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The results of electrocaloric studies of the electrical equation of state of KH,POy in the
temperature region within 1 K of the ferroelectric transition are reported. Chief emphasis
is given to determination of the spontaneous polarization. A discontinuous polarization jump
of 1.87+0. 09 uC/cm? is found at T.. Several tests of the validity of the phenomenological
theory of ferroelectricity, including a noncalorimetric determination of the heat capacity,
are made. It is shown that the phenomenological theory provides a good and consistent de-
scription of the thermodynamic behavior of KH,PO;. No major discrepancies which might be
linked to behavior near a phase transition are found. Any possible discrepancies are minor
and confined to the temperature region T,— 7<0.1 K. It is shown that a term proportional
to P® dominates the saturation behavior. Evidence is presented that a portion of the calori-
metric anomaly near T, is not directly related to the temperature dependence of the polariza-

tion.

INTRODUCTION

The most widely quoted measurements of the
spontaneous polarization of the ferroelectric
KH,PO, (KDP) were obtained using the hysteresis-
loop method nearly thirty years ago.! These mea-
surements, and subsequent ones using the same
method, 2°® indicate that the polarization decreases
abruptly, but smoothly, to zero at the transition
temperature T,. This implies that the transition is
of second order. Recent dielectric*® and calori-
metric® data imply that the transition in KDP is of
first order.

In addition to providing information concerning
the order of the transition, precise polarization
measurements, coupled with recent calorimetric
data, allow a check of the temperature region of
validity of the phenomenological theory (PT) of
ferroelectricity. Such a test was the objective of
the most recent hysteresis-loop investigation of
the polarization in KDP.® This study claimed to
support the application of the PT, but the results
were completely at variance with the calorimetric
data.®7 Thus, to provide a new test of the applic-
ability of the PT and to reinvestigate the order of
the transition, a new investigation of the spontane-
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ous polarization in KDP near T, has been under-
taken,

There are several reasons for regarding hystere-
sis-loop determinations of the spontaneous polari-
zation near T, with suspicion. The chief objection
of these measurements is the uncertainty in the
proper method of interpretation of hysteresis-loop
data so as to extract a value for the spontaneous
polarization., The traditional method is to perform
a linear extrapolation of the saturated portion of the
loop to E=0. Since the electric susceptibility can
be expected to be field dependent, with the strong-
est field dependence obtaining near T, uncertainties
are introduced by the resulting nonlinearities. To
avoid this problem, Gonzalo® and Nazario and
Gonzalo® chose to interpret the observed value of
the polarization at E=0 as the spontaneous polari-
zation. The correctness of the determinations ob-
tained by this method depends strongly on the as-
sumption that the sample is saturated during the
entire loop. In KDP the loops are observed to be
much less square than in other ferroelectrics. ®
This observation may imply that this key assump-
tion is violated. As a quantitative measure of the
uncertainty introduced by the question of the proper
interpretation of a hysteresis loop, the results of
Nazario and Gonzalo are approximately a factor
of 3 smaller than those of von Arx and Bantle 1 K
below T,. Additional difficulties beset the proper
interpretation of hysteresis-loop data, such as the
observed frequency dependence of the results' and
the question of properly accounting for the electro-
caloric effect.’® However, these questions are rel-
atively less important than the one of interpretation
above, which depends in detail upon the domain-
wall dynamics of each system under investigation.

There have been several determinations of the
spontaneous polarization in KDP which did not make
direct use of the hysteresis-loop technique. These
studies do not provide suitable evidence for answer-
ing the questions raised here. Perhaps the most
reliable of such determinations are measurements
of the spontaneous strain by x-ray techniques. °
These measurements were converted into deter-
minations of the spontaneous polarization by com-
parison with hysteresis-loop measurements made
far from T,. These results extend no closer than
1 K to T, but indicate that the spontaneous polariza-
tion decreases less rapidly with increasing tem-
perature than is indicated by the hysteresis-loop
measurements. In fact, these results indicate that
a finite polarization jump at 7, may exist. The
most recent measurements using nonhysteresis
techniques employed pyroelectric determinations of
polarization changes with external fields applied, !
These measurements do not provide good values
for the spontaneous polarization near T', because of
problems in interpretation caused by a field- and
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temperature-dependent susceptibility. The reported
values assume constant values of the electrical
susceptibility above and below T, and provide un-
acceptable results near T,.

