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ABSTRACT

We describe a simple and accurate differential thermal analysis setup to measure the latent heat of solid state materials undergoing abrupt
phase transitions in the temperature range from 77 K to above room temperature. We report a numerical technique for the absolute calibration
of the latent heat of transition without the need for a reference sample. The technique is applied to three different samples—vanadium
sesquioxide undergoing the Mott transition, bismuth barium ruthenate undergoing a magnetoelastic transition, and an intermetallic Heusler
compound. In each case, the inferred latent heat value agrees with the literature value within its error margins. To further demonstrate the
importance of absolute calibration, we show that the changes in the latent heat of the Mott transition in vanadium sesquioxide (V,03) remain
constant to within 2% even as the depth of supersaturation changes by about 10 K in non-equilibrium dynamic hysteresis measurements. We
also apply this technique for the measurement of the temperature-dependent specific heat.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0056857

I. INTRODUCTION

Differential thermal analysis (DTA) and differential scanning
calorimetry (DSC) are widely used for the determination of the reac-
tion heat, specific heat, latent heat, and enthalpy in the temperature
range from millikelvin to kilokelvin.! > While a variety of commer-
cial DTA instruments are now available, a lack of confidence in the
data has been expressed in many studies as the dependence of DTA
peak’s area on the temperature scanning rate, heat flow rate, and
transition temperature is not completely understood.* ® Such extrin-
sic instrument-related effects may mask the small effects intrinsic
to the samples, especially when the measurements are carried out
under non-equilibrium conditions.

For example, while the latent heat is generally considered a
material constant, thermally induced hysteretic martensitic trans-
formations are also thought to experience an increase in latent heat
with the increasing scanning rate due to the irreversible motion of
the phase interface.”” Similarly, a small dependence of the latent
heat of freezing of water on the supersaturation temperature has
also been reported." It is usually very difficult to unambiguously
draw such inferences because the area of the latent heat peak in the
DTA measurement itself varies strongly (approximately with a linear
dependence) with the temperature scanning rate.'” Second, DTA

and DSC instruments are calibrated using well-established reference
materials. The uncertainties in calibrant data, which are between 2%
and 10%," always produce some errors.'' Since the calibration values
are based on measurements supposedly under (quasi-)thermal equi-
librium,*'! the difficulty is the interpretation of the measurements
under non-equilibrium conditions is only compounded.

Despite the long history and its relative simplicity, there have
been constant innovations in the methodology and instrumen-
tation of DTA. Variants of different adiabatic and nonadiabatic
calorimetry techniques—heat pulse method,'>"* continuous heat-
ing method,'* hybrid method,'” relaxation calorimetry,'® heat flux
calorimetry,'>'”"'” and ac-calorimetry*”*! —have been discussed
over the past 15 years.

Here, we report a relatively simple and highly accurate lock-
in amplifier-based DTA apparatus. The calibration is based on a
first-principles technique where the absolute value of the latent heat
can be estimated without the need for a reference sample. The
robustness of the technique is further demonstrated by the fact that
the calculated latent heat is found to vary by less than 2%, even
as the temperature scan rate is varied by an order of magnitude
and the DTA peak area changes by more than a factor of 10. Some
of the measurements reported in Refs. 22 and 23 were done on this
apparatus.
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FIG. 1. (Left) Schematic of the calorimeter. The sample is mounted on substrate
A, and the other nearly identical Pt-100 (substrate B) serves as the reference.
An external temperature controller controls the temperature of the thermal reser-
voir through a temperature sensor and a cartridge heater, which is placed inside
the thermal bath. (Right) Equivalent electrical circuit of the calorimeter based on
analogy between Biot-Fourier and Ohm’s law.

