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Abstract

An AC calorimeter ranging from 4.2 to 400 K has been built and optimized in our laboratory for the study of solid—solid
phase transitions. Only a small amount of sample is required (with typical dimensions of (2—6)mm x (2—4) mmx
(0.2—0.5) mm and mass around 1-25 mg) and different types of solids such as insulator crystals or metal samples can be
studied. Small-diameter thermocouples (25 pm) are used as temperature sensors and also as sample support. This system can
be operated discontinuously with temperature jumps as small as 0.025 K or by continuous heating or cooling with scanning
rates from 0.06 up to 6 K/min. Both procedures are governed by an automatic control program and data acquisition which
provides very low dispersion of the C, points (0.1%). The whole experimental set up was tested by new measurements of the
triglycine sulphate (TGS) specific heat. Finally, the ferroelectric phase transition in the TGS is studied within the frame of the
Landau theory. With this model, the specific heat is correctly described down to 15°C below the transition temperature leading
to accurate calculations of the phase transition thermodynamic functions. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

At present, several experimental techniques for
calorimetric studies of solid—solid phase transitions
are commonly used. Among them, adiabatic calori-
metry is considered one of the most accurate calori-
metric methods but its accuracy drops when a high
density of specific heat points in short temperature
ranges are needed. In this case, very small temperature
increments are required and, even if a Pt-resistance
thermometer is used, the temperature unaccuracy
increases the dispersion of the C, points [1]. In
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addition, samples of a rather large mass (more than
100 mg) are usually required.

All the shortcomings previously mentioned are not
present in the so-called AC calorimetry which has
been developed in the last 30 years ([2], and references
therein). With the use of this technique, only a small
quantity of sample is needed (masses of order 1-25 mg
and typical dimensions of about 2mm X 2mmXx
(0.1—0.3) mm). The AC methods show a low data
dispersion (typically 0.1% in C,) and are therefore
very successful in measuring structural phase tran-
sitions when the associated specific heat anomaly
is very low. AC calorimetry has some other advan-
tages for the study of phase transitions in solids.
Measurements can be performed in a wide range of
temperatures, without the strict adiabatic conditions
(see, for instance, [3-5]). On the other hand, the use
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of very small temperature steps becomes specially
important in the precise determination of the specific
heat in the close vicinity of the critical temperature.
Finally, hysteresis effects can be studied since
cooling and heating measurements can be easily
performed.

One of the most important disadvantages of this
technique is the experimental difficulty to obtain
absolute specific heat values. Moreover, it is not
possible to measure the latent heat present in first-
order phase transitions. In some works, the behaviour
of the phase shift between the heating power and
the thermal response of the system is claimed to be
related with the character of the transition [6]. Indeed,
indirect measurements of the latent heat have been
studied by several groups [7-9].

In this work, we present the experimental installa-
tion of an AC calorimeter. The various measurement
procedures and the automatic control and data acqui-
sition are also described. The characteristics and
performance of the system was tested by means of
a sample of a well-known ferroelectric crystal such as
the triglycine sulphate (TGS). Finally, the obtained
specific heat values are briefly discussed within the
frame of the Landau theory.

2. AC calorimetry

Although the first reported measurement by AC
calorimetry was carried out in 1910 by Corbino
[10], it was after the work of Sullivan and Seidel
[11] and Handler et al. [12], when measurements were
made in a wider temperature range favouring the
development of this new technique.

The principle of AC calorimetry is to heat the
sample periodically and detect the amplitude of the
small temperature oscillations, AT, around the mean
temperature of the thermal reservoir to which the
sample is thermally anchored. As we will see later,
the specific heat of the sample can be obtained by
measuring the amplitude of this temperature oscilla-
tion, which is found to be proportional to the inverse of
the sample specific heat.

