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Thermophysical Properties of the CsPbCl3 Single
Crystal Using Pulse Transient Method1

L'. Kubic� a� r,2, 4 V. Boha� c� ,2 and K. Nitsch3

The main features of the pulse transient method are presented. The method
gives the specific heat c and thermal diffusivity a for a single measurement, while
thermal conductivity * is calculated according to *=ca\, where \ is the density.
The pulse transient method is a dynamic method based on the measurement of
the temperature response to a heat pulse produced within a specimen. An
apparatus operating in the temperature range from &40 to 100%C is described.
Errors are discussed. The thermophysical properties of a CsPbCl3 single crystal
are determined using the pulse transient method for a temperature range
between 10 and 65%C in the controlled heating and cooling regimes. The data
show anomalies in the thermophysical properties around the phase transition
temperature at 47%C. Discrepancies in comparison with previously published
data are discussed.

KEY WORDS: CsPbCl3 single crystal; heat of transition; phase transition;
pulse transient method; specific heat; thermal conductivity; thermal diffusivity.

1. INTRODUCTION

Technology optimization and material aging are of great interest in mate-
rials production. Thermophysical property measurements help to improve
material reliability. Recently, dynamic methods have started to be used for
measurements of the thermophysical properties [1�5]. Their advantage lies
in measurements of the specific heat, thermal diffusivity, and thermal
conductivity at a controlled temperature during heating or cooling of the
specimen (thermal analysis regime). Such measurements give information
regarding structural relaxation and phase transitions [1, 6].
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For the study of phase transitions in solids, various experimental
techniques can be used and their reliability can be evaluated by different
criteria. Differential scanning calorimetry (DSC) and differential thermal
analysis (DTA) are used for the investigation of the kinetics of the phase
transition of first kind [7]. Information related to the kinetic parameters
such as the Avrami exponent and the activation energy of the transition can
be estimated. A measuring regime can be used that gives average values of
the specific heat within temperature intervals of several tens of kelvins [8].

Adiabatic or drop calorimeters are used for the measurement of
specific heat of both kinds of phase transition [9, 10]. These methods are
not useful in the thermal analysis regime. Moreover, drop calorimetry
induces nonequilibrium states in structures that undergo phase transitions
due to rapid temperature changes.

The flash method is used for investigation of the thermal diffusivity in
the region of phase transitions of both kinds [11]. It can be used in the
thermal analysis regime. The measurement of the thermal conductivity near
a phase transition is unreliable with a steady-state method due to the tem-
perature gradient during the measuring process [12].

CsPbCl3 is a Pb2+-rich crystal in which mainly optical properties are
studied because of their application for fast scintillation in high-energy
physics and in some industrial applications. It has been reported that the
crystal undergoes a succession of phase transitions: cubic (Pm3m)�tetra-
gonal (P4�mbm) at 47%C, tetragonal (P4�mbm)�orthorombic (Cmcm)
at 42%C, and orthorombic (Cmcm)�orthorombic (Pnma) at 37%C [13, 14].
The phase transition at 42%C is of second order and those at 47 and 37%C
are of first order. The crystal has perovskite-type structure above 47%C. On
lowering the temperature below 47%C, elastic instabilities connected with
boundary motion of elastic domains can be found [15].

The present paper deals with the measurement of thermophysical
properties��specific heat, thermal diffusivity, and thermal conductivity��of
CsPbCl3 single crystal by the pulse transient method. A detailed experi-
mental study of the thermophysical properties in the temperature range
from 10 to 60%C is performed. The reversibility of the phase transition is
investigated using a controlled temperature during heating or cooling of
the specimen (thermal analysis regime). The measured values of the specific
heat are compared with previously published data.

2. EXPERIMENT

2.1. Specimen

The single crystal of CsPbCl3 used for the measurement of thermo-
physical properties was grown from the melt by the Bridgman method [16].
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It was formed by the frozen high-temperature cubic phase, and its dimen-
sions were 20 mm in diameter and 50 mm in length. The density of the
crystal is 4200 kg } m&3. A specimen was prepared from the crystal cut
into three pieces along the a axis (10_10_7 mm3, 10_10_6 mm3, and
10_10_7 mm3) to insert measuring probes between the cut surfaces.

