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Collective effects in a random-site electric dipole system: KTa03.Li
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Li, substituting for K in KTa03, creates a local electric dipole, due to its off-center posi-
tion with respect to the cubic site. We have studied such crystals with different amounts of
Li (and in a few cases also doped with Nb, substituting for Ta) by nuclear magnetic reso-

nance, dielectric relaxation, pyroelectricity, ultrasound, and birefringence methods.
Birefringence and dielectric susceptibility results show that collective effects between the Li
dipoles occur below a fairly well-defined concentration-dependent temperature of the order
of 50 K, but nuclear magnetic and dielectric relaxation indicate the absence of criticality at
the onset of these effects. These collective effects are related to those arising in spin-glasses.
We discuss the data in the light of theoretical models and computer simulations of systems
of randomly interacting moments, which predict an apparent condensation into a system of
metastable clusters without long-range order.

I. INTRODUCTION

Enormous efforts have very recently been devoted
towards understanding the condensed phase of ran-
domly interacting moments. Most of the experi-
mental reports are concerned with investigations on
spin-glasses. These' ' are crystalline, often metal-
lic substances like CuMn in which the less abundant
component, Mn, carries a magnetic moment, while
the other component, forming the host lattice, is
magnetically inert. Spin-glasses have their electri-
cal ' ' and elastic ' analogs: A dielectric lattice
such as KC1 may contain dipolar ions, like OH
substituting for Cl. In KTa03 hosting Li at K sites,
the dipoles are created by the Li occupying an off-
center site near the ideal cubic K position. In-
teraction between the magnetic moments as in spin-
glasses or electric moments as in dipole glasses gives
rise to collective effects only distantly analogous to
ferromagnetic and ferroelectric condensation. The
analogy between a dipole glass and a ferroelectric in-
cludes the existence of a maximum of the suscepti-
bility at a temperature Tg coincident with the stabil-
ty limit for remanent polarization, but it breaks
down conspicuously for zero-field cooled samples:
A spontaneous polarization is found only for
periodic-array dipoles, whereas random-site dipoles
condense in a way avoiding lang-range correlation, '

and a zero-field cooled configuration cannot be con-
verted into a poled configuration by applying an
electric field.

The inability of a random-site dipolar system to
achieve long-range order is related to the concept of
frustration, put forward for spin-glasses. There
the centrosymmetric Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction changes sign with dis-
tance. A spin surrounded by other spins at random
distances may not "know" which is its appropriate
state of lowest energy, and thus may be frustrated.
A system which allows energetically unfavorable
configurations to be (meta)stable is nonergodic. 3o

Near-degenerate spin configurations are thought to
arise because of the lack of positive definiteness of
the potential. The dipolar interaction has a similar
property: It changes sign, not with distance, but
with relative orientation of the moments. Its rela-
tively complicated form seems to have deterred
theoreticians from adopting the dipolar model for
lattice-dynamical calculations. From an experimen-
tal point of view, however, electric-dipolar systems
present some advantages: Dielectric measurements
can be made with great ease and precision; the fact
that samples are transparent allows for Ra-
man ' ' and birefringence measurements;
the strong quadrupole-strain interaction leads to
"critical" ultrasonic attenuation and dispersion,
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FIG. 1. Portion of the structure and Li site in

KTa03.Li. Nearest neighbors of Li shown only.

and the dipoles may be chosen to carry a strong nu-
clear magnetic moment (as, e.g., in Li), suitable for
local-field investigation.

It is the purpose of this paper to present the ex-
perimental situation for random-site dipoles in
KTa03.Li and to discuss it in terms of recently ad-
vanced theoretical concepts. ' ' Some of the experi-
mental results are known from earlier work, in par-
ticular ' ' by Yacoby, who discovered the dipolar
character of Li in KTa03 and found evidence for di-

Polar relaxation. It is complemented here by mea-
surements of NMR, dielectric relaxation, pyroelec-
tricity, birefringence, and ultrasound for samples
containing Li, and in part also Nb, in different con-
centrations.

