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Abstract

The speci®c heat (Cp) of thin epitaxial ®lms of
BaTiO3 (thickness of 2000 and 60 AÊ) on SrTiO3

substrates was studied by a.c. calorimetry. A broad
anomaly in BaTiO3 ®lms was found, which is quite
di�erent from a sharp anomaly observed at 403K
(Tc) in bulk BaTiO3 crystal. The anomalies in Cp

were observed at about 443K for the ®lm with 2000
AÊ thickness, and at 690K for the ®lm with 60 AÊ

thickness. No other anomaly in Cp was observed in
the low-temperature region down to 80K. # 1999
Elsevier Science Limited. All rights reserved
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1 Introduction

Oxide perovskites show a variety of interesting
properties, such as ferroelectricity, piezoelectricity,
electrooptic e�ects and high-Tc superconductivity.

1

Barium titanate, BaTiO3, is a typical ferroelectric
material used in many practical applications in the
forms of ceramic and single crystals. It undergoes
successive phase transitions to three phases as the
temperature is lowered: ®rst from the prototype
cubic perovskite to tetragonal at 403K (Tc), then
to orthorhombic at 278K, and ®nally to a trigo-
nal phase below about 183K. The ferroelectricity
has been observed in the three low-temperature
phases.
Recently extensive attention has been paid on

ferroelectric thin ®lms, because they are promising
materials for functional thin ®lm devices such as
surface acoustic wave devices, pyroelectric sensor,
electrooptic modulators, ferroelectric memory

devices and ferroelectric integrated devices. Many
attempts have been done to prepare BaTiO3 ®lms
by electron-beam evaporation and r.f. sputtering
methods.2 These as-grown ®lms were usually poly-
crystalline and did not show any dielectric anomaly
in the neighbourhood near 403K (Tc). Thick ®lms
of about 1�m shows an anomaly at Tc. This
suggested the ferroelectric phase was unstable for
thin ®lms below about 0.1�m. However, Slack
and Burfoot showed that the thin ®lms of about
0.004�m thick showed ferroelectric switching
behavior in ¯ash-evaporated BaTiO3 ®lms.3

Tomashpolski et al.4 found that vacuum-deposited
®lms showed sharp dielectric anomaly near 403K
even in the ®lm with 0.023�m thickness: this
anomaly disappeared for ®lms with 0.01mm. There
are still many discrepancies in experimental results
and detailed fundamental properties have not been
studied yet.
Several advanced techniques and their modi®ca-

tions have been incorporated to obtain good qual-
ity of ®lms. Recently, Iijima et al.5±10 prepared
high-quality thin epitaxial ®lms of BaTiO3 (4000 AÊ

thick) on SrTiO3 substrates and found a ferro-
electric hysteresis loop and dielectric anomaly at
388K. In this paper, the thermal properties of
BaTiO3 thin ®lms was studied by a.c. calorimetry.
No detailed speci®c heat measurements of thin
®lms have been performed because of its di�culties
in preparing enough amount of thin ®lms. Recent
development of a.c. calorimetry has approved to
be possible to measure the speci®c heat of thin
®lms.11±13

2 Experimental

Epitaxial BaTiO3 ®lms were grown on SrTiO3

substrates by the activated reactive evaporation
method. Details of the deposition technique are
described in papers.4,5,14 The ®lms were characterized
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by X-ray di�raction with CuK� monochromatized
by a pyrolytic graphite (50 kV, 240mA). The lattice
parameter of the ®lm is found to be c=4.01 AÊ ,
while the lattice parameter of SrTiO3 substrate is
3.91 AÊ . Two ®lms with thickness of 2000 and 60 AÊ

were prepared for the present speci®c heat mea-
surements. The heat capacity was measured using
an a.c. calorimeter (Shinku-Riko ACC-1 M/L).
The sample was heated periodically by chopped
light from a halogen lamp at the frequency of 2±
5Hz. The thermal response of the sample was
monitored by a digital lock-in ampli®er (Shinku-
Riko LAD-1A) with a chromel-constantan ther-
mocouple (diameter of 25�m), which was attached
by a small amount of varnish (GE7031). The bath
temperature was monitored using a Pt resistance
thermometer and controlled within a stability of
1mK.

3 X-ray Di�raction Pro®le of BaTiO3 Film

X-ray di�raction pro®les scanned along the [0 0 1]
direction was shown in Fig. 1 for the (0 0 1) BaTiO3

®lm with 60 AÊ thickness at room temperature.
Only the (0 0 l) re¯ections were observed. The sub-
maximum peaks of the Laue function were observed
around the fundamental peaks of the (0 0 1), (0 0 2),
(0 0 3) and (0 0 4). The strong peaks denoted as
`sub' in this ®gure mean the (0 0 l) re¯ections from
the SrTiO3 substrate. This evidence indicates that
this ®lm is an epitaxial crystal with a perovskite
structure.6±10

4 Speci®c Heat of BaTiO3 Film

The a.c. calorimetric method is a suitable technique
for measurements of the speci®c heat (Cp) in thin
specimens and small crystals. However, the total

amount of Cp from the BaTiO3 ®lm and the SrTiO3

substrate was measured in the present case, since it
is rather complicated to separate two thermal
components. We can understand relative changes
in thermal behaviour in BaTiO3 ®lms from the
measurements in the neighbourhood of the para-
electric±ferroelectric transition temperature. In
SrTiO3 bulk crystal, there is only one phase transi-
tion at about 106.5K. The temperature dependence
of Cp is shown in Fig. 2 for the BaTiO3 ®lm with
thickness of 2000 AÊ . The thermal behavior was
found to show very weak temperature dependence
even in the neighbourhood of Tc. No usual l-type
anomaly in Cp was observed in the temperature
range from room temperature to 550K, while a
sharp jump was observed in bulk BaTiO3 single
crystal at 408.33K.13,15 In the ®lm of 2000 AÊ

thickness, two small kink-like anomalies were
found at about 356 and 530K. The speci®c heat
shows a relatively large thermal hysteresis between
these two temperatures. Similarly, the dielectric
constant of the ®lm with 4000 AÊ shows a broad
and non-Curie±Weiss-type anomaly in the neigh-
bourhood of Tc, of which maximum is at 388K.
The X-ray intensity of the (0 0 4) re¯ection of the

