PHYSICS OF THE SOLID STATE VOLUME 41, NUMBER 3 MARCH 1999

METALS, SUPERCONDUCTORS

Anomaly in the conductivity of shock-compressed nickel at a pressure of ~23 GPa
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In the pressure range 14—35 GPa we have measured the resistance of shock-compressed nickel.
Its abrupt decrease at23 GPa is noted, and the boundaries of the existence of this

anomaly (-1 GPa) are determined. It is shown that the observed anomaly can be linked with a
structural rearrangement of the electron shells of nickel. 1999 American Institute of
Physics[S1063-783#9)00103-3

Experimental information about the properties of mate-oscillographs of the type S9-4 and S9-8. One of the oscillo-
rials existing in a compressed state is of great interest from grams obtained in these experiments is shown in Fig. 1. The
practical as well as a scientific point of view. However, while electrical conductivity of the shock-loaded nickel sampRes
the thermodynamic properties of matter at high pressurewas calculated from the formuR= R, z/z,, whereR, is the
have been examined in some detail, information about thénitial resistance of the nickel sample, equakto(), andz,
kinematic propertiegviscosity, thermal conductivity, electri- andz are the excursions on the oscillogram. Results of the
cal conductivity, etg.is quite scant. Therefore, new informa- experiments are plotted in Fig. 2 in the coordinates
tion about them, in particular their electrical conductivity at(R— RO)/RO:f(p)}) where they are compared with data
high pressures, is of especial value. on the electrical conductivity of nickel under conditions of

The present paper reports results of measurements of thgatic compression. The higher position of the dependence of
electrical conductivity of shock-compressed nickel in theshock-compressed nickel in comparison with the correspond-
pressure range 14—-35GPa. In the scientific literature suciyg dependence for static compression is a result of the fact
data are lacking. Nickel samples were compressed with thghat for shock loading higher nickel temperatures are reached
aid of strong shock waves formed by ignition of an explosivethan for static compression. As can be seen from Fig. 2, the
charge. The use of shock waves makes it possible to perforglependence R— R,)/R,=f(P) for shock-loaded nickel at
measurements at pressures where the use of static pressures3 Gpa has a segment characterized by an abrupt drop of
becomes problematic or is simply impossible. the resistance followed by an equally dramatic rebound.

A diagram of the experiment is shown in Fig. 1. The 14 optain additional information on the behavior of
nickel sample(grade NP-2, GOST 492-Y3n the form of & gjqck_compressed nickel in the pressure region of interest,
segment of wire of diameter 0.03mm and lengY mm e recorded the structure of the profile of the shock front
was cemented in place with the help of epoxy resin betweeg . ating through a massive nickel plate with the help of a
two disks of reference materighluminum, copper, monoc- manganese pressure serisbiA diagram of these experi-

rystalline LiF, Csl, and NaCl, fluoroplast-4, etdn_which ments is shown in Fig. 3. A manganese pressure sensor of
the pressure of the shock-wave front was known in advanc hickness~0.03 mm having the shape of a flat bifilar spiral

The samples were loaded with a planar, stationary shocWith outer diameter—4.5mn?5 was cemented with epoxy

wave. The shock front in the reference materials, as the ex- . . . .
. . -resin between two nickel disks of thickness 6 and 8 mm and
perimental results showed, had a nearly “table-shaped’.

. . . . isolated from them by sheets of miea0.05 mm thick. To

single-wave configuration. When the nickel samples were K let f th Ki  th i

themselves used as the reference material, they were isolat € more compiete use of the working area ot Ine osciflo-
graph screen and improve the accuracy of the measurements,

by sheets of mica-0.03 mm thick. | t itchi h ding i fed
The technique used to determine the electrical conduc- p+S after switching on the recording Instruments we fed a

tivity of the shock-compressed nickel samples is described ih€ctangular voltage pulse with an amplitude around 10V to
Refs. 1 and 2. A feed voltage was applied to the nickelf‘he deflecting sy;tem of the 89-4_QSC|IIographs therepy shift-
samples for- 10 us leading up to the instant of arrival of the INg the beam to its baseline positiéi.One of the oscillo-
shock wave. Each nickel sample had four identical leadsg'@ms recorded in this series of measurements is shown in
which made it possible to determine its resistaRtin the Fig. 3. The pressure of shock-loading the nickel and corre-
compressed state without having to take account of the resi§Pondingly the manganese sensBj (was determined from
tance of the leads. One pair of leads served as the voltageMmeasurement of the resistaritjg of the manganese sensor
leads. The signal was recorded with the help of the secont its compressed stat®y =Ry (20—2+2) 2", where

pair of leads and fed directly to the the deflecting system oRM0 is the initial resistance of the manganese sensor, equal

1063-7834/99/41(3)/3/$15.00 331 © 1999 American Institute of Physics
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FIG. 1. Diagram of the experiment and oscillogram measuring the conduc'—:IG 3 Di fth . t and il f lina th fil
tivity of shock-compressed nickell — explosive charge of diameter ¢ h - Dlagram o feexpgnmt_:—znk and oscl (I)grgm 0; revea |fng_ € protiie
120 mm,2 — copper or aluminum screen of thickness 10 n@mw;- refer- of the compression ront in nic et_L — €xplosive chargé o ghameter
ence material4 — nickel sample with copper leads. Frequency of the scal- 120 mm,2 — aluminum screen of thickness 10 mAt— epoxy resind—
ing sine wave in the oscillogram 5 MHz, shock load pressure of the refer—kaeI sample5 — manganese pressure sensor. Frequency of scaling sine

ence materia(NaCl) 26.2 GPa. wave in oscillogram 5 MHz.

to ~1.5Q, andz,, z;, andz are the amplitudes of the de- resistance at-23 GPa is not accompanied, consequently, by
flections of the beam on the oscillogram in Fig. 3. In the@ noticeable decrease in its specific volume, which would

transformation fronRy /Ry to P we used the dependence |ead to a splitting of the shock front propagating through the

of the resistance of manganese on the shock-loading pressUtiEe! samg)le as is observed during polymorphic phase
P=f(Ry/Ry ) from Ref. 4. The results of this series of transitions>® This apparently also explains the fact that in
0

measurements showed that the shock front in nickel aptudies of the shock-compressibility of nickélno salient

shock-loading pressures of 24.830GPa has a nearly point is observed in its shock adiabat.

. . . . . From the measurements reported here we have con-
table-shaped™ profile. The calculated decrease in the nICkelfirmed an abrupt decrease in tae electrical resistance of

shock-compressed nickel at pressures-@&3 GPa and have

R - R, determined the narrow boundaries of existence of this
— ! ' ' ' ! ' anomaly. The recorded anomaly cannot be due to the occur-

Ry I rence of a polymorphic phase transition in nickel during

3F 7 shock compression. It is probable, as has been suggested,

that the recorded anomaly is connected in some way with a
- b structural rearrangement of nickel electron shells during
compressiof.
2r . The authors express their gratitude to A.B. Medvedev
and R.F. Trunin for their interest in this work and helpful
- . discussions of this work.

! DThe error in the determination of the pressure and of the relative difference
(R—Rg)/Ry was ~*=3%.
R S .
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A general theory of vibrational excitations in metallic glasses is presented, based on the
disclination model of the structure of solids with local icosahedral symmetry. The representation
of nonorthogonal plane waves is used, which allows one to separate the diagonal terms in

the Hamiltonian, and also the terms describing scattering of these waves by fluctuations of the
density and the force constants, and by topological structure fluctuations. We have derived

and solved the Dyson equation for the Green'’s function. We have obtained an analytical expression
for the density of vibrational states of the glass. The nature of the soft vibrational modes is
discussed. It is shown that these modes are resonant modes, whose presence is due to the
fluctuations of the density and the force constants. Special attention is given to the role of
forward scattering and the nature of the spatial variation in the amplitude of the given modes.

© 1999 American Institute of Physids$$1063-783%9)00203-9

At present an analytical theory of vibrational excitationsdiagonal terms in the Hamiltonian describing plane-wave ex-
in real three-dimensional metallic glasses is lacking.citations from the nondiagonal terms describing scattering of
Whereas there is at least a formal analytical solution of thehese waves by fluctuations in the density and force con-
problem in the one-dimensional casein the three- stants, and also by topological structure fluctuations. Under
dimensional case there are only the results of computesufficiently general assumptions, the given scattering prob-
modeling?® A calculation of the vibrational spectrum of the lem allows an exact solution, which makes it possible to find
so-called “Polytope 120,” an example of ideal icosahedralthe Green’s function and, correspondingly, the spectrum of
packing of the three-dimensional sph&@®(Refs. 4 and §  vibrational excitations. In the concluding section we show
is a beautiful mathematical problem, too distantly related tdhat the indicated problem of soft vibrational modes is solved
the vibrational spectrum of real glasses and consequently natithin the framework of the proposed theory.
capable of explaining the characteristic features of observed
spectra. In particular, it would pe pomtlgsg to formulate thel_ TOPOLOGICAL PROPERTIES OF THE STRUCTURE
problem of soft modes or localization within the framework OF METALLIC GLASSES
of such an approach. On the other hand, it is specifically the
“excess” soft modes, whose presence at frequencies A fundamental parameter of any model of the structure
w~0.1lwp (wp is the Debye frequengyhas been detected in of a metallic glass is the coordination numlzerThe spatial
all metallic glassegsee the review in Ref.)2that are pres- correlation of the coordination numbers is formalized in the
ently the least understood region of the vibrational spectrumdisclination model of a glass'® In the case of an “ideal”
Obviously, the solution of the given problem is directly con- monoatomic structur@=12 for atoms with an icosahedral
nected to the solution of the problem of an analytical calcu-environment and =14, 15, 16 for atoms located at the cen-
lation of the spectrum, i.e., to the possibility of an analyticalters of the Frank—Casper base polyhedratoms with
calculation of the eigenvalue spectrum of the dynamical maZz=14,15,16 form a connectedin general, simply-
trix of the glass. The main complication here is the absenceonnecteglinear structure called the disclination netwdek
in the cellular representation of a simple type of basic ideahetwork of “negative” disclinations or, in the Frank—
crystal lattice in the theory of disordered alloys and incom-Casper terminology, a “basic skeleto?? From the point of
mensurate crystals. Here, in contrast to crystals, the phaséew of the disclination model, the structures of metallic
functionse'"i, wherer is the equilibrium position of theth  glasses, quasicrystals, and Frank—Casper crystalline phases
atom, do not form an orthogonal transformation basis, andliffer only in the nature of the spatial ordering of the
the formal transformation to thie representation for the dis- disclinationst! In metallic glasses the disclinations are dis-
placements and momenta does not preserve the canonigaidered, in Frank—Casper phases they form a crystal-like pe-
form of the equations of motiohOn the other hand, in in- riodic structure with long-range translational ord&m qua-
elastic neutron scattering studies the initial excited vibrasicrystals the disclinations form complicated hierarchical
tional state is a plane waveThe solution of the problem is structure$* with the type of hierarchy of non-intersecting
to use functions which have been bi-ortho-normalized withdodecahedral networks in icosahedral quasicrystaEhe
respect to the indicated phase functi6ris.will be shown  best-known Frank—Casper phases consist of atoms whose
below that such an approach, while preserving the canonicaloordination numbers take on only two values: thus, for ex-
form of the equations of motion, allows one to separate th@ample, in theAl5 phase besides the atoms with 12 only
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atoms withZ= 14 are present, witd=15 in theC15 phase, Here uf:1 and Pi"n are the Cartesian components of the dis-
and withZ=16 in the Laves phas€.(In exotic phases with placement and the momentum of theh atom of thenth
complicated disclination structure all of the enumeratecc|ass =A,B) whose equilibrium position; , andM; is its
types of atoms are presenihe relative number of atoms , n

with Z=12,14, and 16 in icosahedral quasicrystals isinqex . Since it will not cause any misunderstandings in

63:7:30(Ref. 15. Thus it may be expected that an “ideal” he giscussion that follows, to simplify the notation we will

monoatomic glass is formed from atoms of two main typeSiaye doubly occurring Greek indices to indicate summation

Z=12 and another type, \_/vhose co_ordmaﬂon number_ O_Ie\'/vithout explicitly writing down the summation sign.

pends on the nature of the interatomic forces. The remaining The force constants satisfy the usual relations

types =14 andZ= 15, for example, iZ=16 is the domi-

nant typ@ can be considered as “impurities” or topological 2 Z (
n in

mass. The quantities corresponding to @atoms have the

fluctuations in the disclination network. A “nonideal” or inin/ inin/
unrelaxed monoatomic structure leads to coordination num-
bersz=13,11, 10,9, and 8, due to the presence of so-called
" A ' ™ X ap ap _
“positive” disclinations® The appearance of “positive” dis- 2 .2 Bicin, + E Cicié_ 0. ©)
clinations is compensated by an identical additional number ! e

n
of “negative” disclinations so that the total density of dis- The constantd A describe the influence of tH@ atoms.
clinations, taking their sign into account, remains constantThey are given a separate notation for convenience so as to
Such a different disclination structure arises in real multi—fquiII the relation

component glasses. In this case, atoms of one type preferen-

tially occupy well-defined sites. Thus, for example, the at- 2 2 A%E —( @
oms of metalloids, having comparatively small dimensions, e Dligig

occupy for the most part sites with low coordination num-

bers. Despite such a diversity of structure, the distributiorflescribing the hypothetical situation when the coordination
over coordination numbers in this case has two distincfumber takes only two values. Without loss of generality, we
peaks'® Thus, while avoiding unnecessary complications,significantly simplify the purely formal form of the results
we arrive at the following simplified dynamical model. With that are to follow, in particular relatior{46)—(18), by adopt-
the vibrational dynamics in mind, we divide all the atomsing a diagonal form for the matri@i“?,:
into two main classes (the A atoms and B e

atomg and one “impurity” class(the C atoms. Although Cf'?,zcicﬁicirc?“ﬁ. (5)

the main criterion for dividing the atoms into classes in our e ¢

model is the coordination number of the specific atom, theéDiagonality in the subscripts implies the absence of a direct
above-indicated correlation between the type of atom and itiiteraction of theC atoms, which is fulfilled for a low con-
coordination number also allows us to characterize each clasentration of the latter. We write the matricAsAi"rfn, and

by a definite mass of the atom that is representative of thgia:i@’, in the formt™

class and by a definite set of force constants. Note that the “"

given correlation is obviously not strict and, as will become Bi‘;iﬁf Bic f(rin—ric) 5B, (6)
clear below, is not obligatory for the calculations that are to

follow. Nevertheless, it can be helpful both for comparison AACB :2 A F(r —r )f(r —1. ) 6% @
with experimental data and for their interpretation. On the e :

other hand, deviations from the indicated correspondence ) o )

can be taken into account both within the framework of theEduations(2)—(4) in this case give

approach laid out below and with the help of known methods C,

such as the coherent potential approximation, developed for B, =— c , (8)
systems with substitutional disorder. ¢

2 2 (i,

AP +AAE )+ B =0, )
e

n’

2. HAMILTONIAN AND GREEN’'S FUNCTION IN THE
REPRESENTATION OF NONORTHOGONAL PLANE WAVES

C.

In the harmonic approximation, the Hamiltonian of the A= K ) (9)

vibrational excitations has the standard form > SNt —r ), —1;)
’ R i, n c n Cc
(P2 (P{)? T

H=>, E ZI\/T +2 ZI\/T Proportionality of all the force matricas*# leads to a scalar

notn o le e model which in explicit form will be used only in the fol-

1 lowing section since in the derivation of the general relations
+35 ; > IE .2 (AR +AATE Hutuf of the given section it leads only to insignificant simplifica-
n" fn o’ tions.

1 5 5 We are interested in the structure of the spectral density
+; > > BffcuﬁwﬁﬁLz > E CiciéWiaCWié- (1)  function g(w), which is defined in terms of the Green's
o le e g function in the cellular representation
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2 M TIMG (o] +0 10
g(w)——sﬂ_—N mTr (w+ie), e—+0. (10
HereN is the total number of atoms.
We will use the causal Green'’s function
G (=—(T(ul(tyuf (0))), (11

whereT is the T-ordering operator and. . .) denotes aver-

aging over the ground state of the system. The Fourier trans-
forms of these functions in time satisfy the following equa-

tions:

M, 0?Git (0)=5n5 5

nn/llr

+2 2 (AY FAAT )GE (o)

n” |u

+> B G (w), (12
I
Micwzeiiﬁé(w = 5B, ,+E E B‘”G’B(w
!I r(&)) (13)

ay
+>, C7,
- Cc

IC

M ©?G% (w)=2 .2 (ATT +AATT VG5 (w)
n! n/

@ B
+2 B/1,G; (w), (14)
IC
MichGia'B(w) 2 2 B| cn Kfin(w)
@ B
+E C IYGy (w). (15
Using condition(5) on theC i and the equalmG (w)

V. M. Manichev and E. A. Gusev

wherew? =C; /M, ,
c Cc c

2w2

D (w)= 2

'c

flri —ri)f(ri,—ri)

2 2 ) =)

in ip

5P,

X
Let us proceed now to the mixedk,() representatiol?
by introducing the collective variablés; (k) andPf (k) for
the atoms of the classésandB while treating theC atoms
in the cellular representation. In the representation of non-
orthogonal plane wavBsve have

a/_i [ ikri

ui”_\/N_n; Ue(k)e™ i, (19
P”‘——l > P(k)y* 20
in_ f—Nn . n( )d’nk(rin)l ( )

whereN,, is the number of atoms of type and 7, (r; ) is

n
the set of functions that are bi-ortho-normalized with respect
to thee'¥"i, and satisfy the relations

N—Z i (1) = Sucr (21)

n In

1 ikrir g%

R TURE e (22)
n n'n

We assume that in thek values all the states are contained
within a sphere of radiuky,=(3N7?/V)¥3, whereV is the
total volume of the system. The Hamiltonian in thier{
representation has the form

1 .
=52 2 PikUs(k)
n k

—G'gI (w) where the latter |s a consequence of commuta—

tivity of displacements, we at once obtain

> 2 o Kﬁin(“’)
G*B —i n (16
(@)= Mi, wz—wizc |
B 35,
ICIC( Mlc(wz_wi)
2 22 2 BB Gl ()
, (17
Mi Mi: (o _wic)(wz_wizé)
My @G (@)= 8 8, + 2 20 (AT
+D{7 )G (w), (18)

+= 2 E 2 E D (kk YUL(K)UE, (k')

1 1
33333 e
XE z AAIQ[I;' Ikrlnelk,rln,)

(Pa)Z
UR(Up (k) + 2 - o,

Ugkowe

333 (—z Bef ek,

n 'n

(23

+ = EEC ,WW,,

where
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pairwise correlation functiongvith allowance for the above

DB (kk')= \/— > E A e'kriefk’riy, remark about correlation of the type of atom and its coordi-
NnNpr i nation number
and the dot aboveJ?(k) as usual denotes differentiation ~ We define the Green's functioB,,(t) in the k repre-
with respect ta. Using the relation sentation with the help of the creatiap and annihilatiora,
operators, introduced in the standard way
Pa(—
Ug(k)= - > UKk’ )— h
Mn K7k Un=2 \/-=——en(&)(as;+a’y), 27
S 2 n(l)f

'n —|(k k)r 3 M_n
XE M, Pﬁ(k>=—i§ \/%eﬁ*(f)(afg—ag), (29)

the first term of the given Hamiltonian can be rewritten in the

o P2 — K HereA§=a§+a,§, and en(g) are the polarization vectors
T= 1 > Pa(k)Pr(=k) satisfying the relations
2 n k M_n
1 , 2 en()er (€)= "0ss,
—3 2 2 2 Mo(—kk)PRKUR(K),
k!
where ES “(e)elr(e)=55. (30)
1 M The Green'’s function in the two representations are linked by
Mi(kk") =~ > M:"e'(k+k Min(1= 8 _ir), the obvious relation
n ip n
1
— 1 G (w)=
M= .E M . 2 MM, VNN,
n In
In the zeroth-approximation Hamiltonidt, we separate out @ B
the terms that are diagonal knin the full HamiltonianH: XE ;2 /—wg we, en(61)en (£2)
HOZEE 2 Pr(K)PA(—k) w ek g~ ikari /. (31)
2 % Mn We substitute this relation into Eq18) and multiply the
1 resulting equation by
32 2 2 Ok =k URIOUL (— k). .
n’ ke
(24 Weﬁ*(f)ef/(?)l//z/k/(fin,)e i,
n’ nVin
The zeroth-order Hamiltoniai, leads to the following and sum oven,n’,i,, andi, . Employing conditions of
equation for the eigenvalues: orthogonality(21) and (30), we obtain the following equa-
tion in Gs‘lfz(“)):
Mp02U%(k)— 2 D5 (—k,k)UP, (k)=0. (25) e »
§1’,§/ w
2 ea* ea
SmceA,“'f”,: “ﬁ(r, —r; ), the functionsd ,,,(—kk) can © ; .En Mn G 2oy o n (§)en(éy)

be rewritten in the foIIowing form: ” .
x e'kifi @1k,

’( kk)— z 2 Aaﬁle |k(r r,,
nn /NnNn/ P Iyl —5§§r+§zl > oo ®—§§1+D—§§1)G§1,—§’(‘")'
&
VNpNp/ 32
=0 | AT (DG (e dr, (26 (32

Here

whereg,(r) is the partial pairwise correlation function.

Thus, Eg. (25, whose solutions we denote as? E z
_ 2 - 2 — e . §1§2
=wg(k)=wg, §=(k,s), —§=(—Kk,s) leads to an equation
of sixth degree inw? in which all of the coefficients are
expressed in terms of functions which are known in prin- XE 2 Af“‘f
ciple: derivatives of the interatomic potentials and partial in In

€ (§1)e (&) 1
MMy \/NnNn’

Iklrinei kzrin,,
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en(éen(é) 1
\/MnMn’ \/NnNn’

Dglg;Z E
n p

x> > D etalingeriy.

in ip

Taking into account tha® _ ., is the matrix of eigenvalues
of the HamiltonianH, in the k representation and, conse-
quently,® _ .= wfz , we obtain the following Dyson equation

in thek representation:

2w, 2w 0
Gg’,gl(w): 2 25§§r+ 2 2V§G§’,§/((O)
w (1)§ w (1)§

2&)&

> V_;:Gs _i(w)
w2_w§ H7¢ £€,9&,,— €

2w
2 £ 2
) M_::.Gs _p(w).
wz—wé §17¢ th ot

(33
Here

D_¢

Dy tD g
2o, VT oo

0_
Vg_

M e, = 22

efikrineiklrinea* (é:)
n 2N,M, 3

WeWe)

Xen(£1)-

Since the operatora, and ag’ diagonalizeH

HOZE ﬁwg aga§+
¢

E 1
and the corresponding Green'’s function is equal to

2(1)5
:—2 5&,§r ,

> §—>+O,
[0} —w§+|s

the Dyson equatiofi33) takes the form
Ge— (@) =G5+ G %} V_¢,Ge, —e(0). (39
Here
Vg, =Vebe,

(Vg = 0*M g ) (1= 8).

V. M. Manichev and E. A. Gusev

the solution of Eq(34) is easily found:
G, ¢/(0) = G§oge + GGy,

><i2jvi<—§>[i—\7v<w>]i}1vj(§'>, (36)

where the elements of the mati%(w) have the following
form:

Wij(w>=2§ Gvi(&)v;(—&).

The first term on the right-hand side of equali{§6)
describes the unrenormalized vibrational states in the form of
plane waves, and the second term describes waves scattered
by fluctuations of the densitythe matringgl), the force
constants(the matrix @ ), and the topologythe matrix
Dfsfl)' Two results of scattering is renormalization of the
starting spectrum and formation of localized and resonance
states. The Green’s functidB6) is an exact solution of the
problem of determining the vibrational spectrum in the har-
monic approximation. Formally, the number of terms in the
sum (35) is a macroscopic quantity of ordeiN, wherez is
the number of neighbors interacting with an atom. However,
as will be shown below, the kern€d5) can be represented as
the sum of only a few terms.

3. NATURE OF THE SOFT MODES

As is well known!® in the case of a crystal the appear-
ance of excess modes and a resonance peak in the low-
energy part of the spectrune& 0.1wp) is due mainly to the
presence of very heavy impuritied1(./M>10) or impuri-
ties which are weakly bound with the lattice. Let us investi-
gate the behavior, in this energy region, of the spectral den-
sity of the glass. In what follows, we will everywhere adhere
to the scalar model and assume all atoms of all types to be
identical with masses equal M. In this case(ID,kk1 can be

written in the following form:

_1 i .
(I)_kkleN EI ; A;e ik(ri=ri1) i (kg =K)rjs

Note that the given equation can also be derived with the ald glass depends only on the magnitude @ind has the form

of the standard diagrammatic techniglighe problem with
Hamiltonian(23) can be reduced to a problem of scattering

in an external field.
Since it follows from the explicit form ofbggl, Dee,

andM&l that the kernef/_ggl is degenerate

Vo =2 vi(—dui(&), (35)

N [ A (r : 1 :
R R e
S
=—wﬁﬁq, 37
where  S,=(1N)Z;e" and q=k;— Further,
Sy S* NS(q), whereS(q) is the structure factor which for
Si
S(q) 1+—jg() In(q )47rr2dr. (39

Sinceg(r)—1 asr—o, S(q) has ad-function peak in the
limit g—0. The height of this peak N, and its characteris-
tic width ~1/L, whereL is a characteristic scale on the order
of the size of the system_f=V). Since neighboring states
are separated ik by an interval that is alse-1/L, there is
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strong scattering with vanishingly small momentum transfer, GE
which we will refer to below as forward scattering. In an Pv=—0—
ideal crystal, with accuracy to inverse lattice vectors that are 1-GyVik
unimportant here the exact relati@fq) =NJ, q is fulfilled 2 2
and scattering is absent. In a glass, the indicated forward _ 1 S w2— Saw?+ c®
T ) . ~ ) k=5 oWy — Spw > 2Cs
scattering is described in the potent\é‘dkk1 by a contribu- —we
tion proportional to2 584 4, WhereA is a small quantity of
;)hrde(; 1L. "rh]is, |r1[.tur.n, makes the following contribution to v(—K)v(ky) = N ~ Swywy, — S0
e Green’s function: ok,
1 d 2 2
_wt = 2 == (G_A. Wew
w —U)C

The second term of this sum is of ordédl() *<1 and can H itis clear that th lizati fthe starti
be discarded. Therefore, in what follows, we take forward encetis clear that the renormalization ot the starting spec-

scattering into account in a form proportionalNd, . As a gufm Ir:jtglstrheglon |sfdue mainly to forward scattering and is
result, we have efined by the equation

. _cOoy
Sy=SoN g ot S(q)e#(@). (39) 1=GV=0, 44
g\/hile the resonant frequencies are found by solving the gen-

Here the choice of the origin determines the zero value of th . e .
eralized Lifshits equation

phase of the singular term. The numerical faggrdescrib-
ing the forward scattering, characterizes the deviation of the

singular part of the structure factor from the exadtnction Re( 1- 2 Peo(= k')v(k,)> =0. (45

of an ideal crystal §<1), ands(q) is a function that be- K

haves similarly to the nonsingular part of the structure factotUsing the Debye approximation for the starting spectrum
over the entire region of variation af, i.e., it is compara- (3w2/w%), we obtain the following expressions for the reso-
tively small for smallg and of the order of unity fog=k,.  nant frequencywg and spectral density fab<wp :

Since ¢(0)=0, the phase is small for smail and, conse-

quently, the imaginary part @&, is also small. In addition, as w2=—2
can be seen from relatiof39), forward scattering plays the RO 3 (1+sp)(1+29)
main role in the formation of the spectrum at smal{small _

k of the starting spectrujrand theq dependence of the non- 9(w)=go(@) +Ag(w), (47)
singular part of relatiori39) can be neglected. Restoring the where
symmetric form(in k,k;) of the nonsingular part cxb_kkl

[it can be obtained explicitly by considering an analogous Jo(w)=3
relation ford),kklfb’ikkl instead of relatior(37)], we have

:w%(l—so)(l—so—s)[ 2+ | 9

C1+s

(1+50)? w?

(1-50)% wp’

2+350

I orsy ©

s 2

1
Dy, =~ S0k Sk, ~ N @K@k, (40) Ag(w)=5—

2—5sp S

1
T 21tso) C) (1—s5)(1+2s)

Analogous considerations lead to the following form for the

e : ) I'w*
remaining terms of the scattering potential: @

(02— wi)?+(Tw?)?’

wng wng
DT a2 e N “ m(1+25- %)
Cc Cc = .
2(1+2s)(1+sg) YA 1—50)%?
s
®*M g, = So0” S, + N w?. (42)  These functions, along with the starting spectrum, are plotted

in Fig. 1. First of all, note the renormalization of the starting
In the solution of the Dyson equation, it is convenient to takespectrum, due mainly to forward scattering. In this regard,
forward scattering into account separately. This being thaotice also that as,— 1wr—0, i.e., the larger the differ-
case, only two functionally distinct terms remain in the sumence between the singular term of the structure factor and the
(35). As a result, in the low-frequency region we have theé function of an ideal crystal, the more strongly the starting

following expression for the Green’s function: spectrum is renormalized and the lower the characteristic fre-
guency of the resonant modes lies. The factersy defining

PkPklv(_k)U(kl) this behavior owes its existence to fluctuations of the force

G, = Pidik, : (43 constants, i.e., to the first term on the right-hand side of Eq.
1- kE Peo(=k")v(k") (40). [In an ideal crystal$,=s=0) expressior46) formally

gives w3= w3/3 and the resonance at low frequencies is ab-
Here sent] Here the corrections due to the presence ofGhat-
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FIG. 1. Density of vibrational states fab<wp, Sp=0.7, ands=0.1:
Jo (dashed curvyeandg (solid curve. The dotted curve plots the starting
spectrum 2%/ (wp)3.

V. M. Manichev and E. A. Gusev

optical modes even in a single-component glass. The actual
existence of such modes depends, obviously, on the nature of
the scattering in the high-frequency region of the spectrum
and depends strongly on the actual composition of the glass.
Nevertheless, the formal possibility of observing them in
glasses which are nearly single-component, follows from the
proposed approach. In addition, the geometrical b@assli-
nation modeél is not obligatory in the treatment of the low-
frequency resonances. Indeed, we have in fact shown that the
main reason for the appearance of the low-frequency reso-
nances in a glass is the strong fluctuations of the density and
force constants while the low participation coefficient is due
to the relatively high amplitude of the given modes in the
strong topological fluctuations. Such a formulation, of
course, does not depend on the details of the geometrical
description of the structure of the glass.

The authors would like to thank V. A. Borodin and P. V.
Vladimirov for numerous discussions of the structure of
glasses, and also V. N. Peregudov for a discussion of various
aspects of quasiparticle excitations.
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széii/(w):é\“/‘f‘z Aiiuéi//i/(w). (48)
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We have investigated experimentally the influence of a constant electric current on the

magnitude and temperature dependence of the resistance of chromium films prepared by vacuum-
thermal condensation. The results are interpreted in terms of fHgidir@onductivity

model. © 1999 American Institute of Physid$1063-783%9)00303-2

In recent years, coherent states of conduction electronsonitored by a chromel-alumel thermocouple. The current—
in solids have been received great interest, in particular, ivoltage characteristic€CVC’s) at T=78 and 300K were
the guise of the phenomenon of ‘Rtich conductivity ob-  measured in the fixed-current regime for the current in the
served in the slip region of charge density way€®W'’s) range 1=10 °—7x10 3A. The film thickness and its
and spin density wave$SDW'’s) and manifested in the non- chemical composition were determined by x-ray fluores-
linear growth of the conductivity in electric fields larger  cence analysis, and the lattice parameters and phase
than some threshold valug.. For this mechanism, as fol- composition—by x-ray structure analysis.
lows from Ref. 2, the critical fieldE, can be approximated Figure 1 plots the temperature dependence of the resis-
by tance R(T), measured for different values of the constant

<2 4 current, for a chromium film of thickness=1040A. The
eE(2m/Q)=(3"/Er)s ™10, @ points plotted in the inset foF =78 K were taken from the
wheree is the charge of the electrof,is the wave vector of CVC's. The results of the measurements R{T) for
the CDW (SDW), E is the Fermi energys. is the dielectric  1=10"3A in the temperature range=200— 300 K (inset to
gap of the CDW(SDW), ande~ 1. Estimates of the critical Fig. 1) agree with the data in the literature for thin chromium
separation field of the spin density waves for chromiumfilms* (d=14—-50A) and bulk sample3.A weakly ex-
(Neel temperaturd y=312K, Ref. 3 based on Eq(l) give  pressed anomaly irR(T) is observed in the region of
E.~16mV/cm. The critical separation current correspond-T,,=280K. Below T=200K the temperature dependence
ing to E. is given by of the conductivity of the investigated chromium films dif-
|.=(I/R)E @) fers substantially from that of the bulk sampfdsut is simi-

¢ e lar to that observed in chromium alloyg.g., Cr—Fe and
wherel is the distance between contacts ahds the resis- Cr—V, Ref. 6. It is clear from Fig. 1 that the magnitude and
tance of the metal. For bulk samples of chromiumtemperature dependence of the resistance of chromium films
R~10°Q and for I=0.5cm the separation current in the temperature regiofi~78 K depends substantially on
I.~800A. However, in chromium films the resistance the magnitude of the current at which the measurements
R grows by several orders of magnitude as the film thicknessvere made. For currents<10 A, R(T=78K) exceeds
is decreasefl.In view of this it may be expected that in R(T=300K) by almost 10%. Thus, fdr=10"° A the ratio
chromium films for realistically attainable values of the R(T=78K)/R(T=300K)=1.095.

transport current the Fhtich conductivity regime is real- Figure 2 plots the dependence of the resistance on the
ized. For example, forR=50() one gets|.=1.28 transport current, calculated from the current—voltage
X107 4A. curves. We found that the CVC'’s of the investigated chro-

The present paper reports results of a study of the eleanium films at T=300K obey Ohm’'s law up to
trical properties of chromium films as functions of the trans-I~4x 102 A and are hysteresis-free. TIR{|) dependence
port current flowing through the sample. corresponding to the given current—voltage curve is plotted

Chromium films of thicknessl=700 and 1040 A were by curvel in Fig. 2. As follows from the experiment, the
prepared by vacuum-thermal condensation on a glass subrowth of the resistance at higher currents is associated with
strate. The substrate temperature Was180°C. Electro- Joule heating of the sample. At=78K, as the current is
lytic chromium of purity 99.99% or higher was used. Theincreased the resistance falls abruptly in the current region
electrical resistance was measured by the four-probe poteh=10 *—10"3A by almost 9%[curve?2 in Fig. 2(a)], after
tiometric method at constant current in the temperature rangahich a stepped falloff is observed up te-10 1 A, with
T=77—-350K and current range=10"°—10"1 A with an  drops no greater than 1féurve2 in Fig. 2(b)]. The behavior
accuracy of+10 8. The temperature of the samples wasof the CVC’s and ofR(l) did not depend on the polarity of

1063-7834/99/41(3)/3/$15.00 341 © 1999 American Institute of Physics
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FIG. 1. Temperature dependence of the relative resistad€E) 10}F 4
=R(T)/R(T=300K) for different values of the transport curreht(A):
1—104 2—4x104 3— 103, 4— 7x1072. Inset plots the depen-
denceo(T) for =10"2 A in the high-temperature region. .‘1 _— 1
the current; however, hysteresis was observed in the 09 | , ]
“increase—decrease” current cycle. These results were re- 0.0 50 I, mA

produced in all succeeding experiments.
The experimental value of the current at which theF!G. 2. Dependence of thefg'a“"?;eSiSta'ﬁ(@):R3(')/R(':712073A)
abrupt drop inR(I) was observed was;=10"*A. A ?’Lghgot(rf;”:sgr;gf{;”t': 107-107A (@ and 107-8x107A ()
smoother decrease inR(lI) was observed up to '
| =3.4x 10 2 A, after which the resistance grew weakly and
then remained constant up ite- 10~ 3 A. Above this value a
falling segment ofR(l) is again observedFig. 2b)]. The
estimates based on E() for the investigated films give the

HereZ is depth into the sample, measured from its surface,

oy is the surface conductivifyin the given case it is given by

- S . formula (3)], and o, is the bulk conductivity. Since the

= 2 _ , v

Vzlrlijrié;ta?f;l}: A, which is comparable with the ex thickness of the conducting layer in which the electric field
P I : ) and current density are still uniform is much larger than the
X-ray structur_e analysis of the films re-vealed. the PrS%iim thickness {~0.2cm, Ref. 1}, it may be assumed that

ence O.f an u!tradl_spersed phase of chrom_lgm oxides. Chr he entire volume of the'filmc[= 1040 A) contributes to the
mium films with th|§ type of ph‘?‘se comp.osmon, prepared byconductivity while the temperature dependence of the resis-
vacuum-arc sputtering, were discussed in Refs. 7 and 8. Notte

that quite a number of works have been dedicated to theance is mainly determined by the conductivity of metallic

problem of the formation of an oxide layer on the surface Ofchrompm. Th!s conclus_|on is supported by the dependence
: : . plotted in the inset to Fig. 1.
chromium films(see, e.g., Refs. 739According to the re- .
. : It was shown in Ref. 8 that the presence of a 15-20%
sults of these works, the surface layer of the films consists of

a mixture of metallic chromium and its oxides. The thicknessoxIde phase in Ni-Cr films increases the resistance twofold

: N . in comparison to the value characteristic of the metah-
of such a layer is equal to=15—150A, depending on the . fortunately, works dedicated to the electrical properties of

”?eth"d of preparaﬂon. The resistivity of the surface layer ’chromium films have not indicated the value of the current at
given by the expression )

which the measurements were performeth our case,
(Uog)=p2Co1—(ui/me)"} 4, (3)  the resistance of the film af=300K, for a current
I=103A, wasR=1.225x10 4 (), which exceeds by two
orders of magnitude the resistance of bulk samples of chro-
mium.

Since at temperatures above the temperature of the resis-
ance anomalyfFig. 2(@)] no noticeable changes were ob-
served in the resistance of the films, considered as a function
of the current, the nature of the observed nonlinear effects in
the low-temperature region can be associated with the pres-
o=0gto,Z. (4 ence of a SDW state, e.g., as a manifestation ohkab

wherep?®, is the resistivity of the metalG?, is the concentra-
tion of the metal in the layery; is the concentration of the
oxide phase, ang. is the critical concentration of oxide for
the percolation mechanism of conductivity; the paramete{
n~1-2 (Ref. 8.

It is well known'® that, using four-probe measurement,
the conductivity of the sample is given by
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Field-ion microscopy is used to study changes in the structure of the grain boundaries induced
by intergrain adsorption of point defects created by ion bombardment of tungsten

bicrystals. It is found that irradiation at temperatures below the threshold of grain-boundary
relaxation causes a local expansion of the boundaries. Computer simulation using molecular
dynamics shows that intergrain adsorption of vacancies can lead to the formation of three-
dimensional grain-boundary structures. 199 American Institute of Physics.
[S1063-783%9)00403-1

In fcc metals characterized by low stacking-fault ener-by ions formed by the interaction of auto-electrons with at-
gies, splitting of the dislocations at the block walls leads tooms of the imaging gas, the action of the low-energy com-
the formation of complex three-dimensional configurationsponent of the plasma on the first wall of nuclear reactors is
(3D structures At the large-angle boundaries in these ma-imitated.
terials in a number of cases formation db 3tructures with Radiation-induced changes in the atomic structure of the
splitting of the dislocations in closest packed planes intergrain boundaries were investigated in the temperature inter-
secting the boundaries was also observédLarge-angle val 750-1000K, in which the interstitial atoms and vacan-
grain boundaries infcc metals characterized by high cies are mobile and processes of grain-boundary relaxation
stacking-fault energies, as was shown in earlier studies usingre suppressed in tungstéhSome of the specimens were
field-ion microscopy;® are localized two-dimensional lattice bombarded at temperatures of 1670200 K. The mean ion
defects. In the present work we show that, at temperaturesnergy of the ion flux bombarding this group of specimens
below the grain-boundary relaxation threshold, adsorption ofay in the interval 206-350 eV. The total helium ion fluxes
radiation defects at large-angle grain boundaries in tungstelay in the range 1¥—5x 10" ion/cn?. Analysis of the se-
is accompanied by the formation of metastahll® &ructures ries of ion-microscope images taken during field ablation
characterized by an increased stacking-fault energy. showed that the inner regions of the microcrystals do not

The experiments were performed using a field-ioncontain lattice defects that could be responsible for preferen-
microscope with the samples cooled to 21-80 K. As the imtial adsorption of one of the different types of point defects.
aging gas we used helium at a pressure 0f?6010 2Pa. In light of the small dimensions of the microcrystallites, we
Bicrystalline needle-like specimens with radii of curvaturecan neglect processes of recombination of point defects. In
about 26- 100 nm were prepared by electrochemical etchinghis approximation, the maximum calculated total flux of in-
from a tungsten wire with mean diameter of the graifis  terstitial atoms and vacancies onto the grain boundaries in
berg equal to 250 nm. the surface layer of the bicrystals wax 80 cm™2.

The samples were bombarded with helium ions formed  As a result of helium-ion bombardment at total fluxes of
by the passage of an auto-electron current. The intensity &x 10®ion/cn? and above, formation of segments of the
ion bombardment was determined using relations derived igrain boundaries characterized by anomalously large values
Ref. 6. When the ions were formed at distancdess than of the width of the region with increased stacking-fault en-
10ry from the tip, where g is the radius of the tip, bombard- ergy was observed. The width of the region of preferential
ment proceeded from the conical region of formation of thefield ablation of the atoms at the large-angle boundaries grew
ion flux, and when they were formed at larger distances by two- to threefold, reaching values of 0.2 nm. Figures
bombardment proceeded from a cylindrical region coaxiafl(a)—(c) show a series of field-ion-microscope images of a
with the specimen. In the present work the electric fieldsegment of the surface of a tungsten bicrystal bombarded by
strength E in the auto-electron regime was %) a helium-ion flux of 7x 10*ion/cn? with a mean ion energy
X 10’ V/cm during bombardment. Fa,<100nm, the ions of 250eV. Images of the boundary in the segment of the
formed atr<10r, have an energy below the displacementmating of the(211) faces of adjacent graind and B were
threshold. As a consequence, the main contribution to théaken sequentially after ablation of the bombarded crystal to
generation of point defects comes from ions formed in aa depth of 10, 12, and 14 nffigs. {a)—(c)]. In Fig. 1(d) the
comparatively distant cylindrical region. For the cylindrical dashed lines demarcate a segment of the boundary of en-
region the ion energy distribution is Maxwellidrsimilar to  hanced thickness, which can be related © 3tructures.
the energy distribution in Tokamak-type plasma setups, witfThese microphotographs also illustrate the characteristic in-
mean energy equal teEry, wheree is the charge of the homogeneity of the structure of boundaries in bombarded
electron. Thus, when needlelike specimens are bombardadngsten: the B structure was observed only on one facet of

1063-7834/99/41(3)/3/$15.00 344 © 1999 American Institute of Physics
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FIG. 1. Field ion microscope images of a tungsten bicrystal bombarded by a helium ionXlL@%ion/cn? with mean energy 250 eV. Images a—c were
obtained after ablation of the bombarded crystal to a depth of 10, 12, and 14 nm, respectively. The dashed lines in diagram d demarcate a segment of the
boundary with ® structure, and the solid line indicates the position of a two-dimensional facet.

the grain-boundary ledge. Calculation of the lowering of theboundaries. Comparison with the results of a study of the
field-ablation energyQ in these segments, based on theevolution of the structure of the grain boundaries as a result
model of image force¥ gives AQ/Q=8.5x10"2. Expan-  of intergrain adsorption of heliufit! and interstitial aton$
sion of the large-angle grain boundaries during bombardmerguggests that the more mobile interstitial atoms wind up at
at temperatures above 1100 K was not observed. This may libe free surface during intergrain adsorption, resulting in an
connected with the occurrence of processes of grainenrichment of the grain boundaries by vacancies. In this
boundary relaxation. case, the vacancy component of the radiation-defect flux may
These data show that as a result of intergrain adsorptiorbe responsible for the observed expansion of the boundaries.
the point defects not only annihilate each other, but alsdVith this in mind, we performed a computer simulation of
induce substantial changes in the structure of the graitthe evolution of the structure of the grain boundaries induced

"5
o (]
o ] o
u a a b
L a -D n " 4
=] ] w] | ] a ]
D.IDD- .-DD ] o
a8 [m] [ a [m) .. =] ]
o [ ]
o - o ] o | a] (] o
a ] a] [ | o ] a ] o
L] D.'DD. -DD-. [w] .
T . o . ! o . o " "4
Ow " g Og ® 4 IDD.DI.DD.
" g 0O g &8 g 04 ® o n o % s ®
= m] s o =
Ums " o O m o I@D .@DU.
= 0 O m ®8 g Om ® @
Ow ®mp Os ® o O @@@@@@@@@
1@o@®e @@ =
o ® @ O pme g 0 g a O - DD.D
m O o &8 g 0O g B g D.D.D-DI.D.
o ® g0 g ® g 0 o = o a U
o | o n a a L] o -
. O L] o = D..DDI.DD
o
D'ID.D.DIID .DD..DD..
IDDDI-DDI o " =« & 0O
o % o . o s O u o
O [ ] ] | ] .DDI R
. 0 . = o . [114]
D-l-“ a O —
s Y o (110) [221]

FIG. 2. Atomic configurations of an equilibrium symmet9(114) boundary(a) and this same boundary after adsorption of two monolayers of
vacancieqb).
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by the adsorption of several monolayers of vacancies. Theouchsafed by the liberation of the energy of the vacancies
model crystallite consisted of 840 interacting and 504 boundeuring their intergrain adsorption.
ary atoms. On the outdrl 10 faces we prescribed periodic
boundary conditions, and on the remaining faces we preACKNOWLEDGMENTS
scribed flexible boundary conditions. The bicrystal consisted
of 40 atomic plane$114}, parallel to theX9, 38.9°,{110
boundary. The computer simulation employed molecular dy
namics with a central pairwise potentfdi** Adsorption of a
monqlayer of vacancies WaS simulated by removal pEt4 'A. P. Sutton and R. W. Ballufijnterfaces in Crystalline Materials
atomic layer from the region of_ the nl_JcIeus of the bou_ndary. (Clarendon Press, Oxford, 199819 pp.

Results of the computer simulation of the evolution of 2F. Ermst, M. W. Finnis, D. Hofmann, T. Muschik, U. Schonberger,
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In conclusion, we would like to express our deep grati-
tude to V. S. Btko and I. M. Mikhalovskii for helpful dis-
cussions.
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Shape of the magnetic resonance line in a thin film on the surface of an anisotropic
superconductor
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The shape of the EPR line in a thirr§/2, where\ is the London penetration depth of the
magnetic field in the superconduckgaramagnetic film deposited on the surface of an anisotropic
superconductor is calculated in an oblique magnetic field with allowance for the
inhomogeneity of the local magnetic field of the Abrikosov vortex lattice. It is shown that, as the
tilt angle of the external magnetic field is varied, the shape of the EPR line changes

noticeably. This fact can give additional information about the superconductor paraitieters
symmetry type of the vortex lattice and the anisotropy parameter of the supercomnductor

© 1999 American Institute of Physids$1063-783#9)00503-1

At present, the method of observation of the electronsuperconductoih and the local macroscopic magnetization
paramagnetic resonant&PR*~3and nuclear magnetic reso- of the sample. However, if a thin film<(1000 A) of con-
nance(NMR)* of a magnetic marker on the surface of atrollable thickness is used as the EPR or NMR marker, then
high-temperature superconduci®iTSC) is widely used to it is possible to obtain significantly richer information about
study the penetration of a magnetic field into a superconthe parameters of the superconductor from an analysis of the
ductor and the transition to the superconducting state. ltine shape of the magnetic resonance. The present paper re-
EPR studies, a film of the free radical diphenyl picryl- ports results of a calculation of the line shape of the magnetic
hydrazyl (DPPH deposited on the surface of the supercon-resonance in a thin magnetic film of calibrated thickness
ductor is often used as the magnetic matRavhile silicone  (=0.5\) deposited on the surface of an anisotropic super-
is usually used in NMR studiésin either case, the variation conductor, in a magnetic field that is tilted relative to the
of the inhomogeneous line width of the magnetic resonanceurface of the superconductor. It is well known that in an
as a function of temperature is tracked as the sample transexternal fieldH (H.;<H<H.,, whereH.,; andH,, are the
tions to the superconducting state or to the vortex state as thaitical fields in a type-1l superconductor a two-dimensional
external uniform field is swept. Such experiments allow oneAbrikosov vortex lattice is formed. The authors of Ref. 5
to estimate the penetration depth of the magnetic field in thebtained analytical expressions for the Fourier components
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FIG. 1. Distribution functiorp(h,z, 8) of the local magnetic fielth in the unit cell of the vortex lattice above the surface of the supercond(intarbitrary
units) for 6=0 (1), 7/6 (2), and=/3 (3). Field values are plotted along the abscissa in the units L6M(,,)/(H—hy,). H=2, h;;,=1.8767.
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FIG. 2. Dependence of the absorption enelrggn the magnetic field and the tilt angbe 6=0 (1), #/6 (2), 7/3 (3). Labelling of the abscissa the same as
in Fig. 1.

of the local magnetic fielth above the surface of the super- peaks and their relative positions for a given tilt angland
conductor in an oblique magnetic field on the basis of aheightz, of course, depend on the symmetry type of the
solution of the London equations. A picture of the magneticvortex lattice and the anisotropy parameter of the supercon-
field at assorted distancesabove the surface of the super- ductorI'. Calculations show that a nonuniform field quite
conductor can be gained using the inverse Fourier transforniapidly becomes uniform, already at a distare8.5 (mea-

To analyze the shape of the resonance line requires a quiﬁyl’ed in units of\). Thus, to determine the characteristics of
detailed picture of the magnetic field in the unit cell of the@ nonuniform field of Abrikosov vortices using an EPR
vortex lattice for a representative set of distances above th@arker it is necessary to use films of a specific thickness, less
surface of the superconductor. This depends on both théan 0.5. The power of the variable magnetic field absorbed
number of points into which the unit cell of the vortex lattice by the resonant spins located in a narrow layer above the
is divided and at whichh(r) is calculated(we used 512 surface is proportional t§gp(h,z,¢)dz, whered is the film

X 512 point$ and also the number of such portraits as a maghickness. It should also be noted that each resonant spin has
of h (there were 100 On the basis of these maps it is pos- its own absorption curve possessing, as a rule, a Lorentzian
sible to obtain the density distribution functigith,z,6) of  line shape and defining the homogeneous absorption width
the local magnetic field within a narrow layez+dz above  A. The power of the variable magnetic field absorbed by all
the surface of the superconductarié the angle between the the resonant spins, considered as a function of the external
normal to the surface, parallel to tieeaxis, and the uniform magnetic fieldH and the angle, is equal to

magnetic fieldH).®> By way of an example, Fig. 1 plots
p(h,z,0) for various ¢ and z. The calculations were per-
formed for the HTSC Y-Ba—Cu—0O with anisotropy param-
eterI'=25 in a fieldH=2 (in units of ®,/\?). The field is
plotted along the abscissa in units of 1B6(h;.)/(H The constanC is defined by the normalization requirement
—hnin), Where h,,;,=1.8767 is the minimum value of the [P(H,#)dH=1.

local magnetic field in the interior of the superconductés Figure 2 plots the EPR lineB(H, ) calculated accord-
can be seen from Fig. 1, in oblique magnetic fields the lineng to Eq.(1) for the paramagnetic marker DPPH deposited
shapep(h,z,8) becomes complicated by the appearance obn the surface of the HTSQJ=0.5, A=2 [in units of

an additional peak. This is due to the fact that, an additiona{H — h,,;,)/100], for three values o#.

saddle point with a different field value appears in the distri-  As can be seen from Fig. 2, the line shape of the EPR
bution of the local magnetic field in the immediate vicinity marker varies quite noticeably with variation of the tilt angle
above the surface of the superconductor. The height of thef the external magnetic field, which makes it possible to

d
P(H,0)=C f dzp(h,z,0). (1

dh————
J—w A2+ (H—h)2Jo
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Temperature dependences of the resistivity and Seebeck coefficietiBef YLa,),Cu;0, and
YBa,Cu;C0,0, samples x=0—0.25) have been measured under maximum sample

saturation with oxygen, as well as following their anneal in an oxygen-deficient atmosphere. The
T. (X) dependences for as-prepared samples were found to pass through a maximum at
x=0.05, which persists after annealing for(B& La,),Cu;0, and disappears for
YBa,Cu;_,Co,0, . A phenomenological model of the band spectrum in normal phase has been
used to determine the parameters of the conduction band and of the carrier system, and to
analyze their variation with the dopant type and content, as well as with annealing. Despite the
differences observed in thE, (x) dependence, the critical temperatures for all the sample

series studied were found to correlate with the conduction-band effective width. The mechanism
of the effect of impurities on the band-structure parameters and the reasons for the different
influence of annealing on the properties ofBé, _,La,),Cu;0, and YBgCu;_,CoO, are
discussed. ©1999 American Institute of Physids$1063-783#9)00603-9

It is known that the state of the oxygen subsystem deterthat of the elements they replace, which results in an increase
mines to a considerable extent both the properties of thef oxygen content with increasing doping leVér® A
normal phase and the critical temperatufge in the characteristic feature of the YB@w_ ,CoO, and
YBa,Cu;O, system. In addition to annealing the sample inYBa,_,La,Cu;0, systems is that for low concentrations of
an oxygen-deficient atmosphere, the oxygen content and di®oth impuritiesT. slightly increases witlx, to be followed
tribution in the lattice can be affected by doping it with vari- by its sharp decreadé ! It was pointed ol that the
ous heterovalent impurities. The pattern of variation ofmaximum in the T.(x) dependence at smalk for
YBa,Cu;O,, properties when the chain copper is replaced byYBa, ,La,Cu;0y is observed in samples with the highest
3d metals(Fe, Co, A), and when rare-earth elements arepossible extent of orthorhombic distortion, for which reason
substituted for barium is basically the same, although in théhe presence of this maximum is associated with additional
first case it is copper that is replaced which, besides oxygeriilling by oxygen of the @1) sites. The transformation of the
is assumed to be responsible for the properties of the norm&&mperature dependences of resistRit}'>~*>and of the
phase. It appeared of interest to carry out a comparativ&eebeck coefficiet'®1’with increasing content both of co-
guantitative analysis of the effect of the above two types obalt and lanthanum is basically similar to that observed in the
substitution on the characteristics of the normal state in ordetase of increasing oxygen deficiency. Note that, as shown in
to reveal the part played by various lattice sites in the for-our earlier work!’ the YBg_,La,CuzO, system exhibits,
mation of the band responsible for conduction. despite the nonmonotonic pattern of thg(x) dependence,

We use an analysis of transport coefficients to solve thig correlation between the band-structure parameterd and
problem in normal phase based on the model of electronievhich was previously found to be characteristic of the
transport in HTSC materiafswhich permits one to deter- YBa,Cu;O, system with other types of substitution.
mine quantitative band-structure parameters and to analyze This has stimulated the present comparative study of the
the trends in its transformation observed when doping witteffect of cobalt and lanthanum on the superconductivity,
different impurities:=3 We chose cobalt and lanthanum, re- transport properties in the normal phase, and band-structure
spectively, for the impurities to substitute for copper andparameters of YB#u; ,CoO, (x=0-0.25) and
barium. The first of them substitutes for copper inYBa, ,La,CuzOy (x=0-0.5). In order to obtain more de-
YBa,Cu;Co,0, within a broad concentration range only tailed information on the mechanism of the impurity effect,
at the chain site$? and the second is widely used in studieson the reasons for the nonmonotonic pattern of Théx)
of the effect of barium substitution because of their ionicdependence, and on the nature of the relation between the
radii being close in magnitudéor Ba, r;=1.35 A, and for band-structure parameters and superconducting properties of
La, r;=1.33 A). Both impurities have a higher valence thanthe Y—Ba—Cu—O compounds, the influence of additional

1063-7834/99/41(3)/5/$15.00 350 © 1999 American Institute of Physics
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TABLE I. Unit cell parameters in as-preparedBé, _,La,),Cu;0, samples o~
and oxygen content before/{) and after §,) annealing. h:t-g-:"ﬁ§\
80 '~ _ TSy,
X a A b, A a—b, A c A Vi Yo I P RS NS
M \\0 \\\ \\* \\\
0.00 3.822 3.885 0.063 11.670 6.95 6.86 “60 " e ] S~ SOl Te
0.025 3.820 3.894 0.074 11.655 6.98 6.89 =~ 2 \0.\ _ \\.
0.05 3.823 3.895 0.072 11.630 6.99 6.92 0F o3 \‘\\Q\\
0.10 3.819 3.890 0.071 11.650 7.03 6.96 Se \\
0.15 3.828 3.879 0.051 11.640 7.10 7.02 o4 Y
0.20 3.857  3.857 0 11.600  7.14  7.04 20 Lo , . , .
0.25 3.853 3.853 0 11.580 7.17 7.06 0.00 0.05 0.15 0.25
X
FIG. 1. Critical temperature vs impurity content for(1,3

Y(Ba,_,La,),Cu0, and (24) YBa,Cu;_,Co0, compounds.1,2 — as-
off-stoichiometry in oxygen was also investigated for bothprepared sample serie3;4 — sample series with reduced oxygen content.
systems.

2. EXPERIMENTAL RESULTS

1. SAMPLE CHARACTERISTICS We measured temperature dependences of the resistivity

and Seebeck coefficient on all series of samples within the

YB&,_,La,Cus0y (x=0-0.5) and YBaCu;,CoOy  T-T.-300K range by the technique described
(x=0-0.25) ceramic samples were prepared by thegsewherd?®
standard solid-phase synthesis. The final treatment included Tpe temperature dependences of resistivity follow the
annealing in an oxygen flow af=450°C for 10 . pattern typical of the YB#ZCwO, system. For three series,
Al samples were shown by x-ray diffraction to be he yalues ofp decrease linearly with decreasing tempera-
single phase with an accuracy not worse than 1%. Tp refleGlre, and the slope of the (T) curves decreases with in-
the percentage relation between the substituting andreasing impurity content. An exclusion from this rule is the
substituted element, we used for the chemicalggries of YBaCu;_,Co,0, samples with an extra oxygen
formulas — ¥(Ba _,La,).COy  (x=0-025) and geficiency, where one observes for0.15 a transition to
YBa;Cu(2)2Cu(1),xCo0y, (YBaCusxC0,) (x =0  gemiconducting behavior g (T) in the low-temperature
—0.25), because lanthanum can occupy in YB&0O, tWo  4omain.
equivalent barium sites, whereas cobalt can substitute for Figure 1 present3, vs impurity concentration plots for
copper only in the CW) site. The cell parameters deter- g four series derived from resistivity measurements. Both
mined from x-ray d|ffrgct|on measurements to within as-prepared sample series exhibit a maximum inTthex)
+0.001-0.002 are listed in Tabl.e.s l'and II. X=0.025, the dependence at=0.05. Note that the lattice undergoes a
Y (Bay _,La,),Cus0y system exhibits the largest orthorhom- mayimum orthorhombic distortion near this impurity con-
bic distortionb—a, while for YB&Cu;_,Co,0, theb—a  centration, and the oxygen content approaches the closest to
parameter is the same fox=0 and 0.05. The {he stoichiometry valug=7, which implies the maximum
Y (Bay -,La,),Cu;Oy compound transfers to trigonal Symme- qrdering in the oxygen subsysteisee Tables | and )i Fur-

try near x=0.2, and YBaCu;_,Co0O,, near x=0.10,
which is in agreement with literature d&t&891%18The extra

oxygen deficiency was achieved by combined annealing o&n oxygen-deficient atmosphere, the maximum inTtpéx)
samples of both series in vacuumTat 450 °C for 2 h. The

oxygen content was determined by iodometric titration togt

within =0.01-0.02. The oxygen indicegfor all four series
are listed in Tables | and Il. An increase in doping |eve|xthroughout the concentration range covered.

The temperature dependences of the Seebeck coefficient
for Y(Ba,_,La,),CuOy and YBgCu;_,CoO, are dis-
played in Figs. 2 and 3. They exhibit all the features charac-
teristic of the YBaCu;O, system, viz. an extended region at
high temperatures wherg8(T)~ const (for samples only

gives rise to an increase gf and after annealing the oxygen
content decreased by 0.07-0.1.

TABLE II. Unit cell parameters in as-prepared Yfa,_,Co,0, samples

and oxygen content beforg/{) and after §,) annealing.

ther increase of the impurity concentration results in a mono-
tonic decrease of the critical temperature. After annealing in

dependence for the (Ba,_,La,),Cu;O, system remains

the same

lanthanum concentration,

whereas in

YBa,Cu;,C0,0, T, falls off monotonically with increasing

slightly deviating from stoichiometjyyand a maximum in
S(T) atT=120-200 K. As the impurity content increases,

X aA  bA  abA o A Y1 Y2 the Seebeck coefficient grows substantially in absolute mag-
0.0 3.822  3.880 0.058 11.698 6.98  6.88 nitude, the maximum in th&(T) dependence broadens and
005 3831  3.889 0.058 11.682  7.00  6.90 shifts toward higher temperatures. The decrease in oxygen
010 ~ 3865  3.872 0007 11661  7.02  6.92 content brought about the expected increase in the absolute
8:;3 2:232 2:232 8 ﬂ:ggg ;:8‘51 g:gg value of the Seebeck coefficient for both systems, but the
025 3874  3.874 0 11666 706 695 Shape of theS(T) curves and the pattern of their transfor-

mation with increasing doping level did not undergo any
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FIG. 4. Total effective conduction-band width vs doping level(In3)
Y(Bay_«La),Cu0, and (2,4) YBa,Cu;_,Co0, compounds.1,2 — as-
prepared sample§,4 — sample series with reduced oxygen content.

40
| noticeable changes. Thus the behavior 8f(T) in
i Y(Ba _4Lay),Cus0p and YBgCu; ,Co0, samples with
0 N ) " increasing doping level is similar to that observeid
0 100 200 300 YBa,Cu;O, with increasing oxygen deficiency.

T,K

FIG. 2. Temperature dependences of the Seebeck coefficient fo:r))' ANALYSIS OF THE RESULTS AND CONCLUSIONS

Y(Ba -,La),Cus0, . a — as-prepared samples — series with reduced The results obtained were analyzed within the phenom-
gxfgnzc;’riegtgjs 1—02—00253—0054—015—015  gngngical model of electronic transport in normal phase
o o (narrow-band modegl which was described in detail in our

previous publication$? A quantitative comparison of calcu-
lations with the experimental data presented in the preceding
Section has permitted determination of the three main model
parameters characterizing band structure and the carrier sys-
tem, namely, the effective width of the conduction bakgd
and the interval of delocalized stat¥8,, as well as the
electron filling of the band~, which is equal to the ratio of
the number of electrons to the number of band statés
We are now going to analyze the concentration dependences
of these parameters for the samples studied.

As for the band fillingF, it grows nearly linearly in all
four sample series with impurity concentrati¢for the as-
prepared samples, from 0.5 to 0.543 and 0.565, and for the
annealed ones, from 0.51 to 0.565 and 0.579 for the samples
doped with lanthanum and cobalt, respectiyelyhis means
that the La— Ba and Co— Cu(1) heterovalent substitutions
do not bring about complete compensation of the excess
positive charge through increasing oxygen content, and that
the number of carrier¢holeg in the band decreases. In the
YBa,Cu;,Co,0O, system, F increases more than in

40t ) Y (Ba, —4Lay),Cu;0, for the corresponding substitution lev-
&2 els, which can be attributed to a lower degree of compensa-
i ] tion of the excess positive charge by the extra oxy(sme
20 : Tables | and I).
i' , Figure 4 presents the effective conduction-band width
00 100 200 300 W,; calculated as a function of doping level for all the

sample series studied. In the(Be, _,La,),Cu;0, system,
T, K one immediately sees a weak minimum in Wg (x) depen-
o T g d - beck i . dence ak=0.05 for samples both with a high and a reduced
Ys 3. Temperature dependences of the Seebeck coefficient fop, v yon ingex. A similar pattern is observed with the first
8,Cu;_,Co O, . a — as-prepared samp)ds— series with reduced oxy- . . .
gen contentx: 1 — 0, 2 — 0.05,3 — 0.1, 4 — 0.15,5 — 02,  Series of YBaCu_,Co,0, samples as well, but in this com-
6 — 0.25. pound a decrease in oxygen content results in a disappear-
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ance of the minimum in th&/y (x) dependence to make it stoichiometry in oxygen is produce@ee Figs. 1 and)4
monotonically rising throughout the cobalt range studied.To the minimum in the Wp(x) dependence for
The width of the interval of delocalized stat®¥, varies Y (Ba _,La,),Cu;0, at x=0.05 corresponds the maximum
with increasing impurity content similar ¥/, in all the four  value of T, and in the YBaCu;_,Co,0, system the mono-
series, including the presence of a minimum in e (x) tonic growth of W is accompanied by a continuous de-
dependence in the first three cases. Note that within the reerease of the critical temperature. For the ¥8e;_,Co O,
gion whereW, and W, increase, their ratio falls off gradu- series,Wp, is, on the whole, larger, and., accordingly,
ally. Indeed, in the annealed series, the ratig/Wp de-  lower than those for ¥8a, _,La,),Cu;0,, with the excep-
creases from 0.36 and 0.42 )+ 0.05 to 0.21 and 0.24 at tion of thex=0.25 samples, where both the effective band
x=0.25 for the samples doped with lanthanum and cobaltwidths and the critical temperatures are approximately the
respectively. same. Thus our data support the existence for YBgO, of

The observed nonmonotonic variation in the conduction-a universal correlation between the effective conduction-
band width correlates with the extent of disorder on theband width andr,, which was observéd earlier for various
chain-oxygen subsystem and can be accounted for assumitgpes of off-stoichiometry.
the Anderson mechanism of localization of states to operate An analysis of results obtained on all four sample series
in the systems studied. Recall that, for low lanthanum constudied permits the following conclusion. The mechanism of
centrations in YBa, _,La,),Cu;0,, the Q1) oxygen sites the effect produced by the impurities entering into chain cop-
are believed to continue filling.lt may be posited that a per or barium sites is basically the same and is determined
similar process takes place in the Yfay ,CoO, com-  primarily by the influence these atoms exert on the oxygen
pound as well. In this case the impurity concentrationcontent and the pattern of oxygen distribution among lattice
x~0.05 corresponds to the maximum order in the oxygersites. It is the change in the properties of the oxygen sub-
subsystem, where all @) sites are filled, whereas the(®  system induced by incorporation of nonisovalent impurities
sites remain vacant. As a result, it is at this impurity contenthat is the principal factor governing both the band-structure
that the conduction-band width becomes minimum. Furtheparameters in normal phase and the superconducting proper-
increase ok in both systems gives rise to a statistically dis- ties of the YBaCu;O, system. The broadening of the con-
tributed filling of the @5) oxygen sites throughout the crys- duction band caused by increasing disorder among the chain
tal, thus setting in and increasing disorder on the oxygeroxygens is the main reason for the doping-induced suppres-
subsystem. Accordingly,Wp increases, and the ratio sion of superconducting properties of Y&ai0, .
W, /Wy decreases, i.e. one observes a relative narrowing of Based on this conclusion and on the pattern of the
the interval of delocalized states at the band edges. oxygen redistribution caused by lanthanum and cobalt,

As for the superconducting properties of the systemgsonsider the possible reasons for the persistent nonmono-
under study, one observes a clear correlation between thenic course of theT.(x) and Wp (x) dependences for
effective band width and . (see Figs. 1 and)4which finds Y (Ba, _,La,),Cu;O, and for the absence of a maximum in
explanation within our model. If the number of band statesT. (x) and of a minimum inWp, (x) for YBa,Cu;_,Co0O,
remains constant or varies only weakly, a decread¥drfor  after an annealing in oxygen-deficient atmosphere.
low impurity concentrations results in an increase of the  Cobalt, which substitutes for copper directly in the(Qu
DOS function at the Fermi leveD (Er), which reaches a chain sites, has a larger coordination humber and tends to
maximum atx=0.05, thus favoring the maximum critical increase the number of oxygens in its environment by form-
temperature. Further growth in concentration of both impu-ing with them sufficiently strong bonds. For this reason it is
rities broadens the band and, hence, calB¢Eg) to de- more difficult for oxygen to leave under annealing the cells
crease. This decrease is still more enhanced by the increasittzat contain cobalt atoms. Therefore, as the crystal-averaged
band filling, which shifts the Fermi level toward higher en- oxygen content decreases under annealing, the oxygen sub-
ergies away from the DOS maximum. The decrease ofystem undergoes additional disordering because oxygen es-
D (Eg) brings about the observed falloff @f . Note thatthe capes nonuniformly from different cells. Thus even in
Y (Ba _4Lay),Cus0, and YBgCu;_,Co,0, compounds ex- samples with low cobalt concentrations the chain-oxygen
hibit similar trends in variation of the band structure param-subsystem becomes more disordered than that k=8
eters and off .. One observes only some quantitative differ- sample. This is why the variation of band width and, accord-
ences in their dependences on doping level, and to thimgly, of the superconducting properties with increasing co-
critical temperature3 ., which, on the whole, are higher for balt content becomes monotonic after annealing. On the
the YBaCu;_,CoO, series, correspond smaller effective other hand, substitution of lanthanum for barium affects
band widths. weaker the oxygen subsystem. Because lanthanum atoms are

The total increase in oxygen content in each of theoutside the chains, their bonding with excess oxygen is
sample series studied resulted in an increas#/gfdue to  weaker, and oxygen escapes from various cells under anneal-
the additional oxygen disordering, in agreement with theing more uniformly to leave the oxygen distribution in the
datd? for YBa,Cu;O, obtained with different values of  chains, on the whole, unchanged. Thus the minimum in the
(see Fig. 4. At the same time the observed correlation be-Wp (x) dependence and, accordingly, the minimunT ir(x)
tween the width of the conduction band and the critical temfor oxygen-deficient samples remain at the same lanthanum
perature in the ¥Ba, ,La,),Cu;0, and YBaCu;_,Co0,  concentrations as before the annealing.
compounds is retained also when additional off- To sum up, a comparative analysis of the effects of co-
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We have studied the growth characteristics, structure, and parameters of the epitaxial
heterostructure§001)NdBa,Cu;0;_ 5/(100)SrTiG,/(001)NdBaCu;O;_ 5 grown by laser
ablation on a (100)LaAl@substrate with a thif~2 nm) YBa,Cu;0;_ 5 intermediate layer. The
use of an YBaCu;0,_ 5 intermediate layer promotes layered growth of (260 nm)
NdBa&Cu;O;_ 5 layer, whose free-surface roughness is 4—5nm. The resistance of the
NdBaCu,O,_ 5 layers began to fall off abruptly aT=92K, and atT~87K it vanished
completely. The critical current density in the NdBa,O, _ 5 layers atT =76 K exceeded

10° cn? A/lcm?. The dielectric constant of th@00 nm) SrTiO; layer sandwiched between the
NdBa,Cu;O;_ 5 epitaxial layers grew by roughly threefold as the temperature was lowered
in the interval 300—4.2 K. When a bias voltage 02.5V was applied to the NdB&u;O;_ 5
electrodes, the relative dielectric constant of ¢480 nim) SrTiO; intermediate layer fell

from 1150 to 400 T=32K, f=100kH2. The conductivity of the SrTiQintermediate layer in
the direction perpendicular to the substrate plane increased with temperature and the
electric field strength. ©1999 American Institute of Physids$s1063-783%9)00703-(

Epitaxial films of RBaCu;,O;_5 (R is a rare-earth ele- crystals are the high density of structural defects in them and
mend, grown on single-crystal substrates made from materiviolations of stoichiometry in the vicinity of the interphase
als having a low dielectric constart and low dielectric  boundaries.
losses tad, have been used successfully to form passive el- NdBa,Cu;0;_ s (NBCO) films are attractive for use in
ements in the microwave range, in partiCUlar narrOW'baﬂq'nicrowave Components and Superconducting micro-
filters with working frequencies of tens of GHZ At  electronics because the highest superconducting transition
present, efforts are actively underway to create tunable MimperatureT,~97 in RBaCu0;_ 5 superconductors is
crowave components using the epitaxial combination,chieved for R=Nd (Ref. 8; 2) NBCO epitaxial films have a
superconductor/ferroelectric, such as phase converters, fili, ih free surfacéRef. 9; and 3 neutralization of Ba

ters, varactor structures, €tt. vacancies in an NBCO film by Nd ions should lead to sup-

The parameters of the-mlcrowave component based on ession of diffusion fluxes between the layers constituting
superconductor/ferroelectric heterostructure were changed He superconductor/ferroelectric epitaxial heterostructure

varying the dielectric constant of the ferroelectric layer in . : : . . . e
. s since barium, in particular, is capable of actively diffusing
a controllable way under the action of an electric field. The . .
o : out of the superconducting filff.
strong dependence af on the electric field strengtk in We did not find data in the literat the diel
bulk single crystals of ferroelectric materials is observed, as € did not ind any data In the literature on the dielec

arule, at temperatures near the phase transition tempe?aturg.'C properties of thir(Ba,SpTiOs layers in combination with

The main ferroelectric candidates for use in epitaxial combiNBCO electrodes. According to Ref. 9, to grow distinctly

nation with RBaCwO, , films are (Ba,SjTiO; and c-oriented NBCO films it is necessary to raise the substrate

KTa0,.87 temperaturelg at which the vapor phase formed by laser
The parameters of the thin ferroelectric layer of theablation of the starting mixture still condenses, to 840°C.
multi-layer epitaxial heterostructure based on RB&0O;_, The present work investigates the possibility of achiev-

films differ substantially from their values for the corre- ing layered growth of 00)NBCO film at theT and oxy-
sponding bulk samples. The main reasons for the degradaticgen pressure used to grow SrEi(BTO) epitaxial films. The
of ¢ and the abrupt growth of tahin the thin (Ba,SpTiO, trilayer epitaxial heterostructure$00)NBCO/{100STO/
and KTaQ layers in comparison to the corresponding single(001)NBCO were formed and studied.