The off-center displacement of the Li ions at the
K site is in the [100] direction, ' i.e., towards the
center of mass of four oxygen ligands situated at
(111) directions (Fig. 1). The amount of displace-
ment is estimated3 to be 5=0.9 A from a point-
charge model for the electric field gradient (efg)
measured by NMR. The cubic symmetry of the
host crystal allows for six equivalent Li displace-
ments among which transitions occur by thermal ex-
citation. The barrier was found to be E~ ——8638

meV=1000 K, suggesting that quantum-mechan-
ical tunneling is negligible. The polarization P asso-
ciated with each Li exceeds that arising from its

40 41own displacement. As noted by Kirkwood, the
effectively measurable polarization of an impurity

includes that induced in the lattice, and also the
dynamic polarizability is enhanced by that part of
the lattice which follows the motion of the impurity
adiabatically. The enhancement factor, which is a
measure for the correlation volume, is a property of
the host lattice and does not depend upon correlation
between Li-dipole orientations. We note here a lim-
ited analogy with KC1:OH where the OH dipole tun-
nels between equivalent (100) directions, the bar-
rier height being -0.8 meV. The weak lattice po-
larizability of KC1 limits enhancement effects, and
reduced screening of dipolar interaction puts the
limiting concentration for single-ion behavior to
4&10 . At higher concentrations collective effects
are seen around 1 K. KTa03 has a particularly
large dielectric susceptibility arising from the
strongly anisotropic oxygen polarizability. This
screens dipolar interaction effectively" so that con-
centrations above one percent are required for no-
ticeable interactions between Li dipoles. Collective
effects occur in a temperature range around 50 K.
The more convenient temperature range and the
larger concentrations with concomitant large sensi-
tivities certainly favor experimental investigations.

The experimental results will be presented in some
detail in Sec. II. They are summarized in Sec. III,
showing the physical picture emerging from the
data obtained by six different methods. Also in Sec.
III theoretical models are reviewed which aim at ex-
plaining randomly interacting (mostly magnetic)
moments. They are much simpler than the experi-
mental situation requires, but some of their predic-

in thetions are experimentally confirmed. Fina y, in t e
33,34, 38conclusion we briefly consider the controversy

over the nature of the collective effects in
KTa03..Li, and argue that they are more similar to
those in spin-glasses then to those in other
perovskite ferroelectrics.

II. EXPERIMENTAL RESULTS

A. Sample preparation

All the samples were obtained by spontaneous nu-
44.cleation in high-temperature solutions

(1—x )K2CO3+x Li2CO3+ Ta205

~2K~ „Li„Ta03+CO2 .

Details on the slow-cooling method employed and
on determination of the Li concentration x may be
found elsewhere. " The values of x quoted in the

resent work are those obtained from direct NMR
calibrations where available, and interpolated with
x=0.35x in other cases. This latter relation had
been used for all samples in Ref. 38, which explains
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some slight differences in x values. The present
values are some 15%%uo lower than the estimated
values given in Ref. 40. For the doubly-doped (Li
and Nb) species, no analysis was made, and the con-
centrations quoted are those of the ingot scaled to
the best of our experience.

From birefringence observations, to be discussed
in Sec. IIF, we find the transition temperature as
function of x to be given by rs ——535x K. To
within the stated error limits (typically several de-
grees) the data given by other authors ' agree well
with this expression, as shown in Fig. 2. The agree-
ment is somewhat surprising, since the concentra-
tion scale used by Prater et al. probably corre-
sponds to our x, whereas Yacoby does not give de-
tails on the scale he used.
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B. Nuclear magnetic resonance and relaxation

I Static p. roperties ofLi nuclei

The quadrupole moment of the Li nucleus is
used here as a local probe to obtain insight into the
static and dynamic phenomena accompanying the
freezing process. The static and time-dependent
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FIG. 2. Freezing temperature Tg vs concentration in
KTa03..Li from different researches. Circles and squares
are our results from birefringence (hn) and from the max-
imum in the dielectric susceptibility (he). The pluses are
from Ref. 32 and the crosses from Ref. 33. The solid line
is fit to our birefringnece data, yielding Tg =535x . K.
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FIG. 3. Fit of the satellite lines to Eq. (1) for a deter-
mination of the quadrupole splitting v~ ——70 kHz,
x=0.036. Note that one pair of satellites does not shift
with rotation around a cubic axis.

perturbation of the Zeeman Hamiltonian due to cou-
pling of the quadrupole moment with the electric
field gradient tensor is investigated to obtain infor-
mation about the local crystal symmetry at the aver-
age position of the Li nucleus and about the
dynamics of the Li ion.

The shape of the Li NMR spectrum was ob-
tained by Fourier transform of the free-precession
decay following a m/2 rf pulse. The measurements
were performed at 21, 26.5, and 32 MHz with a typ-
ical rf field intensity II i -30 G.

