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Dielectric and elastic constants of KTa, ,Nb„o, are presented as a function of x and of
the temperature. For x = 8 x 10 ', the system exhibits the characteri. sties of a ferroelec-
tric at the displacive limit (i.e., a "quantum ferroelectric") as evidenced by three crit-
ical indices and the temperature independence of all responses near 7' = 0.

The investigation of structural phase transitions
represents an area of inquiry which has attracted
considerable attention during the past few years.
Essentially, all of the previous experimental re-
sults pertinent to displacive phase transitions are
characterized by the absence of discernible quan-
tum-mechanical effects, and, therefore, the con-
comitant theoretical developments have proceed-
ed, until recently, on the basis of classical me-
chanics. Recent theoretical work, "however,
has indicated that at or near the so-ca).led "dis-
placive limit, " quantum-mechanical effects can
become extremely important. This "displacive
limit" is defined by the set of coupling parame-
ters for which the critical temperature T, of the
phase transition becomes equal to zero. In the
classical approach, a ferroelectric is character-
ized by two regimes: one of dominant fluctuations
(paraelectric behavior) and one of dominant dipo-
lar ordering. While the dipole-dipole interaction
is usually considered to be temperature indepen-
dent, the balance with short-range anharmonic
interactions leads to fluctuations which decrease
with decreasing temperature and ultimately allow
the dipole-dipole interaction to order the crystal
ferroelectrically at some temperature T, . If T,
is in the region of zero-point lattice motion, how-

ever, decreasing the temperature does not ap-
preciably decrease the fluctuations. As a conse-
quence, the disordered phase may extend below
its classical limit and the quantum-mechanical
critical temperature is lower than the classical
T, because of the effects of zero-point motion.
In the quantum limit, the temperature is an en-
tirely ineffective parameter and the system only
responds to a change in either the dipole-dipole
interaction or the higher-order restoring forces.
Additionally, critical exponents calculated on the
basis of a quantum-mechanical model of a three-

e '(x, 0) ~(x —x,) ~» with y„=l,
and the critical transition temperature should
obey the formula

~,(x) ~(x -x,)

(2)

where y = 2; x is a general, and x, the limiting
interaction parameter. '

The purpose of this Letter is to present experi-
mental dielectric and acoustic data which eluci-
date the role of quantum-mechanical fluctuations
i~ determining the characteristics of low-temper-
ature ferroelectric phase transitions. Critical
exponents near the displacive limit are deter-
mined by fitting these data, and the results are
compared with the corresponding quantum-me-
chanical exponents derived previously and indi-
cated in Eqs. (1)-(3).

In the prior theoretical work dealing with quan-
tum-mechanical effects at the displacive limit of
structural phase transitions, it has been suggest-
ed' that such effects could be investigated most
profitably either by employing isotropic applied
pressure or by the addition of impurities to vary
the sample characteristics at or near the limit.
Our experiments have incorporated the latter ap-
proach, and the material KTa. , „Nb„o, (potassium
tantalate-niobate or KTN) was selected since it is

dimensional lattice' are not equivalent to those
obtained using the classical approach. In fact,
the effective dimension of the lattice is increased
by unity and the predictions of the quantum-rne-
chanical "vector model" at or near the displacive
limit are the same as those of mean-field theory
in four dimensions. The spontaneous polarization
at 0 K varies according to the equation

P,(x, 0) ~(x —x,) 8" with P„=—,'.
The inverse dielectric constant at 0 K varies as

1158



QQJ. UME $9, +UMBER 18 PHYSICAL REVIEW LETTERS $1 OGTQBER 1977

the only known example4 of a cubic solid solution
which undergoes a second-order transition to a
ferroelectric phase whose transition temperature
can be continuously varied by chemical composi-
tion over a wide range. Pure KTaO, (i,e. , x =0)
does not undergo a ferroelectric phase transition, '
but it does exhibit a dielectric anomaly near 7 =0,
The solid solution KTa, »Nb~050„however, be-
comes ferroelectric at about 60 K, and starting
from this composition, the critical temperature
increases almost linearly with increasing Nb con-
centration until a T, of 700 K is obtained for pure
KNb03.

