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Relatively low concentrations of randomly substituted off-center ions are known to induce ferroelec-
tric order in highly polarizable crystals. In the case of potassium tantalate (KTaO;) doped with lithium
or niobium, the results of first-order Raman scattering from two hard phonon modes (TO, and TO;)
show that polar microregions are formed at relatively high temperatures. At lower temperatures, and
above a certain critical dopant concentration, the Raman results are consistent with the occurrence of a
structural phase transition. These results can be reasonably explained by using a random-molecular-field
theory that takes into account the indirect dipolar interactions mediated by the soft lattice. This ap-
proach accounts for the characteristic asymmetry of the TO, Raman scattering detected at high temper-
atures and for the subsequent increase in the integrated scattering intensity with decreasing temperature.
An analysis of the Raman results provides a means for determining the size of the polar microregions
formed in the highly polarizable KTaO; lattice. The good agreement obtained between the theoretical
and experimental results provides support to the physical concepts embodied in the present theoretical
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approach to describing the onset of order in these systems.

INTRODUCTION

Highly polarizable crystal lattices doped with ions that
can occupy off-center positions offer particularly interest-
ing opportunities for the study of collective effects associ-
ated with impurities in condensed matter. These collec-
tive effects can include impurity-induced fluctuations and
phase transitions as well as disorder and other effects.
During the past 15 years, the study of highly polarizable
crystalline materials such as KTaO; doped with off-
center impurities has led to the observation of new types
of interactions and effects. Recently, the results of these
previous studies have been summarized and reviewed. 12
In spite of these relatively extensive prior investigations,
the physical nature of the effects observed in systems of
this type is still a subject of considerable controversy, and
the experimental results have only provided partial
answers to fundamental questions such as the following:
(1) Does the system undergo a normal ferroelectric transi-
tion at low dopant concentrations or is some type of dipo-
lar glass state formed? (2) What factors determine the
critical concentration for the occurrence of a ferroelectric
transition? (3) How does the physical nature of the tran-
sition evolve with increasing dopant concentration?

While pure KTaO; exhibits a soft mode that is associ-
ated with a relatively high dielectric permittivity (up to
~5000), the material, in fact, remains in the paraelectric
state down to the lowest temperatures. This type of be-
havior has been denoted as “incipient ferroelectricity.”
When KTaO; is doped with a sufficient concentration of
Li impurities ([100] off-center substituted for K) or Nb
impurities ([111] off-center substituted for Ta), structural
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and ferroelectric transitions are induced whose charac-
teristics vary with the amount of dopant incorporated in
the KTaO; host. Relatively recent experimental evidence
indicates that, in K,;_,Li,TaO; (KLT) and
KTa;_,Nb,O; (KTN), this transition can occur for im-
purity concentrations as low as x;;~2% for Li and
be~1.2%.3'4

It is important to note that the characteristics of the
phase transitions in these impurity systems are
significantly different from those taking place in conven-
tional undoped ferroelectric materials. In particular, for
both KLT and KTN the size of the domains having an
approximately homogeneous spontaneous polarization is
apparently significantly smaller than the size of the
structural domains (see, for example, the discussion and
references in Ref. 5). Nevertheless, the coincidence of the
temperature of the maximum of the dielectric permittivi-
ty with the appearance of other anomalies that are
characteristic of a structural transformation is an unam-
biguous sign of a ferroelectric-type of phase transition.

The cases of off-center Li and Nb impurities in KTaO;
represent examples of slowly relaxing defects of the type
described in the work of Halperin and Varma,® since at
sufficiently low temperatures the frequencies of the reori-
entational jumps of such impurities between different off-
center sites are less than the soft-mode frequency of pure
KTaOj;. As shown in Ref. 7, polar lattice distortions in-
duced by such slowly relaxing impurities in highly polar-
izable crystals can be represented as a sum of the usual
anisotropic dipolar terms plus a new isotropic term re-
sulting from the strong spatial dispersion of the dielectric
permittivity. This spatial dispersion is, in fact, very
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significant for the case of highly polarizable crystals.