At low temperature, a NMR spectrum split by
first-order quadrupole interaction is observed. The
position of the quadrupole satellites as a function of
the orientation of the magnetic field Ho in the (100)
plane is shown in Fig. 3 and can be described by

v+ ——vL +vg(3 cos 8 —1)/2, (1)

where vL is the Larmor frequency and v~ ——e qQ/
3

2h the quadrupole-coupling frequency for I= —,.
Equation (1) holds for an axially symmetric electric
field gradient with maximum component eq along
the z axis and where 8 is the angle between Ho and
the z axis.

Extremum positions of the satellites are found for
Ho~~[010] and @~[001]. Also when Ho~~[111], the
quadrupole splitting vanishes. This rotation pattern
allows one to conclude unambiguously that at low
temperature, the Li occupies sites of locally uniaxial
symmetry along [100]. Furthermore, the ratio of
the intensity of the quadrupole satellites at different
angles is consistent with an approximately (but
perhaps not exactly) equal probability for the sym-
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FIG. 4. Temperature dependence of quadrupole splitting in KTa03. The signatures of the data denote samples with
different concentration. The theoretical behaviors predicted by Eq. (9) are indicated as the dotted line (x=0.011) and the
dashed line (x=0.016).

metry axis to lie along any of the three equivalent
( 100) directions. The observed quadrupole-
coupling frequency is independent of temperature
and Li concentration.

A transition from a quadrupole-split spectrum to
a single-line spectrum takes place in a temperature
interval of less than five degrees around 50 K, indi-
cating that the Li ion occupies, on the average, a site
of cubic symmetry (Fig. 4). The average is on the
time scale of the inverse quadrupole-coupling fre-
quency.

To establish the size of the Li displacement, we
compare the experimental value of v~ with the one
estimated on a point-charge approximation which is
known to yield the correct efg in other perovskite
crystals undergoing structural phase transitions. We
use Q=0.042X10 cm, (1 —y„)=0.74 appropri-
ate for the Li+ ion, Z=+ 5 for the valence of the
Ta ion, and Z = —2, Z= + 1 for that of the oxygen
and the alkaline ion, respectively. The calculated
quadrupole-coupling frequency associated with an
off-center displacement 5 of the Li atom, taking
only nearest-neighbor contributions into account,
amounts to

(in units of Hz). For a value of c/a=1.01, typical
of the ferroelectric perovskite-type crystals, Eq. (3)
yields v~ ——10 kHz which is too small to explain the
observed quadrupole-coupling frequency. Still, the
occurrence of a ferroelectric-type transition with
such a tetragonal distortion of the cell should not
remain undetected in NMR experiments since the
expected quadrupole splitting of 10 kHz exceeds the
observed dipolar linewidth of 3 kHz. Intercell con-
tributions to the efg due to the interaction of a Li
nucleus with the electric dipole moment associated
with the off-center displacement of the Li atoms in
a different cell turn out to be negligible. These con-
tributions are of the order of V -6pla, where p is
the effective electric dipole moment and a is the
average Li-Li distance, a-a(x '~ ). For x=0.02
and p=5X 10 ' esu, corresponding to the moment
enhanced by polarization effects, one finds

v~ ——1.8 kHzg&v~" '. Evidence is thus compelling
to conclude that the observed quadrupole coupling is
related to the gradual freezing of the Li in an off-
center position and that no significant (c/a & 1.01)
tetragonal distortion of the unit cell occurs.

vg ——1.3 )(10 5
a

(2)

2. Spin-lattice relaxation
and dynamic properties of Ii nuclei

v&
———1.05X10 (a /c —1)

+3.5X10 (a /c —1) (3)

in units of Hz. From the experimental result

v~ ——70 kHz, and a=4 A, we conclude that the dis-
placement is 5=0.9 A. A similar calculation for a
hypothetical tetragonal distortion of the unit cell,
without off-center displacement of the Li, up to the
sixth nearest neighbor yields

The nuclear spin-lattice relaxation rate was mea-
sured by monitoring the return to the equilibrium
value of the nuclear magnetization following a
(m /2)„-(m /2)„pulse sequence. When no static
quadrupole effects are present, recovery of the nu-
clear magnetization should be exponential if a com-
mon spin temperature among the Zeeman levels is
maintained during the relaxation process. "

In contrast to the expectation, in a temperature
range of about 100 K above the temperature at
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X exp(icoL t)dt,
(4)

which static quadrupole effects appear, the recovery
is strongly nonexponential for certain orientations of
the crystal with respect to the external magnetic
field. But for some particular crystal orientations,
we have obtained exponential recovery curves at all
temperatures investigated and our quantitative dis-
cussion will be restricted to these results. The tem-
perature dependence of the relaxation rate is indica-
tive of fluctuations of the efg tensor driven by a
thermally activated hopping motion. ' In the
weak-collision approach and for I = —,, one can
write for the relaxation transition probabilities

