as-grown, (b) after annealing in @
ambient,(c) after annealing in water va-
por. v=9.4 GHz, T=300 K.
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To establish the type of the defects lowering the localsite (Fig. 1b. Repeated anneal of the crystal in an inert en-
symmetry of the F&" ion in KTaO, and acting at the same vironment (Ar or He) restored the original rhombic spec-
time as compensators of its deficient positive charge, we catrum. Annealing the crystals with a rhombic ¥Fein water
ried out a number of high-temperature anneals in Ge, vapor produced still stronger changes in EPR spectra. Al-
and HO ambients. As demonstrated earlisee, e.g., ready after a 2—3-h anneal, the rhombi¢ Fepectrum dis-
Ref. 8), such treatment of crystals has a very strong influenceppeared completely, to be replaced by strong signals of
on impurity charge compensation and permits one thereforee’* -V and cubic F&" in the Ta" site (Fig. 19. Subse-
to test reliably various models of the local structure of para-quent annealing in an inert atmosphere likewise restored the
magnetic centers. The high-temperature annealing of theriginal rhombic spectrum. The above changes i#"FEPR
crystals was carried out at 950—1000 °C for three to six hspectra are displayed schematically in Fig. 3. One can see, in
with a slow (~10 °C/min) cooling and heating of samples. particular, that the total concentration of all°Fecenters
EPR spectra were recorded at 295-300 K. remained practically constant in all crystal treatments, which

Annealing a crystal in the Dambient for five to six h  implies that the only factor that did change was the mecha-
reduced the EPR signal intensity of rhombicFeoy about  nism of iron charge compensation in the lattice. It may be of
two times and brought about the appearance of a stronmpterest to note in this connection that treatment of a crystal
Fe** -V spectrum, which was practically absent before thein a hydrogen ambient results in disappearance of &l Fe
anneal, and of a weak spectrum of cubic Fén the T&" spectra. This behavior of spectra under annealing in hydro-

Annealing time, h
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FIG. 2. Temperature dependence of spin-Hamiltonian parant@&emdbg FIG. 3. Dependence of EPR spectral intensity of Fim KTaO; on anneal-
of rhombic Fé" center in KTaQ. ing in O,, He, and HO ambientsT =300 K.
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yT[ooﬂ remaining four oxygens and the ¥eion itself from their
sites toward new equilibrium positions. Further calculations

made within the Newman superposition model show that it is
this rearrangement in the environment of Feand its dis-
placement that govern the symmetry and magnitude of the
crystal field. The model of Newman was chosen by us be-
cause it is simple and was used extensively in studies of the
behavior of F&" in octahedral structures. It was applied to
advantage before in the investigation of the local structure of
\Uf] iron centers in SrTig,'° BaTiO;,!! PbTi0;,*? and other
crystals.

It is known that the Newman superposition model is
based on a linear summation of contributions due to each
3+ ligand to the quantities]':

Fe
Geygen b= ba(RIKT(6,,01), 2)

FIG. 4. Model of rhombic F& —2V,, center in KTaQ.

whereK[' (6;,¢;) are spherical functions of polar anglés
and ¢. For instance, fon=2

g_en_attests to a change.of the charge state of the iron impu- Kg=£(3 co6-1) and K§=§sin2 0cos2e. (3)
rity itself, rather than of its local environment. 2 2

+L6t us consider to what extent the model of a rhombicrpe el function of distanc® between the paramagnetic
Fe’* center with a positively charged interstitial compensat—ion and a ligandp, (R,), is usually assumed to be a power-
ing ion proposed earlier can be reconciled with the abovqaw function of thg in'ée,ratomic distance
experimental data. Obviously enough, in order to account for =~ -
the spectral changes observed under annealing in oxygen and b,(R;)=b,(R)(Ry/R;)'2, (4)
H,O vapor with this mechanism of compensation of the de- . . . i
ficient Fé* charge one has to assume removal of the chargev-vhere exponert is of the order of eightR, is the origin for

compensating ion from the paramagnetic ion and its subseq'Stance reckoning, and is usually chosen equal/Zo(c is

guent return under annealing in an inert atmosphere. Thl—:he lattice constantandb, (Ry) is a model parameter. The
probability of such a process can be very low, because th4alues oft; andb, (Ro) can be obtained for each type of
KTaO, lattice does not have free channels for transport ofigand and Igttlce structure from an experimental study of the
interstitials. It would be difficult also to explain the rise in ©ffect of axial pressure on EPR spectra. Because these data
Fe¥" —V,, concentration under annealing in®, which usu- ~ are not available for KTaQ) parameteb, (R,) was calcu-
ally drops noticeably in the absence of rhombic3Fe lated by us in the same way this was dtnfer BaTiO;,
centeré. namely, by assuming, (Ry) to behave with distance as in
In our opinion, the consecutive transformation of theEq. (4), and using the parameters obtaitfeir MgO:
rhombic to axial F&" -V to cubic Fé*(Ta*") center un- . . 2.101A) 8
der annealing in oxygen clearly implies its connection with b,(Rg) =b,(2.101 A)| ——| , (5)
oxygen vacancies. It is obvious also that the rhombic sym- Ro
metry of the centeér may be due to the two oxygen vacancieghere
in the vicinity of F€'*, as this is shown schematically in Fig. — _
4. The charge of the Bé—2V, center is not compensated in b, (2101 A= ~0.41225) cm™*,
the crystal lattice, and therefore formation of this defect re-and
quires the presence of impurities with smaller valence than o
Ta>*t, for instance, of Al* or Srf*, and, possibly, of a K Ro=c/2=1.994 A.
vacancy. Applying Egs.(2)—(5) to the rhombic F&" — 2V center with
Annealing in water vapor also changes the compensatiodue account of its geometry shown in Fig. 4, we obtained
mechanism of the deficient & charge. Such annealing is dependences of the spin-Hamiltonian paramehérand bg
knowr? to entail saturation of the crystal by protons bound toon the magnitude and direction of displacement of the oxy-
oxygen in OH molecular groups, which compensate effi- gen ions and of the Pé itself. Some of these relations,
ciently the positive charge deficiency in the lattice due towhich approach closest the experimental valueéngnhnd
their high mobility. As a result, the oxygen vacancies are ndo%, are presented graphically in Fig. 5. As seen from the
longer operative and become filled by the oxygen forming infigure, in order to reconcile the latter with calculations, the
water decomposition on the crystal surface, which leads t&€’* ion should be displaced from the Taposition at the
the transformation of the rhombic Fe-2V, center first to  center of the oxygen octahedron into the quasi-tetrahedron
the trigonal F&" -V, and, finally, to the cubic Pé center. made up by four oxygens, as shown in Fig. 4. Fbr
Formation of two oxygen vacancies near Feshift the =300 K, the displacement =0.25 A. The oxygens near
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near F&" should be axially symmetric relative to th@11]
axis. Obviously enough, the lower rhombic symmetry of a
paramagnetic center in a cubic lattice requires the presence
of two rather than one additional defect. Therefore the model
of a rhombic F&" center in SrTiQ requires refinement.
The rhombic F&" -2V, center in KTaQ is an extended
T=4K defect which has an electric dipole moment in addition to
_____ A\_ T disrupting locally the inversion symmetry. At low tempera-
T=300K tures (T<40 K), the local distortions induced by this defect
I in KTaG; is characterized by a high polarizability and may
\'\ be as large as a few lattice constants, thus giving rise to weak

1.0

06

first-order Raman and second-harmonic light scattering.
\ Consider in this connection some results on second-harmonic
scattering obtainédrecently on Fe-doped KTaQ
\ It was establishéd that Fe doping of KTa@in amounts
\ up to 5,000 ppm does not bring about a noticeable increase
T T T\ in second-harmonic light scattering, as could be expected,
0.010 0.020 0.030 0035 and does not bear out, therefore, the contribution of Fe cen-
4, nm ters to the low-temperature anomalies. In our opinion, this
FIG. 5. Calculated crystal-field parametes and b3 of rhombic F&* result could be d,ue to the low _Concentratlon of low-
center in KTaQ vs off-center F&" displacement. Solid lines correspond to SYmmetry (non-cubig Fe" centers in the samples under
T=4.2 K, and dashed lines, =300 K. Vertical sections identify P& study, because a Fe impurity produces in KFarariety of
displacement foff =4.2 and 300 K. paramagnetic centers of different symmetries. The concen-
tration ratios among these centers depend very strongly on
the doping level and crystal growth technology. As a rule,
the FEé™ ion likewise undergo positional changes. The twothe concentration of low-symmetry iron centg¢fe*" -V,
of them lying on theY axis shift toward one another to a Feé*—0?", F&*-2V,) is small and constitutes 100—200
distanced~0.044 A, whereas the other, by contrast, moveat. ppm only. Their number is determined by the amount of
away through about the same distance. defects compensating the defici¢ektra Fe’* charge, such

The presence of two oxygen vacancies nedrFeakes  as oxygen vacancies and interstitial oxygen. The number of
the position of this ion unstable, which becomes manifest insych defects in crystals grown under proper conditions
a strong variation of the crystal-field parameters with tem-should be small. As a result, the total number of centers
perature (Fig. 2). These temperature-induced variationscapable of locally distorting the cubic symmetry in the pres-
b (T) andb3 (T) can be readily derived by making the®e  ence of an iron impurity may not change compared to their
and oxygen displacements temperature dependent. As showimber in an undoped crystal. Annealing iron-doped KJaO
by calculationsp) depends primarily on the displacement of in a hydrogen environment, as already mentioned, reduces
the oxygens lying on thg001] axis, whereaD$ is deter-  the valence of F¥, and therefore, all other conditions being
mined by movements of both the oxygens and of th&'Fe equal, one should expect in such crystals a smaller number of
itself (Fig. 5). As the temperature decreases, bajtandb5  gefects involving oxygen vacancies and, hence, a lower in-
increase, as does their ratig/b3, which corresponds to in- tensity of second-harmonic scattering, i.e., exactly what was
creasingA andd. observed in the experiment.

This pattern of ionic displacements in the®Fe-2V, Rhombic F&* centers were invoked also to explain the
rhompic center is not in full accqrd with purely ionic Cou- gielectric losses in KTaQatT~40 K (v=1 kHz) 2 The fre-
lomb interactions, because a3P—“e|on.occupy|ng the T&' quency dispersion of the losses was described by the Arrhen-
position carries an effective negaltllve charge and, hence,s |aw with an activation energi,~0.078 eV and a pref-
should be attracted toward the posmve vacawxgy Such_a actor 7,~10"3 571, The dielectric loss peak in crystals
center can apparently be configurationally stable only in th%ontaining rhombic ¥ centers was found to increase. As
presence of strong covalent interactions, and an analysis ofieaqy pointed out, these centers have indeed an electric
its electrgmc structure should preferably be done in terms ijipole moment, but they are static, non-orienting dipoles, at
a more rigorous shell model. least within the 4.2—300 K temperature range, because nei-
ther the EPR line widths nor the spectrum symmetry vary at
these temperatures. It is clear also that reorientation of a

A rhombic F€' center, similar in symmetry, exists in dipole impurity with E,=0.078 eV and To=10"8¥ s,
SrTiO; as well® where it was supposed to be associatedwhich has a magnetic spin moment, would produce a strong
with an interstitial ion(possibly N&) located in thef011]  broadening of EPR spectra alreadylat 100 K. In a general
direction. This model of the center has a number of incon<case, for such a dipole impurity one should expect the values
sistencies, the most significant of them being that the distoref E, and =, derived from dielectric-loss dispersion and
tions introduced by the interstitial ion into the cubic lattice variation of EPR spectra with temperature or frequency to

.
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coincide, as this occurs, for example, for #nin KTaO,
(Ref. 15 and KCI(Ref. 16.

Thus rhombic F&" centers cannot be responsible for
dielectric losses in KTaQat T~40 K, as this was assumed
earlier, and the origin of these losses remains unclear.
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The dielectric permittivity of Ni-doped LiGe;O,5 crystals was studied in the vicinity of the
ferroelectric phase transition. Introduction of Ni has been shown to suppress the dielectric anomaly
and to reduce substantially the transition temperature. A temperature hysteregig)ihas

been observed in nominally pure and Ni-dopedG@&,0,5 crystals near the transition point.
Measurements performed under cooling from the paraphase reveal dispersion of dielectric
permittivity at Debye relaxation frequencies of the order df-4Q0° Hz at T,. It is proposed that

the hysteresis phenomena and the low-frequency dispersion are caused by residual defects

(of the type of random local fielglswhich become polarized in the ferroelectric phase and become
disordered abovéd,. © 1998 American Institute of Physids$51063-783408)01312-4

The Li,O-GeQ system comprises a number of com- only weakly T.. These data fit qualitatively into the above
pounds with interesting physical properties. For instanceideas about the role of Ge and Li ions in the LGO lattice
Li,GeQ; is a pyroelectric crystal, LiGe,Oq is a ferroelectric  rearrangement during the transition.
exhibiting fairly high spontaneous polarization, and
Li,Ge,0O45 is classed among weak ferroelectrics.

Lithium heptagermanate }Ge,0,5 (LGO) crystals un- 1. EXPERIMENTAL RESULTS AND THEIR DISCUSSION
dergo a second-order transitionTgt=283.5 K from a high-

temperature paraelectric to a polar phase, which entails a 1S Work reports on a study of dielectric permittivity of
5 1-3 A Raman and submilli- undoped and Ni-doped LGO crystals in the vicinity Tf.

change in symmetrp3p—C3, e .
meter-range spectroscopic study of lattice vibrations reveale GONi smglg-crystals were grown by pulling from the melt
y the technique described elsewh&teThe crystals ob-

a soft mode responsible for the phase transitid©On the : A : -~
Ponsi P : ._tained with Ni concentrations up to 0.2% were of sufficient

other hand, the Curie-Weiss constant of LGO . . : : ;
- quality to permit measurements of their electrical and optical

very small, and the phase-transition temperature is : :
. : . roperties. The observed crystal coloring suggests that the
observed to increase strongly with hydrostatic pressurg

(~14.2 K/kbar)®® Thus the properties of LGO in the vicin- Impurity enters the LGO lattice are i ions.

itv of T bine feat h teristic of classical disol Plane-parallel samples with a large-area surface oriented
Ity of T, combine features characlenstic ot classical displas, s ma| to the[001] polar axis were prepared for dielectric
cive and order-disorder transitions.

he dielectri L h . ) studies. Platinum electrodes deposited in vacuum allowed
The dielectric permittivityey at the transition poinTc  iajectric permittivity measurements. Within the 273—293 K
exceeds by far the value accounted for by the soft-mod

o ; fhterval, e was measured by the bridge and resonance meth-
contribution; due to the small effective charge of the mode. jyg ot frequencies from 700 Hz to 1 MHz. The rate of tem-
The dielectric dispersion. revealed in thg GHz frequencypermure variation in the cooling and heating runs was
range showed to be dominated by relaxation-type dynam- g 3 k/min. The temperature was stabilized to within

ics.” 0.1K.

A number of studies have dealt with the LGO structure  The results obtained for nominally undoped and Ni-
and its changes induced by the phase transitfshThe  goped LGO crystaléd.1 and 0.2%are presented graphically
framework of the LGO lattice is formed by Gg@ctahedra in Fig. 1a and 1b. We readily see that Ni dopif&) shifts
and GeQ tetrahedra, which share corners. Neutron diffrac-strongly the phase-transition temperat(rg ~37 K per 1%
tion measuremerftS permitted one to assign the Ge@t-  addition, which exceeds substantially the concentration-
rahedron vibrations to an oscillator mode and to relate thénducedT, shifts observed to occur under isovalent substitu-
major contribution to the anomaly in dielectric permittivity tion (Table ) and (b) reduces markedly and washes out the
to Li™ dynamics exhibiting an ordering pattern. dielectric anomalies at the phase transition. For the 0.2%

Essential information on the phase-transition mechanisnimpurity content, several poorly resolved dielectric-permit-
can also be derived from studies of the effects of substitutingivity peaks appear near the Curie temperature, which may
an impurity for the host-lattice atoms. Such investigationsbe due to a nonuniform Ni distribution throughout the crys-
were made on doped LGO crystafs!? It was shown that tal.
isovalent substitution of Gé ions shifts substantially the The temperature dependence of spontaneous polarization
phase-transition temperature, while"Lsubstitution affects P was extracted from dielectric hysteresis loops. Figure 2

1063-7834/98/40(12)/4/$15.00 1994 © 1998 American Institute of Physics
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FIG. 2. Temperature dependences of the spontaneous polarization of LGO
150 b crystals:1 — nominally pure,2 — 0.1%Ni, 3 — 0.2%Ni.
125} 1]
¥ X

measured under cooIin@ﬁ,) and heatingaék',l) of a sample.

It should be stressed that the temperature hysteresis is ob-
served both in nominally pure and on Ni-doped samples.
Therefore there are no grounds to associate the hysteresis
phenomena with the presence of Ni in the LGO lattice. The
dielectric permittivity measurements were carried out on
samples differing in domain structure, its state being derived
from studies of the pyroelectric effect. The results of these
studies suggest that single- and polydomain samples do not
differ in the hysteretic behavior af (T).