1063-7834/99/41(3)/7/$15.00 355 © 1999 American Institute of Physics
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1. EXPERIMENT a

We used laser ablation to grow films of NBCO,
YBa,Cu;0,_ 5 (YBCO), and STOKrF, =248, 7=30ns.
The NBCO films and the NBCO/STO/NBCO trilayer hetero-
structures were grown orl00LaAlO; substrates (%5
X0.5mm. The STO intermediate layer in the heterostruc-
tures had thicknesd=400 nm, and the thickness of the su-
perconductor films was 200 nm. As the starting targets w«
used polycrystalline sheets of stoichiometric NBCO, YBCO,
and STO, prepared by standard ceramic technology. Ablatio
of the targets took place in an oxygen atmosphere witt
Po=0.3mbar.T; was equal to 780 °C during growth of the
superconductor films and thin layers of strontium titanate
The density of the laser radiation on the target surface durin
growth of the NBCO, YBCO, and STO films was equal to
1.5J/cm.

To form steps of height-1.2nm on the substrate, a
(001)YBCO intermediate layer of thickness 2 nm was grown
on the(100LaAlO; surface immediately before onset of for-
mation of the NBCO film.

The structure and composition of the formed NBCO
films and NBCO/STO/NBCO heterostructures were moni-
tored with the aid of a Philips PW 1710 x-ray diffractometer
(6/26 scanning and a Siemens D 5000 x-ray diffractometer
(¢ scanning.

The surface morphology of the formed NBCO filraf
thickness 2-200 nm), the STO layer grown on the surface
of the(200 nmNBCO/2 nmYBCO/LaAlO; heterostructure,
and the upper NBCO film in the(200nmNBCO/
(400 nmSTOA200 nmNBCO trilayer heterostructure was
investigated with the aid of a NanoScope-Illa atomic-force
microscope.

T. was determined for the NBCO films from the tem-
perature dependence of the resistaRcand magnetic sus-
ceptibility y. The critical current density, was measured on
microbridges of thickness Am and length 2%m, formed
in the NBCO films by means of photolithography and ion
etching(Ar, 500V, 0.2 mA.

To measure, the conductivityG, and tard for the STO
layer sandwiched between the two NBCO epitaxial layers
plane-parallel capacitor structures were formed in which the
lower NBCO film served as the common electrode.

Photolithography and ion etching were used to form the
upper electrodes with are®=35x10° um? in the NBCO
film grown on the surface of the STO layer. The capacitance
C, conductivityG, and loss factor tahiwere measured in the
temperature interval 4:2300K with a HP 4263A LCR
meter f=0.1-100kH2. The dielectric parameters of the
STO layer were measured with a bias voltage=*+2.5V
on the NBCO electrodes and without it. The bias voltage wa$§IG. 1. a Surface morphology of €00)NBCO layer of thickness 200 nm,

taken to be positive when a positive voltage was imposed ofrown on(2 nm)YBCO/(lOO)LgAIO3. Crystallites of the fou_r upper layers
. . . f the superconductor of thickness1.2 nm are clearly visiblel — a
the upper eleptrode. The effective dlelec_trlc constant_ Oﬂlell-formed crystallite from the upper layet — isolated crystallites of the
the ferroelectric layer was calculated using the relationower-lying layer,3— crystallites forming a continuous network in the third
e=Cd/S. layer of the superconductot,— isolated “windows” in the fourth layer of
the superconductor that have not closed upShrface morphology of a
(100STO layer of thickness 400nm, grown 01200 nmNBCO/
2. RESULTS (2 nmYBCO/(100LaAlO;. ¢) Surface morphology of an NBCO layer of
. thickness 200 nm, grown o400 nmSTOA200 nmNBCO/2 nm)YBCO/
Despite the fact that all the cuprate superconductors ofiogLaalO,: 1 — micro-gaps in the superconductor lay2r— a-oriented
the group RBgCu;0; _ s are isomorphic in structure, the sur- particles.

50 nm
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face morphology of the NBCO films of thickness-20nm  cated formations were topped off with a flat segment, which
differed substantially from that of the YBCO thin films. The unmistakably differentiated them from growth spirals, whose
surfaces of the YBCO films of thickness-20 nm, grown  nucleus contains a screw dislocation. Using an atomic-force
on (100LaAlO; substrates, had steps of heightl.2nm,  microscope we detected isolated, weakly developed
separated by flat segments, andaioriented grainggrains  a-oriented grains on the surface of the upper NBCO layer
for which thec axis is parallel to the substrate planer  [see Fig. {b) and the inset to Fig. ]2 The superconductor
micro-inclusions of secondary phases were detected in themjim also had gaps, whose density reached cto 2 [Fig.

As a consequence of the presence-afriented grains whose 1(0)].

density reached @n? and height—5 nm, the surface of the 5, x-ray study of NBCO/STO/NBCO trilayer hetero-

NBCO bflilms Olf t_hicknehssd=2—10nm@crw§s ugever_m We structures grown oit2 nm)YBCO/LaAlO; revealed that the
merilgcgt]?l € |mk|)net1rt]e_t tf] app:—;alra?cea f",atm]? gratt!ns n q superconductor films and the intermediate ferroelectric layer
€ ims, both inthe iniial Stage o its formation and oo grown  epitaxially, ~where (00D[010NBCOQ|

during subsequent growth d&€200nm, by using ( . . :
. 100[010]STO (Fig. 2. Insertion of the thin(2 nm)YBCO
(100LaAlO; wafers as the substrate with a layer of YBCO intermediate layer between the LaAJGubstrate and the

of thickness 2nm grown on their surface. In the images o ! .
the surface of the NBCO filmsdE=200nm grown on BCO f|lm led t(.) an abrupt narrowing of t.he xray pgaks
(2nmYBCO/LaAIO;, only crystallites of the upper 34 and an increase in the lattice parametésee inset a to Fig.
layers of the film are visible, whose thickness is equal to theA,')' The lattice parameter for the lower and upper NBCO
lattice parameter in the NBCO film [Fig. 1(@)]. Growth films in the NBCO/STO/NBCO hgterostruc_ture had the val-
spirals anda-oriented grains were not detected in the surfacd’®S 11.79 and 11.75 A respectively, while the parameter
of the (200nmMNBCO/2nmYBCO/LaAlO; films. The a=3.905A of the cubic unit cell of the STO intermediate
roughness of the free surface of t{@00 NMNBCO films layer essentially coincided with the data for bulk single crys-
grown on(2 nmYBCO/LaAIO; was 4-5 nm. tals of strontium titanate at=300K (Ref. 1. Data on the
Examination of the surface of th@00nmSTO films azimuthal orientation of the layers in the heterostructure
grown on (200 nmNBCO/(2 nmYBCO/LaAlO; films did  based on NBCO films and @a,SyTiO; layer are given in
not reveal any gaps extending down through the ferroelectriRef. 12.
layer[Fig. 1(b)]. The temperature dependence of the resistdead of
The surface of the upper NBCO film in the trilayer sys- the critical current density, for a (O0)NBCO film of thick-
tem NBCO/STO/NBCO contained pyramidal formations nessd=200nm are plotted in Fig. 3. The variation of the
with characteristic growth steps of height 1.2 nm. The indi-effective magnetic susceptibility with temperature for the
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FIG. 3. Temperature dependence of
the resistanceR (1) and critical

c current density J. (2) for a

(200 nmNBCO layer grown on

& a (2nmYBCO/100LaAlO; sub-
strate. The inset plots the tempera-
ture dependence of the magnetic
susceptibility y for the trilayer
heterostructure (200 nmNBCO/
(400 nmSTOA200 nmNBCO.

log (Js, A-cm?)

83 89

100 200 300
T, K

trilayer heterostructure NBCO/STO/NBCO is shown in the  The low values of the surface free energy for {061
inset. planes are the motive force behind the formation of stable
The ratioe/eq (g is the dielectric constant of vacuym YBCO nuclei preferentially oriented along thexis perpen-

for the STO layer sandwiched between the NBCO electrodesdicular to the plane of the substrdfeeven when using ma-
grew from 320 to 1150 as the temperature was lowered in theerials with a large lattice mismatch as the substrate. It is
interval 300-4.2K (Fig. 4). The loss factor taf for the  specifically anisotropy in the free energy and the rate of
ferroelectric layer depended weakly on the temperature in thgrowth that makes it possible to achieve layered growth of
temperature interval 42T<150K and had values-0.02 the YBCO films on substrates with a small lattice mismatch
(f=100kH2, whereas forT>200K it grew steeply with under conditions of high mobility of the adsorbed particles.
increase ofT. The value ofe for the STO layer fell by The variation of the Gibbs free enerdyy for the system
roughly a factor of three when a bias voltagg=+2.5V  vapor phase—substrate during formation on the substrate sur-
(T=32K) was placed on the superconducting electrodeg$ace of a nucleus of the crystalline phase with voluvhand
(Fig. 5. As the strength of the external electric fidfdwas  free surface are8, can be represented in the fofin
increased, the conductivity of the ferroelectric layer
in the direction perpendicular to the substrate plane grew AGN=AGWH+ 7151+ (73~ 72T Ed)S,, @
asE', where AGy= Q. [KTJn(1+0+], 71 is the specific free
energy of the free surface of the nuclegs,and y5 are the
specific free energies of the substrate surface and the
substrate—nucleus interface, respectivéty, is the elastic
The results of our study of the surface morphology ofdeformation energy in the system substrate—nucl&yss
YBCO and NBCO thin films and the data in the literafifre the area of the nucleus—substrate interphase boun€aiig,
on the formation of the crystalline phase in the initial growththe molecular volume of the material of the formed film),
stage of films of the indicated materials, obtained using higheharacterizes the change in the internal energy of the system
energy electron diffraction, allow us to assert that replacingluring formation of a molecule of the compound of the par-
Y*3 jons by Nd3 ions, having a roughly 11% larger ticles adsorbed on the substrate surface,isdhe effective
radius® in the cuprate superconductor RBaO,_s has a  supersaturation of the vapor phase above the substrate sur-
substantial effect on the process of nucleus formation. face.

3. DISCUSSION



Phys. Solid State 41 (3), March 1999 Boikov et al. 359

1200 T T

r
4

(005)NBCO

1, arb. units

FIG. 4. Temperature dependence of
eleg (1) and tard (2) for a STO layer of
thickness 400nm in the trilayer
heterostructure (00O)NBCQ||(100STO
[(OODNBCO (f=100kH2. Inset a
shows the(005 x-ray diffraction peaks
(0126, CuKa) for (200 nmNBCO lay-
ers grown on(100LaAlO; (1) and on
(2 nmYBCO/(100LaAlO; (2). Inset b
shows the maximum in the dependence
107! eleg(Vp) for the (400 nmMSTO layer
] in the heterostructure (00)NBCOQ|
(100STd|(00)NBCO, shifted relative
to the pointV,=0 toward negative val-
ues of the bias voltage.
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~There are no grounds to assume the presence of substafirrface, the NBCO nuclei, for which theaxis is perpen-
tial differences ing during the growth of NBCO and YBCO dicular to the substrate surface, are the first to become stable.
superconductors grew by roughly 4 A as a result of the actiomear-surface layer of NBCO films grown @@ nm)YBCO/

of ten laser pulses on the corresponding ta_rgets, and the Si%EOO)LaAlog substrates is evidence of a high mobility of the
and shape of the flare formed upon ablation of the target§ysorhed particles on the surface of the growing film, and a

practic_ally f:oincided. Itis natur_al to associ_ate the appearangg,y concentration of micro-inclusions of secondary phases.
of a significant nhumber ob-oriented particles during the Onset of decline of the resistance in NBCO films was
initial growth stage of the NBCO film with a smaller value of

for the (001) and (100NBCO planes in comparison with the
difference iny, for the (001) and(100)NBCO planes or with
e e i 150 B0 5 g cessany 1 entcn the g mcure i s
NBCO, accompanied by a change in the oxygen concentra-:76 K the cr|t|c2:al current density for the NBCO films ex-
tion in the Cu—O chains. Replacement of'Bdons by Nd"3 ceeded_ 19A/cm . T_emperat_ure—dependencg data on the
ions can lead to a change in the specific free surface enerdf@dnetic susceptibility, obtained for NBCO films, correlate
for different crystallographic planes, first of all in Well with the T¢ values obtained from thR(T) curves.

(00D)NBCO. Whereas growth of a RB&U;0;_ 5 film starts For T>150K the temperature dependenceeofor the
from the Ba—O plane¥ replacement of yttrium by neody- STO layer sandwiched between the NBCO electrodes is in

mium should lead to a change Eas well asy;. The ob- 9ood agreement with data obtained for a strontium-titanate
served differences in the surface morphology of NBCO andayer sandwiched between two YBCO epitaxial filfigzor
YBCO thin films are apparently due to differences in theT<<100K & for the STO layer in the NBCO/STO/NBCO
activation energy for the formation of stable nuclei of the heterostructure grew more steeply than in the case of the
indicated materials, for which the axis is perpendicular to heterostructure YBCO/STO/YBCO. When using NBCO
the substrate plane. electrodes the maximum in the(T) dependence for the

In the presence of steps of height 1.2 nm on the substrateTO layer became weakly expressed and shifted by

for NBCO films grown using stoichiometric starting
targetst’ To grow NBCO films withT, as high as 94K, it is
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FIG. 5. The dependence ef e, (1-5)

andG (6-9) on the external electric field
strength for an STO layer of thickness
400 nm in the trilayer heterostructure
(00)NBCO|(100STd| (00)NBCO (f
=100kH2 at different temperatures.
T(K):1,6—32;2,7—75;3,8—112;
4,9—178;5— the dependence af ¢
on E at T=32K, calculated using rela-
tion (2) for £=1.2x10°F 3. m°>.v~2,

e/g,

600

20— 30K toward lower temperatures in comparison with itsinsulating substrates, and by the x-ray data shown in the inset
position on the corresponding curve obtained for the planeto Fig. 2.
parallel capacitor structure YBCO/STO/YBCO. At=20K e(E) dependences measured at different temperatures
the absolute values of for an STO layer sandwiched be- for the STO layer in the NBCO/STO/NBCO heterostructure
tween NBCO epitaxial films exceeded the values obtainedre well described by a relation that has been successfully
using YBCO films as the electrodes by roughly 15%. Theapplied in the analysis of the field dependence of the dielec-
indicated differences in the temperature dependencedaf tric constant of bulk single crystals of strontium titanate in
the STO layer in the heterostructures NBCO/STO/NBCOlow fields (E),'*%
and YBCO/STO/YBCO reflect differences in the character 1 3.2
of the NBCO/STO and YBCO/STO interphase boundaries. & = n(DIL+7(T) "¢E, @
The dielectric constant of the STO layer fell by roughly where%(T) is an electric-field-independent parameter gnd
a factor of three at = 32 K when a bias voltagé,= 2.5V s the “anharmonism constant,” which is independent of the
was imposed on the NBCO electrodéSig. 5, which is  electric field and the temperature. Figure 5 plots the depen-
substantially larger than in the case of YBCO electrddes. dences(E) for the STO layer, calculated using relatic®)
When the temperature was raised, the dependeneeaf and the parameter value=1.2<10'°°F 3. m®.V~2, The in-
the external electric field weakened. The maximum in thedicated value of¢ was determined from the slope of the
dependence:(V,) was shifted toward negative values of dependence ~2de/dE(E) in the limit E—0. ForE close to
V,, due to differences in the structure and electrophysicatero, ¢ 2de/dE fell linearly with increase of the electric
properties of the NBCO/STO and YBCO/STO interphasefield. Based on the field dependence of the frequency of the
boundaries. According to the x-ray data, the lattice parametesoft mode in STO single crystals, the authors of Ref. 19
c for the lower NBCO film in the NBCO/STO/NBCO het- obtained the valug=1x10°F 3. m°. V2. On the whole,
erostructure is equal to 11.79 A while for the upper film it is good agreement is observed between the experimental and
equal to 11.75A. The surface of the lower NBCO layer, ascalculated values of for the STO layer in the indicated
follows from the images obtained using an atomic-force mi-interval of electric fields.
croscope[Fig. (@], are smooth with characteristic steps As follows from the data plotted in Fig. 4, far>200 K
~1.2nm. The upper superconductor film apparently hadi steep increase in tanwith temperature is observed for
some a-oriented particles at the NBCO/STO interphaseSTO films. Figure 5 plots the variation of the conductivity
boundary. This is in fact indicated by data on the surfaceG=Cw tanés with increase of the electric field for an STO
morphology of thin {=2—10nm NBCO films grown on film in the direction perpendicular to the substrate plane



Phys. Solid State 41 (3), March 1999 Boikov et al. 361

(w=2f). The experimentally obtained dependence of the!l. S. Gergis, J. T. Cheung, T. H. Trinh, E. A. Sovero, and P. H. Kobrin,
conductivity of the STO layer on the temperature and electric_Appl- Phys. Lett.60, 2026(1992.

. : : » 2J. P. Hong and J. S. Lee, Appl. Phys. L&8, 3034(1996.
field can be explalned in terms  of Poole—Frenkel 3F. W. Van Keuls, R. R. Romanofsky, D. Y. Bohman, M. D. Winters, F. A.

. . l -
emission’* The e‘Xpe”mema”_y observed d_ependence of the wiranda, C. H. Mueller, R. E. Treece, T. V. Rivkin, and D. Galt, Appl.
STO layer on the electric field strengtlffig. 5 follows Phys. Lett.71, 3075(1997.
C|Ose|y the relation obtained for Poole—Frenkel’ emission14c. M. Jackson, J. H. Kobayashi, A. Lee, C. Pettiette-Hall, J. F. Burch, and

__Fl2 S : R. Hu, Microwave Opt. Technol. Let§, 722(1992.
ING~E™. The growth of the COﬂdUCtIVIty of the ferroelectric 50. G. Vendik, L. T. Ter-Martirosyan, A. |. Deduk, S. F. Karmanenko, and

layer With ingrease of the ele_ctric fiel_d is_ duetoa Iqwering iN' R. A. Chakalov, Ferroelectrick44, 33 (1993.
an electric field of the barrier to ejection of carriers from ®yu. A. Boikov, Z. G. Ivanov, A. N. Kiselev, E. Olsson, and T. Claeson, J.

impurity levels to the corresponding band. A detailed analy-_ APpl. Phys.78, 4591(1995.

: . Yu. A. Boikov, Z. G. Ivanov, A. L. Vasiliev, I. Pronin, E. Olsson, and
sis of the temperature and field dependence of the conduc T. Claeson, Appl. Phys. Let67, 2708(1995.

tivity of (Ba,SDTiO3 films i':‘se'_'ted _in superconductor/ &3 G Lin, C. Y. Huang, Y. Y. Xue, C. W. Chu, X. W. Cao, and J. C. Ho,
ferroelectric heterostructures is given in Ref. 22. Phys. Rev. B51, 12 900(1995.

Thus, the x-ray data and the reported study of the surfacé’#"- N'.Ba#aye' J. %‘-YWE_'&: Ké FUkUSh'dmg: _N-T K?,%ugk;é (Iég'\;')Of'Sh'tav

- . NIshimura, an . Kldo, supercond. Sci. lec ) .

morphology of NBCO films grown on(2 nm)YBCO/ 10, A. Tietz, C. B. Carter, D. K. Lathrop, S. E. Russek, R. A. Buhrman, and
(100LaAIO; substrates allow us to assert that an important ; r_michael, J. Mater. Red, 1072(1989.
prerequisite of layered growth of a superconductor film is thé!r. w. Lytle, J. Appl. Phys35, 2212 (1964).
presence on the substrate surface of Stemg nm in he|ght 2yy. A Boikov, V. A. Danilov, E. Carlsson, D. Erts, and T. Claeson,

PR Physica B in press.
A (400nmSTO Iayer free from micro gaps can be grown 137, Shimizu, H. Nonaka, and K. Arai, Appl. Phys. LeB9, 600 (1997).

epitaxially on the surface of €00 nmNBCO film. The use  14pyandbook of Chemistry and Physicadited by R. C. Weast, 59th ed.
of NBCO epitaxial films instead of YBCO films as the elec- (CRC Press, Inc., Florida, 19%%. E-81.

trodes in a plane-parallel superconductor/ferroelectric/°Yu. A. Boikov, Z. G. Ivanov, E. Olson, V. A. Danilov, T. Klaeson,
superconductor capacitor structure makes it possible to SUb'xégg?gigﬁvé;%ds?ét? :7%' (ng’ge;' Tela(St. Petersburg37, 880
stantially increase the dependence of the effective dielectris | vasiliev, G. van Tendeloo, A. Amelincks, Yu. A. Boikov,

constant of the ferroelectric layer on the external electric E. Olsson, and Z. Ivanov, Physica2a4, 373(1991).
field. 7M. Badaye, F. Wang, Y. Kanke, K. Fukushima, and T. Morishita, Appl.

. . . . Phys. Lett.66, 2131(1995.
Financial support for the completion of this work was 18yy. A. Boikov and T. Claeson, J. Appl. Phy81, 3232(1997).

provided by Project 98041 “Combination” conducted 125 m. worlock and P. A. Fleury, Phys. Rev. Letd, 1176(1967.
within the scope of the scientific direction “Superconductiv- z‘iG Rupprecht, R. O. Bell, and B. D. Silverman, Phys. RE&8, 97 (1961).
ity,” by Project No.98-02-18222 funded by the Russian,,J: R- Yeargan and H. L. Taylor, J. Appl. Phy, 5600(1968.

Fund for Fundamental Research, and by the project TFR N Yu. A. Boikov and T. Claeson, Supercond. Sci. Technol. in press.

240-97-382. Translated by Paul F. Schippnick



PHYSICS OF THE SOLID STATE VOLUME 41, NUMBER 3 MARCH 1999

SEMICONDUCTORS, DIELECTRICS

The electronic structure of a silicon divacancy calculated by the open shell method
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The restricted Hartree—Fock—Roothaan method with projection of the electron density matrices
for a filled and an open electron shell and the quasimolecular large unit cell model are

used to calculate the electronic structure of a silicon divacancy in the charge stéatdsig,the
fully-symmetric atomic configuration with relaxation and with symmetry-lowering

distortions. It is shown that the Jahn—Teller effect is bimodal and that there is a vibronic
coupling between the electron orbital doublet and the resonant mode and pairing mode of the
distortion. © 1999 American Institute of Physid$$1063-783409)00803-5

A silicon divacancy V is formed in an ideal crystal two remaining electrons are found in the open shell formed
under the action of different types of irradiation and underby the doubly degenerate orbitalg ande, in the band gap.
conditions of ion implantation, but in contrast to a simple Simple chemical bonding arguments as well as many-
vacancy, the primary radiation defect forming the divacan-electron calculations show that an open shell is formed by
cies, the divacancy is stable at room temperature and ithe e, orbitals; consequently, for a small distortiddsy
therefore more accessible to study. According to Refs. 1-12-C,,, (corresponding to a component of the distortiy)
it is possible to follow the development of the overall picturethe levels obtaining when the degeneracy is removed are
of the properties of the divacancy as a multiply charged deeprdered in one of two way$,<a,< ag<by, corresponding
center subject to the Jahn—Teller effect, with characteristito a pairing configurationf), anda,<b,<bg<ay, corre-
electron bands for optical infrared absorption and photoconsponding to resonant-bond configuratian).(
ductivity, and characteristic electron paramagnetic resonance According to the first point of vieW,a one-dimensional
(EPR spectra. distortion modep is set up in the divacancy and, as a conse-

It has been established that the Fermi lefeHemical  quence, the distortion should be so large thatahenda,
potentia) thresholds between the charge states, which chalevels intersectag<a,. In this case, the configuration,V
acterize the energy of a divacancy in thermodynamic equihas an unpaired electron with a nonzero orbital in the mirror
librium, are equal tb®° planebZal.

According to the second point of vieWthe distortionE,

B(2-/=)=E.~0.23eV, has two modesp andr, where the total energy minimum for

E(—/0)=E,— (0.43-0.41) eV V, corresponds to resonant bonding with electron configura-
¢ ' ' tion a’b® and nonzero density of the unpaired electron in the
E(0/+)=E,+(0.23-0.25 eV. mirror plane. Density functional calculations for the large

unit cell (LUC) model \; (Ref. 7 and \3 (Ref. 10 showed

These energies are most accurately determined from th@at the equilibrium magnitude of the resonant-type distor-
recharging spectra of the divacancies found in the spacaion r is small. This point of view is in agreement with the
charge regioDLTS spectroscopy or similar methdds™  optical properties of the divacancies.

In charge states with an unpaired electron, the divacancy The electron spectra for optical absorption of the charge
has EPR spectra Si-G@&,) and Si—-G7(V;) of ground  states of the divacancy contain three bands denoted accord-
states with spirB=1/2, spatial symmetrL,;,, and reorien-  ing to their central wavelength or transition energy: V3.9
tation energies of the divacancy ax@([110] equal to 73  ,m and 0.32eV, with hole photoconductivity;V>V3+h
and 56 meV, respectively, where the wave function of theRefs. 4 and 1p ngi; 1.8um or 0.73eV, without
unpaired electron does not vanish in the mirror pfaiéus, photoconductivity; V3~ : 3.3um or 0.36eV (three bands
the unpaired electron of the singly charged divacangyi¥  0.343, 0.358, and 0.375 ¢Mwithout photoconductivity.
found in an orbital having one of two possible irreducible The photoconductivity spectrum of ;Vhas small ther-
representationsA; andB,), in connection with which a dis-  mal broadening, which indicates a small value of the distor-
cussion has ariséf regarding to the Jahn—Teller effect in tion. On the other hand, the experimental EPR Hata in-
the divacancy. In the fully-symmetric atomic configuration sufficient to permit a firm conclusion in favor of a large
Dag, four of the six electrons of the dangling bonds aredistortion or Jahn—Teller stabilization enery.
located in orbitals resonant with the valence band, and the When a\g divacancy is illuminated, it is promoted to an

1063-7834/99/41(3)/7/$15.00 362 © 1999 American Institute of Physics
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excited state with spi®=1 and the same symmetry of tge _ N-2n,
tensor as in the ¥ states(EPR spectrum Si—PT5, Ref. 6, - 2n, <1
where the properties of the density of the triplet electron pair )

The goal of the present work was to study all of thee“herléhe energy of a termE’, or the diagonal Slater
charge states of the divacancy and both modes offhe SUM™ of nterms,E
distortion within the framework of a unified calculational 10
scheme. The Jahn—.TeIIer effect in thej strongly correlated pr— — 2 (D] H|D;)=Eq+ f2g™®. (1
system of the dangling bonds of the divacancy can be de- ni=
scribed only by a self-consistent calculation of the fully- '
symmetric atomic configuration with an open electron sheIIThe first term of the sum does not depend on the electron

and the atomic configurations with reduced symmetry. Threé“StribUtion °_f the open shell and i; written t_he same for _aII
of these configurationsDs, Ca,, and Ss) and the fully- terms and diagonal sums of the given configuration. Using

symmetric configurationDsy have a doubly orbitally- the notationd’ for the MO'’s of the closed shell an’ for

degenerate open shell. The present work calculates the cotlhed MfO S gf the op;en shell, and forhthe one-electron part
responding multiplet structures in order to show that none oftNdg for the two-electron part, we have

their terms lowers the energy of the fully-symmetric ground Ny o
state, i.e., to prove by direct calculation that ggdistortion Eo=H®+2f E g{f})+f E 2hpp
lowering the symmetry t&,,, is a Jahn—Teller distortion. b’ b’

The molecular orbitalMO) method was used. In com-
parison with other many-electron approaches, an importa
advantage of calculational schemes based on the MO meth
is the fact that they make it possible to investigate a wide
range of electronic and structural properties and also, in turn, Na
to estimate the electron correlation by adding excited con- H<a>:2 2ha/a,+2 E [2(a’a"|g|a’a")
figurations to the ground-state configuration—the configura- a’ a’ "
tional interaction method. With these advantages in mind, —(a'a"|g|la"a’)],
the author applied the restricted Hartree—Fock—Roothaan
open-electron-shell methodROHF in the customary acro- Na
nym for this method in quantum chemistfyand the quasi- gy'=2> [2(a’b’|gla’b’)—(a’b'|g|b'a’)].
molecular large-unit-cellQLUC) model* to the calculation a’
of the electronic structure of the three charge sta®$V  The essence of the ROHF method is that the two-electron

Using a symmetric analysis, the multiplet structures ofpart of the total energyl) corresponding to the open shell
the open-shell configurations were obtained and the ROHkhould have an expression similar to the part corresponding
coefficients describing the contributions of the direct and exto the closed shell, i.e., the ROHF coefficiéqt, introduced
change interelectron integrals formed by the open-shelbelow, should be equal to zero,

MO'’s were found for all terms and diagonal sufig® In

those cases in which the term does not admit of a self- g®=3"S™[2A,(b'b"|g|b’b")—Ac(b’b"|g|b"b’)]
consistent calculation, it was included in one of the diagonal

Slater sums, which was then expanded in the energies of its +EE?A,<b’b’|g|b’b’). 2
component terms in accordance with their ROHF coeffi-

cients. Such self-consistent calculations yielded the total en- In order to apply the described method, it is necessary to
ergies and orbital energies of the terms of the multiplet strucfind expressior{2) for each term, i.e., to calculate the ROHF
tures, and the corresponding wave functions in the MCcoefficientsA,, A;, andA. If Aj=0 for a given term, then

LCAO representation—all as functions of the magnitudes ofts energy can be calculated self-consistently; in the opposite
the corresponding distortions. case, the term for whichA; =0 must be included in the Slater

diagonal sum(and there may be several of themnd the
energy of each term entering into it must be found using the
MQO'’s of the diagonal sum and the ROHF coefficients of the
1. THE OPEN-SHELL MOLECULAR-ORBITAL (ROHF) given term. The accuracy of the ROHF method can be esti-
METHOD mated by comparing the energies of those terms obtained by
self-consistent calculation and from the diagonal sum.

The ROHF method is based on the universal technique The variational principle in the presence of an open shell
of projecting the density matrices of the electron shElld.  must be calculated in each cycle of the self-consistent calcu-
electrons in this model are distributed between a closed shdktion of two (of the three obtainingdensity matrices con-
formed fromn, MO’s and an open shell formed from,  structed using the LCAO coefficientsCAO stands for lin-
MO’s such that the occupation number of the open shelkar combinations of atomic orbitalsf'ﬂ of the three electron
(according to Roothaarfor the given configuration is equal shells: the closed she#l, the open shelb, and the virtual
to shellv,

Here we have introduced the energy of the closed shell and
The interaction energy of the closed shell with one of the
O’s of the open shell

Na  Na
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TABLE I. Multiplet structure of the divacancy in states with double orbital degeneracy of the open shell.

V3-configuratione? (f=1/2)

e ore’ e22(C3v); e orej A, Ax A
(D3q) e*(Dy) (Se)
3Asg A, A, e'e’aa; e'e"BB; 1 2 0

1
ﬁe'e”(aﬁ-‘r Ba)

1 1
Aq =e'e'(af~Ba) 1 -2 -4
V2
1 1 1
Alg Al _(e/e/+e//e/r)aﬁ 0 -2 0
2
'E, e'e’aB; e'e’af 0 0 2
g E 1 orel — et 1/2 -2 0
9 —[(e'e’'—¢e"e")ap
Va4
ze'e"(af~Ba)]
= 3(*Ay+2'Ey) 13 -2/3 0
= §( A+ 2 +3%A) 213 213 0
V -configuratione! (f=1/4)
2E (D) e, e, e'B; e"p 0 0 0
V, -configuratione® (f =3/4)
2Ey(D3q) e'e'e’aBa; e'e'eaap; 8/9 8/9 0

erere/raﬁﬁ; ereue/rﬁaﬁ

Note. € and €” in the Slater determinants denote the molecular orbit®®’s), partners of the two-
dimensional representations, indicated in the configuratierend 8 are the spin basis functions.

_ oo dard way?® [see also Eq(2)]. In each cycle of the self-
Pﬂ’vz 2 zp'M ., i=a,b,v, consistent calculation the eigenvalue problem for the Fock
i'=1 matrix is solved, and when a prescribed level of convergence
wherei’ denotes the MO’s of the corresponding shell. Theis reached, the total energg)
QLUC model imposes cyclic boundary conditions on the
MO’s and, consequently, on their LCAO coefficients: in con-  pr—Ty{(p@ 4 fpb))h 4 p@F(@ 4 fpdIEDY
trast to the case of molecules and cluster models of crystals,
p and v do not denote separate atomic orbitgd©’s), but
rather sums of translationally invariant AO’s over all the
QLUC's.

and orbital energies of the closed and virtual shells are cal-
culated, where the latter in the case of an open shell are not

At the start of the cycle of self-consistent calculationsequal to the eigenvalues of the Fock matrix. Application of

14 S Sigati
the LCAO coefficients were determined by the extendeathef !(oopmans theorérﬁ on the |on|zat|or_1 and eIecFron
affinity gives the orbital energies for the filled and virtual

Huckel method, where the MO’s were populated in such a hell
way that the closed shell contained complete sets of partne?s elis

of representations of the symmetry group and the open shell

contained one complete set of a definite representation. The e = (//i (//i F@ i—a v @)
Fock matrix F is calculated in each cycle of the self- Voo TRy ey T

consistent calculation by projecting the density matrix with

the ROHF coefficients that were found for the calculatedNote that the fundamental difference from the case of a

term or diagonal sum, closed shell is not a modification of the ener@ with the
F@=h+2J(P@+fP®))—K(P@+fp®), help of the ROHF coefficients, but a projection of the Fock
b)_ @) On @) ®) matrix (3), thus ensuring orthogonality of the set of MO’s of
FP=h+2J(P+TAPY) —K(P™+TAP™), all the shells. The projection procedure takes up a large part

of the computer time and significantly increases the calcula-
tion time in comparison with the case of a closed shell, but
F=(1-P®)F@(1-P®)+(1-P@)F®/(1-P@) those calculational schemes for an open shell in which pro-
a b) = (0)/ b (a b jection(3) is absent give a nonorthogonal set of MO’s, which

+(P+ POHFI(PE+PE), ®) complicates the calculation of observed quantities and neces-
where the direcfJ(P)] and exchanggK(P)] Coulomb in-  sitates the development of a special approach for obtaining
terelectron interaction matrices were determined in the starthe multiplet structure.

FO=2(F@—fF®),
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FIG. 1. Normal divacancy distortions.
a—Ay: D3g—Cs,; b —Ay,: D3g—D3;

C — Ayl Dgg—Ss d — Ey,1: Dgy
—Cs; € —Ey,2: Dgg—Cy f — Eg, 1t
D3g—Ca; 9 — Eg,2: Dgg—Ci; h —
(Eg, 1)1 p: D3g—Cyp. The arrows indicate
the displacements of the nearest neighbors
of the vacancy. Figures a—g show the view
along the[111] axis joining the vacancies.
The atoms are represented by dots, the va-
cancies are represented by squares. The
solid triangle and the dashed triangle join
atoms lying in the(111) planes.| is the in-
version center of the completely symmetric
atomic configuration.

2. MULTIPLET STRUCTURES AND DIVACANCY covalent bond between atorisand4. The resonant mode
DISTORTIONS corresponds to a 5-coordinated state of atdraad4, whose

; 7
Depending on the atomic configuration, the open shell mweak bonds_ are in resonance. .
. . . : . Relaxation was also taken into account for all atomic
a divacancy consists either of an orbital doublet or a single

: : . N configurations—the non-symmetry-lowering normal mode
orbital. A group-theoretical analysis for the combinations of "> : . . L
: : . . ' with identical displacements of the atoms in the direction of
Slater determinants is required only in the first case, and th

results of such an analysis are displayed in Table I. Theﬁ“a hearest vacanoy,y:

distortions—displacements of the atoms leading to a lower-
ing of the symmetry of the atomic configurations—are clas-
sified in terms of representations of the grabgy and are
shown in Fig. 1. TheAy,, Ay, andA,, distortions do not
lead to a lowering of the dimensionality of the open shell.3. THE INDO PARAMETRIZATION AND THE QLUC MODEL

The last of thesdthe librational distortiopis a rotation of . . .

the atomic coordination sphere of the divacancy & a The ROHF method is based on a semi-empirigdDO)
whole about th¢111] axis on which two vacancies—the two quantum-cheml_clgl program for the closed shells and the
halves of the divacancy—are located. As can be seen froffftUC model:’~The parametrization of the atomic orbit-

the table, only for the librational distortion must the diagonal@$ @nd of the interaction with the atomic cores and the con-
sumsE” be calculated. vergence of the sum over the extended Bravais lattice in the

Since normal coordinates should describe arbitrary disc@S€ Of the QLUC model of direct and exchange matrix ele-

placements of the six atoms of the first coordination spherdents are described in Ref. 20. .

of the divacancy, the distortions lowering the dimensionality _ "€ Slater AO's of silicon 8 and 3 have been opti-

of the open shel(all MO’s become nondegenerateave two rr'n.zed Wlth.respe'ct to the properties of silicon and cubic
modes—a pairing mode and a resonant mode which are ~ Silicon carbide(lattice constant, binding energy, bulk modu-

shown in Fig. 1 for the first component of tii, distortion.  |US: structure of the valence band'he optimization tech-

Displacements of the atoms near a vacancy are characteriz8flué and the physical meaning of the parameters are de-
by two parameters and are equal to scribed in Ref. 19. The parameter values have since been

refined somewhat, and a large number of calculations of de-

A, =[aaal;,[aaal,, [aaals, - .. . (6)

(Eg,1),=[00r]y, [0r0],,[r00]5, ..., fects and surfaces with dangling bonds have been performed
_ for systems consisting of silicon and oxygen atoms. | list
(Eq.D)p=[ppO]1,[POPI2. [OPP5, .- -, ©) here the values of the parameters for the silicon atiomit of

where the subscripted numbers are the indices of the atoniength is the Bohr radiuag).

(see Fig. 1, and the displacements of the three remaining 1) The constants in the radial parts of the AQO’s:
atoms, which are not written out, are obtained by inversion/;s=1.28ag*, {3p= 1.22a5*. They determine the equilib-
The pairing mode corresponds to a drawing together of therium lattice constant, for which we obtain the value
pairs of atoms2—-3 and 5-6 and the formation of a weak 5.52 A (experimental value 5.431)A
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2) The diagonal elements of the one-electron energy of
the AO’s on that atomic core where the orbital is centered,
Uzs=—30.01eV, Uz,=—28.93eV. They determine the
binding energy of the crystal, for which we obtain the value
4.63 eV/atom[experimental value 4.64 eV/atom, the energy -2239
of an isolated atom was calculated for the configuration
s2p?(*P) with an open she]l

3) The resonance integrél gives the nondiagonal ele-
ment of the one-electron energy when multiplied by the ma-
trix element of overlap of the AO’s centered on different
atomic cores Bsi_si= — 2.88 eV. Together with other param-
eters, they determine the elastioulk) modulus, for which
we obtain the value 0.63eW 3 (experimental value 0.6
eV-A~3).

4) The index of nonpointlikeness of the cotmverse
screening radiysfor the diagonal matrix elements of the
interaction with the coreag,_s=0.12a5". ~2241E. 4

The wave vectors of the MO'’s of the QLUC model form -0.035 ~0.025 ~0015 0005 0.005 0.015 0.025 0.035
a set ofk-points!* which are covered by the centers of the p r
narrowed Brillouin zones of the model filling the crystal g 2 muttiplet structure of the charge states of the divacancy as a func-
Brillouin zone. All of the calculations were carried out with tion of the Jahn—Teller bimodal distortion. The filled circles are the terms of
a symmetrically extended, body-centered 32-atom QLUGhe fully symmetric atomic_ con_figuration; the_empty symbols represent the
having thek-set {T'+ 125 +3X} and well reproducing the ground-state energy for distortion ils a functionr dor a, p:const(_nght

. ._half) and as a function op for a, r=const(left half). a, p, r are dimen-
structure of the valence band of the silicon CryStal' The pom%ionless values of the relaxatig@) and of the pairing and resonant distor-
defects in this model form a periodic structure and interactions (5), respectively. The arrows indicate the dirét} and indirect(2)
with one another through their four nearest neighbors. Théansitions between the charge states and the Jahn-Teller stabilization
interaction, however, is not large in the case of small charge¢'9Y(® of the neutral state.
on the atoms. Thus, for Ythe calculated energy of forma-
tion is equal to 3.0eV, which is less than the experimental
value 3.6:0.2eV (Ref. 21; as the QLUC is enlarged, the itself, in the absence of experimental data, the discrepancies
agreement improves thanks to a weakening of the intervabetween the results obtained by different methods are large.
cancy bond. The formation energy of the divacangnias Calculation of the fully-symmetric atomic configuration
found to be equal to 5.6 eV; thus, the model and the calcuconfirmed both the relatios,<e, for the orbital energies of
lational method also agree with experiment in that formationthe MO’s in the band gap, and also that the main configura-
of divacancies from monovacancies is energetically favoredion is theeﬁ configuration.

If the defect is charged, then the QLUC charge translates MO methods systematically underestimate the triplet-
over the entire crystal, which leads to a physically meaningstate energies if corrections are not introduced to the con-
less growth of the energy. In order to avoid this, when modfigurational interaction. In the neutral divacancy the triplet
eling a charged defect state the charge of the electrons addgghte3Azg (see Table)l turned out to be lower than the sin-
to or removed from the model of a neutral defect, taken withglet statelEg, the ground state according to the experimen-
inverse sign, was distributed uniformly over all the modeltal EPR data, by 0.54 eV. However, the Jahn—Teller stabili-
cores. In a 32-atom QLUC such a small change in thezation energy(arrow 3 in Fig. 2) is of the same order of
charges of the cores is physically equivalent to a shift of thenagnitude and is equal to 0.34eV, i.e., it may be assumed
chemical potentia(Fermi leve). that the configurational interaction lowers the energy of the

singlet state below that of the triplet state. Note that the
stabilization energy agrees with the value calculated using
4. CALCULATED RESULTS the density functional method, 0.28 €Ref. 10.
Direct calculation of all the multiplet structures listed in

The multiplet structure of a divacancy was calculated aghe table showed that none of the terms—neither nondegen-
a function of the relaxatio6) and the corresponding distor- erate nor degenerate—lowers the energy of the terms of the
tion (Fig. 1). For all states the equilibrium relaxation was fully-symmetric state. Jahn—Teller stabilization is associated
directed inward and was equal ®=0.055-0.061, i.e., only with the E; mode, which completely removes the de-
around 0.52-0.57 A, except for the triplet states of the neugeneracy of the MO's: €g(D3g) —ag+by(Cyy) and
tral vacancy, for which the corresponding values weree (D3sq)—a,+by(Csn) (Fig. 2. The energies of the differ-
smaller: a=0.051-0.053. The only result that it makes ent charge states are shown as they were calculated, without
sense to compare with the current level of theoretical work iorrection for the different number of electrons correspond-
the direction of relaxatior(inward): it agrees with recent ing to the same number of atoms. Thus, in Fig. 2 it is im-
calculations performed on large models using the densitypossible to judge the values of the transition energies be-
functional method:'° As for the magnitude of the relaxation tween charge states. In each charge stitey were first
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calculated togethgrthere are two types of local minima of 400
the ground states which are realized at certain vaduasthe
relaxation (6) and of the pairing modep) and resonant
mode () of the distortion(5).
At the r-minimum (r > —p>0) the ground states are the

™

LI B e e o)

At the p minimum (—p>—r>0) the ground states are
the states with an orbitally nondegenerate open sldfk(elllz+ )
and b2al(V,) and the state with a closed shdf(V5).

states with the orbitally nondegenerate open smﬂ(s/;) E =100
and a’bl(V,) and the state with a closed shelf(V9). = [
Their energies are plotted on the right half of Fig. 2 along %0 -
with several energies of the same configurations versus the § r
resonant distortion modefor constant values gb anda. 8 600 |

Their energies are plotted on the left half of Fig. 2 along with ‘fAzg

several energies of the same configurations versus the pairing  —1j00 Lo tiiana e do e i,

distortion modep for constant values af anda. -0035 -0.025 —0015 —0.005 0.005 0.015 0.025 0.035
Thus, the MO method fully confirms the results of the p r

density functional method about the two-well divacancy po-
tential in the neutrd? and charged statésThe absolute

minima of the charged states are found at the d'S.tort'c'n mOd?IG. 3. One-electron excitations of a neutral divacancy as functions of the
that corresponds to the symmetry of the unpaired electrosahn-Teller bimodal distortion. Notation indicated below the graph indi-

according to the EPR data: in both states it occupies theates the representation of ti, group corresponding to the ground state
MO b and excited states. Thus, the ground state, as in Fig. 2, has the representation
u-

. . A, regardless of the configuratioaiﬁ on the right half and? on the left half
9 u
The calculation of the energy differences between th%f the graph. The arrows point out the allowed intracenter optical transitions.

absolute minimum and metastable minimum of the adiabatiGheir polarizationsr and = are indicated relative to the symmetry axis of
energies(Fig. 2 can be taken as a new result: 0.16 eV forthe divacancyC,|[110].
V, , ther mode of the distortion of the ground state; 0.07 eV
0 ..
for V2, 1; and 0.03 e_V for V., p. . method"® One-electron excited states were constructed from
So far only the first of these differences has been calcu,

. : ) _ the ground-state determinant, and configuration mixoup-
lated by the density fun.ct|onal mthod. 2,'4 meV fof WRef. figuration interactioh of single excitations was enacted, i.e.,
7)—too small a value in comparison with the error of the

hod to definitel lude in f fth q the coefficients yielding an energy minimum of the super-
method to definitely conclude in favor of the resonant mo eposition of configurations were calculated. For example, the

;;5 the groudqd s:gte. Asf %"’_mt b?_ seen, ttr;]e I\QO mtethfod I(:_ads &cited statéB, was obtained by mixing the configurations
e same directions of distortion as the density functional,1;.1 1,1 : ;
y b, andbga,;, where the MO's were chosen on the basis of

method, but does n_oF givg such small energy differences be:‘I)g;mmetry, and one of the MO’s of the indicated configura-
tween ther andp minima (in any case they are comparable ying was filled in the ground state and the other was empty.
with t.he experimental values of the reorientation energies ofhe calculated result agrees with data on the optical absorp-
the divacancy axis ~ tion line 1.8um (0.73eV): the calculated energy of the al-

The two-well picture of the Jahn—Teller effect for a di- |oyed ¢-polarized transitiotA,— A, is equal to 0.7 eV. At
vacancy gives us a new perspective on the experimental phgse same time it follows from the calculation that the unob-
3.9um band corresponds to the direct transition indicated byy 4 ev should be found in the spectrum of the neutral diva-
the arrowl between thep-minima in Fig. 2. Recharging, on  cancy. In addition, intersection of the excited terhg: with

the other hand, corresponds to an indirect transitssrow2 1B and!B, with 1B, should lead to characteristic lumi-
in Fig. 2 between the-minimum V, and ther-minimum  pescence effects.
VY. Thus, the difference of 0.06 eV between the transition

energies measured in two different ways can be explainedckNOWLEDGMENTS
without resorting to the mechanism of phonon absorpfion
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To reveal the mechanism of Kikuchi-band formation, the totél @) diffraction pattern

produced by 2-keV quasi-elastically backscattered electrons is compared to model calculations
made in the single-scattering approximation for clusters constructed with different numbers

of close-packed110) planes. The formation of the Kikuchi bands is shown to be governed by
two types of electron scattering in a crystal. The dominant contribution to enhanced
electron-scattering intensity within a band comes from the forward-focusing effect as the
electrons move along the numerous interatomic directions in(1i€) planes. The other
mechanism responsible for the sharp edge regions in the Kikuchi bands involves electron
scattering from the nearest planes. It is proposed to use the specific profile of the Kikuchi bands
in estimating the shape and size of light-element crystallites forming during initial stages

of island-film growth. © 1999 American Institute of Physids$S$1063-78349)00903-X]

Studies of surfaces and interfaces have been making iband edges with electron Bragg diffraction from a system of
creasing use of methods of atomic structure analysis basqaanes, which is taken into account by introducing large clus-
on medium-energy electron diffractiofhundreds of eV to ters. For instance, the cluster used to analyze photoelectron
~2 keV). This relates primarily to the diffraction of x-ray diffraction from Cak(111) at 1139 eV was 38 30xX30 A in
generated photo- and Auger electrdidas well as of inco-  size!? Despite a good agreement of such calculations with
herently scattered primary electroh$.The spatial distribu- experiment, however, the part played by the electron
tions of all these three groups of electrons have a similaforward-focusing effect in Kikuchi band formation remained
structure for close energies. As a rule, it may be consideredndisclosed. At the same time the need of understanding the
as a superposition of maxima oriented along the closemechanism which underlies generation of Kikuchi-like fea-
packed directions in a crystal. This specific pattern of theiures has recently become particularly evident in view of the
diffractograms allows their fairly straightforward interpreta- considerable progress reached recently in improving the an-
tion and provides information regarding the object undergular resolution in photoelectron diffractigri*?
study in real space. Besides, one usually observes bands of a It is the mechanism of Kikuchi band formation that
higher intensity oriented along the projections of the closestforms the objective of this work. With this purpose in mind,
packed atomic planes. For crystals made up of light elethe diffraction patterns obtained for a silicon single crystal
ments, these bands exhibit a high contrast and have shawgthin the takeoff angle region adjoining the projection of
boundaries. the (110 planes along which one observes the sharpest

The maxima lying along interatomic directions are usu-Kikuchi bands were compared with model calculations per-
ally associated with the forward electron focusing effect informed within the single-scattering approximation for clus-
crystals'—® The mechanism responsible for formation of theters of different dimensions and different shape.
higher-intensity bands, which in the electron backscattering
patterns are traditionally called Kikuchi bands, and in photo-
and Auger-electron diffraction, Kikuchi-like or Bragg fea- &E?SPUESS\,\//IEE_TQL TECHNIQUES AND RESULTS OF
tures, is less clear. In the early stages of these studies, when
the potential of using these patterns for structural analysis of The methods employed in obtaining diffraction patterns
surfaces was not yet recognized, the Kikuchi bands werevas described elsewhefeThe experiments were carried out
considered within the dynamical theory of electronin ultrahigh vacuum on samples with an atomically clean
diffraction.” The corresponding calculations were performed,surface, which was monitored by LEED and Auger spectros-
as a rule, in the simplest two-wave approximation, whichcopy. The subjects for the study werg1dil) and S{100)
permitted interpretation of the observed Kikuchi-band profilesingle crystals prepared for measurements as described in
and their width equal to twice the Bragg angle. Refs. 11 and 15. The diffraction patterns of incoherently

Later studie$; 12where the emphasis shifted to the elec-scattered primary electrons of interest here were obtained by
tron focusing effect and numerical simulation of the patternameasuring the dependences of the elastic-scattering peak in-
in terms of the single-scattering cluster approximation, putensity of electrons on the polar and azimuthal angles of their
forward various suggestions concerning the formationescape. For electron energies above approximately 1 keV
mechanism of these features. The most widely used viewsuch patterns were showhto be dominated by the diffrac-
point associates the sharp drops in intensity at the Kikuchition of the electrons which suffered phonon-assisted inelastic

1063-7834/99/41(3)/6/$15.00 369 © 1999 American Institute of Physics
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FIG. 1. (a,0 diffraction patterns of quasielasti-
cally backscattered electrons measured at 2 keV
on Si(100 and Md100) single crystals, respec-
tively; (b) boundaries of Kikuchi patterns in a
silicon diffraction pattern(d) silicon diffraction
pattern calculated in plane-wave approximation
of a single-scattering cluster model for a cluster
of 8125 atoms.

scattering. It may be added that it is this peak that is mospattern that is particularly important for comparing calcula-
sensitive to the surface structure of the object under studytions with experiment, we complemented it with the data
because quasielastically scattered electrons escape from tbktained in the same conditions for the other silicon plane,
smallest depth compared to other groups of reflected eleSi(111).
trons. A characteristic feature of the Kikuchi bands considered
Figure la shows a typical diffraction pattern of here is the presence of sharp boundaries shown by lines in
guasielastically scattered electrons. It was obtained on Big. 1b. Their position coincides with the Bragg angle for the
Si(100 single crystal with 2-keV electrons, where the fea-given plane system. It should be stressed that such sharp
tures of interest are seen particularly clearly. The pattern iboundaries are typical of light-element crystals and are only
presented in the form of a stereographically-projected, twoweakly pronounced in crystals made of heavier elements. For
dimensional scattered-electron intensity map in polar andlustration, Fig. 1c presents a similar diffraction pattern ob-
azimuthal takeoff angles. The center of the circle corretained in the same experimental conditions but on single-
sponds to electrons escaping along the normal to the surfacerystal Md100), whose atomic number is three times that of
and its edges, to grazing-angle electron emission. The intersilicon. Indeed, the Kikuchi bands observed along the pro-
sity at different points of the map is given in a gray-scalejections of the molybdenurfl10 planes(which are likewise
contrast code, with the white and black colors referring to thehe closest packed in this crystatveal large drops in inten-
maximum and minimum scattered intensities, respectively. sity along the bands and are conceived as a set of individual
This pattern exhibits a clearly visible fourfold symmetry focusing maxima lying in the given plane. Note that the dif-
characteristic of the given face of the silicon cubic crystal. Aferences in the structure of Kikuchi bands between light and
detailed analysis of its diffraction structure can be found inheavy elements, which are prominent in the energy range
Ref. 15. We note here only that it shows Kikuchi bandsunder study here, become barely visible at higher electron
oriented along the closest-packdd 0} atomic planes of sili- energiegtens of ke\J.1®
con, two of which are perpendicular to the surface and pass
through the center of the map. To reveal them more clearly,
we have presented here for the first time the complete dif-
fractogram of the $100) face obtained within the full reflec- 2 coMPUTER SIMULATION OF KIKUCHI BANDS
tion hemisphere. We have succeeded in doing this despite
the fact that the rough experimental data had a small dead Model calculations have been carried out to reveal the
zone near the surface normal. Because it is this part of thmechanism accounting for the formation of Kikuchi bands in
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a diffraction pattern of single-crystal silicon. We present be-
low a brief description of the single-scattering cluster
model* used in the simulation.

2.1. Single-scattering cluster model and Si  (100) diffraction
pattern

5T
The near-surface layer of the sample scattering the inci &

dent electrons was approximated by a cluster, whose atomi

arrangement reflected the bulk crystal structure of silicon.

Because quasielastic electron scattering at large angles o ;7

curs close to lattice sites, the cluster atoms were considere “._*

as sources of diverging electron waves. One took into ac-

count single elastic scattering of each of these waves by th®iG. 2. (a) Unit cell of the silicon(110) lattice plane;(b) 23-atom cluster

other cluster atoms and interference of the incident and scaf4>2 cells, with electron-emitting atoms shaded.

tered waves. The calculation was completed by summing up

the diffraction patterns due to the individual sources, which

were considered incoherent. 2.2. Electron focusing by single planes

Electron absorption in the crystal was described by a  The atomic structure of thel10) plane is illustrated by
simple exponential decay characterized by an effective parig. 2a presenting its unit cell. The calculations were per-
rameter). In accordance with Ref. 3, the best agreement oformed for clusters constructed of different numbers of such
the calculations with experiment was reachedXer0.7\o,  cells, starting with two and ending with a plane made up of
where\, is the electron mean free path for inelastic scatter2gx 10 cells(599 atoms The sources of electrons were at-

ing, which was calculated from the relations given in Ref.oms in the central chain and their nearest neighlbig.
17. For silicon and an energy of 2 ke¥, is about 26 A. 2b).

Therefore for simulation of the diffraction pattern under con-  The results of the simulation are seen in Fig. 3. Because
sideration we took\=18 A. For such a decay parameter, of the clusters being two-dimensional, a diffraction pattern is
complete convergence is reached only for very large clustergenerated only within a limited electron-takeoff solid-angle
consisting of more than 10,000 atoms, which requires veryegion which adjoins the scattering plane, and it is only this
time-consuming calculationf the order of 100 h with a angular region that is displayed in the figure. For the smallest
Pentium-166 PL At the same time nearly all characteristic cluster (Fig. 3a, the band under study consists of several
features in the observed pattern are reproduced already wittero-order diffraction maxima corresponding to electron fo-
clusters made up of only a few hundred atdfhand further  cusing along the few available interatomic directions, with
increase of their number does not affect it significantly.each of them being surrounded by higher-order annular
Therefore the optimum size of a cluster in a simulationmaximal* The number of interatomic directions increases
aimed at studying the structure of near-surface layers is ongith increasing linear dimensions of the plaffég. 3b), as
to two thousand atoms. The results of such calculations madgoes, accordingly, the number of focusing maxima within a
for Si(100) are given in Ref. 15. This number is not large band. A fairly complex diffraction structure forms at inter-
enough, however, for a full reproduction of Kikuchi bands, sections of the corresponding rings.
because they continue to grow in contrast with further in-  As the dimensions of the plane are increased still more
crease of cluster size. Therefore the diffraction pattern show(to about 300 atoms the band filling loses gradually the
in Fig. 1a was simulated with a cluster consisting of 8125discrete character to make it look already as a pattern, al-
atoms (54 54x 45 A). though with a varying intensity and with local broadenings
The results thus obtained are illustrated by Fig. 1d shownear the closest-packed directiofisg. 3c and 3g This is
ing the calculations in the same form as the measurementaccompanied by a noticeable narrowing of the band due to
Basically, the calculated pattern and tRéactor, which de- the increasing contribution of focusing at scatterers distant
scribes quantitatively its deviation from the observedfrom the emitter. Note that taking into account multiple-
diffractogram*! have indeed changed little compared to thescattering of electrons, which should grow in significance
results presented in Ref. 15. At the same time the contrast afith increasing linear dimensions of the plane because of the
the bands improved to a certain extent, which made cleareatomic chains becoming longer, likewise results in a de-
the agreement of the calculations with experiment. A com<rease of the focusing maxima in angular size.
parison of the data in Fig. 1a and d demonstrates convinc- Thus it follows that the Kikuchi band observed along the
ingly that the single-scattering cluster approach offers an ad:110 planes is actually produced by superposition of numer-
equate description of the Kikuchi bands while providing noous electron focusing maxima caused by electron scattering
hint as to the mechanism of their formation. To obtain infor-from atoms in the given plane. A continuous band forms
mation that could shed light on this problem, clusters of dif-only if the plane consists of a large enough number of atoms.
ferent sizes and shapes were used in the band simulation. We The conclusion of the Kikuchi band formation being
started with a two-dimensional cluster approximating singledominated by electron scattering from single planes finds
(110 planes perpendicular to the crystal surface, alongsupport in the results of an earlier stufywhere electron
which actually the Kikuchi bands appear. localization near atomic planes observed as they penetrated
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FIG. 3. Parts of the calculated silicon diffraction patterns near(1i€) plane where a Kikuchi band forms. The simulation was performed for two-

dimensional clusters of increasing siza: 2X 1 cells in the(110) plane containing eight atomé) 4 X 2 cells with 23 atoms(c) 8 X 4 cells(77 atom$; and
(d) 16x8 cells(279 atoms

into a crystal was calculated in the Born approximation ofclusters constructed of a number(@fL0) planes. The results
diffraction theory with inclusion of all diffracted waves. It obtained are illustrated by Fig. 4. We readily see that even in
was shown that, similar to the present case, for electronthe case of a cluster consisting of three planes @fily. 43,
moving along the planes or at small angles to them electrothe lateral profile of the band under consideration has
interaction with single planes also plays a dominant partchanged qualitatively compared to the data obtained using a
which is due to many-wave effects. two-dimensional cluster. Its boundaries became substantially
It should be noted, however, that the results of the simugharper and smoother than those in Fig. 3d, so that the band

lation displayed in Fig. 3 do not provide an adequate descripgp, the whole has approached closer in its general pattern the
tion of the transverse profile of a Kikuchi band, because the)éxperimental result.

do not reproduce its sharp boundaries observed experimen- The pattern exhibits other changes as well. In particular,

tally. This |mpl|es_ ma_dequacy of the above mechanlsm an%ew focusing maxima have appeared outside the band. They
the need of taking into account electron scattering from . . . .
atoms in the adjacent planes. are due _to the existence in the cluster of interatomic d.|rec-

tions which, rather than lying in th@.10 planes, are at a tilt

to them. Further widening of the clustén increase in the

2.3. Electron diffraction from a  (110) plane system number of planes to five in Fig. #besults primarily in a
To reveal the part played in Kikuchi band formation by more pronounced diffraction structure in the periphery of the
electron scattering from planes parallel to the one containingattern. There are signs also of the formation of a new Kiku-
the electron sources, calculations were carried out with widechi band, which is perpendicular to the one under study and

a b

FIG. 4. Calculated diffraction patterns for clusters constructetiofhree andb) five (110) planes, with each containing 279 atoms.
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FIG. 5. Diffraction patterns from emit-
ters located in the cluster at different
depths:(a) 5.4 A, (b) 10.9 A, (c) 16.3 A,
and(d) 32.6 A.

oriented vertically in the figure. As for the band itself, its ter of the patterns depends dramatically on the source depth.
pattern, strange as this might seem, has not practicallfhe pattern produced by emitters localized near the surface
changed as one crossed over from a three- to five-plane clugrig. 59 is dominated by electron focusing maxima oriented
ter. Thus in order to obtain a band similar to the one ob-along the(111) and(101) directions available in this cluster,
served experimentally, it is enough to have, besides the plangith practically no diffraction structure in the region of the
containing the electron sources, at least one adjacent plangkuchi band under study. As the source depth increases
on each of its sides. Thei.r linear dimensions, as Fn the abovgrig. 5p and 5 the intensity of these maxima falls off
case of electron scattering from atoms in a single plan€y aqually, while that at the center grows. Note the compara-
should be large enough, however, to accommodate hundre Yely complex structure building up in the vicinity of the

of atoms. band of interest. Remarkably, it starts to form in the periph-
ery of the pattern(for large electron polar takeoff ang)es

2.4. Electron diffraction from two planes of the  (110) where it looks as a fairly narrow, horizontal black band

system flanked by a series of thin light bands made up of individual

Special calculations were performed to understand wh I'n_es (Fig. 50. As the source is placed still deeper, this dark,
taking into account electron scattering from two adjacentright-edged band grows in extent and approaches the center
planes improves so markedly the Kikuchi band contrast. wé@f the pattern to eventually fill up all of its central p&Fig.
used a cluster of 1198 atoms distributed in two scattering®- The angular position of the strongest narrow lines at its
(110 planes. These planes, which are perpendicular to th8dges corresponds to the Bragg angle for the given plane
surface, measured 28l0 cells and were 3.84 A distant, System, which for the 2-keV energy is about 4°. Because the
which is twice the interplanar separation in silicon. Singlesame angle determines the position of the edge of the ob-
atoms considered as electron-wave sources were placed $grved Kikuchi band, one may conjecture that its sharp pro-
the cluster's center at different deptkat lattice sites be- file is generated by the scattering of electrons ejected by
tween these plangsNext diffraction patterns for each of deeply lying emitters. Obviously enough, in order for this
these emitters were generated. effect to become seen, the mean free path of electrons for

The results obtained are displayed in Fig. 5. The characinelastic scattering should be large enough. It is this differ-
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their size from the Kikuchi bands of deposited material.

Thus we have carried out an experimental and theoreti-
cal study of the mechanism responsible for formation of the
Kikuchi bands observed in diffraction patterns of a silicon
single crystal along the projections of thEL0 planes.

Two mechanisms governing the formation of these
bands are shown to exist. The first is electron focusing,
which takes place as particles propagate along (i)
planes and originates primarily from small-angle scattering
by the atoms the electrons encounter on the way. To form

'3 9 * ] s 9.° continuous bands, the electron mean-free paths along these
’ planes should be sufficiently large.
FIG. 6. Relation between the angular positions of the focusing maxiéha ( The second mechanism involves diffraction of electrons

and the corresponding flrst—ord_er |nte_r_ference maximp for the case of by the nearest adjacent planes, which is responsible for the
electrons scattered from a chain of silicon atoms. The anglasd 0 are

reckoned from the surface normal, and the dashed line identifies the Braggharp edge regions in the Kikuchi bands. An essential part is
angle. played here by coherent superposition of first-order interfer-
ence maxima, which are related to the focusing maxima of

) _ electrons escaping from large depths.
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In studying LaSrA{_,Ni,O, ceramics, anomalies are detected in the concentration dependences
of the lattice parameter, the electrical resistance, and the sign change of the Hall constant

at x~0.6. It is shown that the collection of observed phenomena can be interpreted as a
manifestation of the Jahn—Teller nature of low-spii Ntenters. ©1999 American

Institute of Physics.S1063-78369)01003-3

In studying the ceramics LaSrAl,Ni,O,, (0<x<1), It can be seen from Fig. 1 that, as the nickel concentra-
Ref. 1 detected anomalies in the concentration dependence tibn increases, lattice constamincreases while decreases,
the lattice constant, as well as a change in the sign of the with a jump in thec(x) dependence being observed in the
thermoelectromotive force, at=0.6, interpreted as a change regionx~0.5. The variation of resistivity ,(x) has a non-
in the type of majority charge carriers from holes to elec-monotonic character in the ceramic studied here: On the
trons. The assumption was expressed that these features avbole, a decrease of, with increasingx is observed, but,
associated with a change of the ground state of low-spincreases in the regiox~0.6 (Fig. 2). The fact that the Hall
Ni®* jons from d,2 to dy2,2. The mechanism of such a constant changes sign from plus to minaee Table )l with
change was not discussed. increasingx is evidence that the character of the conductivity

Radio-frequency spectroscopic studies ofof the compounds changes, i.e., that the type of majority
LaSrAl; _,Ni,O, ceramics withx<<0.1 showed that the Ni)  charge carriers changé&som holes to electrons in the region
components in them, with Rii in a low-spin state, are char- x~0.6). The dependence of carrier concentratiorx@fig.
acterized by strong electron—phonon coupfin§Two vari-  3) shows a decrease afwhenx~0.6, and this agrees with
eties(1 and 2 of static Jahn—Telle(JT) NiOg centers were the character of they(x) dependence.
observed, differing in the degree of tetragonal distortions
and, when the tetragonal component of the crystal field of the
complex was decreased by |r_1terplanar excess oxygery N|O2 DISCUSSION OF RESULTS
centers(3) were observed with temperature JT dynamics.