A technique for determining the spontaneous
polarization which does not rely on hysteresis tech-
niques and which allows an unambiguous extraction
of the effects of applied fields involves measure-
ments of the temperature change resulting from an
adiabatic change in polarization T/ 8Plg. We
term this temperature change the polarocaloric
effect to distinguish it from the closely allied elec-
trocaloric effect, which is the temperature change
accompanying the adiabatic application of an ex-
ternal field 87 /0E|s. This allied effect provides
information about the temperature derivative of the
polarization. The technique which is employed here
is a combination of these two effects and will be
termed the “polaroelectrocaloric” technique.

Polarization measurements using the polarocaloric
effect have been reported for Rochelle salt'? and
triglycine sulfate,!® put the technique has not yet
been applied to KDP. This paper reports the re-
sults of polaroelectrocaloric investigations on KDP
confined to the temperature range within 1 K of T,.
The methods used in this investigation allow at
least one order of magnitude greater precision than
previous measurements of this type. The major
findings of this study are to demonstrate that no
major deviations from the PT can be found and to
find a discontinuous polarization jump at 7,. The
measurements reported here are demonstrated to
be internally consistent and to be consistent with
recent calorimetric data.

The thermodynamic foundations of the polaroelec-
trocaloric technique follow from regarding the
entropy S alternatively as a function of temperature
T and applied electric field E or as a function of
T and polarization P, One then has

8 9

as=55 | AT+ 55| 4E, (1a)
8S 85

as=5r |, 4T+ 55 | 4P (1b)

Considering adiabatic processes and employing the
Maxwell relations
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In Egs. (2), Crepresents a heat capacity at either
constant field or polarization.

Since Cj has been directly measured, determina-
tionof 87 /9E| 5 can provide adirect determination of
8P/8T | , which can be simply extrapolated to E=0.
However, the polarocaloric effect provides more
useful information than does the electrocaloric ef-
fect. According to the PT,!* the elastic Gibbs func-
tion for an unstressed ferroelectric can be written

G=Go(T)+ 3 a(T - 6)P%+ $(P), ®3)

where ¢(P) is the “saturation function.” The sat-
uration function depends on even powers of P higher
than quadratic and is assumed to be temperature

independent. From Eq. (3) one finds
do
E=«o - -
(r-6)P+ .

Hence it follows that

9F

oT =aP,

P

Thus Eq. (2b) can be written as

s | =L )
3(P%) |s 2Cp°

assuming the correctness of the PT. This relation-
ship predicts that the polarocaloric temperature
change should be a linear function of Pa, regardless
of any nonlinearities in the relationship between
E and P. This then provides an unambiguous meth-
od of extracting the spontaneous polarization from
polarocaloric measurements.

The polarocaloric measurements also provide
a noncalorimetric technique for determining the
heat capacity. According to Eq. (4) the slope of a
plot of the adiabatic temperature change AT as a
function of P? gives a value for C,. According to
the PT

8P
Co=Cp=aTP o | . )

Assuming a value for a, the remainder of the terms
on the right-hand side of Eq. (5) can be evaluated
from the polarocaloric experiment. More preci-
sion results if the derivative is obtained from elec-
trocaloric measurements. Thus the results of a
polaroelectrocaloric investigation allow the com-
putation of Cp from noncalorimetric data, Agree-
ment of Cj obtained in this manner with independent
calorimetric data supports the use of PT. Finally,
comparison of the values of 8P/87T| r obtained from
the electrocaloric measurements with the derivative
of the polarocaloric values for P allows a check on
the thermodynamic consistency of the measure-
ments and a further, albeit weak, test of the PT.
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EXPERIMENTAL CONSIDERATIONS

In concept the polaroelectrocaloric experiment
is relatively simple. All that is required is to
enclose the sample in an adiabatic shield and to
vary a voltage applied to the sample, measuring the
voltage across the sample, the charge which flows
in the circuit, and the temperature of the sample.
In order to ensure a useful precision for the ex-
periment, considerable care must be taken in the
realization of this simple concept. A schematic
diagram of the experimental apparatus is shown in
Fig, 1.