The dynamic behaviour of the system with oscilla-
tory heat input involves two characteristic time con-
stants: 7, which is the relaxation time associated to
the thermal coupling among the sample, the thermal

links and the thermal bath, and t;,,, the characteristic
time for the sample to reach the internal thermal
equilibrium, depending on the sample thermal diffu-
sivity. By means of the heat diffusion equations and
with the use of the principle of energy conservation,
Sullivan and Seidel [11] have obtained the amplitude
and phase shift of the temperature oscillation for a slab-
shaped sample. The general solution for the sample
temperature has two different terms. A constant DC
component above the thermal bath temperature:

ey

where Py is the signal amplitude at the frequency f of
the power supplied on the upper surface of the sample,
A being the area of the sample, d the distance between
sample and the thermal bath and K the thermal
conductivity of the exchange gas. The second term
is an oscillatory AC component whose amplitude is
given by

P 1 o\
ATac = (UCS (1 +w2—‘[%+ (0] ‘Cin[ f

where w = 2nf 2

If 7y, << 14 it is possible to find a frequency ffor which
the associated terms in (2) can be neglected. Under
these conditions, the observed AT, temperature rise is
inversely proportional to the heat capacity of the
sample, C;. For this purpose, the chopping frequency
f should be higher than 1/277 in order to prevent
the AC component of the heat dissipation from the
sample. On the other hand, a thermocouple attached
to the sample mainly detects the temperature oscilla-
tions within a circle of radius equal to the thermal
length:

D\ /2
h= (E) )

where D is the thermal diffusivity of the sample [11].
Therefore, the upper limit of the frequency must be
chosen in such a way that the thickness of the sample
L is smaller than the thermal length in the sample:
(D/nf)"* > L. In these conditions, the heat capacity
of the sample and the phase shift o values become
Py

T
C itho = — 4
ST AT, YT @)
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3. Calorimetric set up and experimental
procedures

3.1. Cryostat

An AC calorimeter has been built and optimized in
our laboratory to perform specific heat measurements of
solid samples in the temperature range: 4.2-400 K. As
shown in Fig. 1, it is constituted by two concentric
Dewar vessels which hold the calorimetric system.
Depending on the range of temperatures where the mea-
surements are carried out, both vessels can be filled with
liquid N, and/or liquid He. The calorimetric system is
formed by a main chamber which contains the sample
and acts as the thermal reservoir (copper block). This
ensemble is placed inside a secondary chamber which
provides a good thermal isolation. Both chambers can be
independently evacuated to reduce the thermal contact
between the sample and the copper block or helium gas
may be used to fill the chamber to increase the thermal
conductivity. Vacuum conditions (up to 10~" Pa) can be
achieved by using a rotatory pump.

3.2. Lighting and generation of the periodic
heating power

Chopped light from a halogen lamp is used to heat
the sample periodically. The power supply of the lamp
is current stabilised (HP, System Power Supply, model
6038A). A drift stability of 0.02% + 2 mV in voltage
and 0.03% + 3 mA in intensity can be achieved over
an 8 h interval under constant line and load. The
modulated light beam from the lamp is focused
through a lens on a 10 mm diameter glass bent rod
which directly guides the light to the sample. This
glass rod is roughened on the nearest surface of the
sample in order to make the light beam homogeneous.
To increase the light absorption of the sample, the
illuminated surface is black-painted.

The lighting system which includes the lamp, lenses
and chopper is fixed on an optical bench. The whole
ensemble is placed inside a metallic box in order
to prevent external influences, such as changes of
T, draughts, etc. and guarantees the stability of the
light beam.
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Fig. 1. Diagram of the AC calorimetry set up.
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The chopper rotation is driven by a permanent-
magnet step-motor. Steps are generated by a drive
board which makes the motor rotate with precise steps,
1.8° per step. As frequency generator, two oscillators
built-in quartz crystal are used. The high stability of
the quartz crystal (20 ppm) assures an extremely
stable chopper frequency (<0.1%). The reference fre-
quency signal is delivered by a phototransistor which
detects the emitted chopped light.