2.2. Principle of Method

The principle of the method is shown in Fig. 1. The specimen consists
of three parts. A plane heat source is fitted between the first and second
parts. A heat pulse is produced by passage of an electrical current through
a planar electrical resistance. The heat pulse is produced due to the Joule
heat in the planar electrical resistance. A thermocouple is fitted between the
second and third parts. The thermocouple measures the temperature
response to the heat pulse. The thermophysical parameters��specific heat,
thermal diffusivity, and thermal conductivity��are calculated according to
the following relations:

Specific heat

c=Q�- 2?e \hTm (1)

Thermal diffusivity

a=h2�2tm (2)

Thermal conductivity

*=ac\ (3)

Here Q=RI 2t0 , R is the electrical resistance of the planar heat source,
t0 is the width of the current pulse, \ is the density, and the other param-
eters are defined in Fig. 1.

Fig. 1. Principle of the pulse transient method.
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2.3. Experimental Arrangement

The experimental arrangement is shown in Fig. 2. A planar heat source
made of a 20-+m-thick nickel foil was used. The heat source is etched as
a series of loops to obtain higher electrical resistance. The electrical
resistance of such a heat source is around 0.7 0. A K-type (chromel�
alumel) thermocouple of diameter 50 +m was used to measure the tempera-
ture response to the heat pulse. A heat sink paste (Midland Silicones Barry
Glamorgan) is used to improve thermal contact between the individual parts.

2.4. Experimental Apparatus

The experimental setup (Fig. 2) is fitted into the holder (Fig. 3).
A thermostat with a precision of \0.05 K controls the temperature of the
specimen holder. The measurements were performed in the temperature
range from 10 to 65%C using heating and cooling rates of 0.04 K } min&1.
All measurements were performed in a vacuum of 0.1 Pa. A schematic
diagram of the electronic devices is shown in Fig. 4. The heat pulse was
produced with a programmable current source. The current intensity and
the current pulse length were controlled by a microcomputer. The tem-
perature response was scanned by a Keithley voltmeter. All units were
synchronized by a PC that was used for data acquisition.

2.5. Measuring Cycle

The measurements were made in cycles consisting of operations
required for the determination of the thermal diffusivity, specific heat, and
thermal conductivity. A measuring cycle consists of the following opera-
tions: measurement of the specimen temperature, production of the heat

Fig. 2. Experimental arrangement of the specimen
and measuring probes.
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Fig. 3. Apparatus for measurements in the temperature range from &40 to 100%C.

Fig. 4. Electronics arrangement of the pulse transient
method.
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pulse, measurement of the energy of the heat pulse, scanning of the tem-
perature response, calculation of the thermophysical parameters, and
stabilization of the specimen temperature. The length of the measuring
cycle and the heating or cooling rates are the important parameters related
to the measurement. The lower the heating or cooling rate, the more data
that can be obtained in the region of the phase transition provided that the
length of the measuring cycle is the same for all heating or cooling rates.

2.6. Measurement Error

The measurement error consists of the following components:

v the error components resulting from the difference between the
idealized model and the actual experimental arrangement,

v the error component resulting from the nonreproducible fitting of
the sample and the measuring probes into the holder, and

v the error component resulting from the imperfection of the
instruments.

The first component can contribute considerably to the overall measure-
ment error. This component is responsible for data shift. The error can be
minimized by fulfilling the criterion of the ideal model, which represents the
experimental arrangement where the influence of the heat source, the ther-
mometer, and the thermal contacts on the data are negligible. Moreover,
the ideal model represents an infinite body, i.e., the specimen surfaces do
not influence the measuring process. A set of additional parameters needs
to be estimated when the criterion of the ideal model is not satisfied.
A theoretical analysis gives the following criteria of the ideal model [9]:

v To suppress the specimen surface influence on the measuring pro-
cess, the following relations between the thickness of the second part of the
specimen (Fig. 1) and the diameter of the specimen should be fulfilled:

h>0.2D, hH�*<0.1

where h is the distance between the planar heat source and the ther-
mometer (Fig. 1), D is the diameter of the specimen, and H is the coef-
ficient of the heat loss from the specimen surface.

v The heat capacity of the heat source should be negligible in com-
parison to the specimen to suppress the properties of the heat source and
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the contact thermal resistance between the heat source and the specimen,

hc\
2bc0 \0

>500

where b is the thickness of the planar heat source and c0 and \0 are the
specific heat and density of the heat source, respectively.

v The width of the heat pulse (Fig. 1) should fulfill the relation

t0<0.1tm

Correction factors have to be used when the criteria are not fulfilled.
Criteria for the ideal model and correction factors for the experimental

setup used (Fig. 2) are given in Table I. It is assumed that the difference
in parameter estimation for rectangular and cylindrical shapes of the
specimen is negligible. The conditions of the ideal model listed in Table I
were not met. Corresponding correction factors were calculated according
to theory [1]:

v the measurements were performed in vacuum to suppress the heat
loss from the specimen surface ( fa , fc � 1; see Table I), and

v data were corrected considering the finite length of the heat pulse
according the procedure published elsewhere [1].

