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The solid solution (Cdg s3Pbg 17),Nb,O; has a ferroelectric transition at 71 K. Dielectric, specific
heat, and electrocaloric measurements are reported in the paraelectric phase of this material on multi-
layer ceramic capacitors which support electric field strengths up to 200 kV/cm. The experimental
data are explained by a Ginzburg-Landau-Devonshire formalism with a single order parameter, indi-
cating pure soft-mode behavior. A second-order phase transition is indicated, and the entropy of the

transition is 0.58 calmol~!'K ™!

estimated from the excess specific heat. Using the Curie constant

determined from the dielectric data, an unusually large spontaneous polarization is found from the

transition entropy, P; ~50 uC/cm?.

INTRODUCTION

Ferroelectricity was discovered in pyrochlore Cd,Nb,0,
over 30 years ago,! but the nature of ferroelectricity in
this material still remains controversial. Early dielectric
measurements on single crystals established the Curie
point at 185 K and a second dielectric anomaly at 85 K,
suggesting a second phase transition.”> More recent stud-
ies suggest a succession of phase transitions, first to a fer-
roelastic phase, then to a ferroelectric phase, followed by a
transition to an incommensurate phase below 80 K;* tran-
sitions between ferroelectric phases have also been report-
ed.*

In contrast to the well-known perovskite structure (e.g.,
BaTiO;), the pyrochlore structure (space group Fd3m)
contains eight molecules per unit cell, and in the BO4 oxy-
gen octahedra the O-B-O chains follow zigzag lines along
the (110) direction. The BO, octahedra are corner shar-
ing, and the framework has the structure (B,0¢) .. Thus,
it is not too surprising that the large number of degrees of
freedom in the pyrochlore structure could lead to complex
phase transitions in Cd,Nb,0;.

The dominant transition (or concentration of transi-
tions) in Cd,Nb,0, at 185-210 K can be suppressed to
very low temperatures by solid solutions of Pb on the 4
site or Ta on the B site.’ This has led to recent investiga-
tions of quantum ferroelectricity in the pyrochlore
(Cd,Pb),(Nb,Ta),0; system.® Here it was found that
quantum suppression of a phase transition is complete at
20 at.% Pb+ 70 at.% Ta, and a temperature-
independent dielectric constant is obtained below 15 K.
However, in contrast to perovskite KTaO; and SrTiO;,
the dielectric data for this system do not follow the pre-
dictions of renormalization group theory.

These quantum-suppression effects in the pyrochlore
(Cd,Pb),(Nb,Ta),04 system led to the development of a
practical, pressure-sensor capacitor for cryogenic applica-
tions below 15 K-—the capacitance is independent of tem-
perature and magnetic field, and the reciprocal capaci-
tance varies linearly with pressure.” Tape-cast, multilayer
ceramic capacitors were developed for this sensor pro-
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gram, and this technology was used to fabricate the multi-
layer capacitor samples for the studies here.

It was observed in the (Cd,Pb),(Nb,Ta),0; ceramic sys-
tem with transition temperatures below ~100 K that no
extraneous transitions are present, and the dielectric con-
stant is frequency-independent in the paraelectric phase,
indicating pure soft-mode behavior.? Therefore, the com-
plex phase transitions in Cd,Nb,0; near 200 K are ap-
parently missing in the solid solutions with suppressed
transition temperatures. The purpose of this paper is to
report dielectric, specific heat, and electrocaloric measure-
ments on one of these simple solid solutions to explore the
expected soft-mode behavior and the nature of this transi-
tion. Specifically, the (Cdgg3Pbg 17),Nb,O; system with
T.=71 K was chosen for study because of the conveni-
ence of using liquid nitrogen (77.4-K boiling point).
Dense, tape-cast, multilayer capacitors were measured be-
cause of the large electric field strengths possible with
these structures compared to either ceramic or single-
crystal samples.