This paper presents new experimental data that confirm the For the low-spin ion Ni* (3d’, S=1/2), as for C&*
unusual change in the structural parameters and the changgd®, S=1/2), the ground state in a regular octahedral
in the character of the conductivity from hole-type to neighborhood is an orbitally degenerate doublet. We shall
electron-type whex~0.6 in LaSrAL_,Ni,O, and proposes  therefore use the results obtained by Refs. 7 and 8 f8f Cu
a mechanism that regards the observed features as the magy-analyze the character of the distortion of the JT complex
festation of the JT nature of the Nj@enters. NiOg as a function of the distortions of the external crystal
field. When the tetragonal component of the crystal field is
small by comparison with the JT splitting of the doublet,
1. EXPERIMENT |A|<|E;q|, and is directed along theaxis of the complex
(the z axis in the test samples coincides with the crystal’s

Samples of LaSrAL xNi,O, with x=0-1 were fabri-  5,j4 the equation of the adiabatic potential has the form
cated by decomposition of the nitrates, using the technique

explained in Ref. 3. We measured the concentration depen- E1 = Mw2p2/2+V3pd cos 3p+ Vpo(1+ A cose/Vpy),
dence of the lattice constants and the temperature depen- (1)
dence of the electrical resistance earfidhis paper presents

measurements of the concentration dependence of the resishere the first term is the potential energy of the nuclei,
tivity and the Hall constant. The resistivity, was measured caused by their normal vibrations; the second term allows for
by the four-probe method, and the calculations allowed foithe anharmonicity of the vibrations; the third term allows for
the thicknesswv of the plate. The Hall constai®, was ob-  the electron—nucleus interaction, which is linear in deforma-
tained from measurements of the Hall emf by the van detions, and the splitting of the doublet by the tetragonal crystal
Pauw method. The charge-carrier concentratiowas de- field directed along the axis; and the value op, corre-
fined asn=1/eR,, wheree is the charge of the electron. The sponds to the minimum energy in the linear approximation
techniques used here are explained in Ref. 6. The results §¥;=0 andA=0 in Eq.(1)]. The plus sign corresponds to
the measurements are shown in Figs. 1-3 and in Table I. the ground-state wave functiobi,=|#)sina/2+|e)cosa/2,

1063-7834/99/41(3)/4/$15.00 375 © 1999 American Institute of Physics
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FIG. 1. Concentration dependence of lattice constardaadc of the com- conduction electrons.

pound LaSrA] _,Ni,O,.

lowered in this case, and the ground statel,is_,2. There

the minus sign corresponds to functiobi,=|6#)cosa/2  are no temperature dynamics f8E>kT, or restructuring of
—|e)sina/2. Here|0)=|d.2), |e)=|d,2y2), and a~¢ for  the spectrum from axial to isotropic is observed for
the given approximation. AE<KT. This is confirmed by numerous experimental re-

As follows from numerous experimental data, in the ab-sults from studies of CuQcomplexes in a tetragonal exter-
sence of external deformations, the JT effect for octahedraia| field®1!
complexes of CH" results in spontaneous equiprobable  For complexes of low-spin Ni', with an electron in the
stretching of the octahedron along one of the fourth-ordebrbitally degenerate doublet, has a sign opposite to that of
axes; i.e., the anharmonicity constant in Et) is V3<<0,  copper complexes. For the same reason, the tetragonal com-
and, for A=0, energy minima occur ap=0, 27/3, and  ponent of the crystal field in the field of a stretched octahe-
4m/3. There are no such data for complexes of low-spindron also has different signs for €uand for low-spin Ni*.
Ni*, and the guestion of what stabilizes the compressed dror NiOg, as shown in Ref. 3, the tetragonal component of
stretched configuration for a regular octahedral complex bethe stretching lowers the two equivalent minima, which cor-
cause of the JT effect has remained open. It has beemspond to rhombically distorted complexesirve 3 in Fig.
establishe® 2 that the linear vibronic coupling constant is 4). As the temperature increases, the migration of the com-
V<0 for octahedral complexes of €U, where a hole is plexes between the two lower minima of the adiabatic poten-
found on the orbitally degenerate doublet. It follows fromtial causes the symmetry of the complex to be effectively
Eqg. (1) that, for tetragonally stretched octahedral complexesixial, with ad,2 ground state(centers 3 Increasing the
(A<0) in an adiabatic potential, one minimum @0 is  stretching deformation suppresses the potential barrier be-
tween the minimdcurve4 in Fig. 4), and a complex of axial
symmetry, with the relationship of tteefactorsg <g, char-

10.0 acteristic of ad,2 ground state, is observed in the entire
temperature intervalcenters 1 and)2 As follows from Eq.
(1), whenV>0, the experimental data of Ref. 2 for low-spin
Ni®* will be in agreement only fo/3>0. This means that,
- for a regular octahedral complex of low-spin®Nj energy
—~ TABLE I. Hall constant of various samples, obtained by the van der Pauw
E method.
G 000
L,s Series X Ry, Q-m/T
Al
£ 1 1 —2.69x10°°
2 0.8 —45x1074
| 0.6 Hall effect not observed
0.5 0.60<10 3
3 1 —3.33x10°8
0.8 —1.81x10°3
0.6 Hall effect not observed
) , 0.4 0.04
100 0.50 1.00 4 0.95 —-1.33x10°°
x 0.9 —2.05x<10°°
0.85 —2.37x10°8
FIG. 2. Resistivity vs nickel concentration in LaS§A|Ni,O,. The num- 0.8 —1.78<10°8

bers on the various points are the numbers of the series of samples.
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FIG. 4. Adiabatic potential of the octahedral
complex MeQ for V>0, V5>0, and vari-
ous values ofr=A/Vgp3: 1—0, 2—(—2.3),

3 3—2.9, 4—8.4. The upper part shows the
deformation direction of the Mefcomplex
at the minima of the adiabatic potential for
7=0.

-200.00 -100.00 0.00 100.00

minima occur fore=7/3, 7, and 57/3 and correspond to complex are preserveéd.The observed increase af with
compression of the octahedron along one of the four-foldncreasingk, along with the decrease of parametéFig. 1),
axes(curvel in Fig. 4). Otherwise, i.e., on the assumption actually reflects the fact of JT compression of the Nif2-
that V3<0, the temperature dynamics of the ESR spectrdahedra as one approaches the composition LaStNAD
described above would not be observed in a stretched octéswing for the tendency of regular octahedral complexes of
hedral configuration, since only the one minimumgat 0 low-spin Nf* toward compression, it can be asserted that
would be lowered in an adiabatic potential. the cooperative interactions of the NJOT centers increase
Consequently, it can be concludéd) that the JT effect the symmetry of the local crystal field at the low-spin ion
results in spontaneous compression of an octahedral NiONi®** to almost cubic and stabilize the compression of the
complex along a four-fold axis; an) that, as one goes configuration with the ground statkz_ 2.
from a tetragonally stretched to a tetragonally compressed The form of thec(x) dependence can then be explained
configuration, the ground state changes frdpto d,2_ 2. as follows: In solid solutions of LaSrAL,Ni,O,, as was
These conclusions make it possible to explain consistentlghown in Ref. 12, beginning with small, microphases of
the entire collection of experimental data that has been obcomposition LaSrNiQ arise. Complexes of types 1 and 2 are
tained. localized in the aluminum phase. The Ni€omplex in them
We shall show that the change of the structural paramstretches tetragonally and hasla ground statgcurve4 in
eters in LaSrA|_,Ni,O, asx increases is determined by the Fig. 4): g<g, . In the nickel microphases, as in LaSrNiO
nature of the JT deformations of the Nj@enters. For rather the NiQ; octahedra are compressed along ¢heis, have a
weak stretching of the Alpoctahedrathe Al-Q distances ground statel,>_,2, and are not observed in ESBuUrve2 in
in LaSrAlO, are 1.898 A<4 and 1.997 A 2), the decrease Fig. 4). As the nickel concentration is increased, the increase
of parameterc in LaSrNiO, by comparison with LaSrAlQ  in the number of complexes compressed along dhexis
by about 0.20 A makes it possible to assume that the,NiO(corresponding to the volume of the microinclusions of the
layers in LaSrNiQ consist of NiQ octahedra compressed nickel phasg results in a smooth decrease in the value of
along thec axis. For a JT complex, a decrease in thec/a, averaged over the volume. The jump of ti{&) depen-
(Ni—0), distance must be accompanied by an increase in thdence in the percolation regiotr=0.5-0.6 is apparently as-
(Ni-0), , distances, while the meafNi—O) values in the sociated with the spread of the nature of the distortions of the
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disconnected fragments of LaSrNi@ the entire structure 0Xxygen. Their motion determines the type of conductivity.
and can be interpreted as a structural phase transition caused At nickel concentrations that exceed the percolation
by the cooperative JT effect. The fact that, wheri*Ais  limit (x>0.6), the nickel phase becomes responsible for the
replaced by the larger, non-Jahn—Teller ior? Feén solid ~ conductivity. The change of the structural and electronic
solutions of LaSrAl_,FeO,, according to the data of Properties of the nickel-oxygen octahedra caused by coop-
Ref. 1, a monotonic increase of both parametand param-  erative vibronic effects apparently changes the charge state
eterc is observed confirms that the specific features of theédf the NiO, layer by comparison with the diamagnetically
c(x) dependence in LaSrAlLNiO, are connected with the dilute layer Ah_,Ni O, in the aluminum phase. A surplus of
JT effects in nickel octahedra. electrons is formed in the hybridized band of the,3 ,2

We should point out that the nature of the change of Orbitals of NP* and the  orbitals of oxygen, and the con-
that we have established differs somewhat from that given iluctivity becomes dependent on the correlation splitting of
Ref. 1, where parameter increases for a smalfup to the band of the 8,._,2 orbitals of NF* into two
x~0.4) concentrations of nickel. The subsequent behavior ofubbands—full and empty—with a small energy gap be-
the c¢(x) dependence coincides in Refs. 1 and 5. This couldween them. The jumping of electrons from the filleg:
be associated with a difference in the microstructure of théand into the freer,2_,2 band causes electron—hole pairs to
samples. In particular, a more equiprobable distribution of® generated. The conductivity is electron-type in this case,
Ni3* ions in Ref. 1 could have the effect that there are vir-P€cause the electron conductivity is significantly largerxAs
tually no nickel microphases whe<0.4, and then increas- ncreases, the width of both bands df. > orbitals in-
ing the number of nickel octahedra stretched alongtheis ~ Créases and the gap between them decreases, and th|s_causes
in the aluminum phase would cause parameter increase. fo {0 decrease. According to the data of Ref. 5, high-
The fact that the discontinuous change agk) in Ref. 1  temperature vacuum.anneallmt_‘ne_re.moval of mterpl_anar
occurs at a largek value (x~0.6) also indicates that the oxygen causesry to increase. This is a‘_ssouated with the
Ni®* ions are more uniformly distributed in the aluminum decreased scatter of the local crystal fields caused by the
matrix. However, as pointed out above, for NiOT com- Presence of non'stoichiometric oxygen and. with the corre-
plexes, an increase of the (Ni—Djlistance should be ac- SPonding narrowing of the bands df._,- orbitals.
companied by a decrease of the (NizQ)distances while This work was carried out with the sgpport of the Rus-
the mean value ofNi—O) is maintained in the complex, and Sian Fund for Fundamental Resear@roject No. 96-02-
it is then hard to understand the simultaneous increase 8079
parameter observed in Ref. 1.
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Kinematic quasi-vacancy Frenkel biexciton in a Davydov multiplet
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This paper shows that, as a consequence of paulion-type Frenkel excitons in molecular crystals
such as anthracene, with several molecules per unit cell, bound biexcitons exist in the

absence of dynamic exciton—exciton attraction. The coupling of excitons in ideal crystals of this
type is brought about by the same kinematic effect that causes excitons in nonideal crystals

to be localized close to defects such as vacancies. In the excitation spectrum, the resonance peak
of the resulting biexciton is found inside a band corresponding to the sum of the energies

of excitons of unlike components of a Davydov doublet, located between the bands of the total
energies of excitons of the like components of the doublet. The corresponding dispersion

equation is obtained, and the energy and wave function of the biexciton is determinei@9%
American Institute of Physic§S1063-783%09)01103-X]

Theoretical and experimental studies are being carried00 meV, and the width of the exciton bands of the doublet,
out on the spectra of coupled complexes of multiparticle el-depending on the direction of the wave vector, is about 50—
ementary excitations—biexcitons, biphonons, triphonons5 meV.
etc}=® The coupling of excitons into biexciton complexes As shown below, the coupling of Frenkel excitons in
causes a sharp increase of two-photon absorption, the ajdeal crystals of this type, for example, is brought about by
pearance of new resonance lines, and variation of the northe same kinematic effect that causes excitons in nonideal
linear susceptibility. Wannier—Mott biexcitons have been ex-crystals to be localized close to defects such as vacancies.
perimentally detected and intensively studied, but FrenkeReference 6 obtained the corresponding equation to deter-
excitons have not been experimentally detected. Referencesine the energy of such a local exciton and showed that the
1-4 discussed the possibility of forming coupled Frenkelresonance term of this exciton lies between exciton bands of
biexcitons in molecular crystals. The main factor that underdifferent types. The equation for the energy of such an exci-
lies the coupling of excitons into pairs was considered in thigon can be obtained from the equation for the energy of an
case to be the dynamic exciton—exciton interaction. In Refexciton localized close to a defect—an isotopic impurity
4, this interaction was determined, as in superconductivity, tavith displacement of the isotope terfn if the formal tran-
be the exciton—phonon interaction. The corresponding anhasition A— o« is carried out, completely removing the isotope
monic interaction constants were determined in Refs. 1-8rm from the region nearest to the exciton band, which cor-
from the matrix elements of the intermolecular and intramo-+esponds dynamically to the presence of an unfilled site—a
lecular interaction operators. The isolated biexciton term wasacancy. The wave function of an exciton corresponding to
split off from the band of two-exciton dissociated states intothis term is absolutely localized on this site. The wave func-
the high-frequency or low-frequency region according to thetion of an exciton localized close to such a vacancy is natu-
sign of the anharmonicity constant. It should be pointed outrally equal to zero at this site.
however, that these matrix elements are from higher-order As is well known, the two-body or two-exciton problem
perturbation theory than that which determines the constanisan be reduced to a one-particle problem with reduced mass.
of the translational motion of the excitons which breaks upFrenkel excitons as elementary excitations are paulions. Af-
the biexciton, in particular, the width of the exciton bands.ter the appropriate transition from the Pauli operators corre-
Therefore, it will be apparently hard to detect biexcitons ofsponding to a Frenkel excitBio Bose operators, the contact
this type. anharmonic exciton—exciton interaction const@ntdeter-

It is shown in this paper that, even when the dynamicmines the energy and the radius of the coupled StateA
exciton—exciton interaction indicated above is absent, therdetermines the energy and radius of a local exciton in the
exist spectrally distinguished biexciton excitations inside aone-particle problem. For the limiting transitigh—, the
Davydov multiplet of two-exciton dissociated states in crys-term of the coupled biexciton state in a crystal with one
tals of the type of anthracene, with a complex structure andanolecule per unit cell is completely removed from the region
several molecules per unit cell. In the region of one-particleof uncoupled two-exciton states, the radius of the coupled
states with an energy of about 3.3 eV, a band of singlet exstate decreases, and two Bose particles are localized on the
citons in which a dipole optical transition is resolved is same site. For the other two-particle states of uncoupled but
found in the anthracene crystal. The characteristic energy ahutually scattering excitons, the wave function equals zero
the dipole—dipole intermolecular interaction is aboutwhen the sites coincide in this case, and this corresponds to
5.4meV, the splitting of the Davydov doublet is aboutthe Pauli principle for Frenkel excitons.

1063-7834/99/41(3)/5/$15.00 379 © 1999 American Institute of Physics
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In crystals with two molecules per unit cell, with such a same form except for replacing the one-dimensional wave
limiting transition A—, one of the two terms of the vectors by two-dimensional and three-dimensional ones.
coupled states that split off from the bands of the Davydov  For one-particle exciton states with energyand wave
doublet in the region of two-particle states is “decelerated” function|1),
in the interband region in the same way as with a term of an
exciton localized at a vacancy. The two-particle wave func- |1>:2 ¥ ,.B/|0), 2)
tion of this state identically equals zero when the sites coin- an

cide in this case, and this_ corresponds to a paulion type_ Qfhere |0) is the ground state. Schiimgers equation
Frenkel ex_uton—twq e>_<C|tons cannot be on the same S|tq_1|1>:8|1> can be solved by the standard procedure of sub-
Note that, in the excitation spectrum, the resonance peak Qiiyting Eqs.(1) and (2) into that equation, transforming to
this biexciton is found inside the band corresponding 10 thgpe \yave representation, and solving the corresponding sys-
sum of the energies of excitons of unlike components of ggm of two secular dispersion equations. As a result, for the

Davydov doublet and lies between the bands of the tota},, components of a Davydov doublet with energies
energies of excitons of the like components of a Davydov_ Eo+e,c, (=1,2), with wave vectork and the corre-
doublet. Below, we obtain the corresponding dispersiorgponding wave functiond®. we have

equation and determine the energy and wave function of a uk:
biexciton of the resulting type. We use in this case the lim- Viltv22 \/ Vit 2
iting transition A— in a system of interacting Bose par- 1= +|V§2|2, (3a
ticles, producing an adequate description of the spectrum of 2
two-particle excitations of paulion type. 5

The Hamiltonian of a system of Frenkel excitons— Vi VE? V- Vg2 121
elementary excitations of the paulion type—was obtained in 82k:T‘ —| +IViT% (3b)

Refs. 6, 8, and 9 as a quadratic form in the Pauli operators
P, (n labels the lattice sitgswhich obeys the corresponding , 1 _
. . . af af ik(m—n) a Aikn
commutation relations and the conditio =0, corre- kK = nm ) anT N K&
tation relat d the conditiorng,j2=0 V= X vike v NZK‘PMe (30
sponding to the forbiddenness of two excitations being found K’

at the same site. The expansion by Agranovich and To8hich o1 —\/2

of the P operators in Bose operatoBscauses kinematic re- qf}k: ”—11“22 gk

pulsion and contact pairwise interaction to appear in a sys- 2e 1~ Vie— Vi

tem of Bose particles, with a repulsive energy of the order of m

the total energy itself of the two excitations. In what follows, W2 — [ e Vi oo (3d)
we do not give the details of the value and sign of the an- 1k 26— Vil-vZ2 ’

harmonic contact interaction constant of Bose particles,
since, with numerical calculations, to adequately represent SZK_VEZ _
the spectrum of a system of paulions, this constant will tend V3= \/ ———7—5¢€ >
to the limit A— oo, which will correspond to forbiddenness of B
two paulions to be on the same site.

In the site representation of second quantization, the .2 _ _ e iew2 (30

Hamiltonian of a system of Frenkel excitons as Bose par- 28— Vil-VE

ticles with contact interaction has the following form: . . _ . .
g where wave vectok in units ofa™! (a is the chain constant

H=S EB*B ORI has the valuek=k;=27N"'j, j=0,1,2 .. .N—1 in the
T & =0Pan a”+anﬁm nm=an=gm Brillouin zone; ¢y is the phase of the complex quantity
V2= |V exple)=(V2H*; and Vit and VZ2 are real quan-

_AZ{ BX B BB (1) tities. The wave functions of Eq$3) are orthonormal,

a \k\pB —
Herea=1,2 ...o0 numbers the molecules in a unit cetlg % (W)™ W= Gap
is the excitation energy of an isolated molecud, and B
are the Bose operators for creation and annihilation of exci- @ kAT _
tons, V& are the matrix elements of the intermolecular in- ; (W)™ Woke= Oy pv=1,2. @

teraction operator that determines the translational motion of _ e _
the excitons, andA is the anharmonic contact interaction A Solution of Schrdinger's equationH|2)=E[2) for
constant of the excitons. To specify and simplify the initial WO-Particle states with energy and wave functiorf2) is
calculations, a closed, one-dimensional crystalline chairfoUght in the form

made ofN cells with two molecules per unit celb(=2) is

considered in what follows. The subsequent generalizationto  12)= 2, WnB..Bjnl0). (5
two-dimensional and three-dimensional crystals with 2 anpm

obviously causes no fundamental difficulties. At least, theSubstituting Eq(5) into Schralinger’s equation produces the
main dispersion equation obtained below, Etd), has the following system of equations fotfg”m:
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F(K,E)=WY(K,E)W?(K,E)— |W*(K,E)|?=0. (14)

The solutionE= E(K) of this equation gives the dispersion

(E—2Eq) Wi 2 (VWP + VBT 19)

A8 LS. pan 6) dependence of the biexciton energy on the wave vector. It is
BYm . . ..
easy to see how the one-particle problem of an isotopic im-
Transforming to the wave representation, purity at sitea is complete analogous to a shift of terin
. The equation for the energy of localized excitons in this case
Vo= N-ll%p D 1o VoW elkntem, (7). has the forft!o!
2
After some calculations, we get a system of secular equations —=N"1 E k| (15)
for the wave functionsb e VK x With identical fixed total pk €7 E0 €k
wave vectorK =K;j=27N"%,i=0,1,2 .. .N—1: As |A|—o, excluding the states of an exciton fixed on a
(E—2Ep— &k~ & -0 P i yK,k=—2AN’1 defect, i.e., when we reduce to the problem concerning a
' vacancy, Eq.15) transforms to the energy equation of an
x> (W30* (¥l —1)* S D k- P exciton localized close to a vacanty,
2
Wl
0=N"! 16
(8) 2 TEren S_EO - (16

The sums on the right-hand side of , . .
g HY) and has the corresponding solutier ¢, between the two

. o bandse,<e,<e;. The wave function of such an exciton
X“(K)_g,:q PV ua¥ kg ©) localized close to a vacancy is naturally equal to zero at this

. ... site.
depend only orK and«. For these quantities, after dividing It can be shown that the wave function of the resulting

Eq. (8 by the resonance factorEC-2Eo—e,k—€y-k):  quasi-vacancy biexciton equals zero when the sites coincide

multiplying by W% ., and then summing over, y.k, Eq. (5); i.e., the corresponding relationship for paulions is
we get the system of two equations satisfied. For the wave function of a biexciton with wave
vectorK, we get from Eqs(7)—(9) to within a small factor,
Xp(K)=—2A 2, WF*(K,E)X(K), (100 in this case 2,
where the functionWB“(K E) have the following form: g NS 2 W)™ (W k10 ™ X,(K)
O Ve R R
Ba 'yK k k yK—k B )
W (K E)= sz|< E_ 2E0 € e . X\I,qu, - ke|k(n m)+iKm (17)
(11)

As can easily be seen, when the sites coincide,3,
It can be seen from Eq$11) and (3) that W'?=(W?Y)* are  n=m, we get from Eq(17) and the definition ofV given in
complex quantities and/*! andW?2 are real. We get directly Eq. (11) that

from Eg. (10) the dispersion equation for determining the

energy of the two-particle coupled states with total wave \Ifgﬂ=N‘1e‘K”E WY(K,Ep) X (K,Ep) =0, (18)
vectorK, which is conserved because of translational invari- Y

ance. as directly follows from Eq.(10) for |A|— and can be

1 1 obtained from the exact solution of Eq4.0) and (12) for
Sa TWHK, E)} —x FWHK, E)} |WH(K,E)|?. X, .
(12) A general analysis of the basic Ed4) with the explicit
) ) _ dependence olV“A(E) given by Eq.(11) indicates that it is
This equation has two solutions fér=A(K,E): possible for an interband biexciton to exist inside a Davydov
1 WHK,E)+W2K,E) multiplet in the two-particle region of the spectrum in the
Ty = > same way as is seen from EG6) for a vacancy. An initial,

orienting representation of the existence of the effect can be
11 22 2 obtained by considering a system of two molecules with
+ \/{W (K.BE)~WHK.E) +W(K,E)|?, N=2. For a more detailed calculation, a cry§tal with a dis-
2 tinct separation in energy of the nonoverlapping components
of a Davydov doublet was studied.
13 To limit the number of necessary parameters, it was as-
which can easily be inverted into solutions 6= E(K,A). sumed that the Coulomb dipole—dipole interaction energy of
For anharmonicity constants whose modulus goes to ththe molecules in the sublattices coincides. For example, di-
limit |A|—c and ruling out, in accordance with what was pole moments 1 and 2 are symmetrically tilted relative to the
said above, two-particle states with two excitons at one siteaxis of the chain; i.e.Vit=V22=V|n—m| "%, whereV is
Eq. (12) takes the form the energy approxmately equal to a quarter of the width of
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-25 -4 0 4 20 ¢ FIG. 2. Wave functions of a kinematic biexciton.

FIG. 1. The biexciton resonance in the density of states of Zaatithe
Davydov biexciton multiplet is indicated by an asterisk.
increasing energyand in band4 and2 were calculated on a

Pentium computer. All the calculations were done at the
the exciton band. In what follows, all the energy quantitiesgiven stage for the wave vect&r=0, and it is assumed in
will be presented in units of this quantity. In order to de-what follows that the total dispersion dependence for the
crease the number of parameters, it was also assumed tHzexciton has been determined. The calculations were carried
the molecules at siteg=2 are displaced relative to the mol- out with increasing valuesl=3,5,7 . ... Thefundamental
ecules at sitesxr=1 by a distance ohd, (6<1), and the features of the spectrum and of the wave functions already
Coulomb dipole—dipole interaction energy in the differentbegin to show up for smalN, and these features only be-
sublattices is accordingly:2=V [n—(m+68)| 3. The cal- come more detailed &\ is increased further.
culations were carried out for the valde= 0.4, close to the Figures 1-3 show the results of calculating the spectrum
actual displacement of the molecules, for example, in anthraand the wave functions for a chain with sixty-two molecules
cene. In this case, as follows from the calculationsg gf in (N=31), in which the density of statgg E) and the wave
Egs. (3), Davydov doublets are found in the bandsdd),  functions already represent fairly smooth functions, and in-
<23V (bandl) and—19<e, < —13V (band2). Naturally,  creasingN further only further smoothes the curves. The
in actual three-dimensional crystals like anthracene, the exzalculations showed that the functional dependende(&)
citon bands of the two components of a Davydov doubleon the left-hand side of E¢14), having at the edges of inner
overlap, the dependence of the energy on the threedand3the usual forrrchj(E—ej)*l, with discontinuities at
dimensional wave vectok is extremely complex, and the e; and zeroes in the gaps, has a section in the middle part of
solution of Eq.(14) represents an independent, extremelythe band where it depends parabolically Bnwith two ze-
complex and, at the same time, merely computational probroes of functionF(E). This is associated with allowing for
lem. the functional dependences of, and ¥, exactly in Egs.

There are three distinct bands in the energy region of3), (11), and(14). The zeros of functior-(E) become lo-
two-particle stategFig. 1): Band1 (20<eq+ &1k k<46 V) cally more dense in the neighborhood of this parabolic sec-
corresponds to the sum of the energies of excitons of the firgton. Since only a primary proof of the existence of the biex-
type, band2 (38<e, +eox_«<—26V) to the sum of the citon is needed, a complete calculation of the density of
energies of excitons of the second type, and b#&hd states in ban® with breakdown of the band into channels,
(4<eqtex_k<5V), located in the gap between the first computation of a density histogram, normalization, etc. were
two, corresponds to the sum of energies of excitons of thaot carried out. The quantity(E;)=(E;,;—E;) !, com-
first and second types. It is this inner baBithat contains a puted from the difference of the successive roots of(E4),
biexciton of the type under consideration. Since the biexcitorwas used as a measure of the density of states. The adequacy
does not have an isolated term, but lies in banthe roots of  of a monotonic mapping of the density of states by function
Eq. (14) in this band,E=E;, i=1,2,3 ... (in order of p(E) is determined by the fact that, when the density of
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¥ maximal atr =4, n=m, when the two excitons are at adja-
04T cent sitese=1, =2 in one unit cell; furthermore, the dis-
tances between the siteag=1, =2, n, m=n+r and
a=1,8=2,n, m=n—r are different, and the wave function
accordingly has different values, which also produces asym-
A metry. We should point out that the wave functigti? in
‘ Fig. 2 exceeds ' and W22 at the center. Note also that the
dependences of the separate real and imaginary parts of the
wave functions, not shown for the sake of brevity, also de-
crease with oscillations and have some interesting features.
For comparison with Fig. 2, Fig. 3 shows the wave functions
¥12%(r) (solid curvé and¥{(r) (dashed curvefor the en-
ergy E=2Ey+ 1.4V in band3 far from the biexciton reso-
nance peak. It can be seen that strong oscillations of the
wave functions already occur and, at the same time, definite
localization is present, since the distant biexciton peak still
has an effect. Unlike Fig. 2, the value ¥f'! exceeds that of
W12 in this case because of the distance from the biexciton
resonance.

It is natural that it is rather difficult to solve E¢l4) for
actual two-dimensional and three-dimensional crystals with
several molecules per unit cell with complex structure of the
0 ] 1 ) Davydov multiplets in the one-exciton region and the still
~-15 0 15 more complex structure of the bands in the two-exciton re-
gion of the spectrum, although it is a purely calculational
problem. There undoubtedly is interest in theoretical studies
of and experimental research in biexciton resonances which,
as is now clear, are found somewhere inside the Davydov
multiplets in the two-particle region of the spectrum. There
states is higher close 16, the distance between the succes-is interest in studying binary states of the type discussed
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FIG. 3. The wave functions of two-exciton states in bantar from the
biexciton resonance.

sive energiek;, ; andE; is less, ang is greater. above as applied to lower-frequency excitation, for example
Figure 1 shows this dependengée), e=(E—2E,)/V  optical vibrations of hydrogen atoms in metal hydrides
in the middle ban®. The low-frequency edge of baridand In conclusion, the author is sincerely grateful to V. M.

the high-frequency edge of badare shown schematically, Agranovich for useful discussions.

since the detailed behavior of the density of states in these This work was carried out with the support of the Rus-
bands does not seem necessary at this stage. It can be safm State Scientific and Technical Program “Crucial direc-
that an increase gi(¢) typical of a one-dimensional crystal tions in the physics of condensed media.” The author is
occurs at the edges of bar®l However, an additional grateful for partial support from INTAS Grant 93-461 and
density-of-states peak can be seen inside this band, in tHfeom a grant of the Volkswagen Foundation 1/69928.
region E=2E;— 1.2V, this corresponds to a bound kine-
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This paper discusses the temperature dependence of the pulsed conductivity of a KCI crystal in
the interval 12—300 K when it is excited by an electron bé&ard MeV, 50 ps, 300 A/ cA)

with a time resolution of 150 ps. It is shown that the electron lifetime<sl00 ps in the entire
interval under consideration, while the conductivity increases with temperature. The
experimental results make it possible to obtain the temperature dependences of the effective
electron—hole recombination cross sect®nT>® and the separation probability of genetic pairs.

© 1999 American Institute of Physids$1063-783499)01203-4

Reference 1 discussed the effect of the excitation density,= uq. Actually, uy, is associated withuy by the expres-
on the radiation-induced conductivity of alkali-halide crys-  sion
tals excited by picosecond electron pulses. On the basis of
analyzing the experimental data, a model was proposed ac- _ 1 )
cording to which the conductivity is associated with the ther- #a= Hhp Y Tol 7’
malized electrons at the bottom of the conduction band, ) - _ .
while the form of the dependence is determined by the cap¥ere 7o is the mean electron lifetime in the conduction
ture and recombination mechanism of the lattadditional ~ Pand,7=1/vexpE/KT) is the electron lifetime at the center

— 2__ 3 =1 H
information on the process could be obtained from the tem9f atrap,y=10"-10" sec * is a frequency factor, aris

perature dependence of the conductivity for fixed excitationthe act|vat|op energy of electrop emission .from a trapping
densities. center. Starting from the experimental estimate100 ps

. . s . ing that, <1 t 12K, timate that
This paper discusses the radiation-induced conductivit and assuming that <100 ps a Wwe can estimate tha

f | | ited b | b 5 ¥Es(4—7)><10‘3 eV. On the other hand, the estimate
o a KQ crystal excite y_an electron beaf@. M_eV, 79~10 ps can be made from measurements of the formation
50p9 in the temperature interval 12—-300K, with an

B ; time of F centers in KCI with excitation by picosecond laser
electron-beam current density 300 A/cnf. The time beam$ and electron beanfsUsing the estimates d& and

resolution of the measurement channel is 150 ps. Using the, ' Eq. (1) can be used to calculate that,~uy when
results of Ref. 1, we chogeso that the electron concentra- T,=30 K.
tion in the conduction band was controlled predominantly by  In connection with what is explained above, the authors
their bimolecular recombination with holes, i.e., in the inter-used the experimental data of Refs. 2 and 3dgrand ob-
val of excitation densityr~ j°5. tained the temperature dependence of the electron concentra-
As shown by experiment, the pulse of conductivity cur-tion in the conduction band(T)=o(T)/ew(T), shown in
rent repeats with no lag the pulse characteristic of the medrig. 2.
surement channel in the entire temperature interval. It fol-  In the case of bimolecular recombination of electrons
lows from this that the conduction has a quasi-steady-stat@nd holes, the quasi-steady-state electron concentration in
character under the experimental conditions in the entiréhe conduction band is described by
range of electron lifetime in the conduction band 2
7<100 ps. The temperature dependence of the conductivity _ (%)
amplitudeo is shown in Fig. 1. The conductivity smoothly vS)
increases with increasing temperature, whereas the Hall . , )
mobility wp, for KCI drops by more than a factor of Gn where Go is the _generatlon rate of electron—hole pairs
the corresponding temperature inter¢al. (Go=Aj, whereAs a factoj,
As is well known, the equation for the conductivity,
o=neuq, containsuy, the drift mobility. In general, in the

presence of capture and trapping centerg# uq. There- s the thermal velocity of the electrons, agis the effective

fOI’e, at first glance, it is incorrect to use the data of Refs. a’ecombination Cross section. TBeT) dependence is usua”y
and 3 foru, when analyzing our experimental data. How- approximated by the power law

ever, it can be shown that an experimental estimater of
makes it possible to estimate the temperature interval where S=BT™ ¢, 4

@

v=(3kT/m)? ©)
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FIG. 2. Temperature dependence of the electron concentration in the con-
FIG. 1. Temperature dependence of the conductivity for a KCl crystal.  duction band for a KCI crystal.

where B is a factor. Using Eqs(2)—(4), the experimental experimental points fof =40 K. The valuea=3.5 in Eq.
results of Fig. 2 cannot be satisfactorily approximated for(4) correlates fairly well witha= 3 for the scattering of elec-
reasonable values ef and the condition thaf = const. tron energy aDA phonons andv=4 atPA phonons in the

It is well known that the initial electron—hole pair distri- field of a charged centér. ,
bution in alkali halide crystals after charge-carrier thermal- ~ The authors express their gratitude toE Aluker for
ization contains not only uncorrelated statistical electrongiseful discussions and for supporting the work.
and holes but also genetic pairs whose fraction can be This work was carried out with the support of a grant of
significant® In this caseG(T) can be represented as the MOIPO of the Russian Federation.

G(T) — GS_ Gge‘ ES/kT, (5) 1B. P Aduev and V. N. Shvko, Fiz. Tverd. Tela, in presd999 [Phys.
Solid State(1999].

. 2R. K. Ahrenkiel and F. C. Brown, Phys. Rev. 36, 223 (1964).
Whereng (GO_GS), GS andGO are the generat|0n rates of 3C. H. Seager and D. Emin, Phys. Rev2B3421(1970.

electron—hole pairs: statistical di=0 and total, respec- *R.T. Wiliams, J. N. Bradford, and W. L. Faust, Phys. Rev1® 7038

tively; and E, is the activation energy of genetic-pair sepa- _(1978.
ration SE. D. Aluker, B. Z. Gorbenko, R. G. Geh, G. S. Dumbadze, A. D.

. . . . . . . Tal'vinskii, and V. G. Shpak, Fiz. Tverd. Tel28, 3154 (1986 [Sov.
The solid curve in Fig. 2 is obtained by approximating phys. solid Stat@s, 1775(1986].

the experimental results, using H®) and taking Eqs(3)— E. D. Aluker, D. Yu. Lusis, and S. A. ChernoElectron Excitations and
(5) into account for the following values of the parameters: Radio-Luminescence of Alkali Halide Crystakinatne, Riga, 1970
Gy/G¢g=1500, E=0.07 eV, anda=3.5. As can be seen

from Fig. 2, the calculated curve correlates well with theTranslated by W. J. Manthey
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Description of the migration of a cation vacancy in mixed alkali-halide crystals having a
common cation

L. G. Gorbich and A. N. Varaksin*)

Institute of Industrial Ecology, Ural Section, Russian Academy of Sciences, 620219 Ekaterinburg, Russia
(Submitted June 17, 1998; resubmitted September 4,)1998
Fiz. Tverd. Tela(St. Petersbupl, 431-432(March 1999

For mixed alkali-halide crystals having a common catiofthe type KCH KBr), a new

equation is proposed for calculating the hopping diffusion coefficient of a cation vacancy. It is
based on the concepts of probability theory and gives good agreement with numerical
calculations by the Monte Carlo method. 99 American Institute of Physics.
[S1063-78319)01303-9

In mixed alkali-halide crystal§AHCs) having a com- defined in Table I. When it passes to an adjacent site, the
mon cation, of the type MeA ,B, (Me is the cation, A and vacancy overcomes a potential barrier of heifht,E,, or
B are halide ions, andis the fraction of component B in the E,,, depending on the type of barrier. The number of barri-
mix), the diffusion coefficienD of the majority charge car- ers of various types for stat is also given in Table I. The

rier (the cation vacancy/;) is defined as probabilitiesW,,, W,,, and Wy, of the transitions through
the barrier depend on the fractiar(via thex dependence of
D= 1/6fa2Wh0p=thop, (1) the barrier heighysand on temperatur€ and can be calcu-

lated from W, (X, T) =exp(—Ea(X)/kT), and the others
wheref is the correlation factora is the hopping length, analogously. After completing the hop, the vacancy falls into
Whgp is the hopping probability, andy,, is the hopping  another stat&;, and the calculation of the hopping probabil-
diffusion coefficient(the diffusion coefficient in the absence ity is repeated by the method described above. Thus,
of the correlation effegt The diffusion coefficients in mixed .
AHCs are usually calculated by numerical methods, for ex- Do X, T)= 1/62° % W(S)[ Waa(X,T) Jaal(1)
amplez by th_e Monte Carlo methé&.NumericaI methods + W, (X, T)dap (i) + Wep(X, T)Ipp(i)]. (2)
make it possible to do calculations for rather complex actual . e '
systems, but do not give the analytical dependences of the Equat|on(2) was used .to calqulate the diffusion coeffi-
diffusion coefficients and do not make it possible to predictc'er_“s of a cation vacancy in a mixed K(EIKE_%r crystal for
how the properties of the crystal change as the experimenté{ffjlrlousx andT. The barrier heights and the(rdeper_ldence
conditions change. are taken from Refs. 1 and 2. The results of certain calcula-

This paper is devoted to the development of analyticafions_a_re shpwn in Fig. 1. It can be seen that t_hg diffusion
methods for describing defect migration in mixed AHCs. It coefficient given by Eq(2) demonstrates a surprising aver-

proposes a new model for calculating the hopping diffusionaging effect: The sum of the three exponentials of &jjin

coefficient for disordered systems of the type of mixed® rather wide temperature interval behave like one exponen-

AHCs, based on the concepts of probability theory. In crys-t'al' This makes it possible to introduce an effective activa-

tals having the NaCl structure, there are twelve directions fof'on energygy for Fhe mlgrgnon of a vacancy in a mixed
a vacancy to hop into a neighboring site. Each of the hops igrystal and to rewrite E¢2) in standard form:

made through a saddle poifta barriej, formed by two an-

ions. For a mixed crystal having a common cation and anionﬁ;ABLE |. Possible state$; of a cation vacancy in an MeA,B, crystal
of typesA andB, three types of saddle points are possible:and probabilitiesh(S) of their appearance.

typesaa or bb (both anions have typA or B) and typeab
(the anions of the saddle point have different tydesFor ~ Numberi StateS
arbitraryx (the fraction of componer in the mix), we shall of the possible

: . state Jadi)  Jai)  Ju(i)  Probability W(S)
characterize stat§ of vacancyV. by the number of barriers -
Jaa(i), Jan(i) andJ,(i) of these three types that surround at 15 2 8 &(1:) S
vacancy at the given sitésee Table ). The normalization 3 4 8 0 3(2((1_)2)4
conditionZ;W(S;) =1 is satisfied for any. 4 5 6 1 132(1—x)*
The probability equationsN(S,) are obtained using 5 3 6 3 83(1-x)3
probability theory and are checked by numerical calcula6 2 8 2 123(1-x)°
tions 7 1 6 5 1x4(1—x)?
: . P - . 8 0 8 4 X4 (1—-x)?
The expression for the vacancy diffusion coefficient isg 0 4 8 65(1—
: ; (1-x)
obtained as follows: Let there be a vacancy in some Sate 1 0 0 12 %6

The probability that such a state will appear for a gives

1063-7834/99/41(3)/2/$15.00 386 © 1999 American Institute of Physics
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FIG. 1. Temperature dependence of the hopping probaiififyy(x, T) for
certainx values(the probabilities coincide far=0 and 1. x: 1—0, 2—0.3,
3—0.6,4—0.8,5—1.

Dpod X, T) = 1/6a% exp( — Ey(X)/KT).
The results of calculations @&, (T) for the KCl+ KBr sys-
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FIG. 3. Hopping probabilityW,,(x,T) vs the composition of the mix.
T=1000 (1), 250K (2). (a) Calculation from Eq.(2), (b) Monte Carlo
calculation.

turesT. It can be seen that, as temperature decreases, the
maximum of Dy, as given by Eq(2) is displaced toward
larger x. The same figure shows the corresponding
Who(X,T) dependences, obtained numerically by the Monte
Carlo method, using programcarLo.} =3 Very good agree-
ment of the analytical and numerical calculations can be
noted. The time to calculat®p,{x) from Eq.(2) is less than
1 min on a Pentium 100 personal computer; the same calcu-
lation by the Monte Carlo method takes 20 min for a tem-
perature of T=1000 K and more than 30min foil
=250 K.

This paper has thus proposed a new equation for calcu-
lating the hopping diffusion coefficient of a vacancy in a

tem are shown in Fig. 2. Figure 3 shows the dependence %ixed AHC having a common cation, giving good agree-

the logarithm of hopping probabilityV,,n 1) and conse-
quently of DX, T) on parametex for two fixed tempera-

0.60
0.55

0.0

ment with numerical calculations.

This work was carried out with the support of the Rus-
sian Fund for Fundamental Resear@@Brant No. 96-02-
19785-a and is part of the studies on constructing a theory
of macroscopic mas@nd/or charggtransfer on the basis of
the characteristics of elementary events of defect interaction
and migration in crystals.

*)E-mail: varaksin@ecko.uran.ru
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Formation and stabilization of  F centers following direct generation of self-trapped
excitons in KCI crystals

I. A. Kudryavtseva, E. A. Vasil'’chenko, A. Ch. Lushchik, and Ch. B. Lushchik

Institute of Physics, Tartu University, EE2400 Tartu, Estonia
(Submitted July 21, 1998; resubmitted September 4, 1998
Fiz. Tverd. Tela(St. Petersbuil, 433—441(March 1999

The spectrum of luminesceft centers generated in high-purity KCI crystals by 7-10.2-eV
photons has been measured at 230 K. The pulsed annealing of these (250e1850 K, as well
as the dependence of the efficiency of stdbleenter generation on irradiation temperature
(80—-500 K has been studied. The efficienciesfof and Cf -center generation are maximum
under direct optical creation of self-trapped excitons in the region of the Urbach intrinsic-
absorption tail. Besides the exciton decay with formatior afenters and mobilél centers, a
high-temperature exciton decay channel which involves creation of cation defects
stabilizing theH centers has been revealed. 1®99 American Institute of Physics.
[S1063-783109)01403-3

Following the discovery by W. C. Rigen and A. loffe  the F centers that remain immobile up to 500 K, one has to
of F center formation in NaCl crystals irradiated by x rays, stabilize the former by associating them with other defects
this phenomenon has been studied in considerable detail ion the anion and cation sublattices of the crystat® The
many laboratoriessee, e.g., Refs. 2 and.Particular atten-  significance of thee—h mechanism in the creation of AFDs
tion was focused on the mechanisms by which radiation creis beyond question, but the exciton mechanism also plays a
atesF centers(electrons localized in the field of an anion substantial role in radiation-induced defect formation. A
vacancy,v,e) and other microdefects in wide-gap crystals. study was carried out of the exciton mechanism of creation
The interest in these crystals is currently increasing in conat 4.2 K of stableF—H and a—I pairs ( is the interstitial
nection with development of optical recording media andhalogen ion, GI in KCI) in high-purity KCI crystal$® and in
radiation dosimeters. The very first high-sensitivity measureKCIL: Tl (Ref. 20. The efficiency of the exciton-assisted cre-
ments of the luminescence spectra of UV-generafed ation of stable=—H pairs and, particularly, of the—I pairs
center§® and anion vacanciés(« center revealed that at 4.2 K was found to be an order of magnitude higher than
Frenkel defects form in the anion sublattice of alkali halidethat of AFDs in electron recombination with relaxed STHs
crystals in recombination of electrons with self-trapped holegV, centers, which in KCI are Gl molecules at two anion
(STH) or in radiationless decay of self-trapped excitonssiteg. Particularly suitable for direct generation in KCl at 4.2
(STE). The electron-holeg—h) and exciton mechanisms of K of I' excitons (3/2,1/2 and (1/2,1/2 with n=1 is the
generation in alkali halides of anion Frenkel defe@§D) narrow spectral region of 7.8—7.9 eV with an absorption co-
by radiation were extensively investigateste Refs. 7 and 8 efficient A~3x10° cm %! while the Urbach intrinsic-
and references thergirAt the same time the relative contri- absorption tail(UIAT) capable of directly producing self-
butions of thee—h and exciton mechanisms of AFD forma- trapped excitorfs? declines at 4.2 K down to ocm™*
tion by particles and quanta with energies-Eg (Eg is the  already at 7.72 eV, and at 80 K, to as low as 7.60 eV
energy gap widthstill remain unknown. (Ref. 27).

Because the number of relaxeeth pairs left after the The objective of this work was to study the processes
fast intermediate processes in an x-ray-irradiated alkali hainvolved in formation and stabilization &f centers in high-
lide crystal have ended exceeds by more than an order gfurity KCI crystals under direct generation of STEs by VUV
magnitude that of generated anion excitdh$the attention radiation in the UIAT region in the 180—-480-K interval,
of both experimenters and theorists has recently been irwhere the intrinsic-absorption edgat the 16-cm™* level)
creasingly focused on the-h mechanism of creating cen-  shifts from 7.4 to 6.9 eV. One obtains here a possibility of
ters, both short-lived, I0—10 ¢ s¥112and stablé®®'* investigating the exciton mechanism of defect formation far
(lifetime on the scale of hoursSimultaneously with= cen-  from the defected surface layer of the crystal. We studied the
ters, there form in alkali halide crystalt$ centers, i.e. inter- STE decay with creation of the—H pairs and of other de-
stitial halogen atoms which, in the relaxed state, have théects in KCI with a high-sensitivity technique based on mea-
configuration of a two-halogen molecule residing in one ansuring the IR luminescence & centers F g ), which was
ion site(in KClI it is Cl; ). At low temperaturegin KCI, for predicted® by Pekar and observed experimentally in the
T<40 K), the relaxedH centers are immobile. At 40 K4l 1.2-eV regior?* This technique was already employed at 80
centers can start moving by hopping. To prevent recombinaK in detection ofF centers in VUV-irradiated KCI:BfRef.
tion in the 200—400-K region of the mobild centers with 25 and KBr (Ref. 26 at 80 K. The investigation of the
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FIG. 1. (a) F\g_ excitation spectrdpointy measured after irradiating a KCI crystal for 20 min at 230 K by photons of en@dgy 1 — 7.2,2 — 7.3,
3—74,4—755—76,6—7.7,7—7.8,8—8.0,9—8.15,10—8.3,11— 8.45,12— 8.6,13 — 8.8, and14 — 10.2. The solid line is the profile
of the F absorption bandb) (1) Absorption spectrum of x-ray irradiated KCI crystBlg, excitation spectra obtained after x-ray irradiation of a KCI crystal
for 2.5 h at 295 K(2), and subsequent warmup to 380(8), 430 K (4), and 480 K(5). All measurements performed at 80 K.

high-temperature processes of defect formation and stabili- The main experiments were performed in an arrange-
zation under selective creation of STEs has permitted us tment including a vacuum monochromator VMR-2, a high-
reduce considerably the number of acceptable hypothesg®wer gas-discharge source making possible operation in the
concerning high-temperature stabilization of radiation deregion from 4 to 10.2 eV, and a cryostat permitting tempera-
fects in KCI and to demonstrate once more the active parture control from 80 to 580 K. A cooled EE83 PM tube
played in these process by defects in the catiorwith standard associated electronics was used to measure

sublattice!>1627 FirL . The short-wavelength part &%, was selected by an
IKS-7 filter. After irradiation of a crystal by monochromatic
1. OBJECTS OF STUDY. EXPERIMENTAL TECHNIQUES VUV light at a fixed temperature it was cooled down to

The crystals traditionally studied in many laboratories80 K, where excitation in th& absorption band does not
are grown from a melt of commercial raw materials in an airpr(_)duce photothermal |on|zat|on_0f centers. The light stimu-
ambient and are unsuitable for investigation of direct STEaNG Fir. Was passed from an incandescent lamp onto the

generation by VUV radiation. It is well known that such KC| crystal through a DMR-2 double-grating monochromator.
crystals contain more than 100 ppm of Bri~, Na* ions  The excitation spectrum of this luminescence measured in

and more than 10 ppm of RpOH~, C&*, and S#*. the 1.8—3.0-eV region was reduced to the equal number of
A special technique of purification and growth of KCI exciting photons. The optical slit of the monochromator was

crystals developed at the Institute of Physics of the Estoniad0—30 meV. Because the total number of theenters gen-

Academy of Sciences permits obtaining crystals with theerated in our experiments was small enough to obfaiml

content of CA*, SP*, and B&" ions not in excess of I cm 1, the F g, excitation spectrum was an exact replica of
ppm, of OH™ radicals not over 10" ppm, and of BF, |-,  the F absorption band. After each measurement, the crystal

Rb", and Na& ions, not over 1 ppr®~3! This technique Was warmed up with a rate of 0.3 K/s to 550 K, thus ensuring
includes, in particular, treating the melt in a,Glow, which ~ complete deexcitation. In some experiments, uniform heating
permits one to reduce dramatically the content of the Br was interrupted abruptly once every 30 K by cooling down
and I” ions accounting for most of the interference in UIAT to 80 K, where the~ g excitation spectrum was measured.
measurements, as well as 60-fold zone melting. The techSuch a pulsed heating regime permitted one to study the
niques used to grow crystals by the Stockbarger anénnealing of the VUV-produce& centers by the lumines-
Kyropoulos methods in an inert atmosphere were describedence technique.

in Ref. 7 and 30. Crystals grown at an oriented seed had a Figure la presents g excitation spectra measured at
dislocation density of 10cm™2. For the KCl crystals used in 80 K following KCl irradiation at 230 K by photons of vari-
this work, which passed this special purification treatmentpus energie$7.2—10.2 eV. The excitation spectra coincide
the regionA>10 cni ! was dominated by intrinsic absorp- in profile with the F absorption band of the same crystal
tion resulting in direct optical generation of STEs. measured by us at 80 K after its irradiation by x rd¢$s
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minescenf centers of a KCI crystal with increasing irradia-
tion dose at 230 K with photons of enerdyv.=7.40
+0.04 eV, for whichA=3x10P—6x10° cm L. This plot
can be compared with the growth of the number of lumines-
cent a centers(2.7 eV), when excited in thex-absorption
band (6.95 eV} by photons with 7.7Z20.05 eV at 4.2 K.
Both curves in Fig. 2 exhibit an initial linear portion becom-
ing eventually sublinear. At 4.2 K, the—I pairs are stable,
because relaxed centers are immobile. At 230 K, the
centers produced by direct STE generation by excitation
within the UIAT are immobile, but thél centers move with
large velocities. Therefore thE centers survive if theH
crowdions become localized at traps stable at 230 K, which
may be other pre-radiation or radiation-induced defects.
FIG. 2. Dependences of the number of luminesdermenters at 80 K1) We measured thé-center excitation spectrum under
and of that of luminescent centers at 4.2 K2) on irradiation time of aKCl  KCl irradiation by equal 7—10.2-eV photon doses at 230 K
crystal at 230 K(1) and 4.2 K(2) by photons of energy 7.4 e¥1) and  (Fig. 3). The F-center luminescence intensity when excited
7778V at the maximum of th& absorption band at 80 R.275 eV}
was taken as a measure of the numbeF afenters. As fol-
lows from Fig. 1a, for allhv, the excitation spectra are the

absorption. Thé= center generation spectra were taken With_?_ime f?n_d comcflge W':h thE-cen'E;ar algso\;%t{;) n Zpet(_:trumt.
equal doses of VUV radiation incident on the crystal at 45° € efliciency of=-center generation by radiation a

to the (100 surface. The doses were equalized by propery?=0 K IS maximum forhve=7.3-7.4 eV, whereA=10

a PR . . i
varying the monochromator slit width. The slit optical width .3X103 cm - 1.e. .'t IS cgns@erably higher than th? PosS
was varied in the 7—10.2-eV region from 25 to 100 meV.S'ble extrinsic or dislocation-induced absorption. Figure 3

The excitation time was 20 min, and further irradiation re_:ﬂlsplays also acr; a?szcggtllgn SEgcr:rum Otf altlhm d.ep'odsned fk(l:l
sulted in a sublinear growth of the numberfotenters. We ayer measured a » Which practically coincices wi

estimate the absolute dose-ad0™ photons/crd. The excit- the one presented in Ref. 32. The left-hand part of the figure

ing radiation reflected from the crystal was neglected. WithinShOWS fragments of the log dependence of the KCI

the temperature range of 180-480 K, it rose to 25-35% Onlgr:gngs;céaé)sorpnon coefficient o, measured at 183, 295,
in th i f the 7.6—7.9-eV exciton fund tal ab - L . .
n the region of te ev excion fundamental absorp In the region of fundamental exciton absorption at 230 K

tion band. Parallel experiments with x-ray treated crystals

were carried out on a standard Specord 40M spectrophotorrg '65_?'0 eV, f\'/Avhere phoipnsl perd#Cﬁ: 12(1)8%'102?(’ 1%2‘1
eter with a cryostat, which permitted measurement of absorp- eilva ues OotA are particarly nhig .(
tion spectra within the 1.4—6.2-eV region and thermal anlm ), the efficiency ofF-center generation decreases four

nealing of F centers and hole\{) centers under continuous times compared to that fdrv,=7.4 eV. While this decrease

heating with a rate of-0.3 K/s, or in a pulsed mode in the is partially due to the increasing fraction of radiation re-
B . ' ' : flected from the crystal, it is predominantly caused by the
80-550 K region. It should be stressed that our technique O*mall depth of VUV penetration into the crystal (10

FirL measurement increased the sensitivity of a standard

a N : . . . .
spectrophotometer by 36 10* times. Besides the use of f?;;: 10 (t:nr) ;I—E!Sr:gsu'tstm a bundutp Itn avery thin Iayfer
high-purity crystals, this offered a possibility of studying of the crystal of highF-center concentration§n excess o

5. 3 . o i
physical processes occurring in KCI crystals in the 140—44(;‘01 cm ). Such concentrations may give rise to concentra

. . : , L tion quenching of the=-center luminescencd. Within the
K region under direct optical generation of STEs with differ- . L .
ent initial energies. 8.1-8.6-eV region, radiation produces in KCI at 230 K both

We studied as-cleaved X00x1-mn? samples. As n=2 excitons and separated electrons and h@teshe re-

seen from Fig. 1b, thE g, excitation spectrum taken at 80 K %irg)sgf;gem&lrbaf? tar:I_ zf mtlv(arband abstorf_t)ori-lere Ar‘]
repeats the absorption band profile only in the case where the cm ., which makes concentration quenching

optical density ofF absorption does not exceed 0.3. ForOefF'R'- practically absent. The efficiency Btcenter produc-

higher densities, the exciting radiation is completely ab-j[Ion is particularly low in the 8.6-10.2-eV interval, where

sorbed in the central part of thieband, so that the excitation interband transitions involving creation of free electrons and
spectrum reflects the quantum yield of the Iuminescencé10Ies take place.

; Figure 3 displays anF-center creation spectrum in
rather than the absorption spectrum. In theenterK ab- ) i .
sorption band2.7 eV), which in KCl at 80 K is 20 times KCI:Tl crystals obtained at 295 K by another method. In this

weaker than th& band, the luminescence intensity still con- icna't:svi\f; g:co_:_(rfol[l::ien g?si:ilégevsift gi:&gﬁfﬁgf;?&
tinues to be proportional to the number of centers. . )

prop K by 2.2-eV photons. In the 8—10.2-eV interval, this spec-
trum agrees quite well with the one derived frdf, . At
the same time in the region ofi=1 exciton creation
Figure 2 demonstrates the increase in the number of lu(7.2—-8.0 eV considerable differences are observed. Mea-

Intensity
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keV, 18 mA at a level providing a 10times strongefr

2. EXPERIMENTAL RESULTS
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FIG. 3. F-center generation spectra: frofjg, under excitation by 2.275-eV photons at 80 K in a KCI crystal irradiated at 23@)Kfrom TI*-center
luminescence unddf-center excitation by 2.2-eV photons in a KCI:TI crystal at 2952 from photostimulated electron emission efcenters in a KClI
crystal(3). (4) Absorption spectrum of a thin KCI film at 295 K; fragments of the Urbach intrinsic-absorption &il 873 K, (6) 295 K, and(7) 183 K (from
Ref. 2.

surements ofF-stimulated recombination luminescence of in KCI:Tl crystals. When 8.3-eV photons produce both exci-
TI* centers require preliminary ionization of the*Ttenters  tons ande—h pairs, the main TSL peak lies at 410 K. In the
by mobile holes or excitons. The efficiency of Tlcreation  case of direct STE creation by 7.4-eV photons, the TSL peak
under optical STE generation by photons is low and in-at 410 K is very weak, and the main peak was observed to lie
creases only fohv,>8 eV, whereV, centers, which are at 360 K. Figure 4 demonstrates also pulsed annealing of
mobile at 295 K, are produced. Figure 3 presents also akgz_following irradiation by 7.4-eV photons at 295 K of
F-center generation spectrum measured in KCl at 295 K irKCI:Sr (30 ppm containing St* + v, impurity dipoles in

our laboratory® from photostimulated electron emissionfof —amounts hundreds of times larger than that in KCI. The pro-
centers. The optimum conditions for the spectral measurdiles of theF-center excitation spectra in KCl and KCI:Sr are
ments in these experiments were 3.0-eV photon excitation giractically identical. When excited in the intrinsic absorption
410 K, which ensured effective escape of electrons from theegion, the impurity dipoles capture one or twH
crystal. The generation efficiency & centers appropriate centers:’?%3*Most of the F centers in KCI:Sr are pulse-
for photostimulated electron emission is maximum in theannealed within the 340—380-K interval, i.e. at substantially
regionA>3x 10° cm !, where theF centers were created in lower temperatures than is the case with pure KCI. Follow-
a thin near-surface layer of the crystal.

Note that, as seen from tHecenter generation spectra
measured by different techniques, staBlecenters can be
effectively created at 230—-295 K by combined creation by
photons of both excitons are-h pairs (the 8.0—8.6-eV re-
gion). This process is less efficient when spatially separated
electrons and holes are optically producéd{=9 eV). Ac-
curate detection oF centers under direct optical STE pro-
duction by 7.2-7.4-eV photons can be reached only by the
Fr. measurement method used in this work.

Figure 4 shows pulsed annealing of thecenter IR lu-
minescence in KCI following its irradiation by 7.35-eV pho-
tons at 295 K and by 7.6-eV photons at 180 and 230 K. The
measurements were performed at 80 K after each warmup
stage. The~ g, excitation spectra were identical and repro-
duced the profile of thé absorption band. Most of thE
centers are annealed in two stages within the 380—500-IKIG. 4. Pulsed annealing & centers Er,) (1,2 and thermally stimulated
interval. Also shown in Fig. 4 are thermostimulated lumines-luminescence3,4) of a KCI crystal irradiated for 20 min by photons of
cence(TSL) curves obtained aftr iraciaton at 230 K by 12735 24 e 299 1) 16 V(2 e 160 K poms and 280K
7.4- and 8.3-eV photons. In this temperature range, TSL iRt (5,6 in a KCI:Sr crystal irradiated for 60 min at 295 K by photons
pure KCl is weaker by several orders of magnitude than thabf energy 7.4 ev5) and 8.8 eV(6).

Intensity
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FIG. 5. Annealing of~-center absorption in KQ[1,2) and KCI:Sr(3) crys- FIG. 6. (1) Dependence of the number Bfcenters F 5 ) on the tempera-

tals, which were x-ray irradiated at 295 K, measured under contin(ig8s ture of irradiation of a KCI crystal for 20 min by photons capable of directly

and pulsed?2) heating. Integrated TSL of a KCI crystéd) measured 20 h  creating STEs at approximately equak10* cm™* (80 K — 7.65 eV,

after x-ray irradiation at 295 K, as well as after a preliminary warmup to 520140 K — 7.60 eV, 18 K — 7.50 eV, 2B K — 7.45 eV, 2% K — 7.40 eV,

K (5). Curve5 is shown amplified 100 times. The values of the differential 340 K — 7.30 eV, 38 K — 7.25 eV, 4D K — 7.20 eV, 450 and 510 K —

F-center annealing curve for a KCI:Sr crystal) are multiplied by—1. 7.1 eV). (2) The light sum of the TSL peak at 390-440 K plotted against
x-ray irradiation temperature for a KCI crystal.

ing irradiation of KCI:Sr at 295 K by 8.8-eV photons pro-
ducing both excitons and separatedh pairs, the 390— K, we were able to obtain for the first time the temperature
430-K stage rises in intensity. dependence of the efficiency of the excitonic mechanism of
Figure 5 shows thermal annealingfefcenter absorption F-center generation fror g, measurements. The results of
in KCI and KCI:Sr crystals x-ray irradiated at 295 K, which these measurements are plotted in Fig. 6. The crystals were
was measured under continuous uniform and pulsed heatirigadiated with equal numbers of photons ¥46m™2). The
(the measurements relate to 2.2)eXIso presented are TSL UIAT varies with temperaturé and therefore we varied
curves for total luminescence. In pure KCI, most of fhe slightly the incident photon energy at different temperatures.
centers are annealed at 400—500 K in two stages, with maxiFhe photons were absorbed in a layer approximately*10
mum annealing rates at430 and 485 K. For KCI:Sr, an cm thick. The sensitivity of our measuring system was not
additional strongr-center annealing stage was observed asufficient to permit detection of the creation of luminesdent
340-390 K, with the maximum rate at 380 K. Heating atcenters in high-purity KCI crystals at 80 K. At 140 K, these
400-460 K an x-ray irradiated KCI sample removes prima-centers were detected after irradiation with 7.6-eV photons.
rily the broad absorption band with a halfwidth 0.8 eV~ Most of these centers are annealed at 200—38B Benters
and a maximum at 5.40 eV, which is due to linear,that are thermally stable at 400 K are efficiently produced at
(100)-oriented (C} ) .camolecules residing at two anion and 180-230 K. As the irradiation temperature is increased, the
one cation lattice siteS:53®*Annealing up to 460 K, which efficiency of F-center production remains high until 415 K
destroys nearly all (Gl),c, Centers, leaves unchanged the (see also Ref. 36 to decline strongly thereafter, which is
absorption band peaking at 5.85 eV, which was tentativelyassociated with the increase in this region of the annealing
assignet?!® to a pair association of three-halogen mol- temperatures of thE, (Cls )., and still more complex mo-
ecules. Most of this absorption is annealed at 460—510 Kecular aggregates.
with the maximum rate at 475 K. After a preliminary heating Figure 6 presents also the dependence of the efficiency
of x-ray irradiated KCI to 520 K, the last stage Bfcenter  of TSL peak excitation at 390—440 K on the temperature of
annealing was observed, which is accompanied by TSL witkx-ray irradiation, which was measured on high-purity KCI
a maximum at~530 K and a halfwidth of~23 K (see Fig. crystals?® The optimum temperature for creation of the
5). The activation energy of this proce€37 eV}, whichis  (Cl;)cacenters lies at 230—-270 K. The temperature depen-
actually a first-order reaction, is higher than the energy of thelence of the efficiency oF-center generationge, under
maximum inF absorption and can possibly be identified with x-ray irradiation of nominally pure KCI crystals was mea-
thermal ionization of theF centers. In x-ray irradiated sured by the direct absorption techniqiiéhe falloff of qg
KCI:Sr crystals, interaction of twél centers with impurity is observed to occur at=310 K. Within the 4.2—200-K
dipoles produces, besides= centers, also complex range,gr does not depend on intensity and is determined by
SP*(Cl3)aCl centers characterized by two simulta- the irradiation dosdt. For T>230 K and low irradiation
neously annealed absorption bands at 5.6 and 6.% @#e  levels, of the order of 19 eV/(cm®-s), g is observed to
latter band is associated with interstitial chlorine iong Cl decrease strongly with the temperature increasing to 300 K.
Destruction of these complex centers releasesHweenters  This decline becomes progressively weaker as the dose rate
in the 340—-400-K interval and is practically not accompa-increases to 13 and 168 ev/(cn®-s), to stop finally at 1&°
nied by TSL. eV/(cm?-s). The explanation of this phenomenon consists in
Because after direct optical STE generation most of thehat F centers are not only created at high temperatures but
F centers in high-purity KCI are annealed only f6r-400  destroyed as wefl.In particular,V, centers recombine effi-
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ciently with F centers. Only at high dose rates the double Irradiation of KCI in the 7.3—-7.7-eV interval produces
and triple association dfl andV, centers with one another anion STEs, and formation of CFDs should be a direct or
and with other defects proceeds with rates higher than that ahdirect consequence of their decay. The hypothesis of a pos-
V-center recombination witk centers. In the case of x-ray sibility of direct anion STE decay involving creation of
irradiation at high temperatures, the equivalence of the dura€FDs .+ K; or vch+K?) was put forward as far back as
tion and intensity of irradiation in KCl is no longer valid. 1968%? This was followed by consideration of the possibility
Our data suggest that the deviations from this equivalencef CFD formation through association of tbcenters or
relation under direct STE creation by VUV light are small. of H andV, centers(Refs. 16 and 1) Theoretical calcula-
When KCI was irradiated by 7.3-eV photons at 380 K bytions showetf that pair association dfi centers in regular
equal dose® =14t =15t,, the variation of intensity fronh, parts of a crystal with formation of the ({),.,center by the
to1,=0.29, and oft,=4t, changed the number of created reaction

F centers by not more than 15%. _ _ _ _
Y (Cly)at (Cly)a—(Cl3 )acat Cy K;' )

is not exothermal and requires additional energy. At 80 or
140 K, it cannot proceed in KCI at all. At 140 K, direct
creation of STEs entails formation, besidesenters, of low-

The above results permit a conclusion that direct opticaktability associations oH centers with defects that were
generation of STEs in high-purity KCI crystals at 180-480 K present before the irradiation. In this case the majority of
gives rise to efficient creation d¥ centers, most of which centers are annealed already when heated to 300 K, the pro-
persist under heating to 400 K. More than half of the cess coming to an end when the temperature is raised to 380
centers anneal at 400—450 K. In this temperature regfon, K. At the same time at still higher temperatures, 230-400 K,
centers, whose absorption band has a maximum at 5.4 ebhe cannot exclude the possibility of reactidn contribut-
and a halfwidth of 0.8 eV, anneal too. Earlier studies showedng to CFD creatiort® WhenH andV, centers are associated
this absorption to be due (dOO)-orientedrégrl%eséhalogen lin- by the reaction
ear molecules produced under irradiation:**>>This mol- _ _ _ n _
ecule occupies two anion and one cation lattice site. Thermal (Cl2)at(Clz Jaa—(Cls Jacki +Cla 2
dissociation of (C]) 5coCenters produced centerd (Cl,),]  the energy expended in transferring the cation to an intersti-
andV centerg (Cl; ) ,.v.].%#%9The latter recombine with tial site can already be compensated in transformation of two
F centers to form divacanciesy.. 390—440 K heating of halogen-pair molecules into one three-halogen moletule.
irradiated KCI resulted in an increase of dipole dielectricThis reaction requires participation of a large number of self-
losses® The growth in the number of divacancies in the trapped holes.
same region was supported by electron microscopy, which  Attempts at detecting the direct decay of anion STEs
revealed an increasing number of gold microcrystallites orwith creation of CFDs proposed in Ref. 42 have been carried
the vacuum-cleaved surface of KCI irradiated with a XeClout for a long time. At 4.2 and 80 K, they failédin the
laser. Divacancies and vacancy quartets served as traps flaw-temperature domain, the predominant process is the de-
the deposited gold layer and decorated the radiatiomay of anion STEs involving creation of anion rather than
defects® cation defects. In the 300—350-K interval, direct manifesta-

The (CF)aca Centers produced by irradiation of KCI at tion of radiation-induced CFD creation in KCl was
230-380 K in the UIAT region undoubtedly contain observed:?’ In this work, we detected CFD formation at
radiation-induced cation vacancies. Irradiation of pure KCI230—-470 K through direct creation of anion STEs as well.
at 350 K gives also rise to formation of interstitial disloca- The process particularly well studied in KCI is the cre-
tion loops?®* A study of the loops under x-ray irradiation ation of short-lived (1-100 p$ F—H pairs in low-
showed that the interstitial anions;Cand interstitial cations temperature recombination of electrons withcenter$:1:12
K;" likewise take part in their creaticH. Besides the radiative STE annihilation channel with a re-

Several main mechanisms of generation of cation Frenlaxed hole componerithe 2.3-eV luminescengetwo F—H
kel defects(CFD) in alkali halide crystals were discussed in pair formation channels were detected. It was shown also
the literature(see review Ref. 16 Our results bearing on the that about one half of the recombination-produced STEs gen-
formation of (Cl),ca Centers under direct optical STE gen- erate neither emission nér—H pairs. It was assumed that
eration in the UIAT region reduce the number of mecha-this “thermal” channel originates from STE states with a
nisms of radiation-induced CFD formation which can oper-high vibrational energy and corresponds to nonradiative cre-
ate in the conditions of our experiments. There is no need odtion of a phonon packét. This channel can be suppressed
invoking impact processes involving high-energy electronshy initiating tunneling recombination at 200 K of mobNég
as well as double ionization of anioffer this mechanism to centers with electrons localized at de@s-3 eV below the
operate in KCI, photons witE>200 eV would be required  conduction-band bottojrtraps (for instance, at Ag ions in
It was earlier conjectured that CFDs are created in the decagbCl).*> Experiments involving direct STE generation by
of cation excitons, but in KCI and KBr the decay of cation 7.3—7.5-eV photons, whose energy at 230—380 K is less by
excitons produced by photons with energies of 20—-21 e\about 1 eV thark,, still do not exclude the thermal channel
involves creation of twoe—h pairs!®8 and cannot be an of nonradiative STE decagwithout F—=H pair productioi.
efficient source of CFDs. Estimates shoW that only 40% ofe—h pairs undergoing

3. DISCUSSION OF RESULTS
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nonradiative recombination in KCl at 380 K transform to the conditions where the exciton aedh mechanisms are

short-lived(46 p9 F—H pairs, and that the number of long- both operative. Combined operation of the two mechanisms

lived (7>10 9 F—H pairs created at 350 K constitutes only becomes possible at 230 K when KCl is irradiated by 8.3—

0.8% of that of recombining—h pairs. 8.5-eV photons, and is most clearly pronounced when one
It was suggestéd'’ that the thermal channel of STE 17-eV photon produces both @h pair and an excitoh®

annihilation in KCI and KBr is not necessarily accompanied = We are not discussing here the processes of stabilizing

by formation of a phonon packet, and can inst¢particu- and annealing at 450—-500 K centers generated by irradia-

larly at high temperatur¢ause CFD creation. Particularly tion. It should be stressed only that the mechanisms involved

favorable for the CFD creation in the decay of anion STEs idn high-temperature radiation-induced formation and anneal-

the instant at which the optically-produced one-halogen selfing of cation defects in alkali halide crystals remain an im-

trapped exciton$OSTE) transform to the conventional two- portant problem awaiting its solution.

halogen self-trapped excitofi§STE). In the OSTE configu- Partial support of the Estonian Scientific Foundation

ration, it is the two cations, and in the TSTE, the two anions(Grant 193] is gratefully acknowledged.
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Creating primary defects in calcium fluoride crystals with various prehistories, using
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Optical spectroscopy with nanosecond resolution has been used to study how the préthistory
presence of impurities, heat treatmeot CaF, crystals affects the processes of creating
autolocalized excitonsAEs) under the influence of a pulse of accelerated electrons. The
breakdown of the dispersivity condition for the creation of AEs is detected in a nominally

pure, nonheat-treated crystal. It is shown that the initial structural defects play a defining role in
creating the initial defect density. A model of the radiation disordering of an actual fluorite
crystal is constructed. An analogy is traced to the processes of impurity and thermal disordering.
© 1999 American Institute of PhysidsS1063-783%09)01503-9

Anion Frenkel defect$AFDs) dominate in crystals hav- possible to draw an analogous conclusion about the type and
ing the fluorite structuré Their concentration in a nominally level of their initial defect conterif
pure crystal usually does not exceed10Ycm 3, but The types of disordering considered above mainly as-
sharply increases in the presence of impurities or externaiume the breakdown of the anion sublattice of an ideal crys-
influences(radiation, temperatuyeLet us consider the most tal and can be described qualitatively from consistent view-

thoroughly studied types of disorder. points. Nevertheless, it is possible to distinguish one more
Radiation disorderingThe primary products of radioly- type of disordering in actual crystals.
sis are autolocalized excitof8Es), which are identical to Intrinsic disordering Several identical stages of struc-

closely-spaced—H pairs?® Several configurations can be tural disordering that do not show up in x-ray analysis are

differentiated, depending on the distance between thdetected in natural and synthetic Gafaving different his-

componenté; a geometrical factor is introduced to describetories(growth technology, heat-treatment regimeThermal

the structur@. As temperature increases, the creation effi-depolarizatioi"n4 and dipole relaxatiot} processes are quali-

ciency (CE) of closely-spaced pairs decreases, while that ofatively similar in pure and doped crystals. The possibility of

spatially separated pairs increa8ds.is assumed that they forming clusters in a pure crystal is theoretically predicted in

are created by nonradiative decay of anion excitons in afef. 17.

ideal sublattice. However, the density dependences have a The goal of this paper is to check experimentally the

sublinear charact®at concentrations of the resulting defects initial defect level of nominally pure fluorites. It will be

significantly lower than those corresponding to the Mottshown below that the introduction of mesoscopic structure

transition condition. makes it possible to explain consistently the collection of
Thermal disordering Anomalies in the behavior of the accumulated data concerning disordering.

specific heat and the conductivity are also associate% with

anion disordering in the premelting temperature region.