3.3. Measurement of the temperature of the
thermal reservoir, Ty

The heating of the thermal copper block is carried
out by a non-inductive winding of constantan wire
(0.2 mm thickness, R = 56 Q). Varnish (GE 7031) is
used as glue and also as a thermal contact enhancer.
For the measurement of the temperature of the block,
Tg, a platinum resistance thermometer (100 Q at
273.15 K, Minco Products, model S1059PAS5X6),
calibrated according to the ITS-90, is used. The plati-
num thermometer with an absolute accuracy of +£1 mK
in the whole range of temperature, is placed at the
bottom of the copper block with the leads thermally
anchored to. The resistance value, using the 4-wire
method, is obtained by means of a 8 1/2 digits multi-
meter (HP, model 3457A). To regulate the temperature
of the system, a PID-temperature controller (Lake
Shore Cryotronics, model DRC-93C) is used. This
PID provides minimum temperature steps of 25 mK
and uses an independent platinum resistance thermo-
meter attached to the copper block to avoid interfer-
ences with the most accurate main thermometer.

3.4. Measurement of the thermal oscillations, AT,

In order to attain condition (3), the oscillations
of the temperature of the sample should be the same
for an area around the AC thermocouple of radius
greater than the thermal length. For this purpose, flat
plate-shaped samples are needed. Moreover, it is
necessary to select a chopper frequency which makes
the thermal length greater than the largest dimension
of the sample. In our system, typical dimensions of
about (2—6)mm x (2—4)mm x (0.2—0.5) mm are
found to be appropriate.

The choice of the thermocouples is governed by
some considerations. The selection of small-diameter

wires is very effective in minimizing the addenda.
Another restriction is that the length of the leads
should be smaller than the thermal length of the
thermocouple material [13]. In our experimental set
up, two pairs of iron—constantan thermocouples of
25 pm diameter are used as temperature sensors which
are used to independently measure the DC and AC
temperature components. Their junctions are attached
to the rear face of the sample and to the copper block
by means of GE 7031 varnish which improves the
thermal contact. In the case of metallic samples it is
convenient to insulate both thermocouples to avoid the
electrical contact between them. The thermocouples
wires are directly soldered on 4-pins electrically insu-
lated from the block in such a way that the four leads
also serve as sample support. The AC thermocouple
signal is delivered to a low-noise transformer (Prin-
ceton Applied Research model 190, gain = 100) to
match the ~10 Q source impedance of the thermo-
couple to the high input impedance (~10 MQ) of the
lock-in amplifier (Stanford Research Systems, model
SR850). This AC voltage is measured by the lock-in
which is driven synchronously with the frequency of
the chopped light. Alternatively, this AC voltage can
also be driven to an oscilloscope (HP, model 54645A)
by using a differential DC chopper amplifier (Ancom,
model 15C-3a, gain = 10%) in order to observe simul-
taneously both the heating square wave and the ther-
mal response of the sample. The DC voltage of the
second thermocouple is measured by the 8 1/2 digits
HP multimeter cited above and permits to obtain the
temperature difference between the sample and the
copper block, ATg.. Under these conditions, the tem-
perature of the sample is then given by Tg + AT 4. In
Fig. 2, a block diagram of the experimental measure-
ment procedure in the AC calorimeter is shown.

3.5. Automation of the system

A program in HP Instrument BASIC language was
developed for the automation of the experimental set
up. A schematic diagram of the program is shown in
Fig. 3. There are two experimental procedures.

In the first procedure, the temperature of the sample
is programmed in discontinuous steps. Temperature
jumps as small as 0.025 K can be used. After each
heating or cooling period, the approach to the thermal
equilibrium at the programmed temperatures is
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Fig. 2. Block diagram of the experimental equipment for the
specific heat measurements.
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observed by continuous measurements of the sample
temperature (Tg + ATy.) until the selected equili-
brium criterium is satisfied. Typical drift values are
(dT/df) <4 x 1075 K/s and (d*T/d?) > 1 x 107*
K/s?. A number of AT, data are then obtained and
the mean value is recorded.

The second procedure allows for continuous heat-
ing or cooling of the sample. Scanning rates can be
programmed from 0.06 to 6 K/min, approximately. In
this case, both the sample temperature and the ampli-
tude of the thermal oscillations are simultaneously
recorded. If needed, different computer programs
permit to smooth the experimental curve after the
scanning is finished.

