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Evidence of latent heat in Rb3;ZnCl; commensurate-incommensurate phase transition
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The commensurate-incommensurate phase of a Rb2ZnCly crystal was studied using a conduction
calorimeter. By identifying the contribution of specific heat to transition enthalpy it was possible
to show, for the first time in a compound of this type, transition latent heat. It was stimated to
be Q@ = 2.3Jmol™!. The result was compared with theoretical predictions for a domain wall model
having repulsive-attractive interaction, obtaining satisfactory results for the first time. The same
analysis was made in normal-incommensurate phase transition and no latent heat was observed as

expected.

I. INTRODUCTION

The study of commensurate-incommensurate phase
transitions in crystal systems has been of major inter-
est for over a decade. It has been theoretically estab-
lished that in a commensurate-incommensurate transi-
tion, continuity of physical anomalies takes place inde-
pendently of the nature of the system [1-3]. To estab-
lish this phase transition the study must comprise the
normal-incommensurate phase transition always present
at higher temperature. In so doing, the mathemat-
ical framework of the commensurate-incommensurate
phase transition becomes considerably more complicated
[2]. Nevertheless, a simpler analysis can serve the pur-
pose, provided that attention be focused solely on the
commensurate-incommensurate transition. Generally,
this transition can be understood from the spontaneous
appearance of domain walls in a monodomain structure;
the interacting force between domain walls is a deter-
mining factor when describing properties of the transi-
tion: if the interaction was purely repulsive, the transi-
tion would be continuous. However, there are always at-
traction forces in ferroelectric structural transitions that
cause the transition to be discontinuous[4, 5].

Repulsion forces are dominant in a wide range of tem-
peratures above transition temperature and yield theo-
retical expressions on the divergences for dielectric sus-
ceptibility and specific heat, as in reference [2]. Experi-
mentally, the anomaly of the dielectric constant was an-
alyzed within this formalism by Levstik et al. [6], ascer-
taining that it diverged from the (T — Tj.)~! law pre-
cisely as set forth theoretically. The specific heat peak
was described as manifestation of the transition’s discon-
tinuous nature, but lately [7] there has been proof that
its divergence in the incommensurate phase matches, as
well, that which is expected from the repulsion potential.
Other properties, such as the misfit parameter[8-10], or
birefringence [11], display certain characteristics imply-
ing a discontinuous transition and indicate that, within a
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given temperature range approaching transition temper-
ature, the presence of attractive forces is not to be dis-
carded. Within this temperature range, corresponding to
the final part of the permittivity peak and specific heat,
predictions in the repulsion model do not hold true[7].

Calorimeter measurements near the transition temper-
ature lead to difficulties in discriminating the enthalpy
variation due to latent heat from that owing to the ex-
cess specific heat integral over temperature. This prob-
lem becomes more acute in cases where latent heat is
very small, such as in the commensurate-incommensurate
phase transition. Thus, although the discontinuous char-
acter of the transition has been known for over a decade,
calorimetric measurements have not yielded clear evi-
dence of latent heat. On one hand Atake et al.[12]
used the integral of the anomaly of specific heat in the
Clausius-Clapeyron formula, implicitly assuming that it
meant latent heat. On the other, Zhu et al.[13] estimated
latent heat of barium sodium niobate (BSN) from DSC
measurements. In neither of the two instances were the
two previous contributions taken into account.

Nonetheless, theoretical analysis of the phase tran-
sition shows that specific heat must be subject to an
anomaly evinced by a sharp peak, inasmuch as it diverges
in accordance with Curie’s law, with a relatively small
constant proportionality (three-four orders of magnitude
less than permittivity in the same transition phase).
Therefore, the specific heat anomaly is detectable only
within a temperature range nearing 7T;. (approximately
1K). In contrast, estimations in the Clapeyron formula
indicate latent heat in the order of a few joules per mole
[14]. In consequence, it becomes necessary to analyze
both contributions.

