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Dielectric-constant measurements on KTa03.Li as a function of Li concentration, tem-
perature, and frequency revea1 the presence of a peak in the susceptibility near the
paraelectric anomaly at 0 K. This effect is attributed to Li impurities which are '&rozen"
in an off-center position at the potassium site. For samples with a Li concentration of
less than 24/p, continuity of the elastic compliance ensures that a lattice polarization
does not occur as for a true ferroelectric. Our results support the mean-field approach
to the dynamics of impurities in ferroelectric hosts.

The initial observation of a "central peak"' in
neutron scattering from SrTiO, provided a stimu-
lus for the ensuing formulation of a number of
theoretical models' whose purpose was to account
for the associated low-frequency dynamics in cer-
tain phase transitions. A number of these models
relates the scattering at a frequency ~ = 0 to the
interaction between a slowly relaxing (or static)
impurity mode' and a soft phonon mode. Theo-
ries of this type are apparently capable of not
only accounting for the extreme narrowness
characteristic of many observed central peaks,
but also of predicting a shift of the transition
temperature T, which is positive when the defect
is relaxaing and negative when it is static. Addi-
tionally it has been possible to predict, at least
formally, the deviations of the response of an
impure system from that of a pure system. '
Nevertheless, while this approach is obviously
able to account for a number of features observed
experimentally, a full validation in a test system
where the impurity if fully identified and its prop-
erties are known is still lacking. '

The purpose of this Letter is to present a
means of testing the validity of the mean-field
approach to low-frequency dynamics by measure-
ments of the central-peak response in a system
where the responsible impurity is identified and
its concentration is controlled.

Displacive-type ferroelectrics are particularly
simple systems whose response function, as
represented by the dielectric constant, allows a
peak centered at x = 0 to be resolved with an ac-
curacy of 4u = I Hz. From numerous possible
examples of such systems, KTaO, :Li was select-
ed since lithium has been previously' identified
in this host by infrared absorption and its posi-

tion in the lattice was determined as being "off
center. " The Li impurity is in a substitutional
site for potassium and couples linearly to the
order parameter which, in this case, is repre-
sented by the polarization. Since the lithium ion
is off center, it may occupy any one of several
equivalent positions and can hop between these
positions with an Arrhenius frequency of v = vo
x exp(-~/kT), where ~ represents the potential
barrier height separating equivalent positions.
Infrared data have shown that vo = 1.2 ~10" Hz.
Depending on whether the hopping frequency v

were above or below the frequency of observa-
tion the lithium would represent a "relaxing" or
"frozen" defect. These conditions are exactly
those required by the current theoretical explana-
tion of the dynamical susceptibility of impurities
near a phase transition.

In order to investigate the dynamics of the Li
impurity, its complex dielectric response has
been measured as a function of observation fre-
quency, sample temperature, and lithium con-
centration. Figure 1 shows the resulting Cole-
Cole plots obtained by plotting. e" versus e' at a
constant temperature for a sample with a lithium
concentration of about 1.2%. Here the observa-
tion frequency is a parameter which increases
along the curve in going from right to left, and
each curve is labeled by its corresponding tem-
perature. From similar determinations of the di-
electric response for samples with varying con-
centrations of lithium, it is possible to show that
the dielectric dispersion [i.e. , e(f -")—~(f=0)]
is proportional to the lithium concentration below
1.2% Li. Additionally, a polarization can be
frozen in by cooling the sample from above 30 K
to 4Kwith a dc bias of about 2~ 10'P/m. The
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FIG. I. ™ginarypart vs real part of the dielectric constant as a function of frequency for several ].abe].ed tem-
peratures (Cole-Cole plots). The lithium concentration is 1.2/0,

polarization is a continuous function of the Li
concentration and is about twice as large E

~~ (100)
as for E ~~ (111). The cumulative results show
that the I i impurity is responsible for the dielec-
tric dispersion observed and are consistent with
a (100) off-center direction. The frequency at
which e" is a maximum is identified as the hop-
ping rate of the Li between equivalent (100) posi-
tions. From the Arrhenius plot shown in Fig. 2

the oscillation frequency may be determined as

log, v =11.8+1.
This is in good agreement with the value of 1.2
& 10"Hz determined from the infrared measure-
ments. ' Additionally a value of 6=0.125 eV is
found for the barrier height. Also, we can be
seen from Fig. 2, the transition from dynamic to
static behavior occurs at about 25 K as defined
by a slowing down of the response below 10 ' Hz.
Recalling that the sample is still paraelectric at
this temperature, it is possible, in this case, to
classify the lithium as a frozen-in impurity of
Halperin-Varma type A2. The response of the
system including Li may then be identified as
e(0), and that of the pure lattice (the phonon re-
sponse) as e(~). These responses have been ob-
tained from Cole-Cole plots at several Li con-
centrations, and their inverse is plotted in Fig. 3.
It is immediately apparent that the total response
[y, (q,)] ' not only falls below the phonon response
[ X (q,)] ', but also below that of pure KTaO, (i.e. ,

log f ii
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FIG. 2. Arrhenius plot of logf vs 1/T with f the fre-

quency of maximum dielectric loss. (Logf& 11.8+1.0,
4 ~0.125 e7.)
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FIG. 3. Total response y& and EatHce response pg of
KTaOS. Li as a function of temperature. Note the re-
semblance to the qualitative predictions displayed in
Fig. 3 of Ref. 3.