4. Results

The behaviour and performance of the experimental
set up was established by means of a suitable sample
of the well-known ferroelectric crystal triglycine sul-
phate (TGS) which undergoes a second order phase
transition at 49°C [14]. The optimization of the experi-
mental parameters such as the light intensity, chopper
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Fig. 3. Schematic diagram of the automatic program for the control and acquisition of the specific heat data.
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frequency, the pressure inside the chamber, the AC
signal amplification, etc. ... as well as the different
measurement procedures were examined in different
temperature ranges. The TGS sample was a plate-
shaped crystal with dimensions 5.5 mm X 2.0 mmXx
0.5 mm and mass m = 16.95 mg. Measurements were
made at 10" Pa.

4.1. Relaxation times

As cited above, the requirement i, << 7, is needed
for Eq. (4) to be valid. The relaxation times values
are not only dependent on the thermal properties of
the sample, but also on the detailed experimental
conditions. As a consequence, a previous estimation
of these values are firmly recommended. Moreover,
the thermal relaxation data can be used for a
different determination of the sample specific heat
[15]. Once the sample is installed in the cryostat,
direct measurements of these quantities can be
performed in the following way. After the copper
block temperature Tp stabilizes, the sample is
heated at r = 0 by a not chopped beam light of fixed
power P for a certain period of time (about 3 min).
The temperature rise of the sample as a function
of time is recorded. These experimental data are
found to fit quite well an exponential relaxation
function such as

T(t) =Tsg +A(1 —e /™) (5)

The results of this fit show that A approximates quite
well to the experimental value of ATy, which is in
agreement with (4) for t — oo.

A similar result is obtained after suppression of the
heating light beam. In this case, the thermal relaxation
can be fitted to

T(t) = Tg + ATge e/ (6)

As a consequence, it is deduced that the thermal
relaxation time related to the thermal conductivity
of the sample t;, should be very much smaller than
71, which is commonly associated to the relaxation
time of the sample and its surroundings s [15]. As
an example, at Tg =300 K and P =48 W, 7y ~ 11 s
and ATy = 0.13 £0.02 K. It is also observed that
these quantities together with ATy, are only slightly
temperature dependent.

4.2. Modulated light beam frequency

In order to select a frequency which allows to
use the simplified expression (4) for determining
the heat capacity, frequency scans at several constant
block temperatures and powers must be performed. A
plot of AT,. as a function of the inverse of the
frequency 1/f should show a region of proportionality.
Moreover, in this frequency region, a n/2 phase shift
between the thermal oscillations and the heating
square wave is observed by means of an oscilloscope.
Therefore, any frequency value in this interval may
be set as the chopper frequency. As it is shown in
Fig. 4 the linear dependence for the TGS sample
at Tg = 300K lies between 1.0 and 1.6 Hz. The
selected frequency values are usually valid for wide
temperature ranges.

4.3. Heating power

As it can be observed in (4), even if f and AT, are
measured, the specific heat of the sample can only be
determined if the actual absorbed power P is known.
As it could be expected this task is, if not impossible,
extremely difficult. This explains the fact that absolute
C, results are normally out the scope of the AC
methods. Only careful calibrations have permitted
in some few cases a reasonable approach to the true
specific heat values [6]. However, a high stability of
the heating power during measurements is required to
guarantee the proportionality between C, and 1/AT,..
The variation of the beam intensity as a function of
time was accomplished by direct observation of the
photodiode electric current. A better procedure is to
evaluate the stability of the absorbed light in the
sample. It is easily performed by recording the thermal
AC oscillations as a function of time at constant
frequency and temperature (i.e. C,, = constant). Note
that under these conditions, AT, < Py (4). It is
observed that, after 12 h working, the stability of
the light beam is very high. On the other hand, the
decreasing of the intensity due to the ageing of the
lamp is slow and long-term. Moreover, the peak-to-
peak temperature oscillations of the sample must be
smaller than the temperature interval between two
measurements, but as high as possible to reduce noise.
In the present case, a lamp power of P = 48 W was
selected and corresponds to AT, ~ 3 mK.
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Fig. 4. Frequency scan at constant sample mean temperature. The linear region is in agreement with the direct observation of the n/2 phase
shift of the thermal oscillations. Any frequency value in this interval may be set as the chopper frequency.