The presence of%\nion vacF;ncies isgregarged as a critderion é‘f EXPERIMENTAL METHOD AND THE CHOICE OF

: it . o ) AMPLES FOR THE STUDIES

high mobility.” The transition to the superionic phase is as-

cribed to the clustering of defects, although it indicates that The pulsed measurement method is similar to that of

impuritie€ and external influences are present. Ref. 18 and was used earlier in Refs. 19 and 20. The maxi-
Impurity disordering In crystals having an anion excess, mum electron energy is 0.28 MeV, the pulsewidth at half-

defect-aggregation processes are accompanied by the formmaximum is 12 ns, the time resolution is 7 ns, the repetition

tion of cluster$!® that are similar in structure to those ob- rate is about 10° Hz, and the energy density is 0.1-0.2

served with thermal disorderirfgn this respect, they can be J-cm™ 2.

regarded as a more complex analog of crystals having an The objects of study consisted of crystals grown by the

excess of anion vacancies, although the latter have been istockbarger method: nominally purghree batchgsand

sufficiently studied from the viewpoint of clusteritgHow-  doped(0.0023 mol % NaF according to the data of neutron-

ever, the qualitative similarity of the processes of the creactivation analysis; 0.03 and 1 mol % Yk the mix GOI

ation and evolution of the primary defect content in crystalssamples(State Optical Institute, St. Petersbum@nd nomi-

both with an excess and with a deficit of anitii$ makes it  nally pure Harshaw Chemical Co. samples. The undoped

1063-7834/99/41(3)/8/$15.00 396 © 1999 American Institute of Physics
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TABLE I. Prehistory of the Caj-crystals.

Samples Exposure dose, Color of the samples CE of the AER,/log
Gy (T=295K) after irradiation v=2.75 eV)
CaR-1 1.5x 10 Colorless 0.215
CaR-2 ; nominally pure 1.5x 10* Colorless 0.165
CaR-3 1.5x10° Gray 0.240
CaF, (Harshawy 1.5x10* Colorless 0.170
CaF,—0.0023 mol % NaF 1.5x10° Bright blue 0.022
CaF,—0.03 mol % Yk 1.5x10° Gray 0.150
CaFR,—1.0mol % YFR 1.5x 10° Dark 0.075

samples were transparent to 125nm and had no absorptién EXPERIMENTAL RESULTS
bands caused by the presence of oxygen or lead impurities;; | minescence

the introduction of sodium and yttrium shifts the transmis- _ .
sion limits into the visible regiof* Figure 1a shows the luminescence spectra of standard

The initial purity of the crystals was monitored as fol- Ca8F-1 at 80K, measured 10 risurve 1) and 300 ndcurve
lows: First, from the absence of stable coloration wher?) after the end of a pulse. The spectral-kinetic characteris-
electron-irradiated at room temperature with a dose oficS [the quenching time %, =10 ns, 7,~430us) and the
~10° Gy.22 The results are shown in Table I. Second, fromSPectral  position —of ~ the = maxima X\{~360 nm,
the CE of the AEs, which is a function of temperaftf@® ~ M2~280 nm) of the dominant banfionly qualitatively
and impurity content? Quantitative estimates are made from 29rée With the known luminescence parameters of AEs in

the amplitudes of the optical density, measured at the time
the pulse ends, at the maximum of one of the AE absorption
bandst® The stable absorption was not taken into account;
the samples were thermostatically controlled during irradia-
tion. The results are shown in Table I. Radiation-stable GOI
samples, distinguished by the CE of the AEs, are designated
as Cak-1 and Cak-2. The CE of the AEs is approximately
identical in the Caf-2 and Harshaw crystals. Since the data
on the prehistory of the latter are ambigudtighe radiation- 2
stable GOI samples of various batches were chosen as the ) ) )
main objects in studying the influence of the prehistory
(quenching,.

The samples were cleaved from one block. One of the
parallel cleaved pieces was quenched, while the other served
as a standard. The thickness of the quenched samples was
determined by the total range of the electrors300um).

The samples were quenched in room-temperature water or in
liquid nitrogen to eliminate the hydrolysis reactiBrafter
heating(about 7 min) at fixed temperatureg), chosen ac-
cording to Refs. 14 and 16. The quenched samples had no
milky coloration, and no impurity-perturbed electron color
centers accumulated in them upon subsequent irradition.
This is evidence that the adsorption and diffusion of oxygen
from the ambient atmosphere has low efficiency. The
samples were prepared for the measurements as follows: The ]
standard and quenched samples were mounted on a copper 2
holder at room temperature and were cooled to 80K in a
vacuum of 0.13 Pa for 15 min. . N )

The usual measurer_ner_ﬂ systems were G8ethd the 50 45 4.0 35 E, eV
electrons were normally incident on the sample. In the latter
case, the absorption spectra were measured with spatial reg8G. 1. Luminescence spectra of Gak crystals of various prehistories at

; ; : ; 80 K, measured 1Q1) and 300 ng2) after the end of the electron pulde)
~ 10X .
lution (~10x20xm). Measurements in polarized light is the initial sample(b) and(c) are those quenched in liquid nitrogen from

were made by means of a Glan—Thompson prism. The lumixgs K (the spectrum was measured without preliminary heatmgl 723 K,
nescence spectra were not corrected. respectively.

/1, arb. units
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FIG. 2. Transient absorption spectra of GaF samples of various prehis-
tories at 80 K, measured 10 ns after the end of the electron piHsmitial
sample,2—-4—quenched in liquid nitrogen from 523, 773 and 1023 K, re-
spectively. The inset shows the variation of the CE of AEs in £aK1)
and Cak-2 (2) crystals as a function of the increaseTof. Measured at
2.75eV and 80 K.

CahR,.>?3 It follows from the data of Fig. ldcurve 1) that

the spectrum of the fast component has a complex structur
A complex structure has recently been detected in the spe
trum of the slow component of the luminescence of AEs in

Cak,.* The luminescence spectra of the G&F samples

guenched in liquid nitrogen from 295 and 723K are shown
in Figs. 1b and 1c. An analysis of the results makes it pos:

sible to establish the following regularitiel) Quenching

from 295K increases the intensity of the rapidly quencheoq

luminescence selectively over the spectr(sae curved in
Figs. 1a and 1p whereas the intensity of the inertial com-
ponent remains unchangéske curve® in Figs. 1a and 1b

(2) Quenching from high temperature changes the ratio o

the intensities of the fast and slow compondgtavesl and
2in Fig. 10.

The resulting data serve as additional arguments in favo

of the different nature of the luminescence centérs.

2.2. Optical absorption

E. P. Chinkov and V. F. Shtan’ko

0.1

=

5

FIG. 3. Steady-state optical absorption spectra of £hF1) and Cak-2

(2) standard samples, measured at 80 K after isodose irradiation with a total
dose of ~2x10° Gy. The inset shows segments of the total absorption
spectra of Caj-1 (1) and Cak-2 (2) in the region of the electronic com-
ponents of the AEs at 80 K, measured 10 ns after the end of the electron
pulse.

increasesgsee curved—3in Fig. 2). The increase of the total
absorption and the change of the intensity ratio of the selec-
tive bands in quenched Cafl (see curved—4in Fig. 2) are
evidence both of an increase of the CE of the AEs and of a
change in the AE distribution over configurations as a func-
tion of the distance between the components of a primary
Q_air. The spectral position of the maxima of the selective
p_ands is shown in Fig. 2 in accordance with Ref. 19.

The variation of the CE of the AEs in Caf and
CaR-2 with increasingT, is shown in the inset to Fig. 2.
The contribution of the long-lived componentst 40 us) to
the total absorption at 2.75eV increases, for example, from
2% in the standard CaFl to 10-15% in the CaF1
uenched fromT,=1023 K, with the CE of the AEs not
being taken into account when making the estimate. It can be
seen by comparing the data that the quenching of crystals of
different batches has opposite effects: it can either increase
pr decrease the CE of the AEs. The prehistory has a substan-
tial influence on the creation not only of short-liveske the
inset to Fig. 3 but also of long-lived defecticurvesl and2
in Fig. 3. We shall discuss the possible causes of this below.

Curves2 and 3 in Fig. 4 show the transient absorption
spectra of the Cgf-2 crystal, measured in perpendicular ge-
ometry with two microscopic zones that are identical in area
(~10x20um) and separated by about 225n (Fig. 43.

Figure 2 shows the transient absorption spectra at 80 KRegions of the crystal were chosen in this case in which no

measured 10 ns after the end of the pulse in £hfhaving

optical microinhomogeneities were clearly observed: They

various prehistories. The relaxation of the optical density inare easily visible from birefringence effects at local stress
the dominant bands in the standard and quenched samplesfislds in crossed polarizers and are usually interprétad
described by an exponential dependence with a time constatite result of the clustering of dislocations in the cleavage
of 7~40us, which agrees with the estimates of the AE life- planes. Curvd represents the transient absorption spectrum,
time in Ref. 27. The absorption in the UV regior- b eV) measured from an area of about 3.75 frim the same ge-
relaxes according to an exponential law with a time constanbmetry. All the spectra were recorded from the entire depth
of 7<100ns at 295 K(A similar absorption is observed in of the electron range in the samplabout 300um). The
nonheat-treated SgFand Bak.?%) As Tq is increased in the variation of the CE of the AEs along an arbitrary coordinate
CaFk-1 samples, the intensity of the short-lived absorptionis shown in Fig. 4a; the probing zone crossed the boundary



Phys. Solid State 41 (3), March 1999 E. P. Chinkov and V. F. Shtan’ko 399

3.1.1. Intrinsic defects

|
A l o a The concentration of residual impurities in radiation-
:, o stable Cak does not exceed-10 *mol % .2 The AE con-
05 e’ ..o: . centration can be calculated from Smakula’'s equation;
.°° .. e *%e according to the estimates of Ref. 6, it reaches
~10'7-10"®cm™ 2 for the densities used in this work. There-
0.4 43 . N 2 N ) fore, residual impurities cannot be responsible for the
100 200 X, pm changes in the CE of the AEs that take place with isodose
4l b irradiation of the standardsee Table )| and quenched

samples(Fig. 2). The AE-creation process is insensitive to
the impurity-disordering levelsee Table | and also Ref. R4

3.1.2. The absence of free and associated vacancies

Thermal disordering of the anion sublattice can be ne-
glected at the temperatures at which the CE of AEs was

/\ estimated for Caj-with various prehistorietsee Table | and

) l Fig. 3: An appreciable increase of the conductivifyand of
.\/ the CE of F center§ in nominally pure Caf is observed
3 above the Debye temperaturd =510 K, Ref. 22. The
- associated defects should be excluded from consideration:
. ‘ . The mobility of the AFDs affT<T, exceeds by orders of

2

0.1 magnitude the mobility of the base cations or of the impurity
0 . . ions;*! delocalization of the AFDs occurs when
35 3.0 25 E, eV T<Tp, 22 while their diffusion mechanisms are qualita-
tively similar in nominally pure and doped fluorité!®
FIG. 4. (b) Transient absorption spectra of a GaF crystal at 295K, mea-  «cq|d quenching” of Cak (Tq$TD) does not result in a

sured in perpendicular geometry 10 ns after the end of the electron puls . _
1—from a surface of 3.75 mfn 2, 3—from 10X 20-um microscopic zones §harp increase of the CE &f color centergsee curved -3

identical in area, separated from each other by about2e5(a). The  iN Fig. 2).
dashed line schematically shows the position of the boundary of the blocks.

3.1.3. Stoichiometric excess

An excess of anions in fluorites results in relaxation of
of the blocks, whose position is schematically shown by ahe anion sublatticdnterstitial aggregation is caused by co-
dashed line. The spatially inhomogeneous variation of thealent interaction between interstitidfsThe transition to a
intensities of the selective bands assumes that the origingluperionic phase is associated with clustering processes.
structure of the Cafsignificantly affects the AE distribution However, clusters can also form even at low temperatures
over configurations. because of relaxation processes close to thermodynamically

The transient absorption in fluorites is partially nonequilibrium defects.
polarized®® Figure 5 shows the characteristic form of the Thus, a model of radiation disordering in a nominally
angular dependences of the optical densities, measured pure (in terms of impurity contentcrystal must be con-
Cak-2 at 295K at fixed wavelengths 10 ns after the end ofstructed on the assumption that it initially contains defects
the pulse. The electric field vector of the light wave wasand must include the most important features that character-
rotated in the(110) and (100 planes, parallel to which the ize the thermal and impurity disordering of fluorites; the in-
samples were cut. Even though the angular dependences aegstitials occupy positions that are not strictly at cube cen-
distorted by spectral overlap of the bands, the data of Fig. %ers; their presence is accompanied by disordering of the
are direct evidence that a high but different degree of polaranion sublattice; and there is a tendency toward clustering.
ization is present in the region of the electron component of

the AE absorption. _
3.2. Defect-formation model

3.2.1. Clusters of the V :I:R type

3. DISCUSSION OF THE RESULTS Figure 6a schematically shows a cluster that can include

one or two interstitials|() in the cavities of the anion cubes.

If the interstitials are located in adjoining cubes, they occupy
It has so far been assunfédhat the creation of AEs in positions that are not strictly central and are oriented along a

fluorites occurs in the intact lattice. Before beginning to con{110 direction. Their presence causes the appearance of re-

struct a model of defect formation in the disturbed lattice, itlaxed aniongR) that are displaced from their site positions

is necessary to establish the main criteria that it must satisfyinto empty anion cubes alongl11) directions. Figure 6a

3.1. Basis for choosing the defect-formation model
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FIG. 5. Angular dependences of the optical density,
measured in polarized light at fixed wavelengths
035 }+ 10 ns after the end of an electron pulse of perpen-
0.20 + dicular geometry: a—2.55eV, b—2.65¢eV,
, c—2.95eV, d—2.82 eV. The electric field vector of
L L -4 L the light wave was rotated in th@10 and (100)
0.40 0.20 -{M planes parallel to which the CaR samples were
cut.
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also shows two incipient vacancie¥), We assume that the of the best-known mechanisms for creating AH#s.the case
interstitial cation (C) lies beyond the boundaries of the of nonlocal charge transport, the model gives a good descrip-
cluster. tion of the formation of charged AFDsxI pairs.

The breaking of the bond in ®—R pair during irradia- The V:I:R model does not exclude the formation of ad-
tion by ionizing radiation can be represented as followsjacent pairs of neutral or charged AFDs, nor their combina-
Since, in a defect cluster, there is a barrier for recombinatiogign. A discussion of fast electron capture mechanisms with
of the interstitial with the vacancl/,we can assume that the the formation of F—I pairs in fluorite?®® and low-

fluorine atom fOfm‘?‘?' during ionization of &R anion d.oes .temperature formation of correlated pairs and triplets of de-
not occupy the position of the vacancy, but makes a jump | ects in AHCS! can serve as examples. An important conse-
the opposite direction, with subsequent formation of a bon

) . . o uence that follows from the breakdown of the additivity

with one of the nearest lattice anions. The localization of an . . .
: . condition should be emphasized. The low-energy transitions

electron at an anion vacancy causes the formation of an . o . o
center, in the nearest neighborhood of which is locatetl an in AE absorptlon_ in fluorites and AHCs qualltatlvgly_rt_ecall
center lying along &111) direction. This mechanism of € Rydberg series &, centers) glthoughé?e multiplicity
forming an AE does not require preliminary autolocalization©' the states should be taken into accotinthe model
of a hole in the form of arX; molecular ion with purely Makes it possible to use the Pauli exclusion pr_lnér’pte
covalent bonding. It is characteristic that the hole is distrib-€XxPlain why the energies of the triplet transitions in AE's.and
uted nonuniformly on the core of the AEThe process of F2 centers coincidé Finally, the breakdown of the additiv-
creating an AE occurs quickly, since the hole core does ndfy condition determines in the fluorites the predominant
complete complex combined motion during its formatin. ~ photoinduced conversion of some AE configurations into
SrF,, this time does not exceed 500 fs at 295t is easy others? the sublinear dependence on the excitation defisity,
to note that the process of forming neutral AFDs stimulatecand the irreversible breakdown of all the configurations with
by local charge transfer is, in essence, a modification of oneelective optical pre-excitatici.
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a We assume that AEs are created in an ideal sublattice and in
a sublattice that has been disturbed on the basis of the pro-

<l11> £ O1 posedV:|:R cluster modelFig. 6a. If geometrical factors

47 3 ® R are taken for the basis of the separation of an AE into an

"o D 14 electron and a holfin the makeup of a hole core, ad'F

ion occupies a normal anion site, and ah®F ion is dis-

oW placed along the(11l) axis by about 3.6 a.u. (1a.u.

O =0.0529 nm)], then, except for the configuration oriented

~< <110> along the body diagonal of the anion cube, the direction of
A the sp transitions for other configurations must not coincide

BN with the principal crystallographic directions.

The tightest configuratiofan H center is formed at the
position of the site anion noted by numb2in Fig. 63 is
regarded as the regular geometry of the ZEhe difference
between the configurations is not noted in papers on the op-
b tical detection of electron paramagnetic resonafG®
EPR), and it only introduces a positive contribution into the
value of parameteb,?® which is used in the spin Hamil-
tonian to describe the deviation of the neighborhood of the
AE from cubic symmetry. It is assumed in Ref. 19 that the
B lifetime of a specific AE configuration depends on the spatial
N {" orientation of the hole core relative to the position of the
At vacancy. Modified AE configurations created close to inter-

_b

!,N
L

O

a

lo
N

O stitial cations can provide a positive contribution to param-
eter D while maintaining agreement of the results of optical
and magnetic measurements concerning only the structures
and symmetries of the hole core of the AE, since the possi-
bilities of the OD EPR method are limited.

FIG. 6. Schematic representation\tfl : R (a) andV:1:R:C (b) clusters in a

fluorite lattice. Interstitials I) are represented by small open circles and
relaxed anionsR) by small closed circles. The large open circle shows an
interstitial cation C), and the squares indicate anode vacancigs The 3.2.3. Cluster complexes
lattice ions are not shown. The numbers denote the lattice positions of an-
ions that can be occupied by a molecular ¥5n with the formation of the
corresponding AE configuratiofthe numbering corresponds to Rej. 5

Local stresses, clearly visible in polarized light, are evi-
dence that a certain ordering in the distribution of the initial
defect content is present in the crystal. The high degree of
polarization of the transient AE absorptigfig. 5) indicates
an ordered distribution of the primary defects in the crystal.
Moreover, a direct connection is detected between the pre-
TheV:I:R model(Fig. 6a does not assume that the AE history and the process of creating the primary defects: The
distribution function varies over configuratiofiBig. 4. On  CE of AEs increases close to the boundary of the blocks, i.e.,
the other handi- centers but noE, centers accumulate dur- in the zone of increased mechanical stresggg. 4). An
ing low-temperature <77 K) irradiation in fluorite$?and  analogous effect is observed in other crystagherefore, in
it is necessary to take into account the tendency to clusteringlescribing below the intrinsic disordering of fluorites, we
in the same way that this is done, for example, with impurityshall start from the qualitative analogy inherent in their ther-
disordering!®1° mal and impurity disordering: There is a tendency at low
Let us assume that thé:|:R clusters contain interstitial temperatures to form cluster structures, whereas there is a
cations, which, even with long irradiation with low-intensity tendency at high temperatures to form clusters of large
fluxes of ionizing radiation, as a consequence of Coulomtextent™’~1%34Simultaneous thermal disordering of impurity
repulsion forces, will prevent spatial separation of theR  and intrinsic cluster complexes promotes the reduction of the
pairs, i.e., the formation of stable defects. However, theitemperature for the transition into the superionic staZus-
presence does not exclude the creation of short-lived defecter complexes in doped cryst¥isand extended clusters in
of the AE type, and this is observed with pulsed high-nominally pure crystalsare oriented along definite direc-
intensity irradiation. Moreover, cations can stimulate bothtions.
inverse annealing reactiofithis apparently sharply alters the When the V:I:R cluster was constructed, the well-
kinetic characteristics of the AE absorptfdR’, and change knowrnt®’ cluster of type2:2:2 wasused as a prototype.
the type of configurations that are created; i.e., they can preFheV:1:R:C cluster is constructed arbitrarily: An interstitial
vent the hole core of the AE from forming along the body cation is added to one of the empty anion cubes. Different
diagonal of the anion cube. The latter must be reflected in theersions of the construction of both the clusters and of the
variation of the spectral and polarization characteristics otomplexes based on them are possible in principle. For ex-
the AE absorptiorisee Fig. 5, as well as the data of Ref).20 ample, a lineafcrowd-ion cluster can be formed with the

3.2.2. The V:I:R: C cluster
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interstitial ions placed along any definite directig@ualita- a
tively similar structures were proposed in Ref. 7 as one ver- T <001>
sion in describing thermal disordering in the superionic
phase. However, a stability problem arises in such struc- Q
tures. r
Let us assume that the principle of local charge compen-
sation of the interstitial ions should be used during their con- N Y
struction. This principle is closely obeyed in doped fluorite
crystals>*? [
Figure 6b shows a modifie¥:I:R:C-cluster model. It
should be pointed out that all those considerations that re-
lated to questions of radiation disordering on the basis of an
arbitrarily constructed modé€Fig. 63 are valid for this. Ver- N
sions of the construction of oriented cluster complexes in the .
fluorite lattice are shown in Fig. 7. Unlike clusters used to -P{J
describe thermal disorderirtd, our models do not contain |
free anion vacancies. This makes it possible to explain the LJ
low conductivity of fluorites at room temperature and to as-
sume a mechanism for thermally activating it: for example,
bond breaking in & —R pair. This mechanism requires sig-
nificant energy expenditure and must be implemented at a
rather high temperaturei.e., in thermally disordered
samples Actually, the irradiation of samples quenched from <joi> b
T4=1000 K causes stable coloration that is qualitatively
similar to what appears with additive coloration of nominally
pure Cak. ;
Additional disordering of the anion sublattice similar to o,
what occurs in doped sampleswill be observed in the near- d i g /
boundary regiongbetween clusters and complexek can !
be understood from this why low-temperatuie<(Tp) dif- !
fusion is described from a single viewpoint in nominally O
pure and doped crystals: reorientation hopping of “locally
coupled” anionst® Moreover, a change in the symmetry of
the surroundings of an impurity can be observed at tempera- L
tures(about 50 K, Ref. 3bat which not only diffusional but %
also reorientational processes would seem to be frozen. It is 7
logical to assume that the local configuration instability of
the impurity is also the consequence of defect-clustering pro-
cesses of intrinsic and impurity nature. )
We assume that it is the reorientational hopping of the
anions in the near-boundary regions between the clusters and P &
their complexes that causes the output of the fast
(74=10 ns, T=80 K) component in the luminescence
damping to change as a function of either the temperature
during irradiation of the standard CaP? or T, at fixed
irradiation temperature of the quenched sampfee Figs.
la—19. It is assumet’®that the fast component in the GaF °
luminescence appears when electrons recombine with iso- 5
lated V|, centers. However, the complex spectral content of
this luminescence and its variation as a functio gf(Figs.
la—1g¢ indicate that the clusters have a perturbing effect on
the V| centers. It is no accident that not only the CE of the
V, center$® but also their thermal stability changes in the 6. 7 Sehema o of clust oxes i a fuorie lat
doped fluorites as the irradiation temperature increases. "> - afosg“tiézgi}pzzf‘;?‘(j‘('f”lgl}Cdﬁzcetgocnosr(g‘;?‘:es r']’;t:tioioé'o?r:_‘ ice
References 3, 23, and 27 associate the slow componef{ongs to that used in Fig. 6.
(75~40 us, T=80 K) in the luminescence quenching of
Cak, with the radiative annihilation of AEs. The lifetime of
an AE is determined by the time an electron can spend on an
anion vacancy; the radiative transition is allowédAn AE
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This paper discusses the process by which a thermodynamically unstable impurity atmosphere
consisting of hydrogen atoms displaces an edge dislocation. Relationships are obtained

for the displacement force in the approximation of dilute solid solutions. The results of theoretical
analysis are used to explain the hydrogen embrittlement of nonhydride-forming metals.

© 1999 American Institute of Physids$1063-783#9)01603-3

The results of numerous studies show that the hydrogestable impurity atmosphere. The former usually occurs when
embrittlement of metals is closely related to defects in thehe hydrogen atoms have high diffusional mobility. The lat-
crystal structuré=> For hydride-forming metals, embrittle- ter characterizes lower temperatures and low mobility of the
ment in a hydrogen medium is associated with the formatiornydrogen atoms. It is interesting to point out that hydrogen
of hydride phases close to structural imperfections. If theembrittlement occurs right away at temperatures frof00
metals do not form hydride phases, their embrittlement on & 100 °C.
macroscopic scale shows up as the coalescence of dislocation Let us consider the physical essence of the mobility in-
microcracks with a major crack. In this case, an increase ofrease of edge dislocations in a hydrogen medium, using the
the mobility of the edge dislocations is experimentally ob-elastic interaction of a dislocation with an unstable series of
served in the presence of hydrog%7ri.—|owever, the physical hydrogen atoms along a dislocation line over an extra plane
mechanism of this phenomenon is not quite clear. This papeas an exampléFig. 13. Such an unstable system is formed
attempts to describe quantitatively how hydrogen atoms afby the electrostatic interaction of hydrogen in the form of an
fect the mobility increase of edge dislocations. The results ofinion with the positively charged compression region of the
a theoretical analysis have been used to explain hydrogegdge dislocation. When the dislocation moves a distance
embrittlement of nonhydride-forming metals. without changing the position of the hydrogen atom, the en-

The physical mechanism of the mobility increase of edgeergy decrease of the dislocation—hydrogen-atom sygtein
dislocations is based on the assumption that a thermodytulated per atomic planés written
namically unstable impurity atmosphere forms because hy-
drogen electrostatically interacts with the compression re- B(xITo)?
gion of an edge dislocation. Such an interaction occurs AW= o o
because hydrogen can occur in metals in an anion state Fol 1+ (x/ro)7]
proton and two bound electrorfsThe positive charge of the
compression region of an edge dislocation results from th'\?vhere,8= l“_b (1+7)
transition of electrons from the compression region to a ten- 3m (1-v)
sile region in accordance with the dilatation field of the edge?0isson ratiop is the modulus of Brewster's vector of the
dislocation. Since the electrostatic interaction of the impurity®dge dislocation;, is the radius of the dislocation core, and
atom with the edge dislocation in a number of cases exceed® iS the volume change of the crystal when a hydrogen
the elastic interaction due to the size effect by a factor of 2 oAOM iS introduced. Thus, for example, for transition metals,
32 impurity atmospheres made up of hydrogen atoms Wi”hydrogen atoms are 'Ioca.ted predomln.antly in tetrahgdral
form predominantly on the extra plane of the edge dislocaSites: The corresponding size of the cavity for metals with a
tion. After the crystal attains electrical neutrality, the hydro-PCC lattice isr;=0.2R, whereR is the ionic radius of a
gen in octahedral or tetrahedral voids in the compressioffflvent atom. FoR= 1.56 A (tungste, r,=0.45A, while

region of the edge dislocation is in the atomic state. Its beth® ionic radius of a hydrogen atom i$=0.50A. This

havior is now determined purely by elastic interaction withMeans that, when a hydrogen atom is inserted, since the size

the edge dislocation. Since the solubility of hydrogen atomdlifference of voids and hydrogen atom, the volume of the
in the compression region of an edge dislocation is lowef"YStal changes byv, and there is consequently an elastic

than that in a tensile region, the existence of a thermodyl_nteraction energy with the stress field of the edge disloca-

namically unstable impurity atmosphere is energetically un{ion- We should point out thafv can be expressed in terms
favorable. The energy of the system can be reduced by twef the partial volumev of the hydrogen impurities, i.e.

methods:(1) diffusional migration of hydrogen atoms from dv=uv/N,, whereN, is Avogadro’s number. Thus, for ex-
the compression region to the tensile region of the edge disample, for hydrogen atoms in iron,is 2 cné/mol. The cor-

location, (2) displacement of the edge dislocation by the un-responding displacement force of the edge dislocation by an

év, p is the shear modulus; is the

1063-7834/99/41(3)/3/$15.00 404 © 1999 American Institute of Physics
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dislocation slips, the energy of the system decreases; i.e., the
unstable impurity atmosphere displaces the edge dislocation.

To quantitatively describe the effect under consideration,
we write the concentration distribution of hydrogen atoms in
the neighborhood of the dislocation line in the form

cec Bsin 0)
> =CoeXp — 7~
x KTr
CoBsing C 2sirt 0
b :CO_;_L =0 ﬁ ,
10} KTr 2 \kT r2
e
E and, for B/(kTrg)<1, we restrict ourselves to the term of
Cost the expansion that is linear i@
CoBsind
1 1 1 i 1 C_CO_ kTr ’

wherer and @ are polar coordinate€;, is the mean concen-
04r tration of hydrogen atomg is Boltzmann’s constant, antl

is the absolute temperature. Below we write the energy de-
crease of the system when the dislocation moves by distance

(o
S 02 L x with no change of the position of the cloud of hydrogen
2 atoms(per unit length of the dislocation line
AW(X) foc 2m (C—C )(sina Sin(p) drde
= - —————|rdrdg,
0 L L L L L rgJ0 A Y\ r p

1 3 5 x/ry

_ _ - p?=r2+x2-2rxcose, psing=rsing.
FIG. 1. Interaction of an edge dislocation with a hydrogen at@nRela-

tive location of the hydrogen atom and the dislocatitm energy decrease |t is assumed that the velocity of the dislocation is much
of the system as the dislocation movés, displacement force of the edge Iarger than the diffusional redistribution rate of hydrogen
dislocation by hydrogen atoms. . . . .
atoms close to the dislocation line. After some simple trans-
formations, we get

unstable series of hydrogen atorfen an atomic planeis AWKX) _ mCoB?| 1= (X/ro)? +In(£) for  x>r
determined as the derivative of the energy decrease of the L kT 2(x/rg)? o 0
system with respect to displacement
AW(x)
I(AW) 2B(xIrg) L =0 for x=r,.

IX 2 212"
rol 1+ (X/ro)”] Because of the logarithmic divergence of the expression
The graphical dependences®W andF are shown in Figs. AW(X)/L, the displacement must not exceed the mean dis-
1b and 1c. The maximum displacement force Xerr,/\3  tance between dislocations.

for x>rg,

equaIsFmaX:(3\/§ﬂ)/(8rg). Without applying an external The displacement force of the edge dislocation by a ther-
load, the system is found in a state of unstable equilibriummodynamically unstable impurity atmosphere made up of
i.e., F=0 atx=0. A slight displacement of the dislocation hydrogen atoms is determined by the derivative of the energy
from this position is accompanied by the appearance of decrease of the system with respect to displacemeper
displacement force. Thus, the presence of hydrogen atomgit length of the dislocation line
over the extra plane of an edge dislocation decreases the F(x) wCoB2 [r ro\3
activation energy of the formation of a double bénd. TP |0 (_0)

The electrostatic interaction of hydrogen in the form of L rokT — [x X
an anion with the positively charged compression region of F(x)
an edge dislocation also causes a thermodynamically un- T=0 for x=<rj.
stable impurity atmosphere to form in the neighborhood of
the latter. Because of the electrical neutrality of the crystalThe corresponding graphic dependences according to the
the hydrogen in the impurity atmosphere is present in theequations forAW(x)/L and F(x)/L are shown in Figs. 2a
atomic state. Since the radius of the octahedral and tetrahand 2b. In the region (€r=r), there is no displacement of
dral voids into which the hydrogen atoms are insefespe- the edge dislocation by the impurity atmosphere composed
cially in the compression region above the dislocatisfiess  of hydrogen atoms. This is because, for a continuum descrip-
than the radius of the hydrogen atom, the energy of théion of the distribution in the hydrogen atom concentration,
dislocation—impurity-atmosphere system is increased. As ththe region (,<r <) does not contribute to the displace-
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crack vertex. This is because a crack vertex strongly concen-
trates external stresses. Moreover, the pressure of molecular
hydrogen substantially contributes to the stressed state in a
crack-shaped cavity. All this increases the mobility of edge
dislocations. Dislocation microcracks are formed in front of
the accumulation of such dislocations at an obstécleex-
ample, dislocation stoppersThe latter coalesce with the

. . . + main crack, and this manifests itself as hydrogen embrittle-
ment of nonhydride-forming materials.

x/ry In conclusion, we should point out that the process of
displacing an edge dislocation by a thermodynamically un-
stable impurity atmosphere has the same nature as the pro-
cess of pinning structural imperfections by impurity
atoms'®!! |t should also be mentioned that dislocation mo-
bility is observed to increase in semiconductor crystals when
they are doped with donor or acceptor impuritiédhermo-
dynamically unstable impurity atmospheres can be formed in
this case because of the electrostatic interaction of the doping
elements with various types of dislocations. These atmo-
spheres displace the dislocations, and this shows up as a
decrease of the activation energy of dislocation slip.

FIG. 2. Interaction of an edge dislocation with an unstable hydrogen atmo- ~ This work was carried out with the partial support of the

sphere(a) Energy change of the system as the dislocation ma¥eglis-  International Scientific and Technical Centdtroject No.
placement force of the edge dislocation by an impurity atmosphere comp 58-95
posed of hydrogen atoms. ’ !

—

o
Y

QO

KTAWIRC B
=4
W

—
W
w

o
&
T

rkTEIMC,B
(==
N

—
W
w

. . ) o L. S. Moroz and B. B. Chechulindydrogen Embrittlement of Metals
ment force when the dislocation line moves inside the zone (Metallurgiya, Moscow, 1967

(Og r gro)_ This result is phys|ca||y genera] and character- 2p. V. Gel'd, R. A. Ryabov, and E. S. Koddsydrogen and Imperfections

S . . . . of Metal Structure(Metallurgiya, Moscow, 1979
istic of interactions that depend quadratically on the coordi-5; |, Gel'd, R. A. Ryabov, and L. P. Mokhrachevdydrogen and the

nates. The maximun¥(x)/L in the model used here is  ppysical Properties of Metals and AlloyNauka, Moscow, 1985

reached ak=\/3r: “N. M. Vlasov and B. Ya. Lyubov, Fiz. Khim. Obrab. Mate, 89 (1970.
SV. V. Kolesnikov, Fiz. Tverd. Tel&6, 2648(1994 [Phys. Solid Stat&6,
F(x) 2mCo8? 1443 (1994)].
—_— = 8D. S. Shin, I. M. Robertson, and H. K. Dirnbaum, Acta Met&, 111
max 3V3TokT (1988,
L. V. Spivak, M. Ya. Kats, and N. E. Skryabina, Fiz. Met. Metalloved.
For the Fe—H system  (=8.3x 10'N/m?, No. 6, {)42(1991). y
b=2.48<10 °m, »=0.28, kT=10%°J, ry=2b, 8G. S. Solov'ev, Zh. Esp. Teor. Fiz68, 1324(1975 [Sov. Phys. JETRL,
0

Co=10"m *, and 50:3X10_-30m3-)' (F/L) max ggsil(lggz]khov Fiz. Met. Metalloveds6, 1177 (1983

_=9>< 10~ 2 N/m, while the corresponding d|§placement st_ressioN'_ M. Viasov and B. Ya. Lyubov, Dok Akad. Nauk SSSIBY, 348
IS 7= (F/Lb)20.37>< 108 N/m2 (37 Mpa. This result phyS|- (1981 [Sov. Phys. Dokl26, 693 (1981)].

cally means that an additional stress acts at an edge disloc&N. M. Viasov, Fiz. Met. Metalloved56, 583 (1983.

tion. On a macroscopic scale, this shows up as plasticizing of S: A- Erofeeva and Yu. A. OsipyarThe Dynamics of Dislocations: A
the material in a hydrogen medium. Naturally, such pro- Colection(Naukova Dumka, Kiev, 1975p. 26.

cesses occur most intensely in the neighborhood of aranslated by W. J. Manthey



PHYSICS OF THE SOLID STATE VOLUME 41, NUMBER 3 MARCH 1999

Accumulation of dislocations and thermal strengthening of alloys having an L1,
superstructure

V. A. Starenchenko, Yu. V. Solov'eva, and Yu. A. Abzaev

Tomsk State ArchitecturaConstruction Academy, 634003 Tomsk, Russia
(Submitted July 20, 1998
Fiz. Tverd. Tela(St. Petersbuil, 454—460(March 1999

This paper discusses the dislocation-accumulation mechanism in alloys havirig an
superstructure, which is associated with the formation of Kira—Wilsdorf barriers and the
retardation of superdislocations during plastic deformation. A model of the dislocation-
accumulation kinetics during plastic deformation is constructed, on the basis of which a
mathematical model is formulated for the thermal and deformation strengthening of single crystals
of alloys having the_1, superstructure. The results of numerical calculations based on the

model are compared with the experimentally observed regularities of the deformation and thermal
strengthening of single crystals of J8e. © 1999 American Institute of Physics.
[S1063-783%9)01703-1

As a result of experimental studies of the mechanicakcrew dislocations caused by the formation of KW barriers,
properties and the dislocation structure of single crystals obut also mechanisms associated with the climbing of edge
the intermetallic compound KGe, we have established the dislocations when they interact with point defects.
following characteristics of the temperature dependence of This paper proposes a mathematical model of thermal
the yield point, the strengthening curves, and the evolution ohardening that takes into account the features of the forma-
the dislocation structure of this alldy?> tion of KW barriers in the presence of forest dislocations, as

(1) The temperature dependence of the yield point isvell as the interaction with point defects and its influence on
multistage, and the upward branch of this dependencéhe process of forming KW barriers. This model also de-
formed under conditions of octahedral slip, can be describegcribes certain regularities in the formation of the dislocation
as two-stage, with two activation energies. structure of yield and the strengthening curves in intermetal-

(2) As the temperature increases, the strengtheningC compounds having ahl, superstructure.
curves change shape from curves close to the strengthening
curves of the pure metals in the low-temperature region to
parabolic curves convex upward in the high-temperature rel. THE LENGTH OF KIRA-WILSDORF BARRIERS
gion. The rates of change of the strengthening curves, like

the intensity of the increase of the yield point, increase WlthSlip systems, as it moves under the action of deforming

temp;r?rtrt:re as onel gpes.from rnult:cplﬁ t(;.sllngle_shpa .. stresses, acquires a complex configuration consisting of a set
. (3) The accumu ation intensity of the dis ocatlon. enS|ty.Of dislocation segments pinned by interdislocation reactions.
increases with temperature to a greater extent for single slipg; 5 consider a dislocation segment of screw orientation

than for multiple slip. _ . located in thg111) plane and pinned at the ends at poiAts
(4) Kira—Wilsdorf (KW) barriers are intensely accumu- gnqB in the field of shear stresses(Fig. 1).

lated in the region of moderate temperatujresar room tem- Under the action of stress a free dislocation segment
peraturg. At higher temperatures, a process of displacemenigkes on the shape of an arc with a radius of curvature
of the KW barriers by dislocations blocked in arbitrary non- R=2Gp/ 7,4 where 2 is the modulus of Brewster’'s vector
rectilinear configurations is observed, and the intensity of theyf the superdislocation, ar@ is the shear modulus. Let the

A superdislocation that crosses the dislocations of other

accumulation of KW barriers decreases. . dislocation segment change its configuration because of ther-
~ (5 The length of the KW barriers is proportional to the mal fluctuation: The guiding superparticle dislocation passes
distance between the dislocations of the “forest.” into the(100) plane; i.e., it begins to form a KW barri¢the

(6) In orientations close to thEl11] angle of a stereo- initial stage of the thermal-fluctuation formation of KW bar-
graphic triangle, a maximum in the temperature dependenagers is discussed in detail in Refs. 5 and 6; here we present
of the yield point is observed in the high-temperature regiorcalculations of the activation energy of KW-barrier forma-
under conditions in which the deformation occurs by cubiction). As a result, a new configuration appears, consisting of
slip. The dislocation structure is formed in this case by edgea straight segment of a superdislocatitengthx), which is

oriented blocked dislocations. the KW barrier, and of two arcs of radiuR, which are
This collection of experimental data suggests that thesuperdislocations that remain in thEll) plane(Fig. 1).
processes of thermal hardening in alloys having-4a su- Let us determine the lengtk of the resulting barrier

perstructure involve not only the mechanisms of blockingfrom a consideration of the energy of the resulting disloca-

1063-7834/99/41(3)/6/$15.00 407 © 1999 American Institute of Physics
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In the case of a KW barrier, when determining its width,

B x C
it is also necessary to allow for the stress that acts in this
// %///M/ 2 plane, since one of the superparticle dislocations is pinned in
AKX a D

the process of forming the barrier. Taking this circumstance
into account leads to the expression

G

\‘\ "/R r=Gb?/2m({ 100~ T(100b)- (6)
Using the explicit form ofS(x), Eq. (2) can be reduced to
#(x)=4U R sinY + U x— 7100b 5x— sz[ R

FIG. 1. Diagram of the variation of the configuration of a dislocation seg-
ment when a Kira—Wilsdorf barrier is formed.

x R?
—JR?*— a2/4]Z - 7(2 arcsinY + 2 sinY

tion configuration, which can be written approximately as a
sum of the energies of the KW barriers and of the segments —sin(arcsinY) + 2 sinZ —sin(2 arcsinZ))], (7)
lying in the plane of the octahedron,
U=xU,+UJ(AB+CD), (1) Where
whereU, is the energy per unit length of the KW barrier, V(a—x)%4+ (R+\RZ—a?%/4)?
and U is the dislocation energy in the plane of the octahe- - 2R '
dron. The meaning of the other quantities is clear from Fig.
1. We recall that a configuration with a KW barrier has ap- Va?/4a+ (R+ RZ—a?/4)?
peared in a stress field, as a consequence of which part of the <~ 2R '
energy is acquired by the barrier at the expense of the work
done by the stress. Then the function whose minimum will ~ Function ¢(x) has a minimum on the interval

determine the linear sizeof the KW barrier takes the form Xe€[0.a], whose position depends on the value of

= / and is determined b
d(X)=Ux+Ug(AB+CD)+4711bS(X) — 7(109 P X, Y= {100y £ (111 Y
2 dep(x) _

where S(x) is the area covered by segmet8 and CD; dx

g(rglé) :23 :(hleOO)cﬁi)eethrissgreecstis\‘/eesl'yl'natggsplt?\ge\?vigil'fhc?f ?ﬁ;ahe\'/vhich determines the equilibrium length of the KW barrier

. O as a function of the parameters includeddi(x).
superdislocation in the plane of the cube. P dfit)

. o . . . Without presenting the results of calculations using Eq.
Neglecting the splitting of the superparticle dlslocatlons,(8) for the parameters that characterize oGk
we represent the energielg andU, as a sum of the energies G=70 GPa — 104 m-2 b=2 5x 10~ 1°3m
of the antiphase boundaries included between the superdiT-: 175 MPa'g“:O 2% IR R=2,Gb/7' Q= 1'/\/—) 8 |at u’s
locations (U(V), the elastic interaction energies of the super- . ; I A ' Pl
. . . @) o . consider their qualitative analysis.
particle dislocations\g ™), and the intrinsic energies of the Increasing the dislocation density increases the deform-

superdislocationsy®): ing stressegit is assumed here that=aGbp'? a=1),
U=Uul+u@+u®, us=ud+u@+u®. (3  whichinturnincreases the relative length of the barrier. This
. - . . change is not very great and does not exceed 10% as the
In the calculation per unit dislocation length, it can be aS-yislocation density increases by an order of magnitude.
sumed that The variation of the stresses in the plane of the clibe
b> ry ) was assumed that(ig0=B7(117) does not significantly
Uk={100" 1~ ﬁmR—o +2Gb?, change the barrier length. Changing the valug dfom 0 to
oh? 1.5 changes the barrier length by a factor of 1.1. It should be
_ ra 2 pointed out, however, that, for large stressggy, it is pos-
Us=Caanfa~ ﬁlnR_o_’_ZGb ' @ Sible to form short KW barriersx{a~0.1) e%er)1 with iden-
tical APB energies in the planes of the octahedron and the
cube, and this is evidence that it is possible for barriers to
appear with resplitting in the stress field of superdislocations

0, 8)

Here {(100) and {(;11) are the energies of the antiphase
boundarie§APBS) in planes(100 and(111), r, andr, are
the.W|dths of the .superdlslocatlc.)n, aR.é is the screening . T planes of the octahedron.
radius of the elastic field of the dislocation. The width of the . . .
. o : : The leading parameter that determines the barrier length
superdislocation in the plane of the octahedron is determined : . .
S . . IS the relative change of the APB energy during a transition
from the equilibrium condition of the tensile forces of the : S
: . .~ of the superdislocation into the plane of the ciparameter
APBs and the elastic repulsion forces of the superparticle L
) ) Y= {(100/ {(111), Whose variation can produce extremely
dislocation$ . 5(100)75(111) ; .
significant changes of the barrier lengths, to the point where
r,=Gb%27 (11D, (5)  they disappear. For the parameters that characterig&eNi
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FIG. 2. Relative length of a Kira—Wilsdorf barrier vs friction stress
v=0.2(1) and 0.5(2).

(y=0.2), the barrier length is=0.7a, wherea is the dis-
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L(x)

FIG. 3. Diagram of the breakdown of a Kira—Wilsdorf barridBDF is the
initial configuration of the Kira—Wilsdorf barrierA and F are dislocation
reaction$; ABEG is the configuration that results from the breakdown of
reactionF [G is a new stopper that prevents segmie(it) from moving].

that the rupture stresses of a stopper vary in different ways
when a KW barrier appears, depending on the critical angle
of attack(i.e., the strength of the stoppein this case, little
sensitivity to the presence of a barrier is shown by the rup-
ture stresses of weak stoppévghose critical angle of attack

is 2.8—3rad or very strong stoppers, which are overcome by
the Orovan mechanisitand whose critical angles are close

tance between the points where the superdislocation segmept zerd. The stress of overcoming stoppers of moderate

is pinned.

strength can vary by 20—25%. In the presence of friction

To further analyze the KW barriers, it is necessary t0( ) the strength of the stoppers varies less, the larger the
allow for at least two factors. The former is associated With¢ictional stress.

the fact that segmensB andCD during the formation of the

The variation of the strength of the stoppers will have

barrier acquire an orientation that approximates an edge Oriye effect that the KW barriers, when they appear, will not be
entation and consequently experience additional retardatioge|q pack by the nearest-neighbor stoppers; on the contrary,
7r when these segments interact with point defects. They rypturing stoppers of moderate strength, they will in-
equilibrium length in this case must be determined by func+rease their length until they reach a high-strength stopper.

tion ¢* (X) = ¢(x) + 7eS(x). The second factor is that, when

It is possible, therefore, to assume that the mean length

abarr_ier is formed, the angle of attack changes at the stopp_@ﬁ a KW barrier is proportional to the distance between
that pins the.dlsloca'uon segment. If the angle ex_ceeds acrltls—trong stoppers, which in the given case are high-strength
cal value, this breaks through the stopper and increases thigierdislocation reactions. Without loss of generality, we can

length of the KW barrier.
Let us consider the first factor. Calculatiofiswas as-
sumed thap=102 m2, =60 MPa, 8=1) of the depen-

dence of the relative length of the KW barrier on the fric-

setL=wp 2 whereL is the length of a KW barrierp is

the dislocation density of the forest, andis a constant of
proportionality. This assumption allows us to calculate the
intensity of the accumulation of dislocations, which is con-

tional stress of the edge component of the dislocationected with the formation of KW barriers.

segment for various values of the APB energy showed that
there is a significant dependence of the KW barrier length on
the friction experienced by the edge component of the Iooﬁ' THE STRENGTH OF KIRA-WILSDORF BARRIERS. THEIR
(Fig. 2). As soon as the friction exceeds the acting stress b SESREUCQ_?I'(\');S THE RESISTANCE TO THE MOTION
25%, the formation of KW barriers becomes energetically
unfavorable for moderate APB energies~0.5 J/nf). At It is traditional to assume that KW barriers make a large
high APB energies, higher frictional stresses are required iontribution to the resistance to the motion of dislocations,
order to halt the barrier-formation process. which reaches a limiting value of~{/b, where{ is the
The dependence of the KW barrier length on the value 0APB energy. Such an opinion is associated, first of all, with
the friction experienced by the edge dislocations can havéhe fact that the dislocations are treated as point objects; in
the result that, as the temperature increases, despite the itiis connection, the stress needed to break down a KW bar-
crease of the probability of forming these barriers, their overtier equals{/b, since dislocation motion requires that an
all length will decrease as a consequence of the “displaceAPB sweep through é111) plane’®
ment” of the edge components of the dislocation loop. In reality, a dislocation is not a point object and, there-
Let us consider the possibility that the inter-dislocationfore, may the mechanism of breaking down a KW barrier can
reactions that pin the free segments of the dislocations wilbe different. Several versions are possilile:the KW bar-
break down, taking into account the frictional forces of therier is pinned at the ends by interdislocation reactions, which
edge dislocation. We shall assume that the length of the didsreak down at a certain critical angle) the KW barrier is
location barrier(for =0.2 J/nt) will take equilibrium val-  overcome by the Orovan mechanism. In the former case, the
ues corresponding to the minimum of functigif (x). On  configuration shown in Fig. 3 appears. In this configuration,
this assumption, estimates of the variation of the angle ok is the KW barrier length, and.(x) is the length of the
attack at the stoppers that pin a dislocation segment shomoveable dislocation segment. The question of the strength
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of the KW barrier in this case reduces to the question of the Let us estimaterg from the following considerations:
equilibrium of the dislocation configuration shown in Fig. 3 wg=~0.5, v~100 m/sec,v=10%sec?, 1,.=10"° m.° At
in a field of shear stresses The problem reduces to finding the yield point p~Y?>~10 % m™!, AU~7x10°eV-m™1,
the minimum of the function 7M¥~13.4 MPa), we get a value that is small even by com-

arison with the contribution to the resistance to motion from

P(X)=xUi+ L(x)Us= 708(x), ©) 'I[Dhe forest dislocations.
whereS(x) is the area covered by segmént The solution When a KW barrier is overcome by the Orovan mecha-
of the problem shows that the KW barriers are broken dowrism, the value oAU is determined by the energy needed to
by a stress whose value is close to the values oform the dislocation that completes a dislocation dipole con-
r~aGbp'? determined by the resistance of the dislocationfiguration. This energy can be assumed to be approximately
forest. Only barriers for which the paramete=0 can be equal toUg~1.3x10"eV-m™*, which, whenr is com-
maintained at higher stresses. Barriers pinned by strong irRuted, givesr~200 MPa. This overestimated result makes it
terdislocation reactions whose critical angle is close to zer@0Ssible to obtain the maximum valu§">. Itis smaller by
are stable against the action of external stress. The KW bafmore than a factor of 2 than the quantiitb and accordingly
rier in this case can be overcome by the Orovan mechanisngignificantly less than the experimentally observed value of
and the corresponding barrier strength will be determined byhe Yield point in the temperature region of the anomaly
this stress. peak.
Let us estimate the contribution that the barriers thus

f_ormed will make to the resistance to thg motion of Qisloca-g' INTENSITY OF THE ACCUMULATION OF DISLOCATIONS
tions. In the first case, the contribution will be determined byDETERMINED BY THE KIRA—WILSDORF MECHANISM

the area of the barriers in the shear zone and by the energy ) ) ) )
differenceAU=U,— Us. Let us consider the process of accumulating dislocations

As a result of thermal fluctuations, Ibtbarriers per unit during plastic deformation. We shall assume that plastic de-
area appear in the shear zone, which are then broken down g§mation is a consequence of the formation of shear
the dislocation loop moves farther. The mean length of sucfones—regions of retarded shear. Iretislocation shear-
virtual barriers can be taken as approximately equalty2, ~ forming loops be emitted during the operation of the dislo-
i.e., equal to the length of a free segment of a dislocation. cation source, as a result of the broadening of which a shear

The work of deformation performed by the externalzone was formed. A certain structure is formed from the
stress ¢Aa) equals the work put into broadening the dislo- dislocations when they stop moving. All the dislocations that

cation loops. Then result from the appearance of a shear zone can be separated
into two categories in this case: intrazone dislocations, which
oA are always dipole structurébecause of the conservation of
"~ bAS’ (10 Brewster’s vector so that, on the scale of the shear zone,

) . . they do not carry excess dislocation charge, and peripheral
whereSis the mean area covered by a dislocation loop durgisigcation clusters, which are retarded shear-forming dislo-
ing the formation of a shear zone, and cations and, on the scale of the shear zone, do carry excess

SA= SAg+ SA, + SAE . (12) charge. The der_lsity accumulat_ions of these MO types _of dis-
location obey different laws, since the density of the intra-

HereAq is the work put into breaking down the KW barriers, zone dislocations is proportional to the area of the shear
A, is the work to overcome the dislocation forest, adis  zone, while the density of the peripheral dislocations is pro-
the work of the frictional forces. The work put into breaking portional to the length of its perimeter. Let a shear zone be

down the KW barriers equals formed as a result of the broadening of one dislocation loop
emitted by the source. A dislocation-density incremapt

SA=NSp~12AU N=V—b%e 4_2) (12) then results from the increase in the number of both the

s ' v |§s kT)’ peripheral and the internal dislocations. Calculated per unit

volume, this is
wherev is the Debye frequencyy, is the fraction of screw )
dislocations] . is the length of the section of the dislocation P :FlD +LI'D
that experiences thermally activated recombinatldris the ' Vi '
activation energy for forming a KW barrier, andis the
mean velocity of the dislocation. Then

(13

whereD is the mean diameter of the shear zohig,andI’,
are factors that connect the perimeter and area of a shear
dA Vb W U zone of a given_ geome_tr_)ts is the_ mean length of the in-
—=r=— AU ex;{ - _) ] trazone dislocations arriving at unit area of the zone, énd
ds 2 kT is the volume of the crystal belonging to one shear zone.
The value of the shear that results from the generation of
one loop equalda;=bAS, whereAS s the area covered by
U bW a dislocation loop when a shear zone is formetlS(
ex;{ ) =1: (maxY) S -2

In the limiting case T— ),

=I",D2—xd?, xd? is the area limited by the intrazone
cs loops,d is the mean size of the loops that remain inside the
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area of the intazone loopa@®aT4D) v got W Licu @
Sta2l get da 17 72T p—pp
a;=bI',D?V;. (14 where
If (D) represents the mean size of the shear-forming I,ZGb vwel'y
loops, the overall shear that appears during the broadening of CFW, and C,= |§Svr2 Gb

n loops will equal
can be taken as approximately temperature-independent con-

Aa=nAg;=nl'y(D)%, (15 gtants. Then Eq.(21) will describe the dislocation-
and the change in dislocation density is accumulation intensity at various temperatures.
Equation(21) is obtained on the assumption of multiple
Ap=nAp;. (16)  slip, i.e., on the assumption that the length of the free seg-

ment of a dislocation and the corresponding length of the
KW barrier are proportional to the distance between disloca-
tions, which varies during deformation.

Ap T'y(D) E (D)2 dp oo, In the case of single slip, it can be assumed in the ide-

Ls
—= ———= —. li hat th ity of f isl i
Aa BF2<D)2+ b (D)? da_ T,B(D) + b a7 alized case that the density of forest dislocations does not

Taking this into account, we get the dislocation-
accumulation rate when a shear zone is formed:

change with deformation, but remains equal to the initial
B - dislocation density,. Then, after obvious transformations,
It is shown in Ref. 10 thatD)= Gbp’ whereB is a con-  we get that

stant of the material B=180—-1000). Let us compute the dp p .
term that determines the accumulation of intrazone disloca- £:C1;+C2 exp(—Us/kT), (22)
tions when the KW mechanism is active. To do this, let us .
take into account, first of all, the fact that, as we have shown‘,’VhereCZ =C,/Gbpy.
the KW barrier length is proportional to the distance between
the forest di_sloc_ations. The activation freque_ncy of el_emenzl_ STRENGTHENING CURVES OF SINGLE CRYSTALS OF
tary recombination events of the screw sections of dislocaaLoys HAVING AN L1, SUPERSTRUCTURE
tions of lengthl ., by analogy with Ref. 9, can be written as ) _ )
ys= v (b/l .o exp(=Ug/KT), wherel., is the length of the We recall that the resistance to the motion of the dislo-
dislocation section that is undergoing thermally activated re€ations due to the dislocation forest is described in uniform
combination, andJ; is the activation energy. dislocation structures by

The number of dislocations formed per unit lengthinthe 7= 7_+ 4 Gbp?2 (23
time that a dislocation moves in a shear zon¢<D/v) of

thermally activated recombined sections equals For alloys having aib 1, superstructure, the values gf

and « can be written ds
Dvb

exp(— U /kT), (18) Te= 15" exp(— U1 /KT) + 762 exp(— U, /KT),
a=ay— BT, (24

K=Aty,=
s 20l ¢
wherew is the mean velocity of the dislocation in the shear N ) )
zone, and is the mean size of the shear zone. wherer§", 767, ao, and g are constants that are indepen-
The thermally activated recombination of a screw secdent of temperature, arld, andU, are the activation ener-
tion I, as shown above, is accompanied by the formatior@ies of the self-blocking of the screw and edge components
of a KW barrier of length~p~2 Then, assuming that the Of superdislocation loops. It follows from Eq23) that

length of the dislocation remaining at the KW barrier is y - _ (,Gb/2/5) do/da. We obtained the value dp
equal to 2 Y2 we get that dislocations whose overall (aGb/2yp) dp/da. o3

length equals for multiple and single slip on the assumption that the only
dislocation-accumulation mechanism is the KW mechanism.
vb wgI';D? 1 However, as mentioned above, a substantial role in the sta-
s, Tp exp(—Us/kT) (19 bilization of the KW barriers that appear when dislocations
cs move through the dislocation forest is played by the mobility
will be generated inside the shear zone because of the acti@i the edge components of the dislocations: Reducing the
of the KW mechanism. mobility of the edge components increases the number of
Using Eq.(18), we get such segments containing KW barriers that are surmounted
by the Orovan mechanism and consequently increases the
Ap Iy vwel'y ), density of dislocations remaining inside the zone. The rela-

pexp(—Us/kT). (20 tive fraction of straight configurations then decreases. We

take this circumstance into account in the relationship that
Recalling thaD = B7/ZGbp (Z is the number of acting describes the dislocation accumulation by supplementing the
slip systemy'® while 7= 7=+ aGhbp'? we get that accumulation intensity by analogy with the KW mechanism

—= +
Aa T',Db |§Sv1“2
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considered above, recalling that the activation energy in this
case is determined by diffusion mechanisms. Allowing for
this, we get the systems of differential equations

dp p CzerllkT+C3e7U2/kT
da_ 1y 7 172
da T Gbp

z

25
dr aGb p Cre Ui/kTy Cae Va/kT (25

R — __l’_ ,
da 2.p Ly Gbpl?

wherep,=p is the current dislocation density in the case of
multiple slip, andp,= pg is the initial dislocation density in
the case of single slip.

Given the initial conditions ap=0 and 7y=17¢

+aGbp}? [ 7= and a are determined from Eqg$24)] and
having numerically solved the system of E¢&4) and (25),
we get ther(a) andp(a) dependences, which can be com-
pared with the experimentally observed dependences for
Ni;Ge! The values of parameter€,, C,, are C; are
needed to solve these systems of equations, and we deter-
mine them from the following considerations: We <&t 0
equal to the value characteristic of pure metal§; ( 0 10 20 0 10 20
=6x10'Pa’ @=1.8-1.8<10 3T, Ref. 8, and we choose g % e, %
C, andCj so that they best describe the deformation depenFIG. 4. Strengthening curves of single crystals of®&, oriented for mul-
dence of the dislocation-accumulation rate obtained experiiple and single slip(a) and (b) compression axi§100], (c) and (d) com-
mentally for NiGe in the [100] orientation at 523K pression axi$139], (a) and(c) experimental datab) and(d) model calcu-
(C,=5Xx 10 pa m’z, 93: 10%3Pam™ 2)_8 VYe assume Izlzsﬂc;r;s?;"Sl'iesze;%ejgn;;t;ﬂ_tseg?eratur%) are 1—77, 2—100, 3—293,
G=80 GPa,b=2.5x10"1m, andp,=10""m2.