Il. DTA CALORIMETER

Figure 1 (left) shows the schematic of the calorimeter, which
can be operated down to 77 K. Two nearly identical and calibrated
Pt-100 resistors, in a ceramic package, serve as substrates A and B,
respectively, and are also used to measure the temperature.'*?*%°
These two substrates are placed over a temperature-controlled cop-
per block (heat capacity ¢y, ~ 31.74 J/K) that serves as a thermal
bath. A glass coverslip of thermal resistance ry, ~ 290 K/W performs
as a poor thermal link between the substrates and the thermal bath.
The sample is mounted on substrate A. Substrate B acts as the refer-
ence. When the latent heat is absorbed from (released to) substrate
A during the transition, its temperature T4 decreases (increases)
with respect to the temperature Tp of reference substrate B. The
transition temperature and latent heat can be estimated from the
temperature difference of the two substrates (T4 — T'g). T is also, of
course, the temperature of the thermal environment experienced by
the sample. The copper block can be thought of as a thermal reser-
voir because of its much larger heat capacity in comparison to the
sample and the substrate heat capacities, ¢; and ¢, respectively. It is
critical to note that thermal resistance (coverslip) plays an important
role by slowing the temperature equilibration of substrate A with
the thermal bath. The temperature of the setup is controlled by a
Lakeshore temperature controller with the aid of a cartridge heater,
and another Pt-100 thermometer is mounted on the copper block
(thermal bath). Good thermal contacts between the sample and the
substrate, the substrates and the coverslip, etc., are ensured by a thin
layer of suitable vacuum (ApiezonN) grease.

This calorimeter forms a small unit that can be placed inside
most conventional cryostats. We have used a four-chamber liquid
nitrogen cryostat (Oxford Instruments’ Optistat DN) with a cold-
finger design, which was rewired for the purpose. Static exchange
gas was sometimes used to increase the cooling rate.

A nearly perfect linear temperature ramp between 77 and 300 K
at scan rates varying between 0.1 K/min and about 50 K/min could
be accomplished” by a suitable choice of the “proportional, integral,
and derivative” (PID) values in the temperature controller.

The electrical circuit with two lock-in amplifiers (LIAs) (Stan-
ford Research Systems model SR 830) is shown in Fig. 2, where one
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FIG. 2. Schematic of the electronics in the latent heat measurement setup. The
resistance differences of two Pt-100 substrates A and B are measured with
respect to the resistance of reference substrate B. Subsequently, resistances are
converted to the temperature from Pt-100 calibration data.

LIA measures the absolute temperature of reference substrate B and
the second LIA measures the temperature difference between the
two substrates. During the abrupt phase transition, as the latent heat
is exchanged with substrate A, there is a change in relative tempera-
tures (A T) between substrates A and B. This DTA peak is shown in
Fig. 5 as a function of reference temperature.

lll. THEORY AND CALIBRATION

The assumption of linear response leads to the straightfor-
ward analogy between the heat transport and electrical circuit equa-
tions,'”!” where the amount of heat, heat flux, temperature differ-
ence, specific heat, and thermal resistance correspond, respectively,
to an electrical charge g, electric current i, voltage difference v,
capacitance ¢, and electrical resistance r. We will use lowercase let-
ters (g, i, v, ¢, and r) to designate the electrical equivalents of the ther-
mal circuit parameters, and the actual electrical circuit parameters
will be designated with uppercase letters (R, I, V, and C). The equiv-
alent electrical circuit for the calorimeter in Fig. 1 (left) is shown
in Fig. 1 (right). The equivalent circuits for substrates A and B effec-
tively decouple into parallel configurations under common bias with

vs(csu;,+cs):fisdt and v,csuh:firdt, (1)

where
. Vp — Us .
is= ——— and i =
T'th T'th

Vp — Ur

2

Equation (1) can be solved numerically.