'2

Wi —— f (Vi(0)V i(t))

an isotropic hopping of the Li, we find

Wi =477 (Vg ) 2 2
slI1 p cos p,

1+m w~

W2 vr (,v——p ) 2 (1—sin P cos2P) .
1+4') w,

If energy-conserving transitions among the Zee-
man levels are assumed to be frequent enough to en-
sure a common spin temperature during the relaxa-
tion process, it follows that recovery is exponential
for alI orientations and

Ti ' ——(2Wi+8W2)/5 .

In the opposite limit of no energy exchange among
the Zeeman levels, solution of the master equations
yields for the recovery law'

1 e
12 I ( V, (0)V,(t) )

M(t) M( ce—) = ——,exp( —2W~ t) ——,exp( —2W2t),
4

M(co)
(7)

Xexp(i col t)dt,

from b,m =+1 and +2, respectively. The efg tensor
components are calculated in the local principal
frame of reference, and the time dependence of the
perturbation arises from the change of relative
orientation of the efg principal axes with respect to
the external magnetic field as the Li atoms perform
jumps through 90' among the six equivalent off-
center positions along the (100) directions. Jumps
through 180' do not modulate the efg tensor and can
be neglected for the spin-lattice relaxation process.
For the correlation function, we assume an exponen-
tial decay with its correlation time ~, given by an
Arrhenius law. For the magnetic field in the (100)
plane at angle P with one of the cubic axes and for

which is, in general, nonexponential.
At high temperatures, such that cov. &&1, one

finds from Eqs. (5) that W~ ——W2 for the particular
orientation P=31.7, and Eq. (7) predicts an ex-
ponential decay with

E= —,m. (vt2)2-Oexp
T] kT

where Es is the height of the barrier to reorientation
of the Li-induced dipole.

The experimental values can be fitted very well by
Eq. (8) as we have shown earlier. Fitting to Eq. (8)
the T

&

' vs T data from Ref. 38 over the whole tem-
perature range reported yields the parameter values
given in Table I.

TABLE I. Values of the parameters describing the Li dynamics as obtained by different
methods. Note the good agreement between the two determinations of Tg, and their relation
to T,h,„.Note also that TQ describes the transition in Fig. 4, and is not related to Tg.

Method Eq. 0.011
Li concentration x

0.016 0.026 0.063 Units

Tp

Vp

TQ

VQ

(v2 )1/2
VQ

Tg

Tg

Tthaw

NMR
dielectric
NMR
dielectric
spectrum
spectrum
relaxation
birefringence
dielectric
pyroelectric

(8)

(8)

(9)
(1)
(8)

1000
1000

1.4
6

40
70
71

&10
&10

30

1090
1100

0.75
6

50
70
81
35
30
40

850
1100

6
6

70
68
49
46
55

980

3.7

55
70
56
85

-80
84

K
K

10-'4 s
10' s

K
kHz
kHz
K
K
K
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FIG. 5. Cole-Cole plots for KTa03.Li. (a) EI
I
[100]and (b) EI I

[111].x=0.016.

The jumping of Li which rnodulates the efg and
thus drives the spin-lattice relaxation takes place
among the sites that give rise to the quadrupole-split
spectrum. This identification not only rests on sym-
rnetry arguments but also on the good agreement be-
tween the static quadrupole constant v& and its
mean-square value deduced from relaxation mea-
surements (see Table I). Appearance of the static
quadrupole effects at low temperature is thus associ-
ated with the slowing down of the hopping rate to a
value less than v~. This can be seen by comparing

the experimental values of v~ vs T with the tern-
perature dependence given by the "line-narrowing"
theory of Kubo and Tomita, ' shown in Fig. 4:

vg(T)=vg(0) —tan '[vg(T)r, j,2

where for ~, we use the value and the temperature
dependence deduced from T~ measurements (see
Table I). The agreement is good particularly at low
Li concentration. It should be noted that the ap-
parent sharpness of transition between static and
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FIG. 6. Cole-Cole plot of the dielectric susceptibility in KI „Li„TaO3vs temperature. x is labeled in the figure.
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of Li.
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For Li concentrations below x=0.03, dielectric-
relaxation measurements have been interpreted (Fig.
5) in terms of Arrhenius functions, and the parame-

dynamic quadrupole coupling is largely due to the
difficulties in detecting the quadrupole satellites in
the "line-narrowing" region.