In the present paper a conduction calorimeter has been
used which can measure specific heat and also serves as a
DTA apparatus of great sensitivity inasmuch as the sen-
sor is made up of 96 thermocouples. The theory set forth
previously allows for discrimination between the two con-
tributions listed. This technique was applied in establish-
ing latent heat for the commensurate-incommensurate
transition in the RboZnCly crystal. To cross check the
method, the same procedure was used in the normal-
incommensurate phase transition, which is a continu-
ous transition where the enthalpy variation results solely
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from specific heat.

II. EXPERIMENTAL

A purified sample of rubidium tetrachlorozincate
(RbeZnCly) was placed in a conduction calorimeter. The
sample has a 289 mg mass (0.764 mmol) with a 25 mm?
cross section and a width of 3.14 mm along the ferroelec-
tric axis. Above T; = 305K the RbyZnCly single crys-
tal presents an orthorhombic pseudohexagonal (Pnma)
phase; it is paraelectric. At T;, a continuous phase
transition transforms it into an incommensurate crys-
tal with a modulation wave vector close to one third
of a*. Finally, at T;. = 195K, the crystal phase locks
into a commensurate phase which is again orthorhom-
bic (Pna2;) but ferroelectric along the ¢ axis and with
triple unit cell [15]. Rb2ZnCly has been widely cho-
sen as a test for the theoretical description of both the
commensurate-incommensurate phase transition and the
normal-incommensurate phase transition.

The conduction calorimeter has been described else-
where [16]. Briefly, it consists of a large calorimetric
block whose mass makes it a thermal reservoir. Two
fluxmeters which both form a set of 96 thermocouples
thermally constructed in parallel and electrically in se-
ries; one junction of the thermocouples is fixed to the
block (outer junction) while the other one is fixed to an
anodized silver plane plate which has an electric heater of
negligible thermal capacity. The sample is kept between
both heaters (allowing thermal excitation of the sample).
Special care is taken in conserving the axial symmetry
of the assembly. By making high vacuum (10~° mbar)
inside the calorimetric vessel and providing it with ra-
diation shields the main objective of the assembly is ob-
tained; any heat flux flowing from the block to the sample
must cross the fluxmeters. The heat capacity of the sam-
ple is measured by dissipating the same power on the
heaters. When a stationary state is reached the power is
cut off. The value of the thermal capacity is obtained by
integrating the electromotive force given by the fluxme-
ters during the relaxation to equilibrium state [17].

The system can also be used as a differential thermal
analyzer (DTA) of great sensitivity when temperature of
the block is modified at constant rate and no dissipation
whatsoever is applied to the heaters. In such case, the
measured thermoelectromotive force, E is proportional
to heat flow, ¢ (the factor being determined previously
by calibration), and ¢ is related to sample enthalpy vari-
ation.

Theoretically, well away from transition point the heat
flux should be proportional[18] to temperature change
rate, and heat capacity of sample and its surroundings
(fluxmeteres, silver electrode and heaters). That is:

$o = (Cs + Co)%~ (1)

Here C; is sample heat capacity and C, represents the
heat capacity of surroundings. This value can be ob-
tained by giving sample heat capacitiy and calibrating
Cy as we will show in Sec. III. The existence of latent
heat can be shown by measuring ¢ and comparing with
¢o- The latent heat will be obtained as:

Q= / (6 — do)dr. ()

where the integral covers the transition point. We will
show that this difference is negligible for a continuous
phase transition as ¢ and ¢y match each other. The
physical meaning of ¢ is then, the heat flow which would
have been obtained had there been no latent heat.

The RbyZnCly; sample was set in the conduction
calorimeter and cooled in the paraelectric phase to 100K
temperature. Afterwards, the sample was heated at
a constant rate of 2Kh™! to room temperature whilst
fluxmeter thermoelectromotive force signals were regis-
tered as functions of temperature. The thermoelectro-
motive force was recorded by a Keithley K182 nanovolt-
meter. At 190K and 200K the the calorimeter was cal-
ibrated [16] in order to convert the fluxmeter signal into
heat flow. A similar experiment was performed near the
normal-incommensurate phase transition.