However, correction factors corresponding to nonideal heat source were
not used. Thus, data for the specific heat might be shifted by 20 to higher
values and data for the thermal diffusivity to lower values.

Table I. Parameters of Experimental Setup

Experimenta

Parameter Theory fa fc

Thickness of specimenb (mm) <2 6
1.5c (1d ) 0.8c (1d )

Diameter of specimenb (mm) >30 10
Heat source thickness (+m) <5 20 0.98 0.98
Heat pulse width (s) <3.6 4 0.9 1

a fa , correction factor for thermal diffusivity a=ameas � fa ; fc , correction factor for specific
heat c=cmeas fc .

b The estimation of the thickness and diameter is bounded.
c Air environment.
d Vacuum.
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3. RESULTS AND DISCUSSION

Experimental results are shown in Fig. 5, where the temperature, ther-
mal diffusivity, and specific heat are plotted as a function of measuring
time. The specimen temperature is a linear function of time. Low scatter
was observed. Anomalies of the specific heat and the thermal diffusivity
were found during heating as well as during cooling. No hysteresis of the
specific heat exists near the phase transition. An anomaly was also found
for the thermal diffusivity around 47%C, and it has a more complicated
structure. While the specific heat gives information related to the energy of
the system, the thermal diffusivity is a transport parameter that is related
to the sound velocity and free path of phonons. The thermal conductivity
is a product of the specific heat, density, and thermal diffusivity [Eq. (3)].
Thus, determination of the thermal conductivity includes several properties.

The anomaly in the thermophysical parameters will be discussed and
the specific heat data given by adiabatic calorimetry [17, 18] will be com-
pared with the data obtained by the present measuring technique.

The nature of the phase transition is based on the freezing or conden-
sation of the rotation modes of PbCl6 octahedral phase in combination
with atomic displacements of Cs atoms of the cubic sublattice when lower-
ing the temperature from 50%C [19]. A ferroelastic phase is created below

Fig. 5. Experimental data for the thermophysical properties of
CsPbCl3 single crystal.
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the phase transition [15]. Any structural defect or temperature gradient
inducing microstresses influences the domain structure.

Temperatures of the anomalies found by different authors are given in
Table II. Sound velocity shows a broad dip around 40%C [13, 14]. Elastic
compliance has a broad peak around this temperature [17]. Considerable
acoustic attenuation is observed in this temperature range [15]. Soft
modes were found by neutron scattering [19]. Anharmonicity of the struc-
ture should exist [15]. Expansion shows abrupt changes at 47%C [19].

Detailed plots of the specific heat and thermal diffusivity around the
phase transition for heating and cooling are shown in Fig. 6. Anomalies of
sound velocity and elastic compliance from Refs. 17 and 19 are noted for
comparison. Although the start and end of the anomalies coincide with the
thermal diffusivity anomalies, no significant change in data can be found
within the dip and peak of sound velocity and elastic compliance, respec-
tively. Data on thermal diffusivity might be influenced by anharmonicity
when the measurements are performed on polydomain crystals. Clearly,
in our case, anharmonicity plays a negligible role, as measurements were
performed on a nearly monodomain crystal. Data on specific heat show a
small, broad peak around 40%C similar to that found in the literature [17];
however, it is questionable to ascribe it to a phase transition.

Comparing heating data with cooling data (Figs. 6a and 6b), one can
see that good reproducibility of anomalies exists. Data scatter on heating
is larger than on cooling. This is connected with the defreezing of the
microstructural processes. A similar statement is valid for the anomaly of
the thermal diffusivity at 37%C, where the anomaly associated with heating
is more profound than that with cooling. It should be noted that no heat
treatment was performed before the measurements started.