Since Raman scattering is a “local” probe, it is an ex-
perimental technique that is well suited to the investiga-
tion of the nature of isotropic distortions in a crystal lat-
tice on an atomic scale. In fact, as pointed out early on
by Yacoby,® in the case of isotropic distortions which ex-
tend over a few lattice constants in a crystal, the selection
rules for Raman scattering can be altered in such a way
that first-order scattering can be observed even in the
nominally high-symmetry cubic phase of the material.
This point has been investigated further by Uwe et al.,’
and, additionally, Bruce, Taylor, and Murray'® have ar-
gued that such an apparent violation of the selection
rules apparently takes place near all phase transitions
that exhibit precursor effects. In general, however, one
would expect that the observation of first-order scattering
in the high-symmetry phase would depend on the specific
nature of these precursor effects. In particular, in the
present case of KTaO;, the Raman scattering strongly
depends on the type of impurity and on the impurity con-
centration.

First-order Raman scattering (FORS) in KTN was ini-
tially reported by Yacoby® who attributed the observed
effects to Nb-induced fluctuations. This interpretation
was challenged by Prater, Chase, and Boatner!! and by
Uwe et al.,’ based on the lack of a simple relationship be-
tween the intensity of the Raman spectra and the Nb
concentration. Alternatively, these workers suggested
that the Nb simply induced a ferroelectric phase transi-
tion and that the observed FORS was due to the presence
of other unknown impurities. This alternative point of
view was further supported by the fact that FORS was
also observed in some nominally pure KTaOj; crystals
and by the observation that the first-order features ap-
peared to differ in KLT and KTN.

The two purposes of the present work are, to contrib-
ute to a resolution of the controversy surrounding the
problem of first-order Raman scattering that is observed
in highly polarizable crystals doped with off-center ions,
and to provide new insight into the nature of the transi-
tions observed for the KLT and KTN systems. To that
effect, we have carried out a detailed investigation of the
Raman spectra of two of the hard modes, TO, and TO;,
observed in KLT and KTN crystals. These hard modes
are characterized by very narrow linewidths relative to
the soft TO; mode investigated previously in Ref. 9, and
accordingly, detailed comparisons between the experi-
mental and theoretical results can be made.

EXPERIMENTAL RESULTS

As established by the results of previous studies, four
distinct transverse-optic modes, labeled TO, TO,, TO;,
and TO,, are observed for KTN, KLT, and KTaO;.!? All
four of these modes have odd parity and, therefore,
should not be Raman active in the paraelectric cubic
phase. Nevertheless, the three polar modes (the soft TO,
mode and the TO, and TO, modes) are clearly observed
above the paraelectric-to-ferroelectric transition tempera-
ture T, in all KLT and KTN crystals. *

In the present work, precise measurements have been
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made of the Raman spectra corresponding to the hard
TO, and TO; modes for K, _,Li, TaO; (x =1%, 4%, and
10%) and in KTa,_,Nb, O; (x =1.2%, 4%, and 15.7%).
The single crystals employed in these investigations were
grown from a nonstoichiometric melt using a process de-
scribed previously. The KTN 1.2% Nb crystal was pro-
vided by D. Rytz of Sandoz Products in Basel, Switzer-
land. The Raman-scattering measurements were carried
out using a U-1000 ISA spectrometer with a double
monochromator and the 488-nm line of an argon laser.
The single-crystal specimens were equilibrated for 15 min
at each temperature before the spectral data were collect-
ed.

Figure 1 illustrates typical examples of the Raman-
scattering spectra obtained for both KLT and KTN crys-
tals. All of these spectra were characterized by a strongly
asymmetric character observed for the TO, line, which is
otherwise relatively narrow (Awgy~2-3 cm™1). Addi-
tionally, as can be seen from the spectra shown in Fig. 1,
both the linewidth and asymmetry increase with dopant
concentration and are greater for the Li-doped than for
the Nb-doped crystals. In contrast to the asymmetry ex-
hibited by the TO, line, the TO; line, as can be seen in
Fig. 2, is highly symmetric.

The temperature dependence of the integrated intensi-
ty Iy of the TO, line is shown in Fig. 3 along with the
linewidth Awyy. The temperature dependence of Iy is
apparently similar for all of the crystals investigated, ex-
cept for the case of the 1% KLT sample where no TO;
mode was observed in agreement with the expected ab-
sence of a transition for low concentrations. For the oth-
er samples, however, it is possible to observe the TO,
scattering at a relatively high temperature above 7T, —
this is particularly true for the case of the Li-doped sam-
ples. As the temperature is lowered, I, increases to a
maximum value and then decreases at T,. The intensity
subsequently increases as the temperature is further de-
creased. As has recently been demonstrated,* the de-
crease in intensity of the TO, line at T, is accompanied
by the appearance of a narrow, symmetrical TO; line in
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FIG. 1. TO, Raman spectra for (a), (b) KLT and (c), (d) KTN
samples. Solid lines represent the fit obtained by using Eq. (19).
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F - - T the Raman spectra which corresponds to the occurrence
[ TO, KTN 1.2% ] of the structural ferroelectric phase transition. It should
300 © T=10K | be noted that the results for the 4% Nb sample are some-

1 what unusual in that, while they do not exhibit a very
pronounced maximum and subsequent drop of I, the
material otherwise behaves normally.