III. RESULTS

In figure 1, fluxmeter signals near the normal-
incommensurate phase are represented by full circles. In
this figure, the thermoelectromotive force has been con-
verted into heat flow and, then, divided by sample mole
number. The anomaly in the signal is due to variation of
transition enthalpy. To establish the existence of latent
heat, we need to compute the value of ¢g: we proceeded
as follows. Let us consider the values of heat flux and
sample heat capacity (the latter being measured in the
same calorimeter and sample, and shown in the small
graph in figure 1) at two temperatures distant from phase
transition point, for example at 302 K and 305 K where
the measured ¢ should be equal to ¢g. From equation
(1), and being dT'/dt known, we determine Cy at these
temperatures and then we are able to determine Cjy de-
pendency with respect to temperature as it is certainly a
smooth function of temperature and should be assumed
to be linear. Cjy being known, and using values for spe-
cific heat measured in transition, ¢y can be calculated
as a function of temperature by invoking again equation
(1). This function represents the enthalpy variation due
to excess specific heat and is represented in figure 1 by
a line of open circles. As can be seen, measured heat
flow and what is expected due to excess specific heat
are exact matches in form and value. Therefore the only
contribution to transition enthalpy is excess specific heat,
and resulting latent heat is zero (within the equipment’s
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FIG. 1. Measured heat flux (full circle) and deduced background contribution (open circle) from specific heat data (inserted
graph) in the neighbourhood of normal-inconmensurate phase transition. The specific heat was measured in the same calorimeter
on the same sample. The heat capacity contribution (see equation (1)) fully explains the anomaly observed. Thus, no latent
heat is observed within experiment resolution in agreement with the 3d-XY universality class of this phase transition.

resolution). This is the result to be expected for this
transition which belongs in universality class 3 — dXY.

In figure 2 the same analysis is shown, but near the
commensurate-incommensurate transition phase. Mea-
sured heat flow, ¢, which includes contributions from la-
tent heat and specific heat, is represented by full circles.
Heat flow ¢g, calculated from specific heat data, are in
open circles. In that figure the right axis reflects ¢ — ¢q
in open squares. These data show that enthalpy vari-
ation cannot be explained solely by way of the specific
heat contribution and, therefore, show the presence of
latent heat. The integral of equation (2) is evaluated in
Q = 2.3Jmol*. Also significant is the apparent double
peak, which cannot be subject to interpretation in terms
of specific heat anomaly and could be due to some kinetic
process in transition.

IV. DISCUSSION

The greatest difficulty in identifying latent heat with
the peak zone in figure 2 lies in the peak’s width. Ideally,
latent heat would be observed only at a single temper-
atura and the peak should tend towards a Dirac delta
function if represented as a function of temperature (as
a function of time it would always be of finite width);
even then a width of some 0.2K is observed. In this re-
gard it should be noted that given dT/dt = 2Kh™!, the
0.2K span means a six-minute interval, which is the or-
der of magnitude of relaxation of the calorimeter. Having
understood the peak’s width, the shape of the anomaly,
with its double peak, is quite different from that expected
of a heat-specific anomaly, so that this area represents a
near approximation of transition latent heat value and,
at any rate, proof of its existence. Of course, the specific
heat data may be affected, to some extend, by the exis-
tence of latent heat but the difference between figure 1
and figure 2 is significant.