FIG. 1. Temperature dependences of the dielectric permittivity of Lo ~ Measurements of the dielectric permittivity made within
crystals:1 — nominally pure,2 — 0.1%Ni, 3 — 0.2%Ni; (a) cooling run,  the 700 Hz—1 MHz range revealed the existence of a consid-
(b) heating run. erable frequency dispersion. Note that this dispersion is con-
nected directly to the hysteresis of(T) and is observed

. o . only in the cooling runs. When measured under heating, the
shows that the saturation polarizati®y decreases slightly coalrse of e (T) d?)es not depend on measuring frequgncy

with increasing impurity content, and its temperature depen\'/vithin the range studied. Therefore we studied the frequency
dence becomes smoother.

dependence of the dielectric peak under coolirfgy. The

A comparison of the relations displayed in Figs. 1 and 2measurements were performed in the following way. The
shows that introduction of Ni suppresses noticeably the static P g way.

dielectric response while affecting much wealy, which sample was maintained at a temperatlge 10 K for 1-2h

is determined by displacements in the Ge-O framework 0{0 reach e_qumbrlum, and only after thﬁ(\:" was measured .
the LGO structure. under cooling at the chosen frequency. The results plotted in

A characteristic feature in the relations is the tempera—F'g' 3 showey, to decrease with increasing frequency. For

ture hysteresis o (T) (Fig. 1b, which manifests itself in frﬁquefnmes ﬁbove 104z, oy approaches n rrafqmtud:é},. .
the difference between the maximum dielectric permittivitiesT us or_bot undoped and Ni-doped cr_ysta s frequency .d's'
persion involves only the part of the dielectric permittivity
Ae (T)=&%(T)—&" (T) which freezes in during the time
TABLE I. Concentration-induced shift of (in K) under isovalent substi- the sample resides in the ferroelectric phase. The frequency
tution. dependence cﬁ,\c,l has a pattern typical of relaxation mecha-
nisms. Unfortunately, the small magnitude of dielectric
losses in the samples did not permit measuring the imaginary
Na —0.24 part of the dielectric permittivity with sufficient accuracy to
?i' :18 permit obtaining additional information on the observed re-
Ni _a7 laxation. As follows from the relations displayed in Fig. 3,
cr ~70 the relaxation times observed in undoped and doped samples
are of about the same order of magnitude; 4610 ° s.

Impurity T, shift per 1%
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FIG. 4. Recovery of the frozen-in part of dielectric permittivity vs delay

FIG. 3. Frequency dependences of the dielectric permitti\fiﬁ()(of LGO )
time at temperaturéd*: (1) T., (2) T.+1K, (3) T;+2.5K, (4) T.+5K.

crystals:1 — nominally pure,2 — 0.1%Ni, 3 — 0.2%Ni.

These data show also that the hysteresis phenomena and & how close the anneal temperatire is to the transition
low-frequency dispersion observed in all samples have thgoint. The experimental values obtained can be fitted by a
same nature, which is not associated directly with the Nipower-law relation Iz=(T* —T.)P with the exponentp
impurity. =0.54+0.03.

As already mentioned, to return a sample to the initial  |n considering the effect of Ni impurity on the phase
state after it had been in the ferroelectric phase it had to bgansition in LGO, we note that the ionic radius of?Niis
annealed above the Curie temperature. To determine the pa:74 A, which should make its substitution byLiwhose
rameters of crystal recovery under annealing in the paraelegonic radius is 0.7 A, highly probable. In this case the
tric phase, the kinetics of variation of dielectric permittivity concentration-induced decreasesait the peak for Ni-doped
with temperature and anneal time were studied. Unfortucrystals can be associated with the influence of impurity ions
nately, it is difficult to perform these experiments in pureon the Li" relaxation dynamics. The pronounced shift of the
form, because the difference between the dielectric permitransition point is apparently connected with Ni being nonis-
tivities measured under heating and cooling is within experiogvalent, which, in accordance with the charge-neutrality
mental error already at.+ 1 K. Taking into account that the principle, produces complex defects of the type impurity-
Ni impurity is not connected directly with the hysteresis jon—excess-charge-compensator. Because Mias a spin
and relaxation effects, we performed measurements omoment, one should not overlook the possibility of identifi-
LGO:Ni (0.199, a composition whose dielectric anomaly cation by EPR of the defect states forming in the lattice.
width permitted reducing the experimental errors connected
with inaccuracies in maintaining the temperature regimes.

The measurements were carried out in the following way. -
The sample was cooled from the equilibrium state through .
the transition and maintained in ferroelectric phaseTat 0.03f
—10 K for 30 min, then was heated {6*=T.+AT and
maintained at this temperature a certain tifwéhich was
increased in each cydleafter which it was cooled, ans,

-
. =

was measured in the process. Measurements were made with £ b.e ¢

different anneal temperaturd®. The results of these mea- E,‘ = y

surements are plotted in Fig. 4. Since reaching the transition W

point under cooling fromr* takes a certain time, the data = 001+

presented in Fig. 4 should be considered only as qualitative.
Nevertheless, the dependencee§f on anneal time can be
fitted fairly well by an exponential, with the recovery timg 0
decreasing with increasin* — T, . The case of annealing at
T* =T, (stabilization of the sample temperature at the tran- R T ———
sition point after a holdup in the ferroelectric phpserre- 0 1 T*-T; K §
sponds to an infinitely long timeg (curvel in Fig. 4). ( e/

Figure 5 plots the dielectric-permittivity recovery time fig. 5. Recovery timer of the frozen-in state vs annealing temperature.
7r Vs (T* —T,). We readily see thatg depends essentially Plotted along the vertical axis is the differens@=T*—T,.
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The anomalous changes of the low-frequency elastic and inelastic properties of single-crystal
(NH,),S0O, accompanying the phase transition from the paraelectric to the ferroelectric

phase have been studied by the reverse torsion-pendulum method at 223 K and in the temperature
region where the spontaneous polarization changes signl993 American Institute of
Physics[S1063-783108)01412-9

It is well known (see, for example, Refs. 1 andl that  long side coincided with one of the crystallographic axes of
ammonium sulfate (NB,SO, at a temperature of the crystal:a, b or ¢ (x, y and z orientation, respectively
T.=223K undergoes a structural phase transition from @ he relative errors of measurir@andQ ! did not exceed 2
high-temperature rhombic 1E—Pnarrb to a low- and 10%, respectively. The temperature was measured by
temperature rhombicG{gU—PnaZ) phase, accompanied by means of a chromel—alumel thermocouple with an error of
the appearance of spontaneous polarization along thes. *=0.2K.

In the ferroelectric phase, the spontaneous polarizafign Figure 1 shows the temperature dependences of the shear
has an unusual temperature dependence: having abruptly apodulus and the internal friction of samples withy andz
peared afl ., upon further cooling, the spontaneous polar-orientation in the neighborhood of the ferroelectric phase
ization, after a brief increase, begins to gradually decreasdransition, recorded in a cooling regime with a rate of 0.2 K/
passes through zero close to a temperature-86K, and min. It can be seen that samples of all three orientations
changes sign below this temperatdfEhe sign change of the demonstrate qualitatively identical behavior in (B€T) and
spontaneous polarization implies a complex phase-transitio® ~(T) dependences. In the paraelectric phase, the moduli
mechanism, associated, for example, with the appearance of elasticity and internal friction are virtually independent of
ferroelectricity in two different sublattices, so that the totaltemperature. At the transition to the ferroelectric phase,
polarization of the crystal depends both on the direction ananoduli G,,G,, andG, sharply decrease in magnitude and,
on the temperature evolution of the spontaneous polarizaas the temperature is reduced further, gradually increase, so
tions of the sublattice$. that the temperature dependences of the moduli of elasticity

The presence of an unusual ferroelectric phase transitiohave minima afl,. Sharp peaks o ! are observed on the
and the appearance of spontaneous-polarization compengamperature dependences of the internal friction, correspond-
tion phenomena associated with it at some temperature béig to the minima of the5(T) dependences. When<T,,
low T, makes ammonium sulfate an interesting object ofthe values of the internal friction are significantly higher and
study among compounds of the family,BX,. the moduli of elasticity are significantly lower than their val-

This paper discusses the structure-sensitive lowues whenT>T,; this is evidence of the appearance of an
frequency elastic and inelastic properties of single-crystaadditional contribution to the low-frequency elastic and in-
(NH,),S0O, in the temperature region that includes bdth  elastic properties of (NF,SO, in the ferroelectric phase.
and the spontaneous-polarization compensation temperature. The existence of significant anomalies of the elastic and

A single crystal of (NH),SO, was grown for the study inelastic properties at the ferroelectric phase transition is
by evaporation at a temperature of 303K from a saturatedather unexpected in the compound (NkS50,. Such
aqueous solution witipH=4. Twice-recrystallized material anomalies could be observed at a ferroelectric phase transi-
was used to prepare the ammonium sulfate solution. tion when a change of the point symmetry results in the

The low-frequency elastishear modulu§&) and inelas- appearance of a shear component or causes the breakdown of
tic (internal friction Q1) properties were measured by the equality of certain components in the elastic-compliance
means of a reverse torsion pendulum at a frequency afatrix. The ferroelectric phase transition in (NEHSO, is
~10 Hz for a strain amplitude of the sample-ofl0 4. The  accompanied only by the appearanceTatof spontaneous-
measurements were made on samples in the form of rectapelarization caused by the cooperative change of the orien-
gular 2x2X18 mm bars oriented in such a way that theirtations, positions, and magnitudes of the distortions of the

1063-7834/98/40(12)/4/$15.00 1998 © 1998 American Institute of Physics
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FIG. 1. Temperature dependences of the shear modaland the internal frictiorib) of single-crystal ammonium sulfate for a sample witfl), y (1), and
z orientation(lll) in the neighborhood of ;=223 K.

SO, groups. The elastic-compliance matricgs, however, existence of polarizatiof?; must lead to strainX,, X, and
have identical form for both the paraelectric phésgmme- X3 (along thea, b and ¢ axes of the unit ce)| associated
try point group mmn) and for the ferroelectric phase With P via the piezoelectric modulis;,gs,,933, and must
(mm2), and it consequently does not seem possible to deesult in the corresponding anomalous changeb atf the
scribe the change of the elastic properties duringrthem  €lastic compliance$,;, S, andS;;. Both the strainy, X
—mm2 phase transition on the basis of an analysis of théndXs and the abrupt change of tt®&,,S;, and S;; com-

behavior of certain components &f; absent in one phase Ponents were actually detected in (NSO, during a ferro-
and appearing in the other. electric phase transition of the first typé.

It must be recalled that the spontaneous polarization ac- /& now take into account that torsional strain was pro-

companying the ferroelectric phase transition can causguced in our experiments, resulting in a complex stressed

strain in the crystal, with this strain having either an electros-State of the sample. In a torsion process, the elastic properties

trictive or a piezoelectric nature. However, the matrices of'¢ chara}ctenzed. by the so-cglled sh_ear.mod(.Husof an
o - : anisotropic material under torsion, which is defined both by
the electrostriction coefficients of crystals of rhombic struc-

ture are identical, and indeed the electrostrictive strain itsel}he corresponding shear components of the elastic compli-

. L ) ance tensor and by a longitudinal component, which charac-
is usually significantly less than the strain caused by th(?erizes the strain of the sample along the torsional %is.

glezor:a lectric feglect..lt IS Icor:s.equentlyt.necefssary(t)o analyzSnalysis of the stressed state of the crystalline rod gives the
€ change ot Ihe pIezOEIEctric properties ol W0, ac- following expression for the inverse value of modufg :®
companying the ferroelectric phase transition. (N$0,

possesses no piezoelectric effect in the paraelectric phase,

whereas there is a piezoelectric effect in the ferroelectric . .

phase, and the matrix of piezoelectric moduj for point Gy (@)=[g-Z-g—-E H(q)], (€]
symmetry group mn2 contains the components

dys,dy4,d3;,d3, anddsg.® Here componentd ;s andd.,, de-

termine the appearance in the crystaRafandP, polariza-  whereq is the unit vector along the axis around which the
tion under the action of a mechanical shear stress, whileorsion of the sample is produce; *(q) is the inverse of
componentsds;,d3, and dz; establish the connection be- Young’s modulus, and is a symmetric material tensor of
tween polarizatiorP;=Pg and the mechanical stresses, = second rank, whose components are determined by the com-
o, and o3 for the direct piezoelectric effect. As a conse- ponents of the elastic compliance tensor according to the rule
quence of the inverse piezoelectric effect, however, the;;=S;y , taking into account the symmetry of the crystal.
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FIG. 2. Temperature dependences of the shear modijlasd the internal frictiorill) of single-crystal ammonium sulfate for a sample wjitarientation in
a broad temperature interved) and in the temperature region where the spontaneous polarization changés.sign

For a rhombic system, tens@rhas the form the shear modulus is lowgsince the sample can be put
1 1 under strain by displacing the grain boundariedative to
St 2555+ ZSSG 0 0 their values in the paraelectric phase. This pattern has indeed
been observed in experiment.
1 1 : . :
0 S ZSee+ 2344 0 ) If our assumption that the low-frequency elastic and in-

elastic properties of (NfJ,SO, in the ferroelectric phase are
associated with spontaneous polarization is valid, it would be
interesting to study the temperature dependenceS ahd

2) Q! close to the temperature of the sign change of the spon-
taneous polarization~85K). The G(T) and Q }(T) de-

Here the diagonal components correspond to the torSiOBendences recorded for the sample wgtiorientation in a

of the crystal around the, y andz axes, respectively. The wide temperature region when it was cooled into the ferro-

elastic properties of the crystal under torsion can CONSEa ectric phase are shown in Fig. 2. It can be seen that, as the

quently depend not only on the shear but also on the Iorlgl'em erature decreases, the internal friction monotonicall
tudinal components§; in Eqg. (1) both in Young’s modulus P ’ y

and in the components of ttensor. decreases, while the shear modulus increases. Upon cooling

It is obvious that the anomalous behavior of the moduli® t.he temperature .Of the sp(')n'.[aneous'-polarization compen-
of elasticity G, ,G, andG, (which in this case are the shear sat.|on region, the internal fl’.IC'[IOI’l beg'”s,to shgrply drop,
moduli of an anisotropic material under torsjoran be de- While the shear modulus begins to rapidly incredsg. 2b),
termined for the (NK),SO, crystal by the corresponding Such beha_wor can be expl_alned by tqklng into account thc_';\t
strain of the sample along they andz directions, caused by the dynamics of the domain boundaries make a substantial
the presence of polarizatidP, via the piezoelectric moduli contribution to the temperature dependenceSaindQ .
031,03, and gzs. Since ammonium sulfate breaks up into At the polarization-compensation temperature=0. The
ferroelectric domains beloW,, torsion of the samples can sample will consequently not break up into domains, and the
displace the domain boundaries. The internal friction musglomain contribution, which provides high values of the in-
then be higher in the ferroelectric phasence a new energy- ternal friction and low values of the shear modulus in the
scattering mechanism appears, associated with vibrations &€rroelectric phase, will be absent.
the domain boundaries in varying mechanical figldghile This work was carried out with the financial support of

1 1
0 0 Szt ZS44+ 2555
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The averaged dielectric, piezoelectric, and elastic constants of thin polycrystalline barium titanate
and lead titanate films are calculated within a modified effective-medium approximation,

which takes fully into account piezoelectric interactions between crystallites. Filmscwith

a-type crystal texture resulting from mechanical interaction with the substrate are

considered when the film becomes ferroelectric under cooling of the heterostructure. The
dependences of the effective material constants of textured films on the residual macroscopic
polarization of a film are described. An analysis is made of the effect of two-

dimensional clamping of a film on a thick substrate on measurements of dielectric and piezoelectric
constants. ©1998 American Institute of Physids$§1063-783%8)01512-3

Material systems, which include thin ferroelectric films tive dielectric, piezoelectric, and elastic constants of thin
grown on metallized substrates, belong to heterostructurgolycrystalline films of two classical ferroelectrics, namely,
with considerable practical potentialThe interest in such BaTiO; and PbTiQ. The calculation is based on the most
systems stems from the high dielectric permittivity and largerigorous formulation of the effective-medium approximation,
piezoelectric coefficients of ferroelectric fillS Experimen- ~ which takes full account of the piezoelectric interaction be-
tal studies of the physical properties of films are mostly dongween crystallites. The calculations are carried out in linear
on polycrystalline samples. This accounts for the renewe@pproximation, which permits one to use for starting data the
interest in theoretical calculations of the effective dielectricexperimental constants of BaTj@nd PbTiQ single crys-
constants and piezoelectric coefficients of polycrystalline fertals (see Sec. 1
roelectrics. We are going to consider two types of crystal structure

Effective material constants of a polycrystal can be corcharacteristic of films, which are induced by external me-
rectly calculated from data on the physical properties of thehanical stresses, viz.) the ¢ texture, where the four-fold
corresponding single crystal by means of the effective2Xes of crystallites forming in the ferroelectric phase during
medium approximation. This method was used previously t&0oling are oriented closest to the surface normal, aritie?
calculate the constants of bulk ferroelectric cerarfiids. & texture, in which the four-fold grain axes deviate by the
Physical properties of a ferroelectric film may differ substan-Minimum possible amount from the plane parallel to the
tially, however, from those of a bulk polycrystal even for film—substrate interfacg. These two textures are typical of the
grains of the same size. The reason for this lies in the meSOMpressive and tensile substrates, respectigely Sec.
chanical interaction between the film and the substrate’V€ Shall study the dependence of the effective constants of

which brings about 2D clamping of the ferroelectric lajfr. textured films on the macroscopic residual polarizafrof

As a first consequence, this clamping should result, in a gerf€ film, under the assumption that a changePinis the

eral case, in texturing of the polycrystalline film in the courseesult of 180° switching of polarization of individual crystal-

of preparation of a heterostructure. Second, the geometrfi€S: which were initially in single-domain state or had a 90°
parameters of the ferroelastic domain structure of graind®yered domain structure stabilized by mechanical clamping

should change, depending on the actual misfit strains be?f the film to the substrate.

tween the film and the substrdte?up to complete suppres-

sion of ferroelectric polydomain formatibhtypical of bulk 1. SELF-CONSISTENT APPROXIMATION OF EFFECTIVE

tetragonal ceramics. And finally, third, the observed dielecT'E#OELECTRIC MEDIUM

tric and piezoelectric responses of a thin polarized film are  We shall limit ourselves to considering polycrystalline

modified by 2D clamping compared to a free polycrystal. films with fine-grained microstructuteln this case the prop-
This has stimulated our present calculation of the effecerties of a polycrystal can be calculated in the model of a