Electrocaloric measurements are a sensitive test of pure
soft-mode behavior in the paraelectric state because the
Ginzburg-Landau-Devonshire formalism with a single or-
der parameter is used to analyze both dielectric and elec-
trocaloric data provided the specific heat is known. Simi-
lar measurements on KTaO; and SrTiO; at helium tem-
peratures have been published elsewhere.’

EXPERIMENTAL METHODS AND RESULTS

Reagent-grade powders of CdO, PbO, and Nb,Os were
mixed and calcined, and these powders were ground and
recalcined to insure complete reaction. Final powders
were ground to l-um particle size, and a tape was
prepared using an appropriate organic binder. An elec-
troding paste (40 wt. % Pt, 20 wt. % Pd, 40 wt. % Au)
was silk-screened between tape sections, and the tape
stack was sintered at 1230°C for 1 h following binder
burnout. The techniques here were developed earlier,” as
mentioned above. The resulting multilayer capacitors
were 1< 1x0.2 cm® and contained 46 ceramic layers with
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electrodes and the layer thickness was 0.0045 cm. In ad-
dition, a ceramic sample was fabricated without internal
electrodes for accurate dielectric measurements (at zero
electric field). This sample had nichrome-gold electrodes
evaporated on the major faces. For all samples studied
here, the densities were about 95% of the theoretical den-
sity.

Dielectric measurements

All capacitance measurements were made with a Gen-
eral Radio 1620-A transformer ratio-arm bridge with as-
sociated oscillator and detector. Since the multilayer
capacitors had capacitance values ~4.3 uF at 77 K, a
General Radio 1615-P1 range extender capacitor was em-
ployed. For electric-field measurements a Keithley Model
247 high-voltage power supply was used, and a special
bridge-protection system!® was built for extending the
bridge measurements above 500 V.

Three terminal measurements with coaxial cables were
made, and two types of measurements were conducted:
(1) e(E) measurements on multilayer capacitors immersed
in liquid nitrogen; and (2) €y(7) measurements on the
ceramic sample without internal electrodes. The latter
measurements were made in a double-can cryostat
outfitted with a temperature-controlled inner can.

Dielectric data at zero field, €y(7), measured on the
ceramic sample from 65 to 105 K are shown in Fig. 1. A
large maximum in €p (6620) occurs at 71 K, and there is
no dielectric evidence for additional transitions in this
temperature range. Measurements of the frequency
dependence of €, at 77 K (not shown) revealed negligible
changes in €, in the range 50 Hz to 100 kHz.

At temperatures above 85 K in Fig. 1, the data follow a
Curie-Weiss law, eg=c /(T —T,), with ¢~2.5%10° and
To~43 K.

The electric field dependence of the dielectric constant
€g is shown in Fig. 2, measured at 77 K on two
multilayer-capacitor samples up to 200 kV/cm. Data
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FIG. 1. Zero-field dielectric constant data measured on the

ceramic sample without internal electrodes.
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FIG. 2. Electric field dependence of the dielectric constant
measured on two multilayer capacitor samples immersed in
liquid nitrogen. The curve shown is the fit up to 120 kV/cm dis-
cussed in the text.

were measured on both increasing and decreasing E.
There is excellent agreement between the two data sets,
and there is no evidence of hysteretic behavior in these
dielectric data (nor in the electrocaloric data, see below).

Specific-heat and electrocaloric measurements

For these electrothermal measurements the multilayer-
capacitor samples were mounted as shown in Fig. 3. The
sample (A4) is attached to a temperature-controlled reser-
voir (B) by a long-time-constant thermal link (D)
indium-soldered to a copper mounting pin (C), and the
sample is in a very high vacuum. This arrangement not
only ensures nearly adiabatic conditions during field puls-
ing but also minimizes the addenda corrections that enter
both the specific heat and electrocaloric measurements
(see below). The sample is outfitted with a carbon-chip
thermometer ~ 10 mg (E), a Manganin heater (F), and a
high-voltage lead (G). The reservoir (B) is at ground po-
tential, and all connections to the internal Pt-Pd-Au elec-
trodes were made with fired silver paste. To ensure that
all electrodes were contacted, the capacitance of the sam-
ple in the Fig. 3 arrangement was always measured after
cooldown in the calorimeter.