On the other hand, the difficulty in distinguishing la-
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FIG. 2. This is the same as figure 1, but for the commensurate-incommensurate phase transition. Left axis: (full circle) are
used for the measured heat flow while (open circle) are used for the deduced background contribution. Right axis shows the
difference between them (open square). This difference cannot be ignored and is related to the transition latent heat. As can
be observed, width of the ¢ anomaly is 1K and corresponds to measurements of specific heat. But the latent heat peak (A¢),

representing phase coexistence, appears only in 0.2K.

tent heat from transition enthalpy -which includes latent
heat and the integral of specific heat in respect to tem-
perature - in this type of compound has barred rigor-
ous analysis of the specific heat anomaly for this tran-
sition. Before [7], specific heat in the domain-like zone
was studied in cases where there was expectancy that do-
main walls would interact with a repulsion potential. Un-
der these conditions the result obtained was that specific
heat diverged in accordance with (7' — Tj.) ™!, as verified
experimentally. Moreover, it became obvious that con-
tribution to transition enthalpy by this specific heat was
significant and that latent heat could not be regarded as
being the same as transition enthalpy. Analyzing this di-
vergence the conclusion was that latent heat should be,
at most, 3Jmol .

From a theoretical point of view, in order to study
commensurate-incommensurate phase transition discon-
tinuity one must get away from the domain-like regime
and introduce an attraction term into the system’s ther-
modynamic potential. In doing so, and following the no-

tation of reference [7] the latent heat is obtained as:

pe agfar 4
Q—Tzoca(lnm) ; (3)

where P; is spontaneous polarization in transition tem-
perature, and Cs is Curie’s constant for permittivity,
T;. is the temperature where domain formation becomes
favourable, T}, is the temperature where phase transi-
tion actually occurs and aq,as are coefficients of the ther-
modynamic potential (to be considered constants). Ther-
modynamic theory for the incommensurate phase allows
for relating logarithm in equation (3) with the wave vec-
tor in the incommensurate phase. This gives:[2, 7]

2 P2 Qioc
= —Tioe—> , 4
Q T loc 02 % ( )
where ¢ is the wave vector at the transition tempera-
ture and ¢q is value of the wave vector when forming in




the incommensurate phase.

For this sample, 47C5 = 68 K, whilst values of Ps; and
Qloc have been studied in a multitude of references. Their
values are 0.11 pCcm ™2 to 0.13 pC cm ™2 for spontaneous
polarization and between % and % for qioc/qo [8-10]. With
these data, the latent heat in the transition calculated in
equation (4) has a vallue of 2Jmol ! to 6 Jmol ! depend-

ing on whether é or 5 is used for qio./qo. Value obtained

experimentally (Q = 2.3J molfl) agrees in order of mag-
nitude with that calculated for expression 4 and seems
to suggest that goc/qo is nearer % than %

An analysis can be made in order of magnitude relating
thermal and dielectric properties of the commensurate-
incommensurate transition. Specific heat diverges[7], in
the zone of the domain-like regime, in the form of (7" —

T;.)~'and the ratio of proportionality of the law is:

p? as/a

R o)
which is similar to expression (3) except that temper-
atures appearing in the logarithm differ: 77 being an
intermediate temperature of the interval wherein the law
of divergence of specific heat is in effect. However, we
can assume that the order of magnitude of logarithms in
equations (3) and (5) is similar, thus the order of magni-
tude is:

Tic C1 P}
Cy Q?

Using the value [7], C; = 0.158 Jmol !, the member

~1. (6)

on the left in equation (6) gives a value of 1.5 —1.7. This
result corroborates validity of the values for @ and Cj.
We wish to emphasize that in analysis of this expression
all experimental data have been obtained from the same
sample, except for that referring to spontaneous polar-
ization.

Of further difficulty is the comparison of latent heat
with the expression derived from the Clausiuis equation:

dTjoc _ _TlocPs

iE - Q (7)

Value obtained from our data is:

dTjoc
dE

~13KemV™H (8)

whereas measurements in Fousek et al. [14] produce a
value of 0.50Kcm V™!, Nevertheless, these measure-
ments were taken from a lower quality crystal than that
used in the present experiment, which could account for
the difference.
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