The material parameters c,;, and ry, are functions of temper-
ature, and their values (at any given temperature) are determined
using the electric circuit shown in Fig. 3. Here, a constant voltage V.
is switched on as a step at time ¢ = 0 from an external power supply,
and the Pt-100 substrate is used to both dissipate the I.(¢)*Rp(t)

Rev. Sci. Instrum. 92, 075106 (2021); doi: 10.1063/5.0056857
Published under an exclusive license by AIP Publishing

92, 075106-2


https://scitation.org/journal/rsi

Review of

Scientific Instruments

I q(t)
Csub
N

FIG. 3. Calibration: schematic of the (a) actual circuit and (b) electrical equivalent
of the thermal circuit made for the determination of ¢ss(T) and re (T).

o (b)

Thermal link (ry,)

Thermal Reservoir

heat per unit time, where I.(t) is the current through it and Ry:(t)
its resistance, as well as to monitor its temperature which increases
to a steady-state value that is 1-5 K higher than the starting temper-
ature T, [Fig. 4(a)].!° For a small rise in temperature, the change in
current with time I.(t), due to the change in Pt-100’s resistance, can
be ignored in the first-order approximation. Then, the temperature
rise

IRyt

Csub

can be easily calculated from the electrical equivalent of the thermal
circuit [Fig. 3(b)]. Here, T = ¢qp7y is the time constant. From Eq. (3),
it is evident that for sufficiently large values of t, the voltage reaches
its steady-state value Icszt‘r/ Coub-
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FIG. 4. (a) (o) Temperatures rise of the substrate due to continuous heating of Pt-
100 by applying external currents (I; = 10, 12, 14, 16, and 18 mA) at bath tempera-
ture T, = 160 K. Equation (3) is fitted with identical time constant = = rycsyp ~ 3.2

2
s (—). (b) Steady-state temperatures (’f—"”) vs heating powers (IER,,,) obey a
straight line relationship, giving rise to cs, = 0.011 J/K and ry, = 290.53 K/W.
Temperature-dependent specific heat (c) of the substrate and thermal resistance
(d) of the heat link are interpolated (line) from the repetitive calibration experiment
at different steady-state temperatures (dots).
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Figure 4(a) shows the rise in the Pt-100 substrate temperature
with I, = 10, 12, 14, 16, and 18 mA and T}, = 160 K. The rise time
7 is found to be 3.2 s from electrical analogy of the thermal circuit
(Fig. 3). The saturation temperature exhibits a linear dependence on
the thermal power [Fig. 4(b)] with slope 7/cq,, giving cqp, = 0.011 J/K
and ry, = 290.53 K/W.

The temperature dependence of ¢y, and ry is obtained by
repeating the same experiment at a few different bath tempera-
tures, and a functional form is empirically determined by interpo-
lating these few points with a polynomial of degree 2 [Figs. 4(c)
and 4(d)].

IV. RESULTS AND ANALYSIS
A. DTA measurements and extraction of latent heat

Figure 5 shows DTA measurements for abrupt phase tran-
sitions in three different materials. The DTA peaks® of V,0;
[Fig. 5(b)] are quite sharp, indicating an abrupt phase transition
(APT) with a relatively large latent heat and the single phase nature
of the material.** The latent heat peaks associated with the magne-
toelastic transition in Ba;BiRu; Oy and martensitic transformation
in the MnNiSn alloy, on the other hand, are relatively small.””-** The
noise in the DTA peaks in Fig. 5(c) indicates avalanches’ during
the martensitic transition and is not a measurement limitation. The
overall shape of the DTA curve away from the transition is deter-
mined by the temperature dependence of the heat capacity of the
sample.”*

Since the values of the thermal circuit parameters ¢, and ry,
have already been determined, the curves observed in Fig. 5 are easily
simulated by numerically integrating the equivalent circuit equa-
tions with a linearly ramped temperature. Note that the signals in
Figs. 5(b)-5(d) are the measurements of the temperature difference