The reservoir post (B) in Fig. 3 is mounted in a
double-can adiabatic calorimeter described elsewhere.!!
The adiabatic shield was lined with aluminized Mylar to
eliminate radiation effects, and the bottom of the outer
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FIG. 3. Experimental arrangement for measuring electro-
thermal data on a multilayer capacitor ( 4) outfitted with a ther-
mometer (E) and heater (F) and suspended on a long-time-
constant thermal link (D) from a pin (C) mounted in a
temperature-controlled reservoir (B). The reservoir is at ground
potential, and the lower end of the sample has a high-voltage
lead (G).

can contained zeolites to achieve a hard vacuum. The
carbon-chip thermometer, E in Fig. 3, was calibrated in
situ against a calibrated Pt thermometer mounted in the
reservoir. All thermometer voltages and exciting currents
were measured using Keithley Model 181 nanovoltmeters.

Two types of specific-heat (C) measurements were
made. First, the zero-field specific heat C; was measured
by the dynamic pulse method.!! Next, for the field-
dependent specific heat Cg, a ““drift” method was used, as
follows: The sample heater is used to heat the sample to
an elevated temperature (e.g., 100 K), and after deactivat-
ing the heater the sample temperature decays back to the
reservoir temperature. Measurement of the decay rate
dT /dt is then a measurement of C;. The C, data from
the pulse method are needed to calibrate the thermal link,
and the details of this drift method have been described
previously.!? In the drift measurements here, the experi-
mental quantities were measured on the nanovoltmeters
interfaced with a Digital Equipment Corp. DEC 350 com-
puter through IEEE interfaces, and the computer was
programmed to read the voltmeters every 10 s.

The electrocaloric measurements consisted of measur-
ing the sample temperature as the field was cycled
0—E—0, and this was accomplished by monitoring the
changes in the thermometer voltage on a strip chart recor-
der. A Keithley Model 247 high-voltage power supply
was used, and a voltage switching circuit was built which

allowed the rapid charging and discharging of the capaci-
tor (i.e., limited only by the R-C time constant of the
capacitor circuit). That is, rapid charging and discharging
are important to maintain nearly adiabatic conditions, but
the discharge through the power supply had a long time
constant. Also, use of this switching circuit permitted a
preset voltage level to be applied to the sample.

The addenda corrections enter both the specific-heat
and electrocaloric measurements. The addenda are the
thermometer, heater, varnish, etc. fixtured on the sample
as shown in Fig. 3 (determined by cumulative weighings),
and the total heat capacity € is given by

C=mC +€, , (1)

where m and C are the mass and specific heat of the sam-
ple, respectively, and €, is the heat capacity of the adden-
da. This latter heat capacity was determined using litera-
ture tables'® for the specific heats of the addenda.

A subtlety is involved in reducing the E-field-dependent
specific heat Cz. Namely, a substantial portion (~40%)
of the ceramic material in the multilayer capacitor is not
exposed to the electric field, and this inactive ceramic ma-
terial enters Eq. (1) as an addenda contribution. The
ceramic involved is easily determined from the geometry
of the capacitor, and the measured zero-field specific heat
is used to make this correction.

In an electrocaloric event, the actual temperature
change of the active ceramic, AT, is related to the mea-
sured change, AT .., by'*

ATact:ATmeas(1""'@a /mCg) . (2)

Here also the inactive ceramic material enters into the ad-
denda term in Eq. (2).

