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The specific heat and the heat poweW exchanged by a Deuterated Potassium Dihydrogen
Phosphate ferroelectric-ferroelastic crystal have been measured simultaneously for both decreasing
and increasing temperature at a low constant (8t€6 K/h between 175 and 240 K. The
measurements were carried out under controlled uniaxial stresses of 0.3 artdldbar applied to

face (110. At T,=207.9 K, a first order transition is produced with anomalous specific heat
behavior in the interval where the transition heat appears. This anomalous behavior is explained in
terms of the temperature variation of the heat power during the transition. During cooling, the
transition occurs with coexistence of phases, while during heating it seems that metastable states are
reached. Excluding data affected by the transition heat, the specific heat behavior agrees with the
predictions of a 2-4-6 Landau potential in the range of 4—15 K bdlpwhile logarithmic behavior

is obtained in the range from, to 1 K belowT,;. Data obtained under 0.3 and 4.5 bar uniaxial
stresses exhibit the same behavior. 1897 American Institute of Physics.
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INTRODUCTION On the other hand, we must point out that:

It is necessary to know when two phases coexist to
discriminate data affected by the transition enthalpy,
and

due to the ferroelectric-ferroelastic character of
DKDP, the effect of uniaxial pressure and/or the elec-
tric field should be known.

The ferroelectric crystal of potassium dihydrogen phos—(')
phate(KDP) shows a well established first order transition at
temperatureT,=123 K as shown by several technigdes.
This transition is between a tetragonal paraelectric phase &)
high temperatures, and an orthorhombic ferroelectric-
ferroelastic phase at low temperatures. The transition is close
to tricritical point (TCP)” and because of this several phe-  |n this article the specific heat and the heat power ex-
nomena show unusual critical behavior with a small |atenthanged by a DKDP Crysta| during the transition were mea-
heat observed. TCP may be easily obtained at hydrostatisured simultaneously, under controlled uniaxial pressure.
pressure about 2.4 kbar. The measurements were made in a conduction calorimeter

When KDP is deuterate@DKDP crysta), both the tran-  while cooling or heating the sample at a very low constant
sition enthalpy and transition temperature incréagiéh the  rate (0.06 K/h.
degree of deuteration. When KDP is 100% deuterated, a first
order transition occurs at 220 K. The polarization, which is
considered the order parameter, the shear strgjrand the ~ THE EXPERIMENTAL APPROACH
birrefringence An,, are proportional to each other. This  hg gxperimental system has previously been described
property allows the use of an external shear stggr an  jy getajl in an earlier work? The sensor is formed by two

external electric fieldE, to ind.u_ce modifications i, .and fluxmeters(s, and ¢,), two platinum resistance heateR,
P,. Consequently, a competitibetween electrostatic and andR,), a calorimeter blockheat sinkH) and a device B)

elastic energies takes place. _ to apply an uniaxial pressure to the sam. (The arrange-
DKDP has been studied by means of different,ant of these elements is shown in Fig. 1.
techniques such as neutron diffractiohx rays?® dielectric Each fluxmeter is made of 50 chromel—constantan ther-

measuremenfs?ﬁ:. The specific heat has been measured by, ocoples connected in series and placed in parallel lines.
several authorS. ™" The specific heat shows aélgry high peak they are rigid enough to be used to apply uniaxial stress to
at transition temperatur;, and in some cases,a double o ¢rystal. The sample is pressed between the two fluxme-
maximum has been observed. This effect has not bee(érs (Fig. 1). One of them(d,) is fixed to the calorimeter

clearly explained. block (H) while the other onéd,) is pressed by bellowsR()
connected through a capillar] to an outer pressure bottle
dElectronic mail: delcerro@cica.es of N,. An array of valves allows us to control the pressure in
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FIG. 1. Diagram of the sensof; and ®,, heat fluxmetersR; and R,,
heatersS, sampleB, bellows;D fluxmeters and bellows containét; heat
sink; C, capillary.

the bellows. Extreme precautions were taken to achieve sym-

metry in the device with respect to plae=0 (shown by

vertical dashed line in Fig.)1The block and two radiation

shields surrounding it are placed into a hermetic outer case

where a high vacuum can be produd&®_7 Torr). FIG_. 2. DK_DP specific heatO) and heat powe(# ) vs block temperature
The assembly, surrounded by a coiled tube, is placed if" "¢ co0ling-

a Dewar filled with alcohol. The temperature of the alcohol

bath is controlled byaflow of quui(_j Nhroug_hthe coil. The If the measurements are carried out under quasistatic
block temperature is measured with a plgtlnum the.rmometeéonditions by changing the temperature of the blocks at a
Leads & Northrup(mod. 8164 B and a Tinsley resistance very low constant raté¢in these measuremen#d/dt=0.06

bridge (mod. Ambassadgrto £0.01 K. The emf produced K/h), the emfV, is very small and practically constant. The

by the fluxmeters is measured by a Keithley 181 nanovolt-emf is proportional to the heat flux, which changes the tem-

meter. All of the devices are controlled by an HP-75000 datg,q o1 re of the sample at the same rate as the temperature of

acquisition system and a HP-Vectra computer. the block (V,=aW, «a determined by calibration When
Deuterated K.DP single crystals were grown bY thethere is a dissipative effect in the sample or a first order