Table II. Characteristics of the Phase Transition of CsPbCl3

Anomaly temperature (%C)

Orthorombic Orthorombic Tetragonal
Measured parameter orthorombic tetragonal cubic Reference

Sound velocity Broad dip at 40 �� 14
Elastic compliance Broad peak at 40 �� 16
Expansion �� �� 47 16
Specific heat 37 41.7 46.5, 47.9 17
Specific heat Broad peak at 40 47 16
Specific heat �� �� 47.1 Present work
Thermal diffusivity 35 44.5 46.9 Present work
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Fig. 6. Detailed plots of the specific heat and thermal diffusivity for heating and cooling
around the phase transition.

A comparison of our specific heat data around the phase transition
was made with published values [17, 18]. The heat of transition, specific
heats at 25 and 50%C, as well as the shape of the specimen and the
measurement method are listed in Table III. In Ref. 18, the area just under
the peaks is given as 60 to 100 J } mol&1. Adiabatic calorimetry in a
sophisticated measuring regime was used to find several narrow peaks.

Table III. Comparison of Data for CsPbCl3
a

Specific heat

Heat of transition
(J } kg&1 } K&1)

(J } mol&1) 25%C 50%C Material�method Reference

180 540 144 Powder�adiabatic calorimetry 16
500 (60?) 310 131 Several pieces of crystal�adiabatic calorimetry 17
185 508 272 250 Single crystal�pulse transient Present data

a Dulong�Petit value of 270 J } kg&1 } K&1.
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Table IV. Measured Thermophysical Properties of CsPbCl3 at 50%C

Parameter Result Uncertainty (0)

Specific heat (J } kg&1 } K&1) 272.10 2.7
Thermal diffusivity (m2 } s&1) 4.85_10&5 4.3
Thermal conductivity (W } m&1 } K&1) 0.55 5.8

There is a difference between the results obtained for powder and bulk
specimens. Data on heat transition obtained from a powder specimen give
t180 J } mol&1, while data from a bulk specimen give t500 J } mol&1.
Moreover, specific heat data differ for powder and bulk specimens. The
specific heat of the powder is considerably higher than that of the bulk at
25%C. Powder was prepared by grinding a crystal. It is supposed that a
polydomain structure was created by this procedure due to introducing
numerous defects into the powder particles. This could be a reason for the
differences at 25%C. The Dulong�Petit limit of the specific heat is given in
Table III. It is not clear why specific heat by adiabatic calorimetry is
significantly higher in comparison to this limit when the measurements
were performed far from phase transition below 37%C [17, 18]. However,
numbers on specific heat above the phase transition, i.e., at 50%C, should
agree. Nevertheless, data in Table III show discrepancies. More detailed
comparisons of measurements need to be made to find the reason for these
discrepancies.

Our data show that one anomaly of the specific heat and one dip of
the thermal diffusivity exist at 47%C. The dip has more complicated struc-
ture since it is induced by the anisotropic properties of the crystal structure.
The shape of the specific heat anomaly [17, 18] (Fig. 6a) supports the
hypothesis that one phase transition of order�disorder in combination with
the displacive one exists [19].

Table IV gives data on the specific heat, thermal diffusivity, and ther-
mal conductivity of the CsPbCl3 at 50%C, i.e., above the phase transition
to avoid any discrepancies caused by heat treatment. We believe that a
deviation from equilibrium (frozen disordered structure) can appear below
47%C due to inappropriate cooling of the crystal.

4. CONCLUSION

The pulse transient method was used for the measurement of the
specific heat, thermal diffusivity, and thermal conductivity of CsPbCl3

single crystal in the temperature range from 10 to 60%C. The temperature
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was controlled during heating and cooling of the specimen (thermal
analysis regime). The data on the thermophysical parameters of the
CsPbCl3 single crystal show a * anomaly of the specific heat and a dip of
the thermal diffusivity around 47%C. The dip has a more complicated struc-
ture. No hysteresis was found during the temperature cycling in the tem-
perature range studied.

Comparison of the specific heat and the heat of transition was made.
Specific heat values depend on the specimen preparation. Powdered
CsPbCl3 shows significantly higher specific heat in comparison with the
bulk below the phase transition. Two different values of the heat of transi-
tion were found depending on how the value is calculated. While area just
under the peak gives a value around t180 J } mol&1, the value calculated
from a broader temperature range gives t500 J } mol&1.