The activation energiedJ; and U, and the pre-
exponential factors§") and 7{?) in Eqgs.(24) we assume to stresses and the orientation of the deformation axis, as re-
be equal to the values experimentally determined from th@eatedly indicated by a number of authdts.
temperature dependences of the yield point for single crys- Despite the indicated difficulties of the phenomenologi-
tals of NiGe in the [100] orientation: U;=0.01 eV, cal model represented by the system of EGS§), it can be
U,=0.07 eV, 7§"=300 MPa, andr{?)=700 MPa! In or-  assumed that the analyses presented above reflect the main
der to trace the effect of the orientation of the crystals, whicHeatures of the formation of the dislocation structure and the
is associated with the number of slip systems that are dehermal strengthening in alloys having &, superstruc-
forming the single crystals, we leave the parameters identicalre.
here for both multiple and single slip. Let us compare the
results of the calculations with the experimentally observedty, a. starenchenko, Yu. V. Solovieva, Yu. A. Abzaev, V. I. Nikolaev,

regularities of the thermal and deformation strengthening of V. V. Shpézman, and B. I. Smirnov, Fiz. Tverd. Te&8, 3050 (1996

single crystals of NjGe. [Phys. Solid Stat&8, 1668(1996)].
. . . 2Yu. A. Abzaev, V. A. Starenchenko, and N. A. Koneva, Izv. Vyssh.
The results of numerically integrating the system of EQS. jcpepn. zaved. Fiz. No. 3 68987,

(25) are shown in Fig. 4b. Figure 4a shows for comparisonsy. A. Starenchenko, Yu. V. Solovieva, Yu. A. Abzaev, E. Kozlov,
the experimentalr(e) curves. As follows from Fig. 4, the V. V. Shpazman, V. 1. Nikolaev, and B. I. Smirov, Fiz. Tverd. Tel4,
; ; ; _ 672(1998 [Phys. Solid Statd0, 618 (1998].
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Phase transitions induced by an external field are investigated in magnetic multilayer systems
with uniaxial anisotropy and biguadratic exchange. A magnetic field directed

perpendicular to the plane of the layers changes the effective anisotropy and exchange constants,
determining the orientation of the magnetization in the plane of the layers, and can give

rise to spin-reorientation transitions. All possible types of such transitions are investigated for the
case of uniaxial anisotropy, which differs substantially from the case of cubic anisotropy by

the different renormalization of the effective anisotropy constants.1999 American Institute of
Physics[S1063-783#9)01803-1

The change produced in the magnetization distributiory,(n;-n;, ;)2,4%"2 but other expressions have also been
in magnetic multilayer structures by an external magnetiqised to describe the non-Heisenberg exchange interaction
field is now the object of intense investigation. This problem(see, for example, Ref. 13
is of interest not only because these materials have unusual Field-induced phase transitions under the action of an

physical properties but also because of the promising practisxternal magnetic field oriented perpendicular to the plane of
cal applications of these materials in memory devices. the magnetic layers have been investigated previously in
Let us consider a system of thin magnetic layers alterrefs. 14-16. However, in Ref. 14 anisotropy was completely
nating with layers of a nonmagnetic spacer. The magnetizaygglected, and in Refs. 15 and 16 only cubic anisotropy was
tion distribution in such a system is determined by the cOMqnidered. Taking account of anisotropy is very important,
bined effect of the exchange interaction between Iayer§ince in magnetic multilayers of the type Fe/CriFe or

through the n_onmagnetic spacer, the anisotrppy, and the Ze?:'o/Cu/Co the anisotropy energy is of the same order of mag-
man interaction of the magnetic layers with the eXtemalnitude as the exchange interaction energy between the layers.

field. In addition, these quantities generally have the SaMe pic anisotropy is a fourth-order anisotropy, while uniaxial

order of magnitude, which complicates the phase diagram, _. . . .
. ) . anisotropy is a second-order anisotropy. For this reason, the
The leading term of the exchange interaction between layers

has the form of the Heisenberg interactibm; -1, ,, where Case of uniaxial anisotropy differs substantially from the case

n; is a unit vector determining the magnetization orientationOf cubic anisotropy and requires a separate analfeisa

in the i-the magnetic layer. The quantify depends on the more detailed gnaly;is, see below and the results presented in
thickness of the spacer and the magnetic layer and caRe!- 16 for cubic anisotropy o _
change sign as the spacer thickness increSds. the ab- In. the prese_nt paper egternal-.fleld-|.r1dl_1ced phase transi-
sence of an external field the Heisenberg exchange interafions in magnetic superlattices with uniaxial anisotropy are
tion between layers strives to orient the magnetizatiori”vesngated theoretically. This case is similar to a magnetic
vectors in neighboring layers paralldbr J;<0) or antipar- multilayer system of the type Fe/Cr/E&10). In a zero ex-

allel (for J;>0). Thus, the Heisenberg interaction cannotternal field the demagnetization energy prevents the magne-
explain the experimentally observed noncollinear orientatioriization vector from tilting out of the plane of the layers. The
of the magnetization in neighboring layér€.To explain the ~ orientation of the magnetization vectors in the plane of the
noncollinearity of the magnetization in neighboring layers,layers is determined by the combined effect of the anisotropy
several mechanisms have been proposed for the nomnd exchange fields. A magnetic field applied perpendicular
Heisenberg exchange between magnetic layers, but quantittp the plane of the layers causes the magnetization vectors to
tive agreement between the theory and experimental datét out of the plane of the layers and leads to renormalization
has, for the present, not been attaif€drdinarily, the non-  of the effective anisotropy and exchange constants, which
Heisenberg exchange interaction between layers is repreetermine the orientation of the magnetization in the plane of
sented in the form of a biquadratic exchange interactiorihe layers. Thus a magnetic field applied perpendicular to the

1063-7834/99/41(3)/3/$15.00 413 © 1999 American Institute of Physics
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plane of the layers changes the magnetization in the plane GRBLE I. Phases minimizing the energy function@.
the layers. The case of uniaxial anisotropy differs from the

. . . . . Phase Stability condition Ener
case of cubic anisotropy by a different renormalization of the Y d
effective anisotropy constants. I P1=¢,=0 k>J;+23, (J1+3,)/2
1] ©1=0, po=7 k+J,>2J, (J,—3)/2
I 1 k—J;  J;<0,k<J;+2J, 4kJ,—(k—J,)?
Q1= 2= 2afCCOSE 8J,
1. PHASE DIAGRAM FOR ZERO EXTERNAL FIELD v L Ktdy 3,50, k+3,<2d, 4kdy— (k+3p)?
qolzw—qoz:iarCCOS—ZJz —8J2

Let us consider a multilayer system consistindNahag-
netic layers, alternating withl—1 spacer layers, with anti-
ferromagnetic interaction between the layers. For an infinite
number of layersN>1 or a spin-valve structurdl=2 the  , g pINDUCED SPIN-REORIENTATION TRANSITIONS
energy functional for the superlattice has the form of the
functional for a two-sublattice magnet. It differs from a clas- ~ An external magnetic field applied perpendicular to the
sical antiferromagnet only by a term describing the biquaplane of the magnetic layers causes the magnetization to tilt
dratic interaction between layers. For definiteness, we aut of the plane of the layers. In this case the problem of
sume that the axis is directed perpendicular to the plane of Minimizing the functional1) becomes much more compli-
the layers, thex axis is directed along the easy axis in the cated and in the general case it has no exact analytic solu-
plane of the magnetic layers, and theaxis completes the tion. However, in magnetic multilayers of the type Fe/Cr/Fe

system so as to form a right-handed triplet. or Co/Cu/Co the demagnetization energy is an order of mag-
The energy functional for such a system can be reprebitude larger than the anisotropy energy and the exchange
sented by interaction between the layers¢J,,J, k). Then the equa-
) tions dF/96=0 anddF/96,=0 have the approximate solu-
1 1 tion
F=> | — =k(n)%+ =m(n?)2—hn?
p 1
i=1 2 2 0,=6,=cos ~(h/m). 3
1 ) Substituting the relations obtained into Efy), we obtain an
+531(N1-N2)+ 5 Ja(Ny - Ny)*, () energy functional thatis similar to the functior(@):

2
whereJ; is the Heisenberg exchange energy between layers, 1 . 1
; o oo beta Y R= Sk Y siteit 3i(h)cog ey~ ¢y)

J, is the biquadratic exchange energy between layeis, =
the uniaxial anisotropy energy, ahds the Zeeman energy.

It is preferable to measure all of these quantities in units of
the magnetic field.

It is convenient to switch from Cartesian coordinates
to polar coordinate®; and ¢;, where the polar anglé; is
the angle between theaxis and the vecton; and the azi-
muthal anglep; is the angle between the projectionrgfon
the xy plane and the easy axis Ji(h)= ( 1- oz

In a zero external field the high demagnetization energy
prevents the magnetization from tilting out of the planes of
the layers. In this case,= 6,= const= /2 and the expres- 1.6

1
+§Jz(h)00§(¢1_¢2), (4)

wherek(h),J,(h), andJ,(h) are now functions of the ex-
ternal magnetic field and are determined by the expressions

h2

h2
3,+23,—).
m

sion for the energy functiondll) has the form
2 L
1 1
F=5k 2, sife+2J; cod @1~ ¢p) 12 v
2 = 2 -
1
+ =J,c08(@1— @,). 2) = 08
2 <
Minimizing this potential shows that only four phases -
can satisfy the condition for a global minimum of the poten- 04 [
tial (2). Two of these phases are collinederromagnetic 1l
phase | and antiferromagnetic phasg #nd the two others
are noncollinear canted phases, symmetrically oriented with 0.2 5 —l. 0 ll >

respect to the easjphase Il) or hard(phase I\ axis. The
stability conditions and the energy for each phase are pre- Nlk

sented in Table I'. . . . FIG. 1. Phase diagram in the variables’k andJ; /k. The enumeration of
The phase dlagram displayed in Fig. _1 can be CONte phases corresponds to the notations used in Table I. The dashed line
structed on the basis of the data presented in Table I. separates the region of possible spin-reorientation transitions.
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TABLE Il. Field-induced spin-reorientation transitions in magnetic multi- |ayers is maximum if this transition is a transition from fer-
layers with uniaxial anisotropy. romagnetic to antiferromagnetic ordering in the plane of the
magnetic layers. This happens when the initial values of the

Region Phase transitions
— parameters satisfy the relatioks J, +2J,>0 andJ;<O0. It

Ji+23,<0 _No transitions is easy to see that in this case the angle between the magne-
k>J,+23,>0 First-order ah=h, . . . . .
3,420,k 3,<0 First-order ah=h, tization Ylectors in neighboring layers changes apruptly from

and second-order #=h, 0 to cos *(|J,//3,—1). For small values ofJ;|/J, this angle
k+J3,>2J,, 3;>0 Second-order ai=h, is close torr. This case could be of great interest for practical
k+J,<23,, J;>0 No transitions applications.

, ; — In summary, external-field-induced spin-reorientation
Note. h and h, denote the following expressions for the critical fields: .. . . . . .
hy=m\[ 3,723, and h,=m\(23,— 3, K)/4d,. phase transitions in magnetic multilayers with uniaxial an-
isotropy with the field directed perpendicular to the plane of
the layers was investigated theoretically. It was shown that
2\ 2 h2 the orientation of the magnetization vectors in the plane of
Jo(h)= ( 1- —2) , k(h)=k( 1- —2> , (5) the layers is determined by the effective anisotropy and ex-
m m change constants, whose value is determined by the external

Therefore the equilibrium values fag;(h) and ¢,(h) field. Therefore an external field applied perpendicular to the
can be determined on the basis of the data presented in Tag¥ane of the layers changes the orientation of the magnetiza-
|, provided that the renormalized consta(8s are used in- fion in the plane of the magnetic layers.
stead ofk, J;, and J,. It follows from Egs. (5 that
J,(h)/21;(h)—0 as h—m and |¢,(h)— @,(h)|=0, 7 at
h=m. If the equilibrium valuesp;(m) and ¢,(m) are dif- 1s. s. P. Parkin, N. More, and K. P. Roche, Phys. Rev. l6#t.2304
ferent fromg;(0) ande,(0), then the applied external mag- 2(81950)'.3 Parkin, Phys. Rev. Le€7, 3598(1991)
netic field gives rise to spin-reorientation transitionsfes sp_grng, phys. Rev. B2, 411 (1995. '
varies from 0 tom. 4M. Ruhrig, R. Schiger, A. Hubert, R. Mosler, J. A. Wolf, S. Demokritov,

To investigate possible types of field-induced phase tran- and P. Graberg, Phys. Status Solidi 225 635(1991).

o P B : . 5V, I. Nikitenko, L. M. Dedukh, V. S. Gornakov, Yu. P. Kabanov, L. H.
siions It Is_convenient to employ the phase dlagram dis Bennett, M. J. Donahue, L. J. Swartzendruber, A. J. Shapiro, and H. J.

played in Fig. 1. The state of the system is determined gown, IEEE Trans. Magr33, 3661 (1997.
completely by the two quantities);=J,(h)/k(h) and ®A. Schreyer, J. F. Ankner, Th. Zeidler, H. Zabel, M. SieraJ. A. Wolf,
J,=J,(h)/k(h). It is easy to see from the expressidi®g 72- gfugbftfgv aRndsCH Fd- ’\gaiggh?képcysb Re‘lf(ﬂi’/’ 1\?(&/?6%9:5'-‘( ;
. . . . . D. Potter, R. SChaaq, P. £G. Verpbanck, V. V. Mosnchalkov, an
that the trajectory),(J,) is a straight line Y. Bruynseraede, Phys. Rev. 48, 16 055(1994).
— 8J. C. Slonczewski, J. Magn. Magn. Matée6, 374 (1993.
2J2+31= (31(0) +232(0))/k(0). °D. M. Edwards, J. M. Ward, and J. Mathon, J. Magn. Magn. Mat26,
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The resonance characteristiggnhomogeneous FMR linewidthAH) in highly dispersed
(d=0.1-3um) powders of crystalline and amorphous Co—-P alloys are investigated as a
function of the composition, particle size, and atomic structure. It is established Hhdor

powders of amorphous Co—P alloys is two to three times larger Atdrfor crystalline

Co—P powders. According to the investigations performed, this is caused by thermodynamically
stimulated segregation of nonmagnetic,Eadnclusions, apparently an effective relaxation

channel, in the amorphous state of Co—P powders.1999 American Institute of Physics.
[S1063-783%09)01903-9

Ferromagnetic resonan@eMR) is widely used to inves- obtained in a JEM-100C electron microscope. Prewashed
tigate amorphous ferromagnetic alloys obtained by varioupowder was sorted by a sedimentation method into six frac-
methods in the form of thin films, foils, and coating.The tions differing by the average particle diameterl, 0.3, 0.7,
magnetic properties of these materi@tatic, quasistatic, and 1, 2, and 3um). The electron micrographs for each fraction
microwave characteristitsare largely determined by their contained of the order of 200 particles, which made it pos-
composition and structure. sible to construct a histogram of the particle size distribution,

In the last few years amorphous alloys have been obdetermine the average particle diameter, and the standard
tained by different methodsee, for example, Ref)5n the  deviation.

form of small particles: ultradispersedd£10—100wm), Diffraction investigationd DRON-3 diffractometerwith
highly dispersed =0.1-4um), and dispersed CuKa radiation was used to determine the atomic structure
(d>5 um). of the powders of the Co—P alloys. The FMR linewidtk

Investigations have established that the magnetic propewas measured on a standar®®A&=2M spectrometer(fre-
ties of small amorphous particles differ substantially fromquency 9.2 GHg The method developed in Ref. 7 was used
the analogous properties characterizing amorphous filmdp calculate the local anisotropy field in the region where the
foils, and coatings having the same composifion. magnetization approached saturation. The magnetization

The present paper reports the results of an investigatioourveM (H) was measured with a vibrating magnetometer in
of the resonance characteristigshomogeneous widtiA H the range of fields from 0 to 14 kOe.
of the FMR ling in highly dispersed Co—P powders having
different compositions, particle sizes, and structure. The obé RESULTS
jective is to determine the differences and similarities of the™
dependences ohH in Co-P alloys obtained by the same Chemical analysis showed that the phosphorus concen-
technological method in different morphological modifica- tration in the powders of Co—P alloys ranged from 4 to 27
tions (powders, filmg. Of special interest in this investiga- at. %, depending on the technological conditions of the
tion is to check the assumption advanced in Ref. 2 that thehemical deposition procegiypophosphate concentration,
inhomogeneous FMR linewidtAH in amorphous alloys is Ph of the solution The phosphorus concentrati¢x) in a
completely determined by the magnitudeg of the local Co—P solid solution influenced the shape of the particles
anisotropy field in these alloys on microscopic scales. formed. Morphological analysis of the electron micrographs
shows that Cgy,_,Py particles withx<9 at. % are predomi-
nantly hexahedral prisms and that foe 12 at. % the ideal
shape of the Cgg_,P, particles is spherical. The results of

Highly dispersed powders of the alloys Co—P were obx-ray diffraction analysis agree with the morphological data.
tained by chemical deposition from water solutionsThe typical x-ray diffraction patterns of powders with differ-
(T=80°C) of Co salts (CoS® using sodium hypophos- ent phosphorus content are presented in Fig. 1. Powders of
phite (NaBPO,) as the reducing agent. Next, they were Co—P alloys with phosphorus content less than 9 at.% P
washed in distilled water and acetone to passivate the surfaseere characterized by x-ray diffraction patterns with a set of
of the particles. The phosphorus concentration was detereflections attesting to a hexagonal close-packimag) struc-
mined by chemical analysi@o within =0.5 at.% B. The ture of the powder particles. The x-ray diffraction patterns of
particle sizes were found by analyzing electron micrographshe powders Cg,,_ Py (Xx=12 at. % contained one diffuse

1. EXPERIMENT

1063-7834/99/41(3)/4/$15.00 416 © 1999 American Institute of Physics
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FIG. 1. Diffraction curves for powders of crystalline and amorphous alloysg|g. 2. 5 — Concentration dependence of the linewilith for powders of
Co~P with phosphorus concentrations of 4 at. % and 15 at. %. Co-P alloysh — concentration dependence of the local anisotropy Figld
for powders of the alloys Co—P.

peak, centered neatp,=2.01 A with width ~10° (26).
Such diffraction curves attest to an amorphous structure dization approaches saturation the high-field part of this
the particles of these powder@ccording to the x-ray dif- curve is described by the functionM(H)=Mg(1
fraction analysis, powders of Co—P alloys in the range from— DHﬁ/HZ). This latter property made it possible to deter-
9to 11 at. % P consisted of a mixture of crystallihep and  mine the concentration dependeridg(x) of the saturation
amorphous phasgsCo—P powders obtained with phos- magnetization and to calculate the local anisotropy figld
phorus concentratiorx>20 at. % (eutectic region of the characterizing the powder particle@ccording to Ref. 7,
melting diagram of Co—Pwere also characterized by a crys- hereD =2/105 for cubic symmetry and 1/15 for hexagonal
talline impurity. The x-ray diffraction data attest to the for- symmetry; for the crystalline phasé,=2K/M,, whereK is
mation, in this case, of the crystalline phosphidee—for  the magnetocrystallographic anisotropy consjafit. was
27 at. % P the diffraction curve is mainly formed by reflec- found that the values oM, decrease monotonically with
tions of this chemical compound. increasing phosphorus concentration in Co—P powders.
The measurements of the FMR linewidth for the initial However, here, in contrast to the linear functiolg(x)
Co-—P powdergnot separated into size fractionsith differ-  found in Refs. 7—9 for films and coatings of Co—P alloys, a
ent phosphorus concentration are presented in Fig. 2a. Thehange in the gradientMy/dx from ~37 G/at. % P to 45
characteristic linewidthAH is 1.5-2 kOe for crystalline G/at.% P is observed ne&rx.. The concentration depen-
powders and 4-5 kOe for amorphous powders. We note thatence of the computed values of the local anisotropy figd
the FMR linewidth of amorphous ferromagnetic alloys pre-for powders is presented in Fig. 2b. The local anisotropy
pared in the form of films, foils, and coatings, as a rule, doesield H, obviously is sensitive to the concentration phase
not exceed several hundreds of oerstézbe, for example, transition of the crystalline solid solution Co—P into an
Refs. 2 and B Another difference of the concentration de- amorphous state: A jump-like decreasetbf by a factor of
pendence\H(x) in Co—P powders from the analogous con-two is recorded neak=Xx.. This latter behavior distin-
centration dependencésH(x) in Co—P films is the follow- guishes the concentration variation léf(x) in Co—P pow-
ing. The concentration phase transition ‘“crystalline solidders from the analogous dependence measured previously for
solution — amorphous state of the alloy” detected by x-rayCo—P coating$.
diffraction analysis does not appear in the cutMé(at. % P Measurement of the static and resonance characteristics
in Co—P films? this transition does appear in the concentra-of Co—P powder fractions sorted according to the average
tion dependencéH (at. % P in Co—P powders in the form particle sized made it possible to study the effect of the sizes
of an abrupt increase iAH by a factor of two or three near of the particles on their magnetic characteristics. It was
the critical concentratiorn.=10 at. % P. found that the functional dependence of the measured char-
Measurements of the magnetization cutvg(H) for  acteristics ord depends on the type of atomic structure of the
Co—P powders showed that in the region where the magnegsarticles — crystalline or amorphous. Thus, the saturation
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2.5 reasons. One is the qualitative similarity of the dependences
a AH(d) andH,(d) in both crystalline and amorphous states
and the other is the substantially different — by the direction
of the jump inAH andH, nearx~x, — concentration de-
pendenceaH(x) andH,(x). The correlation of the curves
AH(d) andH,(d) agrees with the supposition advanced in
Ref. 2 on the basis of the results of an experimental study of
05| the dependenceSH(x) andH,(x) in films and coatings of
Co-P alloys. Therefore, in powders of Co—P alloys the FMR
0 L ’ -+ linewidth can be represented as a sum of two contributions:
0 1 2 3 4 AH(x,d)=AH(x,d)+AH, 4(x,d), where AH,, is the
d, pm contribution of the local anisotropy to the linewidth aféi,
6 is the contribution of some source that creates “relaxation”
b channels, which is reflected in the increase of the FMR line-
2 width and which predominates in the amorphous state of the
a b powders(See, for example, Ref. 10 for a detailed analysis of
2 the possible sources of relaxatipithe origin of this source
is to be determined by analyzing the experimental results
21 presented. First, we shall study the phase diagram of Co—P
powders and compare it with the phase diagram of films and
coatings of Co—P alloys, which, apparently, are character-
ized by the inequalitAH ,<AH,,.
0 1 2 3 Films and coatings of Co—P alloys, obtained by chemi-
d, pm cal deposition, in the concentration range from 1 to 20 at. %
G 3 Sesend the local an " A P are metastable solid solutiofgubstitution typg as is in-
oo o o kv 2 ST 1,15 57°  dicated by th lneariy oblo(x) observed in Refs. 7-3. The
15 at. % P2' — 18 at. % P. b — LinewidtlAH versus the average diam- grad|ent 0fMo(x) in this case is due to electronic mecha-
eter of particles of Co—P powdet — 4 at. % P, 2 — 15 at. % P. nisms of transport of the electrons of P into the band of
Co and does not depend on the type of structural ordering of
the solid solutior! Indeed, films and coatings of Co—P al-
magnetizationM y of amorphous powders (11 at. % Px loys are characterized by a hexagonal close-packed structure
<20 at. % P as a function of the particle siz# in Co—P  (hcp) in the concentration range 1-4 at. % P, face-centered
powder remains constant within the experimental accuracgubic structurefcc) in the range 5-8 at. % P, and an amor-
of the measurements. For crystalline Co—P powders, howphous structure in the range 9-20 at. % P, but the critical
ever,M, decreases by 15% adncreases from 0.1to @m.  concentrations; . of these concentration phase transitions
The local anisotropy fieldH, (Fig. 39 increases linearly up were not manifested in the linear dependeitg(x). We
to d=1um (H, changes by 35%with increasing average note also the results obtained in Ref. 12, where the NMR
particle size in Co—P powder for crystalline particles andmethod was used to show that short-range order in films of
then decreases by 40% dsincreases to 3um. For Co—P  amorphous Co—P alloys is characterized by fcc symmetry.
powder particles with amorphous structure, the dependenckhe latter fact served as a readas shown in Refs. 2 and 7
H.(d) (Fig. 3a is as follows: As the average particle size why the transition fcc Co—P~» amorphous state in films, in
increases tal=0.7um, H, decreases linearliby 30—20% contrast to the transition hcp Co—P fcc Co—P, was not
depending on the P content in the powdeasd asd in- manifested in the curveSH(x) andH ,(x).
creases furthelbl, increasegby 15-25%. The form of the phase diagram of powders of Co—P
The measurements of the FMR linewidtAd(d) for  alloys is qualitatively different — here there is no region of
amorphous and crystalline Co—P powders are displayed ifcc crystalline states. The powders of Co—P alloys have hcp
Fig. 3b. One can see that the particle-size dependenssélof structure in the region 1-8 at. % P and amorphous structure
is determined mainly by the structural state of the particlesin the region 10-20 at.% P. Comparing the cuitg(x)
For crystalline powders\H(d) is a convex curve with a with the analogous curve for filnfsdue to the jump-like
maximum at d=1 um, while for amorphous powders decrease ofH, near concentrationg~Xx., suggests that
AH(d) is a concave curve with a minimum alsodat 1 um.  short-range order in powders of amorphous Co-P alloys
We note that the relative deviation &fH on the curves (just as in film$ is characterized by fcc symmetry. This sup-
AH(d) for crystalline particles is more pronounced than forposition corresponds to the form of the diffraction curve of
amorphous particles. amorphous powdersgFig. 1), which can be obtained by
broadening of thg¢111] line of the fcc lattice according to
the Debye—Scherrer equation. We note that according to this
equation the broadening of the reflections of an hcp lattice
The experimental curveAH(x), H,(x), and AH(d), will lead to an asymmetric diffraction curve, which is at
H.(d) presented in Figs. 2 and 3 are of interest for twovariance with the experimental curve presented in Fig. 1.

AH, kOe

3. DISCUSSION
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Therefore the concentration transition “hcp Co-Ping. The resonance characteristiGehomogeneous FMR
— amorphous state” is accompanied by a decrease of thénewidth AH) of Co—P powders obtained by chemical
contributionAH, , to the total FMR linewidth neax.. The  deposition are more than an order of magnitude larger than
latter signifies that the relaxation source due to which theghe analogous characteristics of films and coatings of Co—P
contribution of AH,, to AH(x) predominates is activated alloys (prepared by the same methodhe linewidthAH of
near the concentration transitioq. powders of the alloys Co—P with amorphous particles is two
The indication of the origin of this relaxation source to three times larger thatH for Co—P powders of crystal-
contains the above-discussed dependevigéx) for Co—P  line particles. This is a result of stratification processes with
powders, which is characterized by a change in the gradierihe precipitation of nonmagnetic ¢® formations in the
of My(x) nearx.. Since the electron transport mechanismamorphous powders. For a constant concentration of non-
does not depend on the type of structural ordering of thenagetic precipitates in the powder particles, the dependence
solid solution*! the increase at~x, of the rate of decrease of the linewidthAH on the average particle size correlates
of My with increasingx is initiated by an additional factor with the analogous dependence of the local anisotropy field
which is realized in amorphous powders. Such a factor is thél, .
thermodynamically stimulated stratification of the supersatu-
rated solid solution Co—P into a less concentrated Co—P sg;
lution and CgP inclusions(precipitates This supposition
does not contradict the x-ray diffraction data which show———
that the CgP inclusions first appear in the diffraction curves 'L. Kraus, Z. Frait, and J. Shneider Phys. Status Solidi3A\596 (1981.
0 i i i i~ 2R. S. Iskhakov, L. A. Chekanova, V. I. Ivanov, and G. V. Popov, Fiz.
(for x>20 at.% P only if the inclusions are sufficiently " ' : . '
. . . . Tverd. Tela(Leningrad 27(9), 2593 (1985 [Sov. Phys. Solid Stat@7,
large. Just like nonmagnetic pores, dnclusions strongly 1556 (1985,
influence the formation of the linewidthH, from the mo- 3G. Balasubramanian, A. N. Tiwari, and C. M. Srivastava, J. Mater. Sci.
ment of formation, while nonmagnetic pores have a nein-425, 1636(1990.
gible effect on the local anisotropy,. We note that in the R. S. Iskhakov, M. M Burshtunov, A. G. Narmoney, I. A. Turpanov, and
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In summary, our investigations established the follow-Translated by M. E. Alferieff
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A study is reported of the temperature dependences of the hypétifenteraction parameters

in a ~200-nm thick surface layer and in the bulk of macroscopic hexagonal ferrite crystals

of the Sr—M type(SrFe 0,9 and SrFeg,; Al 0,9). The method used for the measurements is
Mossbauer spectroscopy with simultaneous detection of gamma quanta, characteristic x-ray
emission, and electrons, which permits direct comparison of the HF parameters in the bulk and the
near-surface layers of a sample. As follows from the experimentally determined temperature
dependences of the effective magnetic fields, the fields at the nuclei of the iron ions located in a
~200-nm thick near-surface layer decrease with increasing temperature faster than those of

the ions in the bulk. The transition to paramagnetic state in280-nm thick surface layer was
found to occur 3° below the bulk Curie temperature. This offers the first experimental

evidence for the transition to paramagnetic state in a surface layer of macroscopic ferromagnets
to take place below the Curie temperatirefor the bulk of the crystal. It has been

established that the transition temperatlig€L) of a thin layer at a depth from the surface of

a crystal increases as one moves away from the surface to Teaatthe inner boundary

of the surface layer called critical. In the vicinity @f one observes a nonuniform state, with the
crystal being magnetically ordered in the bulk but disordered on the surface. The experimental
data obtained were used to construct a phase diagram of surface and bulk states for
macroscopic magnets near the Cuige Neel) temperature. ©1999 American Institute of
Physics[S1063-783#9)02003-1

The need of studying surface properties and the influof a magnet with respect to a phenomenological order pa-
ence of such a “defect” as the surface on the magnetic charrameterq, which governs the surface energy and was first
acteristics of the surface and near-surface crystal layers hastroduced when describing the specific features of the be-
been attracting an ever increasing interest of researchelmvior of a system on the surface. The notation of the phase
starting in the 70’s. Such studies could be of significance fotransition lines, namejyl — surface2 — ordinary, and 3 —
applications as well, because a surface exerts considerabdstraordinary, were first proposed in Ref. 6. As follows from
effect on the properties of nanosized powders and films, and theoretical consideration, in an ordinary transition the
understanding the nature of these materials could, for intransformations in the bulk of the crystal and on its surface
stance, pave the way toward tailoring their characteristics ttake place simultaneously. When tlgeparameter has the
our needs during the synthesis. opposite sign, the surface shows a tendency to magnetic or-

Of particular interest are surface processes accompanylering before magnetization sets in in the bulk.
ing such fundamental phenomena in the bulk of a crystal as Experimental studies of surface properties until recently
phase transitions. The first theoretical descriptions of the suhave been carried out either on fine-grained powder samples
face properties of semi-infinite crystals introduced the con{where the number of ions on the surface is enhanced sub-
cept of surface magnetic enefggnd showed that if this stantially compared to that in the bulk of crystallitesr on
energy is negative, the crystal surface can be magnetized altrathin films. Investigation of such objects provided sup-
temperatures above the Curie point in the bulk, with theport for the theoretical conclusions of the existence of mag-
magnetization damping exponentially away from the surfacenetization on the surface of magnets at temperatures above
Theoretical studies of the surface of antiferromagnetic crysthe phase-transition point in the bulk of the sample. For in-
tals also predicted the existence of surface magnetism abowtance, magnetization was experimentally observed to exist
the Neel point? These publicatiorls were followed by at-  on the surface of Cr, Co, Ni, Th, and Gd above the tempera-
tempts to describe surface characteristics by practically aliure of bulk magnetic ordering of these substariseg Refs.
methods developed to investigate the properties of bullB—5,7 and references thergiht the same time experimental
crystals®=® Such theoretical studies culminated in construc-studies of the surface of macrocrystals in the vicinity of the
tion of a phase diagram for states on the surface and in th€urie (Neel) point have been certainly lagging behind
bulk of a semi-infinite magnet in the vicinity of the Curie theory. The reason for this lies in the lack of experimental
point (see, e.g., Ref.)5Figure 1 presents the phase diagramtechnigues which would permit one to probe a thin surface

1063-7834/99/41(3)/6/$15.00 420 © 1999 American Institute of Physics
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T 4 paramagnetic state below the @letemperaturé®~'? The
order-disorder transition temperature decreases smoothly
within the surface layer of a “critical” thicknes¥ 12
SD/VD y Thus experimental evidence for the existence of surface
magnetism above the Curie point is in agreement with theo-
SO/VD retical predictions At the same time observatiolis'?of a
2 thin layer in paramagnetic state on the surface of macro-
< 3 scopic antiferromagnetic crystals below thegNeemperature
is at odds with theoretical descriptidns of surface magne-
SONVO tism. Indeed, the phase diagram in Fig. 1 shows that below
the Curie point the surface of a magnet can reside only in an
ordered state. The reason for the disagreement between
. > theory and our experiments consists possibly in that the
a former considered ferromagnets, whereas the experiments
FIG. 1. Theoretical surface and bulk phase diagram for a ferromagnet neavere carried out on antiferromagnets possessing a weak fer-
the Curie tempergtuﬁél — surface_phase transition I?n_e,—_ ordinary romagnetism.
D O ek, apaordinay phase o e /%5 This work reports an experimental study of the behavior
magnetically disordered bulk, SD — magnetically disordered surface. ~ Of the magnetic system of a thin surface layer and of the bulk
of macroscopic ferromagnetic crystals with temperature, as
well as of the magnetic state of the surface in the vicinity of
layer and the bulk of a massive crystal and compare theithe phase transition at the Curie point.
properties. In order to understand surface phenomena and to We chose for the study single crystals of the hexagonal
find how the effects on the surface are related to those in thterrites SrF¢,0;4 (the Sr—M type, as well as ferrites of the
bulk, one has to develop methods capable of probing theame structure with the Al diamagnetic ions substituted for
surface of a macrocrystal and the profile of variation of thepart of the iron iongthe chemical formula Srkg,Al; §019).
properties in a near-surface layer and of comparing thenThe Sr—M-type ferrites have the hexagonal structure of
directly with those for the bulk. magnetoplumbité® Below the Curie pointT.=730 K, the
A unique approach meeting the above requirements isnagnetic structure of Srg;4 is a collinear ferrimagnet
the method of simultaneous Msbauer spectroscopy with with a large anisotropy field, whose easy-magnetization axis
detection of gamma quanta, x rays, and elect(@BXEMS coincides with the hexagonal or crystallograpbiaxis (see,
proposed in Ref. 8 and described in Ref. 9. This method was.g., Ref. 14 and references thejein
used to establish experimentally that the surface of antiferro- The plates used for the measurements, 70 to 260
magnet macrocrystals with weak ferromagnetism transfers tthick, were cut from single crystals synthesized from a melt

b
1.08
1.04
> 1.00 W
‘@ ‘ 4 FIG. 2. Mossbauer spectra of SrE©;,
$ 1.00 ; obtained aff =300 K with detection of
S % (@ gamma rays and ofb) conversion
‘ and Auger electrons.
0.98
}
0.96
a
-10 -6 -2 0 2 6 10

Velocity, mm/s
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TABLE |. Room-temperature effective magnetic fields;, isomer shiftss, and quadrupole splitting&E for
SrFg,0,4 (the isomer shifts determined relative te Fe).

Hes, kOe S, mml/s AE, mm/s

Sublattice [v] [e] (] [e] [v] [e]

12k 413+1 415+1 0.36+0.01 0.35:0.01 0.46:0.02 0.40-0.02
4f, 498+1 497+3 0.32£0.01 0.31£0.02 0.18-0.02 0.26-0.04
41, 519+2 529+3 0.44+0.01 0.42:0.03 0.44r0.02 0.43-0.06
2a 510+2 516+7 0.31+0.01 0.33:0.06 0.18-0.02 0.18-0.12
2b 405+4 400+20 0.37:0.02 0.34-0.07 2.370.04 2.25-0.14

solution. The crystallographic axisvas perpendicular to the Iron ions in type-M hexagonal ferrites occupy five in-

plate plane. The crystals intended for surface studies werequivalent sites, and therefore the &sbauer spectrum of
etched in orthophosphoric acid &t90 °C for one min. Pre- this compound taken below the Curie point consists of five
vious experiments'® showed that this crystal treatment re- Zeeman sextuplets. Such a large number of spectral lines
sults in a high quality surface while not creating any distor-degrades substantially their resolution and, hence, the accu-
tions in its structure. racy of HF parameter determination. To improve the line
The magnetic state of the surface and in the bulk of gesolution, the crystal cut was chosen so that thessbauer
crystal was studied by the SGXEMS method first proposedgamma-ray wave vector is oriented parallel to the magnetic-
in Refs. 8,9. The SGXEMS method involves simultaneousyoment orientation in the crystal. This reduces the number
measurement of Mesbauer spectra with radiations having of jines in the experimental spectrum, because the longitudi-
different mean free paths in the material, namely, gammay5| zeeman effect suppresses the second and fifth Zeeman-
rays, characteristic x-ray emission, and secondaonver-  go.4 hjet fines. As evident from Fig. 2, the spectral lines are

sion and Auger electrons, which carry information on the ,,\ \e|l resolved. This permitted one to determine the HF
properties of the bulk, surface layers a feam thick, and a interaction parameters with a high enough accuracy.

300-nm thick massive crystal, respectively. The energy of an The experimental spectra were used to compute the HF

electron escaping from a samplt_a is the lower the deeper .'ﬁarameters, and the intensities and widths of the Zeeman
the atom which has produced this electron, and therefore i . . .
extuplet lines. The improved accuracy of mathematical

order to study the properties of surface layers less than 300 4
nm thick by this method, the secondary electrons are energ reatment of the speptra was favoréuesides the above-_
selected.” This approach was realized in the form of a $8e entioned absencg in the spectra_ of the second gnd fifth
bauer systeri® The motion of the source followed a trian- Z8eman-sextuplet ling®y the following factors: the differ-
gular function in time. The linearity of motion was con- €Nt numbers of magnetic bonds between iron ions occupying
trolled both by a conventional negative-feedback circuit andn€duivalent sites results in different effective magnetic
by a computef® fields at the iron-ion nuclei, and quadrupole splitting shifts
The SGXEMS method was used to obtain experimentalhe sextuplet lines considerably from one another.
spectra within a temperature range of 300 to 750 K. The The HF interaction parameters calculated from experi-
temperature was maintained to within0.1 K. Figure 2 pre- Mmental room-temperature Msbauer spectra of Srj@;q
sents a room-temperature gamma-ray and secondary electrdfd SrFey Al; §O19 are presented in Tables | and Il, respec-
spectrum of SrFgO;q measured with the gamma-photon tively. These data are in a good agreement with published
wave vector parallel to the axis. Because Mgsbauer spec- results®-?2
tra obtained with detection of x-ray radiation provide infor- Figure 3a,b presents, respectively, temperature depen-
mation on a layer a feywm thick and are similar to gamma- dences of the effective magnetic fields at the nuclei of the
resonance spectra, they are not demonstrated to make thien ions occupying sites ¥2and 4f in SrFg,0,9 and
figure more revealing. SrFg oAl §019. To make the plots more revealing, the de-

TABLE Il. Room-temperature effective magnetic fieldg;, isomer shiftss, and quadrupole splittingSE for
SrFgg Al 019 (the isomer shifts determined relative ta Fe).

Her, kOe S, mm/s AE, mm/s
Sublattice B el [v] [e] [v] [e]
12 415+1 415+1 0.36-0.01 0.36:0.01 0.42:0.02 0.406:0.02
af, 482+2 482+2 0.29+0.02 0.26:0.04 0.18:0.04 0.16-0.08
4f, 518+2 513+2 0.44+0.02 0.38:0.02 0.406-0.04 0.26:0.04
2a 510+2 - 0.31-0.02 - 0.16:0.04 -

2b 4054 - 0.29+0.02 - 2.22-0.04 -
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pendences of the fields at the iron nuclei in the inequivalent 2508 T T T T FY 1.00
2a and 2 sublattices are not shown. "*»u-.,&~~ Y

The temperature of the transition to paramagnetic state 3 ""-‘-:;.A il
was determined by all methods used in $4bauer spectros- RS ¢

i f 150} - HY 9
copy, namely(1) The experimental spectra obtained near the o -.,‘*\ 3/ g
phase transition were used to derive a spectrum with no Zee-©, ?“.Qn"ﬁ’“n,,_\u‘ A “ 4050=
man splitting, where one observes only the quadrupole Iines§ n/ "’-’-.A&.ﬂ.'_ g TR
of the paramagnetic phase. The temperature at which the = 50F :5 nf‘i'if 5 5
Zeeman lines disappeared was taken for the Curie p@nt; ad }"-."5.,'\ \ -
By temperature scanning, where the transition point is deter- [ e ,.«U“ "cz'&.\\\\ a
mined from the temperature dependence of the number of °6 _’__,.-o"'/ J;‘;
quanta detected with the gamma source moving with a con- 0b 00 710 ) 7;53‘ 0
stant velocity(or fixed). In the latter case, as one approaches T, K
the transition point from low temperatures, the number of
. ) X T T T o4 1.00

detected quanta, as seen from Fig. 3, increases. At the tran- 55 b o S 4
sition, the curve reaches saturation, and the number of de- | ™ R N 7
tected quanta does not change with further increase of tem- L RN 4 ¢
perature. The temperatures of transition to paramagnetic state \‘\ ie 3
determined by the above methods were found to coincide. & 150 :':'f,::~\ A\AR ] g

As seen from Fig. 3, the effective fields at the iron-ion g CllTveela ANad 10503
nuclei in the~200-nm thick surface layer of the crystal un- & X :5 ,,,,,,,,,,,, . s 2
der study decrease with increasing temperature faster thar o3 "8y "( =
those in the bulk of this crystal. In SrE©44 (Fig. 33, the s0l z:g i QA-A\ ’
effective magnetic fields at the nuclei of the bulk iron ions 06 wus=g B B b
vanish at the Curie temperature of 731 K. It should be noted 0 hpmmwrep == . rnchm ol 0
that the temperature dependences of the fields derived from 600 620 640 650
gamma-resonance spectra are in a good agreement with thc T, K

data quOIEd by other authofsee, eg., Ref. 33The effec- FIG. 3. Temperature dependences of effective magnetic field$a)in
tive magnetic fields obtained from the spectra of conversiorsrre,0,, and(b) SrFa,Al, 056 at iron ion nuclei occupying inequivalent
and Auger electrons, i.e. the fields at the iron nuclei in thel and 4 sites(1,2) in the bulk and(3,4) in a 200-nm thick surface layer
~200-nm thick surface layer, vanish at 728 K, i.e. thl’eeOf the crystal, as well as the paramagnetic-line intensity of iron {&hén
. the bulk and(6) in the surface layer.

degrees below the Curie temperature.

In the case of SrRgAl; 0.9 (Fig. 3b), the effective
magnetic fields at the bulk iron nuclei vanish at the Curie
temperature of 646 K. Hence/ax= 1.8 substitution of iron
ions in the compound reduces the Curie temperature byransition of a massive ferromagnet to paramagnetic state
~100 K. This is in accord with Refs. 23,24 presenting thetakes place in the following way. When the crystal is heated,
Curie temperature as a function of Al content in the com-the paramagnetic phase appears on its surface at tempera-
pound. The effective magnetic fields at the iron ion nuclei intures below the Curie point. The transition temperature of a
the ~200-nm thick surface layer vanish at 641 K. Hence inthin layer at a depti. from the surfaceT. (L), increases
SrFg Al 019 the surface layer with a thickness of with distance from the surface to reach the bulk vaRydor
~200 nm becomes paramagnetic at a temperature lower Hy=300 nm. As the temperature is raised still more, progres-
5 K than that in the bulk of the crystal. sively deeper layers transfer apparently to the paramagnetic

A direct support for the transition of a surface layer to phase. At the Curie point, thermal energy destroys magnetic
paramagnetic state occurring below the Curie point for theordering throughout the remainder of the crystal.
bulk comes from experimental \dsbauer spectra obtained As already mentioned, there is experimental evidence
with SrFg, 0,9 at 723 K and SrFgAl; 0,9 at 639 K, (see Refs. 3-5,7 and references ther@idicating possible
which are shown in Figs. 4 and 5, respectively. It should beexistence of magnetization on the surface of a crystal without
pointed out that the spectra measured with gamma quantaagnetic ordering in the bulk of the sample. These results
(Figs. 4a and Saare similar to the gamma-resonance spectraorrespond to the case of positive values of the phenomeno-
obtained near the Curie point by other auth@se Ref. 14 logical order parameteq in the phase diagram of Fig. 1,
and references therginA comparison of the spectra taken which was derived from theoretical studies.
near the Curie temperature shows that the splitting of the The experimental studies of antiferromagnets with weak
Zeeman lines in the gamma-resonance speéiigs. 4a and  ferromagnetisnt’~? as well as the experimental data ob-
53) is substantially larger than that in the spectra obtained byained in this work indicate that a surface can transfer to
measuring conversion and Auger electrofigs. 4b and 5p  paramagnetic state at temperatures below thel Ne Curie
Hence the effective magnetic fields at the iron nuclei in thepoints as well. These data are at odds with the phase diagram
bulk of a sample are stronger than those in the surface layebased on theoretical considerations. Summing up the experi-

An analysis of the experimental spectra shows that thenental results, one arrives at the phase diagram for the sur-
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L10F b

1.05 |
2 l.OOP FIG. 4. Mdssbauer spectra of Sr0,4
‘2 L obtained afT =723 K with detection of
L 1.00 W (@ gamma quanta from the bulk of the
= crystal and of(b) conversion and Auger

electrons from a-200-nm thick surface
layer.

0.96

0.92

Velocity, mm/s

face and bulk of a crystal near the Cu(Neel) temperature surface a nonuniform state, namely, a magnetically disor-
displayed in Fig. 6. dered surface layer, with the bulk of the crystal remaining

Thus we have presented the first direct experimental evierdered. A phase diagram based on the experimental data is
dence showing that a thin surface layer of a macroscopiproposed, which describes the state of the surface and of the
ferrimagnetic crystal becomes paramagnetic at a temperatutrilk of the crystal in the vicinity of the Curi@r Neel) point.
below the Curie point for the bulk of the crystal. In a tem- Support of the Russian Fund for Fundamental Research
perature region below the Curie point, one observes on théGrant 98-02-1827Ris gratefully acknowledged.

b
1.04 |
1.02
2 1.00 " FIG. 5. Mdssbauer spectra of
a SrFggAl, 019 Obtained atT=639 K
L2 1.00 with detection of(@ gamma quanta from
K= the bulk of the crystal and db) conver-
sion and Auger electrons from a
~200-nm thick surface layer.
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0.96

Velocity, mm/s
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To study the band structure and carriers in lanthanum manganites, measurements have been
made of the reflectance spectra of single crystals and polycrystals in the 0.04—1.6-eV range and of
the optical conductivityr,, calculated by the Kramers-Kronig method as functions of the
concentration and species of divalent ions in the paramag(fitt and ferromagneti¢FM)

regions. The optical gap for single-crystalglg®r, ;MnO3 is ~0.17 eV, and the polaron-

band energy is 0.12 eV. In the PM regian,, spectra do not indicate a band-carrier contribution,
and conduction is dominated by polaron hopping and activation to the mobility edge. In the

FM region, the variation in ther,, and absorption spectra of §.851, MnO; epitaxial films
indicate the appearance of band carriers and a red shift of the absorption edge. The two band-
carrier contributions, with weak and strong dependences on photon energy, are related to
conduction in the antiferromagnetic matrix and the ferromagnetic regionsl 999

American Institute of Physic§S1063-783@9)02103-9

The interest in lanthanum manganites having perovskit@etic state. The spectral behavior of agkaSty 179MN0;
structure stems from the giant magnetoresistance observeddingle crystal with a lower strontium concentration observed
these compounds and from its possible application poterfor T<T. is somewhat different,namely, the increase of
tial.* From among the large number of papers dealing withoptical conductivity in the low-energy domain is accompa-
their investigation, however, only a few were devoted to thenied by a decrease of absorption in the region of the 1.5-eV
optical properties, although optical methods are a powerfuband with a slight shift of the band maximum toward higher
tool to probe the band structure and the conduction mechanergiegthe “blue shift”). A variety of different interpreta-
nisms in a material. tions were proposed for the observed spectral rearrange-

Our earlier study of the reflectance spectra of polycrysment®’ It is essential that all optical experiments evidence a
talline LagBaysMnO; (Ref. 3 and single-crystal strong effect of magnetic ordering on optical properties, and
La; —,Sr,MnO; (x=0.1, 0.2, 0.3 (Ref. 4 has led to the con- that the discrepancies among the data quoted by different
clusion of the presence in these compounds of carriers of twauthors may be due to the concentrations of divalent ions
types. For temperatures above the Curie poinj (conduc-  being different.

tion occurs by low-mobility carriers, and far<T. an addi- The objective of this work was to study the variation of
tional conduction mechanism involving mobile band-typethe energy spectrum and nature of carriers in lanthanum
carriers sets in. manganites with concentration of divalent ions{'9r and

The transition from paramagnetieM) to ferromagnetic ~ with variation of the species of the divalent ion (CaB&™,
(FM) state in weakly strontium-doped 45t ;MnO; single  SP™) for their fixed concentrationx~0.3). The objects
crystals is accompanied by a red shift of the optical-were single-crystal and polycrystalline samples, as well as
absorption edgéwhich is typical of ferromagnetic semicon- epitaxial films, which would permit studying the effect of the
ductors and is associated with the conduction-band splittingechnique used to prepare a lanthanum manganite on its op-
caused by exchange interaction of band electrons with locakical property.
ized spins. Within the 98 T<165 K interval, the shift was
found to be 0.16 eV, and application of an external magnetici SAMPLES AND EXPERIMENTAL CONDITIONS
field increased the shift. When the temperature was de-’
creased belowT., the spectrum of optical conductivity, The optical properties of strongly absorbing materials, a
oopt» Was observed to undergo rearrangement irclass to which lanthanum manganites belong, are usually in-
Lag ¢Slh sMNO; (Ref. 5 and Ng ;S sMnO; (Ref. 6 films.  ferred from studies of reflectance spectra treated by the
These compositions exhibit an increase of the absorption cd<ramers-Kronig method. This permits determining the opti-
efficient and, hence, ofr, for energies below 1.2 eV. A cal conductivity and detailed information on the band struc-
peak was observed at1.2 eV, which shifts to lower ener- ture. We studied in this work the reflectance of single-crystal
gies (the “red shift”) as the system transfers to ferromag- and polycrystalline lanthanum manganites and calculated the

1063-7834/99/41(3)/7/$15.00 426 © 1999 American Institute of Physics
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TABLE |. Composition, electrical resistivity at 293 K, Curie temperatur€., and method of lanthanum-
manganite preparation.

Composition p at 293 K,Q)-cm T., K Method

Single crystals Floating zone with radiation heatfng,
Lag oSt ;MnO;, 2 150

Lag ¢Sty MnO; 4.5x1073 321

Lag 7Srh sMnO; 8x10* 350

Polycrystals Solid-phase synthesis
LaMnO, 8x10?t 190

Lag gCap 3MN0O; 8x1072 220

Lag -Sry sMnO, 6x10°° 352

Polycrystal 5.%102 327 Coprecipitation from solutioh,
Lay sB8.3MnO;

Films Epitaxial growth on SrTi@substrate.
No. 1 La-SryMnO; 3x107? 196

No. 2 L&, ;SrysMnO, 1x107! 227

optical conductivity from a Kramers-Kronig analysis. The The absorption spectra of the |g5r,MnO; single
data for the samples used are listed in Table I. The calculatettystal derived by Kramers-Kronig analysis from reflectance
optical-conductivity and absorption spectra are comparedpectra coincide with the measuremémsade directly on
with absorption measurements on the epitaxial films prethis single crystal, which supports the validity of our treat-
pared in this work and with an absorption spectrum ofment of the reflectance data.

single-crystal Lg¢SK, ;MnO; obtained earliér The optical conductivity spectra of La,Sr,MnO;

The reflectance spectRuiof the single crystals and poly- single crystals X=0.1, 0.2, 0.3 exhibit below 0.09 eV pho-
crystals were measured within the 0.035-1.6-eV range, andon bandssee inset to Fig. )2 which coincide in position
the absorption spectra of the films, in the 0.09—2.2-eV interwith the ones reportédor a L&, g,sSt, 1-qMNO5 single crys-
val on an IKS-21 computerized spectrometer and dal. The band at 0.12 eV is well resolved for tlke=0.1
KSVU-12 setup. composition with semiconducting behavi@nset in Fig. 2.

The two films with a nominal composition The 0.12-eV band associated with localized carriers was ob-
Lag 7Sty sMnO; studied by us differ in the substrate tempera-served earlier in the absorption spectra of this sarhple.
ture during the deposition, namely, 500 °C for film 1 andE~0.17 eV, thex=0.1 sample passes through a minimum of
600 °C for film 2. Following the deposition, the films were conductivity, after whicho,, rises up to the band maximum
annealed in an Ar—Pplasma at 500 °C and 600 °C, respec-at~ 1.5 eV. Note that the position of the band maximum was
tively. X-ray diffraction analysis showed crystallization in accurately determined only for LaSr,sMnO; films dealt
film 1, unlike film 2, not to have been completed, making it with below (Fig. 4), whereas in other samples this position
a partially amorphized film. The film thickness was 90 nm.

The electrical resistivity of film 1 T,=196 K) within the

temperature region of 77-293 K follows a semiconducting 1.0 r
pattern (with the resistivity decreasing by a factor twenty

with increasing temperaturewhile film 2 exhibits a metallic

behavior below the Curie temperatur. & 227 K) and a 0.8
semiconducting one, above.. The Curie temperatures of

the films are substantially lower than those of the single crys-
tals and polycrystals of the same composition, whilés

larger, which may be due to the films having been heavily «
defected. 0.4

0.6

2. RESULTS OF MEASUREMENTS
0.2
Figure 1 plots the reflectanoes wavelength for some

polycrystals and a LgSr, sMnO; single crystal, whose pa-

rameters are given in Table |. Reflection for wavelengths 0.0 - .

longer than 14um (0.09 eVj is due to the light coupling to 0 10 20 30 40
lattice vibrations. Light with wavelengths below Xdm in- A, um

teracts with carriers, and interband transitions are initia_te@le 1. Reflectance spectra of lanthanum-manganite single cry&@ls
close to the short-wavelength edge of the range studiedang polycrystalsPO: 1 — LaMnO, (PQ), 2 — Lag 5/Ca zMnO; (PO,
(~15eV. 3 — Lag B2 3MnO; (PO), 4 — Lag ;S MnO; (SO).
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600

400 FIG. 2. Optical conductivity spectra

of La; ,SrMnO; single crystals:
1 — x=0.1,T=293 K; 2 — x
=0.2,T=340 K; 3 — x=0.2,T
=293 K; 4 — x=0.3,T=293 K.
The inset shows a fragment of the
optical conductivity spectrum of &
=0.1 single crystal in the low-
energy region.
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can vary within+0.2 eV because of the error i, deter- by various divalent ions (Ca, Ba*, SF*) for the
mination at the high-energy boundary of the measuremergame nominal concentratior#0.3) on optical conductivity
range. The shape of the spectrum warrants a conclusion thapectra of lanthanum manganites obtained at 293 K.
the minimum optical gap for the=0.1 sample is~0.17 eV. One readily sees the optical conductivity spectra of
Increasing the Sr ion concentration xe=0.2 results in dis- single-crystal Lg;Srp,MnO; (Fig. 2) and polycrystalline
appearance of the gap in the PM temperature region and inlegg g/Bay 3MnO; and La ;Sr sMnO3, which are ferromag-
weakening of the~1.5-eV band. In the FM region, the op- netic at 293 K, to be similar. The low values of,; for
tical gap in thex=0.2 and 0.3 samples undergoes filling. polycrystalline samples are the consequence of the compara-
As the x=0.2 single crystal crosses over from the PM totively small reflectancgFig. 1). The optical conductivity
FM region, o, near the~1.5-eV band decreasgsurves 2 spectrum of polycrystalline LaMnOwith the smallest opti-
and 3. cal gap ~0.13 eV resembles that of single-crystal
Figure 3 illustrates the effect of La ion substitution Lag ¢Sry sMnO;3 (Fig. 1), while the spectrum of polycrystal-
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FIG. 3. Optical conductivity spectra of polycrystals-— LaMnQOs;, 2 — Lag ¢/C& 3dMNO3, 3 — Lay ;Sip ;Mn0O;, 4 — Lag ¢Bayg 3aMNO3. The inset shows
inverse optical conductivity plotted vs squared light frequency faoy g8y 3MnO;.
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FIG. 4. Absorption spectra of l,aSr, sMnO; films 1 (curvesl,2) and 2(curves3,4) obtained at two temperatures3 — 293 K, and2,4 — 80 K. The inset
shows the temperature dependence of light intensity transmitted through film 1 for photon energy of 0.5 eV in a magnéitit Tiedaha without field.

line Lay¢Cay3MNO; is similar to that of single-crystal single crystal, whose resistivity followed the semiconducting
Lag ¢Sty ;MnO; in the PM region. Stoichiometric LaMnQs pattern throughout the temperature region covered, except
known to be an antiferromagnet with a &ldemperature of ~for a narrow interval neaf . where an anomaly was seen in
141 K& That the LaMnQ sample studied is a ferromagnet the temperature dependence of the resistiiys evident

indicates a deviation from stoichiometyhe presence of from the absorption spectra of film(2urves 3 and pwhich
Mn** ions). exhibits a metallic behavior of resistivity in the FM region,
As can be seen fromo,y(E) spectra, single- the absorption at the low-energy band edge and near the
crystal Lg/SrpMnO;, and particularly polycrystalline phonon spectrum increases strongly as one crosses over into
Lag ¢Bay 3qMN0O; and La St ;MNnO;, exhibit a strong rise  the FM region. As a result of this rise in absorption, the band
in conductivity characteristic of free carriers in the region ofmaximum at 1.5 eV is found shifted toward lower energies.
ferromagnetic ordering near the phonon spectrum. The real The inset to Fig. 4 shows the effect of a magnetic field
part of dielectric permittivity e; calculated from the on absorption in film 1. As the temperature decreases, the
Kramers-Kronig relation for La ,Sr,MnOj; single crystals —transmitted light intensity measured at a photon energy of
in the FM region vanishes at an energy of 0.173 eV for theD.5 eV first starts to increase, which reflects the conventional
x=0.3 composition, and at 0.135 eV far=0.2. For lower blue shift of the band, only to fall off slightly above the
energies the free-carrier contribution becomes dominant. Theurie temperatureT.= 196 K), thus indicating a red shift.
absence in thery, spectrum wherx=0.2 of a noticeable Magnetic field enhances this decrease, i.e. amplifies the red
contribution from free carriers is due to its being in the re-shift. While in the Lg ¢Sr; ;MnO; single crystal the increase
gion of the phonon spectrum. in absorption observed in a magnetic fiellloT and at a
The absorption spectra of films 1 and 2 measured at 8photon energy of 0.5 eV and temperature of 80 K was found
and 293 K are displayed in Fig. 4. They are in agreemento be 30%, for film 1 it was 12%. For film 2, the magnetic-
with the spectral response of, for single crystalgFig. 1). field-induced change in absorption turned out to be one half
The spectrum of film 1(a partly amorphized onewhich  that for film 1.
exhibits a temperature dependence of electrical resistivity
characteristic of semiconductors throughout the temperature
range studied, resembles that of the, §%1,;MnO; single 3 bi5cUSSION OF RESULTS
crystal. The minimum optical gap for film 1 is 0.2 eV.
When cooled belowl, (curve 2, the fundamental absorption Within the 0.04-1.60-eV spectral region, the optical
edge of this film shifts toward lower energies, i.e. exhibitsconductivity of the lanthanum manganites studied exhibits
the so-called red shift of the absorption edge characteristic ahe following common features: a phonon spectrum below
magnetic semiconductdtdt is such a behavior of the spec- 0.09 eV, an absorption band at1.5 eV with a tailing low-
trum that we observed for a weakly doped,k@r,;MnO;  energy edge, a minimum optical gap0.2 eV for undoped
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and weakly doped LaMng) and the filling of this gap for observed in the spectra of varioud 8xides, including those
heavily doped lanthanum manganites in the FM region. ~ With perovskite structure, for instance, of HTSC com-
The width of the optical gap observed by us in nonsto-pounds® where they are assigned to polarons, i.e. localized
ichiometric polycrystalline LaMn@ (~0.13 eV} and in a carriers. In some oxides, for example, CuO, the low-mobility
weakly doped single crysta{0.17 eV} is in accord with the conduction is totally determined by polarons, which is evi-
calculated electronic structure of LaMp@ which yields denced, in particular, by the fact that the activation energy of
~0.2 eV for the minimum width of the gap. Most of the resistanceE,, is equal to the sum of that of mobility, ,
available band-structure calculatiolls:! as well as the ex- @nd of the polaron binding ener@y, derived fromo  Spec-
perimental optical spectra of LaMaGand CaMn@,*2 sug-  tra: Ea=E,+E; (Ref. 18.
gest that the lowest-in-energy charge-transfer transition in ~Conduction in the PM region of lanthanum manganites
LaMnOs is the indirect transition from a ﬁ”e@éT to an IS apparentlx not dominated by the polaron mechqnlsm. The
empty e2, state, where the} and e? states belong to the ©€N€rgy position of the band.,=0.12 eV, determines the
Jahn-Teller-splite; band of Mi* ions. While such an activation energy of the polaron mobilitf na=4E,, Ey
electric-dipoled-d transition is made possible by the hybrid- =0-03 €V. The polaron binding enerd,=2E,=0.06 eV.
ization of thee, states of Mn with D states of oxygen, its The sumE, +E,=0.09 eV differs considerably from the ac-
intensity, however, is considerably lower than that ofpree  tivation energy of static conduction for this samfle2 eV).
transitions observed to occur at higher energies. The positioR©" Nigh temperaturegn the PM region, the mechanism

of the maximum in the absorption baridptical conductiv- associated with carrier excitation to the mobility edge could

ity) corresponds to the distance between the centers of graP€ @ more likely activated proceSsNote that the concept of

ity of the eé and es states and for LaMn@was calculatet? mobility edge motion with temperature which causes varia-

to be 1.5 eV. The experimental data on the band maximurrtjon of the number of carriers in delocalized states is capable

position and on the minimum optical gap for LaMa@x- of interpreting satisfactorily such phenomena as the metal-
hibit a considerable scatt& 2 apparently because of differ- insulator(MI) transition belowT . and specific features of the

ent deviations from stoichiometry. It appears difficult to H.aII 1‘?{{2“ and magnetoresistance in lanthanum manga-

: - ; ; ites:
identify the optical gap observed in undoped and WeakIJ1 .
doped LaMnQ with a transition between states correspond- As follows from oy Spectra, band carriers do not pro-

ing to particular points in the Brillouin zone. In this sense theyIde a noticeable contribution in the PM temperature region

gap in theo o Spectrum is actually the difference in energiesm single-crystal and polycrystalline lanthanum manganites

- o cicti 30 )
between two levelse! ande?, of a finite width and can be even in low _re5|st|V|ty_sa_1mpIe5p (V.GX 100 -cm), pro-

: o . 9 9 vided the activated variation @f (T) is weak enough, i.e. in
identified with the transport gap.

. . . . . Lag ¢Sih,MNO; and Lg gL 3dMN0O; (Figs. 2 and 3 One
No optical gap is observed n compositions it may conclude that in the PM temperature region conduction
=0.2, ando o, was found to vary noticeably near the 1.5-eV

. ) . . occurs by localized carriers, apparently both by polaron hop-
band. This behavior of ., can be attributed to the following ping and by activation to the mobility edge, with the relative

reaspni:b deni f the localized i he b significance of each process being dependent on the divalent-
edgg;' roadening of the localized-state region at the band, ¢oncentration. As the temperature is decreased below the

- ) . Curie point, where the mobility edge crosses the Fermi level,
(i) A rearrangement of the optical transition SystéMyne \j ransition sets in, and the optical conductivity spectra
caused by the doping-induced rearrangement of the bantlninit 5 strong rise of the band-carrier contributigfigs.
structure. A comparison of the spectra optai‘ﬁenﬂor 2-4). That the change of the conduction mechanisms at the
LaMnO; and CaMnQ suggests that the formation of&y M) transition occurs abruptly is evidenced also by the tem-
spectrum in solid solutions should be affected by the strongerature dependence of the reflectance, which is presented
transition from O to the emptyey band of Mrf* ions.  for single-crystal LggSt, MnOs in Ref. 4. Estimates of the
This conjecture derives from the observation that the intensgs|axation timer made for single-crystal LaSr, ,MnO; by
oopt band at 3.07 eV corresponding to this transition infitting the experimental reflectance spectrum in the FM re-
CaMnQ; (nearly all manganese ions in this transition aregion to calculations performed for a simple one-carrier band
quadrivalenk produces in the spectral range under study OPyield 3% 107 ¢ s. Assumingm*/my=1, we obtain for the
tical conductivity tails which practically do not differ in in-  carrier mobility 0.5 crivV~1s™1. These parameters argue for

tensity from the LaMn@ spectrum; a narrow valence band of lanthanum manganites.
(iii) Band carriers contribute to intensity rearrangement  To reveal the nature of the band carrier spectrum in
in the spectrum. single-crystal LggSr MnO;, the oo, Spectrum taken at 340

On the whole, it may be considered established that th& (PM region was subtracted from that measured at 293 K
1.5-eV absorption band and its low-energy edge derive froniFM region. The difference thus obtained,o,, indicates
transitions involving the states of the Mhand Mrf* ions  that the carrier contribution depends only weakly on energy
and from a carrier contribution. (Fig. 5.

The optical conductivity band at 0.12 eV in A similar spectrum subtraction procedure was performed
Lag ¢Sty sMNO; (see inset in Fig. Pwas observed by us di- for film 2 (Lay ;Srp s;MnOs3). The difference between absorp-
rectly in the absorption spectra of this crytahd of other tion spectra 4 and 3 obtained at 80(RM) and 239 K(PM),
lanthanum manganité$.Similar medium-infrared bands are accordingly, is likewise only weakly dependent on energy
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2.57 hibiting phase separatidii.In this case the low-mobility car-
4 300 riers belong to the antiferromagnetic matrix, and the high-
mobility ones, to the metallic FM regions. The conductivity

"" 1
S 15t -—0 200 § of the crystal as a wholt_a is a sum of two conduc_tivities,
%" ] —'E namely, due to free carriers with a low concentration but
S 1t = high mobility and to carriers having a lower mobility but
E d100 O present in a higher concentration.

0.5¢ ]— 2 The above subtraction of the spectra was performed un-

S
der the assumption that a crossover from the PM to FM
0 : . L L 0 region in a sample with a given composition results in the
0 02 04 06 08 1 appearance of a band-carrier contribution without any
E, eV change in the band structure. If, however, changes in the
FIG. 5. Difference between optical-conductivity and absorption spectrad@nd structure are to be taken into account, one should first
measured in the ferromagnetic and paramagnetic regidhs— determine the part played by the red shift of the absorption
L g5t MnO;s single crystal2 — Lag 7St MnOs film 1. edge in the spectral changes associated with a magnetic
phase transition.

The absorption spectra of the {&r, sMnO;5 film (film
within a broad energy range. For energies less th@rB eV, 1) exhibiting semiconducting behavior @fT) at all tem-
however, a strong increase &K was found, which is simi- peraturegFig. 4 demonstrate clearly a red shift of the ab-
lar to the one observed im,,; spectra of heavily doped lan- sorption edge experienced by the film as it crosses over from
thanum manganites witk=0.3 (Figs. 2 and Band is appar- the PM to FM temperature region, and support our results
ently due to free carriers. obtained on a La ¢St ;MnO; single crystal. The red shift of

One can thus conclude that,, spectra obtained in the the absorption edge is similar to the one observed in mag-
FM region exhibit two band-carrier contributions differing in netic semiconductors, for instance, in EuO and H¢pey,
the o, (E) dependence. Consider the contribution whichwhere it was related to the exchange interaction of carriers
depends weakly on energy and is probably associated witwith localized magnetic-ion spirsThe red shift detected in
low-mobility band carriers. For smatl, one should take into lanthanum manganites may be caused by spin splitting of the
account both terms in the denominator of the expression foe, state. This presupposes, however, that the Hund exchange
high-frequency conductivity =0 /(1+ w?7?), whereo,  energy is not too high compared to the conduction-band
is the static conductivity. Fon272<1, a condition which is  width. Indeed, band structure calculations made for LanO
met in our case forr=3x10" 6 s (from reflectance daja vyield 2 eV for the width of thees band, and about 3 eV for
oopt does indeed depend only weakly on energy, becausthe exchange splittiny: a not too dramatic discrepancy.
within the 0.2—0.5-eV interval the value of 14w?7?) de- The red shift of film 1 is smaller by a factor 2.5 than that
creases by only 5%. in single-crystal LgoSry sMnO5, which can be explained as

The second contribution, which depends strongly on endue to the smaller volume of FM regions in a film compared
ergy, originates probably from mobilgree) band carriers. to that in a crystal. The strong change in the spectrum of film
The plasma frequency for La,Sr,MnO; single crystals 2 exhibiting metallic conduction, which is observed to occur
with x=0.2 and 0.3 in the FM region can be estimated fromat a magnetic phase transition, cannot, however, be a result
the energies at which the equaligy=0 is upheld. This ap- only of the red shift in the ferromagnetic regions occupying
proach yields 2.X 10'*s ! for x=0.2 and 2.&c10'*s * for  alarger volume than those in film 1. It can be associated with
x=0.3. Assuming the hole effective mass'/my=1, the the following factors. First, it is known that the band edges
plasma frequency can be used to estimate the free carriare most sensitive to a red shift, and therefore the displace-
concentration. Such estimates yield a concentration of 0.fnents of curve 4absorption at 293 Krelative to curve 3
% 107% cm™ 3 for thex=0.2 composition and 00107°cm 3 (absorption at 80 K for a fixed absorption coefficier
for x=0.3. Note that the free carrier concentration is lowershould be larger for smalldé€. In experiment, however, the
by 1.5 orders of magnitude than the concentration extra&tedreverse is observed, namely, the maximum displacement of
from Hall effect data for polycrystalline lg-Bag :Mn0O;. curve 4 with respect to curve 3 in film 2 is observed to occur
Estimates of the relaxation time made for the region of at maximum absorption and is1.0 eV. Such a shift of the
strong conductivity growth near the phonon spectrum forband is in no way reasonable, because it exceeds the largest
Lag gBay3MnO; and Lag ;SrysMnO; polycrystals yield red shift measured thus far, viz. that for HgSe, (0.84 eV},
~5x10 %% s, a value higher by an order of magnitude thanwhich is a magnetic semiconductor with a wide conduction
the one derived from reflectance data. The method dé-  band. Second, it is also known that the red shift decreases
termination is based on assuming a linear dependenogith increasing carrier concentration. This was observed
o Y(w?), which is illustrated by the inset in Fig. 3. Making to occur in Gd-doped EuO with increasing &d
a similar estimate ofr for single-crystal Lg-Sr, MnO; is  concentratiorf’ and was attributetito a Fermi level shift.
difficult because of the free-carrier region being close to theélherefore the red shift for film 2 could be expected to be
phonon spectrum. smaller than that for film 1.

The nature of the two carrier types becomes clear if one It can be maintained that, in heavily doped lanthanum
assumes that lanthanum manganites belong to materials emanganites, the fraction of the red-shift-induced changes in
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A direct comparison of the magnetic structures of a surface layer and of the bulk of Ba—M-type
hexagonal ferrites with iron ions partially replaced by Sc diamagnetic ions (BafSz,0;9)

has been made by simultaneous Sdbauer spectroscopy with detection of gamma rays,
characteristic x-ray emission, and electrons. It has been found that, if the magnetic lattice

of a Ba—M-type hexagonal ferrite is weakly diluted by Sc diamagnetic iors3@0-nm thick
macroscopic layer forms on the surface of a BaE®g 0,9 Crystal, in which the iron-

ion magnetic moments are noncollinear with the moments in the bulk. The noncollinear magnetic
structure forms in the near-surface layer of BgEgScO,4 Crystals because the exchange
interaction energy is additionally reduced by the presence of such a “defect” as the surface. This
is the first observation in ferromagnetic crystals of an anisotropic surface layer whose

magnetic properties, as predicted byeNaliffer from those of the bulk. ©€1999 American

Institute of Physicg.S1063-783#9)02203-7

Starting with late '70s, there has been an increasing inexperimental techniques capable of discriminating between
terest in the magnetic properties of crystal surfaces. The reaignals produced by a thin surface layer and the bulk of a
son for this lies in the need to understand the influence ofnacroscopic crystal. The wide use of Bibauer spectros-
such a “defect” as the surface on the magnetic structure andopy in studies of the surface properties of thin films or
characteristics of the surface layer and the contribution of théinely dispersed powders finds explanation in the possibility
surface to the properties of materials. The significance of thgt amplifying (or attenuatiny the signal due to the surface
processes involved in such fundamental phenomena as phagger by enriching this layer in the iron-5or iron-56 iso-
transitions in the surface layer, their differences from andgpe. Recall the unusual experimental finding first reported in
relations to those in the bulk is also presently recognizedret, 3, namely, that the saturation magnetization of a fine
These studies are acquiring considerable application poteoyder is less than that of the macroscopic crystal of which
ti_al as well, becausg the properties of finely o_Iispersed, Nangpe powder was prepared. Msbauer studies led to a conclu-
sized powders, for instance, depend essentially on those Qfy, 4t it is a change in the magnetic structure of the crys-

the crystallite surface. Hence proper understanding of th?allite surface that accounts for the decrease in the saturation

mechanisms responsible for the formation of the magneti%wagnetization of a finely dispersed powAdo explain the
properties of nanosized crystallites can eventually pave thgxperimental data obtained on fine powdersesFe,0;,5

way to developing magnetic information carriers with SUper'y-Fe203,6'7 CrFe0, ® Cr0,.° NiFe,0,, YsFeOo,

high recording densities. Dy,BiFe;0,,,° and BaFg0;4,'! a “shell” model was
proposed*? by which the magnetic structure of the inner

1. STATE OF CRYSTAL-SURFACE MAGNETIC-STRUCTURE part of a crystallite is similar to or, possibly, totally identical

RESEARCH to that of a bulk crystal, whereas in a thin surface layer.