®lm with 4000 AÊ thick shows an anomaly at about
453K. Although these temperatures observed in
dielectric constant and X-ray intensity are slightly
di�erent, they might be related to the paraelectric±
ferroelectric phase transition temperature, Tc, but
the behaviour of this anomaly is very di�usive.10

As the anomaly in Cp is also quite broad, it is not
so clear to determine the exact Tc. The average
temperature of two temperatures observed in the
present 2000 AÊ ®lm, Tav, is 443K, which is in good
agreement with that obtained by X-ray di�raction.10

Figure 3 shows thermal behaviour of Cp of thin
®lm with 60 AÊ , which showed two anomalies at 620
and 760K on cooling run, while rather smooth
behaviour on heating run. The average temperature

Fig. 1. X-ray di�raction patterns of BaTiO3 thin ®lm with 60 AÊ

thick on the (0 0 1) SrTiO3 substrate, scanned along the [0 0 1]
direction (CuK� monochromatized by a pyrolytic graphite,

50 kV, 240mA).

Fig. 2. Temperature dependence of speci®c heat of BaTiO3

®lm (2000 AÊ thick) on SrTiO3 substrate measured by an a.c.
calorimeter. The arrows show the direction of heating and

cooling.
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Tav is 690K. Furthermore, large hysteresis beha-
viour in Cp between on heating and cooling was
found in as-grown ®lms, which became small after
several sequences of measure-ments from r.t. to
850K. The thermal behaviour of this as-grown ®lm
is shown in Fig. 4.
The thermal behaviour of these two ®lms in the

low-temperature region is almost the same, which
is shown in Fig. 5. The structural phase transition
in SrTiO3 occurs at 106.5K for a stressed mono-
domain bulk crystal and at 102.5K for a stress-
free polydomain crystal.13 The small cusp at
To=107.2K corresponds to the structural phase
transition of SrTiO3 substrate. Other phase transi-
tions observed in bulk BaTiO3 suppressed in thin
®lms.

5 Discussion

The shape of anomaly in Cp in the neighbourhood
of the paraelectric-ferroelectric phase transition
of bulk BaTiO3 is very di�erent. Peculiar broad
anomalies were found in both ®lms with 2000 and
60 AÊ , while a sharp anomaly was observed at 403K

in bulk crystal. This new behaviour may be due to
the two-dimensional clamping of the ®lms. A phe-
nomenological theory of single-domain BaTiO3

epitaxial ®lms has been recently studied.16 The
two-dimensional clamping of the ®lms results in
a shift of the Tc. The mis®t strain um de®ned as
(bÿao)/b where ao and b are the lattice constants of
the ®lm and the substrate, respectively, is about
ÿ0.025 in the present sample. The shift of the
average temperature Tav in the ®lm of 60 AÊ thick-
ness from the Tc in bulk BaTiO3 is about 302K,
which shows a similar tendency with the calculated
Tc versus um phase diagram after Takantsev et al.16

The existence of surface tetragonal layers in bulk
BaTiO3 crystals has been reported by several
authors. Kanzig suggested a ®ne particle of ferro-
electric BaTiO3 exhibits a surface layer of 100 AÊ

thickness.17 In BaTiO3 thin ®lms, the tetragonal
lattice constants a and c do not coincide even at
about 800K, which show that the crystal structure
of BaTiO3 ®lms still remains tetragonal above
Tav.

7±10 Furthermore, if the anomaly of the ®lms in
Cp results from the same mechanism of phase
transition in bulk BaTiO3, the dielectric anomaly in
®lms must be large and shows the Curie±Weiss
behaviour, following the soft mode theory after
Cochran.18,19 This suggests that the thermal beha-
viour and the mechanism of phase transition in
thin ®lms are di�erent from those in bulk crystals.
Further studies should be important to clarify the
interesting nature of thin ferroelectric ®lms.

6 Conclusion

The speci®c heat of thin ®lms of BaTiO3 was suc-
cessfully measured. A broad anomaly in Cp was
found in BaTiO3 ®lm, of which behaviour is quite
di�erent from that expected from the theory of
ferroelectric phase transition for bulk crystals. The
anomalies were found at 443K for the ®lm with

Fig. 3. Temperature dependence of speci®c heat of BaTiO3

®lm (60 AÊ thick) on SrTiO3 substrate measured by an a.c.
calorimeter. The thermal behavior around 600K is shown in

the inset.

Fig. 4. Temperature dependence of speci®c heat of BaTiO3 as-
grown ®lm (60 AÊ thick) on SrTiO3 substrate.

Fig. 5. Speci®c heat of BaTiO3 ®lm (60 AÊ thick) on SrTiO3

substrate in the low-temperature region. One anomaly found
at 107.2K is that due to the structural phase transition of

SrTiO3 substrate.
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2000 AÊ , and at 690K for the ®lm with 60 AÊ . In low
temperatures below room temperature, no clear
anomaly in Cp was observed. It was found that the
technique of a.c. calorimetry is suitable to evaluate
thermal properties in thin ®lms.
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