The temperature measuring system and adiabatic
shield system are basically those used in previous
experiments on KDP, %'!° although the shield control
has been improved since the previous experiments.
The adiabatic shield system (A) is enclosed in a
vacuum chamber which is immersed in liquid nitro-
gen, The temperature difference between the
shield and the sample (B) is sensed by a differential
thermocouple system (C). The output of the ther-
mocouple system is amplified by a Keithly'® model
148 nanovoltmeter (D). The amplified thermocouple
output drives a simple current-control circuit (E).
The control circuit incorporates proportional and
reset control using a simple logic circuit realized
by operational amplifiers. The output of the control
circuit supplies the shield heater system (F). This
completes the feedback circuit.” The control circuit
is capable of fully automatic operation and enables
the sample temperature to be tracked with maximum
deviations of 1 mK. The thermal drift of the re-
sulting system was less than 0.1 mK/h. The
sample temperature was sensed using a low-tem-
perature thermistor!” (G), the resistance of which
was sensed by a low-power 37-Hz Wheatstone
bridge circuit (H). The temrerature of the sample

FIG. 1. Schematic representation of an apparatus for
the polaroelectrocaloric experiment. The components
are A: adiabatic shield; B: sample; C: differential ther-
mocouple; D: dc amplifier; E: shield control circuit;
F: shield heater; G: thermistor; H: low-power ac
Wheatstone bridge; I: variable voltage source; J: guarded
switch; K: reference capacitor; L: electrometer acting
as a unity gain amplifier; and M: digital voltmeter.



could be monitored with a precision of approxi-
mately 15 uK.

The electrical measurement circuit was driven
by a Keithley model 241 power supply (I), the out-
put voltage of which could be set to 0. 01 V out of a
maximum of 1 kV by panel-mounted switches. The
sample was connected to the power supply through
a fully guarded switch (J). This switch was con-
structed using Teflon insulation. All electrical
contacts were electrically guarded with guards held
at ground potential. Guarding was found necessary
to reduce leakage currents to an acceptable level.
The electrical measurement circuit was completed
by a 0. 8- uF polystyrene capacitor (K), the leakage
resistance of which was greater than 10'* Q. The
voltage across this reference capacitor was deter-
mined using a Kiethley 610 BR electrometer (L)
which served as a unity gain operational amplifier
with an accuracy of 50 parts per million. The out-
put of the electrometer was measured with a Non-
linear Systems model X-1 digital voltmeter (M).!®
The precision of the electrical measuring system
exceeded the precision of the measurements, which
was slightly better than 0. 1%.

The samples used were three single crystals ob-
tained from Clevite Corp. !° at various times over a
period of three years. One was a piece cut from
the sample on which heat-capacity measurements®
had been conducted. This sample was in the form
of a plate 2 X2 X0.6 cm, while the other two were
in the form of plates 2.5X2,5X1.3 cm. Inall
cases the large faces were perpendicular to the ¢
axis, the orientation being checked by x-ray tech-
niques. To test for possible clamping effects of
electrodes, each sample had differently prepared
electrodes. One sample was provided with thin
(300- A) evaporated gold electrodes while the other
two were provided with thicker (1500-A) evaporated
electrodes of gold in one case and tin in the other.
The electrodes entirely covered the large faces of
the samples. Since all three samples yielded iden-
tical results, it was concluded that the presence
of electrodes did not affect the measurements.

Electrical connections were made to the evap-
orated electrodes with No. 40 copper wire bonded
with a small amount of indium. Sample prepara-
tion was completed by mounting the thermistor,
which was attached to a small copper foil, and a
small electrical heater to the sample on two of the
smaller faces. These attachments were held to the
crystal with small quantities of GE 7031 varnish. Fi-
nally, the crystal was provided with one end of the
differential thermocouple, also held in place with
a small amount of varnish, and three nylon threads
for suspension. The threads were attached to the
sample with small dots of varnish.