Finally, it is worthwhile to reemphasize the two major
differences between the Li- and Nb-doped KTaOj; crys-
tals. First, in the case of KLT, the TO, line can be ob-
served at temperatures as much as 200 K above T, and
its integrated intensity I increases more slowly with de-
creasing temperature. The TO, line in KTN, on the oth-
er hand, appears closer to 7, and Iy increases more rap-

FREQUENCY (cm™') idly to the maximum value exhibiting a stronger tempera-
ture dependence than that characteristic of the KLT

FIG. 2. Typical shape of the TO; Raman lines. The solid samples. Second, both the width and asymmetry of the
curve is the fit with a Lorentzian line shape. TO, line are greater for KLT than for KTN. In the case
of the 1% Li-doped KLT sample, the linewidth decreases
monotonically, reaching a minimum at the lowest tem-
peratures. For the other specimens, the TO, linewidth
decreases relatively abruptly upon going through the
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FIG. 3. Integrated intensities I" for (a)—(c) KLT and (d)—(f) KTN samples. Solid lines show the fit obtained with Eq. (18) for KLT
and Eq. (34) for KTN. Indicated T,’s correspond to the observation of a sharp TO; line in the spectrum.
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phase transition where the degree of decrease becomes
greater with increasing dopant concentration.

THEORY

Changes induced in the electronic polarizability a(r,t),
due to polar optic phonons, can be written in the form

dalr,t)=P(r,t)-A-P(r,t), (1)

where P(r,t) represents the space- and time-dependent
polarization fluctuations and A is a fourth-rank tensor.
Equation (1) usually describes second-order Raman
scattering. However, if the polarization-fluctuation spec-
|

I'"w)~{8a(r,1)8a(0,0)),~¢,

DiANTONIO, VUGMEISTER, TOULOUSE, AND BOATNER 47

trum contains a low-frequency component such as slow-
relaxational polar modes induced by off-center ions, Eq.
(1) can describe single-phonon Raman scattering as well.
To illustrate this, we write the polarization as a sum over
the components due to the polar hard modes P and the
slow-relaxing component P*:

P=3 Pht+pr. ()
h

In order to explain the appearance of a single-phonon

Raman line above T,, we are only concerned in Eq. (1)
) TO .

with the cross terms P#P" (P*=P "2 specifically). The

scattering intensity can be written in the form

~ 3 [do'{PHr,t)PH0,0)) g (PH(r,t ) P(0,0)) _g o - 3)
<

Here the bracketed terms in Eq. (3) include both thermal
averaging and  averaging over random-dipole
configurations. For the Stokes component of the scat-
tered light, one can write
h h ~_L r

{P"r,t)P (0,0)>q’w a, F2+(w—ﬂq 2 (4)
where we have omitted the phonon-occupancy numbers
n(Q,) for temperatures kT <#,. We also describe the
phonon spectral density by a simple Lorentz form that
should be valid for frequencies @ close to the hard pho-
non frequency > @8 is the case for the Raman results re-
ported here.

To describe the slow-relaxing polarization P#(r,¢) in-
duced by off-center ions, we utilize the model that was
suggested in Ref. 7. According to this model, which is
valid when the reorientational frequency of the off-center
ions v is less than the soft-mode frequency w, of pure
KTaOj;, we can obtain the polarization P¥(r,t) from the
static Hamiltonian'?

H=2Ty S (1+r2)P P_y— Ty SdP(r) . (5)
€ e 3 r
Here P, is the q Fourier component of the polarization
P(r) arising from the soft mode of pure KTaO; and s
designates either one of the two transverse branches of
this mode; €, and r, are, respectively, the dielectric per-
mittivity and the correlation length of the polarization in
the pure lattice, and V¥, is the crystal volume. In the
long-wavelength and linear approximations, the second
term in Eq. (5) is responsible for the interaction between
the host-lattice polarization and the dipole moment d; of
the off-center ions, and y is the parameter describing the
strength of this interaction.