In the system KTa, „Nb,O„ the Nb concentra-
tion x may be treated as an interaction parame-
ter on the basis of the following considerations:
First, in the classical limit (i.e. , for x &0.008),
the transition temperature is found to be a linear
function' of x. It appears that the Nb concentra-
tion enhances the dipolar interaction since it is
unlikely to influence the fluctuations of the polar-
ization, Second, in the quantum limit, the effects

(10 '}

associated with increasing x resemble those re-
sulting from external pressure. Ferroelectricity
in KTaO, has been induced' by a pressure of 6
x20' N/m2. It has also been recognized as being
mainly due to anisotropic oxygen polarizability. '
It is thus reasonable to neglect the randomness
of the dipolar interaction with respect to the aver-
age enhancement.

In the present work, the spontaneous polariza-
tion P, has been measured at various tempera-
tures from a hysteresis loop at 0.25 Hz for sam-
ples with varying Nb concentration. The low fre-
quency of 0, 025 Hz was necessary in order to en-
sure complete ferroelectric switching. The
curves of P, versus T have been extrapolated to
0 K, and the resulting values were used to deter-
mine the critical index P„. The curves of e ' ver-
sus T in Fig. 1 show that there is a minimum of
e ' for each sample with x &0.008, and that the
temperature at which this minimum occurs (i.e. ,
the Curie temperature) increases with increasing
x. The peculiar shape of the c ' versus T curve
close to x„however, prevents a reliable deter-
mination of T, . An accurate determination of
T, may be made, however, by measuring the
elastic compliance s» using the ultrasonic reso-
nance technique. ' The same samples were em-
ployed in deter ming e ' as a function of tempera-
ture and the results are shown in Fig. 1. The val-
ues of e ' extrapolated to 0 K are shown in Fig. 2.

The elastic constant s» ' is plotted versus tem-
perature in Fig. 1, and it is seen to change dras-
tically in the same temperature range in which
the dielectric maximum occurs. This change of
the elastic constant is attributed to symmetry
breaking of the paraelectric phase. In an ideal
homogeneous sample, coupling of the strain to the
order parameter leads to a step discontinuity' of
the elastic constants at T, . In an actual sample
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PEG. 1. The inverse of the dielectric constant and
the inverse elastic compliance are shown as functions
of temperature. The curves are labeled according to
the Nb percentage as determined by electron micro-
probe analysis. Each curve contains about 50 data
points.
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FIG. 2, Best fits of the transition line and the zero-
point susceptibility by power laws.
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with a long thin geometry, however, the Nb con-
centration is not perfectly homogeneous and T,
is changed locally. If it is assumed that the strain
complies locally with constant stress, one finds
an additional elastic compliance in those regions
where T,)T. If p(T,) is the probability for a par-
ticular T„ then

s„(T)=s.+ J, dT, P(T,)(s, s,)-, (4)

when s, and s, are the compliances in the cubic
and axial phases, respectively. From an elec-
tron microprobe analysis, it is seen that the actu-
al Nb concentration in the KYN samples used here
can be reasonably approximated by

One sample with x = 0.008 exhibited an elastic
step about one-half the size of all the others.
From this, we estimated that x is distributed
evenly about x„and thus, T,(0. 008) =0. For this
particular sample with x =x„ it was assumed
that T,-(x -x,), with a distribution

P(T,) = ~b'T, exp(- bT,) (7)

and with io p(T,) = 2. The inhomogeneity of this
sample obtained from fitting the elastic response
to Eqs. (4) a.nd (7) is also bx = 0.003. When the ex-
perimentally determined values of P,(x), e '(x),
and T,(x) are fitted to the power laws of Eqs. (1)—
(3), the critical indices become

p(x) = A/a exp[- a(x -x)']. (5) g) = 1.9 + 0.3, y„= l. 1 a 0.2, P„=0.6 + 0.25,

The same distribution should hold for the local
T, if T, is a linear function of x within the range
of the distribution. Inserting this distribution,
Eq. (5), into Eq. (4) yields

ski(T) = 2i( a+ c)

+ —,'(s, —s,) erf[(T, —T,)/b T,], (6)

AS

where

erf(x) = ~'"J,"exp( —f') dt.