Data on specific heat, thermal diffusivity, and thermal conductivity at
50%C were also collected. The measurement error was influenced by the dif-
ferences between the ideal model and the experimental arrangement. While
the effect of the heat loss from the specimen surfaces is suppressed due to
the vacuum environment, the finite length of the heat pulse changes the
value of the thermal diffusivity by about 100. Therefore, corresponding
correction factors were applied [1]. The difference between the ideal and
real heat source shifts the data for the specific heat by 20 to higher values
and data for the thermal diffusivity by 20 to lower values. Data uncer-
tainty caused by temperature stability is within 2.70 for specific heat,
4.30 for thermal diffusivity, and 5.80 for thermal conductivity.

ACKNOWLEDGMENT

The authors thank to M. Markovic for skillful assistance during
measurements.

REFERENCES

1. L'. Kubic� a� r, Pulse method of measuring basic thermophysical parameters, in Wilson H

Wilson's Comprehensive Analytical Chemistry, Vol. XII, Thermal Analysis, Part E,
G. Svehla, ed. (Elsevier, Amsterdam, 1988), pp. 1�350.

2. L'. Kubic� a� r and V. Boha� c� , in Proc. 25th Int. Thermal Conductivity Conf.�12th Int. Thermal
Dilatation Symp., Pittsburgh, October 26�29, 1997, P. S. Gaal, ed. (Technomic, Basel,
1999), p. 135.

3. P. Anderson and G. Ba� ckstrom, Rev. Sci. Instrum. 47:205 (1976).
4. S. E. Gustaffson, Rev. Sci. Instrum. 62:797 (1991).
5. L'. Kubic� a� r, High Temp. High Press. 17:497 (1985).
6. J. Spis� iak, L'. Kubic� a� r, and D. Kr� ivankova� , Int. J. Thermophys. 12:593 (1991).

582 Kubic� a� r, Boha� c� , and Nitsch



7. J. S8 estak, Thermophysical properties of solids, their measurements and theoretical thermal
analysis, in Wilson H Wilson's Comprehensive Analytical Chemistry, Vol. XII, Thermal
Analysis, Part D, G. Svehla, ed. (Elsevier, Amsterdam, 1988), pp. 1�619.

8. M. J. Richardson, in Compendium of Thermophysical Property Measurement, Vol. 2,
Recommended Measurement Techniques and Practices, K. D. Maglic� , A. Cezairliyan, and
V. E. Peletsky, eds. (Plenum, New York, 1992), pp. 519�545.

9. E. D. West and E. F. Westrum, Jr., in Experimental Thermodynamics, Vol. 1, J. P.
McCullough and D. W. Scott, eds. (Butterworths, London, 1968), pp. 333�365.

10. B. Douglass and E. G. King, in Experimental Thermodynamics, Vol. 1, J. P. McCullough
and Donald W. Scott, eds. (Butterworths, London, 1968), pp. 293�330.

11. K. D. Maglic� and R. E. Taylor, in Compendium of Thermophysical Property Measurement
Methods, Vol. 1, Recommended Measurement Techniques and Practices, K. D. Maglic� ,
A. Cezairliyan, and V. E. Peletsky, eds. (Plenum, New York, 1992), pp. 281�314.

12. M. J. Laubnitz, in Compendium of Thermophysical Property Measurement Methods, Vol. 1,
Survey of Measurement Techniques, K. D. Maglic� , A. Cezairliyan, and V. E. Peletsky, eds.
(Plenum, New York, 1984), pp. 11�59.

13. N. A. Torberg-Jensen, J. Chem. Phys. 50:559 (1969).
14. T. Sakudo, H. Unoki, Y. Fujii, J. Kobayashi, and M.Yamada, Phys. Lett. A 28:542 (1969).
15. S. Hirotsu and T. Suzuki, J. Phys. Soc. Jap. 44:1604 (1978).
16. K. Nitsch, A. Cihlar� , Z. Malkova� , M. Rodova� , and M. Vanec� ek, J. Cryst. Growth. 131:612

(1993).
17. S. Hirotsu, J. Phys. Soc. Jap. 31:552 (1971).
18. I. N. Flerov and K. S. Aleksandrov, Fiz. Tverd. Tela 16:1509 (1974) [in Russian].
19. Y. Fuji, S. Hashino, Y. Yamada, and G. Shirane, Phys. Rev. B 9:4549 (1974).

583Thermophysical Properties of the CsPbCl3 Single Crystal