[X (q,)] '). At finite temperatures, 8}( '/8T is
the same for all three curves and corresponds
closely to the inverse Curie constant of the pure
system. The coincidence of 8X/8T for the three.
curves outside the critical region is evidence for
a slight change of the long-range forces due to
the incorporation of Li impurities. In the critical
region, at T &40 K, }((Li) diverges for low Li
concentration and this is evidence for the static
nature of the Li polarization at this temperature.

Since quantum-mechanical fluctuations are
known to suppress ferroelectric order' in KTaO3,
the actual transition temperature and its shift
cannot be measured directly. Instead one may
use the 0-K dielectric susceptibility as a mea-
sure of the dipolar interaction, which is shown
in Fig. 4 as a function of temperature. Apart
from minor scatter which may be due to some
sample inhomogeneity, the susceptibility de-
creases almost linearly. The remanent polariza-
tion was measured from the piezoelectric effect
induced by biasing the samples at 4 K for several
minutes. It is below 10 ' C/m' for all samples
of KTaO, :Li, whereas for KTaO, :Nb a true spon-

FIG. 4 (a} Susceptibility of KTa03.Li at 0 K. Spon-
taneous polarization P, ~0. Note that & increases al-
most linearly with the Li concentration which is con-
sistent with the suppression of ferroelectric order by
Li impurities. Experimental error is less than 10 3;

scatter is due to inhomogeneity of samples. (b} Nor-
malized dynamic susceptibility r/cg~2 on a. log scale.
For isolated impurities, c 8%, }(/c}4 ~const within
a factor of 2.

taneous polarization has been determined'0 to be
3 x 10-' C/m' at a Nb concentration of 3'/o. In
addition, the acoustic step anomaly reminiscent
of a phase change in KTaO, :Nb is completely
lacking in KTaO, :Li, s» '(4 K) =3.85x10" N/m'
for 1.2% and s» '(4 K) = 3.9 x10"N/m' for pure
KTaQ„- thus we conclude that P, =0. The de-
crease of x(0) zoith lithium concentration at P,
=0 is clear evidence of the suppression of ferro
electric order by Li impurities This is in ag. ree-
ment with the recognition that frozen-in impuri-
ties enhance fluctuations' and thereby decrease
the ferroelectric order and stability limit of the
paraelectrie phase. Even though the Li polariza-
tion may be frozen in by cooling the sample be-
low a given temperature, measurements of the
elastic compliance clearly show that a lattice
polarization does not occur and, accordingly,
that the material is not a ferroelectric in the
usual sense.
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For noninteracting impurities, the theory has
been used to predict the weight of the central
peak with the following result:

){(q) = J s(q, (u) d(u = c(x„/x, )'z, '){,',
which has been expressed in terms of the param-
eters of the pure system and the isolated impur-
ity. Here x„and x, represent the linearized
mean-field response of a normal (potassium) and
a defect (lithium) site to its surroundings, and J~
describes the nearest-neighbor interaction.
Since x„, x„, and J, are model parameters inde-
pendent of experimental conditions, Eq. (1) pre-
dicts that ){(q)/c){,'= const for all concentrations
c and temperatures. We show in Fig. 4(b) that
for ){(q) and c varying over one and one-half ord-
ers of magnitude, ){(q)/c){,' varies by less than a
factor of 2. This shows clearly that mean-field
theory predicts reasonably well the weight of the
central peak for noninteracting impurities. At
concentrations above 8o/o, ){(q)/c){,' drops drasti-
cally to about 1/100 of its low-concentration value
at a lithium content of 24%. In this concentration
range the Cole-Cole plots become flattened and
are indicative of an entire (nonlognormal) spec-
trum of hopping frequencies which are responsi-
ble for dielectric relaxation. This should give
rise to a broadening of the central peak —an ef-
fect which might be resolved by neutron scatter-
ing. At a lithium concentration of 40/o, the
coupled Li modes apparently become soft, driv-
ing the crystal into a complicated ferroelectric
structure of the tungsten-bronze type. "

The present results have shown that Li is an
impurity which, when incorporated in the KTaQ,
host at concentrations below -l%%u& is responsible
for an extremely narrow (1 kHz) central peak.
Its dynamic properties are correctly described

by mean-field dynamics of a static impurity in
a ferroelectric host. At higher concentrations
the central peak is broadened and, above -25 K,
the transition between static and dynamic behav-
ior occurs. KTaO, :Li does not become ferroelec-
tric at any temperature as long as the lithium
concentration is less than 24% and the observed
dielectric dispersion cannot be identified with a
ferroelectric soft mode.
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We have used, for the first time, superconducting tunneling to study the magnetic or-
dering properties of a normal metal. We find that the spin-flip scattering time of a spin-
glass increases markedly as the temperature is lowered through the temperature at
which the susceptibility exhibits a cusp. The results are interpreted as a measurement
of the temperature dependence of the spin-glass order parameter.

In order to elucidate the character of the spin- of the conduction-electron spin-flip scattering
glass phase transition, we have undertaken exten- time of AgMn, through the ordering temperature
sive measurements of the temperature dependence 7'&, using an electron tunneling technique. We
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