The surface anisotropic layer in ferromagnets was deln the shel) the magnetic moments are arranged noncol-
scribed theoretically by L. N in 19541 The concept of the  linearly.
effect of the surface on the properties of a material was ap-  The shell model is, however, far from being universally
plied to interpretation of experimental data, however, muctaccepted to explain experimental data, with other approaches
later. Indeed, Ref. 2 suggested the existence on the surface lo¢ing available as well. For instance, the spins on the surface
Fe, Co, and Ni of thin films of a nonmagnetidead layer  of NiFe,O,, assumed to be angularly ordered with many
~6 A thick. stable configurations possible, can transfer to a spin-glass
Subsequent investigation of surface properties was donghase with decreasing temperattiteCoFeO, and FgO,
on fine powders and thin films. This can be attributed to thevere suggested to have a disordered stidifs. 14 and 15,
fact that the specific weight of the surface of a crystalliterespectively. It is believed that the spins if-Fe0; par-
increases with its decreasing volume, as well as to the lack dfcles are arranged noncollinearly not only on the surfdde.

1063-7834/99/41(3)/7/$15.00 433 © 1999 American Institute of Physics
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was suggestéd that in order to overcome the bulk anisot- No transition surface layer with a magnetic structure
ropy and reach complete ordering of magnetic momentsliffering from that of the bulk was found by SGXEMS
along the external magnetic field, one has to apply substann M-type hexagonal ferrites (Bak®.9, SrFg,0ig,
tially higher fields than those used to prove the shell modelPbFg,0;9).2® An analysis of model Mssbauer spectra
On the other hand, the results obtained on textyres,0;  showed that if the M-type hexaferrites in question do have a
samples in strong magnetic fields were assidhtminoncol-  transition layer, its thickness cannot exceed a few nm, which
linear spin ordering, and it was shown that the incompletdn order of magnitude coincides with theoretical estimates
magnetic-moment ordering cannot be due to a large magand is substantially beyond the experimental accuracy of
netic anisotropy, as was suggested in Ref. 17. ~10 nm.

Using thin films to study surface properties paved the  Thus the existence in weakly ferromagnetic antiferro-
way to a considerable progress toward understanding the imagnets of a macroscopic surface layer with a magnetic
portance of the problem of “surface” magnetism. It should structure different from that of the bulk of the crystal
be pointed out, however, that the nonuniformity in size of an(called?*transition layer was convincingly established. No
ensemble of particles, the superparamagnetic phenomergych layer was found on the surface of type M hexagonal
the strong dependence on the method of preparation enferrites.
ployed, etc., make investigation of surface properties of fine
powders still more difficult. All these problems are, however,
removed if one uses macroscopic crystals. , 2. EXPERIMENTAL TECHNIQUES AND RESULTS

The first experimental observation of surface anisotropyy: MEASUREMENTS
predicted in Ref. 1 was made in 1972 by Krinchik with co-
workers on weakly ferromagnetic antiferromagnét. was The objective of this work was to study the magnetic
proposed’ that a macroscopic anisotropic surface layer carstructure of the surface layer and compare it directly to that
exist in such magnets when the energy of demagnetizingf the bulk of the BaFg0O, 4 hexagonal ferrite§Ba—M type,
field is small compared to ferromagnets and there is no magwith part of the iron ions replaced by Sc diamagnetic ions.
netic anisotropy in the basal plane, which increases the rolExperimental observation of a transition surface layer in sub-
of surface anisotropy. It is in exactly these conditions thatstituted hexaferrites was assumed to be possible due to the
one succeeded in observing surface anisotropy for the firgbllowing factors. First, substitution in type-M hexaferrites
time in hematite, a weakly ferromagnetic antiferromadfiet. of diamagnetic ions of In, Sc, Ga, or Al for a large fraction of
The experimental data thus obtained permitted a conjecturieon ions gives rise to formation in the bulk of a crystal of a
that within this surface anisotropic layer, caféd transition  noncollinear magnetic structufé.2° Second, the present au-
layer, magnetic moments change smoothly their orientatiothors showe® that substitution in FgBOg of diamagnetic
from that in the bulk to the direction at the surfddedniso-  Ga ions for 9% of iron ions increases by an order of magni-
tropic surface layers were subsequently observed to exist itude the thickness of the transition layer as a result of a
macroscopic crystals of FeBF*?' ErFeQ, and ThFeQ,??>  weakening of the intersublattice exchange bonding due not
which are likewise weak ferromagnets. The thickness of thenly to the incorporated diamagnetic ions but to the presence
transition layer in FeB@ was experimentally found to be of the surface as well. This led the authors to assume that
~500 nm?2%-% substitution of diamagnetic ions for a small part of the iron

The method involving simultaneous measurement ofons(i.e. where a collinear magnetic structure still persists in
gamma-, x-ray, and electron Msbauer spectt&GXEMS, the bulk could initiate formation on the surface of hexagonal
first proposed by the present authors and described in Referrite macrocrystals of a macroscopic surface layer, in
23, offers unique possibilities for probing the surface prop-which magnetic moments would be ordered noncollinearly.
erties of macroscopic crystals. Its uniqueness consists in thathese conditions can be upheld in a Ba—M-type hexagonal
the information on the state of the surface layer and of thderrite, in which part of the iron ions are replaced by Sc
bulk of a crystal is obtained simultaneously, and the fact thatiamagnetic ions, Bake ,ScO,9. It was shown that for
it is based on a single techniqithe Mossbauer effegtper-  substitutions<>1.2 a noncollinear magnetic structure forms
mits one to compare directly the experimental data relatingn the bulk of the crystat’=2° Thus forx<1.2 the collinear
to the surface and to the bulk. structure persists in the crystal. We chose a composition with

The SGXEMS produced the first direct experimentalx=0.6, i.e. BaFg, sS¢ 019, in order to be confident that
evidence for the existence of @400-nm thick transition the noncollinear structure would not appear with such an
layer in macroscopic RBOg crystals(which, like the hema- amount of scandium ions in the crystal.
tite, is a weakly ferromagnetic antiferromagn@tLayer-by- Single crystals of the BakeSq ¢O19 hexaferrite were
layer measurements made by the SGXEMS showed that &ynthesized by spontaneous crystallization from a solution in
one approaches the crystal surface the deflection of the irorthe NaFe®@ melt. The chemical formula and the type-M hex-
ion magnetic moments from their orientation in the bulk in-agonal structure of the ferrite crystals prepared were con-
creases gradually within the transition layéiA SGXEMS  firmed by x-ray diffraction, chemical analysis, and the struc-
study of the surface of FeGa, ,d8O; crystals revealed that ture of the Mwsbauer spectra. The extent of iron ion
substitution of 9% Ga diamagnetic ions for iron ingB®g  substitution was derived also from the dependence of the
increases by an order of magnitude the thickness of the trarGurie temperature on Sc concentration. The Curie tempera-
sition layer®® ture was deduced both from the temperature dependences of
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the effective magnetic fields and by temperature scanning @GXEMS studies of surface layers less than 300 nm thick

a constant gamma-ray source velocity. are based on energy selection of the secondary electfons.
The samples for the Misbauer studies were 80-um The experimental spectra obtained by SGXEMS covered

thick disk-shaped plates 8 nm in diameter cut from single a temperature range from 300 to 750 K. Figure 1 illustrates

crystals. The crystallographicaxis was perpendicular to the room-temperature spectra obtained with gamma rays and

plate plane. Particular attention was paid to the quality ofsecondary electrons, with the gamma-radiation wave vector

crystal surface. The faces of the BaFsSg 019 Single crys-  oriented parallel to the crystallographic axisX-ray Moss-

tals selected for the surface studies were naturally specular ®auer spectra carry information on the layer a fem thick

chemically etched for one minute in orthophosphoric acid aind are similar to those measured with gamma rays. There-

90 °C. Unsubstituted Bak#,4 ferrite plates, similarly sur- fore to make the corresponding plots more revealing, the

face treated, were used as references. x-ray Mossbauer spectra obtained in this work are not
The magnetic structure of the surface layer and of theshown. As seen from Fig. 1, the spectral lines are well re-

bulk was probed by the SGXEMS method. It involves simul-solved. This permits high-precision determination of both the

taneous measurement of ‘Bkbauer spectra of radiations hyperfine-interaction parameters and of the orientation of

having different mean free path lengths in the materialmagnetic moments in the crystal.

namely, gamma quanta, characteristic x-ray radiation, and

secgndary(conversmn_ and Augerelectrons carrying infor- 3. DISCUSSION OF RESULTS

mation on the properties of the bulk and of the surface layers

a few microns and 300 nm thick, respectively. The energy of  The ratio of the first to second, as well as of the fifth to

the electron escaping from the sample is the lower the deepsixth, Zeeman sextuplet lines in a Bkbauer spectrum per-

the atom from which this electron was ejected so thaimits one to determine from the relatigsee, e.g., Ref. 31
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A; 6/ Ay 5=3(1+cog6)/(4sirt o) ) It may be conjectured that the observed magnetic-
moment canting is actually the result of the magnetic ions
the angled characterizing magnetic-moment orientation in having been etched out of the surface layer in the course of
the Crysta| with respect to the wave vector of the gamm@hemicaj polishing, which would entail additional decrease
radiation. of the exchange interaction energy in this layer. To test
As seen from Fig. 1a, the gamma-ray $4bauer spec- this suggestion, Mesbauer spectra were measured of
trum of BaFe; ;Sq (010 is similar to that of the unsubsti- BaFg;O; single crystals prepared simultaneously with the
tuted Ba—M ferrite, with the addition of the well resolved BaFa; 5S¢ ¢01o samples under study by the same chemical-
lines corresponding to the k2 sublattice. An analysis of the polishing technology. The experimental k&bauer spectra
gamma-resonance spectra in Fig. 1a showed that the intengibtained on these Ba©4 crystals are displayed in Fig. 2.
ties of the second and fifth lines in the Zeeman sextuplets ofVe readily see that both the electr@ffig. 2b) and gamma-
each inequivalent site, which correspondAm=0 transi- ray (Fig. 2@ spectra do not have the second and fifth Zeeman
tions, are zero. This means that the anglés zero and, sextuplet lines when the crystallographic agis parallel to
hence, the magnetic moments of iron ions in the bulk of theéhe gamma-ray wave vector. We measured also for compari-
crystal are collinear with the gamma-ray wave vector andson gamma-ray Mesbauer spectra on the same BaBgy
parallel to thec axis. This pattern is observed throughout thesingle-crystal plates tilted so that tbexis was at an angle
temperature range covered and is in a good agreement with the gamma-ray beam. Figure 1c shows such aslauer
available data on the bulk properties of these cryste¢é®  spectrum obtained with gamma rays @t (28+2)°. One
Ref. 31 and references thergin readily sees that canting the magnetic moments away from
As evident from the secondary-electron spedifdg. the gamma-ray propagation direction results in the appear-
1b), their portions corresponding to the velocitiestoff and  ance in the spectrum of Zeeman sextuplet lines correspond-
+5 mm/s contain weak lines not observed in the gamma-rajng to theAm=0 transitions. Thus these experiments show
spectraFig. 1. An analysis of the secondary-electron spec-convincingly that the sample-surface preparation used here
tra revealed these additional lines to be actually the secondoes not affect in any way the magnetic structure of the
and fifth components of the Zeeman sextuplets. This mearsurface layer.
that the magnetic moments of the iron ions occupying sites  Consider the reasons responsible for the canting of mag-
in the ~200-nm thick surface layer are canted at an agle netic moments in the surface layer from those in the bulk.
to the gamma-ray wave vector and, accordingly, to the crysThe orientation of magnetic moments in a sublattice is domi-
tallographic axisc. This pattern persists up to a temperaturenated by exchange interactions in the hexagonal bR ble-
of ~600 K, above which the degraded line resolution com-tween Fe(®)-O-Fe(4,) and Fe(4,)—O—-Fe(1R). The
plicates spectral analysis. The canting anglef the mag- corresponding bond angles are fairly largel40 and 130°,
netic moments from the gamma-ray wave vector calculatednd the Fe—O distance is1.8 and 1.95 A, respectively.
using Eq.(1) was found to be (1% 2)°. Thus the magnetic These interactions account for the largest exchange integrals.
moments of iron ions in the surface laye200 nm thick are Because the Fe{®—-O-Fe(4,)-O-Fe(1X) interaction is
noncollinear both with the axis along which the gamma-ray somewhat stronger, and the chain consists of two exchange
wave vector is aligned and with magnetic moments in theébonds, the spins of the Fef? and Fe(1R) ions are oriented
bulk of the crystal. antiparallel to that of the Fef4) ion despite the strong
The above analysis of Msbauer spectra was checked counteracting interaction between the Feg)l2and Fe(1R)
by obtaining spectra on single crystals tilted in such a wayions, for which the interaction angte 125°, and the Fe-O
that the crystallographic axis made an angler with the  distance is 2.3 and 1.87 A, respectively. The interaction in
wave vector of gamma rays. Figure 1c shows for illustrationthe spinel block is conventional, which results in the mutual
a gamma-ray spectrum obtained with=(28+2)°. We  magnetic-moment orientation specified in Table I. The for-
readily see that canting of the magnetic moments away fronrmation of this axial structure, as well as of the magnetocrys-
the gamma-ray propagation direction gives rise to the aptalline anisotropy, is governed to a considerable extent by
pearance in the spectrum of the Zeeman sextuplet lines coiron ions in the D site, which generates a strong trigonal
responding to transitions witAm=0. The angled derived crystal field with the symmetry axis coinciding with the crys-
from the gamma-ray spectrum in Fig. 1c with the use of Eqtallographic axis. The significance of the contribution to the
(1) is (27=2)°. Taking into account the error involved in magnetic anisotropy due to the KLZrons in the low-
crystal alignment and in calculations, a good agreement obsymmetry octahedrofiTable ) was pointed out in Ref. 32.
tains with the anglea set experimentally. It should be As follows from neutron-diffraction and Msbauer
pointed out that a comparison of the experimental spectra istudies of type-M hexagonal ferrités;2° substitution of Sc
Fig. 1 shows a good agreement in velocity positions of thediamagnetic ions for iron in such ferrites affects considerably
second and fifth gamma-resonance lines obtained with the exchange interaction even in compounds with a relatively
tilted crystal (Fig. 19 with those in the spectra measured small amount of Sc ions. For Sc contents 1.2, a noncol-
with secondary electron@ig. 1b. linear magnetic structure sets%hin a Sc-substituted ferrite
These results prove convincingly that the magnetic mo{x=1.8), the magnetic moments of individual blocks make
ments of the iron ions contained within -2200-nm thick  up a conical block spiral, with the magnetic moments of iron
surface layer are canted away both from thexis and from  ions in each block being arranged collinearly.
the spins of the iron ions in the bulk of the crystal. The areas under the peaks in the experimentasdvio
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bauer spectra were used to calculate the resonant-absorptianit cell. The HF interaction parameters derived from experi-
probabilities (Mossbauer effegt given in Table I. One mental Mssbauer spectra of Bap®,4 and BaFg, ,SG 019

readily sees that the probabilities of resonant absorption imre presented in Tables Il and lll, respectively. The figures
BaFg,0;9 agree well within experimental error with the listed in Tables Il and Il are in a good agreement with pub-
amount of ions on the corresponding sublattices in the crystdished data(see Ref. 31 and references therein, as well as

TABLE |. Distribution of F€" ions over unit cell sites, their spin orientation, and the magnitude of thesbtmier effectthe areas bounded by the
corresponding spectral linefor the BaFg,0,9 and BaFe, ,Sq ¢ O,9 hexaferrites.

Distribution of Fé* ions over unit cell sites

and their spin orientation Mesbauer effect
BaFg;0i9 BaFe1.45¢.019
Sublattice Number of ions Environment Spin direction Area, %(normalized to 2% Area, %(normalized to 22.8
12k 12 Octa up 12.40.2 7.3t0.3
12 - 4.4+0.4
af, 4 Tetra down 4904 5.4:0.4
4f, 4 Octa down 3.80.2 3.6:0.4
2a 2 Octa up 1.40.6 1.1+0.5
2b 2 Trigonal up 1.4£0.2 0.9:0.2

dipyramid
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TABLE I1l. Effective magnetic fieldsH;, isomer shiftsé, and quadrupole splittingdE for BaFg, 0,4
measured at room temperatuthe isomer shifts determined relative tex Fe).

Hei (kOE) 6 (mm/9 AE (mm/9
Sublattice [v] [e] [v] (e] [v] [e]
12k 416+1 422+1 0.34+0.01 0.35-0.01 0.42:0.01 0.42:0.02
4f, 493+1 495+1 0.27+0.01 0.29-0.02 0.19-0.02 0.09-0.04
41, 520+3 523+1 0.38+0.01 0.35-0.02 0.27:0.01 0.26-0.04
2a 508+3 508+3 0.33+0.01 0.310.02 0.16-0.02 0.110.04
2b 403+5 401+5 0.30+0.02 0.25-0.10 2.07-0.04 1.84-0.20

Refs. 33,34 A comparison of the HF parameters obtained  These data agree with neutron diffraction measurements
for BaFg,0;9 and BaFeg; sS¢ 019 reveals a pronounced which imply that, when present in low concentrations, Sc
change in these parameters induced by such a seemingly iiens occupy » sites, while for substitutions below 30% they
significant &=0.6) substitution of Sc for iron ions, which enter also 4, sites?’~2°The strengthening of the lines cor-
implies a selective pattern of Sc ion arrangement. responding to the # irons (Table |) should be assigned to
As seen from the experimental spectra and the tables, She large calculational error with which the poorly resolved
doping brings about the formation of thekl2sublattice and  sextuplets for the #;, and 2a iron ions were treated. Local-
a weakening of the lines corresponding to the irons sitting aization of Sc ions at B sites weakens exchange bonds con-
the 2b and 1Xk sites. The formation of the k2 sublattice  necting theSandR blocks, and therefore the Curie tempera-
can be explained by the Sc ions occupying tihesites. The ture per substituting Sc diamagnetic ion decreases by 160—
12k iron ions are involved in six exchange bonds, namely,170 K, whereas incorporation of Al or Ga ions reduces the
three bonds with the irons in the 4sites, two - with 4, Fe  Curie temperaturd; by 50-60 K forAx=1. The present
ions, and one, with the Fe in the trigonal dipyramid. As aauthors derived the Curie temperatures from the experimen-
result of Sc ions entering theb2sites, part of Fe ions in the tal data. For thex=0.6 ferrite, we obtainedl.=647 K,
12k sites will no longer take part in the Fefp—-O—Fe(1R)  which is in a good agreement with available data
bond, whereas the other part of the Fd(JLibns will retain Summing up, it can be argued that Sc diamagnetic ions
this bond, thus creating an inequivalent situation. The raticubstitute for iron ions in the Bale:Sg ¢O1g Crystals cho-
of the numbers of ions in the k2and 1X’ sites will be sen by us at thel2 and 4f, sites and favor formation of a
proportional to that of the magnetic and nonmagnetic 2 noncollinear magnetic structure by breaking the magnetic
ions. bonds. A Sc content of 0.6 is, however, far from being suf-
As seen from Table |, the numbers of iron ions at theficient to disrupt collinearity in the bulk’=?° The exchange
12k and 1%’ sites in BaFeg, .S 019 are related approxi- interaction energy in the surface layer of the crystals under
mately as 2:1. At the same time if Sc ions occupy only 2 study decreases not only because of the presence of the dia-
sites, the ratio of the magnetic to nonmagnetic ions on the 2 magnetic ions but as a result of an additional surface-induced
sublattice in a ferrite with this compositior= 0.6, should decrease of the exchange interaction energy. Indeed, it was
be, as follows from the above discussion, 2:3, which is ashowrf® that substitution of Ga diamagnetic ions for 9% only
odds with the observatior(see Table)l Hence iron ions are of iron ions in FgBOg increases by an order of magnitude
replaced by Sc not only int2but in other sites as well. As the thickness of the transition surface layer. This gives us
evident from Table I, for this value of iron ions with op- grounds to assume that the reason for the formation of a
positely oriented magnetic moments are replaced approxihoncollinear magnetic structure in a surface layer of the
mately in the same amounts, i.e. substitution takes place fdaFe, S¢ 09 Crystals is the additional decrease in the ex-
both the 2 irons with spins up and the spin-down iron ions change energy caused by such a “defect” as the surface.
occupying the 4, sites. Thus we have presented the first experimental evidence

TABLE lll. Effective magnetic fieldH,, isomer shiftss, and quadrupole splittingSE for BaFe; ,S¢ ¢O19
measured at room temperatuthe isomer shifts determined relative te Fe).

Heir (kOE) 5 (mm/9 AE (mm/9
Sublattice [y] [e] [v] [e] [y] [e]
12 413+1 414+1 0.37+0.01 0.38-0.01 0.41-0.02 0.39-0.03
12 325x1 327+2 0.38+0.01 0.35-0.03 0.41-0.03 0.36-0.06
4f, 486+1 486+1 0.31+0.01 0.30-0.02 0.24-0.02 0.24-0.04
4f, 512+1 514+1 0.43+0.01 0.33-0.02 0.32:0.02 0.41-0.04
2a 505x2 - 0.33:0.01 - 0.12-0.02 -

2b 406=3 - 0.43:0.02 - 2.0%0.05 -
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for the existence in Ba-M-type diamagnetically substituted®G. S. Krinchik, A. P. Khrebtov, A. A. Askochengkiand V. E. Zubov,

hexagonal ferrites of a200-nm thick surface layer with the
iron-ion magnetic moments canted away from theaxis,

while the magnetic moments of the bulk ions are oriented

parallel to the crystallographic ax¢s This is the first obser-
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The investigation of the specific heat of a RbDy(W®&single crystal at temperatures 0.2—-2.5 K
and in magnetic fields upt2 T are reported. The temperature dependence of the specific
heat neaiT\=0.818 K is compared with the predictions for different models. TBel&ng model
describes satisfactoril€(T) below Ty, while for T>Ty none of the theoretical models

agree with the behavior o€(T) of RbDy(WQ,),. The H-T phase diagram foH | c is
complicated and possesses a triple point, where regions of existence of three magnetic
phases converge. The magnetic ordering is analyzed from the standpoint of the Jahn—Teller
nature of the structural phase transitions occurring in RbDygW@t higher temperatures. It is
shown that the form of the phase diagram depends on the direction of the edimrthe

general case of an arbitrary directiontdf two phase transitions can occur with increasing field.
© 1999 American Institute of PhysidS1063-783#9)02303-5

Investigations of alkali-halide ditungstates MRe(W& The use of a H&cryostat made it possible to obtain, in
(M — alkali ion, Re — rare-earth elemenare of special the standard manner, a minimum temperature of the calorim-
interest because of the possibility of magnetic and structuratter together with the sample of about 0.5 K. In the present
phase transition$MPT and SPT in these materials. These measurements adiabatic demagnetization was used for fur-
low-symmetry compounds contain Re ions with close-lyingther cooling. For this, the RbDy(Wf), sample was cooled
energy levels, which results in an SPT associated with thén a 1.5-2.0 T magnetic field to temperature 0.55-1.0 K as a
Jahn-Teller effectJT). Indeed, such a transition has beenparamagnetic salt. Then the intensity was decreased
recorded in a monoclinic KDy(Wg), (T.=6.38 K) single slowly. In the process, cooling of the sample and the adden-
crystal® In KDy(WO,), a transition has also been observeddum occurred. In this manner, we were able to achieve a
into the antiferromagnetiGAFM) state affy=0.6 K2 How-  minimum temperature of the calorimeter together with the
ever, in KDy(WQ,), the character and characteristic featuresRbDy(WQ,), sample of 0.2 K foH || a and about 0.3 K for
of the magnetic orderingMO) of the Dy** sublattice could H|| c. The lowest temperature in each experiment performed
not be investigated in detail because of the low valu&ef  using adiabatic demagnetizatignith a definite value oH)
We have reported the observation of an MPT to an AFMcorresponded to an MPT to MO, after which a further de-
state with Ty=0.818 K in the compound RbDy(Wg,.2  crease oM resulted in a rapid increase of the sample tem-
The results reported are a continuation of investigations operature. Fixing the temperature and the magnetic field in-
MO of the Dy*" sublattice in RbDy(WGQ),. The existence tensity at the commencement of heating gave the value of the
and relative influence of the JT effect and magnetic interacpoint on the phase line of thé — T magnetic phase diagram.
tions could lead to interesting features of MO in crystals with
JT ions? In the present paper we report the results of Meay EXPERIMENTAL RESULTS AND DISCUSSION
surements of the specific heat of an RbDy(¥WOsingle
crystal nearTy for two orientations of the magnetic field
relative to the crystallographic axed:|| c andH | a.

The temperature dependence of the specific heat of the
RbDy(WGQ,), crystal neaiTy is presented in Fig. 1. One can
see thatC(T) has a peak afy=0.818 K, associated with the
MO of the rare-earth sublattice. The asymmetric shape of the
peak in the specific heat attests to the different nature of the

Rubidium-dysprosium ditungstate has a monoclinicchange inC(T) as Ty is approached from the high- and
a-KY(WO,), structure C5,—C2/c), characteristic for a low-temperature sides.
number of rare-earth ditungstates at room temperature. The We note that the temperature depende@@) for
lattice parameters area=10.66 A, b=10.45 A, and T<2.5K actually characterizes the magnetic contribution to
c=7.569 A>® The samples and a number of methodologicalthe total specific heat, since RbDy(W)3 is an insulator and
features of the specific-heat measurements are described donduction electrons do not contribute to the specific heat,
preceeding publicatiorfs>’ while the lattice specific heat at these temperatures is negli-

1. SAMPLES AND EXPERIMENTAL PROCEDURE

1063-7834/99/41(3)/5/$15.00 440 © 1999 American Institute of Physics
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gibly small. This is confirmed by measurementddfT) for  to zero. As one can see from Fig. 2, the critical exponents for
the compound KDy(WG),, which is close in composition RbDy(WGQ,), are close to the values for th®2sing model.
and structure and also has a monoclinic structdrindeed, The temperature dependence of the magnetic entropy of
the Debye temperature in KDy(W® is about 280 K, and  RbDy(WQ,), near Ty is shown in Fig. 3. The plot was
the phonon contribution to the specific heat at temperaturesbtained by integrating the specific heat
T<2.5 K is very small. It is known that the existence of an Te(T)dT
arbitrarily small anisotropy has the effect that, based on its  AS(T)= J . 3
Heisenberg type, the system near the critical point manifests o T
Ising behavior’ The existence of anisotropy in the Above Ty, the entropy should approach the vaRie2 in
RbDy(WO), crystal is confirmed by measurements of the gccordance with the molar entropy of the electronic doublet
magnetization in the paramagne(RM) phase. This gives a of the ground state of the By ion. As one can see from Fig.
basis for comparing the behavior of the specific h@@T) 3 this does not happen. Indeed, Tag the entropy is only
near the Nel temperature with the dependences for e 2 4004 of RIN2 and is much less than this value even at
and D Ising models(Fig. 1. Figure 1 also shows the the- T2 5 K. We note that fof >2 K contributions from the
oretical dependence for theY model. It is well known that  |attice and the SPT appear i@(T) and correspondingly
the behavior ofC(T) for the XY model neafTy is virtually  g(T). Indeed, measurements 6{T) show that two SPTs
identical to that of the Heisenberg model in the same temMgith T.,=4.9 K andT¢,=9.0 K occur in RbDy(WQ),.2
perature rang&’ As one can see from Fig. 1, the behavior of However, the contributions of the lattice and SPTI(E)
the specific heat neafy agrees well with the theoretical
behavior for the B Ising model at temperatureB<Ty,
while for T>Ty none of the models presented describes the
experimental dependence of the specific heat. a o
Figure 2 shows in double logarithmic coordinates a plot 0.25 o :
of the reduced specific he@/R (R is the gas constanas a
function of the reduced temperatufé (T*=1—-Ty/T for
T>TyandT*=1-T/Ty for T<Ty). As is well known, the
critical behavior of the specific heat in the limit—Ty
above and belowl is characterized by the critical expo- O,
nentsa anda’ in the following equations: -025}F

T
o

Qo

log(C/R)
(=]

) O T>Ty
C/Rox A'(1-TITy) ¢ for T<Ty, ) o T<Ty

C/Rx A(A-Ty/T)* for T>Ty. (2 -0.50 L. N — - —

The slopes of the curves IdQR) versus lod* asTy is .
approached from the high and low temperature sifég 2 logT
: : " f
give directly the values of the critical exponeatanda’. It FIG. 2. Log—log plot of the specific heat of an RbDy(\W@single crystal

is Well known th‘?t for the B |Si'_1_g model a=a’'=1/8, s a function of the reduced temperat@itg(T* = 1— Ty /T for T>Ty, and
while for the 2D Ising model the critical exponents are close T*=1-T/T, for T<Ty).
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FIG. 3. Entropy increase due to magnetic ordering of Dyons in an a simple square latticésq) and corresponds to thel2Ising model.

RbDy(WGQy,), single crystal.

oretical lines calculated for an Ising AFM by constructing a
can only decreasAS;,,4. The observed behavior &S,  high-temperature expansion in terms of the shift of the
cogl+d be due to the characteristic features of the MO ofanomaly of the magnetic susceptibility in a magnetic fiéld
Dy®" ions. For an SPT into an antiferrodistortional phase
(just as in low-symmetry dysprosium compounds Tn(H)=Tn(O{1= (H/He) ), )
KDy(MoQ,), (Ref. 4 and KDy(WQ,), (Ref. 11), it appar- whereé=0.87 andé=0.35 for square and simple cubic lat-
ently also occurs in RbDy(Wg), (Ref. 8) the crystal sepa- tices, respectively, and, is the field of the metamagnetic
rates into two or more crystallographic sublattices. For AFMtransition atT=0. For an RbD¥WO,), crystal the experi-
ordering below the Na temperature additional separation of mental curveH(T) in a field H || a agrees satisfactorily with
the crystal into two or more magnetic sublattices occurs irthe curve calculated according to the expressiénwith
each of the crystallographic sublattices. In reality, for ex-£=0.87 andH.,=0.45 T. This indicates that ordering of the
ample, in the case of KDy(Mog),, a complicated magnetic Dy** sublattice is two-dimensional.
configuration with AFM interactions along the crystallo- The temperature dependence of the specific heat of
graphicc axis and FM interactions along tlaeaxis arises. In RbDy(WQ,), in a magnetic field applied along theaxis is
this case, the KDy(Mog), crystal below the Nel tempera-  displayed in Fig. 5. The behavior «(T) for H|c was
ture indeed separates into four magnetic sublatfi¢étn an  found to be more complicated than fet|a. Thus, as the
RbDy(WO,), single crystal the magnetic structure can bemagnetic field increases to 1.4 T, the specific-heat peak shifts
even more complicated than in the case of KgO,),, in the direction of low temperatures, and the amplitude of the
considering the fact that the crystal symmetry is lower tharpeak decreases. As the field increases further to 2T, the po-
in molybdates. Ultimately, the crystal can separate into aition of the maximum of the specific heat remains virtually
large number of sublattices, actually into clusters. In the casanchanged.
of clusters, especially with a small number of magnetic ions, We constructed thél — T magnetic phase diagram for a
the value ofA S,,4 should not reaclRIn2.® Thus, it is quite  magnetic fielcH || c according to the positions of the peaks of
difficult to determine unambiguously the reason for such beC(T) in a magnetic field and points obtained by the method
havior of AS;,,4, and it could be due to diverse factors, of adiabatic demagnetizatidiffig. 6). The points connected
primarily, the complicated magnetic structure realized aty the dashed line were obtained from the specific-heat
temperatureI <Ty. curves, and the solid line was obtained by adiabatic demag-

Measurements of the specific heat of an RBN®,), netization. A characteristic feature of thk—T diagram for
single crystal in magnetic fields applied in the direction ofthe caseH | c is the existence of a triple point with the co-
the crystallographi@ axis have been reported previoudly. ordinatesH;~1.9 T andT.,~0.6 K. One can see that three
As the field increases, the specific-heat peak correspondirgjfferent phases coexist at this point. Unfortunately, the
to a transition into the AFM phase shifts in the direction of maximum magnetic field was only 2 T. This is due to the
the low temperatures, and its amplitude decreds€kis fact that in contrast to the cadeé| a the application of a
means that the interaction along theaxis is of an AFM  magnetic fieldH>2 T gives rise to strong stresses in the
nature. The field-dependendg(H) constructed according crystal and causes the sample to become detached from the
to the positions of the peaks in the specific heat in a magnetisapphire substrafe.
field is the line of a metamagnetic transition between AFM In the case of an RbOWO,), single crystal the effect
and PM phasefFig. 4). of the interaction of JT distortions on the characteristic fea-

The experimental phase line was compared with the thetures of the MO cannot be neglected. Indeed, in this case the
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interactions of the JT distortioris larger than) (J denotes  |owest Kramers doublets of the electronic shell of the' Dy

the magnetic interactionsand the SPT occurs at a higher jon are studied. One contains the wave functipns,) and
tel"ﬂperatl.]rb1 than the MPT. As is well known, correlations exhibits magnetic properties a|0ng thex @.Xis, while the

of JT distortions strongly influence the MPT temperattre. gther contains the statéstJ,) and manifests magnetic
Moreover, the JT interactions can play a decisive role in theyroperties in the direction ofydaxis (x,y,z are the axes of
formation of the magnetic structure at temperatufesTy.  the “magnetic” coordinate systemTunneling splitting re-

In t.hIS case, the molecuila_r JT fleld_aC'fS as part of the Magsits in a superposition of the states on different doublets, but
netic anisotropy, determining the orientation of the magnetiGyis goes not greatly affect the qualitative picture, so that in

momenf[s“. This anisotropy of a JT nature can give rise 10 ypa¢ follows we shall assume that tunneling splitting does
separation of the “easy” magnetic axes in each of the sub-not occurA=0.

lattices into which the crystal separates. All this should lead As is well known'® a magnetic field which is not di-

to a complicated magnetic structure and, correspondingly, focted along the bisector of the coordinate angdy de-

com_lr_)rl:cated phe;se cri:agragj. b lained usi stroys the equilibrium between the lowest Kramers doublets
four—coemmgr?grilcs[;u?ii)i i:wa?r:?)?élcl:r?r:hise rﬁgz:llrt]ﬁe tuviljng nd produces a difference in the populations of these dou-
P P P blets. This signifies the appearance of JT distortiGrt§.In

other words, a magnetic field gives rise to induced JT distor-

S — tions. Therefore a magnetic field should destroy the SPT, if
20F Q Hile ] the low-temperature _phag:e is ferrodistortional. !Experi.ments
[ 2 ! ; show that an SPT exists in RbD/O,), samples in a wide
[ 5 ] range of magnitudes and directions of the magnetic fisidl,
L5F 5 ] that the low-temperature structurally ordered phase should
= [ D'O—\g,\ 3 ] not be ferrodistortional. Let us assume that the low-
T ol AN ] temperature structure is antiferrodistortional. This means that
[ / \\ ] it consists of two sublattices, in each of which the magnetic
! “a ] properties predominate along tkeandy directions, respec-
051 N tively.
\ ] At the MPT temperature the population of the excited
ol e Kramers doublet is exponentially small, i.e. only fheJ,)
0.3 0.5 0.7 0.9 doublet in one sublattice and the: J,) doublet in the other
I,K sublattice can be considered. In the magnetically ordered
FIG. 6. H—T magnetic phase diagram of RbDy(WQ for H [c: 1 — state each structurgl sublatti(_:e sepa_lrates i_nto(twopossi?
region of the AFM phase2 — region of the “intermediate” phassg —  Ply, more magnetic sublattices with antiferromagnetism

region of the paramagnetic phase. vectors directed along thexGand Oy axes. An external mag-
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netic field creates favorable conditions for a homogeneouserved. It was shown that beloVy the temperature depen-
paramagnetic phase, so that the MPT temperature decreas#nce of the specific heat is described satisfactorily bjpa 2
with increasingH. There exists a critical valukl;, above Ising model, while forT>T) the critical behavior cannot be
which the AFM phase is destroyed even at zero temperaturelescribed by any known model. The phase diagranHffc
If the magnetic field is directed along the bisector of thepossesses a triple point, where three different magnetic
coordinate anglexOy, then it has the same effect on the phases merge, while fdd | a there is only one phase line.
magnetic properties of both structural sublattices, so thathe topology of theH —T phase diagram was analyzed on
AFM ordering breaks down simultaneously in these sublatthe basis of a four-component pseudospin model taking ac-
tices, i.e. in this case we have one MPT. If the magnetic fielccount of the JT nature of the SPT. It was shown that the form
is parallel to the @ or Oy axis, then it acts only on the of the magnetic phase diagram depends on the direction of
magnetic moments of one of the structural sublattices, anthe vectorH, and in the case of an arbitrary orientationtbf
once again we have one MPT. In the intermediate case, thievo MPTs are possible.
vector H has nonzero and unequal components
H.#H,, which destroy antiferromagnetism in the structural
sublattices at different temperatures. In this case we have twigE-mail: markov@host.dipt.donetsk.ua
MPTs in different fields. It should be noted that these results
do not agree with the corresponding results for anisotropiclM T Borowice. V. P. Dvak A Jedrzeiczak V. | Markovich
H H H FP M. T. Borowiec, . . yakonov, . Jedrzejczak, . L arkovicn,
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The specific heat of the KTiOR(rystal has been measured with a vacuum adiabatic
calorimeter within the 80—300 K range. A peak-shaped anomaly in the specific heat indicating a
phase transition has been revealed in@gT) curve atT=279 K. Numerical integration

of smoothened experiment@l, (T) curves yielded the thermodynamic functions of KTiQRO
namely, the entropy, enthalpy, and reduced Gibbs energy. The entropy and enthalpy of the
observed transition have been determined. 1899 American Institute of Physics.
[S1063-783409)02403-X]

The potassium titanyl phosphate KTIOPQKTP) be- 1. EXPERIMENTAL TECHNIQUES AND RESULTS

longs to the class of highly promising nonlinear optical ma-

terials enjoying wide use in laser technology and micro- and The KTP single crystals were grown from a
opto-electronics. These crystals possess also a unique comiO—K,HPO,—KH,PO, melt solution. The seed wa$00)-
bination of interesting physical properties. Besides the noneriented to within 5'. The seed was totally immersed into the
linearity in optical characteristics, they exhibit ferro- and py- melt solution and was rotated during the growth with a rate
roelectric properties, a high optical strength, and ionic conof 80 to 120 min! in different stages of the process, de-
duction!~® Because the KTP crystal is known as a nonlinearpending on the size of the growing crystals and the actual
optical material, the relevant published data relate primariljtemperature gradients in the crystallization zone. The tem-

to its optical properties. At the same time its thermal andperature at the beginning of synthesis was varied from 1320

thermodynamic characteristics, which are undoubtedly botho 1360 K. The grown crystals were 50X 40X 12 mm in
of pure scientific and applied interest remain very poorlysize.

investigated. This work reports a study of the specific heat of
KTP crystals in the 80—300 K range.

Cp» J(K-mol)

140

120
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40

calorimeter with discrete heat injection in steps of 0.9-2.1 K.

FIG. 1. Temperature dependence of
the specific heat of KTiOPQ
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The specific heat was measured in a vacuum adiabatic
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TABLE |. Smoothened values of the specific heat and the changes of theion in the KTP crystal at this temperature. It should be

thermodynamic functions of KTIOPO pointed out that a dielectric study of KTP revealed breaks in
~ 2
Co(T)  S(T)-S(80K) @ (T)—d(80K) the temperature dependencesadnd tad atT=.280 K.A It
H(T)—H(80K), was concludetithat the crystal undergoes at this temperature
T.K J(K-mol) J/mol a structural rearrangement associated with disorder in the
80  44.42 0.000 0.000 0.0 potassium sublattice &t=280 K. In order to establish the
100  57.95 11.35 2.623 1024 nature and mechanism of the structural transformation occur-
120 70.26 22.99 6.530 2306 ring in KTP at T=280 K, however, comprehensive x-ray
140 8144 34.67 11.14 3823 diffraction measurements have to be carried out. Numerical
160 9157 46.21 16.14 5553 ) ; .
180 1007 5753 21.37 7476 mtegratlon of the smoothened expenm_en@,]('r_) curve
200 109.0 68.57 26.71 9573 yielded the changes in the thermodynamic functions of KTP,
220 1165 79.32 32.11 11828 namely, the entropy, enthalpy, and reduced Gibbs energy.
240 1232 89.74 37.52 14224 The smoothened values of the specific heat and the changes
260 129.2 99.85 42.91 16748 in thermodynamic functions derived from them are given in
280 1347 109.63 48.25 19 388 .
300 1398 119 10 53.53 22133 Table I. The chgnges in the eptropy and enthalpy of the
observed transition are, respectively, 0.01&K Jhole) and
3.8 J/mole.

The sample, 9.76 g in mass, was heated during the measurér. c. zumsteg, J. D. Bierlin, and T. E. Gier, J. Appl. Ph¢3, 4980
ments with a rate of 0.04-0.10 K/min. The error in specific ,(1976. _ _ _ _
heat measurement, estimated against Class 1 KV-quartz ref-\z/'zANgaée%”;'zfgég' I. Paviova, I. S. Rez, and I. P. Grigas, Litov. Fiz. Sb.
erence did not exceed 0.3% within the temperature rangey. k. yanovski, V. I. Voronkova, A. P. Leonov, and S. Yu. Stefanovich,
covered. The experimental data on the specific heat wereFiz. Tverd. Tela(Leningrad 27, 2516(1989 [Sov. Phys. Solid Stat27,
Ieast-.squares fitted toai-:Zis=oAiTi polynomial. s 4,:&5%8(6(39(?30]\./ V. I. Voronkova, S. Yu. Stefanovich, and V. K. Yanovski
F|gur¢ 1 plots experimental vaIue§ of the specific heat of pis'ma zh. Tekh. Fiz11 No. 2"85(1985 [Sov. Tech. Phys. Lett., 209
KTP against temperature. The specific h€gtof the KTP (1985].
crystal is seen to grow monotonically with temperature, but®A. A. Bogomolov, R. M. Grechishkin, O. N. Sergeeva, V. A. Maslov, and
at T=279 K one observes a clearly pronounced peak-shapedV- V. Shcherbakov, Kristallografiyd2, 478(1997 [Crystallogr. Rep42,
anomaly in theC,, (T) curve(see the ins¢t The presence of 432 (1997},

an anomaly in specific heat implies a structural transformaTranslated by G. Skrebtsov
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Two forms of polarization relaxation in polydomain ferroelectrics in an electric field
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The characteristic features of the polarization and depolarization kinetics of polydomain
ferroelectrics with square and narrow “extended” dielectric hysteresis loops are investigated for
the model of TGS and BEnCl, crystals. It is shown that for the second crystal, in

contrast to the first crystal, the local free energy is asymmetric relative to the direction of
polarization, the coercive field does not have a definite value, and only part of the crystal volume
participates in the slow thermoactivational relaxation. The slow relaxation follows a

universal empirical power law in all cases. The distribution functions of the relaxation times in
crystals are constructed on the basis of experimental data, and comparative estimates are

made of the relaxation parameters and the parameters of the energy barriers for domain walls.
© 1999 American Institute of PhysidsS1063-783#9)02503-4

Investigations, performed over many years, of relaxationl. EXPERIMENTAL PROCEDURE
processes in dielectrics have yielded extensive information
about the characteristic features of the polarization kinetics The polarization of the crystal was measured with an
of diverse poly- and single-crystal materidlk the last few €equal-arm electrometric bridge. A standard capacitor with
years, inhomogeneous systefnsixed or defective crystals, Ccapacitanc€, was connected to the first arm and the experi-
spatially modulated structurés, glasses, and so drfor mental crystal was connected to the second arm and sources
which many long-lived metastable states and, in conseof a constant voltag® polarizing the crystal and compen-
quence, extremely slow relaxation to thermodynamic equiSating voltagev were connected to the two other arms. A
librium are characteristic have been attracting most interedd7-29 electrometer served as a null indicator in the diagonal
mainly because of their potential technical applications.  of the bridge. When the bridge was balanced by adjusting

Polydomain ferroelectrics are an example of such inhothe voltage on the crystal was equal Yoand the electric
mogeneous systems. These materials apparently can servech@rge on the electrodes wgs=Cov. The required sensi-
a model for experimental investigations of the general feativity of the circuit AQ=CyAv can be fixed by choosing a
tures of slow kinetics of structural and physical propertiesdefinite value ofC,. The maximum sensitivity(for C,
because it is possible to use highly sensitive electrical mea= 10 pF, Av=1 mV) wasAQ=10 84C. Voltage compen-
surement methods. Slow relaxation of the polarization of esation in the bridge diagonal and measurement recording
triglycine sulfate(TGS) crystal in weak electric fields was were automated using a system that permits constructing on
investigated in Ref. 4, where it was shown that the spectra dhe monitor screen of an IBM PC the time-dependence of the
the energy distribution of the potential barriers for domaincompensating voltage and therefore the chardge or polar-
walls can be reconstructed from the experimental data and ization P=Q/S (S is the area of the electrodes\ detailed
was found that they transform when the state of the domaidlescription of the apparatus and the operation of the system
structure, surface and magnitude of the field change. This given in Ref. 4. The crystal sample consisted of %!
experimental data were analyzed assuming that the processXsl mm rectangular wafers cut from a single crystal perpen-
thermoactivational and that the relaxation centatsle) are  dicular to theY polar axis. The large faces of the wafers were
independent and their contribution to the total polarization isground and coated with an electrically conducting silver
additive. For a TGS crystal these assumptions are naturglaste. The samples were placed in a cryostat. The tempera-
since, during measurements in weak fieldsuch weaker ture stabilization error did not exceed 0.01 K.
than the coercive fie)d no fast process leading to switching The measurements were performed in the polar phase of
of the polarization above the barriers was present. In théhe crystals at fixed temperatures for the following three re-
present paper we report the results of the detection andimes of variation of the external electric field: The polariza-
analysis of a different form of slow relaxation of domain tion was recorded with a slow stepped cyclic variation of the
structure in an R{ZnCl, crystal(RZC), for which thereisno field with period ~1.5 h (quasistatic dielectric hysteresis
definite value of the coercive field and an entire interval ofloopg, a constant field with relatively small amplitude was
such fields exists, while the equilibrium value of the polar-switched on virtually instantaneously, and the constant field
ization depends on the strength of the field. The results ofvas switched off after short-time—~5 min) prepolarization
these investigations are compared to data for a TGS crystaldepolarization

1063-7834/99/41(3)/6/$15.00 447 © 1999 American Institute of Physics



448 Phys. Solid State 41 (3), March 1999 Gladkii et al.

a P, uClem? b 0.15
3
0.10
| 0.035
A
E, kV/em
-5 10 -0s5 (o] os 10 15-6 -4 -2
2
0.067 P, pClcm?
-1l -0.05 /-
0.04 ;
1 -0.10 |
0.02
3
] -0.15 4 )
0.00 , _L min

FIG. 1. Quasistatic dielectric hysteresis loops of the polarizafom an electric fieldE for TGS and RbZnCl, crystals a — TGS, T=293 K,
T.=323 K; b — RzZnCl,, T=175 K, T.=194.9 K. InsetP versus time with a step change kh

2. RESULTS AND DISCUSSION A characteristic feature of the initial stages of the polar-
. o . ization P for the two crystals is also manifested on the relax-
The difference between polarization processes in TG.é;tion curves in a comparatively long time interykigs. 2a,

and RZC crystals is clearly seen in the dielectric hysteres%)_ After the field E is switched on instantaneously, at the

loop in a periodic electric fieldFig. 1). For the crystal the 7. = .
loop has a pronounced square shape and the values of tbnét'al moment ¢=0) of the slow relaxation the values Bp

coercive fieldE;, which equals the half-width of the loop, ror dlff_erent Va'“e_s OfE<E, are the same _for TGHno
and the spontaneous polarizatiBg are determined reliably. Jumps in P) and different for RZC. The jump u?.for RZC
After the fieldE has decreased to zero, the residual poIariza?’ all th? larger, the largekt. Th.us,. for TGS rapid changes
tion is almost half ofPg and remains virtually unchanged for (jumps in P are observeq only n fields=E, whereas for

a long time(the depolarization time is longFor the second RZC they are observed in a wide range of value€oft is
crystal the loop has an extended shape, it is doubtfulRhat na-tural to attrlbqte this feature of thg R.ZC. crystal to the
can be determined reliably from the shape of the loop, an(ga?(lste.nce of a wide spectrum of the distribution of the coer-
the residual polarizatioR vanishes comparatively rapidly as CV€ field E¢ over the volume of the sample. As a result, in &
E decreases to zerihe depolarization time is shortThe f|elq of virtually any strength part of the. crystallls polarized
hysteresis loops in Fig. 1 pass through the experimental val2Pidly (above-barrier procesand a part is polarized slowly
ues ofP, obtained with a sharp step change of the figloly (thermally-active procegslf necessary, the spectrum of the
20-100 V/cm with an interval of 1 min. The fast stage of thedistribution of E; can be constructed from the experimental
relaxation ofP terminates over this time and a slow processdata presented.

of further change irP commences. The fast stages for the [N principle, the processes leading to the depolarization
crystals also differ substantially. For TGS in fieEs:E, the ~ ©Of the crystals should contain information about the spectra
polarization changes gradually, following a definite temporaIOf the distribution of the energy barriers for domain walls in
law. For RZC in a wide interval of fieldéoth less and more the absence of an electric field. The results of an investiga-
than the half-width of the loop in Fig. 1bP changes tion of the slow depolarization for TGS are contained in Ref.
abruptly at first, then gradually, and a kink, indicating a5, and the results for RZC are displayed in Fig. 2c. Just as for
sharp change in the relaxation mechanism of the domaithe polarization of a crystal, after the field is switched off the
structure, exists in the curve of the time-dependende. ok polarizationP at first decreases abruptly and then it slowly
fragment of this dependence from=0 to the value at relaxes to the zero equilibrium vald@set in Fig. 2¢. The
E=0.5(curvel) and 1 kV/cm(curve 2) is displayed in the preliminary polarization time of the crystal in fields of dif-
inset in Fig. 1b. The duration of the fast stage of the relaxferent magnitudée before they are switched off was 5 min.
ation of P with a sharp change ik does not exceed 15 s. We shall make a phenomenological analysis of the slow
The values ofP corresponding to the moments when the stages of polarization and depolarization, which are shown in
jumps are completed lie on the curve of the first one-fourthFig. 2, making the assumption, just as in Ref. 4, that after the
period of the loop, presented in Fig. &hown by the doys  jump in P the process proceeds in a thermal activation man-
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FIG. 2. Slow polarization of TGS and RbBnCl, in various electric field&.

a — TGS,E=5.6 (1), 15(2), 25 V/cm (3); b — Rb,ZnCl,, polarization
process in the fieldE=200 (1), 300 (2), 500 (3), 800 (4), 1000 V/cm(5);

¢ — Rb,ZnCl,, depolarization process after the fidtd=400 (1), 600(2),
800 (3), 1000 V/cm(4) is switched off. Inset: Initial section of the process,
to=21min.
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ner and for a small change i the relaxation centergu-
clei) are independent and make an additive contribution to
the total value ofP. Then

V()= (Po— P(1))/(Pe—Pg)= f:fw)exp(—tmdf,
@

where P, is the equilibrium polarizationP(t) is the polar-
ization at timet, P, is the polarization at=0, f(7) is the
distribution function of the relaxation timesr, and
[of(m)d7=1. If the form of the functiory(t) can be deter-
mined from the experimental data, then Hd) makes it
possible to reconstruct easily the distribution functigm),
since 7°f(7) andy(t) are related by a Laplace transform,
where the first function is the original function and the sec-
ond function is its transform.

In Ref. 4, the spontaneous polarizatiBg was taken as
the equilibrium valueP, for TGS. In the case of a crystal
with a definite value of the coercive field,, this appears to
be fully justified and in Landau’s phase transition theory it
coincides with general ideas about polarization switching of
ferroelectric However, if an entire spectrum of values of
E. is present, then the equilibrium vall®, will depend on
the magnitude of the fiel&. The simplest examples of this
evidently are real ferroelectrics, where, on account of im-
purities or defects, which also apper as a result of ionizing
radiation’ internal bias fieldsE, exist. These fields lead to
local asymmetry of the polarization-dependent double-
minimum free energy and, in consequence, to forced local
polarization. As a result, if the external fiell<E,, in some
sections of the crystal, then these sections do not participate
in the relaxation process. On this bad¥;, was assumed to
be an unknown parameter, and an analytic expression de-
scribing the experimental data for both crystals was sought
for the directly measured polarization

AP(t)=P(t) = Po=(Pe—Po)(1-y), (2)

wherey is the function(1). Just as in Ref. 4, all the data
obtained agree satisfactorily with the power-law dependence

y=1/(1+t/a)", 3)

where the parameteessandn are also unknown.

The computed curves d®(t) in Fig. 2 are shown by
solid lines, while the experimental points fall on the lines
with adequate accuracy. The least-squares method, employ-
ing a standard program, was used to fit the funct®rto the
measurement®(t). The deviationsP of the experimental
values of P from the computed curves did not exceed
6P/P=0.005. The parameterB,, a, and n are given in
Table | for all cases.

The empirical law(3) is possibly universal for inhomo-
geneous systems of various types. For example, the slow
relaxation of the permittivity of mixed crystals
K1-xLixTaG; in the glass state follows the same [Bwor
n<l the law (3) becomes logarithmig/=1—nin(1+t/a),
and fort>a it becomes a power law=14", which are
particular cases of E¢3) and were recorded earlier in many
observations. The law (3) describes better than the well-
known Kohlrausch law~ exp(—t/7)(8<1) the experimen-
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TABLE |. Parameters of the spectra of the relaxation timder TGS and RZC crystals.

Crys- Process E, P.,uClcn? a, min n Tm, MIiN 74, Min 7o, Min AU, eV
tal Viem
TGS Polari- 5.6 3.170.17 150- 30 0.070-0.011 14@-30 29+7 3038+3 0.1173
zation 15 3.020.05 21610 0.55-0.02 1359 35.0£2.5 14731 0.0944
25 2.84£0.04 20G6-10 0.76:£0.03 116-8 32+2 10462 0.0879
RzC Polari- 200 0.01760.0002 36:10 0.29-0.04 309 6.7£2.2 428t1 0.0628
zation 500 0.04160.0003 450.8 0.26£0.01 3.5:0.7 0.8:0.2 58.3:0.1 0.0643
800 0.0603-0.0005 1.70.6 0.19-0.01 1.4-0.5 0.3-0.1 25.00:0.05 0.0658
Depolari- 400 0 0.0240.002 0.0736:0.0005 0.0220.003 0.005:0.003 0.4866:0.0003 0.07
zation

tal data for short times, since att=0 the derivativedy/dt  width is smaller than for the polarization procéfdg. 3). A
is infinite for the Kohlrausch law and finite for the second similar estimater;,~ 100 min can be obtained, from the data
law (Fig. 2). Moreover, the law3) corresponds to the simple of Ref. 5, for the depolarization of TGS, whose rate is much
distribution functior lower than in RZC.
f(7)=(1/al(n))(a/n™ L exp(—al7), (4) TabIe.I gives, besides the paramgtarsn, and Pe., the
characteristics of the spectra: the minimuinand maximum
whereI'(n) is the gamma function. The maximum 6f7) 7, values ofr and the widthAU of the spectra determined at

occurs atrp=a/(1+n). The errorséPe, éa, and 6n in  the |evel f(7)=0.1f(7,,), where f(r,) is the maximum
determining the parameters &f(t) from the experimental \gue of f(r). According to the Arrhenius law
data are not difficult to estimate, using E¢8) and (3), as r=1expUKT) (7, is the kinetic factor i.e.

5P, ‘ SP(t) ‘ |6P(1)] AU=KTIn(r,/7). The absolute error in determiningU
= = , does not exceed 0.001 eV. The errors for other quantities are
(Pe=Po)| [P(t)=Py| n
e 70 of  (Pe=Pg)[1-1/(1+t/a)"] indicated in Table I. In accordance with E§), the measure-
sal (1+t/a)| &P(b) | (1+t/a)™ 1 sP(1)| ment accuracy should increase appreciably, if the recording
—-|= = ) time of the relaxation is increased. We note once again that
a n(t/a) |P.—P(t n(P.—Pg)(t/a . e '
(t/a) |Pe=P(D)] (Pe=Po)(t/a) in contrast to Ref. 4, in fitting a power-law dependeiide
on 1 OP(1) ‘ (1+t/a)"| 6P(t)] with the free parametemsandn to the experimental data for
- nin(1+t/a) |Pe— P(t)| - nin(1+t/a)(Pe—Py)’ both crystals, the quantiti?, was also assumed to be arbi-
51(5) 5 5 trary (a third free parametgr For TGS this additional as-
T a n sumption actually does not give anything new compared
=|n— —{+nll - —
f(7) In—al7] a n[in(a/7) = ¢(n)| n|’ © with Ref. 4, since in this cas®, once again is virtually

where SP(t) is the error in measuringP and identical to the spontaneous polarizatieg for all values of
o(N)=T"(n)/T(n) is the logarithmic derivative of'(n).  E<Ec (€€ Table)l For RZC, howeverP, depends orE,
Significantly, the errors depend on the time interval during®PProximately repeating the dependenc® oh E in the first
which the relaxation is recorded. For short times:&) they ~ one-fourth of the period of the variation of the figfig. 1b.

are extremely large and decrease with increasinghs The results of recording, which are presented above,
t—o0| 5P| —|SP(t)[, da and on at first decrease, and then enable us to make the following remarks about the charac-

increase: The minimum|da/al,;,, occurs att=a/n, teristic feature.s of thé>-dependent chal frge energy for
|68/l mn=[ (n+1)/n]"" L P(t)/(Pe— Py)|, and the mini- both crys}als{ﬁgz 4). FprTGSF(.P)' (Fig. 4a is tlge standard
mum | 3n/n| i, OCCurs at a value df* determined from the Symmetric function with two minimgcurve 1)." When an
equationnin(1+t*/a)=1+t*/a. arbitrarily weak polarizing field,, is switched on, the func-
The spectraf (7) of the timesr of the slow relaxation tion F(P) changegcurve 2), and a slow thermoactivational
stages, calculated using Eg), for polarization processes in relaxation from the staté\ into the stateB commences.
TGS and RZC and depolarization processes in RZC are praVhenE, is switched off, the reverse process of relaxation
sented in Fig. 3. The nature of the evolution of the spectrdrom the stateC into the stateD (curve 3) occurs under the
for the polarization accompanying a change in the magnitud@ction of the depolarizing fielé&y. Both processes are indi-
of the fieldE is the same for both crystals: ASincreases, cated by arrows in Fig. 4a. E,=E is small, then the states
the maximum off (7) shifts in the direction of smaller values A, B, C, andD are close to the states corresponding to the
of 7. The most detailed data on the influence of the field orminima of the functionF(P) which is not perturbed by the
the spectrum ofr for TGS are contained in Ref. 4. The field (curvel), and the potential barrietd,=F 4 in the pres-
spectruntf(7) for depolarization of RZC, within the limits of ence of polarization and 4=F¢ in the presence of depolar-
the measurement errdif (7)/f(7)=50—100%, is virtually ization are virtually identicallJ ,=U (the index off is the
independent of the field streng200—1000 V/cm of the  point on the curveF(P) where the value of is taker).
preliminary polarization of the crystal and lies in the range oflndeed, for barrier energies corresponding to the timgs
small values ofr with a maximum atr,,~1.2's, and its and /, of the maxima of the distributiofi(7) for polariza-
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FIG. 3. Distributionf(7) of the relaxation timer for polarization of TGS
(a) and RBZnCl, (b) and depolarization of RZnCl, (c) in various electric
fieldsE. a—E=5.6(1), 15(2), 25 V/cm(3); b — E=200(1), 500(2), 800
Viem (3); ¢ — E=400 V/cm, ty=1 min.
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tion and depolarization, respectively, we hatg,—Uy
=kTIn(7y/7,). The valuesr,,~100 (see Table ) and 7,
~100(rough estimate based on the experimental data of Ref.
5),i.e.U,—Uy~0. The coercive fiel&E;(F,=0) has a defi-
nite value for the entire crystal, since the width of the distri-
bution function decreases sharply &s-E,.*

The energyF for RZC is an asymmetric double-
minimum function. Figure 4b shows a schematic diagram of
the localF for the half of the sample with a zero total polar-
ization (curve 1) (for the other halfF has a similar form but
its deeper minimum lies to the right f&t>0). The polariz-
ing field E, changes the form of (curve 2), and for a
definite threshold value of the field, for whi¢h,=Fg, ther-
moactivational relaxation from the stafeinto the stateB
commences. Whek, is switched off, depolarization from
the stateC into the stateD (curve3) occurs. One can see that
in contrast to TGS both processes differ substantially: polar-
ization is slow, while depolarization is relatively rapid, the
barrierU,=F,>Uy=F. For the barrier energied,, and
Uq corresponding to the times, and 7, of the maxima of
the distributionf(7) for polarization and depolarization re-
spectively (see Table | and Fig. )3 we have U,—Uy
=kTIn(7,/7,)=0.11 eV. Since in accordance with the ex-
perimental data the parameters of the cuk(g?) should
have a certain distribution in the volume, the values of the
coercive fieldsE, at local points of the crystal are different,
and only the part of the volume whefFg =0 always partici-
pates in the above-barrier polarization process. The asymme-
try of F(P) for RZC could be due to the appearance of
internal bias field€, on account of inhomogeneities of the
crystal, for example, as in TGS crystals containing impurities
or irradiated with ionizing radiatioh.The reason whyE,
with opposite signs appears in “pure” RZC remains unclear.
It could be due to the accumulation of defects in antiphase
boundaries and in planes occupied by solitons in an incom-
mensurate phase at temperatufesT,.?