C. Dielectric relaxation

ters gained from the data, Ea and vo, are consistent
with those gained by NMR relaxation (see Table I).
Two such plots are reproduced in Fig. 5 with the ac
field applied parallel to [100]and [111],respectively.
They are essentially identical if allowance is made
for a slight change of concentration from one sam-
ple to the other. We note that close to Tg, a
broadening of the dielectric response and a moderate
deviation from Arrhenius behavior is observed
which had been related to the onset of collective ef-
fects. ' These effects are particularly pronounced
for large Li concentrations. In Fig. 6, we report
Cole-Cole plots for the dielectric susceptibility as a
function of temperature. The sample concentration
decreases from top to bottom, x=0.063, 0.049, and
0.036. Quite unexpectedly, the dielectric relaxation
changes its character as x increases. We note two
dispersion regimes, the one at low temperature
characterized by a broadening of the response near

Tg and a maximum step size which decreases with
x. These quantities, size [defined as b,e
=

I
e'(max) —e'(min)I, where e'(max) and e'(min)

are the maximum and minimum values e' reaches as
a function of frequency v], and width [defined as
b,v=v(max) —v(min), where v(max) and v(min) are
the frequencies for which e'= e'(max) and
e'=e'(min), respectively] of the step are plotted in
Fig. 7 as a function of temperature for the same
samples. The second dispersion step observed at
high temperature and concentration is due to a
slower relaxation process than the first step. Its
characteristic parameters are also plotted in Fig. 7.
Its step size increases more than linearly with con-
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63

0 20 25

1000/T (K )
FIG. 8. Arrhenius plot of dielectric relaxation in K& „Li„Ta03. The slope of the curve gives E~. See also Table I.
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FIG. 9. Remanent polarization and the thawing tem-
perature in K~ „Li„TaO3.

centration of Li impurities, but the width changes
only moderately. The most probable relaxation rate
is plotted versus 1/T on logarithmic scale for both
dispersion steps in Fig. 8. On increasing x from
0.006 to 0.026, one finds the slope of these curves to
vary little except for some bending close to Tg The
parameters E~ and 7"p are listed in Table I. At
x &0.036, both dielectric dispersion steps are visible
(see Figs. 6 and 7) and an analysis similar to the one
done for the upper branch in Fig. 8 yields for the
lower branch a well-defined barrier of 2500 K which
does not vary on further increasing x.

Dielectric relaxation has also been observed for Li
dipoles in a lattice whose susceptibility was in-
creased by the addition of Nb ions substituting for
Ta. There is a clear enhancement of the Li polariza-
bility about in proportion to the lattice polarizability
of KTa03.Nb in the appropriate temperature range.

D. Pyroelectric effect

Upon cooling with an electric field applied, a po-
larization can be induced which remains when the
field is turned off at low T. It is not possible to in-
duce a polarization on a sample which has been
cooled at zero field. The remanent field was mea-
sured by its pyroelectric current stored as charge in
an electrometer while the sample was slowly heated
from 4 K through to Tz. The results are shown in
Fig. 9. Clearly, the curves P( T) have an appearance
similar to that of a ferroelectric, where
P-QT, —T, but there are two main differences.
Firstly, P is a remanent polarization which cannot
be measured by the hysteresis effect implemented by
the time-honored Sawyer-Tower method, and
secondly, P is a near-linear function of x at 4 K for
x &0.04 and saturates at x g 0.04. This is in contrast
to the findings in KTa~ «Nb«03 where, at 4 K,
the polarization remains zero below y=0.008 before
it starts rising as y —y, . To determine the thawing
temperature, we have ignored the tail of P vs T
presuming it arises from either surface effects or the
inherent failure to make a true static measurement.
Thus, allowing for an uncertainty of 2 K, we are
able to determine T,h,„and insert the values in
Table I.

E. Sound propagation

The influence of polarizable Li dipoles on sound
propagation was the subject of an earlier paper. It
was shown that the dispersion relations were the
same for sound as for the dielectric response provid-
ed x &0.03. The same mechanism, namely, 90' flips
of Li dipoles, was held responsible for dielectric and

s-"
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~
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„Nb: 0.03
Li: 0.022
Nb: 003
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I

50 2500 150
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FIG. 10. Elastic compliance of KTa03 doped with both Li and Nb as a function of temperature.
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ultrasonic dispersion. In addition„ the linear in-
crease of the elastic compliance s with x at 4 K sug-
gested that the condensed phase was reached by gra-
dual freezing of polar clusters and not by a
thermodynamic-type transition. Quite in contrast
to this behavior is quantum ferroelectric
KTai z Nb& 03, where, at 4 K, s (y) has step-
function-like behavior.