The elastic compliances have been fitted by an er-
ror function (Fig. 3) from which the relevant pa-
rameters T, and dT are deduced.

From the width of the elastic step in the temper-
ature scale, the sample inhomogeneity can be es-
timated as Ex =(sx/sT, ) hT, . The compositional
inhomogeneities are generally Ax -0.003 and are
consistent with those obtained from the micro-
probe analysis,

and the critical Nb concentration is x, = 0.008
+0.0015. A best fit of the transition line and the
zero-temperature susceptibility to corresponding
power laws is shown in Fig. 2. The values for
the indices &p, y„and p„are equal, within the
experimental error, to the corresponding indices
predicted by the lattice model at the quantum lim-
it, i.e., to &=2, y„=l, and p„=2. This agree-
ment is evidence for the validity of the vector
model and the results are therefore consistent
with the idea that fluctuations in the polarization
do not vanish at T = 0 due to the zero-point mo-
tion. '~0

For x near its critical value" x„both the di-
electric and the elastic constants are tempera-
ture independent up to about 15 K; this indicates
the temperature range of effective zero-point
motion.

The authors wish to express their gratitude to
Dr. J. Sommerauer for performing the measure-
ments of the Nb concentration by electron micro-
probe techniques, to Mr. R. Meili for measuring
the mass density, and to Dr. 'V. Schneider and
Dr. K. A. Muller for illuminating discussions.
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FIG. 3. Fit of elastic compliance by an error func-
tion Qs = (2s —s, —s,)/(s, —s~) .
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The bcc phase of barium is a superconductor. T, increases steeply with pressure
from 0.06 K at 87 kbar to 0.5 K at 48 kbar. A fit of McMillan's expression for T, sug-
gests a T, already in the millikelvin range at 80 kbar, Phonon softening as inferred from
the decreasing melting curve is insufficient to account for the rise of T with pressure.

Three high-pressure modifications of barium
are known to be superconducting. '~ In the phases
II and III, T, increases from =1 K at 55 kbar to
=3 K just before the transformation to the phase
Ba IV, which possesses a T, of approximately
5.5 K.'" The room-temperature resistivity of
Ba II and Ba III increases also considerably un-
der pressure. ' This is apparently another indica-
tion of the steady increase of the electron-phonon
interaction with pressure. ' No superconductivity
has been so far observed in the low-pressure bcc
phase (Ba I). Interestingly enough, a strong in-
crease of the room-temperature resistivity oc-
curs also in Ba I in the pretransitional range of
the transformation to Ba II. ' The lower straight
line in Fig. 1 represents our resistance data for
one particular pressure cell. The data are nor-
malized to R~, the minimum of R(P) occurring
near 10 kbar. Another interesting property of Ba
is the decreasing melting line above 15 kbar and
the low melting temperatures in phases II and
III.'" Relying on the Lindemann formula, we
would like to suggest that the decreasing melting
line signals a pressure-induced softening of the
average phonon frequencies. Summarizing, the
pressure range just below the Ba I-II phase bound-
ary seemed the most probable region in which su-
perconductivity in Ba I could be expected to occur.

We have searched for superconductivity in Ba I
under pressure. As indicated by the arrow in
Fig. 2, the sample remained normal down to a
lowest temperature of 0.05 K at 34 kbar. Between
37 and 48 kbar superconducting transitions were
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FIG. 1. Room-temperature resistance of bcc Ba vs
pressure (lower line). The residual resistance (upper
curve) shows a marked increased at the onset of the BaI- II transition.

observed with T, varying over an order of magni-
tude between 0.06 and 0.5 K. The horizontal bars
show the pressure distribution as inferred from
the width of the superconducting transition of the
Pb manometer. ' The numbers indicate the se-
quential order of the experiments. It is seen that
T, depends reversibly on pressure.

In experiment No. 8 (which is missing from
Fig. 2) the pressure was increased to 51 kbar at
room temperature. 'Vhe sample transformed par-
tially to Ba II on cooling as seen from a hyster-
esis loop in the A-T characteristic. This mixed-
phase sample showed a broad superconducting
transition between 0.5 and 0.9 K, the latter being
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