Holden slow-cooling methotf. Very good optical quality transition is producedy, changes with time and its value is

crystals were obtained. The degree of deuteration was eSt[!)'roportional respectively to the dissipative power or the heat

mate_d to be 82%_usmg the re_latlon bgtvvggrand the d?”' power necessary to provoke the enthalpy change in the tran-
teration content given l?y BrezirieThe direction perpendicu- sition. Thus, the variation 0¥, allows us to determine when

lar to (110 face was orle_nted through the mqrphology of thethere is coexistence of phases.

cr_ystal and the sam_ple n the form of a cylind€02 mm The measurements were carried out for both decreasing
thick a.nd 10.5'mr'n n dl'amet)awas prepared_ The ba§e of and increasing temperature and at two values of applied
the cylinder coincides witlf110) face which allows applica- uniaxial stress on facé110): 0.3 bar and 4.50.1 bar. The

tion of unlaxw;_\l_ pressurer, to the sample. . variation of the sample temperature during the measurement
The specific heat of the sample is measured using th

following procedure: we start from the steady state obtaine§ rocess was estimated to be approximately 0.03 K.

when the same powal/, is dissipated in both heate(R;

andR,). Because there is a high vacuum in the calorimeteRESULTS AND DISCUSSION

(10" Torr and the maximum temperature difference be- |, Fig. 2 the specific heat and the heat power
tween sample and block is always less than 0.06 K, we asy=v/,/« are represented versus temperafligeof the calo-
sume there is no lateral heat loss. Thg, crosses through  rimeter block when cooling and with the uniaxial pressure of
the fluxmeter producing a constant emp. At the initial 3 par. The data collected in the range 207.85-208.00 K
time the power is cut off and the emf(t) is integrated up 10 coyer the phase transition point. In this rangeshows a
the timet, when the new thermal equilibrium with the block goyple maximum as found in previdtkmeasurements. We

is reached. LeV, be the constant value of the final emf. il attempt to explain this behavior later.

It has been showi that the thermal capacity of the On the other hand, since the temperature difference be-

207.5 208.0 Ty K) 208.5

sample is obtained by tween the ends of the fluxmetersAS = W, and assuming
2 t V(t)—V, that the block has a uniform temperatdrg, the temperature
C= 5 (A=Ag) A= fo VooV, dt, (1) of the sample boundafs can be obtained. In Fig. 3,5 and

Tg are represented versus time. Far frdm the difference
whereg is the thermal resistance of the fluxmeters &qds ~ Tg— Ty is about 10° K and is constant. During the transi-
the value ofA when the experiment is carried out without a tion, Tg seems to remain constaf®207.93 K like a first
sample. Ay and B are determined by calibration. order transition with both phases at equilibrium.
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Thus data obtained for block temperature in the range

207.85—-208.00 K are affected by the latent heat. Excludin A .
- : IG. 5. Logarithmic t ture depend f th [ t of DKDP

these data the monophase specific heat of DKDP is reprépecific h‘;%‘;‘r;b{,“v'; _empera ure dependence of The singuiar part o
sented versu3g in Fig. 4.

To study the behavior of the singular part of the specific
heat it is necessary to determine the lattice contributiase
|ine)' We considered three expressions used in théh|s fluctuation with the acoustic mode Component which is
literaturé®*to determine the base lin€l) co=a+bT, (2) polarized along the ferroelectric axis. For uniaxial ferroelec-
Co=a+bT+dT? and (3) co=a+b/T, where a,b,d are tric crystals, this singular part of the specific heat has a loga-
constants. The best fit for our data is the second expressighhmic divergence with temperature. Figure 5 presents,
(Wherea=—0.1714,0=5.26x1073, andd=—6.722x10"%), Ac/T? vs In[(T—T,)/T,]. Linear behavior is obtained simi-
which is represented by the thin line in Fig. 4. It must belar to that found in KDP® and PR(PQ,).*°

pointed out that expressiori8) and (3) practically coincide Consider a 2-4-6 Landau Potenttél:
above 190 K, which is the temperature range we will discuss A B c
below. G(T.Q=5 (T-T)Q%*+ 7 Q*+ 5 Q5, 2