All temperatures were measured relative to T,
which was located by continuously heating the
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sample until the observation of an isothermal ab-
sorption of heat showed that the transition had been
reached. The thermistor resistance correspond-
ing to T, was then noted and values of dInR/dT for
the thermistor, which had been obtained by calibra-
tion against a Pt thermometer, were used to com-
pute T~ T, for all observed resistances.

Data were obtained by first obtaining thermal
equilibrium with the sample shorted. Then an elec-
tric field of approximately 700 V/cm was applied
to the sample. Following this initial application of
a field, equilibrium, indicated by both a constant
temperature and constant charge on the reference
capacitor, was reached in approximately 15 min.
After equilibrium had been reached, the field was
reduced in approximately 40-V/cm increments.
Following equilibrium, which required approximate-
ly 5 min, the temperature change and voltage across
the reference capacitor were recorded. These
data together with the power-supply voltage provided
all information necessary for the polaroelectro-
caloric measurements, When the field was reduced
below 150 V/cm, equilibrium times increased and
the data implied that the sample was no longer
saturated. When the field was reduced to zero, the
polarity was reversed and the procedure repeated.
Thus field, temperature, and polarization data
were taken over one-half of a hysteresis loop.

During initial application of the voltage the refer-
ence capacitor was partly discharged so that the
loop would be approximately centered on E=0,
P=0, If this procedure were not followed, a bias,
determined by remnant polarization from the pre-
vious loop, would be present. The final data were
corrected for any remaining bias by requiring that
the end points of the loop have opposite values of P.

The resulting data had a reproducibility of slight-
ly better than 0.1%, but had an absolute accuracy
of approximately 1% due to uncertainties in the
sample dimensions. The precision of the experi-
ment was limited by possible temperature drifts
during each quasistatic half-loop and by small leak-
age currents. The temperature drifts are estimated
to be less than 0. 2 mK during the approximately
3 h required to complete a set of measurements.
Because of superheating and supercooling it was not
possible to locate T, more precisely than +1. 2 mK.
However, some data were taken for which the ini-
tial temperature was closer than 1.2 mK to T,
which indicated that the sample had not entered the
transition region.

RESULTS AND CONCLUSIONS

Representative examples of the polarocaloric data
are shown in Fig. 2. For applied fields above 150
V/em a very good linear relationship was found to
hold between the temperature change AT and the
square of the polarization measured by the reference
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capacitor voltage. ‘Such a relationship is predicted
by Eq. (4). Extrapolation of the linear curves to
AT=0 then provides a value for the spontaneous
polarization P, Since the data are extrapolated to
the starting temperature, the points are labeled by
the temperature difference between the initial tem-
perature and 7,. The results of these spontaneous
polarization determinations are included in Table I.

The departure from linearity which occurs for
fields below 150 V/cm is interpreted as indicating
that the crystal was no longer saturated. This in-
terpretation is supported by the previously men-
tioned observation concerning the equilibrium times
and by the behavior of the electrocaloric data. Since
data for fields below 150 V/cm then represent the
properties of a crystal with a changing domain
structure, few data were taken in this field region,
and the data which were taken were largely ignored
in the processing. Data taken above T, show a
linear extrapolation to P,=0, as expected, and dis-
play no deviation from linearity at low fields. This
lends further support to the assumptions on which
the extrapolations were made below T,.

Although it is not apparent from Fig. 2, because
of the scale employed, the slope of the linear fit to
the data taken above T, is significantly different
from the slope of the fit to the data taken below T,.
Similar behavior is observed in triglycine sulfate, !®
According to Eq. (4) this implies that either the
Curie constant (@) or the background heat capacity
(Cp) changes at T,. As discussed below, we favor
the hypothesis that C, changes at T..

As shown by Fig. 3, our results for P, connect
reasonably well with DeQuervain’s.!® The agree-
ment of the present work with DeQuervain’s can be

ATI(K)

1 1 L
2

Pz(/.LC/cmz 2

FIG. 2. Representative polarocaloric data showing
the adiabatic temperature change from the initial temper-
ature as a function of the square of the sample polariza-
tion. The solid lines show the extrapolations to a single
domain at E=0 and are labeled by T,— T at the initial
point. The dashed lines show some isochamps.
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TABLE I. Thermodynamic properties of a single-do-
main KDP crystal at E=0 determined from polaroelectro-
caloric measurements.