A large number of various ferroelectric materials in
which the electric-field dependence of the polarizatidia
electric hysteresis loggs either square or “extended” are
now known. The latter is characteristic mainly for inhomo-
geneous systems with different kinds of macroscopic inho-
mogeneities, for example, so-called relaxation oscillators,
glasses, or ceramics. The relaxation data presented in the
present work for polarization and depolarization processes
for the example of two crystals make it possible to relate the
characteristic features of the shape of the loop, the spectra of
the distribution of energy barriers for domain walls, and the
local free energy. For a square loop the free energy at any
point in the crystal is a standard symmetric double-minimum
function, whose parameters have a certain distribution in the
volume, the coercive field has a definite value, and a slow
thermoactivation relaxation commences in arbitrarily weak
fields and encompasses the entire crystal. In the case of an
“extended” loop the free energy is asymmetric relative to
the polarization of the double-minimum function, whose pa-
rameters are distributed in the volume in a manner such that
the average spontaneous polarization is zero, the coercive
field is different in different sections of the crystal, and a
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FIG. 4. Schematic diagram of local free energy functiéi®) for TGS (a) and RZnCl, (b).
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Institute of Physics and Applied Mathematics, Ural State University, 620083 Ekaterinburg, Russia
(Submitted July 27, 1998
Fiz. Tverd. Tela(St. Petersbupgtl, 505—-509(March 1999

Fractal formalism has been used to study the evolution of a heterophasécstadisting of polar
nanoregions in a nonpolar matrisubjected to polarization in an electric field within the

diffuse phase transition in the transparent relaxor ferroelectric ceramic PLZT 8/65/35. The time
dependences of the fractal dimensions of polar clusters under polarization switching and
spontaneous backswitching at different temperatures have been derived from measurements of
the elastic scattering of transmitted light. Various scenarios for the evolution of the

heterophase and nanodomain states in relaxors with variation of the temperature and electric field
are proposed. €1999 American Institute of PhysidsS1063-783#09)02603-9

The relaxor state in ferroelectrics has become recently growth and orientation of otherwise invisible objects in an
subject of intensive studies. The interest in this class of subelectric field*~®
stances is stimulated by the existence in these materials Variation of the fractal dimension of a system can be
within a broad temperature range of susceptibility anomaliesudged from both indirectintegratedl and direct measure-
which in conventional ferroelectrics are observed only neaments. Direct measurements involve recording sequences of
the phase-transition point. The record-high susceptibilitiesnstantaneous images of a system in different stages of its
open up a wide potential in applicatiohs. evolution. Their use entails considerable experimental diffi-
The heterophase state existing over a broad temperatucellties and time-consuming mathematical processing of huge
range in ferroelectrics having a diffuse phase transition isrrays of information. By contrast, integral methods, particu-
known to consist of nanosized ferroelectffwolar) regions larly the small-angle scattering technique, which is widely
embedded in a paraelectiisonpolaj matrix. Individual po- employed in determination of the fractal dimensions of static
lar nanoregions can be seen only with a high-resolution elecstructures.*? has considerable advantagéssitu measure-
tron microscopé:? Cooling increases the fraction of the po- ments of the angular dependence of scattered light intensity
lar phase, which gives rise to coalescence of the nanoregions most appropriate for studying fast kinetic processes.
to form eventually polydomain clusters of a complex shapeAmong its obvious merits are its universalifpeasurements
The spontaneous polarizatios) of individual polar nan- in both transmitted and reflected lightast responsémea-
oregions and nanodomains in clusters is oriented in a randosurement frequencies of up to 200)Hhigh locality (probe
manner, thus resulting in no bulk-averaged polarizalign  diameters of down to 10@&m), and a high sensitivity and
Only an external electric field can align tRe orientation in  spatial resolutior{down to 100 nm® /3
the nanoregions. This work applies fractal formalism to angular depen-
The extremely small size of the nanoregions precludesiences of scattered light intensity to derive the spatial distri-
the use of optical visualization techniques to study the kinetbution of scattering centers in a relaxor.
ics of their rearrangement in the course of polarization
switching. At the_z same time application o_f an el_ectrlc field tol EXPERIMENT
a relaxor ceramic enhances strongly the intensity of scattered
light.3 The high sensitivity of light scattering to local mag- As the object for the study was chosen the hot-pressed,
nitude of spontaneous polarization permits one to derive ineoarse-grained (grain size 4-7 um) lanthanum-doped
formation on polarization kinetics fronin situ measure- PLZT 8/65/35 ceramidlead zirconate-titanate which ex-
ments. The fractal approach to an analysis of experimentdiibits a classic relaxor behavior within a broad temperature
data on light scattering from polar-phase clusters in relaxorsange. We analyzed the variation in longitudinal scattering of
can provide quantitative information on the kinetics of monochromatic light under application of rectangular field

5
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FIG. 1. Optical arrangementl — laser,
2 — photodiode,3, 7 — lenses,4 — dia-
phragm,5 — sample in a cryostag§ — in-
terchangeable annular diaphragé,— PM
tube.
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Time, ms FIG. 4. Variation of scattered light intensity for different angle&leg:

1—0.72,2—1.03,3 — 1.82,4 — 2.29,5 — 2.33,6 — 2.93 under
FIG. 2. Typical variation of integrated scattered light intensity under appli-@Pplication of rectangular voltage pulses<60°C).
cation of rectangular voltage pulseE= 10 kV/cm, pulse length 1.5 ms,
T=60°C).
make possible light-intensity measurements at scattering
angles from 20to 10° with a resolution of about 20Lens
pulses. Continuous transparent electrodes based on indiufp) focuses the scattered light onto the photocathode of a PM
and tin oxides were deposited on the surfaces of planeype (8). A computer-controlled system permits measure-
parallel ceramic plates less than 12 in thickness. The ment of the laser beam and scattered light intensity with a
polarization was generated by 0.001-1-s long unipolar fieldime resolution of less than as.
pulses with a repetition frequency of 0.1-0.5 Hz and ampli-
tude of up to 400 V.
The behavior of the light intensity scattered at an anglez' RESULTS OF MEASUREMENTS
a intime, 1 (t),, reproduced itself under cyclic repetition of The variation of integrated scattered intensity under ap-
the field pulses. This feature permitted determination of theplication of a rectangular field pulse can be separated into
instantaneous scattering indicatrika); (for an instant of two parts, namely, switching, during which the intensity in-
time t) from a series of consecutive measurements(®j,  creases to reach a maximum levgl,,, and spontaneous
for light scattered through various anglesselected with a  backswitching, a process recovering the original transparent
set of annular diaphragms state with a background scatterihg, (Fig. 2). As seen from
The optical arrangement used to measure the angulahe temperature dependence of scattered-light amplitudes
dependences of scattered light is presented in Fig. 1. Th@ig. 3), the field-induced variation in the scattered intensity
source of light is a He—Ne laséfl) operating at a wave- is observed within a temperature region from 45 to 120 °C,
length of 0.63um with a power of 3 mW. The radiation whereT,,,,=120°C is the temperature of the maximum in
intensity is monitored with a photodiod€). A parallel  dielectric permittivity, andTl,,=45°C is the temperature of
fundamental-mode beam collected by I€Bsand cut out by the phase transition from the relaxor to ferroelectric state.
diaphragm(4) passes through samp(® mounted in an op- The set of the time dependences of the intensity scat-
tical thermostat. Interchangeable annular diaphragf)s tered at fixed angled,(t), (Fig. 4), was used to determine
the angular dependences of the scattered inten&ity; for

0.5
03} S
2 2 o1
202} g
. 5
\ -
0.1} =
0.01
00l 0.005

0.1 0.2 04
Wave vector, um—l

FIG. 3. Temperature dependence of the scattered intensity paraifieters FIG. 5. Instantaneous angular dependences of scattered light intensity
Imins 2 — Imax, 3 — Al) obtained under coolingE=10 kV/cm, pulse t(ms):1—1.59,2—1.72,3— 1.85,4 — 2.17. The experimental data are
length 1.5 ms fitted to Eq.(2).
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DI T y J It is known that polar-phase clusters in relaxors are ob-
i jects with a complex structure presenting difficulties for
25¢ analysis of angular dependences of elastically scattered light,
and fractal formalism is used successfully h¥ré®Besides,
as demonstrated for the classical relaxors PST and PMN,
20t field-induced polar clusters are also fractal objééts,for
which the classical dependence of the scattered intehgity
154 on wave vecton holds?
Isc(Q)Nq_D- 1)
1.0t
: n . . whereq=(4m/\)sin (¢/2), ¢ is the scattering angla, is the
0 - 2 3 wavelength, and is the fractal dimension.
Time, ms Obviously enough, relatiofl) is not satisfied in our case
FIG. 6. Variation of instantaneous values of fractal dimension under appli—throthOUt the range of anglesizes covered (Fig. 5).
cation of a rectangular field pul$g(°C): 1 — 47,2 — 60. Therefore in our treatment of experimental data an upper
length-scale cutoff on clusters was introduced using a modi-
fied dependence!
different instants of timéi.e. switching phasg<Fig. 5. The _ _1\¢D 242\—(D-1)/2
experimental data were treated under the assumption that the lsd@~T(D-De(1+ae)
scattering centers are fractal clusters. X (q€)”Y2sif(D—1)arctariqé)], 2

a b v

FIG. 7. Schematic evolution of a heterophase struc-
ture existing in a relaxor phase at various tempera-
tures and driven by an electric fielt(a—9 substan-
tially above Ty,; (d,© near Tyy; (f,g) at Ty,
(a,d,h without field; (c,e,9 with applied field;(b) in

the course of polarization switching. Filled and
open circles — polar nanoregions with differently
oriented polarization, filled and open squares — dif-
ferently oriented nanodomains, gray region — non-
polar matrix. A dynamic cluster is outlined iib).
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wherel'(x) is the gamma function, anéis the fractal cor- Thus we have studied the statics and kinetics of the het-
relation length. erophase state, which contains nanosized regions of a polar
The experimental points were approximated within thephase with randomly oriented spontaneous polarization and
total angular range by relatiof®) with a fixed &, which  exists in the region of the diffuse ferroelectric phase transi-
permitted reliable determination of the fractal dimension. tion. Based on the assumption that the scattering centers
(field-induced clusters of nanoregions of the polar phase and
3. DISCUSSION OF RESULTS nanodomainsmay be considered as fractal objects, the time

Figure 6 demonstrates the variation of fractal dimensioneVOIUtion of their fractal dimensions under a pulsed field and

induced by switching and backswitching for two tempera—at different temperatures has been studied. It has been dem-
tures. We readily see that the kinetics of heterophase StaRz‘nstrated that fractal formalism permits determination of the

driven by a field pulse may be considered as evolution of gcenqrios of evolution of t-he: heterophase and nanodomain
fractal object. The noticeable decrease of fractal dimensioﬁtate in relaxors under variation of temperature and applica-

under the action of an external field resembles the trend oB°" of an electric field. .

served as the temperature is decreased. An analy&5t)f Partial support of the Russmn Fund for Fundamental Re-
permits one to follow the kinetics of the process; indeed, theearch(Grant 98-02-17560s gratefully acknowledged.

initial decrease evidences a change in the structure of the

scattering centers when the relaxor is being polarized, theg_maii. viadimir.Shur@usu.ru
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Local charge formation in LINbO 3 using a mobile needle-shaped electrode
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It is shown that local formation of electric charge in a region near the surface of lithium niobate
crystals can take place both by local polarization switching of the sample and by local

injection of electric charge from a needle-shaped electrode. A local change, due to the electrooptic
effect, in the birefringence of the sample near the charged region is used to investigate the
nature and the formation mechanism of the charge relief.1999 American Institute of Physics.
[S1063-783%9)02703-3

Dielectrics, having a low electric conductivity, can sample is filled with transformer oil. A polarized-light
maintain for a long period of time a nonequilibrium spatial microscope 5 is used to observe in the transmitted light the
distribution of electric charge that is produced in them. Themotion of the tip and the local change in the birefringence in
formation of such a distribution can be accomplished by dif-the sample. Both “direct” observation of the spatial relief —
ferent methods. For example, charged regions can be pr@n the side of the surface touched by the mobile electrode
duced in photosensitive dielectrics by laser radiation. ThéFig. 1@ — and observation “from the side” — through the
radiation generates in the sample free charge carriers whichide face of the crystdFig. 1b — are possible. To investi-
are then redistributed in the internal electric fields of thegate the local changes in the birefringence the microscope
crystal latticet A charge relief can be produced in a ferro- analyzer is placed in a position close to the crossed position
electric dielectric by forming a domain structure in the crys-with respect to the polarizer and the sample is oriented so
tal having a prescribed arrangement of charged domaithat its characteristic birefringence would not produce ob-
walls. Finally, the injection of charge carriérisito a dielec-  stacles to observation.
tric from an external electrode can be used to produce such a Let us consider first the possibility of producing a
relief. charged relief by means of local polarization switching of the

The uniaxial ferroelectric lithium niobate, which pos- sample?
sesses high resistivity, spontaneous polarization, and elec- Figure 2 shows a fragment of the surface oZaut
trooptic constants, is one of the most convenient materialsmonodomain sample of lithium niobatédirect” observa-
for studying phenomena associated with the formation of don) on which parallel lines with different values of the volt-
nonequilibrium space charge distribution. Specifically, theage (U) were drawn with a needle-shaped electrode. The
strong electrooptic effect makes visualization of charge rephotograph attests to the change in the birefringence in the
gions in it possible. crystal along these lines. This effect is recorded with the

In the present work local penetration of electric chargeelectric field near the tip oriented in a direction opposite to
into lithium niobate whose surface is scanned by a needlethe spontaneous polarization in the crystal and with the volt-
shaped electrode is investigated experimentally. Such aage on the electrodes exceeding the threshold v@ueur
electrode acts like an electric-field concentrator in the regiortase 500 V.
where the electrode touches the surface of the crystal and at The image obtained at room temperature remains for
the same time a mobilgnoving along the surfagesource of  quite a long time: The decrease in the contrast of the image
injected charge. The local change produced in the birefrinbecomes noticeable two days after the polarization switching
gence in the crystal along the trajectory of the electrode tip iss completed, but the pattern can be distinguished even after
used to study the mechanism leading to the formation of @ne month. Heating the sample to 100 °C causes the imgae
charge relief and to determine the geometric characteristic® vanish almost completely within 2—3 min.
and lifetime of the charge relief. In previous worR it was established by chemical etching

A diagram of the experiment is shown in Fig. 1. A that under the conditions presented above local switching of
single-crystal sample 1 is placed on the surface of the firsthe polarization occurs in the samgldomain formatioh
electrosd — a half-transmitting conducting film of chromium In uniaxial ferroelectric crystals domains with oppositely
2 deposited on the bottom of the cell 3. A tungsten tip 4,directed polarization are optically indistinguishable because
secured to a micromanipulator, is brought up to the surfacéheir optical scattering functions are identical. The optical
of the crystaljust as in previous experimentéthe radius of ~ contrast arising with polarization switching should be asso-
curvature of the tip was=1um). The tip serves as a second ciated with the state of the regions of the crystal near domain
electrode and can move in the horizontal and vertical direcwalls. Indeed, observation “from the sid&established that
tions. To prevent electrical breakdown the cell holding thethe observed optical contraéfig. 2) is due to the optical
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Local polarization switching using a needle-shaped elec-
5 trode can also be produced Yacut samples. The threshold
voltage in this case is 900 V. The needle-shaped domains
formed, which are revealed by chemical etching, extend
along the surface of the crystal in the direction of thaxis.
For U=2.5 kV the domains are 1om long and~1um
across. However, it is not possible to record the change in the
optical birefringence near the domain walls.

In Ref. 3 it is shown that under local polarization switch-
ing domains inY-cut samples grow in a thin surface layer
(~0.15um). The polarization and electric properties in this
FIG. 1. Diagram of the experimenta — “Direct” observation b — ob- layer can differ appreciably from those in the interior vol-
servation “from the side.” ume. This could be due both to the closeness of the boundary
of the sample and the corresponding boundary phenomena
and to the effect of a real surface, whose properties are
Agrgely determined by the physicochemical treatment. A high

formed. These domains, which are arranged quasiperiodfiondmtivity and, in consequence, more rapid compensation
cally (period ~2um) alor;g the lines drawn. extend in the ©f electric charges localized in the domain walls can be ob-

direction of theZ axis. With a voltage =2.5 KV they are served in this layer. Apparently, the short compensation time
55 um long and~ 1,ur.‘n across ' of these charges did not make it possible to observe the as-

For domains localized near the surface of the crystat sociated rapid change in the local birefringence Yitut
through domainsthe domain walls cannot be parallel to the samples. , . . o
Z axis everywhere. There exist sections of the walls where Together W'th the long-time change in the local b_|refr.|n-
P, (the component of the spontaneous polarization that igerﬁce.observed \B-cut s_amples acpompanymg_polanzanon.
orthogonal to the surface of the waik different from zero. switching, one _othe_r optical effect is observed in the experi-
An electric charge with density=2P,,, whose electric field ments. It FOHS'StS |n.th('a appearancelt_af a str!pe of o.ptlcal
influences the local birefringence, forms on such sections. contrast W'th,a short Ilfetlmgtgzo 9 trailing behind the tip

Assuming the optical inhomogeneity under study iS_along the trajectory of the tip along the surface of the crystal
caused by the electric field produced by charges localized ifl! bt())tth- _and Y-fcuk;[ samlplx_es. -I;hﬁ phenorr?eno_n_ls obser;/ed
the domain walls, it is easy to explain the observed decreadg’ POth signs of the polarity of the tip. The minimum volt-
in the image contrast with time. After a local charge is39€ at which it could be o_bse_rved was _much Iovyer than the
formed, the intrinsic free carriers in the crystal start to com—thrGShOld voltage for polarization switching. The image con-

pensate it, which decreases the local electric field with timel@St increases with the voltage. As a rule, an increase in the
velocity of the tip also leads to this.

In Y-cut samples this stripe is first recorded st 200 V
and it is 1-2um wide right up toU=3 kV. Its appearance
does not depend on the direction of motion of the tip relative
to theZ axis. InZ-cut samples a similar effect in the form of
a diffuse trail extending behind the tip can be distinguished
in the absence of higher-contrast changes in the birefringence
which are due to polarization switching.

The possibility of observing the short-time effect under
study depends strongly on the physicochemical treatment of
the surface of the crysta&étching, chemical-mechanical pol-
ishing. A short-time change in the birefringence was re-
corded inY-cut samples only after they were etched for a
long time in a mixture of nitric and hydrofluoric acids at
temperature~100 °C (in the process the thickness of the
samples decreased t020um). In subsequent experiments
etching took place at different temperatures from 60 to
100 °C. These investigations showed that the lifetime of the
changes in the birefringence can change irreversibly in the
range 0<t<20 s. Decreasing the etching temperature, as a
rule, increases. The short-time change in the birefringence
also becomes more noticeable with prolonged chemical-

F1G. 2. Section of th . mcut lithi obat ol in polarized mechanical polishing of th&-cut samples. In this case, how-
. 2. Section of the surface ofzacut lithium niobate crystal in polarize .

light after drawing parallel lines with a needle-shaped electrode. The poten(—aver’t did not exce(:_‘\d 5s. . . .
tial difference decreasefrom 2.7 kV) from line to line with a~0.4 kV We shall now discuss the short-time change in the bire-

step. The tip velocity=1 mm/s. fringence. As indicated above, it is observed for both polari-

inhomogeneity near the walls of the needle-shaped domai
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ties of the tip, irrespective of whether or not polarizationthe surface of lithium niobate crystals by using a mobile
switching occurs in the process. It is natural to attribute thismneedle-shaped electrode. Local implantation of charge into
effect to injection of free charge carriers into the dielectric.lithium niobate can be accomplished by injection of charge
Then it should also be observed in other dielectrionfer-  carriers as well as by the displacement of charged domain
roelectrig materials with quite low conductivity and a strong walls. In the first case only free charge carriers are intro-
electrooptic effect. Indeed, we recorded a short-time changduced into the sample, while in the second case a structural
in the birefringence along the trajectory of a needle-shapedearrangemenfpolarization switchiny of the crystal lattice
electrode in SrTi@ crystals, which are well-known not to also occurs in the sample.
possess spontaneous polarization. It follows from the results obtained that due to the large

The following experiment serves as important proof ofelectrooptic constants it is possible to visualize in lithium
the role of injection in the observed phenomena. It turned ounhiobate not only ferroelectric domain formation but also in-
that the long-time changes produced in the birefringence in gection of charge carriers into the dielectric.
Z-cut LINbO; crystal by local polarization switching can be The investigations performed demonstrate that charge
eliminated by using the same needle-shaped electrode. Fuariting of information with quite high density in a dielectric
this, it is sufficient to touch this electrode once again to theis possible in principle. The method developed for forming
surface under study after first reversing the polarity of thecharge structures can be used to produce local inhomogene-
electrode. Thus, fo =2 kV “erasing of the image” occurs ities in dielectric crystals and films when studying the propa-
inside a region with radius-30um near the electrode in a gation of electromagnetic and acoustic waves in these media.
time ~5 s. This effect is evidently due to the compensation
of bound charges in domain walls by charges with the oppo-
site sign injected from the electrode. *)E-mail: sherman@asher,ioffe.rssi.ru

This experiment with “erasure” also confirms the cor-
rectness of the assumption that in our investigations the elec-
trooptic effect is responsible for the main changes in theiy p_petrov, S. 1. Stepanov, and A. V. KhomenRhotosensitive Elec-
birefringence near domain walls. trooptic Media in Holography and Optical Processifigauka, Leningrad,

As mentioned above, the dependence of the eXperimenE&/l?SA?.Lampert and P. MarkCurrent Injection in Solid§Academic Press
tal resul_ts on the procedure us_ed to treat th_e surface of theN' Y. 1970 [Russian translation. Mir, Moscow, 1973 :
sample is evidently due to the influence of this treatment ones, 0. Fregatov and A. B. Sherman, Pisma zh. Tekh. B&11), 54
the structure and chemical composition of the near-surface (1997 [Tech. Phys. Lett23, 758(1997)].
layer of the crystal and, specifically, on its conductivity. ~ ~S:O. Fregatov and A. B. Sherman, Pis'ma Zh. Tekh. £46), 52 (1998

In summary, the investigations performed demonstrate ['EEE Photonics Technol. Let24, 229 (1998
the possibility of producing a charge relief in a region nearTranslated by M. E. Alferieff
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Relaxation processes in the incommensurate phase of a crystal with defects
S. N. Kallaev and I. K. Kamilov

Institute of Physics, Dagestan Science Center of the Russian Academy of Sciences, 367003 Makhachkala,
Russia
(Submitted June 30, 1998; resubmitted September 4,)1998

Fiz. Tverd. Tela(St. Petersbungtl, 513-515(March 1999

The nature of the relaxation of the incommensurate superstructure of a ferroelectric to the
equilibrium state is investigated experimentally. It is shown that near a phase transition the
temperature dependence of the relaxation time of the incommensurate phase of the

defective crystal is exponential. This law agrees qualitatively with the notion of domain wall
motion in an inhomogeneous medium containing “random local phase-transition
temperature” type defects. @999 American Institute of Physids$1063-783#9)02803-9

In the last few years a great deal of attention has been One of the main questions in experiments of this kind is
devoted to investigating the critical dynamics of disorderedthe temperature of the structural phase transition to a polar
systems which can exist in a nonequilibrium state for a longstate in a real crystal. This transition ordinarily always ex-
time. The incommensurate phase of a ferroelectric is a strikhibits temperature hysteresis. Taking account of the fact that
ing example of such a system. A characteristic feature of théhe equilibrium state of an incommensurate phase of the
incommensurate phase is the presence of very slow relaxrystal corresponds to a state in which the physical properties
ation to the equilibrium state. This process is determined bylo not depend on the direction of temperature change, i.e.
the motion of quasidomain boundarigslitong in a random there is no temperature hysteresis, the phase transition tem-
medium by overcoming barriet$ According to Ref. 3, near peratureT, can be taken a$.=(TS+T")/2, whereT¢ and
a ferroelectric phase transitidn the relaxation timer varies TQ are the temperatures of phase transitions on cooling and
with the temperature of a crystal according to an exponentigheating of the crystal sample. Then expressibhcan be
law rewritten as

~ v~ Yexd (const,)|T— T, "], (1) n~vy~ texd (constl,)|AT|P], 2)

where y is a kinetic coefficient ang is a parameter deter- where AT=|T—T¢+|T—T"| is the magnitude of the tem-
mined by the type of defects. Thus, for a three-dimensionaperature hysteresis. Thus, E&) makes it possible to esti-
incommensurate ferroelectric containing defects of the typenate experimentally the temperature dependence of the re-
“random local field” (RLF) this parameter is 3/2, while for laxation time of a soliton lattice.
defects of the type “random local phase-transition tempera- The results of investigating of the temperature depen-
ture” (RLT) 0.78<p=<1.0% In Ref. 5 an attempt is made to dence of the permittivity on cooling and heating of an
check experimentally the dependeriggwith p=3/2 on the = Rb,ZnCl, crystal in a quasistatic regime are presented in Fig.
basis of dielectric measurements. 1 for three different measurement time intervals. The mea-
In the present work a situation close to that analyzedsurement procedure was as follows. The initial nonequilib-
theoretically in Ref. 2 is realized experimentally to determinerium state was produced by cooling to a fixed temperature
the character of the relaxation of the incommensurate phageear T after holding the crystal sample at a temperature
to the equilibrium state. The relaxation phenomena in theaboveT,; for one hour and by heating after the crystal was
incommensurate phase of a crystal near a ferroelectric phagiest cooled below 150 K. In this manner, both low and high
transition was investigated on the basis of measurements gbliton density relative to the equilibrium state can be pro-
the permittivity ¢, to which the oscillations of quasidomain duced at any temperature point of the incommensurate phase.
walls make the main contribution. On the basis of the measurements of the time dependence of
The object of investigation is an RBnCl, crystal, un-  the permittivity for different temperaturés= const(inset in
dergoing a phase transition 8t=195.2 K to the ferroelec- Fig. 1) the temperature dependenc€l’) was determined in
tric phaseD,,=C,, (Pmcn=Pn2;a) with spontaneous the process of coolinpr heating a sample of the RiZnCl,
polarization along theb(Y) axis. The phase existing at a crystal. The complete cycle, which includes measurement of
temperature between; =303 K andT, is incommensurate the dependence(T) on heating and cooling, was investi-
with the polarization componer®, modulated along the gated in the following eight time intervals: 600, 1200, 2400,
c(Z) axis. The crystal samples consisted 0k4.5 mm 4800, 7200, 12000, 21000, and 42000 s. The value
plates oriented perpendicular to theY) axis. The measure- T.=(TS+T)/2 remained constant for all measurement re-
ments ofs were performed with a capacitance bridge at 1gimes. The complete measurement cycle for determining
mHz and recorded with an X-Y plotter. The accuracy of thetemperature hysteresis in each individual case was conducted
& measurements is not less than 0.01% and the temperatuaéter the crystal sample was annealed at room temperature
stabilization is no worse than 0.005 K. for at least 24 h. The temperaturS and T" correspond to

1063-7834/99/41(3)/2/$15.00 460 © 1999 American Institute of Physics
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200

FIG. 1. Temperature dependence of the per-
mittivity on cooling and heating of an
Rb,ZnCl, crystal in a quasistatic regime for
the following three measurement time inter-
vals:t=600 (1), 4800(2), and 21000 £3).
Inset: Time-dependence ef at three tem-
peratures:T—T¢=0.27 (a), 0.74 (b), and
1.20 K (c).

100 |

—"
s

the temperature maxima af on the cooling and heating respect to the abscissa from Fig. 2 is 0£4505. According
curves. The results of establishing the law governing temto Ref. 4, this value of the parameter corresponds, to within
perature variation of the relaxation time in the incommensuthe error limits of the measurements, to the incommensurate
rate superstructurésoliton systemare presented in Fig. 2, phase of the ferroelectric containing RLT-type defects,
where the curves In(l) versus IAT are constructed from which in contrast to RLF-type defects directly interact with
the data in Fig. 1. As one can see from Fig. 2, the temperadomain walls. It should be noted that for RLT-type defects
ture variation ofr follows the exponential law2). The ex- long-range translational order exists in the incommensurate
ponentp determined from the slope of the straight line with phase of the crystal if the intersoliton distance exceeds a
critical value®
In summary, the experimental results attest to the fact
25t that the relaxation time of the soliton lattice of a crystal with
defects to the equilibrium state varies exponentially with
temperature. It was shown that this law of slow relaxation is
characteristic for an incommensurate phase with RLT-type
defects. This conclusion agrees with the theoretical investi-
gations performed in Ref. 3 on the basis of the idea of the
motion of a domain wall in a random medium by overcom-
ing of barriers.
L p~0.75 This work was supported by the Russian Fund for Fun-
20 damental ReseardiNo. 97-02-16762
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Anomalies in the elastic properties of silicious iron single crystals at pressures of up to
9 GPa and the a—& phase transformation
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A Fe+5.07 at. % Si single crystal has been studied by ultrasonic-pulse technique. Its density and
elastic constants were determined for 0 andT=293 K. The dependence of the elastic

properties of silicious iron on Si concentration was constructed. The compression, the effective
elastic constants, and the @risen parameters were measured at hydrostatic pressures of

up to 9 GPa. It was found that fqg=0, dc,,/Ip=6.54, dC44/Ip=2.92, 9c’'/9p=1.02, and
IK¢/dp=5.17. The elastic constants, andc’ increase linearly with pressure by 19.3

and 18.2% by =9 GPa. The elastic anisotropy does not vary with pressurepBat GPa,

Ci1, Cq12, andKg were observed to increase nonlinearly with decreasing pressure

derivative. The Groeisen parametey, , decreases with pressure down to 0.70 at 9 GPa to
become negative when extrapolated to the region ohthe phase transformation. The anomalies

in ¢4 and the negative values of 5 for p>11 GPa indicate that the phase transformation

in silicious iron at 13.5 GPa can take place by the crystallographic mechanism ef-the
transformation in pure iron, i.e. by lattice compression in[i@l] direction and shearing

of the (110 planes along110] or [110]. An assumption is put forward that pressure gives rise

in silicious iron tosp—d hybridization, which results in increased screening of the ion-ion
interaction and in anomalies in elastic properties. Similar phenomena are expected to occur in pure
bcec Fe as well. ©1999 American Institute of Physids$$1063-78349)02903-2

High-pressure studies of iron and of its alloys are ofthe hcpe Fe existing above 13 GPa to be nonmagn&fibe
considerable interest for the physics of solid state and geaheoretical band-structure and Fermi-surface calculations
physics, which is due to a considerable extent to the fact thahade fora Fe under pressure by the pseudopotential method
Fe and some of its alloys undergo under pressure a first-ordgyithin the Stoner mod&P~*? and by the total-energy
phase transformation first discoveted p=13 GPa in shock method® agree well with experiments. It was pointed out
experiments. This transformation was studied comprehennat Fe can be nonmagnetic and stable in a closely packed
sively by optical techniquésand x-ray diffraction with syn-  foc structure forp>14.5 GPa® Calculationd® suggest the
chrotron radiation using diamond anvils. It was shown that possibility for ferromagnetic bee Fe to transfer to a paramag-

bcc « Fe transfers to hcp Fe, and that the transformation | .sic hcp phase with the atomic radius reducing by 4%
has a martensitic nature and exhibits a large hysteresis and ?Bz 27 GPa

extended region of coexistence of theande phases. Under
static pressure and room temperature, de transforma-

tion in purea Fe was observed to begin at 10.3-11.3 GPa

and the reverse transformation, at 16.3—15.4 &Raditions zh:);/vntgzit tf:zseslarsetlc dg(r)'n;?r:at: Im;rriazztlgrefsg dWI:]ngr?r?é
of small amounts of Si or Co increase slightly the transfor- ure, r p u vatives w ined,

mation pressure. For instance, in shock experiments the traﬁguat'on Of state de_rlved. The el"_"St'C properties of Fe W't_h
sition in Fe containing 6ta% Si wasobserved to occur at small additions of Si were estab-lllshed only at atmospheric
13.5 GP4' pressure as functions of composition and temperattare.

A large number of publications deal with the properties It appeared of interest to investigate the elastic properties
of Fe and of its alloys at high pressures. We shall mentior®f silicious iron over a broad pressure range in order to es-
here only a few of them. The magnetic monteand the tablish the variation of its elastic properties under compres-
energy of exchange splittifidoetween the majority and mi- sion and to look for anomalies in the low-frequency part of
nority spin subbands in ferromagnetic bcc Fe were shown téhe phonon spectrum as one approachesthe phase trans-
decrease with pressure. The pressure coefficients for a nurfermation. Determination of the pressure derivatives of the
ber of Fermi-surface cross sections were determined usinglastic characteristics of silicious iron pt=0 was of par-
the de Haas-van Alfven effettA Mossbauer study showed ticular significance because this material is widely used in

The elastic properties of pure Fe were studied as func-
tions of temperaturé*®and pressur&*’up to 1 GPa. It was

1063-7834/99/41(3)/6/$15.00 462 © 1999 American Institute of Physics
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TABLE I. Elastic properties ofFe+5.07 at. % Sisingle crystalT=293 K, T T
p=0, po=7.7035+0.0043 g/crh.

1.70
Ultrasonic wave velocity Elastic constants <
a.
Direction of  Particle « 1.60 ©
Mode propagation displacement v;, km/s ¢ cij, GPa 6 ;é”
vy [110] [110] 6.234+0.050 c;; 299.4:5.4 =
vy [110] [ooq] 3.931+0.024 c,, 119.0:1.6 ©
U3 [110] [110] 2.033+0.006 c’ 41.82+0.24 2.10F 41.30
Va4 [100] [100] 5.407+0.022 ¢}, 225.2+2.0 S
Us [100] [o01] 3.940+0.017 c4y 119.6:1.1 120 o
. s
Note. ¢ =(C11—C12)/2, C1;= (C11F C12C44)/2. S
0.48 1.10

studies of the dislocation structure of deformed bcc metals as
a model compound.

We have studied the elastic properties of a single crystal 0.44
of iron containing 5.07 at. % Si at pressures up to 9 GPa by %
the ultrasonic method. The samples, shaped as cyliiders .
ameter 14 mmh=5-10 mn) and truncated condaverage ° 0.40

diameter 12 mmh=2-4 mm with the axes parallel to the
[110] and [100] directions, were cut from a single-crystal
ingot of silicious iron grown by electron-beam melting at the
IFTT RAS. The face ends of the samples were ground and

lapped to be parallel within 1—-2m at the 14-mm diameter. 0-360 5 —_— 1'0
The orientation and degree of perfection of the samples were )
determined by x-ray diffraction. The end face planes coin- at. % Si

cided with the(110 and (100 planes to within 1-2°. The FIG. 1. Elastic constants of single-crystal silicious iron vs composition in
sample densityy, measured at 293 K by hydrostatic weigh- the region of disordered solid solutioris— Ref. 15,2 — Ref. 16,3 — Ref.

ing in distilled water, was found to be 7.7035-0.0043 glcm 17,4 — Ref. 18,5 — Ref. 19,6 — Ref. 21,7 — data of F. X. Kayser and
To determine the Si content in the samples, we constructelg P- Gibson quoted in Ref. 2B — our data.

the dependence of the densityof disordered solid solutions

of Si in Fe on composition using the x-ray data presented in

Refs. 18 and 22 for 293 K- cious iron composition in the region of disordered solid so-
lutions with Si concentrations of up to 11 at. %.
p(g/crr?)=7.8744—0.033lz, A least-squares treatment of the data revealed that an

addition of 10 at.% Si to Fe results in an increase of the

wherek is the Si content in at.%. By this relation, the Si elastic constants’ andc,; by 19.6 and 6.0%, an increase of
content in our samples was 58D.12 at. %, or 2.620.06 ¢4, by 6.8%, and a weak decrease of the bulk modidys
wt . %, which is in good agreement with spectroscopic meafby 1.4%). The concentration dependence of the elastic con-
surements yielding 300.5 wt. % Si. stants of silicious iron is well described for=0 in terms of

We measured the propagation times of longitudinal andhe noncentral interaction mod@which does not consider,
transverse elastic waves in thEL0] and[100] directions in  unfortunately, the nature for the interactions involved. We
cylindrical samples at atmospheric pressure and at 293 K bgre not aware of any first-principles calculations of the elas-
the pulse-echo overlap technidti@t 5 MHz. The propaga- tic constants and electronic spectra for silicious iron.
tion time was determined as the difference between the sig- The spontaneous magnetization of Fe decreases weakly
nal delay times in the ultrasonic channel consisting of twoand essentially nonlinearly with increasing Si content,
acoustic lines with and without the sample between themnamely, by 6.3% for 5 at. % Si and by 9% for 10 at. %%5i.
The data obtained were averaged and used to derive the v&his nonlinearity does not, however, manifest itself in the
locities of ultrasonic-wave propagation, after which, know-concentration dependence of the elastic constants of Fe
ing po, one could find the elastic constants of silicious iron+KkSi (Fig. 1), and apparently the variation of spontaneous
(Table ). As seen from the Table, the errors in determinationmagnetization is not a dominant factor in this relation. The
of ultrasonic-wave velocities are 0.4—0.8%, and of the elastielastic properties of silicious iron were treated in terms of a
constants, 0.9-1.5%. The difference between measuremergisnple semiempirical transition-metal mod&When melted
made on differently oriented sampled=(c;;+cs)—(cy;  Wwith iron, silicon donates its §3p? outer electrons to the
+Cyq), Was 1%. conduction band of Fe, which increases the contribution of

The elastic constants;;, C44, €', and the adiabatic bulk electrostatic interaction to the elastic constants. These contri-
modulusK s=(c1;+2¢;,)/3 obtained by us are displayed in butions toc,, andc’ are estimateld as 23 and 7%, respec-
Fig. 1 together with the results of other studfedlvs sili-  tively. At the same time the contribution due to the ion-ion
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TABLE II. Pressure derivatives of the elastic constants of single-crystal 2.6 T T r r
(Fet+5.07 at. % Si and a—Fe for p=0 andT=293 K. dc;;/dp=c;;/3K+
—(2c¢;;/t)(at/ap).
(2ci;/t)(at/ ap) R t ® ]
. a Fe 25t Ao %"‘— A J
Fe+5.07 at. % Si - '%s
This work Ref. 16 Ref. 17 2+ ®% o
‘-n &
at 1ap, 24t °$ o 119
Cij us/GPa acij lap acij lap acij lap % A opp R
~
Ci - (6.59 (752 (6.72 | eem I ES
cly 0.0208 8.43 9.01 (8.24 ®o 45 p S
¢ 0.0478 1.02 1.16 1.07 L f Ping, oo >
Ca 0.0286 2.92 2.66 2.59 RS ¢ "D
® AOAQAO
Ks - (5.179 (5.97 (5.29 42+ een -_'1.7
2 o 7
Note. The derivatives in parentheses were calculated feam/dp combi- ) ® on
nations. :ﬁ' ™~ A A
HA0F  Bh, de,, |25
&Ag%
. ) o . . T ® 20 b @
interaction, which includes effectively the magnetic interac- 1.6 B t "%—’ e
. . . 44— I 24 &
tion as well, decreases because of the increasing number of A.A, ®Aep . <
Fe—Fe neighbors and increasing screening by the conduction 3. °A9A%e
electrons. As a result, an increase in Si concentration gives < 1.5 F B oy 423
rise to a weak growth of,, and a decrease af, ¢4, and Sopp ©
RS. . . .. 1 4 1 1 1 1
This model offers also an explanation for the Si-induced "o 2 3 10
variation of the pressure derivatives of the-Fe elastic con-
stants. Table Il compareg;;/dp for p=0 of silicious iron p, GPa

found by us with the. corresponding Yalues obtatfiédfor FIG. 2. Experimental pressure dependences of ultrasonic-wave propagation
pure « Fe. One readily sees that an increase of the electraimes in single-crystal silicious irofFe+5.07 at. % Si. Below 0.8 GPa:

static contribution to the elastic constants causes not only a#plid lines —{110] direction, dashed lines — aloiig00] (reduced dataup
increase ofc,, but an increase of the stiffness of this con- ¢ ® GPal — increasing pressuré, — decreasing pressure. Only part of
. ; . . . the data obtained are displayed.

stant, i.e. an increase @t ,,/Jdp. The weakening of ion-ion
interaction induced by adding Si to Fe softens the elastic
constantsc’, cq1, andKg, i.e. decreases their pressure de-container(the lenti) in direct contact with the bottom of the
rivatives. This effect is apparently associated with the largemdium cup. The chosen onset pressures for the phase trans-
increase in screening of the ion-ion interaction under comformations Bi l-Il, Bill-Ill, TI1I-1ll, Bal-Il, and BiV-VI
pression of silicious iron because of the larger number of thevere® 2.57(2.50, 2.75(2.74), 3.94(3.60, 5.68(5.49, and
conduction electrons in the alloy compared to pure iron. 8.16 (7.50 GPa for measurements under increasing and de-

In order to determineic;;/dp for silicious iron, mea- creasing pressure, respectively.
surements ofdt;/dp were made on a hydrostatic-pressure ~ The absence of any disruptions in single-crystal samples
setup® within the 0—0.8-GPa range, where these quantitiesvhich might have resulted from application of high pressure
could be measured with a good accuracy. The setup cowas checked by x-ray diffraction and verified by the coinci-
sisted of a booster and a thermostatted high-pressure vessdénce of ultrasound propagation times measured under in-
into which[110]-oriented samples to be studied were placedcreasing and decreasing pressiiig. 2). Repeated measure-
The pressure was measured with a manganin manometarents performed on the same sample produced practically
calibrated against a reference piston manometer. The propalentical results. Measurements made on different, but iden-
gation times of the transverse and longitudinal ultrasoundically oriented samples exhibited a scatter of experimental
wavest; (p) in the silicious-iron samples at pressures of uppoints within 0.5%.
to 0.8 GPa and within a broader range of up to 9 GPa were Measurements carried out on each of the five wave types
determined from pulse phase measurenfémisfrequencies yielded the initial timet; (0), the derivative ot;/dp for p
of 7.5-10 MHz. =0, and the times; (p) for pressures of up to 9 GPa. These

The studies at pressures of up to 9 GPa were carried oalata were fitted to monotonic curvéBig. 2). Next the ex-
in a modified lentil-shaped, flat-bottom chamBewith a  perimental data were reduced to unit lengthcm for p
torus®. The larger base of the truncated-cone sample was=0), the optimum values of elastic-wave propagation times
brought in acoustic contact with the plunger that served asvere chosen by Lagrange’s method of undetermined multi-
acoustic line. Benzene in an indium cup transmitted the pressliers with a step of 0.5 GPa, and the effective high-pressure
sure to the sample. The pressure was derived from a calibr@lastic constants of single-crystal silicious iron were calcu-
tion graph based on the electrical resistance jumps of thkated. The variation of density with pressure, or the compres-
reference metals Bi, Tl, and Ba, which were placed in eaclsion x=p0/p=v/v0=I3/Ig was calculated from the expres-
experiment between layers of silver chloride into a catlinitesion
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1.00 T T T T T TABLE Ill. High-pressure elastic properties 0Fe+5.07 at. % Si single
3 crystal.
X + ]
. x 2 M
O ° ; P, GPa X Cy1, GPac;,,GPA cyy, GPac’, GPaKg, GPa
o]
0.98 |- N 0 10000 2240 139.9 1190 4205 168.0
. 76 1.0 0.9941 230.1 144.1 121.9 43.01 172.8
§ i xF 07 - 2.0 09884 2363 1485 1246 4390 17738
0 Q p 3.0 0.9828 242.2 152.7 127.1 44.75 182.5
= 4.0 0.9775 247.7 156.7 129.7 45.54 187.0
0.96 o) | 5.0 0.9722 253.0 160.3 132.2 46.34 191.2
g 6.0 0.9671 257.6 163.4 134.6 47.13 194.8
0 o] 7.0 0.9621 261.7 165.8 137.1 47.96 197.7
R AN . 8.0 0.9572 265.1 167.4 139.6 48.84 200.0
\% 9.0 0.9524 267.8 168.4 1420 49.20 2015
0.94 . . . . xOa (Mg o/Mo—1),% —4.76  19.6 20.4 193 182 199
0 2 6 10 Note M — measured characteristit , and Mg, are the values oM for
p, GPa p=0 and 9.0 GPa, respectively.

FIG. 3. Compression of silicious iron, F&.07 at. % Si, our datésolid
line). Compression of pure iron: shock wave experimént- Ref. 1,2 —

Ref. 30; linear compressibility metho@:— Ref. 31; x-ray diffraction4 — for ¢11, €1, andKg were found to be 20, 26, and 23%,
Ref. 32,5 — Ref. 33,6 — Ref. 34,7 — Ref. 35. respectively, of their change at 9 GPa.
A similar nonlinearity was observed not only for; (p),

BT 1+A jp dp
312po Jo 12— /33— 143"

which can be derived by integrating the well-known relation &
Kt (p)=Ks(p)/(I1+A), where A=a?TKg/(poCp) is the Qo
adiabatic-isothermal correction, aihglis the path length of 5
an ultrasonic wave in a sample pt=0, in our casd,=1

cm. The adiabatic-isothermal correction was calculated using
the values of the specific he@t, and of the bulk thermal
expansion coefficierd for pure Fe, which were pointed dat

to differ little from those for silicious iron. The correctiah

was assumed to be pressure independent. These assumptions
do not introduce significant errors, because the correction
itself is small (~10 2) and varies only weakly with pres-
sure. The calculated dependence of compressienpg/p)

on pressure for silicious iron was found to practically coin-
cide with the experimental data obtained for pure i(Big.

3), which is a direct consequence of the weak concentration
dependence dfg (Fig. 1).

The effective elastic constant$;, C15, Ca4, C’, andKg
calculated for dFe+5.07 &. % Si) single crystal are listed in
Table lll. The decrease of the volume by 4.76%, or of the
interatomic distances by 1.68% at 9 GPa brings about an
increase of the effective elastic constants by 18—20%. The
anisotropy in the elastic propertiés=2c44/(C11—Cq9) re-
mains constant within the error limits, namel=1.83 at
p=0 vs 1.86 at 9 GPa.

The maximum pressure used in our experiméat&Pa
is much less than the bulk modulus of silicious iroKg(
=168 GPa, and therefore one could expegf to vary lin-
early in this pressure range. As evident from Fig. 4, however, 0 5 6 10
only c4(p) and c’(p) can be fitted by linear functions. -

Above 4 GPac44, €1, andKg exhibit a nonlinear variation p, GPa
with pressure accompanied by a decrease of their pressuggs, 4. Eftective elastic constants of tiie+5.07 at. % Si single crystal
derivatives. The deviations from linearity observed at 9 GPas pressure plot.

4 200

4 190

cjp» GPa
K, GPa

¢4y GPa

1 125

¢, GPa

q 115
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the longitudinal elastic constant in th&00] direction, but Yi T T T T T T

for those alond110] and[111] as well:
2.0
C11(P) = (C11+ C1oF 2C49)/2,

C,]il( p) = (Cll+ 2C12+ 4C44)/3 .

The deviations from linearity are smaller fof, andcf, 1.2
than those forcq;(p), 17 and 16%, respectively. This is
apparently becaudd.00] is the easy-magnetization direction
in silicious iron, which, due to the magnetoelastic effect,
results in different elastic contributions ¢4, cy,, andcj;.

The anomalies in the;(p), ¢12(p), and Kg(p) ob- 041 .
served by us, namely, the decreasing pressure derivatives, AN
originate apparently from changes in the electronic structure 0 1 L L 1 L .
of silicious iron induced by high pressures. These changes 2 6 10 12
could be similar to those in the electronic structure of pure p, GPa
bce Fej Atgtﬁles Sam_e time the ava"abl_e eXpe”ménﬁﬂnd FIG. 5. Grineisen parameters of tH&e+5.07 at. % Si single crystal vs
theoretical*~** studies of the electronic structure of Fe do pressure plot. The vertical dashed line identifies the pressure of the bec-hcp
not reveal possible reasons for the pressure-induced anoma=s phase transformation for Fe at . % Si*
lies in the elastic constants of Fe. Compression of Fe causes
electron transfer from the spin-up majority to the spin-down
minority subband and a decrease of the exchange splitting An increase insp—d hybridization changes the band
and of the magnetic momehiThe decrease of the magnetic contributions to the effective elastic constants and results in a
moment, however, is small, 3% at 10 GPd,and thus can- deviation of c,1(p), c1,(p), and Ks(p) from linearity.
not account for the decreasing pressure derivaive be-  These contributions t@;; and c,, are apparently close in
cause, by Ref. 10, the magnetic contributiorkigis nega- magnitude and vary in a similar manner under compression,
tive (~—100 GPg, and its decrease should give rise to anbecause&’ is a linear function of pressur@ig. 4).
increase 0bKg/dp. Calculations® made by the total-energy The energy differences among the structures of the 3
method showed that the magnetic moment of Fe vanishes gd, and & transition metals calculated by the LMTO
compressions of 0.87pE 220 GP4, and bcc Fe transfers to method and using the Andersen theorem showed that the
nonmagnetic state. At the same time the density functionahcp-bcc-hcp-fee lattice sequence is determinegad and
method and the Stoner model suggest that ferromagnetic bac=0 by the d-band filling in these metaf The
Fe can become paramagnetic hcp if the atomic radius decompression-induced onset ®p—d hybridization in bcc Fe
creases by only 4% at 27 GPal?and by LMTO calcula- assumed by us results in a decrease of the numbetetsfc-
tions within the Stoner model with one fitting parameter, bcctrons and in an energetically preferable hcp structure. The
Fe can become fcc nonmagnetic at 14.5 GPehese calcu-  possibility of a bce-hep transformation in Fe under pressure
lations did not, however, reveal any features in the energyvas demonstrated in Ref. 11. The bcc lattice of Fe should
spectra of bcc Fe in the pre-transition regions, which coulthecome unstable with increasing pressure, and soft modes
give rise to anomalies in the elastic properties. should be expected to appear in the phonon spectrum of Fe

A certain indication that compression can produceas one approaches the bcc-hep transformation at 13.5 GPa. A
anomalous changes in the band energy of bcc Fe and, aseftening of the phonon spectrum in the long-wavelength
cordingly, in the band contribution to the elastic constantsdomain is indicated by the onset of anomalies in the elastic
may bé® the closeness to the Fermi level of the spin-upproperties and by an analysis of the pressure-induced
electron DOS peak?and the dip in the DOS for spin-down changes in the Gneisen parameters
electrond. At the same time the pressure-induced shift of
these features with respect to the Fermi level has not been i~ ~ ¢ @i/dInv=(Ks/2c;)(dc;/op)=1/6.
studied. The Grineisen parameters determined by us for the long-

The decrease of the pressure derivatives;9f ¢;,, and  wavelength shear modega; and y14,, which are associ-
K of silicious iron with pressure observed by us implies aated with thec,, andc’ elastic constants, decrease weakly
decrease in the stiffness of the overlapping Fe ion coresyith increasing pressure while remaining positiifég. 5),
which suggests delocalization of electrons, i.e. pressure- whereas the Gneisen parameter for the long-wavelength
induced sp—d hybridization. This results in increased longitudinal modey, 5, which is connected wittt,;, de-
screening of the ion-ion interaction and in a decrease, pf  creases considerably under compression from 2.24=dl
C12, andKg and of their pressure derivatives. The assump+o 0.70 at 9 GPa. Extrapolation to still higher pressures
tion of d-electron delocalization and of increasing number ofyields negative values of, 5 for p>11 GPa.
electrons in the conduction band is argued for by a notice- Hence in the pre-transition region a soft longitudinal
able decrease in electrical resistivity of bcc Fe under presacoustic mode appeary (,<0), and the lattice of silicious
sure, namely, by 20% at 10 GPa at a compression of onljron loses stability with respect to longitudinal oscillations.
5%37 This behavior is in accordance with the crystallographic

-f o -
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Calorimetric investigations of phase transitions in the cryolites
(NH4)3Ga1_XSCXF6(X=1.0,0.1,0)
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The specific heat of the cryolites (NHGa, _,ScFg with x=1.0,0.1, and 0 was measured. The
thermodynamic parameters of the phase transitions were determined. A previously unknown
phase transition was found in the scandium compoun=a243 K. © 1999 American Institute
of Physics[S1063-783%9)03003-9

A3M3* X, crystals having the cryolite structufgpace J-mol™1-K~! and is almost two times larger than the total
group Fm3m, z=4) are one of the related families in a entropy changeAS~12.8 Jmol 1.-K ™! due to two succes-
series of perovskite-like compounds having a threesive PTs in cryolites with the ions ¥ =Sc, In® Thus it has
dimensional crystal framework formed by AXand M+ X, turned out that ammonium cryolites (NHM3*Fg can be
octahedra joined to one another at the vertices. In this framedivided into two groups differing both in the symmetry of
work the interoctahedral polyhedra are occupied by a A the distorted phases and the thermodynamic parameters. It
cation. Fluoride crystals with A atomic cations, as a rule, should be noted, however, that both groups of compounds
undergo structural phase transitioffsT'9 at quite high tem-  were investigated by different calorimetric methods: the first
peratures, which makes it somewhat difficult to study thenmgroup using an adiabatic calorimeter and the second group
in detail. In this respect, the ammonium compounds in whichby the differential scanning calorimetffpSC). The latter
PTs have been discovered comparatively recéftlye more method makes it possible to determine reliably the integrated
attractive objects of investigation. In many cases, the preszharacteristic§enthalpy and entropyonly for sharp first-
ence of ammonium in the structure greatly decreases therder PTs and can lead to a large error in investigations of
temperature at which the cubic phase of the cryolites igransformations close to a tricritical poitft.
stable!~® A similar dependence of the crystallographic and ther-

Quite extensive experimental data have now been accunodynamic characteristics on the size of thé"Mon has
mulated on the ammonium cryolites (NHM3* Fg. Specifi-  been observed in the series of crystals,iM " Fs having
cally, it has been found that in the series of compounds withhe related elpasolite structurd=idm, z=4)11'2 Com-
trivalent ions M*=Al, Ga, Cr, V, Fe, Sc, and In the tem- pounds with M* ions from Ga to Fe undergo one PT with
perature at which the cubic phase becomes unstable increas®S~15.6 Jmol 1-K~! to a phase whose symmetry has
with the unit cell parametea,.® The size of the ion NI still not been determined unequivocally, but among others
likewise influences the sequence of PTs in the crystals. lincluding the triclinic symmetryP1. For crystals with the
compounds with the B ionic radiusRﬁ,,*sRﬁg one PT jons |\/|3+:SC, In, Lu a sequence of PTBM3m—I14/m
occurs and the symmetry of the distorted phase is assumed top2, /n with a much smaller total entropyAS~6
be triclinic with space grouﬁ’fﬁ'7 Further increase of the J-mol~1.K™1 is characteristic. The part of the phase dia-
size of the M ion leads to two successive structural trans-gram for intermediate ionic radiu®; <R3'<R3! has
formations in compounds with scandium and indium. Theséeen found to be quite complicat&tin the solid solutions
transformations  were  discovered by calorimetricRb,KGa, _,ScFs a sharp decrease of temperature and en-
investigation$. At the same time, large differences in the tropy of the PT has been observed with a low degree of
x-ray diffraction patterns of the intermediate and low- substitution of scandium for galliunxE&0.05-0.1).
temperature phases obtained from powder samples were not To determine more accurately the thermodynamic pa-
observed in structural investigations of these cryolites: neirameters of PTs in ammonium cryolites undergoing succes-
ther according to the appearance of new lines nor accordingive structural transformations and to determine the details
to a change in the intensities of the reflectibihe symme- (hysteresis of the PT temperature, latent heat of the transfor-
try of the low-temperature phase at room temperature hagation, the degree of closeness to the tricritical pawfithe
been determined for both compounds, first as tetragonatructural transformatioffm3m—P1, which were not re-
P4/mnc, z=2*and then as monoclinie2,/n, z=258 ported in Refs. 2, 5, 6, and 9, as well as the effect on them of

The entropy changessS associated with structural trans- a partial substitution of the &1 ion, we investigated the
formations have been determined from specific-heatompounds (Nh);Ga _,ScFg with x=1.0, 0.1, and 0 us-
measurements of all ammonium cryolites named al¥e.  ing an adiabatic calorimeter.

For componds WitrR3+<R§; , ASranges from 19.4 to 24.9 Samples in the form of powders were prepared by solid-

1063-7834/99/41(3)/6/$15.00 468 © 1999 American Institute of Physics
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FIG. 1. Temperature dependence of the specific heat of,§8¢F; (a) and thermogramé) measured in heatind) and cooling(2) regimes near the phase
transition atT,. Dashed line — lattice specific heat.

state synthesis at the Institute of the Chemistry of Condenseiibn temperature§,=293.4 K andT;=243.1 K are pre-
Materials(Bordeaux, Frange sented in Figs. 2a and b in the form of the temperature de-

The methods of discrete and continuous heatings werpendences of the specific heat which were calculated from
used to measure the specific heat in the temperature intervddermograms measured in heating and cooling regimes. The
from 80 to 370 K. Regions close to the PT temperatures wereorresponding values of the hysteresis and latent heat for
investigated by the method of quasistatic thermograms in ththese transitions aréT,=0.52+0.15 K, 6H,=160+20 J
heating and cooling regimes with rates of temperature varia-mol~! and 6T;=7.1+0.3 K, 6H3=170+25 Jmol .
tion |dT/dt|~(0.9-1.5)x 10" 2 K/min. To determine the total changes in the enthalpy and en-

Figure la shows the results of measuring the specifitropy which are associated with PTs, the lattice specific heat
heatC,(T) of cryolite (NH,);ScFk;. Three anomalies of the was separated out by interpolating the low- and high-
specific heat were found. Two high-temperature peaks haveemperature specific heats far from into the anomalous
maxima at temperatures 330 and 293 K, differing little fromregion. The corresponding values ®H; andAS; were ob-
the PT temperatures reported in Ref. 7. The third specifictained by integrating the function§C,(T) and AC,/T)
heat anomaly was recorded at 243 K. Repeated measure«(T):
ments showed that this PT is reproducible.

In all specific-heat measurements a large increase in the AH1=4420+310Jmol™?,
time required to establish thermal equilibrium in the sample _ 41
was observed near the temperatures of all PTs: from 5—-10 to AS,=13.36:0.95Imol" =-K™+,

60—-90 min. This is a characteristic indication of a first-order
PT, as is confirmed by the results of thermographic investi-
gations.

The more accurate value of the temperature of the phase
transition from the cubic phask, =330.8-0.2 K is charac-
terized by a comparatively large hysteregig,=1.8+0.2 K
(Fig. 1b. The latent heat of this transformation wasl; AS;=0.70-0.10 Jmol 1. K.
=3820+370 Jmol™ 1.

The enthalpies corresponding to the latent heat for the The temperature dependences of the specific heats of the
two other PTs were significantly smaller, and for greatergallium compound and the solid solution
clarity the results of the investigations near the transforma{NH,);G& ¢S 1Fs, Which are presented in Figs. 3a and 3b,

AH,=1970+ 140 J mol™ 1,
AS,=6.73+0.48 Jmol 1. K1,

AH;=170+25J3mol 1,
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FIG. 2. Temperature dependences of the specific heat near phase transifigrig)and T5 (b) in the compounds (Nf);ScF;. 1 — Heating regime2 —
cooling regime.

are essentially identical. The PT temperature in gallium cryosolid solution Ty=249.7-0.2 K), but it did result in a

lite To=249.8-0.2 K was found to be-3.5 K higher than  broadening of the temperature interval of the latent heat, as is
the temperature reported in Ref. 6. A 10% substitution ofclearly demonstrated in Figs. 4a and b. The hysteresis of the
scandium for gallium did not change the temperature of thT temperature and the latent heat were, respectively,

PT Fm3m—P1 within the limits of its uncertainty(for the
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FIG. 3. Temperature dependences of the specific heat of the compoungs; @€l (a) and (NH,);Ga, ¢Sg 1F (b). Dashed line — lattice specific heat.
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FIG. 4. Thermograms measured in heatifigand cooling(2) regimes near phase transitions in (NkGaF; () and (NH,)3Ga& ¢S 1Fs (b).

lium cryolite and6T;=0.80+£0.20 K andéH,=2550+200 the tricritical point (6Sy/ASy,=0.46) than in the scandium
J-mol~? for the solid solution. The integrated characteristicscompound ¢S;/AS;=0.86). For the other two PTs, in the

of the two samples likewise differ little: latter compound’S, /A S,=0.08 andsS;/AS;~1. Thus the
(NH,)sGaR,: AHy=5600+390Jmol L, PT atT, into the monoclinic phase (Nhi;ScF; is very close
to the tricritical point, and this is why the total entropy
ASy=23.0+1.6 Imol 1.K 1 changeAS, determined in the present work using an adia-
(NH,)3Gay, oSG iFs:  AHo=5040+350 3 mol %, Esth(:gLorlmeter is three times larger than the values found
ASy=21.3+153mol t.K™ 1. Thus, the quantities characterizing the total entropy

: . change in crystals which have undergone single and succes-
The absence of appreciable changes in the thermody-. . .

. ; . . - sive PTs are close. How do the PT mechanisms in ammo-
namic parameters of the PT in the solid solution with

x=0.1 as compared with the gallium compound indicatesn",Jm cryolites of both types d|ffer_. The [-)OS.SIblllty of attrib
ting the PTFm3m—P1 to ordering of ionic groups was

that it would be useful to continue studying the mixed com-4"N9 ) )
pounds with composition close to scandium cryolite. considered in Refs. 2, 5, and 6. The ammonium group lo-

It can be concluded on the basis of the results of ouf@ted at the center of the (N}Fe octahedra and in the in-
work and of Ref. 6 that scandium ammonium cryolite under-teroctahedral polyh_edra are stru_c@urally_ nonequivale_nt. Only
goes three structural transformations with the following selétrahedra of the first type participate in the PT, since the
quence of phase§m3m—?—-P2,/n-2. It should be noted cubic symmetry of their location in the initial phase permits
that the observation of a specific-heat anomaly in the comtwo possible orientations. Thus, as the symmetry is lowered,
pound (NH,) 5InFg at temperature- 230 K has been reported the contribution of ordering of the ammonium tetrahedra to
in a previous work?* Together with the data of Ref. 6, this the entropy of the PT iA S=RIn2. However, to substantiate
suggests that there exists a third PT in this cryolite also. the large value found experimentally f&iS, it must be con-

The total change in entropy for the indicated sequence dfectured that the MI" Fg octahedra are also disordered in the
PTs in (NH,)3ScR, SAS=20.83-1.45 Jmol 1.K™1, is  cubic phase. If the fluorine atoms occupy L@2 9&k posi-
much larger than the valulBAS =12.8 Jmol 1. K ! deter-  tions, the contributions of their orderirigne position in the
mined by DSC and it falls in the range of valuedS, monoclinic phaseto the entropy of the PT arRIn8 and
=19.4-24.9 dmol~1.K~1 which are characteristic for am- RIn4, respectively. The interval of possible entropy changes,
monium cryolites undergoing the FAM3m—P1 (Fig. 5). determined in this manner, for the FHM3m-P1 corre-

The closeness of the PT to the tricritical point can besponds to the experimentally found values &8 for the
estimated from the rati@S/AS of the entropy jump at the compounds (Ni) ;M3 Fg with the ions M =Al, Ga, Cr,
transition point and the total entropy change. The PT fromV, Fe. The correctness of the choice of model for describing
the cubic phase in the gallium compound is much closer tdhis PT is confirmed by NMR investigations of compounds
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400 sion, which is based on the temperature dependence of the
a proton relaxation time, is premature.
o / According to Ref. 5, the presence of ammonium in the
+ 2 Fm3m el position (1/4, 1/4, 1/4 energetically stabilizes the cubic
/ structure of cryolite. On the other hand, the question of the
stability of the cubic phase can be studied from the stand-
point of the hypothesis of the strains of the interatomic
bonds!® It has been shown in previous work that this hy-
pothesis makes it possible to describe satisfactorily
displacement-type PTs associated with small rotations of the
octahedral ionic groups;'® and it is not applicable in the
case when distortions in the perovskite-like structures cannot
be interpreted in terms of the rotations of octahédr@rder-
ing of octahedral ionic groups accompanying an order—
disorder type PT can also be regarded as a rotation of octa-
hedra, but by a larger angle. In this case there is nothing to

p,{! %

%

. 120¢ o o prevent the applicability of the above-mentioned hypothesis

T
O
D

£ 11.0 . lvo . . to the PT under study. The stability of the initial cubic phase
d is determined by the ratio of the sizes of individual ions and
30F 0o the lattice parametediy, i.e. the strains of the bonds of the
e - %, + ions in the chains (NP -F and
> 201 M3+ —F —(NH,)*—F —M3*. The followin tit
3 i ° o 4 . g quantities can
5 10F serve as a quantitative measure of these strengths:
K e et =(a,—ap)/ay, =(a,—ag)/ap,
00 A T GaCr Fev Sc  In = (@~ ao)lay,  us=(3p~ao)/a,

: 1.1 al i 1 P | _ r_
089 090 091 092 093 oo4 nere @=2(Rwyt2RetRy,) and a, 2V2(Ru,
. +Rg). An increase ofug is equivalent to an increase in the
Unit cell parameter a,, nm repulsion energy in the crystal potential and intensifies the
FIG. 5. Effect of the cubic lattice parametap of ammonium cryolites anisotropy of the motion oF ions and therefore decreases
(NH4)3M3+F6 on the phase-transition temperatufas bond strainsu, (o) the Stablllty of the initial phase. An increasem prevents
and ug (c), and the total excess entrofy). 1 — Data of Refs. 2, 5, 6, 9, rotation of the octahedra and tends to stabilize the undis-
and 14;2 — data of the present work. torted lattice.
In ammonium cryolites an increase in the size of the unit
cell is accompanied by a substantial decreasg jnand an
with galllum and aluminurﬁ:15 Substantial jumps in the increase imB' which increases the PT temperat(ﬂg_ 5)
quantities characterizing the spin-lattice relaxation time ofrherefore the bond strain hypothesis is also applicable to
hydrogen and fluorine nuclei have been found at temperagrder—disorder type PTs. On the other hand, the present re-
tures corresponding to the PT temperatures. This attests tosglts show that in ammonium cryolites undergoing succes-
change in the nature of the motion of both the Ntdtra-  sjve transformations the PT from the cubic phase is associ-
hedral and M*Fs octahedral ionic groups. ated mainly with the ordering of octahedral ionic groups.
In (NHg4)sInFg undergoing successive structural trans-  To further clarify the characteristic features of the PT
formations the behavior of the relaxation times of f|U0rin8mechani5mS in ammonium Cryo“tes, itis Certaimy of interest

and oxygen is the same only in the intermediate phase: Ifp investigate the effect of hydrostatic pressure. This will be
both cases this quantity increases rapidly on heating ffem done in the near future.
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A study has been made of the order-disorder phase transformations in the homogeneity region of
the VG, nonstoichiometric cubic vanadium carbide (066<0.88). It has been established

that an ordered ¥Cs phase with monoclini¢space grougc2/m) or trigonal (P3;) symmetry, and

a cubic(space grougP4;32) ordered ¥C; phase can form in the {Ccarbide below 1450

K, depending on the actual composition. The effect of off-stoichiometry and structural vacancy
ordering on the specific heat of the yCarbide has been investigated. The temperatures

and heats of the reversible order-disorder equilibrium transitions have been determined. The
ordering in the VG carbide is shown to be a first-order phase transition. An equilibrium

diagram of the V-C system taking into account ordering in the nonstoichiometric vanadium carbide
has been constructed. @999 American Institute of Physids$1063-783#9)03103-3

The disordered cubic vanadium carbide hdala(NaCl) still no direct experimental evidence for either of these view-
structure and a homogeneity region Y- VCqygg. Within  points.
the VG, g~ VCo gginterval, one observes in the Y Carbide Thus the literature on the vanadium carbide M&@n-
a VgC,-type cubic disordered pha$e® This superstructure tains, on the one hand, fairly good structural studies of or-
has a doubled lattice period compared to that of the disordering, and on the other, thermodynamic studies performed
dered carbide. The unit cell of the ordered cubic phag@,V without taking into account possible order-disorder transfor-
belongs to space grouw#,32 (or P4,32). The other ordered Mations and using such a large step in temperature that such
phase, \Cs, can have trigonalspace grouf®3,, Ref. 4 or  Phase transitions just could not have been detected.
monoclinic[C2 (Ref. 5 or C2/m (Ref. §] symmetry, and This has stimulated the present work with the same

was observed in the vanadium carbide.M@thin the inter- samples used for structural studies of ordering in vanadium
val 0.76<y=<0.86 Y carbide and for calorimetric measurements within the 300—

Thermodynamic characteristics of nonstoichiometric va-1600 K range, where phase transformations associated with

. . . (I')rdering of the nonstoichiometric vanadium carbide ,\VC
nadium carbide above 300 K were a subject of several | o the basi®1l structure(NaC)) take place
studies’~° All of them, however, were done without taking g place.
into account possible formation in \Cof some ordered
structures, and the measurements were carried out with ton SAMPLES AND EXPERIMENTAL TECHNIQUES
large steps in temperature. Besides, poor chemical character-
ization and, most essentially, the absence of reliable strur\-/

N : . C
tural characterization of samples in the above studies do ncg 8
inspire confidence in the results obtained. )

The samples of nonstoichiometric vanadium carbide
y With different carbon contenty&0.66, 0.79, 0.83, and
7) were prepared by hot pressing. All the samples had a

Th tter i . tal dat ific heat @orosity less than 3%, were homogeneous, and contained
e scatter in experimental data on specific heat an nly one phase, V& with a B1-type structure.

enthalpy of nonstoichiometric vanadium carbides is fairly To obtain VG carbides in ordered state, the samples

large, and there is no calorimetric study with even a singl&yere annealed with the temperature decreased from 1200 to

mention of the structural state of the carbides investigatedygg k. The disordered carbide V&7 was prepared by water

At the same time studies of the carbides of niobium, tantayyenching the sample sealed in a quartz ampoule and an-

lum, and titanium showed that a disordered and an orderegemed preliminarily at 1450 K.

carbide of the same composition may differ in specific heat The x-ray diffraction analysis was carried out with Cu

by 2-5%(see, e.g., Refs. 11-]14 K« radiation. The measurements were done in the scanning
It should be pointed out that the question of whether themode with a step oA26=0.02° within the angular range

order-disorder phase transitions in the vanadium carbide ar2g=14—120°. The exposure time at each point was 10 s.

first or second order remains a point of controversy. There is The metallographical studies were done in reflection on

1063-7834/99/41(3)/7/$15.00 474 © 1999 American Institute of Physics
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TABLE |I. Chemical composition and lattice periods of annealed ordeegg)(and quenched disordered
(agisorg Vanadium carbides.

Chemical composition

wt.% at.% Perioda, nm
Carbide VG Cc N o} \ C N o Aorg Adisord
VCog7 16.94 0.09 0.31 53.1 46.1 0.21 0.64 0.41660 0.41638
VCyg3 16.33 0.07 0.13 544 452 0.16 0.27 0.41651 0.41596
VCy 79 15.70 0.04 0.24 55,5 439 0.11 0.50 0.41607 0.41548
VCyes 13.38 0.04 notdetermined 60.2 39.7 0.12 notdetermined 0.41305 0.41305

polished samples of sintered and annealed carbides, with thieg diffractograms. Besides, all diffractograms exhibit within
surface of the sections etched in a water solution of 10%he 20~44.5-45.0° interval an impurity line left unidenti-
KOH + 10% Kz [FE(CN)g]. fied.

The samples were analyzed chemically for the presence The first superstructure reflection with the diffraction
of carbon and nitrogen on a Carlo Erba CHN 1108 gas chrovector|q| = (2ag; sind)/A~0.710 in the diffraction pattern of
matograph. No free carbon was detected in the samples. Thee annealed Vg, carbide was observed at an anglé 2
content of oxygen in VC samples was checked by hot =15.14° (Fig. 1). This reflection corresponds to a super-
vacuum extraction on a EAO-201 exalogra(@alzers. The  structure vectof1/2,1/2,Q of length|q|~0.707, which be-
chemical composition and lattice period of the vanadium cartongs to the{k,} star with a running index.,= 1/4 (here and
bide samples are listed in Table I. subsequently, the notation of thike,} stars of the wave vec-

The thermodynamic properties of the carbides werggys in the first Brillouin zone of an fcc crystal, as well as of

studied on a Netzsch DSC 4@&ermany differential scan- their armskgj), is given in accordance with Ref. L1The

ning calorimeter within a temperature range of 300 to 160Q,o4t reflection with|g|~0.871 is observed at@=18.55°

K in an extra high-purity argon ambient. The measuremer)t%nd corresponds to thd/2,1/2,1/2 vector of the{ko! star.

were carried out with heating and cooling rates of 20 K/mmThe third reflectior(at 260=24.04°) is the strongest of all the
in 5-K steps. For precise determination of the heats of tran:

ii in th i bid librati ¢ qs/uperstructure peaks. This peak corresponds tq1tjig2,0
sitions 1n e vanadium carbide, cafibration was perormeq; q o of the{kg} star. The next three superstructure reflec-
preliminarily in the same conditions. High-purity aluminum

oo : tions present in the diffractogram of the annealed
and gold were employed for calibration. Sapphire was useéamplre) (Fig. 1) and observec? at the angles/226 301'}?
as a reference in the calorimetric experiments. . o

39.14°, and 46.34° correspond to tfie1/2,1/2 vector of
the{k,} star,{3/2,1,¢ vector of the{kg} star, and3/2,3/2,0Q
vector of the{k,} star. Altogether, the diffraction spectrum
2. EXPERIMENTAL RESULTS AND THEIR DISCUSSION of the annealed Vg, carbide sample exhibits within the
20=14—110° interval 19 superstructure reflections corre-
aponding to three stargkq}, {kg}, and{k,}.

An analysis of the positions and intensity of the super-

After annealing of the samples of nonstoichiometric va-
nadium carbide by the technique described in the precedin

Section, the diffraction patterns of the Y¢, VCqg3, and

VC, 5, samples were found to contain, besides the StrOngiructure reflections attests to the form-at|on in the course of
structure reflections, additional peaks with an intensity nofh€ thermal treatment of the \ig; carbide of the ordered

over 5% of that of the structure lines. The appearance ofuPic Phase ¥C; (space groug4532). The unit cell of the

additional low-intensity reflections evidences formation of YsC7 Phase has a doubled period compared to that of the

ordered phases in thermally treated samples. No extra reflefdndamental structure of the disordered phase. All arms of
tions were observed in the diffractogram of the Mg the Lifshits stargkg} and{kg} and of the non-Lifshits star

sample after annealing. {ky4} (for pa= 1/4) enter the channel of the order-disorder
phase transition Vgg—VgC;. As follows from symmetry
A. Crystal structure considerations, the orderedy®, phase can form only in a

Figure 1 shows parts of diffraction patterns obtained orfirst-order transition. This is in accord with theoretical
annealed V.o, VCygs and VG g, samples. The strong conclusions’.
lines observed in the angular intervah237.4° and 43.4° A metallographic analysis of the annealed carbidg ¥C
are the (1113, and (200), structure reflections. The dif- confirmed the presence in it of an ordered phase of cubic
fractograms of annealed carbides contain in the intervalsymmetry. On the etched sections one sees domains of an
20~21.2—22.0° and~30.0—31.0° diffuse maxima which ordered phase which have isometric shape. When viewed in
are not seen in those of the disordered carbides. Theseflected polarized white light, the ordered domains do not
maxima are parasitic reflections of thé radiation and cor- produce interference, which argues that thgCV ordered
respond to the (20@) and (220g; structure reflections. phase is isotropic. A study of the microstructure showed that
They appear because of the long exposure of the corresponthe order-disorder transformation in the Y& carbide starts
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FIG. 1. Parts of x-ray diffractograms of annealed nonstoichiometric vanadium carbidggs,WICj g3, and VG 9. The arrows identify the position of
superstructure reflections for thg®; and \3C, ordered phases; all reflections are assigned by Miller indices identifying the space group of the ordered phase.

at the grain boundaries of disordered carbide to propagate The annealed Vgx; carbide contains domains of two

subsequently into the bulk of the crystallites.
As follows from an x-ray diffraction pattern of the an-
nealed VG g3 carbide(Fig. 1), this sample contains two or-

ordered phases. One of them has predominantly isometri-
cally shaped grains and does not produce interference, which
gives us grounds to believe that it is thgG4 cubic ordered

dered phases. Besides the superstructure reflections belorghase present in the sample to 15-20%. The content of the
ing to the \(C; ordered phase, one can see also lines due teecond phase in the sample is 80—85%. Its domains have a

the VzCs ordered phase with trigongpace groug?3,) or
monoclinic (space groupC2/m) symmetry. In the diffracto-
gram of the annealed \{G3carbide, the ¥C; ordered phase
corresponds to thg1/2,1/2,1/2 superstructure reflection
(26=18.54°) of the{kq} star, which coincides in position
with a similar reflection for the ¥C; cubic ordered phase, as
well as the reflection$2/3,2/3,0 (26=20.11°),{1/6,—5/6,
—1/2} (26=21.14°) {—1/3,~1/3,1} (26=23.74°), and7/
6,1/6,1/2 (26=27.34°) corresponding to thék,} (w4

tabular and prismatic shape characteristic of monoclinic and
trigonal symmetries and exhibit interference coloring, i.e.
they are anisotropic. This suggests that the second phase is
VGCS.