1063-7834/98/40(12)/7/$15.00 2002 © 1998 American Institute of Physics
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material system consisting of a single crystalliga inclu- Cﬁkl . JK=1.273,
sionV) embedded in a homogeneous piezoelectric medium

(matrix). Because we are interested only in the behavior of Corkl €ij, J=1.23; K=4, 1)
our system on the mesoscopic level, which is given by the €, J=4; K=1.23,
grain size, and the macroscopic level, the material properties —&S, JK=4.

of the inclusion will be assumed uniform both for single-
domain grains and in the typical case of a layered 90° strucThen the piezoelectric equations can be recast in a compact
ture with a period much smaller than the grain size. In lineaform Ti;=Ci;x Sk, with the summation running over re-
theory, weak-signal response of crystallites to external facPeated indicegin K from 1 to 4. The equations relating
tors are assumed to be independent of the internal mecharfitressed’; and inductiorD} inside the equivalent inclusion
cal and electric fields usually existing in ferroelectric poly- V* to strains and the electric field can be presented in a
crystals. Therefore the properties of a single crystallite casimilar form
be prescribed through material constants measured or calcu- —« _ .« xt_ <0
| i i : 9= Ciaki (S — Skir) 2
ated in a single-crystal sample. We are going to use here as
starting parameters for the single crystiaiclusions elastic ~ where S}' is the total strain in the inclusiok’* which is
rigidities cIJkl at a constant electric field, p|ezoelectr|c co- equal to the sum of the elastic and inelastic components,
efficientse;,;, and dielectric permltt|V|t|e$ at a constant Si'=—Ef are the components of the total electric fi&t
strain s (i,j.k,/=1,2,3). The matrix constantt:a’*kI , €, insideV* taken with the opposite sigfy, =S +AS;,, and
ande; S should be considered, in their turn, as effectlve mac-S), = —E. We have renormalized here the inelastic strain
roscoplc constants of the polycrystalline material, which ares\¥ and introduced a fictitious electric field® inside the
to be determined by calculation. ellipsoid so as to satisfy the coupled equations

We now assume that the inhomogeneous system consist- 0_
ing of a matrix and an inclusion is subjected to an external 'JK'ASK' e,” E'=0,
eleetromechanical actiorl v_vhich produces in the system ei*klA%JrS_* E0— _ Pio_ 3)
strains S, and an electric fieldg;, and that far from the
inclusionV these fields are uniform and equalSf andE?,  This transformation is valid because the quantitie®?, and
respectively. IfV is ellipsoidal in shape, the strai®g, and E,0 are uniquely determined by Eq8) as linear functions of
the fieldE, inside it will retain their uniformity while differ- components of the polarization vectBf. Accordingly, S
ing from S, and E? .24 The uniform fieldsS, andE, in-  andE; can be introduced in place &} andP? as param-
duced by the external action, as well as the mechanicatters ensuring the equivalence\¢f andV.
stressesT;; and electric inductiorD; inside the inclusion, The fieldsS}| entering Eq.(2) can be calculated from
can be calculated by the equivalent-inclusion approach prdhe expression
posed by Esheldy and generalized recentRito the piezo-

electric case. As shown later, this will permit us to calculate $'+EK'M” @
the effective polycrystalline-film constants we are Iookmgwhere Skimn are the electromechanical tensors of
for. Eshelby”*®for an ellipsoidal piezoelectric inclusion embed-

To find the fields inside an ellipsoidal inhomogeneity  ded in a matrix with the same constaef§, . The quantity
we replace it with an equivalent ellipsod* of the same Skwn is a set of four tensors(corresponding to
initial shape and volume but having material constaif$, K =1,2,3,4), which can be prescribed by the following inte-
e”k, ands S which coincide with those of the matrix. We gral relations
also assume that the inclusisff undergoes an irreversible

uniform strainSY¥ and acquires a constant uniform polariza- . ay@ay z[(223'7+(22)5'%]

tion _PiO in the absence of mechanical stresses and of a depo- “KMn— g4 Ciamn | (2222 +a2Z2+ a2z 3"
larizing field. Because the material constants in the new sys- (5)
tem are everywhere the same, the total elastic and electric

fields here will be equal to a sum of the uniform external a;a,a3 7(22) 34z

i tional fields, which are B | 4o, (©)
fields and of additional fields, which are induced by the po 4 (a2 + a2+ alzd)%?

larization chargep=—divP° on the surface of the inclu-
sion, and by the change of its size and shape as a result of thé&ere the integration is performed over the surfdeof a
inelastic strairS) . Inside the ellipsoidal inclusio* these  unit spherez are components of a unit vectar (z2) 5 is a
additional fields are uniform and can be readily calculated agnatrix inverse to a symmetrical fourth-rank square matrix
functions ofP? and S¥F 151718 (z2; whose elements are z®y;=2zCynZy, and

For the sake of convenience, we use the four-dimena,,a,,az are the ellipsoid semi-axes. Equatiaiig and (6)
sional formulation accepted in the theory of piezo-were constructed under the assumption that the constants of

electricd’~**and introduce the following notation the mediumc},,, are defined in the coordinate frame with
axes parallel to the major axes of the ellipsoid.
The quantitiesSy,, in Eq. (4) should be chosen so as to
T,= Tij, J=1.23, Sa. K=123, preserve the same total strains and electric fields for the

D;, J=4, KI~ —-E, K=4, equivalent inclusio/* and piezoelectric inhomogeneity
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Sk=Sk, . The condition of the strains and electric induction 2. EFFECTIVE MATERIAL CONSTANTS OF TEXTURED
being also the same in the equivalent and initial inclusion$aTiO3 AND PbTiO

(Ti5=T;,) leads us to the relation
The effective piezoelectric-medium approximation has
0 : S .
(Ciski— Cl5)) SEi= — ¢S, - (7) ~ been used by us to calculate the dielectric, piezoelectric, and
elastic constants of thin polycrystalline barium titanédd)
and lead titanat@T) films at room temperature. The starting
data were taken from experimental measurenf®ofselastic
compliancessﬁ- at constant electric field, piezoelectric coef-
ficientsd,; and dielectric permittivities> at constant strain
chmnt (Ciaki— S5k )2k imn] Stn= (€5 — Cis1) S+ ij < . ij
[Clmn (Ciaka = Clowa) Zkamn] Sun = (Ciaa ~ Ciak) Sk (8  made on single-domain BT and PT single crystéide are
going to use in this Section the matrix notation of Vétdgor
permitting one to find the nine unknown parametﬁh of the elastic and piezoelectric constanthese data were used

inclusionV* , which make it equivalent to the inhomogeneity directly to calculate the properties of films with single-
V embedded in an external fief, . domain crystallites, and the elastic rigiditieﬁ and piezo-

We may recall that the self-consistent solution to theelectncEcoefﬁmentsa_ij entering Eqs(1)—(9) were delrzlvgd
problem of effective constants of a polycrystal is sought byfom s;j and d; using the well-known relation$ cjjsji
the method of successive approximatigsee, e.g., Ref.)8 = dik andej;=d;.cy; (i is the Kronecker symbal
In doing this, the constants’, of the matrix are assigned The calculations were performed for a number of model
definite values in each iteration. Accordingly, parameteréjlstrlbutlons of g_ralr)-lat_tlce orientations r_elatlve to the sub-
Sﬁ/m of an equivalent inclusion can be calculated for givenStrate. These _d|str|but|ons were described by means of
external fieldsSZ, numerically by means of the coupled F(f:¢,#) functions of the three Euler angles specifying the
equationg8). This permits one to find from E¢4) the quan-  Orientation of the crystallographic axes in a crystalllte Wlth
tities S, which yield the strain§, and the electric field, respect to the subst_rate frame. The (_jlstr|but|on functions
inside the inhomogeneity (crystallite we have been look- F(6.¢,4) corresponding to the crystalline textures charac-
ing for. Finally, using the piezoelectric equations one carieristic of ferroe_:lectri_c films prepared usually at tempera_tures
readily calculate the stress&g and the electric inductiop; ~ above the Curie poihtwere found based on the following
induced withinV by the external fieldS?, andE? from the ~ considerations. ' . . _ _
found values ofS,; andE2. It was assumed that all grain-lattice orientations in a

We shall limit ourselves in what follows to a consider- forming paraelectric film are equally probable. In this case
ation of polycrystals having grains with equal axes, whichthe film becomes textured in the course of the ferroelectric
can be simulated by spherical inclusiors, €a,=a;). In  transition and is induced by the internal stresses created in
this case the stress@% and the inductiorD; inside a trial ~ the film by the 2D clamping at the substrate. The stressed
crystallite will be functions of only three Euler angles, which state existing in the film directly before the transition de-
specify the grain lattice orientation relative to the matrix Pends primarily on the difference between the thermal-
frame. By calculatingl;; and D; in this system for various expansion coefficients of the paraelectric film and of the sub-
Euler angles and averaging them subsequently over all postrate.(The stresses generated during the film growth on the
sible lattice orientations in the polycryst@ee Sect. 2 one  substrate surface may provide an additional contribution,
can determine the average stresSEs) and average induc- Ref._ 22) If the substrate is an amorphous solid_ or a crystal of
tion (D;) in a polycrystalline material. Having established cubic, tetragonal, or hexagonal symmetry with the surface
further the dependence of these quantities on external fieldderpendicular to the highest-order symmetry axs &xis),
S, andE?, one comes finally to the effective constants ofthen only normal stressek;; and Ty, which are equal in

Substituting Eq.(4) for S| into (7) yields nine coupled
equations

the polycrystal in the form magnitude, will be, on the average, nonzero. In this typical
situation the actual form of the texture will depend only on
the sign of these stresses.
- {c; Syn— S% . o
CEKFM:(CUMH (Ciamn(Swn M“)>_ 9) In a compressed film, spontaneous polarization in a
ISk IS single crystallite should arise along the pseudocubic axis

which is the least misoriented with respect to the substrate
The first term on the right-hand side @) is the result of surface normalthe c texture. This is energetically prefer-
direct averaging of the constardgy, , which can obviously able, because it reduces the elastic energy built up in the
serve as a first approximation to constacfg,. The other  film. (In BT and PT, the lattice is extended along the polar
terms take into account the elastic, electric, and piezoelectriaxis and compressed in transverse directfon#. the effec-
interactions between the crystallites and the surroundingve misfit strain in a heterostructure has a large enough
polycrystalline medium. Their contribution is refined by it- negative value, the resultingtexture will be stabilized un-
erative procedure. To do this, the effective const&@tob-  der further cooling of the filn®
tained in the preceding iteration are used as matrix constants For the same reason, crystallite polarization in a film
Cijk in the subsequent iteration, which permits one to calcuunder tensile stress should align with the pseudocubic axis
late the changeSy,,— Sy, of the external fields in the trial oriented closest to the substrate surféte a texture. Be-
crystallite. cause our analysis is made using linear theory, we assume
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the crystallites in thea texture to transfer to the tetragonal ( 1
state typical of free BT and PT crystals at room ————, 0=6< 0,
temperaturé® Accordingly, we ignore the possibility of a 4m*(1=coss™)
transformation of the stable phase under two-dimensional ex- 1 0* < < 0**
tension of the film'° Fe(6%)=1 872(1—cogp**) = O =O<m—6*,
We can thus assume that the polar-axis orientations of
crystallites in an unpolarized-textured film are distributed 0, 0** < f<m— 6**,
uniformly within two solid angles specified by the inequali- T—0* <0<
ties 0< < #** =arctan/2 and w— 6** < g< (for any ¢ ‘ ’ (10)

and ), where 6 is the angle made by the polar axis of a

single-domain crystallite with the surface normal of the sub ) . o
g Y =arctan/2 in the course of the film polarization. For poled

trate. In th f theetexture, the grain polar will . . o :
S atg . the case o e te t!“l ©, (e grain polar axes films with a texture, the distribution functioR, has the form
be distributed uniformly outside the above solid angles. To

Wwhere the threshold anglé* increases from zero te**

describe the changes in the corresponding distribution func- (0, 0<0<6**, m—O0* <6<,
tionsF. andF, in a film polarized by an external fieHd, we 1

shall use the following simplest model of polarization _— =<6,

switching. Since 90° turns of the spontaneous polarizatiofra( ™) = 4ar’cog*

vector P in crystallites are energetically unfavorable be- 1 ) .

cause of the 2D clamping of the film which stabilizes the W' gr<o<m—6",

initial orientations of the four-fold axes, we shall assume the N (11)

switching to occur only in 180° turns &f;. Neglecting fur- _
ther the effects due to electrostatic interaction among thihere the threshold angle varies frafti* to /2.
crystallites, we shall assume that the polarization in a crys- Equations(10) and (11) were used to calculate the ef-

tallite switches simultaneously throughout the crystallite voI—fec'F'Ve material constant_s Of textured BT and PT films W_'th
: , various degrees of polarization. The latter was characterized
ume as soon as the external fi@ldos r—¢) along its polar

. " : i by the residual macroscopic polarizatiéh determined as
axis has rea(ihed a critical vaIE. Thgn, for a given flgld P = (1 cos 2*)/4(1—cos#™) for the ¢ texture, and as
strengthE>E™*, the P vectors will reorient in all crystallites P, = (cos 2** —cos *)l4cos@** for the a texture. The re-

where the initial deviatior9 of the polar axis from the field gyts of the calculations are presented in Figs. 1-4 and
direction E exceeds the threshold V§|U99*:7T Tables | and Il only for the dielectric permittivities; ™ at
—arccos E*/E). This model yields the following relation constant stresses, piezoelectric coefficiatifs and elastic
for the distribution functiorF; of crystallites in orientation compliancessi’]E, which are usually measured experimen-

in a poled film withc texture: tally. These constants were determined by means of the
relation$’  sfFciF=oy . df =efst®,  and efT=¢}"

+djdick® using the theoretical values o€}"(P,),

el (P;), and si’}S(Pr) calculated from Eq(9). (Numerical

2000 - 120 +-
/ | T
600 - 34 0k &y
- L
1400
*3 =
Y
000
- f
B M
600 1 1 1 1— ! 1 1‘1
g 0.4 0.8 0 0.4 0.8
8/% a/R

FIG. 1. Theoretical dielectric constant§ ™ of a c-textured BT filmvs FIG. 2. Theoretical permittivities? " of a c-textured PT filmvs residual
normalized residual polarizatioR, /Ps. The curve labeled:%! (P, /Pg) film polarization. The curve labeleg; illustrates the observed dielectric
describes the effective film permittivity measured in a standard experiment.esponse of the film.
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the effective piezoresponse of the film observed in a standard measuremegiezoresponse of the film.
procedure.
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The results obtained foa-type films may need refine-
calculations made by successive approximations require ument, however, because they describe an ensemble of single-
to 15-20 iterations to reach a self-consistent result. domain crystallites whereas, for the grain whose four-fold

Turning now to a discussion of the results obtained, weaxis oriented parallel to the surface of an extending substrate
note first of all that the material properties of textured filmscrystallite, twinning is energetically preferabfe?*?In con-
are naturally anisotropic. The degree of anisotropy is particunection with, this we have calculated material constants for a
larly large for the dielectric properties of BT films because ofmodel polydomaina texture, where all crystallites have a
single-crystal BT having a large ratio;;/e33~16.2° The layered 90°-domain structure. It was assumed that the trans-
anisotropy depends on the type of crystalline texture anderse dimensions of all 90° domains are the same and small
manifests itself stronger ia-textured films. In contrast to BT compared to grain size, and that the domain walls are fixed.
films, PT films exhibit a considerable anisotropy in elasticWe used as starting data the theoretical values of the effec-
properties, because for this single crysﬂ%svsi%&zo tive material constants for polydomain crystallites, which

As seen from Tables | and Il, the dielectric permittivity characterize the response of a crystallite as a whole to exter-
&34 of c-textured films grows substantially with polarization, nal actions. These constants were calculated by the domain-
whereas ira-type films all dielectric constants remain prac- structure averaging procedéfaising experimental valugs
tically unchanged. Note also that théaT(Pr) relation ex- on single-domain tetragonal BT and PT crystals. The matri-
hibits a certain nonlinearitgFigs. 1 and 2 The piezoelectric ces obtained by this averaging procedure relate already to the
coefficientsdf’ of c-textured films increase in absolute mag- rhombic rather than tetragonal crystal symmetry. Under
nitude practically linearly with residual polarizatid? (see these conditions it appears reasonable to describe the texture
Figs. 3 and 4 and the maximum polarization-induced valuesby prescribing the grain distribution in orientation of the
of di’] reached in these films turn out to be substantiallytwinning axis, which is perpendicular to the four-fold axes in
larger than those in films with theetexture(Tables | and ). domains of both types, and in orientation of the polar grain
The weaker effect of polarization on the dielectric and piezo-axis, along which its mean polarization vector is directed.
electric constants od-textured films is due primarily to the Obviously enough, in the course of domain-structure for-
fact that 180° switching produces a much smaller maximummation the twinning axis of a grain in a film fixed to an
polarization ina-textured films P,/P;=0.29) than it does extended substrate will be the pseudocubic axis which is the
in films with c texture @, /Ps=0.8). least misoriented with respect to the substrate norfinah

TABLE |. Effective dielectric permittivities /e, piezoelectric coe’rficientdi*j (in pm/V), and elastic compliancﬁE (in 1072 GPa'l) of polycrystalline
barium titanate films.

Film el1 £33 el dis da; das dis shy st Sts S5 S St
c-texture,P, =0 1793 701 701 0 0 0 0 523 -1.93 —2.19 6.68 17.3 14.3
c-texture,P,=0.7P 1933 829 694 252 —45.4 114 53.5 5.33 -1.87 —2.33 6.92 19.9 14.4
a-texture,P,=0 1089 2032 2032 0 0 0 0 6.29 —2.31 —2.2 5.34 15.2 17.21
a-texture,P,=0.29P 1082 2080 1995 38.6 —38.6 81.9 38.9 6.31 -23 —2.23 5.40 153 17.23

Twinned a-texture,P, =0 894 1513 1513 0 0 0 0 6.25 —226 —2.11 5.32 16.6 17
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TABLE II. Effective dielectric permittivitiess}; /e, piezoelectric coefficientsi*j (in pm/V), and elastic compliancsﬁE (in 1072 GPa'l) of polycrystalline
lead titanate films.