As a final consideration, an electrocaloric AT in general
has two components—a reversible component, AT,, and
a hysteretic component, AT,. These components are easi-
ly separable by assuming that AT, does not depend on
the sign of AE.'"* However, in all cases here the ATs
were perfectly reversible on cycling 0— E —0, indicating
that the hysteretic components are negligible.

Zero-field specific-heat data measured by the pulse
method are shown in Fig. 4. The addenda in these data
according to Eq. (1) constituted 9-10 % of the total heat
capacity. Two capacitors were measured, and the agree-
ment between the two data sets in Fig. 4 is very good.
An excess specific heat is apparent in the measured data.
The C, data below 72 K and above 100 K approximately
follow the Debye specific-heat function'® with @, =442
K, as indicated in Fig. 4. Using this as the background
specific heat, the excess zero-field specific heat AC, can be
determined, and these data are shown in the upper por-
tion of Fig. 4. The AC, data display a maximum at 82
K, about 11 K higher than the temperature of the dielec-
tric constant maximum (Fig. 1), but the position of this
AC, maximum depends on the choice of the background
specific heat.

The electric field dependence of the specific heat Cg
was measured at several field levels up to 180 kV/cm by
the drift method described above, and these data are
shown in Fig. 5 plotted as Cr/C, versus E at four tem-
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FIG. 4. Zero-field specific-heat measurements made on two
capacitor samples. An excess specific heat appears above a back-
ground specific heat (effective ©p =442 K) and indicates a
second-order transition. The upper plot shows the subtracted
excess specific heat.

peratures. Three capacitors were measured, and the
agreement between the data sets is very good. It is also
satisfying that the ratio Cg /C, approaches unity at £E—0
since the corrections here include the inactive ceramic and
are rather large ( ~50%).

A universal temperature behavior for Cg/Cy in the
temperature range 78-84 K is suggested by the data in
Fig. 5, and this is the temperature range of the maximum
in AC, in Fig. 4. The Cg/C, data decrease linearly with
E up to ~100 kV/cm, above which Cg/C, is approxi-
mately constant at 94.5% (or drops more slowly with
E —a semilog plot of the Cg/C, data strongly suggests
the latter). At 82 K the excess specific heat at zero field
AC, constitutes about 12% of the total specific heat C,.
One suspects that at sufficiently large fields this excess
specific heat would be quenched.

It is significant that both €z in Fig. 2 and Cg/Cj in
Fig. 5 begin to show saturation effects at ~200 kV/cm.

These drift experiments serve another very useful pur-
pose; namely, the detection of a latent heat associated
with a first-order phase transition. Referring to Fig. 3, if
a latent heat were released, this heat would be dissipated
through the long-time-constant thermal link (D), and the
sample temperature would stabilize until the heat was dis-
sipated, causing dT /dt =0. This phenomenon is unmis-
takable in a drift experiment, and no evidence of a latent
heat was observed in these drift experiments (note that a
drift at E =0 was required to calibrate the thermal link).'?
Therefore, the evidence is consistent with a second-order
phase transition in (Cdg g3Pbg 17),Nb,05.

In the electrocaloric experiments, polarization heating
and depolarization cooling take place, and as mentioned
above the AT’s on heating and cooling were identical

e Lyl
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FIG. 5. Electric field dependence of the specific heat in the
paraelectric phase measured on capacitors by a drift method.
Plotting the data as Cg/C, apparently removes the temperature
dependence, and up to 180 kV/cm, Cr/Cy >94.5%.

within the experimental uncertainty (~ *10 mK) in the
paraelectric state. Depolarization-cooling effects are ther-
modynamically consistent with de,/dT <0 (Fig. 1) and
Cr/Cy< 1 (Fig. 5).