5. Discussion

The availability of absolute values of the TGS
specific heat obtained by adiabatic calorimetry [16]
have permitted us to fit the AC calorimetric results
around the phase transition temperature. It has been
accomplished by using an unknown constant power of
the chopped light as a scaling factor and assuming a
linear temperature dependence for the specific heat of
the addenda with two adjustable parameters:

C, =A(C, +B+CT) @)

where A = Py/2nf. The factor C, represents the
absolute specific heat data and CI’, are the experimental
AC data. A least square method has been applied to
determine the coefficients which lead to the best fit
(see below). The addenda contribution in this tempera-
ture range is found to be about 3.5% of the total C,,.
The phase transition contribution to the specific
heat is usually obtained by means of an appropriate
baseline which accounts for the lattice contribution.
In this case, this baseline has been determined by a
linear extrapolation of the specific heat data at
T > 330 K. This approximation is usually found not
adequate for a precise determination of the total phase
transition thermodynamic functions when the asso-
ciated C, anomaly extends throughout a wide tem-
perature range. However, it can be considered enough
for the study we are performing in a limited range.

As it is well known, the ferroelectric phase transi-

tion exhibited by TGS can be described within the
frame of the Landau theory for second-order phase
transitions. This has been accomplished in the past by
means of a free energy expansion as a function of the
order parameter (which in this case is the spontaneous
polarization) ([17] and references therein). However,
a much better fit to the experimental data in a wider
temperature range is found if this function is expan-
ded up to the sixth order and the proportionality
between the entropy and the squared polarization is
used (see below).
F=Fy+L1aP? +1pP" +1yP0 1 ... (8)
As usual, only the second-order coefficient is con-
sidered to be temperature-dependent, o = (47/C)
(T — Ty), where C is the Curie constant. In this case,
the phase transition entropy is obtained by

OF 2n\ ,
ss==(5r), - ()r
The entropy values can be fitted to the experimental
P? data [14]. The best fit has been found for C =
2312 K. Both quantities are plotted in Fig. 5 showing
a good agreement in the range of temperature:
To—T < 15°C.

From the minimization of F' with respect to P and
taking into account that C, = T(9S/9T), the specific

€))
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Table 1
Phenomenological coefficient values obtained by different experimental methods

Ty (°C) C (K) p (e.s.u.) y (e.s.u.) Method

Hoshino et al. [14] 48.0 3200 9.3 x 107° - P, ¢
Ema et al. [18] 48.0 - 6.5 x 107'° 6.6 x 107'® AC, (ac cal.)
Tobén and Gordon [19] 48.9 3414 44 x 107" 120 x 107'% P, ¢
Tobén and Gordon [19] 48.9 3414 44 x 107" 3.0 x 10718 AC, (ac cal.)
This work 48.7 2312 9.6 x 107'° 10.0 x 107'® AC, (ac cal.)

As shown in Fig. 6, an excellent correlation between
the experimental points and the fitted values is
obtained.

A least squares fit of (T/AC,,)2 versus (T — Tp) was
used to calculate the values for the remaining phe-
nomenological coefficients: f = 9.64 x 1071% (e.s.u.)
and y=10.01 x 10-'8 (e.s.u.). In Table 1, these
results are compared with some of the data found
in the literature. Finally, in Fig. 7 the experimental
specific heat points are plotted together with Eq. (10)
using the calculated values for C, f§ and y.

The observed discrepancies are commonly found
in this kind of phenomenological approaches. They
can be assigned to the use of different samples, but
also to the experimental procedures and the selected
order expansion of the free energy. For example,
Tobon and Gordon [19] find different coefficient

values when either the specific heat or the spontaneous
polarization data are used to fit the corresponding
phenomenological equations. On the other hand, the
values for the Curie constant (C) are usually estab-
lished from the fitting of the experimental permitivity
above the transition temperature to the Curie law:
&= C/(T —Tp) [14]. This law is obtained from the
Landau expansion to the fourth order and if the sample
polarization is assumed to be very small. As far as
these experiments have to be performed under an
applied AC electric field, the validity of the Curie
law is restricted to the very near proximity of 7.
Nevertheless, in our case, the Curie constant is deter-
mined in the ferroelectric phase from the experimental
entropy and the spontaneous polarization (Eq. (9)).
Both quantities were determined at zero electric field
and in a wide temperature range below Tj,.
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