Film el1 £33 el dis da das dis sh st st S5 S St
c-texture,P,=0 107 74 74 0 0 0 0 478 —1.45 -1.34 8.37 16.0 12.46
c-texture,P,=0.7P 116 93 91 51.3 -48 50.2 46.2 480 -—-1.43 —1.40 9.10 16.8 12.45
a-texture,P, =0 87 113 113 0 0 0 0 6.77 —1.30 -1.53 4.57 135 16.13
a-texture,P,=0.29P¢ 88 115 115 16.7 —0.56 12.8 12.5 6.78 —1.29 —-1.54 4.63 13.6 16.14
Twinneda texture,P, =0 82 101 101 0 0 0 0 7.14 -0.32 —1.10 4.83 14.6 14.9

structural transition, the lattice can undergo only compresfilm, and in BT films with a large residual polarizatiomgg
sive strain along the twinning ajisOne may therefore as- turns out to be even smaller than that in an unpolarized film
sume that the crystallite twinning axes in an unpolarized film(Fig. 1, Table J.
with polydomaina texture will be oriented uniformly within The observed piezoelectric response of a thin film should
two solid angles given by the inequalities<@< 0** differ also from that of the corresponding bulk samffle.
=arctan/2 andw— 0** < @<, whered is now the angle When studying the inverse piezoelectric effect, this is due to
between the twinning axis and the substrate normal. As foan electric-field-induced change in internal stresses in the
the polar axes of the crystallites, they should be uniformlyfilm. One can readily show that the effective film piezoelec-
distributed in all directions compatible with the given tric coefficientdggf, which has recently become a subject of
twinning-axis orientation. intensive investigatioR’?® can be calculated within our ap-
We used the corresponding distribution function to cal-proach asi=e%/c%s. Calculations ofd%] show that 2D
culate the effective constants of an unpolarized film withclamping of a film brings about a decrease of its piezoelectric
polydomaina texture. The results obtainédee Tables | and coefficient compared to the theoretical valuelgf (see Figs.
II) show that grain twinning practically does not affect the3 and 4 and Tables | and)}Iso that in BT films, for instance,
elastic compliances;;® of BT and PT films. At the same d%; may differ by more than two times from,.
time this process may reduce substantially the transverse di- Support of Volkswagen StiftungGrant 1/71644 is
electric permittivitys%; of the film, as this is seen for a BT gratefully acknowledged.
film (Table .
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This paper presents a calculation of the defect vibrations induced in a ZnO : Ni crystal by the

Ni*2 impurity. The computations are done by a recursive method in the shell model.

Based on the model calculations, the vibronic structure in the absorption spectra of the intracenter
d—d transitions in the ZnO: Ni crystal is interpreted. 98 American Institute of
Physics[S1063-783®8)01612-9

Crystals of zinc oxide ZnO doped with impurities of the the shell model. In this phenomenological model, the ion—
3d transition metals are widely used in various areas of techion, ion—shell, and shell-shell interaction potentigj(r) is
nology because of the features of some of their chemical ancepresented by a sum of short-randg(r) and long-range
physical properties. The study of the vibrational properties ofCoulomb terms,
these crystals is of special interest. Extensive experimental _
material has been accumulated on the vibrational spectra of Ui (N =V () +ZiZ; /v @)

ZnO crystals with impurities of the®elements-? However,  in which, when writing the Coulomb part, it is assumed that
the experimental data do not always make it possible tdhe ions are points and that their charges are constant. The
study in detail the change of the phonon spectrum when ahort-range par¥;;(r) consists of the Born—Mayer term,
defect is introduced into the crystal. Numerical methods thatwhich describes the repulsion of the ions because of overlap
depend on definite theoretical models must be used. Thef their electron shells, and a term responsible for the
most promising method for studying the vibrational proper-dipole—dipole interaction of the ions:

ties of crystals with defects is the recursive method of Ref. 3. _ 6

This has proven to be one of the few suitable methods for Vij(r) = A exp(=r/pi)) = Cj; I, @)
modelling the lattice dynamics of ionic crystals in which awhere subscripts and j number the ions and the shells,
substantial role is played by the long-range Coulomb interwhich lie at a distance from each other, and; ,p;;, and
action with charged defects. Calculations by this method ofC;; are constants of the interaction potential that depend on
the vibrational spectrum of certain defect crystals with ionicthe type of ion.

bonding have been reported in a number of pafers. For the ZnO crystal, the parametés,p;; , andC;;, as

The goals of this paper are to model the vibrational specwell as the charges of the shells and the coupling constants
trum of the ionic—covalent crystal ZnO with a nickel impu- of the nucleus and the shell, are given in Ref. 9. The param-
rity Ni 2 (3d®) in a neutral state relative to the crystal lattice eters of the short-range part of the interaction potential
and to use this calculation as a basis for interpreting th&/;;(r) in that paper were fitted to the elastic constants and
vibronic structure of the zero-phonon line of the following permittivity. In doing so, the stability of the ZnO crystal was
intracenter d—d transitions: A;—3T,(F)—A;—3T,(P), determined for the case in which it has cubic structure. The
A —ST(F)—E—=3T((P),2® A;—°T,(F)—A;—3T,(F), results of our calculations of the dispersion curves for a num-
andA;— 3T, (F)—E—3T,(F). ber of highly symmetrical directions of the Brillouin zone on
the basis of these parameters showed that it was impossible
to use them in further theoretical calculations, since the be-
havior of the acoustic and optical branches qualitatively dif-

The essential problem in modelling the structure and latfers from the experimental dataln this paper, we used an
tice dynamics of crystals with impurities is to correctly de- approach in which the parametets; ,p;;, and Cj; in the
scribe the interaction not only between the ions of the crystaZnO crystal were determined on the basis of the known
matrix but also between the impurity and the other ions ofshort-range potential for a pair of ions with a similar electron
the crystal. Because of the complexity of this problem, arstructure, namely nickel i and oxygen O? ions. Starting
approach is widely used in practical calculations for the ox{from different sets of parameters of the short-range potential,
ides of many elemerfts'® in which it is assumed that the presented in Refs. 8—10 for the NiO crystal, and fitting the
interaction between the ions is pairwise and central, whilgesults of the calculation to the experimental frequencies in
the polarizability of the ions is taken into account by usinghigh-symmetry directions of the Brillouin zone, we obtained

1. TECHNIQUE AND RESULTS OF CALCULATIONS

1063-7834/98/40(12)/4/$15.00 2009 © 1998 American Institute of Physics
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TABLE |. Parameters of the interionic interaction potentials in ZnO. TABLE Il. Parameters of the shell model for a ZnO crystal.
Interacting ions Ajj . eV pij . A Cj,ev-A-® lon Charge of shellje| Coupling constant, eMA ~6
Zn*2-7Zn*? 890 0.3 0 Zn*? 3.7492 116.40
Zn*2-07?2 1934 0.2792 0 02 —2.9345 51.78
02-0? 88760 0.149 0

a set of paramete§able ) that gives a good description of comes from local vibrations of definite symmetry, which are
the dispersion curves for the ZnO crystglg. 1). We should  characterized by the symmetrized local densities of states
point out that, when the parametekg ,p;;, andC;; (Table  (SLDS) of the phonons. In the recursive method, the diago-
), the charges of the shells, and the coupling constantfal elements of the Green’s function, associated with the
(Table 1) were chosen, the stability of the crystal lattice dynamic matrix of an ion cluster in real space, are used to
relative to the lattice parametess=3.25A andc=5.21A  cajculate the SLDS of the phonons. The accuracy with which
was taken into account in terms of the method of moleculathe SLDS of the phonons is calculated in the recursive
statics:? method is determined by the size of the cluster under con-
It is well known that zinc oxide crystallizes in the hex- sideration. A study of the phonon spectrum by the recursive
agonal wurtzite structure with four ions in the primitive cell method in the rigid-ion model showed that, when the Cou-
and is characterized by a space group of symmefly. Its  |omb long-range interaction is explicitly taken into account,
phonon spectrum consists of nine optical and three acoustitie necessary accuracy of the calculations is achieved for a
branches, which, when the wave vectpis zero, are classi- cluster made up of 1000-1500 ions. In the shell model,
fied in four types:A;, By, E;, andE,, determined by the computer-time expenditures substantially increase when the
irreducible representations of space gradj, . The vibra-  computations involve a dynamic matrix. The technology of
tions of symmetryB; are inactive in the Raman spectrum sparse matrices currently makes it possible to consider clus-
and the IR absorption spectrum. The vibration of t¥eis  ters of up to 1000 ions.
active only in the Raman spectrum. A vibration of tyfg, When a Ni 2 impurity is introduced into the ZnO crys-
polarized along the hexagon@laxis, and a vibration of type  tal, the crystal vibrational states that show up in actual pro-
E1, polarized perpendicular to tf@axis, are observed in the cesses are distorted. The defect has a substantial influence on
IR absorption and Raman spectra. The phonon branches gfe motion of the nearest-neighbor ions. Because of this, the
the optical dipole vibrations that transform as a polar vectoinest significant information concerning the vibrations of a
under symmetry operations and are active in the IR absorgrystal with a defect comes from the SLDS of the phonons,
tion spectra split because of interaction with the electrostatigrojected onto the region made up of the first coordination
Coulomb field into longitudinal (O) and transverseT(O).  spherg(C9). The Ni*? impurity that replaces the Zif ion in
It can be seen from Fig. 1 that the calculated-TO split-  the ZnO crystal breaks the translational symmetry, and the
ting is somewhat different from the experimentally observedyoint group of the positional symmetry of the impurity
value. (groupCs;,) must be taken into account when describing the
When physical processes that occur with the participavibrations. The 15-dimensional vibrational representation of
tion of phonons are being interpreted, important informationthe defect region that includes the first CS breaks up into
irreducible representations of point groQg, :

r M r A I'(15)=4A,+A,+5E. 3

20

Choosing the basis vector of the irreducible representa-
tion, obtained by the standard methods of group theory, for
the initial vector, we calculate by the recursive method the
SLDS of the given symmetry/ for an ideal crystaIG?(v),
or for a defect crystalGr(v). The maxima in theGr(v)

170 | A spectrum that do not coincide with the featuresGﬂ(v)
- determine the vibrations of symmetfyinduced by the Ni?
impurity in ZnO.

The static distortion of the crystal field by the Niim-
purity was computed in the approximation of the method of
molecular statics. The calculations showed that the shift of
the equilibrium position of the nearest neighbors of the
nickel is very insignificant and can be neglected. This is
0.18 0_',' 0 0.'4 0.8 explained by the similarity in the behavior of the short-range

328/ pnes part of the interaction potential for Z& and Ni*2 ions in a
» ZnO crystal and consequently by the small difference of the
FIG. 1. Results of the calculation of the dispersion curves for a ZnO crystaiMatrices of the force constants for the given ions used in the
The squares show the experimental vaftfes. method of molecular statics.

v,THz

A,
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0.061 on the density of the phonon states of a crystal with an im-

purity. Moreover, limitations determined from well-known

selection rules are imposed on an intracenter transition.
For ZnO: Ni*? crystals, the low-temperature absorption

—_3 ,:'2 spectra for intracentedi—d transitions of typeA; —3T,(F)
— N2 —A;—3T,(P) andA,—3T,(F)—E—>3T,(P) are shown in

Refs. 2 and 6, and those for transitions of typg—>T,(F)
—A;—3T,(F) and A;—3T,(F)—~E—3T,(F) are given in
Ref. 7. The presence of such transitions is caused by splitting
of the 3F and3P states of the free N ion by a tetrahedral
crystal field of symmetryTd. The resulting states are di-
vided by spin—orbit coupling into a series of energy levels
that in turn, under the action of the actual trigonal fi€lg], ,
are again split into sublevels of definite symmetry. The
\ ground state from which transitions occur for a'Rlion in a
. 12 16 ZnO crystal is theA, —3T,(F) state; at liquid-helium tem-
v, THz peratures, only the zeroth vibrational level is occupied in it .
If the radiation that interacts with the vibronic state and
FIG. 2. SLDS of the vibrations projected onto a displacement of ype- produces the vibronic transition haspolarization, i.e., if it
symmetry of a Zi* ion in a ZnO crystalsolid curve and a Nf*ionin g yolarized in the orientatiof|C (whereE is the electric
ZnO: Ni*2 (dashed cunje o S
vector of the radiation the electric dipole moment operator
transforms according to irreducible representation For
The technigue described above was used to calculate thradiation witho polarization EL C), the electric dipole mo-
SLDS of phonons with symmeti,, A, andE. Figure 2, for ment operator that determines the transition probability
example, shows the calculated SLDS of the vibrations protransforms according to an irreducible representation of type
jected onto the displacement of symmefvyof the Zn*2 ion E. In this case, according to the selection rule, states of sym-
in a ZnO crystal and of the N ion in ZnO :Ni*2. It can be metry A; andE can be dipole-active. A, — A, transition
seen that two resonance vibrations appear at frequencigs then allowed forsr-polarized radiation, whiled;—E is
vni(A1)=2.8 and 6.8 THz in which the impurity itself par- allowed for o-polarized radiation. Moreover, for an intrac-
ticipates. The calculations do not predict the existence oénter transition of typé\; —A,, the zero-phonon line is ac-
defect vibrations of typé\; in which the impurity is at rest. companied by a phonon sideband consisting of vibrations of
A; symmetry. With a transition of typ&;—E, a vibration
2. DISCUSSION OF THE RESULTS of E symmetry contributes to the creation of the vibrational
satellite.
Reference 7 shows the absorption spectra of a ZnO
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When a nickel impurity is introduced into the ZnO lat-
tice, a perturbation responsible for the distortion of the crys- . > - 3
tal lattice appears. This perturbation can be represented by &St 3doped with N*|3 for the tr%nsmonsAl—. Ta(F)
set of phonons with which the electronic ground state of the~ A1~ " T2(F) andA; =T, (F)—E—"T5(F). The intensity

impurity interacts. The symmetry of these vibrations is de-Of the vibrational background is insignificant in these spec-

termined by the irreducible representations present in the ddf@- Strengthening of the structure of the spectrum associated
composition of the symmetrized product of the irreducibleWith vibrations of typeA, is observed in the region of fre-
representatiofil"2] according to which the wave function of duencies 3.1, 7.4, and 16.4 THz, while that associated with
the electronic ground statey) transforms under symmetry YPEE vibrations is observed around 4.8, 14.4, 16.4 THz. A
operations. For NiZ in a ZnO crystal, the ground state of the "gorous analysis of the vibronic satellites is difficult in this
d® configuration isA,. Therefore, the change of the equilib- case. However, it can be noted that maxima close to these
rium positions of the ions when a N impurity in the frequencies are present in the calcula@g(v) spectra for
ground state is present in the ZnO crystal is associated witfhe corresponding symmetriésg (Fig. 3) andE.
vibrations of symmetryA;. A more detailed interpretation can be carried out for ab-
The study of optical transitions in which phonons par-Sorption spectra involving the transitiongy, —3T,(F)
ticipate provides an understanding of the actual picture of the>A;—>T1(P) and A;—3T;(F)—E—3T,(P).° The vibra-
internal interaction processes of radiation with matter. Intrational background of the spectra possesses a rich structure.
center transitions between the impurity levels are possible ifable Il shows the frequencies corresponding to the posi-
a ZnO: Ni*2 crystal. The zero-phonon line of such a transi-tions of the most intense peaks. This table also gives the
tion is accompanied by vibrational satellites caused by thérequencies of the positions of the features in the calculated
emission of a phonon due to electron—phonon interactionG(») spectra of the SLDS for vibrations of symmetfy
The intensity of these satellites depends on the square of tlend E. Good correlation is observed between the frequen-
matrix element of the perturbation operafathat translates cies. It can be asserted that the two lines in the vibronic
the system from one electron st&# to another b), on the  structure determined by vibrations of symmegy, at fre-
value of the electron—phonon coupling of the transition, andjuencies 3.2 and 7.0 THz, are caused by the interaction of
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FIG. 3. Calculated SLDS of vibrations of symmetty projected onto the
defect region bounded by the first CS for a ZnO *Rerystal.

resonance vibrations of the Ni impurity with the electronic

A. N. Kislov and V. G. Mazurenko

non states of an ideal ZnO crystal. The analysis of the vibra-
tional background of the zero-phonon line makes it possible
to assert that its structure qualitatively reflects the form of
the SLDS of the phonons, obtained in numerical calculations
for a crystal with a defect.

The calculations carried out here for defect vibrations of
various symmetries for zinc oxide ZnO doped with nickel
Ni*2 have thus made it possible to connect the observed
vibronic peaks in the spectrum of the intracenter transitions
with the vibrational spectrum of ZnO : Nf. In analyzing the
vibronic peaks, such an approach is more correct than an
approach in which the analysis of the experimental data is
based on information concerning the vibrational spectrum of
an ideal crystal and neglects the appearance of defect vibra-
tions induced by the impurity.

The authors express their gratitude to A. N. Varaksin for
checking the stability of the ZnO crystals with the param-
eters of the potentials of the interionic interaction used in the
calculations.
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transition. The interpretation of the other lines is analogous

to the interpretation of those in Ref. 6, where the position of

the lines was compared with the position of the critical “E-mail: ank@dpt.ustu.ru
points of the dispersion curves at the frequency of whicha——
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The initiating action of continuous heating on structural remodeling in Ag 3ASS 5 crystals
I. M. Shmyt'ko,*) N. S. Afonikova, and N. A. Dorokhova
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Russia
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The effect of continuous heating on the characteristics of phase transformations in proustite
(Ag3AsS;) is established. It is shown that continuous heating, like continuous cooling, stimulates
structural remodeling, in this case reducing the temperature of the known phase transitions.