Figure 4 shows a tail shape behavior of 10 K abdye
similar to that obtained by Ree&&This tail is due to fluc- \where A, B, C, and T,, are constant an® is the order

tuations of the order parameter. The ferroelectric fluctuationparameter. Belowl, the singular part of the specific heat is
aboveT, were observed by Bleiét al1” and they correlated expressed by:

AT
C= .
2B?—4AC(T-T,)

(€©)

2.25 :)) %{Z:ltl::é ' In Fig. 6 (T/Ac)? is represented versu§—T,. The

% : above expression is satisfied in the range of 4-15 K below
%; § T.. The deviation from classical behavior negris attrib-
% ; uted to the fluctuations of the order parameter and logarith-
% mic behavior could be expected. Reese and ¥lagtempted
& 1257 to fit the singular part of the specific heat to a power law

by divergence and to a logarithmic divergence. Their data seem

] ‘ b) to show a better fit for a logarithmic divergence although
a) S . . . S
> their results were not completely conclusive. In Fig. 7 it is
shown thatAc linearly depends on IA{—T,) in a tempera-
0.25 - T - I 1 I ture range fronl, to 1 K belowT,. These results confirm
170 190 210 Tg (K) 230 the logarithmic divergence suggested by Reese and May.

Data obtained on heating are very similar to those obtained

FIG. 4. DKDP specific heat vs sample temperature during cogingnd O cooling; nevertheless there are some differences we will
during heatingb) Thin line is best fit by equation of typgy=a+bT+dT2. discuss below.
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Both Tz and Tg are also shown in Fig. 3 on heating.
Unlike when cooling T s is not constant during the transition,
FIG. 6. Tempergture dependence of the singular part of DKDP specific heaéut decreases to the constant value obtained on cooling.
below T, according to Landau theory. .
These results suggested we should carry out a more detailed
study of the sample temperature evolution during the transi-
tion when heating and when cooling. This study will be dis-
In Fig. 8, the specific heat and heat flux exchanged byussed below.
the sample are represented versus block temperature. The Excluding data affected by the transition heat, the spe-
transition occurs in a smaller temperature range than wheaific heat obtained when heating is also represented va@gsus
cooling(0.08 K). As we would expect the heat power has thein Fig. 4. As is common in other ferroelectric materials the
opposite sign as when cooling. During the transition the spetransition is broader on heating than on cooling and the tail
cific heat data show negative values. This behavior will beon the paraelectric phase spreads over a larger temperature
explained later. range(~30 K). Data obtained during heating show similar
behavior to those shown in Figs. 5, 6, and 7.
To obtain more information about the sample tempera-
ture evolution during the transition, the eMf (experimental
zerg was measured every 15 s while cooling or heating the
. sample at the same constant rate of 0.06 K/h but without
dissipation in heater®; andR,. Figure 9 showsN=aV,
versus block temperature for both cooling and heating. On
cooling, the transition spreads over a temperature range
greater than on heating as we discussed above. We can also
deduce that the kinetics are different: on cooling, different
peaks appear which can be considered as consecutive partial
changes of phases or rearrangement of domain structures.
These peaks practically do not appear when heating. This
behavior agrees with that reported by Bornarel and Cach.
They measured the dielectric constant and simultaneously
observed the ferroelectric domain structure of DKDP during
the transition. On cooling from the paraelectric phase the
domain structure exhibits rearrangement of the domain com-
plexes and modification of the domain width with decreasing
temperature. On the contrary, during heating the domain
structure, which has been stabilized at low temperatures,
does not change its configuration.
Figure 10 shows the evolution of the sample boundary

FIG. 7. Deviation from classical behavior: logarithmic temperature depenf€mperature when coolin@ an_d when heatingb). As was
dence of singular part of DKDP specific heat very closd to suggested above, when coolifig, seems to stay constant
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From the above we can deduce a very small thermal hyster-

bx10-3 a) Cooling esis Whi;‘h agrees with the behavior obtained by Bornarel
b) Heatin and CacH.