225 16 K/min (a) 1.0 (b)
3
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FIG. 5. (a) lllustrative temperature profile of a ramp signal, which is the driv-
ing force of our experiments. The DTA signal as a function of temperature for
metal-insulator transition of V,03 (b), magneto-structural phase transition of
Mn-Ni-Sn based Heusler alloy (c), and magnetoelastic transition of BazBiRu;0qg
(d). The temperature ramp rate of experiments was 16 K/min.
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between the sample-containing substrate A and the blank substrate
B. The temperature dependence of this difference can arise from two
factors—(a) the temperature-dependent changes in the heat capac-
ity of the sample or (b) the release or absorption of the latent heat by
the sample. Unfortunately, these two factors are not clearly separa-
ble and one may theoretically simulate the observed curves by either
varying the sample heat capacity ¢, or (ii) introducing or eliminating
a certain amount of charge on ¢, to simulate the effect of the release
or the absorption of the latent heat. While there is no unambiguous
way of dealing with this problem, one way to systematically proceed
is the following: we first assume that there is no latent heat contri-
bution and simulate the particular temperature rise AT(T) curve by
varying only the heat capacity of the sample, ¢;(T), in the equiva-
lent circuit [Fig. 1 (right)]. One such sample calculation is shown in
Fig. 6 [inset (a)]. Second, we note that while the temperature varia-
tion of specific heat of V,0j3 is in good agreement with the literature
values® away from the transition, the peaks in Fig. 6 are not phys-
ical as indeed the specific heat is not defined at the APT. The DTA
curve around the APT is governed by the latent heat of transition.
To account for both of these facts, we have demarcated regions in
the DTA curve, which show a steep change in the slope (due to
the latent heat release at the APT) from the smoothly varying back-
ground. This region of steep increase was now eliminated from the
analysis, and the specific heat values ¢;(T) in the region of the phase
transition were linearly interpolated from the values of the specific
heat just before and just after the transition [Fig. 6, inset (b)].

This linear interpolation of ¢;(T) [Fig. 6 (bottom inset)] in the
region of the abrupt phase transition is obviously unphysical and
is meant to only give a handle on the background of the latent
heat peak. Since the substrate’s specific heat [Fig. 4(c)] and ther-
mal resistance [Fig. 4(d)] in the equivalent circuit [Fig. 1 (right)]

__ 4
V4 g1 (a)
\c')) § 05
2 34 2 0o
™ i g 05
ON 2 g 10 Experiment
> 27° ., |
u— 120 140 160 180
o Temperature (K)
—
© 1
% "
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e Jl— Cooling 2
: q 04
N 11l= Heating » 120 140 160 180
- T T T T T T T
120 140 160 180

Temperature (K)

FIG. 6. [Inset (a)] Temperature-dependent specific heat of V, O3 is inferred by vary-
ing (only) the sample heat capacity ¢s(T) in the equivalent circuit [Fig. 1 (right)]
such that the simulated signal fits the experimental DTA graph. [Inset (b)] The con-
tribution to the DTA peaks in the transition region is primarily from the latent heat of
transition, and the values of the specific heat in this region are inferred by linearly
extrapolating the sample specific heat outside this region. The main figure shows
the inferred specific heat of the sample in the complete temperature range. The
difference in the regions around the transition is attributed to the latent heat, which
is added in the next round of the circuit simulation.
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TABLE |I. Estimates of the latent heat (during heating) for three different samples
undergoing hysteretic abrupt transitions.

Samples Mass (mg) Latent heat Literature value
V,0;3 6.59 1650 J/mol 1490-2100 J/mol*®
MnsoNigeSnig 7.76 8.47]/g 6.63-12.42 ]/gl‘—
Ba3BiRu, Oy 14.8 715 J/mol 710-720 J/mol*®

were already estimated, we can finally fit the DTA peak by externally
adding (or extracting) a certain amount (q) of heat in the circuit
simulation at each time step. The integrated value of this assigned
heat is the latent heat of transition. The latent heat of V,0O3 is listed
in Table I. The same idea was implemented to calculate the latent
heat of Ba;BiRu,O9 and Mn-Ni-Sn alloy. The present experimental
results of three samples agree within 5% with the literature values,
which themselves have similar uncertainties.