© 1998 American Institute of Physids$1063-783#8)01712-3

Phase transformations in crystals are usually studietics of these and other compounds are also necessary. The
with the experimental conditions as close as possible to equanomalous influence of continuous heating on phase transi-
librium. Special attention in this case is paid to thermallytions was noted in crystals of gadolinium molybdate and lead
stabilizing the sample and eliminating temperature gradientsrthophosphat&1® for which a significant reduction of
since the latter produce macroscopic mechanical strains iwas observed when the temperature was rapidly increased. In
the crystals and consequently change the temperature or blthis case, the interpretation of the reductioriTgfwas based
the phase transitions. However, structural effects are freen the assumption that the experiment was carried out under
quently observed that appear as the temperature changes amghequilibrium conditions. The authors explained the reduc-
that cannot always be explained by the action of macroscopitton of the transformation temperature in the gadolinium mo-
strains or relaxation processes during the transition to a nelybdate, which is ferroelastic, as the result of the appearance
equilibrium state. In this respect, it is interesting to studyof tensile stresses in the sample because of inhomogeneous
structural processes during continuous cooling and heatingheating.

Incommensurately modulated phases are especially sen- Since, in the case of modulated systems, the anomalies
sitive to temperature changes. They show changes in the bef the physical properties involved incompleteness of the
havior of the wave vector, the refractive index, the permit-relaxation processes in the defect subsystem of the crystal
tivity, the global hysteresis characteristics, etc., depending oAnd manifestations of the pinning of modulations on these
the history of the sample and the path over which the temdefects, the setup of the experiments becomes the determin-
perature is varied in the region of the phase transittons. ing factor, with the heating being carried out from a low-
The resulting anomalies have been associated with the ifeémperature phase in which the heterophase fluctuations of
completeness of the relaxation processes in the defect sutile modulated phases are temperature-suppressed. Such a
system of the crystal and with manifestations of the pinnings€tup prevents the pinning of fluctuations of the incommen-
of modulations on these defects. surate phase at the defects, and the initiating effect, if there is

The effect of a continuous temperature variation on thesuch a thing, must appear in pure form.
structural characteristics of crystals containing incommensu-  The influence of continuous heating on the characteris-
rately modulated phases was first systematically studied ofics of phase transitions in crystals with incommensurate
proustite crystals in our papets® It was established that, Phases was studied for this paper, using as an example prous-
when the samples are continuously cooled, the temperaturdiée, which has three phase transitions: normal phasén-
of all three phase transitions known for this material in-commensurate phase at 60K, incommensurately modulated
crease, the more so, the higher the cooling rate. The initiating> commensurately modulated at 48—50 K, commensurately
action of continuous cooling was later confirmed on crystalgnodulated < ferroelectric phase at 28-30K. The phase
of thiourea (SC(NH)),, Rb,ZnCl,, and TMA-ZnCl, (the transition at 60K is a second-order phase transition, while
A,BX, family), which also contain incommensurately the phase transitions at 48—50K and 28—-38K are first-order
modulated phas€< It was also shown that the initiating Phase transitions. The same samples on which experiments
action of cooling is associated neither with mechanicawere done on the influence of continuous cooling were used
stresses caused by a temperature gradient in the sample diere. The heating from the low-temperature phase was car-
ing cooling, nor with changes in the electron subsystem, nofied out from liquid-helium temperatures, at which fluctua-
with a change of the dielectrigyroelectrid characteristics, tions of the modulated phases are energetically of low prob-
nor with any other known factors. However, these results ar@bility.
still insufficient for the detected effect of the induction of
structural transformations by continuous temperature variai
tion to be regarded as a new physical phenomenon. To round
out the picture of the physical phenomenon, studies of the Thin chips of proustite X 1X0.02 mm, with the surface
influence of continuous heating on the structural characterissf the chip parallel to th€10.1) plane, were studied. The

EXPERIMENTAL TECHNIQUE
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b constructing the main characteristics of the process. When

| the interval of the temperature variation was laffpe 4.2 to
120-140K, for example the estimated heating rate was
taken as the temperature difference of the beginning and end
of the heating, divided by the heating time. However, the

20

15

[ll|]_[‘llillllllll

g |
- | estimated rates of temperature variation were not used to
* construct the dependences of the transformation characteris-
_5.'; 10 ] tics, but were used only to qualitatively confirm the pro-
"'g, l cesses as they occurred.
3 I It should be especially pointed out that, before beginning
g 5 each temperature experiment, the sample was held at the
] I beginning temperature of the heatiigooling for a long
| time, in order to ensure relaxation of possible diffusion pro-
0 i | cesses with characteristic times comparable with the time for
| | one heatingcooling cycle.
40 B a i | 2. EXPERIMENTAL RESULTS AND DISCUSSION

Before carrying out experiments with continuous heat-
ing, we made certain, as befdtaghat continuous cooling
YNV T W W S e nl N S BT IE RA RSN increaseqd . above the equilibrium value. For example, when

6 ) 72 7% the crystal is cooled from a temperature of 35K from the

Time , min commensurately modulated phaB8, to the ferroelectric
FIG. 1. Temperature variatiof® and the corresponding intensity variation phaseCc at a rate of 20.9 K/minjl'c increases by 3.8 de-
of the (- 60.6) Bragg reflectiortb) for one of the experiments. grees. It should be pointed out that no pinning of the modu-
lation can explain the increase @t in this case, since it
would reduce and not increa3eg, just as in the case of the
experiments were run on a DRON-4 x-ray diffractometer,"“instrumental effect,” in which the temperature of the
which we automated to allow the temperature and thesample does not go beyond the temperature of the coolant
diffracted-beam intensity to be simultaneously recordedsapor.
while the temperature was continuously varied. The crystals With continuous heating, a decrease of the transition
were placed in the well of a liquid-helium cryostat that madetemperaturd . oDy comparison with the equilibrium value
it possible to continuously heat the sample at an adjustabl& ., is observed,; i.e., like continuous cooling, continuous
rate. The heating rate was varied by varying the current omeating stimulates in proustite crystals phase transformations
the helium-vapor heater in the well of the cryostat. The tem+hat result in an earlier transformation from the low tempera-
perature was measured with a thermocouple whose cold ertdre Cc phase to the modulatd@3c phase. The dependence
was placed next to the sample, while the second end was af (T¢ hear Tceqd ON the heating rate is shown in Fig. 2a. It
0°C. The diameter of the welded ball was 0.5-0.7mm. can be seen from this figure that, as the heating rate in-

The structural state of the crystal was analyzed from thereases, the reduction af, first increases and then, begin-
temperature dependence of the peak intensity of the ning with a rate of 8—10 K/min, decreases.

(—60.6) Bragg reflection. To do this, the detector of the = The decrease of the inducing action of heating at high
diffractometer was adjusted to the position of the reflectiorheating rates has, in our opinion, the following explanation.
close to the phase transition in the high-temperatardow-  To make a transition into a new phase state, nucleation cen-
temperature phase and remained fixed during the heatingters must be formed. In the case of ordering-type phase tran-
When the phase-transition temperatufe (~30K) is  sitions, which we are dealing with hetetheir formation
reached, because of the sharp change of the ceikquires a definite time. If the heatifigooling) rate is large,
parameters! a misadjustment of the sample from the exactwhile the temperature-variation interval from the beginning
Bragg position occurs, and consequently there is an abrumf the heating tol;, as in our case, is small, a number of
change of the intensity of the Bragg reflection. This jumpnucleation centers of the new phase state sufficient for the
served as a reference point for measurflngn experiments  phase transition either simply cannot form in the time of the
with continuous heating. As an example, Fig. 1 shows howtemperature variatiofiand the structural remodeling occurs
the temperature and the intensity of the Bragg reflection varat the usual temperatyrer forms close to the equilibriurfi.

ied in one of the experiments. The jump in the intensity of(and then the effect of the stimulating action of continuous
the Bragg reflection corresponds to the phase-transition tenieating is less pronouncedhis conclusion is supported by
peratureT.. the observed dependence of the effect on the initial tempera-

With rapid heating(cooling), it was not always possible ture for a constant heating raf€ig. 2b). It can be seen that
to keep the rate of temperature variati@hl{dt) constant. In  the closer the temperature of the beginning of the heating is
this case, the method of least squares was used to make BNT ¢y, the smaller is the decrease f o This result of
estimate of the mean heating rate, which was then used ia decrease of the effect at high rates also repudiates the non-
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FIG. 2. Shift of T; (T hear Tceqd VS heating ratga) and vs the starting }g/ecay time of heat-stimulated metastable states.

temperature of heating with a constant sample-heating rate equal to 9.3
min (b).

phase transitions. These results do not provide an explana-

equilibrium heating mechanism, as we mentioned above. Théon of the nature of this action. Since all the preceding ex-
opposite phenomenon would be observed in that case: THeeriments were done on crystals containing modulated com-
higher the heating rate, the larger the effect would be. mensurate and incommensurate phases in definite

Heat-stimulated structural states are unstable and retui@mperature regions, it is hoped that the nature of the stimu-
to the initial low-temperatur€, phase after some character- lating action of continuous temperature variation on the char-
istic time (several minutes As an example, Fig. 3 shows the acteristics of phase transitions can be explained by carrying
temperature and structural path of an experiment in whichput similar studies on crystals that do not contain modulated
immediately after a heating-initiated phase transition, thephases but that undergo phase transformations of the order-
sample was temperature-stabiliz@de horizontal section on ing and shift type.
the dependence of the thermocouple readinigsan be seen
from this figure that the crystal returns to the original low-
temperature phase in 16 mih. 60

Continuous heating, like continuous cooling, not only
stimulates theCc—R3c transition, but also reduces tempera-
ture Tyoek-in (the lock-in transition and the temperatur€; of
the transition from the incommensurately modulated phase to
the paraphaséhe IC transition. Figure 4 shows the time
dependences of the Bragg reflection§0.0) in the region of
the lock-in andIC transformations for different rates and
initial temperatures of cooling. The steps in the dependences
of the intensity correspond to the lock-in ahd transitions.

For these transitions, as for tiéx«— R3c transition, the ac-
tual temperature reduction depends on the heating rate ant
has a form analogous to that shown in Fig. 2.

The results concerning the stimulating action of continu- 0
ous heating on phase transitions in proustite obtained in this
paper, combined with our earlier results concerning the
StImUI&?tmg actlo_n of ContIHUQUS cooling m various CryStaIS’FIG. 4. Characteristic behavior of the intensity of the0.6) Bragg re-
thus give a basis for asserting that continuous temperatUfifction in the region of the lock-in antC phase transitions. The heating
variation is a new, previously unknown factor that acts onrate is 16.8(1) and 22.9 K/min(2). T; ¢qy=60 K and Tioe_in equ= 50 K.
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This paper presents the results of a study of the thermal properties of monoclinic single-crystal
RbDy(WGQ,), at temperatures of 2—15K and in magnetic fields up to 6 T. From the

results of measurements of the heat capacity and thermograms, two structural phase transitions
are detected, af;;=4.9K and T.,=9.0K. The transformation from the high-

temperature phase to the low-temperature phase occurs via an intermediate phase. The field
dependences of the critical temperatures are found for various magnetic-field orientdtiens.
phase diagrams are constructed Kla andH||c. An anomalous increag®y almost an

order of magnitudeof the relaxation time of the system, associated with structural instability of
the crystal lattice, is detected in the region of the structural phase transitions. A symmetry
analysis is carried out, and possible crystal structures of the low-temperature phase are indicated.
© 1998 American Institute of PhysidS1063-783#8)01812-7

Structural phase transitions caused by the cooperativeemperature region of 2—15K and at magnetic fields up to
Jahn-Teller effect can occur in crystals that have a sublatticé T in order to detect and study the features and nature of the
of ions in which the electronic ground state is degenerate ostructural phase transitions.
pseudo-degenerateFor a dysprosium-ion sublattice, such
transitions actually occur in a number of compounds: molyb-
dates, vanadates, and arsenatésA lowering of the sym- 1. SAMPLES AND EXPERIMENTAL TECHNIQUE

metry and a reconstruction of the energy spectrum of the - .
Dy®* ion usually occurs in such a transition. Rubidium dysprosium tungstate RbDy(W)(Q belongs
to the class of tungstates of the alkali and rare-earth

A test that characterizes the Jahn—Teller nature of struc-
erlementsss7 The structure of RbDy(Wg), at low tempera-

tural phase transitions is the magnetic-field dependence .
phase gn d dep ) cfures has not yet been studiéshly the data for room tem-
the transition temperatures. There is special interest in the

case of antiferrodistortion ordering of the distortions in low- perature are knownThe low-temperature phase of rubidium

. ) : rosium tungstate under lymorphic transition t
symmetry dysprosium compounds. Thus, in potassmm—dySp osium tungstate undergoes a polymorphic transition to

. : " a high-temperature phase at 1098 K. Therefore, single crys-
dysprosmm tungs'Fate KDy(WfJ, which has a monoclinic tals of RbDy(WQ), were grown using a modified Czochral-
structure in the high-temperature phase, a structural pha@q:(i method on an orientefll10] seed crystal. The growth
transition of Jahn—Teller type, with,=6.38 K, shows anti-

L . : : rate was about 0.05 mm Fh.
ferrodistortion behavior and is characterized by strong an- g \pidium dysprosium tungstate crystallizes into the

isotropy in the magnetic-field dependence of the transition,qnqclinic a-KY(WO,), structure Cgh—CZIC) typical of
temperatgré. Moreover, when single-crystal KDY(W, 4 number of double rare-earth tungstates at room tempera-
was studied calorimetrically, an anomalous increase was dggre The |attice parameters ae 10.66 A,b=10.45A, and
tected in the relaxation time of the system after a thermat_7 569 A. The monoclinic angle equalis=94.5°. The unit
pulse in the temperature region abolg; this showed that ce|| of RbDY(WQ,), contains four formula units. The By
the crystal lattice is unstable and was an argument in favor gbn, is surrounded by eight oxygen atoms and has local sym-
the existence of an incommensurate phaseTferT . metry C,. The Dy*" cations are located on twofold axes of
The theoretical treatment of Ref. 3 shows that, when tthz) symmetry(coinciding with the[010] crystallographic
antiferrodistortion structure is disturbed by a magnetic field directions inside a distorted eight-pointed figure made up of
the transition temperature in the low-field region decreasesxygen atoms, in which two of the Dy—O distances exceed
proportionally to the fourth power of the magnetic field, but, the other six, which are similar to each other. The density of
as it approaches the critical valuelsy,, it rapidly decreases single-crystal RbDy(W@), is about 7.B8g/cnt. The
to zero. ground state of the dysprosium ion%sl;5,. In the crystal
The goal of this paper is to carry out calorimetric studiesfield of monoclinic symmetry, the multiplet is split into eight
of monoclinic single-crystal RbDy(W§), in the low- Kramers doublets.

1063-7834/98/40(12)/4/$15.00 2017 © 1998 American Institute of Physics
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FIG. 1. Temperature dependence of the heat capacity of single-crystal Rb

Dy(WO,),. The arrows show the positions of the phase-transition temperaThe thermodynamic characteristics of the first-order phase

tures. - . ]
transition were determined by the thermogram method: The
interval of the transition is=1 K, the temperature hysteresis

The details of the experimental apparatus for measuring® ~0-4K, the change of the enthalpy 4H~0.15 J/mol,
the heat capacity and the methodological features of the me&nd the corresponding entropy chang&/R~0.02.
surement were described in detail earfi@Besides the heat- In an earlier investigation of the heat capacity of
capacity measurements, quasi-static thermograms were me§PY(WO,)., we detected a sharp increagigy almost an
sured on the same apparatus; the temperature-scanning rf&er of magnitudgin the relaxation time of the temperature
was varied over a wide rang®.1—1 K/ min as the tempera- ©Of the sample after applying a heat pulseTatT.=6.38 K.

ture was increased but was not adjusted as the temperatuf&€ relaxation timer in this case was about 20—30 sec for
was decreased, when it equalled abo@t0/ min. T<T,., whereas it was about 150—200sec TorT.. The

The measurements were made on a RbDy@¥O situation is similar in RbDy(W@),. In the region ofT,, 7
sample with dimensions of about«8x 0.5 mm and a mass sharply increases from 10—20sec to 250-300sec and then

of 0.0493 g. The sample was mounted on a sapphire substra@8ly increases very weakly with increasing temperature.
20 mm in diameter and 0.3 mm thick, using 0.2 mg of Api- The existence of two phase transitions, of first and sec-

ezon N vacuum grease. The measurements were made wighd order, as well as the anomalous increaser ofor
the magnetic field oriented along theandc axes of a single T>T, suggests that it is possible that a modulated structure
crystal of RbDy(WQ),. exists in this temperature region. As follows from an inves-

tigation of the thermaP*! and optical propertie$,such a
phase with modulated order not commensurate with the lat-
tice parameter actually exists in the compositionally similar
As can be seen from Fig. 1, the temperature dependena@mmpounds MDy(MoQ), (M=Cs,K). There is also a first-
of the heat capacit(T) has singularities in the neighbor- order phase transitiohT,;=42K for CsDy(MoQ), and
hoods of 4.9 and 9.0K. Th€(T) anomalies are apparently T.;=11.5K for KDy(MoQy),] and a second-order phase
associated with structural transitions, since the rare-earttransition[ T;,=59.4 K for CsDy(MoQ), and T.;=14.3K
sublattice becomes magnetically ordered at lower temperdor KDy(MoO,),] in these compounds, while the intermedi-
tures (Ty=0.818K).° They have different characters: The ate phase is an incommensurate superstructure. When the
first is a delta function al,;=4.9K and is typical of first- incommensurate phase is formed, additional phonon scatter-
order phase transitions; the second is a wide lambda anomailyg occurs at spatial structural inhomogeneities. The size of
with a peak atT.,=9.0K and is typical of second-order these inhomogeneities is comparable with the free path
phase transitions. The features of the transitions can be madkength of the phonons. Estimates of the effective mean free
more precise by using quasi-static thermograms. Actuallypath of the phonons in CsDy(MgQ), in the region of exis-
the thermogram shows the presence of an area associatemhce of the incommensurate phase gives a value of about
with a hidden thermal transition in the region©f; (Fig. 2 80A The appearance of the incommensurate phase in
and the absence of such in the neighborhoot@l gf Figure 2  CsDy(MoGQ,), is accompanied by an abrupt decredbg
also shows the dependence of the time derivative of the temabout a factor of 2)6of the thermal conductivity in the re-
perature, dT/dt, from which the transition temperature was gion of T.;. The sharp increase ofin the region ofT.; in
determined more accurately than from a thermogram, esp&kbDy(WGQ,), and KDy(WGQy), is probably also associated
cially when measured in magnetic fields. In the region ofwith the jump in the thermal conductivity caused by the for-
T, the derivativedT/dt also made it possible to reliably mation of the incommensurate phase.
record the transition temperature from the inflection point. One more feature of theC(T) dependence in