Here, we present a few results on sound propaga-
tion in KTa03 doped with both Li and Nb: Li dop-
ing was intended to provide a relaxation mechanism
for the strain, whereas Nb doping should force the
sample into a ferroelectric state at finite tempera-
ture. Figure 10 shows the elastic compliance of
Ki „Li„Tai &Nb&03 as a function of temperature.
Clearly, the elastic results unify both the features of
KTa03.Nb, a step function at T„and of KTa03.Li,
a Debye relaxation function. The transition tern-
perature T, as deduced from the elastic step is essen-

tially given by that of "pure" KTa03.Nb, about 20
K for 1% Nb and about 50 K for 3% Nb. On the
other hand, the width of the relaxation step is pro-
portional to the Li concentration to within the ad-
mittedly large uncertainty of the actual concentra-
tion.

F. Optical measurements

Several authors have confirmed and extended
our observation that KTa03..Li crystals show
birefringence below the temperature Tg at which the
maximum in the dielectric constant of the Li system
occurs, and that we have identified with a glass
transition temperature. In fact, transition tempera-
tures determined from birefringence by observing
the whole crystal in white light, as in Ref. 35, agree
well with those from dielectric results, as shown in

Fig. 2. On the same figure we have plotted the tran-
sition points observed by other authors in their
birefringence experiments. The transition tempera-

tures do not markedly differ from ours, but there is
a wide variation in the details of the observed
birefringence patterns, ' to which we shall refer
below.

III. DISCUSSION

A. Summary of experimental results

The main features of KTa03.Li at low concentra-
tions of Li ions are as follows: (1) the direction and
(2) the amount 5 the Li is displaced with respect to
the inversion-symmetric K position, (3) the total po-
larization P (including that of the surrounding lat-
tice) associated with a displaced Li ion, and (4) the
energy E~ needed for Li to pass from one to another
90-deg-distant equivalent position. The results
gained by different methods are summarized in
Tables I and II and their internal consistency is
briefly discussed here.

Single Li ions are displaced in the [100] or
equivalent directions as observed by NMR, py-
roelectric, ultrasound, and Raman ' experi-
ments. Their displacement is 6=0.9 A as estimat-
ed from the electric field gradient in NMR measure-
ment. This displacement is less than the maximum
allowed by a hard-sphere cage, which means that the
electronic shell of the oxygens moves towards the
displaced Li. These oxygens in turn polarize the lat-
tice further away from the Li.

The total polarization measured in dielectric and
pyroelectric experiments thus exceeds that of the
Li given by PL; ——mL;e5, where mz; is the number of
Li/m . We consider the enhancement factor of -10
to be a measure of the correlation volum. e. For
x g)0.04 the polarization is no longer proportional
to the Li content but saturates at a value of —150
mC/m . Attempts to switch or "turn on" the polar-
ization below Tg fail as evident from birefringence, 35

pyroelectric, and ultrasound measurements. This

TABLE II. Properties of Li dipoles in KTa03 and the experimental methods by which they have been studied. The last
line refers to the sections in which the various experiments are discussed in detail.

Site symmetry
Bare dipole
Total dipole
Elastic quadrupole
Transition temperature
Barrier height
Barrier distribution

(0.01 (x (0.03)
Double barrier (x)0.03)

NMR

X
X

Dielectric

X
X
X

Pyroelectric Ultrasound Birefringence Raman

Section II B II C II D II E
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means that random-site dipoles cannot be switched
as can periodic-site dipoles. The reason for the ap-
parent stability of a dipolar cluster under an adverse
field is the breakdown of strain-compatibility rela-
tions as required for domain-wa11 motion.