The diffraction pattern of the annealed Y4 carbide
contains superstructure reflections due only to theCV
phase(Fig. 1), and its microstructure exhibits domains only
of an anisotropic ordered phase. This means that annealing
resulted in the formation in the \{Gg carbide solely of a

=1/3) and{ks} (u3=1/6) stars. Thus the order-disorder VzCs-type ordered phase.
phase-transition channel associated with the formation of the No additional reflections appeared in the diffractogram
VeCs superstructure contains the arms of the Lifshits staof the VG, ¢¢ carbide after annealing, although one could

{ko} and of the non-Lifshits stark,} and{ks}. As follows
from symmetry considerations, theg®; ordered phase
should form as a first-order transition.

expect formation in it of theV,C;_, phase. Th&V,C;_
carbide is not an ordered phase of the cubic carbidg,VC
because it has a rhombic rather than the fcc metal

The totality of the observed superstructure wave vectorsublattice'® It forms and remains stable below 1593 KThe

making up the V@gz— VCs transition channel can be iden-
tified with either trigonal(space groug?3;) or monoclinic
(space groupC2/m) superstructures of the §s type.

¢V ,Cs_ phase is absent in the annealed carbidg y@p-
parently due to the annealing having started from a lower
temperature, 1200 K.
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FIG. 2. Variation of the specific hed, of the VG, 4; carbide measured ~VCogs, and VG 7o measured under cooling from 1500 K.
under(1) heating and2) cooling.

to VCy g7, the C, (T) dependences of the \{Ggand VG, g3
carbides are seen to have two peaks each.

The specific heat of annealed YGamples was mea- Consider first the specific heat of the Y& carbide.
sured under heating from 300 to 1500-1600 K and subse@Ahen the disordered carbide Y& is cooled from 1500 K,
guent cooling down to 300 K. one observes in the 1440—-1400-K interval the first jump in

The measurements of the specific h€at of the an-  the specific heat, to be followed under further cooling by a
nealed V(g7 carbide showed it to increase smoothly with second peak i€, (T) in the 1330—-1300-K intervaFig. 3).
the temperature increased from 300 to 1350 K as a result ofhe carbon content in the \{G; carbide corresponds to the
excitation of the phonon subsystem. At1380 K, one ob- stoichiometric composition of the ordered phasgCy, and
serves a sharp jumfgiscontinuity in the specific heatFig.  therefore one may assume the first jump in the specific heat
2) associated with the equilibrium order-disorder transformaat 1400—1440 K to be associated with the )&~ V¢Cs
tion VgC; — VC, and characteristic of first-order phase tran-transition. The next transformation occurring at 1330 K
sitions. The pattern observed when cooled from 1500 is simieould be the ¥Cs (VCj g9 — VgC; order-order transition.
lar, the only difference being that the peak in the specificThis assumption is corroborated by the presence in the dif-
heat due to the equilibrium order-disorder phase transition ifractogram of the annealed carbide Y4z of superstructure
shifted toward lower temperaturéBig. 2). The temperature lines due not only to the §Cs phase but to the cubic ordered
interval between the peaks seen in the heating and coolinghase ¥C; as well (Fig. 1). This means that the region of
runs is a region of metastability, whose existence likewiseexistence of the ordered phasgG4 in the vanadium carbide
indicates that the reversible order-disorder phase transitiodC, extends at least to the \§@g; composition.
connected with the formation of theg®Z; ordered phase is The C,, (T) dependence obtained for the annealed car-
first order. Note that in the vicinity of the transition tempera-bide VG ;9 in a heating run also exhibits two peaks, at
ture Tyansthe specific heat of disordered carbide is markedly~1440 and~1475 K. When cooled from 1500 K, both
higher than that of the ordered one. The temperature depepeaks persist, but the intensity of the high-temperature one
dencesC, (T) for the VG, g7 carbide exhibit only one peak, increases slightlyFig. 3. The low-temperature peak in the
which implies the formation of only one ordered phase,C,(T) dependence of the \iGq carbide nearly coincides in
VgCy, in the VG g7 carbide within the temperature range position with the high-temperature one in t6g (T) depen-
studied. dence obtained for Vgz3, and one feels justified to assign it

The temperature dependences of the specific heat of tite the reversible ¥Cs < VC, order-disorder transition. This
vanadium carbides Vs, VCq 79, and VG gy measured un- is in accord with the structural data; indeed, the diffracto-
der cooling from 1500 K are presented in Fig. 3. In contrasgram of the annealed carbide Y¢ reveals superstructure

B. Specific heat

TABLE Il. Temperatures and heats of phase transformations in the nonstoichiometric vanadium carpide VC

Phase transformation

VeCs—VCy VgCr—VCy {-V4Cs_ = VCy

Tyanst S, K AHyans, kJ/mol Tyanst5, K AHyans, kd/mol Tyanst5, K AHyans, kd/mol

Carbide VG heating cooling heating cooling heating cooling heating cooling heating cooling heating cooling

VCo 79 1433 1428 2.11 -2.22 - - - - 1473 1473 1.56 -1.64
VCygs 1445 1438 1.16 -1.37 1336 1331 064 —0.75 - - - -
VCogr - - - - 1358 1353 2.23 -2.35 - - - -
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FIG. 4. Temperatures of thegZs — VC, and {C; < VC, phase transi-
tions for the VG vanadium carbide with different carbon conteht— This
work, 2 — Ref. 8,3 — Ref. 18,4 — Ref. 19,5 — Ref. 20.

reflections only from the ordered phasgG{ (Fig. 1.

The high-temperature peak in ti@, (T) curve of the
VC,,9 Carbide originates apparently from th&/,Cs
rhombic phase of the vanadium carbide. TH&,C;_, car-

Lipatnikov et al.

account the errors iffiy4nsMeasurement, which are5 K in
this work and+15 K in Ref. 18, the agreement may be
considered quite good. The data off,, for the
VeCs <+ VC, transition presented in Ref. 8 are obviously
underestimates, and the vallig,,& 1548+ 8 K quoted® for
the same transition is too high. The highest vallig,s
=1413 K (apparently an overestimate for the
VgC; « VCg gg transition is quoted in Ref. 19; our data and
the measurements reported in Refs. 8, 18 and 20 suggest that
Tyansfor the VgC; <= VCq g7 gg transition lies in the 1358—
1397-K interval(Fig. 4).

The heats of the order-disorder phase transformations in
the VG carbide(Table Il) measured by us are fairly close to
the literature data; indeed, by Ref. 18, the helks$, s Of
the V4Cs<— VCpgaz and KC; <« VCyg7s transitions are
1.45+0.71 and 1.54 0.62 kJ/mol, respectively, while Ref. 8
gives 2.38 and 2.06 kJ/mol for the heats of phase transfor-
mations in the Vg4, and VG, gg4 Carbides.

On the whole, both calorimetric and structural studies
show that the formation of the ¢5 and \C; ordered
phases in nonstoichiometric vanadium carbide occurs as a
first-order phase transition.

The experimental data on the temperature dependences
of the specific heat of vanadium carbides with different car-
bon contents can be approximated within the 300—1300-K

bide is observed only in the presence of other phases irange by the following relation

amounts not over 15-20%, and forms, according to Ref. 17,

for T<1593 K. By its carbon content, the \|Gg carbide
corresponds to the upper limit of tH&/,C;_, phase homo-
geneity region, and therefore it can have a small amdass
than 3-59% of the ¢-phase.

The VG gzand VG g7 carbides corresponding to the sto-

Co(M=f 1+ f,T+fsT2+ T 1. (1)

The coefficients in Eq.1) for the VG, 79, VCq g3, and VG g7
carbides, which folT<1300 K are in a thermodynamically
equilibrium ordered state, are listed in Table III.

ichiometric compositions of the ordered phases exhibit the

maximum temperaturesTy,,s 0f the VzCs«— VC, and
VgC; «» VC, transitions(Table Il). The Ty,ns temperatures

C. Phase diagram

A reliable phase diagram for the V-C system, which

of the former transitions are-90 K higher than those of the would take into account the formation of ordered phases, is

latter.
Figure 4 presents data diy,nsfor the V4Cs - VC, and

still lacking. The first approach to constructing the part of the
V—C diagram where the dCs and \,C; phases coexist was

VgC7 <> VC, transitions obtained in this work and by other yndertaken in Ref. 5. Later, an attempt was made to include
authors?**~?°The values ofT,,,smeasured by us are about phase equilibria in V¢ within narrow regions of composi-
20-25 K lower than those quoted in Ref. 18; taking intotion, 0.84<y<0.93, and temperatures, 1273 <1473 K1°

TABLE Ill. Coefficients of polynomials, Eq(l) and Eq.(3), describing the specific heat, parametégqT),
F1(T), andF, (T) of the free energy (y,0,T) of disordered nonstoichiometric vanadium carbide,y@nd
free energyF (T) of the hexagonal disordered carbideGy (8-V,C) and ordered carbideg; (VCqg79.

Coefficients
fo X 10°, f,x 106, fa f,X10° fx 10°,

Phase Parameter kd/mol  (kbl-K) kJmol-K?) kJ-K/mol kJ(mol-K) kdmol-K3)
VCoze  C,(298-1300 K  —8437 6126 136 - - 8.479
VCoss  C,(298-1300 K  —9.687  68.66 212 - - 1.295
VCpgsr  C,p(298-1300 K  —9.041 6531 118 - - 7.562
VCy Fo (298-2000 K 97.09 145.0 —-11.84 —208 —26.95 -

F, (298-2000 K —437.49 —86.23 11.75 932 18.29 -

F, (298-2000 K 211.36 267.21 0 0 —-42.27 —
VZCy F (298-1600 K —180.96 513.67 -1.70 1290 —-83.12 -
(BVC)
VgCy F (298-1400 K —123.89 274.13 —-1.56 608 —43.46 -

(VCOA875)
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V + VZCy C‘V4C near the homogeneity region of the yC
3 y carbide; the phase boundaries beyond
1485 K /// the ordering regions are shown in accor-
5 ~1600 K a 4 ;
1500 : 1380 K dance with Ref. 21.
V,Cy+ VeCs —— R
| K —— 1331 K
V+a-v,C 1155
i VeCs + VCy
:L——- \Y V,Cy |
+ ViC, + C
A"
G2 640 K
500 a—VZC % V3C2 L. V6C5 +C
0.0 0.4 1.2
y=Cv

In the phase diagram of the V-C system proposed in Ref. 2f(y 0T)=Fy(T) +yF,(T) +y?F,(T) — TS(y,0) of the dis-

the ordering region is shown tentatively, and it essentiallyprdered cubic carbide VjCand the free energl (T) of the

repeats the one given in Ref. 5. hexagonal carbide 3C, (8-V,C) were found using tabu-
The main difficulty on the way to constructing a phasejated thermodynamic data and published restit8The cal-

diagram for the V-C system lies in that the upper boundaryuylations were performed assuming thgO/ ordered phase

of the homogeneity region for the disordered cubic Vaﬂadiun’hot to have a homogeneity region_ The free energy of the

carbide VG is VCygg rather than the stoichiometric carbide v,C, (VC, 4,9 phase was presented in the form
MC, o, as is the case with carbides of other transition metals.

The unusual position of the upper boundary of the \M®-  Fvyc,(veyg,9(T) =F(T) =TS+ (AHrang Tirand (T~ Tirand »
mogeneity region gives rise to an edge effect, which mani- (2

fests itself in the formation in Vof an MgC,-type ordered where F(T) = Fo(T) + XF1(T) + X2F(T) for x=0.875the

phase not present in other carbides.
The experimental data obtained in this work on the tem--0(T), F4(T), andF,(T) parameters are the same as for the

peratures and heats of the;& <> VC, and \,C; < VC, Srzzorfi/%;ed C?:;lbrlgiiie\:/)g’aicd 'Z lt—Te Cinsflgt‘rj?rt%%ﬁla;gt?py of
transformations permit one to take into account the orderin 875 ’ trans trans

9
of the VG, carbide in the phase diagram of the V-C system.v 15’83 Vlé ar'?rantshigonhees?itma?;]g fr(;[ﬁqme?(ersrti%‘znt;f daige
The phase equilibria in the region of ordering of the .87 0.875 P '

nonstoichiometric cubic carbide \(Qvere calculated by the The energy parametef(T) of the free energies were pre-

sented by polynomials
order-parameter functional methida*®??%using the tech- v poly
nique described in detail in Ref. 24. The free energy F(T)=fo+f T+, T2+, T 1+f,TInT. (3)
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The magnitudes of the coefficientsare given in Table lll.  carbide gives rise to formation of theglds and \(C; or-
Figure 5 displays the phase diagram of the V-C systendered phases. The presence in@hgT) dependences of the

constructed in this way. The main ordered phase of vanastudied carbides of discontinuities in the interval of revers-

dium carbide is the ¥C5 phase, which forms below 1485 K ible equilibrium order-disorder transitions argues for the

and has a homogeneity region at 1100 K extending fromV¢Cs < VC, and V5C; < VCq g5 transformations being

VCy745t0 VCqp g31. This phase can be observed also in two-first order. The temperatures of the above transitions are

phase regions, so that the domain of its existence covers400—1450 and 1360-1380 K, respectively.
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Specific features in the magnetoresistance oscillation spectrum from the two-
dimensional accumulation layer on Te  (1010) surface

V. A. Berezovets and I. |. Farbshteln

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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Additional magnetoresistance and Hall effect oscillations have been revealed in the 2D hole
system of an accumulation layer on the Te(@Pkurface. The oscillation frequency was found to

be equal to a linear combination of the frequencies of Shubnikov—de Haas 2D-hole

conductivity oscillations in the two 2D subbands formed in a near-surface potential. The
mechanism responsible for these oscillations is related to the oscillating probability of intersubband
scattering in transitions between Landau levels of two size- and magnetic-field-quantized
subbands, as they pass near the Fermi level. 1999 American Institute of Physics.
[S1063-78349)03203-1

As follows from studies of the Shubnikov—de Haas Braunschweig, Germany. The signal was fed into a computer
(S—dH effect(see, e.g., Refs. 143size quantization in the for subsequent mathematical processing.

accumulation layefAL) on the Te(lal)) surface(cleavage Fou_rier_ transforms were used for a detailed analysis of
plane creates two quantum-confined subbands with strongI)Phe oscillation §pectra. Figure 2 pregents the rgsults of such a
anisotropic 2D-hole Fermi surfaces, namely, for the shallowj@nsform having a rectangular window, which was per-
subband with a low Fermi energy they are two contactingformed for the functions displayed in Fig. 1. Application of
ellipses extended along ti@; crystal axis, and for the deep various filters in the Fourier transfofdid not affect the
subband with a high Fermi energy it is,a dumbbell-shapecﬁ’attem in a radical manner. We readily see that, besides the
figure. The waist between the ellips@s in the dumbbell at sharp peak near Zero W'th a.frequer@i, which corre-
higher Fermi energigsvas observed to undergo a magneticSpondS_ to long-period oscillations due _to th? _shallow Sub-
breakdown giving rise to coexistence of S—dH oscilIationsband(F'g' 1), the2, peak near 80 T, which originates from

: . ... the deep-subband quantization, and a weakly pronounced
having two periods, one corresponds to Landau quantlzanopr_}ature at the 9. frequency resulting from the maanetic
of the area of one ellipse while the other, about twice th 1 Tred y 9 g

o : reakdown, there are also a number of pe@ftentified by
former, to that of the joint dumbbell-shaped figdréhe con- arrows in Fig. 2, with the most prominent of them located at

centrations and mobilities of the 2D holes in both subband% frequency neafl.,=20 T. To exclude the possibility of
were determined. ) _ . an error stemming from the use of a discrete Fourier trans-
A computer analysis of the oscillating components in theform, we subtracted computer-simulated curves from the
experimentally measured magnetic-field dependences of théepectra in Fig. 1 corresponding to the lowest of the frequen-
resistance and Hall voltage revealed, besides the S—dH OFjes (Fig. 2). The amplitudes and frequencies of the peaks
cillations due to the Landau quantization of the two 2D sub-yonoted by arrows in Fig. 2 were not affected by this opera-
bands, additional small-amplitude extrema, which likewisejon_ |t may be added that the additional oscillations become
showed a periodicity on the inverse-magnetic-field scalggticeable when the Landau levels in the shallow subband
(Fig. 1. The effect was reproducible from one sample topaye small numbers, that the oscillation amplitude changes
another and was only weakly temperature dependent. very little with increasing magnetic field, and that the oscil-
The method of sample preparation and measuremenétions are better resolved and have a larger amplitude in the
were described elsewheréWe only note here that the mea- field dependence of the Hall voltage.
surements were carried out in a quasi-steady-state regime on A quantitative analysis showed that the period of the
a superconducting solenoid at the loffe Physicotechnical Inebserved oscillations does not match the principal harmonics
stitute (up to 12 T and on a Bitter-type solenoid at the of the S—dH oscillations at the()X,+;)/2 frequencies,
Strong Magnetic Fields Laboratory, Technische Universitawhich could arise in linear superposition of oscillations with

1063-7834/99/41(3)/3/$15.00 481 © 1999 American Institute of Physics
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! +—> a single crystal in a magnetic field act as a frequency rhixer
The most consistent explanation of this effect relatbe

] appearance of the extra frequencies in the S—dH effect to the
presence in the semiconductor of several carrier groups with
different Fermi-surface cross sectiotis Bi and Bi—Sb al-

- loys they are electronic valleys differently oriented kn

- spacé. The effect of intervalley scattering on the S—dH os-

5 cillation spectrum arising in transitions between the quan-
tized levels of different valleys lying near the Fermi level
was also considered in detailt was shown that besides the

2 “traditional” renormalization of the effective relaxation
time at the Landau levelthe “Dingle temperature), the
inclusion of intervalley scattering in transitions between

- quantized levels results in the appearance in the expression

s derived in quasiclassical approximation for the conductivity

s tensor components off-diagonal in the valley index,, of

! additional termsdo;

n A A L

~d*UIdB?, arb. units

0.0 0.4 0.8 Saij~cos 2n[n(eflh Q) =m(eEhQP)], (1)
1 el
BT where Q*# are the cyclotron frequencies for the and 8
FIG. 1. Oscillating part of the Hall voltagd) and magnetoresistan¢@) of valIey;, respectivelyn andm are integer&sé"ﬁ are the Fermi
a tellurium sample with a 2D accumulation layer on the Te@psurface.  €nergies for the corresponding valleys, d@nds the Planck
The arrow specifies the region of the most clearly pronounced extra oscileonstant. Equatior{l) shows that the S—dH effect should

lations. T=1.9 K. include, besides its fundamental frequenciés® (and Q7),
combination frequencies as well
different periods corresponding to the two 2D subbands. Qo= NQ*EMOE . ®)

A similar phenomenon, observed earlier in a study of Bi
and Bi—Sb alloys doped with the Te donor impurity, sug-Because two 2D subbands with different 2D-hole mobilities
gested a strong nonlinearity of the S—dH effect, which make&nd concentrations exist on the Te(D)1surface, and the
experimental spectrum of S—dH oscillations is similar to that
predicted in Ref. 7, it appeared reasonable to attempt to re-
late the observed extra S—dH oscillation frequencies to a
mechanism of intersubband scattering in the spectrum of
both magnetic-field-quantized 2D subbands. We applied the
conclusions drawn in Ref. 7 to our case. It was found that the
largest extra peak in the Fourier spectrum denoted by an
arrow in Fig. 2 fits to the relation

Qs _gv=Qe—13Q; . (©)]

An analysis of the S—dH spectra of all samples showed that
this peak was observed for all 2D-hole concentrations in the
AL, with the coefficient of(); in Eq. (3) varying within a
narrow interval 1% m=14. Such a large magnitude of the
coefficient can be accounted for within the proposed expla-
nation by the quantized Fermi-surface cross sections in the
two subbands under study differing strongly from one an-
other.

The origin of all the other extra peaks in the Fourier
spectrum in Fig. 2 requires a separate consideration.

Thus precision measurements of the magnetic-field de-
pendence of the resistance and Hall effect in the two-

0 100 200 dimensional accumulation layer on the Te(0Q1surface at
QT helium temperatures have revealed oscillations of these
quantities with frequency multiples of those of the S—dH

FIG. 2. The _FOU”EF'a”?'YZEd dependences OZF'Q-%dHa” Vo'tgge%— oscillations for 2D-hole Fermi surfaces in the size-quantized

magnetoresistanca — frequencyl, corresponding to deep-subband quan- o 100 s created in the near-surface potential. The onset of

tization, b and b— frequencieq); and 2}, corresponding to quantization o . . . . .

of the shallow subband in magnetic breakdown condifians— extra-  these OSCI||at|0n§ IS.aSSOCIate.d .Wlth the prpbe_lblhty of inter-

oscillation frequency com. subband scattering in a quantizing magnetic field.

Spectral density, arb. units
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Incorporation of erbium into GaAs/AlGaAs quantum-well structures in the course of their MBE
growth has been shown experimentally to initiate effective Ga and Al interdiffusion and

Er diffusion due to the erbium-induced enhanced vacancy formation. A mechanism for the
formation of cation vacancies is proposed, which is based on the generation of local

strains by the incorporating erbium. It is shown that erbium interacts with aluminum to produce
in AlGaAs aluminum-enriched, erbium-containing clusters. 1@99 American Institute of
Physics[S1063-78319)03303-1

Recent years have witnessed increasing interest in thlayer of the structures, labeled Er21 through Er23 and 0.6
luminescent properties of erbium-doped semicondudtdrs. um thick, was made of AlGa,_,As (x=0.3). Next 50
The reason for this lies in that the absorption of opticalGaAs:Er quantum wells, 10 nm thick, with erbium-free Al-
quartz fibers used in communications passes through a minsaAs barriers 21-nm thick were grown. One could control
mum exactly at the wavelength of 1.54n corresponding to the erbium concentration by properly adjusting the erbium-
the intra-4& radiative transitiorfl ;5,—“l 15,in the EF* ion,  source temperatur@®00, 870, and 930 °C for the Er21, Er22,
and that doping a semiconductor matrix with erbium permitsand Er23 structures, respectivelyThe barriers separating
one to fabricate electrically pumped sources of this radiationGaAs:Er from AlGaAs were terminated at each end by
At the same time development of such sources could benef@t.9-nm thick spikes. A second AlGaAs layer with a thickness
considerably from erbium doping of GaAs/AlGaAs quan- of 0.6 um was grown atop the 50 quantum wells to make the
tum-well structures providing spatial current and light con-voltage symmetric. AlGaAs was protected from oxidation by
finement, which may result in a higher efficiency of the cor-a 7-nm thick GaAs cap layer. The structure thus obtained is
responding light-emitting diodes. shown schematically in Fig. 1.

We are reporting here on a study of MBE-grown, In addition an Er26 structure, which consisted of 50
erbium-doped GaAs/AlGaAs structures and bulk AlGaAs.8-nm thick GaAs:Er layers separated by 22-nm thick layers
The study made use of secondary-ion mass spectrometof undoped GaAs, was fabricatédith the erbium source
(SIMS) and erbium absorption and photoluminescence speanaintained at 900 °C We also fabricated for reference an
tra. undoped GaAs/AlGaAs structur€Er20) and an AlGaAs

The study showed that incorporation of erbium intosample withx=0.3 doped uniformly with erbiumEr29).
GaAs/AlGaAs quantum wells during growth stimulates ef- The erbium concentration in the structures was measured by
fective Er diffusion and interdiffusion of Ga and Al. In the SIMS. The results of the measurements are listed in Table I.
limit of high erbium concentrations introduced during the Figure 2 shows the dependence of erbium concentration,
MBE growth the quantum-well structures break down, andas derived from SIMS data, on the erbium source tempera-
one observes practically uniform distribution of erbium, gal-ture. This dependence can be fitted by a relation
lium, and aluminum in the region of the quantum wells and
of the barriers. Besides, at lower erbium concentrations, it is
observed also to interact with aluminum, which gives rise to
nucleation in AlGaAs of aluminum-enriched erbium-con-
taining clusters. whereN=2.85x10* cm 2 andE,=3.6 eV. The activation
energy derived from the data in Fig. 2 is very close to the
well-known energy of erbium evaporation from a metal
source,E,=3.3 eV (see, e.g., Ref.)3

Erbium-doped GaAs/AlGaAs structures were MBE PhotoluminescencéPL) spectra of the structures were
grown on a 625«m thick GaAs substrate at 600 °C. The first obtained aff =1.8 K. The PL was analyzed by a two-grating

Ng =N exp —E,/kT), (n)

1. EXPERIMENTAL RESULTS

1063-7834/99/41(3)/5/$15.00 484 © 1999 American Institute of Physics
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FIG. 1. Schematic view of erbium-doped GaAs/AlGaAs structisbewn

is the conduction-band edge profile FIG. 2. Erbium concentration in GaAs/AlGaAs structures vs erbium-source

temperaturéfrom SIMS data.

monochromator with a focal length of 822 mm and detected
with a cooled germanium photodiode. Photoluminescenceupport, however, the SIMS data of the quantum wells being
was excited by a cw argon laser at 488 nm. strongly washed out. The absorption spectrum of Er20 shows

The absorption spectra were measurédd &K with a  clearly two-dimensional stepped density of states for the
spectrometer with a focal length of 1/8 m, with the GaAsquantum levels wittn=1,2. As the erbium concentration in
substrate etched off preliminarily. the Er22, Er21, and Er23 structures increases, the stepped

Figure 3 displays a SIMS profile for the Er26 sample structure diffuses to make the absorption spectrum similar to
(GaAs:E) obtained with 50-A resolution. The SIMS data that of bulk GaAs.
show the erbium concentration to become averaged out at a Figure 6a displays a PL spectrum of the Er26 sample
4x 10 cm3 level, irrespective of whether the shutter be- obtained at 1.8 K in the region of erbium luminesce(it&—
fore the erbium source was open or closed in the course df.6 um). This is a layer of bulk GaAs doped by erbium
GaAs growth. Thus no erbium layers exist in GaAs. Thisduring its growth. The positions of the erbium PL lines cor-
implies a high erbium diffusion coefficient in the bulk of the responding to the intraf4*l 13, 15, transition in the Et*
MBE-grown GaAs, as distinct from the case of erbium intro-ion are in good agreement with the available literature ‘data
duced by diffusion. for GaAs:Er.

Figure 4 shows SIMS profiles for three samples in the ~ Shown in Fig. 6b is a PL spectrum of the Er21 sample.
order of increasing concentration of erbium doped only intoErbium was introduced in this case only into the GaAs
the quantum-well region. In the Er20 structure with no er-quantum-well region. We readily see that it differs strongly
bium introduced into the quantum wells, the latter are seeiffom the spectrum of GaAs:Er while practically coinciding
clearly. In the Er21 structureNg,=9x 10'® cm~%), their  with that of the Er29 sampléFig. 60, where erbium was
outlines are diffuse, and in Er2qg,=2.2x10° cm™3) the  doped into bulk AlGaAs(the photoluminescence of MBE-
quantum wells are washed out completely, and the concergrown, erbium-doped bulk AlGaAs was studied in Ref. 5
trations of erbium, aluminum, and gallium are constantThis supports the preliminary SIMS data on interdiffusion of
throughout the structure. Thus the rate of gallium and alumi-
num interdiffusion and of erbium diffusion directly depend
on the concentration of the doped erbium.

23
Because SIMS provides a limited spatial resolution, it 10 k. Ga °
could be expected not to reveal any modulation of the aver- 1022 ] 3 L
age concentration while the quantum wells would still persist = i ;
to some extent. The absorption spectra presented in Fig. 5 5 0 ! ERB 26 !
~ 1020
ERLN !
TABLE I. Parameters of GaAs/AlGaAs structures. g 10" y Er L
= E 3
Q
Sample No.  Erbium source Erbium concentration Note g 10" I !
temperature, °C  from SIMS data 8 7€ ]
10 1
Er20 without erbium 16 3
Er21 900 % 10%® 107y L
Er22 870 3x10'8 ]0'5:....1....|.,..1....l....l....LL“.l..x.:
Er23 930 2.X10%
Erod 800 e 0 100 200 300 400 500 600 700 800
Er25 900 7 108 Depth, nm
Er26 900 4<10'8 GaAs:Er
Er29 900 o< 108 AlGaAs:Er FIG. 3. SIMS profile of sample Er26. The arrow identifies the thickness at

which the erbium-source shutter was opened.
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FIG. 4. SIMS profiles for Er20, Er21, and Er23
structures.

gallium and aluminum when erbium is introduced into GaAsthe GaAs quantum wells, while SIMS data attested to the
guantum-well structures still remaining in good condition.
Experiment shows also the existence of interaction beThe absorption spectra presented in Fig. 5 also argue for the
tween erbium and aluminum, which stimulates diffusion offormation of Er-Al clusters. Thus our results evidence strong
erbium into the aluminum-enriched regions, and that of aluinteraction between aluminum and erbium.

minum, into the erbium-doped regions of the structure. Fig-
ure 6 provides evidence for erbium preferring to have alumi-
num in its nearest environment. Even in the case where

guantum wells during growth.

erbium was introduced during the growth of the Er21 and
Er23 structures only into the GaAs layers, the PL spectrum
near 1.5um is characteristic of AlGaA&t is more complex
than the Er spectrum in Gajdt should be pointed out that

all lines in the AlGaAs:Er photoluminescence spectiig.

60) were observed also in GaAs/AlGaAs structures with a
low concentration of erbium~ 10 cm™3) introduced into

increasing erbium concentration obtained Tat 4 K. Spectral resolution

Absorption, aL

2 nm.

750

800 850 900

Wavelength, nm

Pl intensity, arb. units

1.50

1.52

153
Wavelength, pm

1.60

FIG. 6. Photoluminescence spectra (af Er26, (b) Er21, and(c) Er29.

T=1.8 K. Er26 is bulk GaAs, into which erbium was doped to a thickness
of 8 nm with an open erbium-source shutter with 30-nm intervals. Er21 is a
FIG. 5. Absorption spectra of Er20 through Er23 structures in the order oktructure obtained with erbium doped during the growth only into the

quantum-well region with the GaAs/AlGaAs barriers remaining undoped.

Er29 is erbium-doped bulk GaAs/AlGaAs.
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2. DISCUSSION OF RESULTS where Ng=1.1x 10?2 cm™3 is the total number of cation

. . . states per cc, and the equilibrium vacancy concentration
The phenomenon of Ga and Al interdiffusion, which re- [V, ]=1.2x 10" cm~3. Thus doping with erbium can in-

sults in washout of GaAs/AlGaAs quantum wells in the pres-,oaqe considerably the concentration of cation vacancies.
ence of high concentrations of electrically active impurities It should be pointed out that the diffusion coefficient is
(donors or acceptoysis well known in growth technology of

small if erbium is doped into GaAs by diffusion, because the

GaAs/AlGaAs quantum-well structures and has been a suly, i, of erbium is larger than that of gallium. The impurity

. . . . 7 . .
ject of intensive studieS! It was shown that incorporation of diffusion coefficient depends also on the concentration of

electrically gctive impurities _raises the_ _Fermi Ieyel in thecation and anion vacancies, but because the vacancy concen-
system, which fa:}vors.f;‘or.matlon foff ggdltlonal cation vacan-yation in equilibrium conditions is constant at a fixed tem-
cies increasing the diffusion coefficient. perature, the rate of diffusion is determined by the radius of

. At the same tirrr:e the ET ions occupi/] substitutional, e jimpurity atom. The situation is different if vacancies are
l.e. cation sites in the I1I-V lattice and behave as an isovaeated during the growth, and this is exactly what happens
lent impurity, i.e. without donating additional charge. The

X . n9 when erbium is doped into MBE-grown GaAs/AlGaAs struc-
observation of strong erbium diffusion and of Ga and Al

_ varnn v k . “tures in the course of growth. In MBE-grown AGa, sAS
interdiffusion in our case can be explained if one takes INtQyith erbium concentration- 108 cm™3. 88% of erbium at-

account the internal strains generated in the lattice as an €6ms occupy substitutional sitésation statesi® For higher

b|um lons enters. the-sne. of a Qroup Il cation. Because th‘?erbium concentrations, part of the erbium ions fill interstitial
radius of the erbium ion is considerably larger than those of;i.c and folNg,=5X 10'° cm~3 only 30% Er sit at substi-
’ r

gallium and aluminum, incorporation of erbium creates localy iyn| sites.(Besides, the strain created by an interstitial
strains around it and, in this way, contributes to the elastic, i \m ion can be expected to be even lajger

energy of an erbium-doped semiconductor. This local strain The cation diffusion coefficient in GaA®r in AIGaAs)
may initiate formation of additional vacanciésompared to can be writtefi
the equilibrium statg and their concentration can be esti-
mated from energy conservation consideratfons.

Let us estimate the number of vacancies which may ap-

pear with erbium entering a substitutional site. Although we : . .
do not know the covalent radius of erbium, its iorfand wheref is a factor accounting for the crystalline structure and

atomig radius exceeds by about 10% the radii of Group IIIthe. prob_ablllty of (()anc_:ountermg_ avacancy at the _n(_a|ghbor|ng

: ; . ; : 4att|ce site, andD ), is the cation diffusion coefficient de-
cations, which permits a conclusion that the deformation oscribin UmDpIng into a neahboring cation site. which in or-
the erbium environment could be of the order diR/R, g jumping 9 9 '

. . 2 a . - . _
~0.3, whereAR is the change in the cation radius, dRglis der of magnitude isa” exp (~E,/kT)/2 (w is the ion vibra

. o . . tional frequency,a is the lattice constant, ang, is the
the cation radius itself. The corresponding elastic energy PEl erav barrier separating two adiacent eation StatBe.
cc can be estimated fron 9y P 9 J

cause V] is proportional toNg,, the diffusion coefficient
27 <3AR

Dy =D} [Vin ], (5

2 3 increases strongly in the presence of erbium ions. This result
U=-—3c Ry (RoNe) . @ relates to diffusion of both gallium and aluminum and of
: . . , erbium ions. Our estimates of the erbium diffusion coeffi-
wherec is the elastic constank, is the host-catiofGa, AD cient derived from the characteristic length of the erbium

radius,AR:R%— Ro. Ry is the_ erbium ion radius,_ andg is _profile (Fig. 4 and from the time required to grow the cor-
the doped erbium concentration. The energy of internal Stra'gesponding layer yieldg,~ 1015 c/s, which is a very
is energetically preferable to be spent in vacancy formationl.arge value for the tempEerrature of 900 ,K

If we assume the accumulated elastic energy to be spent
completely in vacancy formation, the concentration of the
vacancies thus produced can be estimated from

As for the tendency of erbium to surround itself by alu-
minum atoms, it can probably be traced to their chemical
interaction; indeed, erbium is knownto form several inter-
[V, ]=VU/Ey, (3  metallic compounds with aluminum. One could therefore ex-
ePeCt formation of erbium-aluminum complexes in our
samples.

Thus we have shown that doping GaAs/AlGaAs

whereE, is the vacancy-creation energy determined by th
GaAs bond energy. Taking=10'? erg/cn?, AR/Ry~0.1,

~ — 8 = 8 -3 = 8 -
Ro=~10"° cm, Ng=10"cm™*, and E,=1.6 eV, we ob quantum-well structures with erbium results in a very effi-

. _ 6 _3 . B
tain [V ]=7.3x 101_cm - Itis well known that cation o oo and Al interdiffusion and Er diffusion because of
vacancies are effectively generated in GaAs and AlGaAs in : . . o
the formation of cation vacancies. A mechanism is proposed

an arsenic-enriched atmosphérBecause MBE growth of for the cation vacancy formation, which is based on the local

structures takes place only under these conditions, it may bet . : . : . )
: 4 . . " “strains created by incorporation of erbium due to its radius
assumed that erbium doping stimulates formation of cation

. ; : differing strongly from that of the host ions.
vacancies whose concentration was estimated above. ? - . . .
. Erbium has been shown to interact with aluminum. This
We have to compare now the concentration thus ob-

tained with the equilibrium cation-vacancy concentration atmteraction Is responsible for the formation in AlGaAs of
900 K q y aluminum-enriched, erbium-containing clusters.
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SAW spectral characteristics of the YZ—LINbO  ;—thin-lead-film layered structure
L. A. Kulakova, K. V. D’yakonov, and E. Z. Yakhkind

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted July 31, 1998
Fiz. Tverd. Tela(St. Petersbupgl, 545—-549(March 1999

An acousto-optical study of the effect of a lead film on propagation of high-power surface
acoustic waves$SAW) along theZ direction on theY cut of LiNbO; is reported. The presence of

the metal film has been found to stimulate spatial oscillations of SAW components and

suppress the onset of nonlinearity. If the film is more narrow than the SAW aperture, one observes
considerable inflow of acoustic energy from the free surface to the film region. A study of

the film-induced sound-velocity dispersion revealed it to have a linear pattern. An analysis of the
results within the present theoretical models of soliton development showed that a soliton-

like monopulse can form only if a very thin<(150 A) lead film is present. €1999 American
Institute of Physicg.S1063-78389)03403-9

Science and technology are witnessing presently an inpy an attenuator from zero to 4@V/cn?. The lead film was
creasing interest in nonlinear dispersion systems. This inteh=1100 A thick. The configurations studied weg a film
est is stimulated, on the one hand, by their application powith a widthd larger than the SAW apertua(d=a), and
tential, and on the other, by present progress in appliedb) a narrow film,d<a (Fig. 1).
mathematics which has made possible analytical solution of The intensity of various SAW harmonics was deter-
the various nonlinear wave-dispersion equations. mined as the ratio of light intensity in the corresponding

One of the most popular nonlinear dispersion systems igliffracted order [i) to that in zero orderl().
the layered structure made up of a metal film and a substrate Figure 2 shows the evolution of the SAW spectrum as
supporting propagation of a Rayleigh-type surface acoustithe wave propagated over the free surface of the substrate for
wave, with the film thicknesh substantially smaller than the Vvarious input sound intensities. We readily see that the
sound wavelength. propagation conditions are essentially nonlinear.

The effect of metal films on SAW propagation on a pi- ~ The effect of a metal film on SAW propagation was
ezoelectric substrate is dealt with in a number of pub”_investigated both in the conditions of a well developed non-
cations!? Most of the works used aluminum films. The pub- linearity, i.e. at a certain distance from the transducer, where
lished results permit the following two basic conclusiofis:  ON€ observes saturation of the higher harmonics created in
The electric loading by the film shorts the piezoelectric fieldsthe course of SAW propagation over the substrate free sur-
and reduces the SAW velocity by an amount proportional to
one half the squared electromechanical coupling constant of
the substrate; andi) The mechanical loading by the film
mass results in a linear dispersion of the sound velocity.

Our earlier studiesof the nonlinear acousto-electronic
interaction in superconducting lead films posed a number of
problems associated with the influence of the lead film itself
on the SAW spectral response, namely, how the film affects
the amplitude and shape of the SAW signal and whether it
generates a series of soliton-like monopulses with the peri-
odicity of the original signal.

To find an answer to these questions, we have performed
acousto-optical studies of the effect of a lead film on SAW
propagation along th& direction on theY cut of LiNbO;.

The measurements were carried ouTat300 K by the ] 6
acousto-optical technique in reflection. The radiation source
was a gas(He—Ne laser A =0.63um), and the photo-
receiver, a FB-62 PM tube. The laser beam spot focused on
the sample measured 0.3xX0.7 mm. The sonic signal was FIG. 1. Schematic representation of SAW excitation in the layered structure
excited by an interdigital transducer with a resonance fre~ ZLiNbOs—lead film. 1 — microwave generato2 — input interdigital

. transducer3 — lead film,4 — YZ-LiNbOj; substrate5 — output inter-
quency of 87 MHz fabricated on a 3*2.0X0.15-CM  igital transducers — microwave receivera is the sound beam aperture,
YZ-LiNbO; substrate. The SAW intensity could be varied andd is the film width.

Y
o .

1063-7834/99/41(3)/5/$15.00 489 © 1999 American Institute of Physics
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FIG. 3. Spatial distribution of SAW harmonic intensity on the metallized

. T L. . . surface.l, 1’ — fundamental frequency2, 2’ — second harmonic3 —
face, and in the initia(linean conditions, i.e. near the inter- .4 harmonic4 — fourth harmonic.

digital transducer, where the acoustic response consisted
only of the fundamental-frequency component.

The effect of the metal film located where the higher — 7 !
harmonics reach saturation- 6 mm) appears in the onset a _ —I_
of oscillations in the intensity of all SAW componen(sg. a '
3a). If the film is located in the starting regiaifrig. 3b), its >
presence substantially suppresses the onset of nonlinearity to 0.5 8 18 Z

leave only a weak oscillating second harmonic.

The effect of a narrow filmd<a) on SAW propagation
was studied in detail on the first two harmonics, viz. with the
fundamental and double frequency. We were interested here
in the variation of the intensity both in the direction of propa-
gation and over the flow cross section at different distances
from the input.

As seen from Fig. 4, in the region covered by the film
one observes a substantial growth in intensity of the funda-
mental component with distance, whereas on the free surface
its intensity decreases.

The observed pattern is a result of inflow of the acoustic ]
energy from the free surface into the region occupied by the 1 A
film, which is due to a difference between the SAW veloci- [
ties caused by the shorting of the substrate piezofield by the P —

! : o 0 4 8 12 16 20
metal film. The pattern of spatial variation of the second-
harmonic intensity implies a substantial suppression of the Z, mm
nonlinearity. While on the free surface one sees an active|g, 4. variation of SAW intensity along the film fa=1.6 mm anda’
growth of the second harmonic in intensityespite the at- =2.4 mm.1, 1’ — fundamental frequency, 2’ — second harmonic.
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FIG. 5. Transverse distribution of SAW harmonic intensity at different distances from the input interdigital tran&ucet’,, 1" — fundamental frequency,
Z=0.5, 8.5, and 18.5 mm, respectiveBf, 2" — second harmonicZ=8.5 and 18.5 mm, respectivelgh) 1, 1’, 1" — fundamental frequency,=0.5, 13,
and 21 mm, respectively2’, 2" — second harmonicZ=13 and 21 mm, respectivel3 — third harmonic,Z=21 mm.

tenuation of the SAW intensity at the fundamental fre-components at different distances from the interdigital trans-
quency, within the film the second harmonic grows insig- ducer for two cases, namely, of the film locai@l near the
nificantly despite the noticeable increase of the fundamentatansducer andb) at a certain distance from it, where the
harmonic in the same region. second harmonic reaches saturation.

These effects are particularly clearly pronounced in Fig. As seen from the figure, ahead of the film, the SAW
5 showing the transverse intensity distribution of both SAWintensity is distributed uniformly over the acoustic-beam
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cross section and is determined only by one component of

the fundamental-frequency. The film changes the transverse 0.035
SAW-intensity distribution. Behind the film we observe in
both case$(a) Z=8 mm and(b) Z=21 mm] a growth of the
fundamental componeitby a factor~ 1.5), which results in
the appearance of a maximum in the film region and of a dip
on the free-surface region adjoining the film.

In case (a), the pattern of the transverse second-
harmonic intensity distribution behind the filnZ €8 mm)
evidences substantial suppression of the nonlinearity com-
pared to the free surface. As a result, the intensity distribu-
tion at the frequency of the second harmonic exhibits a deep -
minimum in the film region. Further growth of the second
harmonic is dominated by the nonlinear properties of the free
surface of the substrate and the transverse intensity distribu- 0.025
tion at the fundamental frequency. Therefore at a certain dis-
tance from the film Z=18 mm) the patterns of both com-
ponents are qualitatively similar. R SR A

In case(b), the effects are similar, the only difference 0 50 100 150 200

0.030

—AVIY,

being that here suppression of the nonlinearity becomes most , f, MHz
pronounced in the behavior of the third harmonic whose
level was insignificant at the input to the film. FIG. 6. Frequency dependence of SAW velocity on the metallized surface.

Thus the above experiments showed that the lead film
initiates, on the one hand, suppression of nonlinearity due to
the sound velocity dispersion, similar to the case of an alu-

. . L . Y
minum film! and on the other, effective inflow of acoustic RDN=l—k, (2)
energy from the free surface supporting sound propagation to Sol'ni
the film region. where yk=AV/V, is the sonic velocity dispersion.

It should be stressed that while this energy inflow is i |n order for nonlinear effects to become pronounced, the
no way a radically new phenomenon, we are unaware oystem dimensions should be about a &y, and for the
experiments on its direct observation. The quantitative redispersion to be compensated by nonlinearity, Bg, pa-
sults derived by us from acousto-optical measurements angmeter should be of the order of unity.
demonstrating an intendef about 50% energy inflow are The frequency dispersion of the sound velocity induced
rather unexpected, because theoretical estiapesdict by the lead film was derived both from the spatial oscilla-
weak localization of acoustic energy due to the small tions of the second SAW harmoniEig. 33 using the well-
(~2%) difference between the SAW velocities on the freeknown relatiod AV/Vy=m/Zyk (Z, is the oscillation pe-
and metal-coated surfaces. N _ riod), and from our direct measurements of the variation of

Let us discuss whether conditions favoring SAW energythe surface wave velocity at different frequencies with the
transformation, say, into a train of quasimonopulses are refiim etched off the substrate.
alizable. . . _ The results thus obtaine@Fig. 6) agree fairly well with

The soliton is known to form in interaction of the elastic one another and with theoretical predictiarihe dispersion
nonlinearity of a mediuntwhich accounts for the shock front js linear, AV/V,=C—yk, and the magnitude of the
formationy with velocity dispersion(which destroys this  frequency-independent contributioB=0.22 is in accord
shock. It was showfi that in the case of linear sound- with one half the squared electromechanical coupling
velocity dispersion the possibility for an originally sine- constanf
shaped Signal to evolve into a soliton is characterized by two  We used our data on non"nearﬂgig_ 2) and dispersion
important parameters, namely, the distadgeat which the  (Fig. 6) to estimate the parametefg andRpy from Egs.(1)
shock forms in the absence of dispersion and the dispersiognd (2). For an acoustic power of 3.5 \ithe displacement

to nonlinearity ratioRpy - along the surface normat 40 A) we obtainedZg~0.5 cm
The solution of the nonlinear equation becomes manyand Ry~ 9. This means that a soliton-like monopulse can-
valued at a distance not be produced just by increasing acoustic power. One has
to reduce strongly the dispersion, i.e. the film thickness to
Zg=(kS) 7, (1)  about 150 A.

As for the soliton-like solution for the envelope of SAW
wherek is the acoustic wave numbe?o% is the amplitude of microwave pulse, our analysis of the criteria derived in Ref.
fundamental-frequency deformatioﬁn,=4(S§/Sé)/($cl,k2) 4 suggests that, in order for such a solution to exist, the
is a nonlinear coefficienlsé is the second-harmonic defor- system should meet the following most essential require-
mation amplitude, and is the distance from the input inter- ment, namely, the SAW group and phase velocities must
digital transducer. For thBpy parameter one can write have opposite signs. Because the dispersions of the SAW
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group and phase velocities, which are caused by surface metis work and criticisms and to A. V. Gol'tsev for fruitful
allization, are, as a rule, of the same sfgaxditional condi- comments.
tions have to be satisfied in such systems in order for the Partial support of the International Science Foundation
SAW microwave pulse envelope to have a soliton solution.and of the Russian Fund for Fundamental Rese&@rant
Thus our study showed that the presence of a 1100-85-02-04093his gratefully acknowledged.
thick metal film suppresses the onset of nonlinearity. If the
film is more narrow than_ the inter_digital transducer width, 1A, P. Mayer, Phys. Re[256 238 (1996.
one observes a substantial $0%) inflow of SAW energy  2acoustic Surface Wavesdited by A. A. Oliner(Springer, Berlin, 1978
from the free surface supporting the sound propagation to the[Russ. transl. Mir, Moscow, 1981
film region_ An investigation of the metallization-induced 3K.. V. D'yakonov, Yu. V. llisavski, and E Z. Yakhkind, Pisma Zh. Tekh.
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FULLERENES, ATOMIC CLUSTERS

Effect of low-temperature compression on the parameters of the phase transition
at 250-260 K in C 4, single crystals
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A thermodynamic transition in &g crystals, subjected beforehand to uniaxial compression at
various temperatures and to thermal action, was investigated by differential scanning calorimetry.
It was established that compression of the crystal at temperatures below the phase transition
has a much smaller effect on the transition itself than a similar or even much weaker action at a
temperature above the phase transition. A “quenching” effect was also found. This effect

is probably due to the orientational order of individual fullerene molecules. A correlation was
established between the magnitude of the effect and the preliminary deformatigg of C

crystals. ©1999 American Institute of Physid$1063-783%1M9)03503-0

The phase transition in & fullerene near the tempera- lattice execute free rotational motion, was found by differen-
ture 260 K has been studied quite completely by variougial scanning calorimetryDSC). The objective of the present
physical methods that made it possible to obtain a more owork is to investigate the parameters of the pc—fcc phase
less clear picture at a molecular level of the intertransition otransition as a function of the compressive strain at 77 K,
the face-centereffcc) and the primitive cubic¢pc) phases. It  corresponding to the nonequilibrium state of fullerene crys-
has been established that, at temperatlitre260 K, to each tals with completely “frozen” rotational motion of the &
site in the fcc G lattice there corresponds ongs@nolecule  molecules.
which undergoes almost free rotatibhe lattice constant
of fullerene remains virtually unchanged as the temperature
drops below the phase Fransition poifit=< 260 K),? but the 1. EXPERIMENTAL PROCEDURE
symmetry of the crystal jumps from fcc to pc. In the process,
the fcc structure of the positions of the;{Onolecules re- The G single crystals were obtained from the vapor
mains, and the additional orientational order is due to the fagbhase. Small g, crystals, prepurified by repeated vacuum
that to each site of the pc lattice there corresponds a tetrahsublimation, were chosen as the starting material. The pro-
dron formed by four molecules with fixed orientations alongcedure for preparing this material was as follows. Chromato-
four different directions:* C4, molecules can become fixed graphically purified 99.95% puregfullerene powder was
in tetrahedra in two different equilibrium positions with placed in a quartz ampul, which was evacuated to pressure
close interaction energies, the so-called pentagémaind 10 © torr and heated to 573 K. The powder underwent a
hexagonal(h) configurations. In a quite wide temperature purification process in which organic solvents and volatile
range 85 K<T<260 K the Gy molecules are in a state of impurities were removed in a dynamic vacuum in 8—10 h.
jump-like rotation with the ratio of the populations of the Next, it was subjected three times to vacuum sublimation.
pentagonal ;) and hexagonalr(,) configurationsn,/ny, The yield of purified crystals was 70% of the weight of the
~4, With deeper coolingT<85 K) the jump-like rotation initial load. Next, the crystals were once again transferred
of the G, molecules becomes “frozen” and the fullerene into a smaller quartz ampul, which was evacuated to pressure
crystal passes into a nonequilibrium state called an “orien10 ® Torr and sealed. The ampul was placed into a horizon-
tational glass.® tal two-zone furnace. The single crystals were grown under

Recent investigations have shown that orientationathe following conditions: sublimation temperature 873 K,
transformations in fullerene strongly influence its mechanicatrystallization temperature 813 K, and growth time of the
propertie?’ In Ref. 8 a dependence of the phase-transitiorcrystals 8—12 h. The well-facetedsgcrystals up to 30 mg
enthalpyAH on the compressive strain at 293 K, i.e. aboveobtained by this method up to several millimeters in size.
the transition temperature, where the additional orientationalhe structural investigations revealed growth twins and mi-
order is completely absent and thgy@olecules in the fcc  crotwin formations in the crystals.
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The calorimetric measurements were performed on ¢
Perkin—Elmer DSC-2 differential scanning calorimeter by
the method of Refs. 9 and 10, and the mechanical actiol
consisted of compressing thgd&rystals at 77 and 293 K in
an Instron 1342 universal testing machine by the methoc [ =05 mW 1
described in Ref. 8.

The fullerene sample compressed at 77 K was trans
ferred in a capsule with liquid nitrogen into the calorimeter
chamber, which was precooled to 220 K. Next, the sample
was heated from 220 K up to 300 K at a constant rate of £
K/min and the thermal processes occurring in the sample ir
the course of the pc—fcc phase transition were recorded o
the DSC curve. The & crystals placed into the calorimeter
chamber were subjected three times to the same preliminat
mechanical action with an increasing load at 77 K. Next, the
sample was loaded additionally at 293 K and cooled in the
calorimeter chamber to 220 K. In this manner a series of foul
calorimetric tests of g single crystals subjected to compres-
sion was obtained.

The fullerene samples were rapidly cooled -
(“quenched”) from room temperature in liquid nitrogen, af-
ter which the samples were transferred in a capsule witt
liquid nitrogen into the calorimeter chamber precooled to
220 K and heated in the chamber up to 300 K with the hea
effects recorded on the DSC curve.

I

1 ] i i 1 1 1

230 250 270 290

2. EXPERIMENTAL RESULTS AND DISCUSSION LK

: - : : _FIG. 1. DSC curves of the initigll) and precompressed @t=77 K (2-4)
Flgure 1 dlsplays the DSC curves in the interval 220 andT=293 K (5) Cgo samples. Specific compressive strainMPa: 180(2,

300 K for Gsg samples with different mechanical his_tory. 5), 320 (3), and 460(4). Dashed line — repeated heating after cooling to
One can see that the endothermal peak corresponding t02a0 K. The heating rate is 5 K/min. The sampi&sand(5) were cooled in

thermodynamic transition in the initial ¢ (curve 1) de-  the calorimeter to 220 K.
creases negligibly, as the mechanical load increases at 77 K
(curves2—4), in amplitude and washes out in the direction of
low temperatures. Aside from this, a temperature-broadenetthermal effect on the curve. We note that the temperature
endothermal effect in the form of a wide peak with a maxi-scanning range indicated in Fig. 1 for the predeformed
mum in the range 245-250 K can be seen in the culv&s  samples was extended to 500 K in order to observe heat
against the background of the low-temperature shoulder oéffects associated with the release of the latent energy that
the amplitude-diminished peak of the pc—fcc phase transieould be stored in deformed solids. As a result, it turned out
tion. The wide peak vanishes on the DSC curves with rethat in all cases with repeated scanning of the deformed
peated heating from 220 K, and the first heating only tosamples in the region 255-500 K the DSC curves were iden-
temperatures falling between the two peaks is sufficient. Thisical to the initial curves, indicating that there are no irrevers-
shows that the process leading to the appearance of this pe#ite heat effects in this range.
is a nonequilibrium one and that there is no relation between We note that the maximum load applied at low tempera-
the appearance of the peak and the phase transition. At thare is approximately 2.5 times larger than in experiments at
same time the endothermal peak of the equilibrium thermoroom temperaturéFig. 1) and nonetheless the distortion of
dynamic transition repeats with repeated heating. The transthe peak corresponding to the phase transition was found to
tion enthalpy of the deformed samples, determined from thde much smaller. Such a different influence of the load is
area of the endothermal peak with repeated heating, desvidently due to the different magnitude of the lattice distor-
creases with respect to the enthalpy of the initial sampldions produced by the load. In the pc lattice the formation
(AH=8.8 J/g and is 8.6, 8.5, and 7.9 J/g, respectively, forenergy of crystallographic defectdislocations and disloca-
the samples subjected to low-temperature loadioigrves tion pile-ups is high, and the main effect of a load is to
2-4in Fig. 1. fracture the sample, i.e. to convert it into powder in which
The curve5 for the sample deformed at room tempera-the particles decrease in size with increasing load but retain a
ture is sharply different from preceding curves. Just as imegular, undistorted strcuture. Pulverization also occurs un-
Ref. 8, it demonstrates a sharp drop in intensity and broadder a load above the transition, but aside from that, distor-
ening of the low-temperature shoulder of the phase-transitiotions arise in the fcc lattice, specifically, formation of,C
peak. The transition enthalpy decreases appreciably and @émers!! which are responsible for the decrease in the am-
AH=6.2 J/g. Moreover, there is no low-temperature endoplitude and broadening of the peak.
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observed. It is also virtually absent in the DSC curve of the
] Ceo Sample which is deformed in advance at room tempera-
ture and then quenched in nitrogécurve 3). Only a very
small exothermal effect at 240 K is observed. Just as in the
preceding case, the curv@sand3 in Figs. 1 and 2, respec-
tively, are observed to be similar.

The comparative experiment performed shows clearly
that the metastable effect appears as a result of a thermal
action so that this effect can be termed a “quenching” ef-
fect. As one can see by comparing the curves in Fig. 2, the
magnitude of the effect depends on the mechanical history of
the G sample.

The nature of the “quenching” effect is probably due to
the presence of the nonequilibrium orientational order in
quenched fullerene crystals. The orientational order is deter-
mined by the population ratim,/n,, whose equilibrium
value depends on the temperature. Thus, at room tempera-
ture, where the g molecules rotate almost freely, it can be
assumed thah,/ny~1. In the temperature range €9
<260 K this ratio, as indicated above, ig/n,~4 and at

) N ' . A \ | T<85 K, i.e. in the “orientational glass” statem,)/nh~5.5
230 250 270 290 Rapid cooling(quenching fixes at low temperature a non-
T, K equilibrium state corresponding to a higher temperature in
o which the ration, /n;, changes in favor of the higher-energy
FIG. 2. DSC curves of the initial & sample(1) and G, samples pre-  hayagonalh) configuration. Therefore quenching defects ex-
quenched in liquid nitrogen and deformedTat 77 K, o =460 MPa(2) and L .
T=293 K, 0=180 MPa(3). Dashed line — repeated heating after cooling ist in the pc ]gttlce of fullerene an_d ann?al e_ven before the
to 220 K. The heating rate is 5 K/min. pc—fcc transition temperature. This distinguishes these de-
fects from deformation defects, which arise mainly in the fcc
. lattice and lead to a gradual washing out of the transition.
The appearance of an additional endothermal effect on  this work was performed as part of the scientific pro-

the DSC curves of the sample subjected to deformation aéram “Fullerenes and Atomic Clusters'(project No.
low temperatures is most likely not due directly to the defor-98065_

mation, but rather it is determined mainly by the cooling

dynamics or the persistence at low temperature. This conjec-

ture follows, for example, from the fact that there is no ad-

ditional peak in the DSC curves of the sample deformed at

room temperature and the initial sample, which were _noth_ P. Gelfard and J. P. Lu, Phys. Rev. Lei8, 1050(1992.
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The composition and structure offullerite films prepared by discrete evaporation in quasi-
closed volume, as well as their changes induced by laser irradiation, have been studied

by ellipsometry and Rutherford backscattering. The starting film has a 150-A thick stable top
layer and a carbon to oxygen ratio of 10:1. Exposure of a film both to vacuum and to

air results in formation of an insoluble photo-transformed phase, but in the second case the
change in the refractive index implies the appearance of compounds with oxygen. The material
does not undergo complete polymerization, although all structural changes cease at an
irradiation dose of 1bphotons per fullerene molecule. Treatment of the polymerized phase with
organic solvents produces a porous structure, with the voids totaling 48% in the case of
exposure in vacuum, and 30% when exposed in air.1999 American Institute of Physics.
[S1063-783409)03603-5

Fullerites, the spheroidal carbon compounds calleca dynamic vacuum of 10 7 Torr, as well as the high rate
equally correctly molecules or nanoclusters, become coupledf growth (60 A/min) favored a low background impurity
by van der Waals forces when condensing to form a solidconcentration.

An interesting property of the g fullerenes is their ability to The polymerization was initiated by He-Cd laser light
form covalent bonds among individual molecules, i.e. to po-with photon energyi w=2.8 eV. The laser irradiation inten-
lymerize. Covalent bonding appears under pressure at highity was|=0.5 W/cnt. The irradiation dos® was deter-
temperaturésand under irradiation within a certain spectral mined as the ratio of the number of photqmabsorbed by
interval? including the action of an electron or ion bedm. the film to the molecular density.. The irradiation dose
Depending on the actual conditions, the polymerization cartould be varied by properly varying the exposure time
proceed in different ways and involve formation of dimers,
one-dimensional chains, or two-dimensional structures. The D=p/u; p=lat/how; p=4/a%,
actual type of polymerization is identified by Rarfleand
luminescence spectra, x-ray diffractogranfs,or atomic- wherea is the lattice constant, and is the absorption coef-
force microscop{. Determination of the degree of polymer- ficient.
ization, i.e. of the quantitative ratio of the reacted to unre-  The film thickness and the complex refractive index
acted molecules, is a more complex problem, whose solutiowere measured on a IEE3M laser ellipsometer atw
was approached by Raman and x-ray photoelectror=1.96 eV. It is known that photons of this energy do not
spectroscop§. Polymerization transforms fullerenes to a produce phototransformatiénThe measured parameters in
state resistant to organic solvents. Strictly speaking, only than ellipsometric experiment are the ellipsometric angles
phase formed in vacuum should be classed among polymeand A determined by the change in the relative amplitude
ized fullerites, because oxygen quenches the excited molecand phase of g- and s-polarized electromagnetic wave.
lar state required for the reaction to be initiated. However thelhese parameters contain information on the thickness of the
transition of fullerites to an insoluble state in the presence ofayersd making up the structure, and on the complex refrac-
oxygen may likewise be of interest, for example, for litho- tive index of each layeN=n—ik. Thed and N quantities
graphic applications. The present work was undertaken twere calculated by the standard technifueased on the
compare the type and degree of polymerization of fulleritemodel chosen.
films under laser irradiation in vacuum and in the presence of The Rutherford backscattering meth@BS) was used
oxygen. for independent determination of the thickness and composi-
tion of fullerite films. The particles used were 190-keV pro-
tons. To achieve a high resolution in energy and, hence, in
1. EXPERIMENT depth, H" ions scattered through 120° were measured with a
spherical electrostatic energy analyzer. Because the film un-

Fullerite films 126610 A in thickness were prepared der study was sufficiently thin, and signals due to light ele-
on silicon substrates by discrete evaporation in a quasiments(C and Q were superimposed on those from the sili-
closed volumé. This method permits fabrication of highly con substrate, the measurements were carried out in the
uniform layers, both in area and in depth. The high degree ofmode corresponding to ion-beam channeling in the substrate.
purification of the starting materi@99.95%, film growth in  In this way the silicon signal was suppressed, which im-
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and thicknessl=150 A. This surface layer forms in interac-
—— Model tion with the oxygen present in air during a few min, and
-~ Si does not change thereafter. It was shbWthat the stability
0=\ T ) with time of the layer contacting the substrate is determined
’ by the quality of the fullerite film, viz. a defect-free crystal-
line film does not change its properties in storage, whereas a
high defect concentration in a film brings about a noticeable
gradient of the optical parameters as a result of oxygen dif-
fusion over defects. A Rutherford backscattering spectrum

A ! ’ (Fig. 1a and b also indicates the presence of two layers,
80 120 160 namely, of the main one, which directly contacts the sub-
strate, and of a surface one. The main layer contains only
carbon atoms, while in the surface layer the carbon/oxygen
atom ratio is 10:1. Assuming the surface-layer density to be
equal to that of the main one, one obtains 100 A for the
calculated thickness of the surface layer. The ellipsometric
value of the geometric thickness=150 A, suggests, how-
ever, that the surface layer is more loose than the main one
(the parameters of both are given in Table |

To reveal the differences in the nature of the photoin-
140 160 duced changes in fullerite films in the presence of oxygen
and without it, which were pointed out earlf&értwo series of
experiments were carried out, namely, with exposure in air
FIG. 1. (a) Rutherford backscattering spectrum of a 1260-A thick unpoly- and in vacuum of X108 Torr. To remove the surface
merized fullerite fiIm,(b)_p_art of the spectrum_demonst_rating the presence of||ayer, as well as the oxygen that could penetrate into the film
an upper oxygen-containing layer. Dashed lines: partial spectra of individual, ~ . .
elements in the structure, solid line: total spectrum. during sample transportation from the growth to measure-

ment chamber, the samples were preheated at 180°C for two

hours. The Raman spectra of samples from both series con-
proved considerably the relation between the film and subtained features characteristic of one-dimensional polymeriza-
strate signals. Note that no channeling in the fullerite filmtion. The spectrum near the pentagonal pinch mode exhibited
was observed. both the unshifted 1469-cnt line indicating the presence of
the original phase and the lines at 1458 and 1452 camar-
acteristic of the dimers and one-dimensional chains,
respectively’,

Studies performed immediately after the growitiefore The exposed samples were treated with standard organic
the light-induced transformatipnshowed the films to be solvents attacking the unpolymerized phase of the fullerite.
nonuniform in thickness. The ellipsometric measurement§he extent of removal of the unpolymerized phase was
established that the optical parameters of a film can be welthecked ellipsometrically, with the process of development
described within a model containing two layers with differ- completed after the ellipsometric parameters of the structure
ent optical contrast, namely, the layer in contact with theno longer changed following a treatment. The totality of the
substrate and having a refractive indéx2.05—i 0.08 (for ~ experimental values o and A obtained on samples sub-
hw=1.96 eV}, and the surface layer witNh=1.50 (k=0) jected to various irradiation dosésee Fig. 2 shows all the

150

* Experiment

Counts

Energy, keV

2. RESULTS AND DISCUSSION

TABLE |. Parameters of pristine & films and of the films phototransformed in vacuum and in air.

Pristine film Polymerized film

Parameter Main layer Surface layer In air In vacuum
No. of conventional moleculeg cm™2 980X 10'° 80x10'° 550%x 10" 450x 10"
Carbon contenk 1 0.909 0.813 0.905
Oxygen content +x 0 0.091 0.179 0.090
Composition per g, molecule Cso CeOs Ce0O13 CedOs
Thicknessd, A 1110 150 1020 1080
Refractive indexN 2.05- 0.08 1.50 1.56 1.44
Void fraction (EMA) - - 0.38 0.49
Void fraction (RBS) 0.96 — 0.30 0.47
Density (EMA) p,g/cn? - - 1.02 0.81
Density (RBS) p,g/cn? 1.58 1.07 1.16 0.78

Note The calculations carried out by the effective-medium approxima@&A) and from Rutherford back-
scattering spectréRBS).
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oxygen, its mean value is, respectivety=1.44 and 1.56,
which is substantially smaller than the corresponding value
for the starting fullerite films. An increase in the dose does
not entail an increase in the extent of polymerization, which
may be assigned to the onset of an equilibrium between the
reactions of polymerization and depolymerization. Assuming
the chemical composition to remain unchanged, and consid-
ering the fullerite layers obtained to be a combination of two
phases, polymerized fullerite and voids, the dielectric permit-
tivity of such a material can be found in the effective-
medium approximatiott

150

Y

2 di(ei—e)/(s+28)=0,
FIG. 2. Ellipsometric nomogram of a polymerized fullerite film on silicon.
Points — experimental values obtained on samples exposed (ib) @ind in
vacuum(2). Curves: Solid — lines of constant refractive index, dashed —whereq; is the volume fraction, and,= NZ? is the dielectric
lines of constant thickness. The figures at the lines are thicknesses in A. permittivity of each component. Calculations based on the
ellipsometric measurements bf yield for the porosity ob-
points to fit onto the lines of the same refractive index, whichtained under exposure in the presence of oxygen and in
validates the use of the uniform-film model to calculate thevacuum 0.38 and 0.49, respectively.
film parameters. The results of this calculation are displayed ~The energy spectra of backscattered ions for films poly-
in Fig. 3a and b. In both cases, the insoluble layer starts té1€rized in vacuum and in the presence of oxygen are dis-
form at a threshold irradiation dose of “@hotons per Played in Figs. 4a and 4b, respectively. The energy spectrum
fullerene molecule, and the layer thickness begins to changef the protons scattered from the sample can be used to cal-
when the dose reaches®1(Fig. 3a. Assuming the complex culate both the relative amounts of chemical elements in the
refractive indexN=2.10-i 0.35 (for hw=2.80 eV}, it can  target and the thickness of the film expressed in units of
be shown that the laser radiation traversing a film with this7=cd, wherec is the volume concentration of the conven-
thickness decreases in intensity tenfold. Hence the saturatidiPnal molecules, and is the geometric thickness Consid-
of the polymerization process implies that all the moleculesred within our model, the film consists of carbon and oxy-
received the threshold dose, irrespective of their depth. ~ gen, and for the formula of the conventional molecule one
The fact that the refractive index of the polymerized can write GO;_,. Using the value ofi derived from ellip-
layer does not depend on the dd$ég. 3b) is a nontrivial ~Sometric measurements and the valuex ahd 7 extracted
result. For films exposed in vacuum and in the presence dfom the RBS energy spectra, we calculated the effective
density and porosity of the fullerite layers. The results are
given in Table I. A good agreement between the values of
1.0 F porosity obtained by this method and in the effective-
s medium approximation is observed only for the film pho-
09 totransformed in vacuum. The void fraction is 0248.01.
The results for the film subjected to irradiation in the pres-
o/ ence of oxygen are essentially different. The volume fraction
of voids found in the effective-medium model is 0.38, to be
°2 contrasted with 0.30 yielded by RBS data. This difference
0.7 may be assigned to the fact that oxygen enters a chemical
! reaction under illuminatioh® thus causing a change in
chemical composition and, accordingly, in the refractive in-
16 P dex of the material. In this case using the parameters of the
L ¢ e starting material in the effective-medium approximation is
= | invalid. In order to reconcile the porosity calculations made
1.5 by both methods, one has to assume that the refractive index
[ o 0 o ) of fullerene polymerized in the presence of oxygen decreases
1.4 to 1.90-1.95. At the same time the refractive index of
fullerene polymerized in vacuum was showrot to change

did,

0.8 |

1 I 1 A []

0.0 50-10° 1.0-10° 15-10° in the IR apd red regions pf the spectrum, Wh.ICh validates
the application of the effective-medium method in these con-
Number of photons per fullerene molecule ditions.

FIG. 3. Dependence of the relative thicknéasof a polymerized fullerite A few features in the two RBS spectra are worth men-

layer d/d, and of its refractive index (b) on the number of photons ab- tioning. The extended t.railing edge of th_e. partial SpeCtrL.Jm of
sorbed by a fullerene molecule. Exposiitg in air and(2) in vacuum. carbon and of the leading edge of the silicon spectrum imply
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FIG. 4. Rutherford backscattering spectra of fullerite films pho-
totransformeda) in vacuum andb) in air.
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