2. RESULTS AND DISCUSSION
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+ allH cooling ently associated with the occurrence of the metamagnetoelas-
® alli keating  tjc effect in RbDy(WQ),, in which the strain in the crystal

© ¢4 keating i creases sharply when critical magnetic fields are reached in
v el auling o Gefinite orientation relative to the crystallographic ak&s.
When this occurs, the magnetic field can induce strain with
the same symmetry as the strains of the sublattice. Therefore,
in this effect, the magnetic field, when it reaches a value
comparable with the intersublattice interaction parameters,
can transport the crystal into a ferrodistortion phase. It was
predicted earlier that the metamagnetoelastic effect can occur

4.8

44

T,K

4.0 in crystals of double rare-earth tungstates and molybdates,
and estimates were obtained for the critical magnetic field
that causes metamagnetoelastic behaV¥idhese estimates

i . .
0 1 2 3 gave values oH~3-10T, and this agrees well with our

H,T experimental results.
We should point out that strong anisotropy of the
FIG._ 3. Transition temperaturTéC_l vs magnetic field during heating and magnetic-field dependences ©f; and T, is observed in
cooling along two crystallographic directions. RbDy(WO4)2, as well as in KDy(WQ)Z. It should be
pointed out that the area on the thermogram for the low-

RbDy(WO,), is the following: A comparison of the heat temperature first-order structural transition decreases with in-

v of RbDV(W Fig. 1 KDv(W Ref. f:reasing magnetic figld_, while the value of t_hg _hystere.sis
gﬁg\?vzt{hgt a:).:y1(5 KQ)tzﬁt(a ;1% at) caar;icityyo(f tr%)fi):mi\r 2)m- increases. In magnetic fields greater than 3T, it is impossible

pound is about a factor of 5 greater than that of the Iatter'F0 .determmg transition tempgratuﬂ'ecl f“’”f‘ dT/dt. The
oints on Fig. 4 for the cooling and heating thermograms

Since these compounds have similar composition and stru@2!N's o . s
ture (at least in the high-temperature phais difference coincide, which is evidence that the second-order transition

in our opinion, can be caused by the presence irf’ﬂ TTtZ(_H)f's Talnttatlne(: '3 aﬂ:nagrr:etlc J'EId'f th iati f
RbDy(WGQ,), of additional singularities on th€(T) curve, IS otinterest to study the character of the variation o
the critical temperature with magnetic field. The experimen-

associated with the structural transitions for 15 K. al d d . (H d with calculated
The effect of a magnetic field on the temperature of thed! GEpPeEndences c1.AH) were compared with calculate

structural transitions was also studied for this paper. Th&Urves of the form
magnetic field vector was parallel to tleand c crystallo-
graphic axes. The results for the field dependences of
and T, are shown in Figs. 3 and 4. The very existence of ] )
structural phase transitions in a magnetic field is evidence ofhere n=2,4. The best agreement with the experimental
the antiferrodistortion ordering of the distortions. Measure-P0iNts is observed foiT¢y(H) and Tco(H) curves with
ments in the direction of the axis were made in fields up to N=2. Figure 4 shows the calculated dependencesfol
3.5T. This is associated with the fact that applying large(Solid curve andn=4 (dashed curve As can be seen from

fields H||c damages the sample. This phenomenon is appafhis figure, when the magnetic field is along taxis in the
low-field region(up to 3T), the experimental points are best

described by the curve with=2. With H||c in fields up to
3.5T, the transition temperatufe, is virtually constant, and
therefore such a comparison was not carried out in this case.
The field dependence df.1(H) in the low-field region is
also best described by Eql) with n=2. It should be
pointed out that, in the KDy(Wg), crystal, the field depen-
dence of the transition temperature withja is also best
described by a dependence of the form of Ef). with
n=2. Note that, for the curve on the phase diagram corre-
sponding to the breakdown of the antiferroelastic structure
by a magnetic field, an analytical expression of the form of
Eq. (1) with n=4 is obtained in the region of relatively weak
fields® Such a dependence is actually confirmed in the case
of the KDy(MoQy), crystal? in which magnetically in-
equivalent Dy* centers arise during the transition to the
antiferrodistortion state. As follows from the results of EPR
H,T measurements, magnetically inequivalent®Dycenters do
FIG. 4. Transition temperaturg;, vs magnetic field along two crystallo- not appe_ar n RbDy(\N_Qz’B and this is possibly the_ reason
graphic directions. Fitted to Eq1) with n=2 (solid curvé andn=4 fOr the different behavior of th&;(H) dependences in crys-
(dashed curve tals of rare-earth tungstates and molybdates. The behavior of

Te(H)=Te(O)—aH", @
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TABLE I. Wave vector stars corresponding to a phase transition with agests that the phase transition most likely goes along star 3 or
doubled unit cell. 7, with the incommensurate structure being modulated in a
plane perpendicular to thg, axis.

Symmetry Number of Rays of . . L
point wave-vector star wave-vector star The calorimetric studies of RbDy(W(, have thus
shown that the transition from the high-temperature to the
\% 4 (1/2;0;1/2);
(1/2:0—1/2) low-temperature phase results from at least two structural
L 5 (1/2:1/2;1/2); phase transitions: dt.;=4.9 K and aff;,=9.0 K. This tran-
(1/2;1/2;-1/2) sition is apparently caused by antiferrodistortion ordering of
A 7 (0;1/2;0) the distortions and occurs via an intermediate incommensu-
:\(A 2 ((11_?1(/’2?93) rate phase. It is found that the low-temperature phase transi-

tion is a first-order phase transition, whereas the absence of
hysteresis and flat spots on the thermograms makes it pos-
sible to assume that the second transition is a second-order

T.1AH) can also be affected by the lower symmetry of thephase trgnsition. The results of a study of'how a magnetic
crystal lattice of the tungstates relative to the molybdates. field applied along th@ andc crystallographic axes affects
As already indicated, there are currently no low-the temperatures of the structural phase transitions show a
temperature structural measurements for single-crystal RB{rong anisotropy in th&. H) dependences and also con-
Dy(WO,),, and this paper therefore provides a symmetryfirm the antiferrodistortion character of the ordering of the
analysis in order to determine the possible types of the lowdistortions. As a result of these studies; T phase diagrams

temperature phase and the symmetry properties of the ord8ave been constructed. A symmetry analysis has been carried
parameter. out, and all the wave-vector stars along which a transition is

We shall start from the fact that the high-temperatureP0ssible into a two-sublattice structure have been indicated.
phase has a monoc”niC, base-centered lattice and is dé’he wave-vector stars for which a Lifshiftz invariant exists

scribed by the space group of symme@ﬁh 67 There are have been indicated. Possible structures of the low-
five irreducible representations for which a phase transitioiemperature phase have been determined.

is possible in which the volume of a primitive cell doubles,

i.e., the lattice breaks up into two equivalent sublattices«g_mqil: markov@host.dipt.donetsk.ua

These representations are shown in Table I. For two-ray stars

4 and 5, a two-sublattice structure results when a phase tran-

oy 1 - .
sition occurs over a one-ray channel. Stars 7 and 9 assumg®: A- Gehring and K. A. Gehring, Rep. Prog. Phg8, 5 (1975.
Lifshitz invariants of the form M. D. Kaplan and B. G. VekhteCooperative Phenomena in Jahheller

fsnitz inv Crystals(Plenum Press, New York, 1995

3M. D. Kaplan, Fiz. Tverd. TelgLeningrad 26, 89 (1984 [Sov. Phys.

92 M Solid State26, 51 (1984].
n X 72 ox "’ 4Yu. N. Kharchenko, Fiz. Nizk. Temj22, 394(1996 [J. Low Temp. Phys.
22, 306(1996].
17 ony ®V. P. D'yakonov, V. |. Markovich, V. L. Kovarskj A. V. Markovich,
771@‘ ﬂzW, (2) M. Borovets, A. Endzhiehak, and G. Shimchak, Fiz. Tverd. Te(8t.

Petersburgh40, 750(1998 [Phys. Solid Statd0, 691 (1998].

; ; ; _8S. V. Borisov and R. F. Klevtsova, Kristallografiyi3, 517 (1969 [Sov.
wherex andy are the Cartesian coordinates in a plane per Phys. Crystallogri3, 264 (1968,

pendicular to th&, symmetry a)fi_s- Therefore, _in the case of 7p "/ Klevtsov and L. P. Kozeeva, Dok. Akad. Nauk SS$85, 571

stars 7 and 9, the phase transition necessarily goes throughi969 [Sov. Phys. Dokl14, 185(1969)].

an incommensurate phase. When a phase transition occuf#.- ?Ofsvetsé\g Péhl?'yarlfosov,‘ A. Enddzng, V. L Mzrk%\ﬂgg. 2Aé 3{\2-

i ; _Pavlyuk, and G. Shimchak, Fiz. Tverd. Tdlat. Petersbur ,

over stars 4 5, ar!d 8, a trgnsmon throug_h an incommensu (1996 [Phys. Solid Stat@8, 1229(1996)].

rate phase is possible only 'n_a_certa'n region of values OT th_eM. Borowiec, V. P. Dyakonov, A. Jedrzejczak, V. I. Markovich, and

parameters, where the coefficient of the terms quadratic in H. Szymczak, J. Low Temp. Phy&11, 5/6 (1998.

the gradient in the Landau functional becomes negativel.o(El-gg-aA[ngTSPﬂnd zl\/d gtagje\:{szl(zl-gg\gd- Telzningrad 34, 812
e _ oV. yS. SOl tatd4, .

Moreover, W_hen a tra_n_s!tlon occurs over the two-ray Stars_ 41E. E. Anders, I. V. Volchok, A. I. Zvyagin, V. B. Kokshenev, and S. V.

and 5, there is a possibility that four-sublattice structures will startsev, 1zv. Akad. Nauk SSSR, Ser. Fig, 369 (1986.

also be formed. As follows from the experimental results of'M. D. Kaplan, JETP Lett35, 105(1982.

the magnetic-field dependencesTQfl ) (Figs. 3 and 4 the 3M. Borowiec, V. P. D’yakonov_, A. Pavlyuk, A. Prokhorov, H. Szymczak,

boundaries of the incommensurate phase do not display ten= 29" Magn. Matert1998 [in presg,

dencies to converge in both directions studied here. This sugranslated by W. J. Manthey
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Quasi-particle spectra, reconstructed by e-h pairing, have been calculated for a system of
spatially separated electrons)(and holes K) in ground state. The regions of strong pairing
interaction and significant correlation effects are reached by abandoning the BCS
approximation and using instead interpolation expressions for correlation energies, which depend
functionally on the coefficients of the—v transformation, with subsequent minimization

of the total energy of the reconstructed state with respect to the parameters of-the
transformation. The dependence of the spectra on quantum-well separation and particle
concentration in a system of two coupled quantum wells is discussed.998 American Institute

of Physics[S1063-783#8)01912-1

Systems with spatially separated electroes §nd holes  where
(h) in a system of coupled double quantum wells are pres- a; and b; are the electron and hole creation operators;
ently attracting considerable interest of gxpenmen%‘e‘!’m me=m, are the effective electron and hole masses;
particular, in connection with the prediction of the existence v/ (k) =2re?/ek is the Coulomb interaction in a layer;
of sugéerflwdny in_this sys‘gerﬁ', quasi-Josephson pheno- V (k)= (27e?/ek) e kP is the interaction between an
mena>® and unusual properties in strong magnetic fiélds -
lectron and a hole located in different layers;

Phase transitions occurring in systems with spatially sep . _ _
rated electrons and holes were studigd: One considered, D is the distance between tleandh layers;

in particular, the formation of a superfluid liquid and the € IS the static dielectric permittivity;

metal-insulator transition in these systems. me anduy, are the chemical potentials determined by the
It is of interest to find excitation spectra of spatially normalization conditiongwe assume the andh concentra-

separated electrons and holes in a system of coupled douliens equalNe=N,=N);

guantum wells within a broad range of carrier concentrations

n and quantum-well separatior3, including the regions

with sufficiently strong interactions, where correlation ef- 1

fects are essential and the BCS approximation fails. In par- > (a;ap>=2<b§bp>=— n,

ticular, one can obtain spectra in the liquid exciton phase as P p 2

well. Observation of these spectra would permit one to fol-

low the rearrangement in the system associated with sponta-

neous symmetry breaking. It is calculation of spectra for thi, here n=N/S is the surface particle concentration in the
system within a broad range &f andn that is the objective system, and is the system area

of this work. Introduce the units e€?/e=m=#=1, where m
The Hamiltonian of a system of spatially separatethd (Mo is th duced particl '
h can be written in the secondary quantization representatioﬁ(memh) (r_n_e my) is the reduced particle mass.
The pairing of electrons and holes makes the ground

state of the system unstabfe'® Spontaneous breaking of
[(p_z_ symmetry in a system results in a rearrangement of the ex-
2mg Fe citation spectrum, which is associated with the formation of
a nonzero gap in the spectrum caused by electron and hole

+
= a, ap+

p2
.
Z_mh_’“h)bp o

1 .
+= V(K)[ara ay i a,_+bibhb,, b, pairing.

2 p%k{ (olay PPk e Tpr TR T d The reconstructed quasi-particle spectrum in the Hartree-

- . Fock approximation, renormalized with inclusion of pairing,
—2V(K)ag by, by 1@p- i (D) can be writtef?1!

1063-7834/98/40(12)/3/$15.00 2021 © 1998 American Institute of Physics
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2Pofs [~ 2r (2—1-2zyz, ex —Dpsp?>—2pp’ cosy+p’?]) |p?
E(p)= 45— | (ZZ—1)(p?—r2upd) - V20, SJ prap [T g o & 5 P 2pp . e ])1&,
z2+1 T Jo 0 (z,+1)\p*—2pp’ cos¢+p’ 2
)
|
whereE® (p)=E" (p) = 2E (p), andz,=Uu, /v, is a function 2 [ r»dw 8Dyl < (Po
related to the Bogolyubov transformation coefficiemgsand l1==—=- f 2—In 1+ f pdpVef(p,p,q)
vp, which will be determined by variational techniques. The Porsl /o <™ V2m Jo
momenta in Eq(2) are measured in units qf==pr/po, E(p) Dol'< [ Po
wherepg=(27n)"? andpo=[2[5 qdg/(1+25)]*2 = )+ s sf pdp\ﬁ“(p,p,q)l.
To determine the zero-temperature excitation spectrum w?+(2E(p))?) 2 Jo
for a liquid consisting of spatially separated electron-hole (7)
pairs one has to calculate the dependence of ground-state )
energy on concentration. For large momentum transfers, the Green’s function
The total energy of the systeF can be written should be constructed in second-order perturbation thory.
In this case the quasi-particle energy can be written
Et=En—r+Econ, 3

E3= f qdal,,
whereE,,,, is the correlation energy, ariel, _r is the energy

of the system in the Hartree-Fock approximation renormal- 1 fpo g kdI(Ve“f(p,k,q) ®
. . . . .. ’ll = ——— —,
ized with inclusion of pairind® gy B pdp Q)
ZEH,F 4 (=pidp V2 where
N ripglol+zy wiripg Vei(p,p’,a)=2VElp,p’,a) + VEl(p,p',a),
= 2m  V(p—q)+V(p—0q)zpzq The correlation energi,,, for all momentum transfers
Xfo qudeJo d¢ (1+2)(1+2) can be constructed by harmonic joining, an interpolation
P q used by Brinkman and Rit&(see also Refs. 10,120 cal-
(4)  culate the metallic electron-hole liquid:
wherer = y1/7n is the mean distance between particles. | = ul2 _ 9)
We minimized the total energy of the system, which is a ERaP’

s?m_ olffthe Hartr?e-Fcf)ck and correlation energies, on a class Taking into account the correlation effects yields the fol-
ot trial functions foru for v. . lowing contribution to the energy per pair of particles
For small momentum transfers, the correlation energy
{ is calculated with the use of RPA diagrams constructed *
based on Green’s functions with inclusion of theh Ecorr= o qdql(a),
pairing!! Introducing the notation
and the chemical potential in E(R) can be presented in the
VEl(p,p’.a)=VEl(p.p’.0) = V(Q)(UpUp Up: 4 qUp—q form
dE;

,LLZEI‘FHW,

+UpUp/Up/+qu7q

—2e PupUy - qvp 1 qUp-q)s ©)
where the total energy of quasi-particlés (a functional of
and z,) is given by Eq.(3).
In contrast to a one-component electron gas, the vertices
VEl(p,p’ )= V(q)(Uyv o Ugr + 0 in these diagrams for calculation of the _total ground-state
em i PTPTRITATPTA energy E, of the system are renormalized because of
FUpUp Uy 4 qUp—q electron-hole pairing, and depend on the transformation co-
efficientsu, andv,, .
The variational calculation of the total ener@y [Eq.
(3)] was performed numerically. All expressions were pre-
liminarily made dimensionless using for the units of length
and energy the radius and energy of a two-dimensional ex-
citon, respectively: a5 =g¢h%/2mé& and Ry =mé"
2e2h2, wherem=(mm;)/(me+ m;,) is the reduced mass.