Because the polarization fluctuations induced by the
impurity dipoles are low-frequency ones (v <<w,), they
can be assumed to satisfy the adiabatic approximation
and to follow the instantaneous values of the dipoles. Ac-
cordingly, they can be determined from a minimization
of the Hamiltonian of Eq. (5) with respect to P,. Setting

—

(0H /3P, )=0, we find that the polarization induced by
the dipoles is given by
€o

Potr) = ZﬁK,»‘;-B(r
J

where d* =vye€yd; /3 is the effective dipole moment of the
impurity in the highly polarizable crystal. The Fourier
components K, of the matrix K(r) are given by the ex-

pression'?

% ©)

ij7=j

aB— 41 _ qaqﬂ ) (7)
? €Voll+rig?) id q°
where 8,5 is the Kronecker delta symbol with
a,B=x,y,z.

Using Eq. (6), we can write the correlation function
(PH(r,t)P*0,0)),,, at temperatures T X T, in the form

(PH¥(r,t)P0,0)),,=K,S,.K _, , (®)

where S,, is the dynamic structure factor describing
correlations between the orientations of different dipoles:

S,o=N{d}(t)d?),+N*d*(t)d}),, . )

The quantity Syer a8 determined from the fluctuation-
dissipation theorem, is

2K, T
=8 . (10)

qo @ qo

The Hamiltonian describing the interactions of dipoles in
the highly polarizable crystal, as follows from Egs. (6)
and (7), can be written in the form

Vdd=—%2df‘ﬁij‘d; . (11
i

Therefore, in the random-phase approximation, we have
the result!®

Vq

(P¥(r,t)P*0,0)),,= PH(r)P*0)), 5 ,
vq+w

(12)
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where v, is the relaxation frequency of the gth Fourier
component of the fluctuations, which determines the
width of the central peak.

In the following treatment, we designate the critical
correlation length by R_., which in the doped crystal
diverges at the impurity-induced ferroelectric phase tran-
sition:

R2=5,2, (13)
€
where € is the dielectric permittivity of the doped crystal.
Now v, can be expressed as
R *+q?
v =

—_— (14)
= Vv r g2

In Eq. (12) the static part of the fluctuation of polariza-
tion induced by off-center ions is equal to'?

1
(PH(r)P*0)),~ R24aD0r % q)

, TRT,

c

(15)

Equation (15) represents, for a given g, the integrated in-
tensity of the low-frequency fluctuation spectra of polar-
ization.

One can compare this low-frequency part with the full
static spectrum of the polarization fluctuations for crys-
tals containing off-center ions. Following a treatment
similar to that employed in Ref. 6, from Eq. (5) we obtain
the result

1

P(r)P(0))g~———5 . 16

(P(r)P( )>q (R2+4%) (16)
The major difference between Egs. (15) and (16) is the ad-
ditional factor of (r,24+¢2)”! in Eq. (15). Because of
this factor, short-wavelength fluctuations with ¢ >r. !
are spontaneously cut off and the fluctuation spectrum is
“smoothed” out, since r, is several times the lattice con-
stant in soft lattices. As a result of this spontaneous
cutoff, one can calculate the mean-square polarization
fluctuations directly by summing Eq. (15) over all ¢’s
without imposing an arbitrary limit:

((PH)) =3 (PHMr)PH0)), . (17)
q

Using Eq. (15) in Eq. (17), we find

)2 e

((Pr)?) 7R (18)
We emphasize that, in highly polarizable crystals, only by
taking the exact expression for the static spectrum Eq.
(15) and not Eq. (16) can one obtain the correct value of
((P*)?) directly from Eq. (17). This was not appreciated
in Refs. 8 and 14, where an equation similar to Eq. (16)
was used and the summation was arbitrarily cut off at
dmax ~ R . Equations (13) and (15) clearly show that, in
highly polarizable crystals, q,,,, has to be of the order
ro '>RL

We note that, even though the Hamiltonian in Eq. (5)
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was written in the harmonic approximation, it was shown
in Ref. 15 that the effects of anharmonicity can be ap-
proximately included in Eq. (5) through a renormaliza-
tion of the parameter r. which can depend on the concen-
tration of off-center ions.