The dynamics of these Li dipoles are probed by
nuclear magnetic relaxation, dielectric relaxation,
and ultrasonic absorption. They are described
by thermally excited jumps through 90' be-
tween equivalent positions at a rate
=ra 'exp( Elk—T), where ra ' —10' +-' s
E=1000+100 K=86 meV (see Table I). Near Ts,
deviations were found from the Arrhenius behavior
for dielectric relaxation, but none were noticed in
nuclear magnetic relaxation. In the same tempera-
ture range, according to dielectric relaxation data,
the hopping time has a wide distribution of proba-
bility, just as was postulated for spin-glasses. At
concentrations above x=0.03, the distribution of
dielectric relaxation times is doubly peaked with the
new peak corresponding to an energy barrier of
-2500 K which gradually takes over all the intensi-

ty as x increases.
There are striking analogies between collective ef-

fects of KTa03.Li and those of spin-glasses. These
analogies are a cusp of the susceptibility at a
concentration-dependent temperature Tg(x), and a
remanent polarization with a stability limit near

Tg(x), where for x&0.01 Tg(x)-x is a monoto-

nous function of x. The freezing temperature is as-

sociated with the onset of birefringence. The spatial
distribution of light intensity observed in

birefringence measurements by different au-

thors ' appears to vary considerably. In partic-
ular, full birefringence oscillations have been ob-

served by Courtens in a selected spot of his crystal

by discarding somewhat arbitrarily the information
obtained from the much more abundant structured
regions. He states that homogeneous domains exist
of the order of 100 pm or more. This is at variance
with other observations ' and also at variance with

the conclusions by Prater et al. drawn from
33

Raman-scattering measurements.
The phase diagram (see Fig. 2) shows that (for

x &0.01) Tg increases less than linearly with x and

the transition line is well described by Tg 535x
This power law may be significant: Mean-random-
field (MRF) calculations predict Tg ~ x with

0.5~+&1.0. Similar power laws have been ob-

served in spin-glasses, ' whereas for purely structural
phase transitions in mixed perovskite
K~,Rb, MnF3 and antifluorites [K~,(NH3), ]2
SnC16, where a phase transition is observed for c=0
and none for c=1, the shift of the transition tern-

perature is linear in c for small concentrations. In
KTa~ «Nb«03, for y sufficiently high to be out of

the quantum limit, the transition temperature also
increases linearly with y. For a crystal with
x=0.011, where Fig. 2 predicts Tg -25 K, we have
not observed a transition down to around 10 K. The
MRF model predicts that a minimum x is necessary
for ordering to occur.

B. Theories

The theoretical approach which comes closest to
describing the phenomena observed in KTa03.Li is
by Fischer and Klein and was intended to account
for collective effects in KC1:OH. ' ' It is based
on the assumption that the field acting on the dipole
is given by the average random field gained from the
probability distribution. It is found that the sus-
ceptibility cusps at a concentration-dependent tem-
perature, as confirmed by experiment. A broaden-
ing of the field distribution, predicted to occur on
lowering T through Tg could be the cause for the
experimentally observed distribution of dielectric re-
laxation times.

What is outside Fischer and Klein's scope are
dynamical effects. These have been shown to lead in
magnetic systems to a condensation of a kind '
differing from thermodynamic phase transitions as
envisaged by the mean-random-field theory, which,
like any mean-field theory, implies erg odicity.
Computer simulation studies' on very finite sys-
tems have brought the recognition that freezing is a
dynamical effect in which slow and large clusters
grow to become slower and larger until their dynam-
ics turn into an apparently static disordered configu-
ration on all experimental time scales. However,
these simulations are generally made for spin-
glasses, i.e., postulating centrosymmetric RKKY
forces between magnetic moments. It is interesting
that in these simulations, collective effects are ob-
tained only after introducing an anisotropic pertur-
bation 16, 18, 19

A complication does arise for dipoles. The polar-
izable lattice reduces the interaction about in pro-
portion to e~. On the other hand, it attributes to the
impurity dipole a poled lattice portion ' which, in
the case of KTa03, exceeds the impurity polariza-
tion by 1 order of magnitude at least, but very much
less in KCl. These enhancement factors are poorly
known, ' and even a quite reliable estimate of
their magnitude (as exists in KTa03) is insufficient
information for a modification of the interaction po-
tential because it obviously depends on the shape of
the correlation volume.

The question was addressed as to the possibility
of a transition to a long-range polar order, if the
correlation length of the host lattice exceeds the
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average distance between impurities. It has been
pointed out that the dipolar interaction is modified
in a polarizable host lattice.