The reduction of the electrocaloric data follows Eq. (2),
and it is clear that the specific-heat data above are needed
for these reductions. The Cr/C, data in Fig. 5 were as-
sumed temperature independent in reducing the electro-
caloric data, but this is not a large effect (Cg /Cy>95%).
Electrocaloric data measured on two capacitors at 77.7
and 94.3 K up to 130 kV/cm are shown in Fig. 6. The
capacitors tended to fail dielectrically under rapid field
switching, and the data in Fig. 6 represent the highest E
fields achieved.

The AT, values in Fig. 6 range up to ~1 K, and two
regions are indicated: A low-field E? region, and a high-
field E®*2" region.

DATA ANALYSES

In this section we first consider a Ginzburg-Landau-
Devonshire (GLD) analysis of the experimental data cou-
pled with the 7dS equation for dielectric materials. The
motivation here is to see if a single-order-parameter
analysis can explain the dielectric and thermal data, there-
by indicating soft-mode behavior in this material. This
type of analysis proved successful in explaining similar
data measured on the soft-mode perovskites KTaO; and
SrTiO; at liquid-helium temperatures.'* 1%

In the GLD formalism, the polarization P is the order
parameter, and the free energy is expanded in powers of
P,

A=Ag+1XP*+1EP 4 LEPOH - -, (3)

where X, is assumed to be the only temperature-

dependent coefficient,'” and the coefficients & and & are

the appropriately averaged coefficients for a ceramic ma-

terial. This expansion has the definitional properties that
94 47 3’4

E:——, = B
JoP XE € aP2

4)



36 DIELECTRIC AND ELECTROTHERMAL MEASUREMENTS ON . . . 463

Performing the second derivative in Eq. (4) and inverting
the first derivative to obtain P (E), we have!*

Xg=Xo+ 3E/XBE>+ (56 /XE—6E2 /XE*+ - - -, (5)

which we shall use below to analyze the €; data in Fig. 2.

The TdS equation for dielectrics (i.e., paraelectrics
which do not have a spontaneous polarization) is given
by18

3T dE (6)

TdS =mCgdT +vT ,
E

where m and v are the sample mass and volume, respec-
tively. Under adiabatic conditions (dS =0) and assuming
both that AT, /T is relatively small (e.g., Fig. 6) and that
C is weakly field dependent (e.g., Fig. 5), Eq. (6) be-
comes

AT'r E OP
== 3rdE . )

Using the P(E) inversion above, performing 0P /90T and
integrating, Eq. (7) becomes'*

pCg

AT, 2 4 6
pCETzaE +bE*+cE°+ - - -, (8)
where
a=»Xo/2X3%,
b=—EXo/X » 9

¢ =21E0o/6X §—EXo/X] .

In arriving at Egs. (8 and (9), £ and { are assumed
temperature independent and Xo=dX,/dT
= —(4m/€5)(d€y/dT).

Turning to the experimental data, we first fit the eg
data in Fig. 2 to Eq. (5), rewritten as

4
Am/ep =4m/eg+ 3 E™ (10)
1

and the fitting parameters for this fit are given in Table I
where the E fields are in statvolt/cm and the b,
coefficients are in the cgs (esu) system (in all these data
fittings, E <120 kV/cm, the largest common field
strength). This fit to the €z-E data is shown by the solid
curve in Fig. 2, and it was found that the n =4 fit yielded
an excellent fit to the data (i.e., the fit improved substan-
tially from n =3).
Next, the AT, data in Fig. 6 are fitted to Eq. (8) rewrit-
ten as (see below for the order of this fit),
5
AT, =3 a, E*, (11)
1

and these a, coefficients are given in Table II, also in the
cgs (esu) system. These fits are shown by the solid curves
in Fig. 6, and here the fifth-order fit of Eq. (11) gave an
excellent fit to the data (compared to the fourth-order fit).
The procedure now is to correlate the respective
coefficients in Egs. (10) and (11). First, however, we ad-
dress the consistency of the fourth- and fifth-order expan-
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FIG. 6. Electrocaloric data (polarization heating, depolariza-
tion cooling) measured on ceramic capacitors in the paraelectric
phase. The electrocaloric effects are perfectly reversible on field
cycling. The curves shown result from the fits discussed in the
text. At low fields, the E* dependence is indicated, and at large
fields the E®*?" terms become important.