Combining Egs. (4), (12), and (15) into Eq. (3), we find
that the Raman scattering associated with the polar hard
modes is the product of two contributions: the dynamic
homogeneous broadening g(w,»’) connected with the
finite lifetime of the hard mode and the dipole reorienta-
tion time, on the one hand, and the static inhomogeneous
broadening ¢@(w’') caused by the joint effects of polariza-
tion fluctuations and the dispersion of the hard mode on
the other. The following result is then obtained:

Ih(co)~fdw’ plo')g(w,0") , (19)
where
glw,0')= o)+ ) (20)

V") + )+ o—o')?

represents the dynamic homogeneous part and

_ g’dg 1
plo)=[ T ey Slo—Q,) (1)
is the static inhomogeneous contribution. In Eq. (20),
v(w')=v(q, ), where g, is obtained from the dispersion
relation: ©'=Q,.
In the present analysis, we have assumed a quadratic
dependence of (1, on g:

Q2=03+viq*, (22)

where ) is the hard-mode frequency at g =0 and v, is a
phase velocity.
For o0 —Q, << Q,, we have, from Egs. (21) and (22),

Vw_QO
(0—Qo+r W2 /2Q0)(0— Qo+ R W}E/2Q,)
0= Qo N

0, w<Qy.

p(w)=

(23)

Two opposite limits can be considered for I*(w), depend-
ing on the ratio between v+I" and the quantity
re i /29,

(i) v+I>>r.2}2/2Q ie., the function g(w,e’) is
much broader than the function ¢(®’). In this “dynam-
ic” limit, it follows from Eqgs. (19) and (15) that

I'"0)~g(,9) [ @l )dw' ~g(@, Q) (PF)) . (24)

Therefore, in this dynamic limit, the intensity of the
hard-mode Raman line is proportional to the mean-
square fluctuation {(P*#)?) of the order parameter, which
can be considered as a measure of the precursor order. !
The shape of the line coincides with the shape of g(w),
which, in the general case, can be more complicated than
the simple Lorentz form used in (20). This limit was con-
sidered in Refs. 8 and 10.
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FIG. 4. Shape of the function ¢(w), Eq. (23), for different
values of R, /r..

(ii) v+ T <<r, 2} /2Q,. In this static limit, one can re-
place g(w,®') by the delta function 8(w — '), leading to

I'"o)~¢p(w) . (25)

The function ¢(w) is illustrated in Fig. 4 for different
values of the ratio R, /r,. The line is very asymmetrical
with the high-frequency portion slowly decreasing as
( o— QO ) -3/ 2_

It should also be noted that, according to Egs.
(199-(21), the integral intensity of the line
f I'(w)dw~ {(P*)?*) is independent of the ratio between
v+T and r. 2} /2Q,.

ANALYSIS OF THE KLT SPECTRA

In the following treatment, we analyze the shape of the
experimental KLT spectra and the integral intensity of
the TO, line. As noted in the experimental results sec-
tion, the characteristic feature of the TO, line is its asym-
metry when compared to the symmetric Lorentzian TO,
line. We also note that the hard phonon damping contri-
bution to the linewidth 2I" must not be very different for
the TO, and TO; modes since their widths at half max-
imum are of the same order of magnitude, i.e.,
Awmi~Awgi. We therefore conclude that the essential
difference between the shapes of the two lines is due to
the extra contribution of the inhomogeneous broadening
¢(w) to the TO, line shape. Nevertheless, because the
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width Aw;c;,f is of the same order as Aw;?,I:ZI‘T%, we
must use the general formulas given in Egs. (19)-(21) in
order to extract accurate values for the parameters ' *
and r. %v}/2Q,. One simplification is, however, possible
in Eq. (20), since it is well known that the reorientational
frequency of the off-center Li ion follows an Arrhenius
law v=veexp(—U/T) with v,=1.6X10" s~ ! and
U=1000 K.!® This law yields v<1.5 cm™! (.e., less
than the experimental TO, linewidth) for T <170 K.
Consequently, in the temperature region of interest, we
have treated Li ions as static impurities and have neglect-
ed v in Eq. (20). Theoretical fits of Egs. (19)-(21) to the
experimental line shapes for different Li concentrations
are presented in Fig. 1 as solid lines. The values obtained
for the pertinent parameters are given in Table I. The
daTmping contribution to the linewidth of the TO, mode,

'%2~0.4 cm™!, is found to be close to that of the TO,

mode, T'' *~0.7 cm™!. The values of the ratio R, /r,
are also found to increase with the Li concentration.
Below T, the temperature-independent shape of the TO,
line implies that R, is a constant, in agreement with the
second-harmonic generation results of Azzini et al.’
With this latter technique, however, they were not able to
determine R, above the transition as permitted by Ra-
man scattering.