_ ) ¢ P On the other hand, integration of the heat power repre-
2 5.10.4— sented in Fig. 9 allows us to calculate the latent heat of this
§ 2 DKDP crystal. The estimated values are 2.32 J/g and 2.20 J/g
£ p for cooling and heating, respectively. These values are lower
3 / than the value of 2.99 J/g obtained by Re¥s€he differ-
= 0 ence can be attributed to the fact that the sample studied in

this article has a lower degree of deuteration than the sample
studied by Reese whose transition temperature is higher than
ours (220 and 208 K, respectivelylf we assume a linear

-5x10-4 relation between latent heat and deuteration degree, the
above difference allows us to estimate that our sample is
77% deuterated; this value agrees well with that obtained
: (82%) from the Brezina relation between transition tempera-
-1x10-3 T I T T T .
ture and degree of deuteration.
2078 , 2079 TgX) 2080 208.1

All of these measurements were also carried out with an
applied constant stress 6=4.5+0.1 bar on fac€110. We
FIG.'9. Heat flux vs block temperatuf@ when cooling andb) when obtained the same behavior described abawe0.3 baj,
heating. even the same transition temperature. A 1% displacement of
data was found, but this difference is similar to the error

during the transition. From this data, together with the be_attributed to this type of measurement. This can be expected

havior shown in Fig. 9 we can deduce that this transitionbecause Stasyut al*? _predict_ that only unia_xial pressure
(cooling is produced with equilibrium between para and several orders of magnitude higher than applied during these
ferroelectric phases measurements can have a significant influence on the specific
On the contrary, as shown in Fig. 3, when heating aheat of DKDP. ) . o
decrease of the temperature in the surroundings of the VW& Must point out that uniaxial pressure similar to that
sample is produced. We must point out that the minimunfPPlied in this study produces S|gn|f|c%nt effects on the spe-
value of T in the transition regior(207.96 K practically CIfI_C heat of SrTiQ ferroel_asuc crystat’ Nevertheless the
coincides with the constant temperature of the transitiorfoincidence of data obtained under 0.3 and*Q3 bar
(207.93 K when cooling. These data suggest that the sampIHr?'_aX'al pressure can be considered as proof of the reproduc-
passes through metastable states and at a temperature higifity of our measurements. _ .
that the transition temperature, a sudden phase transition oc- NOW we will discuss the behavior of the specific heat
curs. Thus, the latent heat produces a temperature decreasé/@f@ in the transition region. It has been shown that when

the sample boundary which is detected by the fluxmeter<e0ling a double maximum appeafor both 0.3 and 4.5
+0.1 bay and when heating, negative values were obtained

in both cases. These could be attributed to the fact that the
change of the base ling,; produces great errors in the de-
termination of the integral A in Eq1), thus producing non-
sense data. Nevertheless, we must point out that the variation
of V; with time is taken into account in Eq1l) and the
method works properly whe¥, linearly changes with time.
The time dependence ®; does not justify such big anoma-
lies in the specific heat data. Thus, we think there must be

%} another explanation for the above anomalous behavior of the
&= data.
E In a previous paper, the specific heat of a triglycine sul-
& phate doped with L-alaninéLATGS) ferroelectric crystal
J was measured under an alternating electric fitlBecause
of the decrease of bias and coercive fields near the transition
2078 temperatureT,, the sample carries out complete or minor

j hysteresis loops. Thus, in a temperature range figawhich
depends on the amplitude and frequency of the applied field,
207.7 ' T T T : the sample dissipates a heat power which depends on the
0 sooo  Time(s) 10000 temperature. In that study for an amplitude of 95 V/cm and a
frequency of 1 KHz the temperature range where power was
FIG. 10. Block temperatur®s (thin line) and boundary sample temperature dissipated was 10 K. This pow&V was measured simulta-
Ts (points vs time when cooling and when heating. neously with the “specific heat” of a steady stdt&). This
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“steady state specific heatt* is the relation between the According to the above, we can explain the anomalous
heat exchanged by the sample between two steady states aspkcific heat data, obtained during the transition, in terms of
the corresponding variation of the temperature at the samplihe change of temperature distribution inside the crystal pro-
surface. The heat exchanged by the sample as a consequenceed by the latent heat.
of the steady dissipation power is not taken into accociht. We must conclude that when measuring specific heat
shows the following behavior: a decrease in the range wherpear a first order transition it is necessary to take into account
JW/JT is negative and a large increase in the region wher¢he influence of the latent heat on the measurement process.
W/ JT is positive. It is convenient to measure, simultaneously with the specific

To explain this effect the differential heat conduction heat, other quantities which indicate clearly when the transi-
equation of a solid with uniform heat power production de-tion is produced. Thus, the technique of conduction calorim-
pendent on the temperature, was studied. It was shown thatry seems to be appropriate for this kind of study since it is
the specific heaig*, of this dissipative medium is the equi- capable of simultaneously measuring the specific heat and
librium specific heat,c, (without dissipation plus a term the heat flux exchanged by the sample. This information al-
proportional to the derivative of the dissipative power withlows us to exclude data affected by the transition heat.
respect to the temperature. This statement was corroborated
by experimental datg. o _ _  ACKNOWLEDGMENT
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