sions used in these equations, since the coefficients in
Tables I and II depend on the order of the fits. These
two fits are commensurate for the following reason: The
susceptibility X involves the second derivative, Eq. (4),
whereas the polarization P involves the first derivative,
and AT, involves an integration over E, Eq. (7). Thus, an
E™ expansion for AT, is equivalent to an E™ ~% expan-
sion for X.

Since the specific heat is weakly field dependent, Fig. 5,
we will approximate C;~Cj in Eq. (8), and comparing
Egs. (8), (9), and (11) we find

Xo/2X3=(pCy/T)ay . (12)

At 77.7 and 94.3 K, the a, parameters are given in Table
I1, X, data are given in Fig. 1, C, data are given in Fig. 4,
and the measured density is p=6.28 gem 3. Substituting
in Eq. (12) we find that dey/dT = —82 and —150 K~ ' at
77.7 and 94.3 K, respectively. For comparison, from Fig.

TABLE I. €(E) fitting parameters at 77 K, according to Eq.
(10Y; data from Fig. 2 fitted.

Parameter Value
b, 4.302x 1077
b, —2.097x 1012
by 5.253x 10718
by —4.767x 1072
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TABLE II. AT,(E) fitting parameters in cgs(esu) units, ac-
cording to Eq. (11); data from Fig. 6 fitted.
Parameter 77.66 K 94.29 K
ao 2.513%x 1073 4.315x107°
a —7.643x 10710 —1.997x10"°
a, 1.133x 107 1* 42971071
a; —7.204 <102 —3.887x10°"
a, 1.614 <10~ 1.226x 10~

1 deg/dT = —73 and —110 K1, respectively, in reason-
ably good agreement considering the assumptions and ap-
proximations employed.

Again comparing Egs. (8), (9), and (11) for the next-
higher-order coefficients, we have for the electrothermal
case,

—EXo/X3=(pCy/T)a, , (13)

and proceeding as above using de€,/dT data from Fig. 1,
we have (cgs)

E(77.7 K)=2.69x 1013 |

(14)
£(94.3 K)=3.63x 1071,
Next, from the € expansion, Eq. (10),
3E/X3=b, (15)

on comparing with Eq. (5), and from Table I and Fig. 1
we find (cgs)

E(77.4)=4.31x10713 . (16)

The agreement here between the £ values from the elec-
trocaloric and specific-heat data, Eq. (14), and the dielec-
tric data, Eq. (16), is very good considering the large
amount of experimental data employed [note that Eq. (14)
suggests a positive temperature dependence for £ that has
been ignored in arriving at Eqgs. (8) and (9)]. Adopting
the average value for £ (cgs) from Egs. (14) and (16),

E=(3.54+0.81)x 10713, (17)

and the sign of § indicates a second-order transition for
the ceramic.

Turning next to the § coefficient, for the electrothermal
case

216X /6X§—EX o /X =(pCy/Ta, , (18)
which yields (cgs)

£(77.7 K)=2.48X 10722,

£(94.3 K)=1.64x1072% . (19)
For the dielectric case,

SE/XE—6E2/X3=b, , 20
which yields (cgs)

£(77.4 K)=0.86x 10722, Qn

Once again, there is satisfactory agreement between the

electrocaloric, specific heat, and dielectric data [note in
particular the high powers of X, entering Egs. (18) and
(20)], and the average value of & is

£=(1.66+0.18)x 10~2% (22)

This procedure can be continued by taking higher-order
terms in Eq. (3), following through the derivations, and
combining with the a;, b3, etc., coefficients in Tables I
and II, but this will not be pursued here.