The integral intensities Iy and linewidths are presented
in Fig. 3. The temperature dependence of I is seen to be
stronger for higher concentrations. Above T, this is pri-
marily due to the more rapid increase of R, which fol-
lows the €(7T) dependence as indicated in Eq. (13). We
also note that the values of R_/r, obtained from fitting
the Raman spectra are very close to a Curie-Weiss law
[RZ/r2~(1—T./T)"']. The solid lines in Fig. 3
represent fits of Eq. (18) to the experimental I data, us-
ing the ratio R, /r. previously obtained from the experi-
mental spectra. While the overall temperature depen-
dence is reproduced, its specific functional form is not,
the discrepancy being stronger the higher the concentra-
tion. This effect most likely arises from the initial as-
sumption that Li can be regarded as a static impurity.
The limited validity of this assumption is suggested by
the linewidth, which is observed to decrease at the phase
transition.

The 1% Li sample offers an unexpected result. Despite
the accepted fact that there is no ferroelectric phase tran-
sition for this Li concentration, '? our fitting results Fig.
3(a) show that the correlation length R, is still approxi-
mately 2.5 times as long as 7, at low temperatures. This

TABLE 1. Values of the parameters R, /7, and v, /r, obtained by fitting Eqgs. (19)-(21) to the experi-
mental line shapes. The corresponding experimentally determined values of €/€; and w; are included

for comparison.

T Rc/rc (G/Eo)é;{pzt Uh /rc (ws )expt
KLT 1% 10 2.5 <1 35 43
KLT 4% 55 4.5 2 49 67
KLT 10% 80 6.3 69 71
KTN 1.2% 15.5 4.6 5 17 16
KTN 4% 55 6.8 33
KTN 15.7% 125 11.8 12 53 58
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finding might explain recent ultrasonic results that show
an anomaly in the sound velocity in the same crystal, sug-
gestive of a local phase transition.!” This experimental
finding is also clo§e to the results of Azzini et al.,®> who
obtained R, ~50 A or R, /r,~2.5 for x =1.6.

The increase of R, with decreasing temperature can be
reproduced qualitatively by the model presented above
with a previously developed random-molecular-field ap-
proximation!®!? that takes into account the fluctuations
of the local fields acting on every Li dipole.

We have performed the present calculation for an
eight-orientation dipole system, but it is clear that the
general applicability of the model should not be affected
by the fact that the present KLT system is only a six-
orientation dipole system. As estimated in Ref. 19, for
x 2 1% one can neglect the effect of fluctuations of the di-
polar field induced by the Li dipoles on their own order-
ing. The static random fields already present in pure
KTaO; (Ref. 9) nevertheless constitute an additional
source of fluctuation of the local fields. Because of such
static random fields, a ferroelectric phase transition does
not take place below a critical concentration x, ~2%.>
According to Ref. 19 and taking into account fluctua-
tions of the local field, we find

2
re

R?

E
KpTV73

9f(E,L)
oL

’

L=0
(26)

1 )
:1—‘“’.:
73 f_wdEtanh

where L =(d ) /d is the long-range order parameter and
f(E,L) is the distribution function of the local fields. We
have performed explicit calculations of Eq. (26), assuming
a Gaussian form for f(E,L), i.e.,

(E—E,L)*

202

FE,L)=—L—exp , 27)

V2o

where E,=(d*)*3 ;s( K) is a linear function of the Li
concentration and o is the second moment of the static
random-field distribution. In the case of a very narrow
random-field distribution (i.e., where o <<E,), f(E,L)
can be approximated by a delta function
f(E,L)=8(E—E,L), leading to a mean-field Curie-
Weiss dependence (r2/R2=1—TMF/T) with a transition
temperature TMF=E,/3. Near and below the critical
concentration, however, the opposite limit E, S o is ap-
plicable, leading to a significant change in the tempera-
ture dependence of the correlation length R..