5T 2
T,~T P, oE | oT | =
(K) (uC/cm?) (10"° Kem/V) (uC/cm?K)
1.129 3.63 2.97 0.513
1.055 3.58 3.04 0.534
0. 826 3.45 3.47 0.645
0.693 3.35 3.81 0.741
0.581 3.26 4,36 0. 892
0.472 3.16 4,65 1.007
0.360 3.02 5.19 1.22
0.276 2.91 5.93 1.51
0.194 2.76 6.73 1,92
0.154 2.66 7.34 2.27
0.125 2.59 7.84 2.62
0.108 2.54 8.27 2.91
0.0920 2.48 8.62 3.22
0.0810 2.44 8.91 3.50
0. 0656 2.38 9.24 3.94
0.0529 2.32 9.69 4.49
0. 0338 2,22 10.4 5.64
0.0212 2,13 11.1 6.96
0.0117 2,05 11.9 8.73
0.0050 1.98 12.6 11.17
0.00034 1.83 14.2 19.37

made even better if it is recognized that his values
can be adjusted by a constant factor if his choice

of normalization was incorrect. His data were nor-
malized to hysteresis-loop values obtained by
vonArx and Bantle about 15 K below 7,. Recent
work!! shows that these values may be slightly

T T T T T
a
4r g 4 s B 1
4 o
A °
[] LIPS
L o
. 3| ® von Arx and Bantle T ® -
) A de Quervain -
5 + Nazario and Gonzalo
(3] ® This work -
ES
= 2 1
a¥ 1.
L]
I = 4+ -
+ o, . -
* s
+
*e
1 1 1 1 1 4
7 5 3 1.0 .5 o
Tc—T (K)

FIG. 3. Spontaneous polarization of KDP as determined
by various experiments. The work of von Arx and Bantle
and Nazario and Gonzalo employed hysteresis~loop tech-
niques with differing interpretations of the loop. DeQuer-
vain’s results refer to measurements of spontaneous
strain determined by x-ray techniques. The data from
the present work were taken from the polarocaloric mea-
surements.
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low.

The present data disagree, especially closer than
1K to T,, with the hysteresis-loop measurements.
In our view the values reported by Nazario and
Gonzalo® should be totally discounted since they use
fields so low that complete domain alignment can-
not be assured, they use frequencies which were
shown by vonArx and Bantle! to lead to a reduction
in the observed value of P, and they fail to take any
account of a possible field-dependent domain pat-
tern. The values of P, reported by vonArx and
Bantle do not disagree with the current results
nearly as badly as do those of Nazario and Gonzalo,
but these values do go to zero at T', while the pres-
ent results indicate a value of P,(T,)=P,=1.87
+0.09 uC/cm?. In our view the chief criticism of
the von Arx-Bantle results near T, is that they do
not take proper account of the nonlinearities in the
relationship between P and E which occur immed-
iately above T,. Application of the von Arx-Bantle
method of analysis in the presence of such non-
linearities will lead to nonvanishing of P, above T..
Since their value for T, was apparently established
as the temperature at which P, vanished, we suspect
that they chose too high a temperature for T..
Hence, values of P, reported near T, in this work
are open to question.

A log-log plot of the polarization data showed that
the expression

Ps o (Tc - T)o.lﬁﬁ

fit the data very well for T,~7>0.02 K. Interms
of the PT, this observation implies that the P8
term in ¢ (P) dominates near 7,. It has been pre-
viously recognized that the P* term makes a small
but important contribution, 2°** but previous at-
tempts to construct ¢(P) showed, or assumed, a
large P°® contribution, Guided by our experimental
observations we attempted to find an expression
for ¢(P) which would account for a first-order
transition and the polarization data containing only
P*and P® terms. Assuming such a form for ¢ (P)
allows a two-parameter fit to the temperature de-
pendence of the polarization to be found in terms
of the equation