We must mention that there is some arbitrariness in the choice
of the transition region. Since the change prominence of the latent
heat peak over the smooth specific heat background is strongly
dependent on the temperature scanning rate R, our technique does
not work for rates R < 1 K/min. In the case of a small ramp rate,
a small error in locating those points produces a large error in the
latent heat value as background subtraction of the latent heat peak
has been made depending on those points. Due to the large size of
the DTA peak in the high ramp rate, the background correction does
not greatly affect the latent heat values.

B. Latent heat of supersaturated transition

Based on the analysis of the data in Fig. 7, we had previously
observed that the depth of supercooling and superheating increases
with the temperature scan rate R and follows a dynamical scaling
relation AT(R) o RY.”> Here, AT(R) = |T) -~ T}/, j = H,C, is the
shift in the phase transition temperature to an R-dependent value
TH > T8 during heating and TS < TS during cooling. TH and T§ are

Temperature rise (K)

130 140 150 160 170 180
Temperature (K)

FIG. 7. (o) DTA signal as a function of temperature for different linear ramp rates.
(—) The simulated DTA signals. In each case, the values of the free system
parameters, Cs(T), Csup, @nd ry are the same.
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the transition temperatures under a quasistatic change in the sample
temperature under heating and cooling conditions, respectively.

It is natural to ask if the value of the latent heat would also
be scan rate-dependent. One may naively expect that the sample’s
heat loss or gain would be proportional to the area of the curves
measuring the differential temperature rise (Fig. 7).* However, the
primary rate dependence of the temperature rise, for intermedi-
ate temperature scan rates R, actually comes from the competition
between the rate of the release of the latent heat and the thermal
time constant 7 = ry,[cgp + 5| of the apparatus. This is, of course, a
well-known fact.!~*7?* The actual change in the DTA peak area with
R is shown in Fig. 8(a), for over an order of magnitude variation of
the temperature scan rate.

In Fig. 7, the experimental DTA curves for different temper-
ature scan rates are fitted to estimate the latent heat of V,05. The
values of the free parameters ¢;(T), ¢, (T), and r4, (T') are kept fixed
at their previously determined values. It is perhaps remarkable that
despite more than a 1000% change in the area of the DTA curve
[Fig. 8(a)], the inferred latent is found to be a constant within about
2% [Fig. 8(b)]. The difference in latent heat in heating and cool-
ing is usually attributed to the extra dissipation caused by internal
friction.”"*

Supersaturation Temperature (K)
1.8 25 5.7 8.5

20 1 " — " "
. @
258
=5
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£ 2 - — Rate13%
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= 1600+ :|:“2%
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5 7510 25 50
Rate (K/min)

FIG. 8. (a) Change in DTA peak’s area (arbitrary unit) with temperature quench
rates. (b) Latent heat of V,03 with the depths of supercooling and superheating
shift (top x axis) due to different driven temperature scanning rates (bottom x axis).
The supggsaturated temperature (AT) follows a scaling law with scanning rate (R):
AT ~ R?5,
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V. CONCLUSION

We have implemented an absolute calibration technique in a
homemade DTA setup. This technique therefore does away with the
need of a standardized calibrant sample. The reliability of the appa-
ratus is demonstrated by latent heat measurements in three different
materials—vanadium sesquioxide undergoing the Mott transition,
bismuth barium ruthenate undergoing a magnetoelastic transition,
and an intermetallic Heusler compound. In each case, the value of
latent heat determined by this method agrees very well with the
reported data. It was shown that, despite a very large temperature
sweep rate-dependence of the DTA signal, where the area of the
DTA peak changed by about 2000%, the value of the inferred latent
heat is constant to within about 2%. The technique is shown to be
capable of also reliably computing the specific heat of the samples at
the same time.

The technique described here can be easily extended to much
lower (up to ~ 4 K) or higher temperatures by appropriate choice of
the sensors and the cryostat. The compact apparatus can also easily
be accommodated within one of the standard variable temperature
inserts of, for example, a “physical property measuring system” to
enable magnetic field-dependent measurements.
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