The parameters E, and o were determined from the
condition r,/R.—0 as T— T, using Eq. (26) and the ex-
perimental phase diagram T,(x) for x above, but close to
the critical concentration. As T —0, it follows from Eq.
(26) that R_/r. approaches a maximum value
(1—x /x..)~ /2, which, if R, /r. is found to be approxi-
mately 2.6 from the fit, would correspond to x /x . =~0.8.
The latter value is higher than the ratio of 0.5 expected
for x=1% and x.~2%. Part of the disagreement be-
tween theory and experiment can obviously be due to an
uncertainty in the experimental value of x for this partic-
ular sample and of x_, in general. The temperature

dependence of R_/r. calculated from Eq. (26) is
represented in the inset of Fig. 3(a), where we have as-
sumed that x /x_==0.8. In this low-concentration sam-
ple, the presence of extrinsic random fields is also expect-
ed to introduce differences between theory and experi-
ment. At low temperatures these fields will cause certain
dipole configurations to be frozen. In this situation the
correlation length R, can be different for different parts
of the sample, resulting, for R, !S¢Sr. !, in a more
rapid decrease than that given in Eq. (17). Freezing of
the dipoles at low temperatures also leads to disagree-
ment between the values of R, /7, obtained from the Ra-
man data and those one could expect from Eq. (13) using
experimental values of €/€, (see Table I). The source of
this disagreement lies in a long-time dielectric relaxation
in KLT, that prevents the achievement of static equilibri-
um at low temperatures even for frequencies as low as
1073 Hz. %

In the present low-concentration sample, we did not
observe a drop in the TO, line intensity, nor did we ob-
serve the appearance of a clear TO; line marking a long-
range structural transition. This observation leads us to
suggest that the drop in the TO, line intensity observed
for higher concentrations is due to the appearance of
large spontaneous strains associated with a structural
transition that decrease the oxygen polarizability. This
conclusion is also supported by the observation of a
sevenfold or eightfold increase in the Bragg intensities as-
sociated with relief of extinction in the same samples.?!
The further increase of the TO, line intensity at lower
temperatures should then normally be attributed to an in-
crease in the order parameter. We note, however, that no
significant changes were noticed below T, in the TO, line
shape. This would suggest that the correlation length of
the polarization R, remains relatively constant below T.

ANALYSIS OF THE KTN SPECTRA

As shown by the results obtained for the TO, Raman
line in KTN with 1.2%, 4%, and 15.7% Nb (see Figs. 1
and 3), the features of the line shape and linewidth in
KTN are basically the same as in KLT. The TO, line is
strongly asymmetric (broader on the high-frequency
side), the width being smaller for KTN than for KLT.
The linewidth decreases rapidly through the phase
transition—the more rapid the decrease, the higher the
concentration. It becomes constant below T, and, in the
case of the KTN with 1.2% Nb, is practically constant
over the whole temperature range investigated.

One important difference between the two systems can
be seen in the integrated intensity of the TO, line, which
increases much more rapidly with decreasing tempera-
ture in KTN than in KLT. This observation can be un-
derstood if one recognizes that the reorientational fre-
quencies of Nb ions in KTaO; are much higher than
those for Li ions,?? but that there still exists a distribu-
tion of these frequencies. Within this distribution those
Nb ions with v < Awyy Will contribute to the narrow TO,
Raman line. The other Nb impurities, whose reorienta-
tion is faster, contribute only to the low-intensity, long
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tail of the spectrum, which cannot be observed because of
the background intensity. As the temperature decreases,
more Nb ions satisfy the above condition, thus contribut-
ing to a faster increase of the integrated intensity. The
previous explanation is supported by an investigation?? of
the first-order Raman line TO; corresponding to the soft
mode in KTN with 1.29% Nb. These results indicated
that the soft-mode frequency w, decreases with tempera-
ture above T,, meaning that w;>vy,.® However, at
T,.:,=20 K, o, reaches a minimum value of ~1 cm™!
and then increases again below 20 K. This undoubtedly
suggests that, near T ;,, @, =vy,. It should also be not-
ed that we cannot attribute this “slowing down” of the
Nb relaxation to critical effects since 7, =15 K (Ref. 4) is
significantly lower than T ; .