PYT-6) _
2(T,-6)

In Eq. (6) the two parameters are P, and 6, the
Curie-Weiss temperature (or 7,~#6). These two
parameters were varied to obtain the best fit to

the polarization data. The best fit is shown in Fig,
4. The fit could be improved near T, by including
a small P® term. If one attempts to fit the entire
temperature dependence of the polarization one
needs to include terms of higher order than P8,
Neither of these refinements seems significant so
far as our main points are concerned, so they were

Pé-3pipi: 0. (6)
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not pursued. The fit uses the parameters

P;=1.872 uC/cm? and T, - 6=0.012 K. . Of these
two parameters, only 7T, - 6 is suitable for compari-
son with other work. The most suitable experi-
ments for directly determining T, - 6 are measure-
ments of the dielectric constant performed with con-
siderable temperature resolution. From the studies
of this type which have been carried out*'?%'?® one
can only conclude that 0<7,-6<0.05 K.

If one assumes a value for @, one can calculate
the coefficients of a power-series expansion of
®(P). We have assumed the value of a given by
Craig’s work* and find 8= —4.4x10"'% and 6=2, 96
x10-*", where cgs units are implied. B is the coef-
ficient of the P* term and & is the coefficient of the
P®term. The negative value of 8 implies a first-
order transition. These coefficients differ from
values reported previously.2%?' The set obtained
by Reese?® from an analysis of saturation data ob-
tained by Baumgartner? has problems of internal
consistency, although it provides afair representa-
tion of the heat capacity. This set was chosen to
fit the rapidly varying portion of Baumgartner’s
saturation function. If another portion of the func-
tion had been emphasized in the fitting, a very dif-
ferent set, differing even in the sign of 3, could
have been obtained. This raises questions concern-
ing the internal consistency of the Baumgartner
data. The set obtained by Gladkii et al.?' implies
a negative value of B8, but suffers because it is based
on a value of « almost 50% different from the value
obtained by many other investigators.

The ability to fit the present polarization data
with a two-parameter fit of the form dictated by
the PT is one argument for the applicablity of the
PT to KDP near 7T,. Stronger arguments leading
to this same conculsion are based on comparison

2
P, (nC/cm?)

1.0 0.8 0.6 0.4 0.2 [
T,=T(K)

FIG. 4. Comparison of the present spontaneous polari-
zation data with two-parameter fit obtained using Eq. (6).
This equation is obtained from the phenomenological
theory of ferroelectricity assuming only P? and P? terms
in the saturation function.
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E 1944 . trocaloric data with the derivative of the phenomenological
\’\s'\.\Nﬂ\‘ theory fitted to the spontaneous polarization data derived
- from the polarocaloric measurements.
. o o ..3603
5 hd A )
0 200 400 600 resent faithfully the polarization data. This test
E (Vrem) then gives confidence in the internal consistency
FIG. 5. TField dependence of the electrocaloric coef- of our data and in the consistency of the data with

ficient for KDP. The curves are labeled by T,— T with
T referring to the E =0 temperature.

of the polarocaloric data with electrocaloric and
calorimetric data. These arguments will now be
discussed.

For fields in excess of 150 V/cm the electro-
caloric temperature change was substantially pro-
portional to the field change. However, with the
precision available in the present experiment the
effects of a small negative value for 87T /8E?|
could be distinguished. This is illustrated by the
representative data shown in Fig. 5. These data
show the local slope 8T/8E | obtained from the
electrocaloric data as a function of applied field.
Although deviations from the assumption of a field-
independent second derivative were observed, these
deviations are on the order of the precision of the
data. Thus a linear fit was all that was attempted.
The values of 87/8E | g which characterize a single-
domain crystal at E=0 were obtained by straight-
line extrapolation and are given in Table I.