C. Conclusions

The large body of experimental results in
KTa03.Li collected in different laboratories and
with different techniques provides clear evidence for
collective effects associated to Li dipoles. The na-
ture of the condensed state occurring below a certain
temperature has been considered in analogy to spin-
glass states by some authors and in terms of fer-
roelectricity by others. Notably the observation of
birefringence has been considered an indication of
ferroelectricity, with estimates of domain sizes by
different authors varying between -0.1 and ) 100
pm. The observation of a region of homogeneous
birefringence does not imply, however, that the re-
gion is monodomain: 180 jumps of polarization
go undetected in a birefringence experiment. A
similar argument has been given to explain the ap-
parently contradictory results from birefringence
and Raman measurements on doubly-doped crys-
tals. As further support for this idea, we note that
the electric field generated by a homogeneous polari-
zation is P/e60 10 V/m amounting to a voltage
of 3 kV across a 300-pm spot. This cannot possibly
be compensated by the few scarce other regions
which exist between the electrodes, and should, con-
sequently, lead to a large voltage across the elec-
trodes. However, such voltages are not observed
and, in addition, birefringence patterns do not de-
pend on open or short-circuit conditions of the elec-
trodes.

Even in a typical ferroelectric the polarization is
not homogeneous, but is broken up into domains,
typically of (10—100)-pm size, due to depolarization
effects. In the case of KTa03.Li, the homogeneous
spots in birefringence put an upper limit of 4000 A
(in an exceptional case p100 p, m) on the domain
size while Raman scattering sets this limit far below
the wavelength of light. Since, in addition, these re-
gions of nonzero polarization appear to be insensi-
tive to electric fields at T & Tg, their origin is very
unlikely due to depolarization effects. The
phenomenon is, however, reminiscent of remanent
magnetization in a spin-glass.

The most important single argument against the
occurrence of a ferroelectric phase transition is the
total absence of any critical effects in the dynamics,
as measured by dielectric and NMR relaxation. At
such a transition, be it of displacive or of order-
disorder type, a critical contribution to the spin-
lattice relaxation T, ' cc(T—T, )" and a single ex-
citation dielectric relaxation step, or alternatively a
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FIG. 11. Correlation time v, as a function of tempera-
ture for the Li hopping from T& (solid lines for minimum
and maximum) and from the spread 60 of the spectrum
(cross hatched).

Curie-Weiss law, are predicted. None of these phe-
nomena is found in KTa03.Li, but a smooth slowing
down of the Li dynamics with temperature is ob-
served. In Fig. 11 we show the bounds for r, [see
Eq. (5)] derived from our NMR results, as a func-
tion of temperature. Also indicated is the tempera-
ture region where the quadrupole structures disap-
pear, and the corresponding range of ~, values that
has been used in the calculation [see Eq. (9)]. It is
seen that both determinations of the value of v., in
the temperature range around 50 K agree well. At
lower temperatures, specific-heat data show6

dynamic effects in the millihertz range around 30 K,
in order-of-magnitude agreement with the values in
Fig. 11. So, if we rely on this estimate for r„we
may conclude that below 20 K almost any experi-
ment will find the system static in nature, indepen-
dent of x. The plots in Fig. 11 are based on the as-
sumption of a single correlation time, whereas
dielectric results show a broad distribution (a T I

' vs
T plot is not very sensitive to most distributions).
From the absence of observable quadrupole satellites
however, we estimate that for the sample with
x=0.049 at the transition temperature, at least half
of the Li jump at rates of the order 10 s ' or faster.
This is in line with the observation of pretransition
clusters in the order-disorder KDP-type (potassium
dihydrogen phosphate type) ferroelectrics fiuctuat-
ing at similar rates above the transition tempera-
tures.

The arguments in favor of a dipole-glass type of
transition are mainly derived from analogies with
experimental results on spin-glasses: (i) the absence
of a spontaneous macroscopic polarization below

Ts, (ii) the occurrence of thermoremanent polariza-
tion, (iii) the existence of a frequency-dependent
maximum of the dielectric response function around
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Ts, and (iv) the Ts vs x relationship is of the type
Tg 0 x where n & 1. The phase diagram and the
temperature dependence of the susceptibility are in
qualitative agreement with theoretical predictions
for systems of random electric dipoles. ' The ab-
sence of critical dynamics has also been found in
AuFe and CuMn, where, in the temperature region
0.5Tf & T &1.2Tf, the correlation time of the im-
purity moment decreases from 10 ' to 10 ' s.
Thus, although a considerable slowing down occurs
around T~, the moments still fluctuate around their
frozen positions at an appreciable rate, and no criti-
cality is observed.

The strong analogy between KTa03.Li and, say,
CuMn, suggests a common origin of their ground
state. The absence of all truly critical effects in
those systems suggests that the ground state of di-
pole glass (and of a spin-glass) is probably not ther-

modynamically different from a disordered
paraelectric state but that dynamics of the collective
motion become so slow that experiments always see
the response of a metastable state. It is in this spirit
that most recent theories treat spin-glasses and
simulations of spin dynamics are made.
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