Let us now consider the 1.2% Nb case more quantita-
tively. As noted earlier for this concentration, the TO,
linewidth is independent of temperature, and the line
shape is the same as that for the slowly reorienting Li im-
purities, indicating that the reorientation frequencies of
the contributing Nb ions are less than Awgy. We can
thus write the integrated intensity as

Iy~ {((P*?)N(T), (28)

where ((P#)?) is given by Eq. (18) and N(T) is the num-
ber of impurities with reorientational frequencies less
than Awyyy, i.e.,

Aw
N(T)= fo Mo(vidvy (29)

in which ¢@(v) is the distribution function of these fre-
quencies. To estimate N(T') we take into account that,
because of the random distribution of the impurity di-
poles, there exist many close pairs with dipoles separated
by less than the average distance R =n ~ !/ (n is the Nb
concentration and n=x /a3; a3 is the lattice constant).
The reorientation of the dipoles in such close pairs is
slowed down because

v=vge U/, (30)

where U is the potential acting on a given dipole from its
close neighbors. In such a case, Eq. (29) can be rewritten
as

N(T= [

T'In(vy /Aoy

@' (U)dU . 31)

To calculate the distribution function ¢’(U), we use the
form [Eq. (3.10) in Ref. 1]

U=A4/r, (32)

which is valid for highly polarizable crystals at r <r,,
where 7 is the distance between the two dipoles in the
pair:

(=8 |u—4
S
- 2 A | (—an/30nr
=4mn [drr® |U—= |e , (33
r

where the distribution function for close neighbors has
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been employed. Since the contributing Nb ions are those
in “slow-relaxing” pairs for which U > kT, the greater 7,
the smaller is the r value that will contribute to (33). In
order to obtain the first nonvanishing term at 7> T, we
can thus omit the exponent in Eq. (33). We finally obtain
the following expression for the integrated intensity:

1
IN~((P")2)F : (34)

For xyy, =~ 1.2%, Fig. 3(d) shows that this expression is in
very good agreement with the experimental results.

For higher niobium concentrations (4% and 15.7%
Nb), the calculated curve falls increasingly below the ex-
perimental one. This can be expressed differently by say-
ing that, the higher the Nb concentration, the faster the
TO, line intensity increases with decreasing temperature.
This result is probably due to a stronger temperature
dependence of N(T) than 1/T? in Eq. (34). For impuri-
ties separated by a lattice constant, interactions other
than the dipolar type considered here may become im-
portant, and the long-wavelength limit used in Eq. (32)
may no longer be valid. We also note that the factor
N(T) in Eq. (28) explains why the TO, integrated intensi-
ty is not found to be simply proportional to the Nb con-
centration. !1"°

CONCLUSION

We have reported experimental results for first-order
Raman scattering from the polar TO, hard mode, both
above and below the phase transition, in KLT and KTN.
This first-order scattering can be attributed to the pres-
ence of polar microregions induced by the presence of Li
or Nb impurities in the soft-mode system KTaO;. These
Raman results can be reasonably explained by a theory
that takes into account the special form (dispersion) of
the polar fluctuations induced by randomly distributed,
interacting off-center ions in highly polarizable crystals.
In particular, the theory properly describes the charac-
teristic asymmetry of the TO, Raman line and its in-
tegrated intensity. For the latter the agreement between
theory and experiment could be improved by taking into
account, for the KLT case, a dynamical contribution and,
for both KLT and KTN at higher concentrations, many-
body interactions beyond dipolar-pair interactions. The
most important parameter obtained from the fit of the
TO, spectra is the ratio of the polarization correlation
lengths r, and R, respectively, for the pure and doped
systems. One can see that, close to T, R, is relatively
small when compared to the domain sizes in normal fer-
roelectrics. Even at low temperatures, R, does not ap-
pear to grow to very large values—as evidenced by the
persistence of the TO, line asymmetry. Comparing the
line shape observed for KLT and KTN for different con-
centrations, we conclude that R, is smaller in KLT, but
that it does not seem to vary significantly with the con-
centration of impurities. A secondary parameter ob-
tained from the theoretical analysis of the experimental
data is vy, /r,., which shows a reasonable correlation with
the soft-mode frequency obtained from the position of the
TO, line. The present analysis also explains why the in-
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tegrated TO, line intensity grows faster with decreasing
temperature in KTN than in KLT. This explanation
rests on the dynamical character of a large number of
off-center Nb ions at high temperature and suggests that
the minimum observed in the soft-TO;-mode frequency?!
corresponds to a transition to the static regime v <w;.
For higher concentration one should also take into con-
sideration the effect of the critical slowing down of the
Nb fluctuations based on Egs. (19)—(21). This analysis
will be reported elsewhere.

We finally note that first-order Raman scattering ac-
companying a central peak above T, has also been ob-
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served in other systems such as cubic KMnF; and
RbCaF,.1°
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