The electrocaloric data, extrapolated to zero
field can be used to compute 8P/97T| 5., using Eq.
(2a). A test of the internal consistency of the data
and a test of the PT, which was used in a very weak
form to obtain P,, is the agreement between dP,/dT
and the electrocaloric data. Such a comparison is
shown in Fig. 6. For the purpose of this compari-
son we have differentiated the PT fit to the polari-
zation data, which is that shown in Fig. 4. Although
the agreement displayed in Fig, 6 is impressive,
even better agreement is possible since the small
deviations which occur near 7,~-7=0.1 K are a
result of a failure of the two-parameter fit to rep-

the PT.

A more stringent test of the consistency of our
data with the assumptions of the PT comes upon
comparison of the present results with calorimetric
data. As discussed previously, polaroelectrocaloric
measurements allow a noncalorimetric determina-
tion of Cz. We shall continue to work at E=0, con-
sidering it to be the most interesting field value.

Using Craig’s value for @, we have the Cp from
the slope of plots of AT vs P2 Cp so calculated
includes not only that portion of the heat capacity
of the crystal not directly associated with the tem-
perature dependence of the polarization but also
that of the addenda. Above T, Cyp=Cp for E=0.
Thus, the addenda heat capacity was evaluated by
comparing the value of Cp obtained from data taken

above T, with previous calorimetric data. The re-
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FIG. 7. .Comparison of the specific heat at E=0 for
KDP as obtained from the polaroelectrocaloric data with
the calorimetric measurements reported in Ref. 6.



3 ELECTROCALORIC STUDIES OF KH,PO,

sulting addenda heat capacity fell within the range
of values estimated on the basis of its known com-
position. Subtracting this value of the addenda heat
capacity should then yield a value of Cp which char-
acterizes the crystal only. Using this value of Cp,
which was temperature independent below T, within
the scatter of the data, Cy., was calculated using
Eq. (5) with P taken from polarocaloric measure-
ments and 3P/9T | 5, taken from electrocaloric
measurements, The results of this computation are
compared with calorimetric determinations of Cpy.,
in Fig. 7. The agreement must be considered ex-
cellent., A similar point of agreement comes upon
comparison of the PT prediction of the latent heat
obtained from P,. The PT value is 42.9+4.3 J/
mole, which is in excellent agreement with the
calorimetric value of 46, 2'4'3 J/mole,

One interesting feature of the heat capacity com-
parison has already been alluded to: A larger value
was found to characterize Cp below T, than above.
When account of the addenda heat capacity is taken
we find that Cp/R=9.39+0. 3 below T.. The most
remarkable feature of this observation is that Cp
is about R greater below T, than the measured heat
capacity immediately above T,. This implies that
a portion of the calorimetric anomaly in KDP is
not divectly connected with the temperature depen-
dence of the polarization. An alternative to assum-
ing that Cp changes at T, is to assume a change in
a, If this assumption is made, the good agreement
between Cjy determined from the polaroelectro-
caloric measurements and determined by calori-
metric techniques is spoiled. Thus, we favor the
assumption of a change in C,. Acceptance of this
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hypothesis explains why the PT estimate of the
total transition entropy in KDP is too low, 0.35R
as compared with the observed value 0.40R. This
discrepancy results since the PT estimate refers
only to the portion of the anomaly directly associat-
ed with the polarization and we see here evidence
for an additional contribution.

The nature of the data on which this report is
based is such that considerably more information
concerning the electrical equation of state of KDP
within 1 K of T, could be extracted. However,
since one of the chief conclusions of our work is
to find that the PT gives a good description of KDP
in this temperature range, such an analysis would
be redundant, Thus, we have refrained from re-
porting such additional data.

In conclusion we find that the ferroelectric trans-
ition in KDP exhibits a discontinuous jump in pol-
arization at T,. More significantly, we find that
the phenomenological theory of ferroelectricity
provides a good and consistent description of the
thermodynamics of KDP: We find no evidence of
major discrepancies which can be ascribed to
“critical-point phenomena.” If there are discrep-
ancies, they are minor and occur in the tempera-
ture region T~ T<0.1 K. We find that in the tem-
perature range explored here the saturation func-
tion is dominated by the P® term and that the P8
term plays so subordinate a role that it may be
neglected. Finally, evidence has been presented
which implies that a portion of the calorimetric
anomaly observed in KDP is not directly connected
with the temperature dependence of the polariza-
tion.
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