—2e Puylp_qvprsqUp—q) (6)

we obtain

E§=f qdqly,
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distance. The results obtained in the present work for quasi-
particle spectrdFig. 1) demonstrate in the limit of large, a
good agreement with the energy of an exciton with a spa-
tially separated electron and hale the limit of smallrg,
the BCS approximatiohholds. An analysis of the calcula-
tions shows that the influence of correlation effects on quasi-
particle spectra falls off rapidly with increasing interlayer
distance to become negligible already @ af . The val-
ues of A and B obtained variationally indicate that the exci-
ton phase is stable in the abogeh system for allD (in an
anisotropice-h system, a Mott transition occudfs.
The spectrum of new quasi-particles has a gap-a0
for all n andD; this gap decreases with increasing density
and increasing interlayer distance, which is associated with a
0 i i ! i 1 | 1 1 weakening of thee-h attraction responsible fa-h pairing
0 2 #p with increasingD, and with the screening of theeh attrac-
FIG. 1. Reconstructed quasi-particle spectrartp) (in units of Ry , pis thn which increases with mcreas.mg- density For n—0,
the momentum in units gf¢). re andD: 1 — 2.2, 0;2— 1.6,0;3— 1.0,  this gap becomes equal to the binding energy of the two-
0;4—22,055—1.6,05. dimensional exciton. This means that the isotrogib sys-
tem under study behaves as an insulator fornalind D.
The total ground-state ener@ of the system, which is Note thgt, for large momeftaz, the spectrum approaches the
a sum of the Hartree-Fock and correlation energies, Wafsree-partlcle spectrurE(p)—p f2m for all n andD.
minimized using a trial functiom, Support of the Russian Fund f_or Fundamental Research,
an INTAS grant, and of the “Solid-State Nanostructures”
p Program is gratefully acknowledged. O. L. B. acknowledges

1+ 4 the assistance of the ISSEP Foundation and ICFPM Program.

3/2
+B, (10

zp=A

whereA andB are variational parametéfs The trial func-
tion (10) was chosen so that, f@=0, function zgl coin-
cides with the Fourier transform of the wave function of the
two-dimensional Wannier—Mott excitoffor the semimetal- | .
lic state,v.=0, i.e..z _)Oo)- U. Sivan, P. M. Solomon, and H. Shtrikman, Phys. Rev. L&#.1196
P P (1992.
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Exciton states in short-period GaAs/AlGaAs superlattices have been studied by optical

orientation and optical dipole-moment alignment methods. The effect of magnetic field in the
Faraday and Voigt geometries on the degree of linear and circular polarization of
photoluminescence have been studied under resonant and nonresonant excitation. The constants
of electron-hole exchange interaction in the exciton have been determine99®

American Institute of Physic§S1063-783@8)02012-7

Applying optical carrier-orientation methods to studiesbetween the degrees of the exciton PL polarization under
of such quasi-two-dimensional semiconductor objects as hetesonant and nonresonant photoexcitation is determined by
erojunctions, quantum-wellQW) structures, and superlat- the difference between the mechanisms by which the exci-
tices (SL) permits one to determine a number of importanttons and carriers undergo spin relaxation.
parameters characterizing the carrier spectrum in such struc- Resonant excitation of excitons by linearly polarized
tures. The optical orientation method was used successfulljght results in population of a linear combination of exci-
to measure factors, lifetimes, and spin relaxation times of tonic states with an angular-momentum projection-ot
electrons; electron-momentum relaxation timés;and, in  and—1,

;hort—perlod SLs, carrier Io.callzatlon_ processes were 1112, - 312) £ |~ 112, 312,

investigatefl and the cross section of exciton formation was

determined The exciton optical orientation and alignment i.e. of states with a given dipole moment.

methods were used to advantage in combination with time- The degree of linear polarization of the secondary lumi-
resolved spectroscopy® nescence is determined by the processes involving relaxation

Optical orientation of carriers by circularly polarized of the exciton dipole moment. This phenomenon is called
pump light produces electron-hole pairs with a givenoptical alignment of exciton dipole moments. Optical align-
angular-momentum projection. The electron and the holenent is possible only under resonant, linearly polarized pho-
created under nonresonant photoexcitation with photon erfoexcitation.
ergy in excess of the gap width relax independently of one  Investigation of the effect of magnetic field on PL polar-
another. The degree of circular polarization of the secondarization under exciton optical alignment conditions is the
luminescence is determined by the sum of the degrees dghost promising tool to probe the structure of excitonic states.

orientation of electrong., and holespy,: In this way one can determine such exciton parameters as the
g factor, the exciton lifetimer, and the electron-hole ex-
pPet Pn change interactions in the exciton.
Cir:lJr_Peph’ This work uses the methods of resonant optical orienta-

tion and optical alignment of exciton dipole moments in
where po= 78/ 7%+ Te(pg), pp= 72/ 72+ M (pg) . ¢ and magnetic fields oriented in the Faraday and Voigt geometries
are the electron and hole lifetimes and 7 are the electron to probe free and localized excitons in short-period GaAs/
and hole spin relaxation times, apa andpg are the initial AlGaAs SLs and to determine the exciton parameters.
hole and electron orientations, respectively.
Information on the exciton states can be obtained by
studying the degree of circuldlinean photoluminescence 1 THeoRy
(PL) polarization under resonant circularfimearly) polar-
ized photoexcitation, as this was demonstrated on bulk We are using here the density matrix formalism to de-
semiconductor&? scribe the optical orientation and alignment of excitons. Un-
Resonant photoexcitation with an energy close to that ofler continuous photoexcitation, the compongnig, of the
the exciton resonance results in direct creation of the excitorexciton density matrix satisfy the equation
In the case of circularly polarized excitation, the degree of Ip Ip
Srit
rec

o . ; . [ [
polarization of the secondary luminescence is dominated by + g[HexchP]Jr g[HBPF G.
1063-7834/98/40(12)/7/$15.00 2024 © 1998 American Institute of Physics

sr

the spin relaxation of the exciton as a whole. The difference
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The terms on the left-hand side describe the exciton recomwith respect to the orthogonal axgé and1’, 2, with the 1’
bination, spin relaxation, exchange interaction, and Zeemaaxis turned through 45° relative to axis For the secondary

effect in the presence of an external magnetic figldandG

luminescence emitted along the normal to the interface one

is the generation matrix. The electron and hole spins of thean write the following relations

el-hhl heavy-hole exciton states,j) are|s==*1/2) and

j==*3/2, respectively. Electron-hole exchange coupling in

systems with symmetnpD,4 results in a splitting of the
fourfold-degenerate ground state of the excitos=(L) into
three statesh\; + A,+E. The doubly-degenerate stdfavith
angular-momentum projectioh®/2,— 3/2) and|—1/2,3/2 is
dipole active. TheA; and A, states with momenté—1/2,

P11 P-1,-1
locpytp g 1, Pep=—o—t—2
P117P-1-1 cir pritp_11
P — 2Rep1 1} ;_ 2Im{p; 1} (50
™ piatpoio "™ pritpoid

Section 2 presents experimental data obtained on a

—3/2) and|1/2, 3/2 are dipole forbidden. Recalling that the type-I SL and compares them with theory. We are going to
heavy-hole transversg factor is small enough to be ne- use the following simplifying assumptions: we neglect the
glected, the Hamiltonian linear in magnetic field can be writ-term describing the spin relaxation of excitons in Ef.and

ten

1
He=> no(GboeB,+ Ge o1 B, +glonB,), 7
where g/, are the Pauli matrices for electrons=e) and
holes (=h). In a general case, the electrgnfactor in a
GaAs/ALGa, _As SL is anisotropicgl# g: .12 The recom-

bination term @p/dt),.. is diagonal in the basis of the

A;,A,, andE states,

f?Pn,n’ __ }
ot 2
rec

where 7, is the lifetime of staten. Obviously enough, the
lifetime 7 of the dipole-active stat& is shorter than the
lifetime 7, of the dipole-forbidden state&; andA,. If the

)

Th Tnr

take into account only that of free carriers before they com-
bine to form the excito{funder nonresonant optical excita-
tion).

2. EXPERIMENT

We studied type-l GaAs/pkGa -As SLs grown by
MBE on (100GaAs. The structures were not doped inten-
tionally, and the background impurity concentration was
10 cm™3. The SL period varied from 35 to 50 A, and the
number of periods in all samples was 50. To reduce to a
minimum the effect of the surface, the SLs were coated by a
2000-A thick ALGa _,As cap layer. Low-temperatureT (
=1.6 K) PL, PL excitation, optical orientation, and reflec-
tance spectra in Faraday and Voigt geometries were studied
in magnetic fields up to 7 T. The degree of circular and linear

relaxation of the electron and hole spins in the exciton proPolarization was measured by means of a quartz modulator

ceeds independently, and the exchange splitting is smafiPerating as a/4 plate. Time-resolved PL spectra were ob-

laxation in thes,j basis takes on the form

&psj,s/j’ 1 1
o | T Psjsj— 5555’2 Psrj,s"j’
sr SH

at _T_g

1 1
__h( ij,S’j’_Eajj’E ij”,S’j")' (4)
T. J-rr

S

The actual form of the generation mat@,,,, depends es-

mode-locked Ar laser. The PL was measured with a streak
camera with 25-ps resolution.

A. Optical alignment of excitons

PL spectra of the studied structures under continuous
unpolarized excitation by a HeNe laser at a power level of
100 mWi/cnt exhibit a strongel-hhl PL line associated
with heavy-hole exciton recombination. We measured reflec-
tance spectra of these structures and determined the resonant
frequencies of the excitonic transitions. It was established

sen_tial!y on the excita_tion co_ndi_tions, namely, Whether thethat the Stokes shift between the PL line maximum and the
excitation is resonant, i.e. the incident-photon energy is closg, .4t frequencyiw, of the excitonic transition in our
to the excitonic resonance energy, or nonresonant, where eéémples does not exceed 1 mé&¥g. 19

citons form through binding of photoexcited electrons and

holes.

Using Egs.(1)—(4), one can readily calculate the com-

ponentsp,,.y, as well as the luminescence intenditycir-
cular polarization of the luminescence

[
(59

o+t 1,

(o8
cir

and linear polarization

Il_IZ P |1/_|2/
in=7 1 ° in=7 .
1t 141y

(5b)

No optical alignment effects are observed under non-
resonant PL excitation by linearly polarized light with pho-
ton energy in excess of the SL gap width«d>E,). The
degree of optical orientation under circularly polarized pho-
toexcitation is also small and does not exceed 5%.

Resonant excitation with photons of energy..<Eg,
where photon absorption results in direct creation of an ex-
citon, produces optical alignment of excitons if the light is
linearly polarized(Fig. 1b.The observed linear polarization
of the excitonic PL exhibits a strong spectral dependence
originating from exciton localization processes. The linear
PL polarization disappears whérmw,, is increased abovi,
of the SL.
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FIG. 2. (a) Magnetic-field dependence of the degree of linear polarization of
FIG. 1. (a) Spectrum of a GaAs/ALGa, /As, (20/20 A)x 50 superlattice in  the photoluminescence under linearly polarized excitatip, (H)), ob-
the heavy-hole exciton region obtained under He-Ne laser excitation at 1.6ined in Faraday geometry. Curtevas taken in thex,y) axes coinciding
K at a power level of 100 mW/cfn Dashed line shows the position of the with the pump polarization, and cur@ein the (x',y’) axes, turned through
exciton resonance derived from reflectance spe@yeSpectral behavior of  45° with respect to thex(y) frame.(b) Magnetic-field dependence of the
the degree of linear polarization of the luminesceri®g,, obtained under  degree of linear polarization of the photoluminescence under linearly polar-
linearly polarized quasi-resonant excitation, and of the degree of circulaized excitationPy, (H,), obtained in Voigt geometricurve 3); magnetic-
polarizationP;,, under circularly polarized excitation, plotted in units of field dependence of the total luminescence intengityve 4).
detuning E,— E), whereE is the detected energy, afg is the position of
the exciton resonance. Dashed line identifies the positid,0fThe arrow
refers to the excitation energy.

ization. Magnetic field applied in Faraday geometry splits the

exciton states with the angular momentum projectjor)

Resonant excitation also brings about a noticeable in==*1 and effective excitory factor gl,.=|glL+gl,.|. This

crease of the degree of exciton optical orientation as a resutesults in both a turn of the polarization plane of the linearly
of suppression of the spin relaxation of the carriers formingpolarized light and in its depolarization. The density matrix
the exciton. The maximum degree of observed linear andormalism(see Sec. Jlpermits one to derive expressions for
circular polarization is~30% in place of the expected 100% the degree of lineaPy, (circular P;) polarization of lumi-
(Fig. 1b). This value varies from one sample to another buthescence under linearlgircularly) polarized resonant exci-
does not exceed 40% in our structures. We believe this ddation in a longitudinal magnetic field:

crease in the degree of PL polarization to be caused by de-

polarization in scattering from surface roughness, as the light ~ Peir(B2)=Pcil(0), (6)

enters or leaves the sample. This effect can be taken into

account by multiplying the true degree of polarization by a _ Piir(0) ) ~ Pin(0)y7
Pin(B)= ———, Pin(B)=—T—3 7)

depolarization factof 4<<1.

Figure 2a plots the degree of linear polarization of exci-
tonic PL obtained in Faraday geometry under quasi-resonantvherehQH:glxouoBZ,7- is the exciton lifetimeB, is thez
linearly polarized photoexcitatioms longitudinal magnetic component of the magnetic field, amyj,, is the degree of
field. Curvel was taken in thex,y) axes coinciding with linear polarization measured in th&'(y’) frame. For sim-
the pump-light polarization direction, and curZ in the plicity we have neglected in E¢7) the spin relaxation of the
(x',y") axes, turned through 45° relative to the pump polar-exciton. Relations(7) describe the magnetic-field-induced

1+ (n?’ S 1+(n?
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rotation of the plane of light polarization and its partial de-resonant excitation some excitons are created in the optically
polarization (the Hanle effegt The width of theP;, (B,) inactive statd+2), so thatG,,,G_,_,, and the ratio
curve can be written

Gt Gop

= 10
Gi1+G_q1 1 (10

51/2:(|9li#07)71- g
Knowing the excitong factor, one can thus determine the &reé nonzero. As follows fr_olrfB), I (B)/1(0)<(1+7) and
exciton lifetime 7, and conversely, by measuring indepen-Pin (B1)/Pin (0)=(1+ ) ~. Besides, becausg, is much
dently the lifetime, one can derive thgfactor. The half-  9reater thar, the product, (B,) I (B,) does not depend
width of the depolarization curve determined from Fig. 2a isOn magnetic fields. .

0.2 T. Taking for an estimatggl, J~1 yields r=350 ps, The f|tt|ng of the rellat|0_n?,in (B_L) and| .(BL_) to Egs..
which appears reasonable and can be reconciled with dire6$8 and (8b) is shown in Fig. 2b with a ISO“d line. The fit
measurements of the kinetics. The sigrobf, can be readily ~Yielded the following exciton parameters:

established knowing that of the, (B,)/Pj, (0) ratio. The A =0.05meV, g5,=0.05, gﬂlei 7=3.5x 10 1%,
maximum degree of polarization in th&’(y’) axes reaches
as high as 0.5 of that in thex(y) frame, which implies the
absence of noticeable in-plane anisotropy.