Turning next to the excess-specific-heat data, AC, in
Fig. 4, this is indicative of a second-order phase transi-
tion, and the entropy of the transition is easily found by
integrating the AC, data,

AS ~0.58 calmol 'K ~! . (23)

Applying the well-known relation AS =27P?/c, where P
is the spontaneous polarization near the transition and c is
the Curie constant (2.5 10°, see above), we find

P~50 uC/cm? . (24)

which is a very large value (see below). We point out that
this result strongly depends on the assignment of the
background specific heat in Fig. 4, but a very large spon-
taneous polarization is clearly indicated.

CONCLUSIONS AND DISCUSSION

A substantial amount of dielectric, specific heat, and
electrocaloric data are reported for (Cd, g3Pbg 7),Nb,0,
in the temperature range 70—120 K and at electric field
strengths up to 200 kV/cm. Multilayer ceramic capaci-
tors were measured which allowed such large field
strengths. The experimental data up to 120 kV/cm can
be explained and correlated very well by the GLD formal-
ism with a single order parameter, Eq. (3), in combination
with the TdS equation for paraelectrics, Eq. (6). Presum-
ably the uncertainties in £ and &, Egs. (17) and (22), could
be reduced by including a T dependence of &, but this was
not pursued.

What is clear is that the success of the simple GLD for-
malism in correlating this large amount of data at large
field strengths demonstrates that (Cdgg;Pbg ;7),Nb,O,
with T.=71 K exhibits pure soft-mode behavior in the
paraelectric state, as first suggested by the frequency-
independence of e.® Additionally, the constellation of
phase transitions seen in pure Cd,Nb,0; at 185-210 K is
missing in this case.

The £ and § coefficients above agree in magnitude with
those determined for BaTiO; (—1.0x10~!'3 and
5.4 10722, respectively),'® but are considerably smaller
than those for KTaO; (~107"!'! and ~10~'%) and SrTiO,
(~10"" and ~10721) 1416

A second-order transition in the ceramic is indicated by
the sign of &, Eq. (17), in agreement with the absence of a
latent heat observed in the specific-heat drift measure-
ments. In addition, the excess specific heat in Fig. 4 is
consistent with a second-order transition. However, the
order of the transition in a single crystal may be different
than in the ceramic due to the elastic boundary conditions
in the latter case.
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The behavior of (Cdgs3Pbg7);Nb,O; is markedly
different from Cd,Nb,0,, although there is no doubt that
both materials have the Fd3m pyrochlore structure: A
very large Curie constant is found from the Fig. 1 data,
c~2.5%10°, compared to c¢~7x10* for Cd,Nb,0,.2
The transition entropy calculated from Fig. 4, AS ~0.58
calmol~!'K~!, is huge compared to that for Cd,Nb,O-,
AS ~0.01 calmol"'K~'.2° And from this entropy a
spontaneous polarization P~50 pC/cm? is estimated
which is about an order of magnitude larger than that for
Cd,Nb,0;, ~6 puC/cm?> We remark that in fact all
these quantities (¢, AS, P) are larger than those found in
displacive ferroelectrics in general such as BaTiO;, LiN-
bO;, etc. (e.g., ¢ $2X 10°, AS 0.3 calmol 'K !, P 530
uC/cm?).

There is some additional evidence that the dielectric
properties of Cd,Nb,O; are enhanced by solid solutions

on the A or B sites. Pyroelectric measurements?! yielded
a spontaneous polarization ~15 pC/cm? for a
(Cd,Pb),(Nb,Ta),0 ceramic sample at cryogenic tempera-
tures, compared to 4-6 uC/cm? measured on a similarly
prepared Cd,Nb,O; sample in the same temperature
range. One can speculate that the removal of extraneous
transitions and the occurrence of pure soft-mode behavior
induced by these solid solutions in Cd,Nb,0; causes the
enhanced dielectric properties, and single-crystal studies
here may be particularly illuminating.
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