Thus the exciton optical-alignment method permits one
to isolate states within the comparatively broad exciton lu-

In Voigt-geometry experimentsB(Lz), the magnetic mine_scence band that a_re responsit_)le for free-exciton recom-
field mixes the dipole-active exciton states 1/2,3/2 (or bmatllon., and to determine the exciton parameters, namely,
|1/2,~3/2)) with angular momentumt1 with the dipole- the lifetime, g factor, and electron-hole exchange-coupling

forbidden state$1/2,3/2 (or |- 1/2,—3/2)) with momentum ~ constant.
+2. The amount of this mixing is determined by the relative
magnitude of the Zeeman Sp”ttir%xoﬂoBi of the E and B. Optical orientation of excitons and carriers
A1,A; states in a transverse magnetic field and the exciton |n contrast to optical alignment, optical orientation can
exchange-interaction constait Because of the large split- be observed both on excitons and free electron-hole pairs,
ting of the light- and heavy-hole states, only the electranic i.e., under both resonant excitation involving direct exciton
factor contributes t@gy.. creation and nonresonant optical pumping, where the exciton
Figure 2b displays the depolarization of optical excitonforms by binding “nongeminate” electrons and holes. In
alignment in a transverse magnetic figltirve 3). Besides  these conditions, the degree of PL polarization is determined
the depolarizing influence of transverse magnetic field, ongy the spin relaxation of excitons and carriers and can differ
observes also an increase in the luminescence intensitrongly, depending on the actual photoexcitation conditions.
(curve 4 in Fig. 2b. This effect directly demonstrates the The circular PL polarization observed under resonant excita-
mixing of dipole-active and dipole-forbidden excitonic statestion with photons of energy 2 meV above the exciton reso-
by transverse magnetic field and implies a large differencgiance was 30%, whereas that measured under nonresonant
between the lifetimes in these states. The total PL intensitgxcitation aboveE of the SL, only 5%. The small degree of
and the degree of linear polarization of the PL in a transversgircular polarization in this case is accounted for by the

magnetic field are given by strong spin relaxation of electrons and hoeste that the
spin relaxation rate of holes is an order of magnitude higher
1+ l+(1+ 7u than that of electrongésee Ref. 1§ due to the linear-irk
I(B,)=1(0) T 8y tems in the SL electron miniband.
T ' Figure 3a shows the dependence of the degree of PL
( 1+ T_o (1+u) circular polarization, Pg,=[P(o",B,) — Pl ,B,)1/2,
on longitudinal magnetic field, for two different regimes
T of photoexcitation by circularly polarized light.
1+T_O+u In the case of nonresonant excitation of an SL with
Pin(B)=Pjin(0) . : (8D  fiw>E, (curve 1 in Fig. 38 one observes a substantial
1+ T—+(1+ 7)u growth of the degree of circular PL polarizatioB,;,, in a
0

longitudinal magnetic field. The degree of polarization in-
creases from 5 to 30%, the value observed under resonant
excitation withiw~E,. We associate the small value of
(7+ 7o) P with the efficient operation of the precession mechanism
, (9)  of spin relaxation by Dyakonov—Perel’. The growth Bf;
in a weak longitudinal magnetic field is due to suppression of
this mechanism and is described by the expred8ion

where

Q%rrg 1(ml

u= — =
1+(Ar/h)? 41 A

TTo

=277/ (7+ 70), hQ, =|ds|uoB, , and it is assumed that
nlT<A. For simplicity, we have neglected in E(B) the 1 B K2 Tp
(ixghange splitting\ 4 , bgtwgen theA; and A, states QA , 7«(B) _(%) m .
=0 corresponds to cylindrical symmetry, add ,#0, to c'p

tetragonal symmetjy In order to obtain the variation d&#, Here 75 is the spin relaxation times, is the electron-
in a transverse magnetic field, we assumed that even underomentum relaxation time).=eB,/m, c is the cyclotron
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FIG. 4. Diagram of the exciton excitation process in the presence of gap
Magnetic field, T width fluctuations.
b, b
L}
.\” -_-----’....,_.m circularly polarized light, namely, at 1 meV above the exci-
§ J e o .. <E ton resonancedcurve 3) and under nonresonant excitation
‘§ 2k ... .:“ g aboveE, of the SL (curve4). Curve3 clearly exhibits two
IS "oy Hanle profiles. One profile is broad, with a halfwidi,,
- e ~5T and a relatively high polarization. The second profile
5 has a halfwidthB,,~0.5 T. The broad Hanle profile disap-
'§ 0} pears as one crosses over to nonresonant photoexcitation,
8 and it can be assigned to the exciton contribution. The nar-
ho. >E row profile, associated with the electronic Hanle effect, per-
ol 4, exe .y. o sists under nonresonant excitation as welirve 4 in Fig.
0 05 1.5 2.5 3b). The ratio of the exciton and carrier contributions to the
Magnetic field ,T degree of PL polarization varies over the exciton lumines-

cence €—hhl) band profile. The broad depolarization pro-

FIG. 3. Magnetic-field dependence of the degree of circular polarization Offile, representing the exciton contribution, can be expressed
the photoluminescence under circularly polarized excitation obtainéa) in

Faraday andb) Voigt geometries under nonresonait4) and resonant as
(2,3) exciton excitation. P (O)
Pe(BL)=——, (19)
T 14(B, 1By
frequency,m, is the effective electron mass in the lowest |Agg7 |12
miniband, m; =m,,=m,,, and 8K, is the electron mini- Bis=|0%|mo m) (12
122

band splitting, which is linear irK. The angular brackets
denote averaging over the stationary photoelectron distribuA/e have taken here into account the exchange splitting of
tion function. The halfwidth of theP, (B,) curve can be the termsA; andA,: A, (i=1,2) is the splitting of thé& and
used to determine the electron momentum relaxation timé\; levels,A;,=A;—A,. The assumptiok,# A, results in
7. For our structurer,~10 ps. a quadratic-inB, splitting of the exciton doubleE and sup-

The degree of circular PL polarization under resonanfression of optical orientation in a transverse magnetic field,
exciton creation directly by photons is maximal and is inde-while not affecting the linear polarization;,, for =0 and
pendent of the longitudinal-magnetic-fiedd (curve2in Fig.  BJ||1 or B| 2.
3a). The explanation for the absence of a longitudinal-  Thus resonant optical orientation of excitons reveals two
magnetic-field effect on the exciton luminescence polarizacontributions, viz., 1 due to excitons which were created,
tion lies in that the Dyakonov—Perel’ mechanism of carrierrelaxed in energy and momentum, and annihilated as a whole
spin relaxation by precession is no longer effective for local{the broad Hanle profile and 3 due to excitons which ex-
ized excitons and is suppressed by free-exciton exchange iisted at some stage as unbound carriers, combined to form
teraction. The coincidence of the maximum degrees of poexcitons, and annihilated thereaftghe narrow Hanle pro-
larization in curves1l and 2 of Fig. 3a supports the file). The coexistence of these two contributions implies the
conclusion that the difference of the maximum degree ofpresence of SL gap-width fluctuatiotiSig. 4). In these con-
polarization from 100% is due to some extraneous reasorditions, if photoexcitation is done at energies less than the
(for instance, surface roughness average SL gap width, there will be regions whEggis still

In a transverse magnetic field, one observes the Hanlsmaller. In these regions the pump light creates electron-hole
effect on excitons and carriers in Voigt geometry. Figure 3bpairs which, while not being bound in an exciton, can still
plots the degree of circular PL polarizatioR,,, vstrans- contribute to exciton luminescence. These fluctuations are
verse magnetic field for two regimes of optical excitation bycomparable in dimensions to the carrier mean free path.
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Measurements in a longitudinal magnetic field per-
- formed in Faraday geometry revealed both suppression of
the optical alignment signal and rotation of the average ex-
citon dipole moment.

- 700 Experiments performed in Voigt geometry in a trans-
verse magnetic field revealed partial suppression of exciton
optical alignment, which is associated with mixing of exciton

3

Energy, eV which results in a complete loss of the initial exciton dipole-
1.685 1,690 1.695 moment alignment.
50 ' ' ' ' ' Thus optical dipole-moment alignment and resonant op-
o | | 1500 tical orientation of excitons can serve as powerful tools to
N + | probe exciton states. By using these methods, we have suc-
3 B ceeded in determining the magnitude of electron-hole ex-
?1: B -1 change coupling in the exciton and estimating the exogton
3 | factor. These methods have permitted us to isolate the con-
D) . . . . . .
E W tributions due to free and localized excitons within the rela-
s |+\ -1300 tively broad structureless exciton-luminescence band.
8 I *~ A :: The results obtained can be summed up as follows.
E;
R
£
ol
5
&

o
»

Il
v
.
.
l .
| o
.
M

I
0 Ton T Weak I °Free 0 states with the total angular momental and=*2.
Locauzfztwn|lacauntzml excitons It was found that the homogeneous structureless exci-

tonic PL band can be divided into parts with essentially dif-
FIG. 5. Luminescence spectrum of a GaAg/f8aAs (20/20 A)x50 su-  ferent exciton relaxation characteristics, namely, the short-
perlattice in the heavy-hole exciton resonance reglon- spectral depen- Wavelength Wing is due to free-exciton luminescence: the
dence of the luminescence rise timg, 2 — spectral dependence of the . th . in the | . band T
luminescence decay time;, 3 — spectral dependence of the degree of region near e _ma.XImum n : e ummescence an O_”gl'
exciton optical alignmenP;, . The three characteristic regions of variation nhates from annihilation of localized excitons, where localiza-
of Py, , 7, and 74 associated with different exciton-localization processestion does not bring about a change in the exciton inner struc-
are identified. ture becoming manifest in spin relaxation; and the long-

wavelength wing on the PL line is caused by recombination

of deeply localized excitons, and in their relaxation and lo-

calization the information on the initial state of the exciton is

The part played by carrier and exciton localizatiorEgt ~ completely lost.
fluctuations is seen from the ps-scale luminescence kinetics This work was started with active participation of I. N.
as well(Fig. 5. One sees in this figure the spectra of the riseUral’'tsev, whose premature death prevented his assistance in
time 7, and decay time, of the exciton PL. Also shown is the final stage of preparing the paper.
the spectral behavior of the degree of exciton optical align- ~ Support of the Russian Fund for Fundamental Research

3. DISCUSSION OF RESULTS

mentP;, . (Grant 98-02-18219 INTAS (93-3657 Ex}, Volkswagen
One can isolate in the exciton PL profile three characterStiftung, and “Nanostructures” Program is gratefully ac-
istic regions: knowledged.
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This paper presents experimental results from the study of the characteristics of cluster materials
obtained by resonance laser photochemistry. The effect of the redox reagents used in the
photoprocessing on the size and shape of cluster structures of gold has been studied. The minimum
size of the structures, measured by electron microscopy, is 30—50 nm. When organic acids

are used as redox reagents, fractal structures formed from flat scales are synthesized. Redox
reagents based on alcohols form cluster structures of fractal type consisting of spherical

clusters. ©1998 American Institute of Physid$$1063-783#8)02112-]

The modern development of nanotechnologies and varit. EXPERIMENTAL APPARATUS
ous aspects of their applied use have required new methods
to be created for obtaining nanoparticles of given shapes and A XeCl laser with the following characteristics was used
sizes. in the experiments on obtaining cluster materials by the se-
Interest in the study of such systems is caused in a funlective laser photochemistry of ions: wavelengti 308 nm,
damental respect by the features of the cluster state of matt&#Sing pulsewidthr=22ns, repetition raté =10 Hz, and la-
and in an applied respect by the possibility of synthesizing€! POwWerP =50 MW.
promising materials for new technology and engineeting. A 1.00069 N solution of HAuGlin 1M HCl was taken
Cluster materials are based on the groupings of metdtS the starting solution. A standard solution of 0.5M HCI

atoms surrounded by ligands and lying at distances that apnd doubly distilled water were used to prepare working so-

low direct metal-metal interaction and determine the strucllJtlons of HAUC|, and the redox reagents. Ethar(abso-

tural type of the material. The possibility of varying the dis- Iutg), doubly distilleq isoprqpanq(langlytical gradg, formic
tance in the metal-metal system in such structures whikfi‘cId (99%), and glacial acetic acid distilled over £J; were

maintaining the collective electronic behavior makes it pos-taken as reduce(Ra]. ,
The test samples were prepared by the following tech-

ible t ider th I f ti terials with vari- . . .
sible to conspler © prob emo crga Ing Materiais with vari nigue: to 2ml of a 2mM solution of HAugGlin 0.5M HCI
ous types of interactions, depending on such parameters as . .
. ... Were added 2 ml of a solution of the redox reagent in 0.5M
the nature and number of the ligands, the degree of OX|dat|op|CI
of the metals, etc, The relationship[Rx]>[M %], where [M*Z] is the

One of the approaches to the creation of metallic ul- . f old i ; Ut L in all
tradisperse particles is to use various forms of radiatfons concentration of gold ions in solution, was maintained in
P P " the experiments.

Laser radiation sources have significanty expanded the The solution was carefully mixed until air bubbles were
possibilities of finding new approaches to the solution of th'scompletely eliminated and was irradiated in a quartz cell
problem. The main advantage of laser technology is that if i |aser radiation for 3 min, with equal exposure intervals
makes it possible to flexibly control the photoprocess of clus(t:30 se¢. No anticoagulation stabilizers were used in the
ter synthesis. Putting it into practice involves using the mem'experiments.
ods of laser photochemistry. The radiation of the excimer laser was transformed by a

Selective laser action on metal ions in solution, with yy optical system having a 2210-mm exit aperture and an
resonance excitation of the electron states of the ions, is Camperture size of 4810 mm, ensuring uniform irradiation of
pable of reducing them to the neutral state in the presence efe solution.
redox reagents. The fixed product of the photochemical re-  After each irradiation session, cluster structures consist-
actions in this case will be neutral metals in a stable clusteihg of reduced metallic gold were precipitated onto a sub-
form3 strate made from glassy graphite to study their shapes and

The goal of this paper was to study methods of obtainingsizes. The sizes and shapes of the particles were measured on
cluster materials by using selective photochemical processes “CamScan-4" scanning electron microscope in the
stimulated by laser radiation in a solution containing goldsecondary-electron emission regime and in the reflected-
ions. electron regime. The microscope is equipped with a d-.aB

1063-7834/98/40(12)/3/$15.00 2031 © 1998 American Institute of Physics



2032 Phys. Solid State 40 (12), December 1998 Kolmykov et al.

7080 nme
i

300 nm
Leemm———

FIG. 2. Base element of a cluster structure of Ay(QRs-C,HsOH).

FIG. 1. Cluster structure of Au(Q) formed by the reduction of Au-3)
under resonance laser irradiatioR,C,HsOH)

shape recorded with the electron microscope was 30—40 nm
electrode. The resolution of the device was no less thaacross(Fig. 2).
4.5nm on the test samples. Cluster complexes of regular shape in the form of tri-
The composition of the test samples was qualitativelyangles and parallelepipeds were recorded on substrates con-
determined using 8D X-3PC x-ray spectrometer with dis- taining gold cluster structures obtained by laser photoreduc-
persion over wavelengths and a resolution over heavy eldion with the participation of ethyl alcohol. It can be inferred
ments no worse than 12 ppm. from the signal intensity of the image that the cluster struc-
The material was qualitatively analyzed both by record-ture has high densitfclose packing The unusual shape, not
ing the entire spectrum and by tracking the SNR for a line ofobserved previously, can be explained by the interaction of
the element being studied. The material of the sample wathe cluster complex during its formation with the material of
analyzed with a beam current of 100 nA and an acceleratinghe substratéglassy graphite(Fig. 3).
voltage of 30kV in the spot-focusing regime. Cluster complexes obtained using isopropyl alcohol as a
A preliminary scan of the substrate was carried out in theedox reagent have the conventional shape for gold
reflected electron regime in order to display the regionglusters—dense spherical formations of fractal type with a
where the gold cluster structures were localized. Subsequegitze of 300 nm. The minimum recorded size of individual
measurements of the size and shape of the cluster structursgherical gold complexes was 50—100 nm.
were made in the secondary-electron-emission regime with a  The cluster complexes obtained by laser photochemical
beam current of 30 nA and an accelerating voltage of 25 kvsynthesis with the participation of HCOOH andH;0, are
The size on the image was measured with the standar@morphous systems consisting of separate scales with a mean
microscope attachments. The image was processed further bize of 100—-300 nniFig. 4).
means of an IBM-486 computer.

2. EXPERIMENTAL RESULTS

A. Effect of the nature of the redox reagent on the size and
shape of the cluster

The influence of the nature of the redox reagents on the
size and shape of the resulting hydrosols was studied in the
experiments on the laser synthesis of gold cluster structures.
The redox reagents included not only compounds that be-
came incorporated in the ligand neighborhood of the com-
plex and produce intramolecular electron transfer: formic
acid (HCOOH) and oxalic acid (gH,0,), but also com-
pounds typical of the process of intermolecular electron
transfer during the reduction of a molecular ion: ethyl alco-
hol (C,H5;0H) and isopropyl alcohol (CHCHOHCH;).

Compounds obtained with the participation of redox 300 nm
agents that produce intermolecular electron transfer are char- I—
acterized by spherical cluster formations with a mean size of;g. 3. cluster complex of A®), obtained by precipitation on glassy
300 nm(Fig. 1). The smallest cluster complex of spherical graphite.
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C. Effect of the laser power on the size and shape of the
cluster structures

The optical properties of the gold clusters and cluster
complexes are being actively studied, because fractal prop-
erties have been detected in the structure of the colloidal
aggregates. It was shown in Ref. 4 that a fractal nature of
clusters formed from metallic particles results in unique op-
tical properties. One of the consequences of these systems is
to increase the surface activity of the cluster complexes.

Accordingly, increasing the time during which the laser
acts must cause the total number of cluster structures to vary.
A study of photographs obtained on a scanning microscope
showed that the size of the individual structures grows to

7,00 b4 stable value_s{300 nm and that the total number of cluster
complexes increases.
FIG. 4. Cluster structure of A0), formed by the reduction of Au-3) by Summarizing the results on the synthesis of gold cluster
resonance laser irradiatiofR{-HCOOH). structures by resonance laser photochemistry, the following

conclusions can be drawn) gold cluster structures synthe-
sized by resonance laser photochemistry have basically frac-
B. Effect of the redox-reagent concentration ~ [R,] on the tal structures; Rthe shape of the gold cluster structures ob-
size and shape of the gold hydrosols tained by laser photochemistry is determined by the nature of
the redox reagents;)3ncreasing the exposure time of the
ser irradiation stimulates an increase in the geometrical size
éthe cluster structure and makes its configuration more
complex.

The efficiency of the photochemical synthesis of gold
cluster compounds during a redox process stimulated b
resonance laser radiation depends on the concentration of t
reducing agent.

The effect of the concentration of the redox reagent on
the size and shape of the cluster formations was studied. ThgJ De May and M. Moeremansdvanced Techniques in Biological Elec-
redox-reagent concentratigi,] in the experiment§ varied trbn Micrgscopy e'dited by J. K. KohleKBerlin, 1386, Vol. 3, pq 229.
from 0.1 to 1 M/I. For all the redox reagents used in synthe-2a_ Henglein, J. Phys. Cher87, 5457 (1993.
sizing cluster structures by resonance laser photochemistry?A. D. Pomog#o, Usp. Khim.66, 750 (1997).
it was established that, wh¢R,] is increased by a factor of V- M. Shalaev and M. I. Shtokman, Zhkgp. Teor. Fiz92, 500 (1987
10, the minimum size of the gold clusters increases: from [Sov. Phys. JETRS, 287 (1987
50-100 to 1000—-3000 nm. Translated by W. J. Manthey
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Erratum: Long-time relaxation of an ordered magnetic structure [Phys. Solid State 40,
467-470 (March 1998)]

S. K. Godovikov, Yu. D. Perfil'ev, Yu. F. Popov, and A. I. Firov
Fiz. Tverd. Tela(St. Petersbung40, 2239 (December 1998

[S1063-78308)02212-4

Figure 2 in this article should read as follows:
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FIG. 2. Long-time relaxation in TfyY,.Fe,. a—After the application of a 125 kOe field, b—after repeated application of a 125 kOe field, c—after the
application of a 150 kOe field.
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