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The temperature-pressure phase diagram of BaTiO3 has been determined by means of a dielec
measurement. All successive phase transition temperatures decrease with increasing press
critical index f ­ 1, in the classical limit, andf ­ 2, in the quantum limit. The dielectric behavio
close to the quantum region agrees with the quantum theoretical prediction. In BaTiO3 the crossover
region from the classical limit to the quantum one is observed in the range of pressure 4 to 8 G
temperature 0 to 200 K. [S0031-9007(97)02793-2]
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It is well known that BaTiO3 undergoes successiv
phase transitions from cubic to tetragonalsC-T d, tetrago-
nal to orthorhombicsT-Od, and orthorhombic to rhombo
hedralsO2Rd, which are satisfactorily interpreted withi
the classical framework of the Landau-Devonshire the
[1]. The Curie-Weiss law, characteristic of th
paraelectric-ferroelectric phase transition, reduces
the soft mode theory through the Lyddane-Sachs-Te
relation [2]. However, at the transition temperatureTc

near 0 K, the lattice vibrational mode would be influenc
by quantum fluctuation such as zero point vibration. T
quantum theoretical treatment predicts

TcsSd ~ sSc 2 Sd1yf, (1)
with the critical exponentf ­ 2 close to the quantum
limit. Here, S is an interaction parameter andSc is
its value atTc ­ 0 [3,4]. The interaction parameterS
is an external parameter such as pressure or chem
composition which controls the interaction [5,6].

The study of the dielectric property of BaTiO3 under
high pressure was performed by Samara [7]. He fo
that theC-T phase transition temperatureTC-T decreased
linearly with pressure in the range from 1 bar to 3 GPa
corresponds just to the classical limit of the critical exp
nentf ­ 1 in Eq. (1). Samara suggested the existenc
the critical point, which implies the crossing of the firs
and second-order phase transitions, at a pressure h
than 3 GPa. The elastic property of BaTiO3 under high
pressure was studied at room temperature by Ishidate
Sasaki [8]. They found an elastic anomaly in the cu
phase near theC-T transition and interpreted that the ela
tic anomaly was caused by the anisotropy field. The
crease of the elastic anomaly under high pressure ra
than the atmospheric pressure also supported that the
order phase transition was going toward the second-o
one. The existence of the critical point (p ­ 3.5 GPa and
T ­ 240 ±C) was confirmed by Decker and Zhao [9].

Although the phase transition in BaTiO3 has been
extensively studied [2,10], the systematic investigat
0031-9007y97y78(12)y2397(4)$10.00
ry

to
er

d
e

cal

d

It
-
of

her

nd
c
-
e-
er

rst-
er

n

of the temperature-pressure phase diagram has not
performed because of the difficulty of high pressu
experiments. The recent development of high press
apparatus enabled one to do the electric measureme
high pressure up to 10 GPa and low temperature dow
4 K continuously [11].

The purpose of this paper is to determine t
temperature-pressure phase diagram of BaTiO3 and to
make clear the dielectric behavior of BaTiO3 in the
quantum limit.

The b-cut plate was prepared from a melt-grow
BaTiO3 single crystal (NEC Co. Ltd.) which has th
transition temperature 127±C. Au paste was painted
on both planes of the sample (typically0.9 3 0.6 3

0.03 mm3 in size), and Au wire (0.02 mm diam) wa
used as a lead. The sample was set in a teflon cap
together with flourinert oil (FC-70), used as a press
transmitting medium. The teflon capsule was placed
the center of a pyrophilite cube of6 3 6 3 6 mm3 in
size, used as a gasket material. The Au wire was fixed
the surfaces of the pyrophilite cube through the inter
and was connected with the external leads through con
with two metallic anvils. The pyrophilite cube was place
in a cubic anvil apparatus which could generate
pressure up to 8 GPa. The details of the apparatus h
already been described elsewhere [11]. Temperature
measured using a Pt-Co resistance thermometer atta
to the anvil. The capacitance for 1, 10, and 100 k
frequencies, as a function of temperature from 50 or 80
to 300 K, was measured by aLCRmeter (HP 4274A) at a
heating rate of about0.3 Kymin under constant pressur
In this experiment, a large part of the stray capacita
might have been arising from among the six anvils, t
of which played effective roles as electrodes. The
capacitance of the sampleCsamp can be related to the
observed oneCobs as follows:

1yCobs ­ 1ysCsamp 1 CAd 1 1yCB , (2)
© 1997 The American Physical Society 2397



VOLUME 78, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 24 MARCH 1997

n
n

d
c
u

r

tt
o
t
d

g
r
,

p

t
i
y

a
ra
e
o

t

u

it
s
,
e

e
r
c

is

al-

nt

in
ion

e

ure.
where CA and CB are stray capacitances, contributi
in parallel and series, respectively. The capacita
CA is that induced between the anvils, andCB is that
induced between the anvil and electrode lead. In or
to deduceCsamp from Cobs, the pressure dependen
of the capacitance at room temperature was meas
continuously. The pressure dependence ofCsamp was
fitted to the Curie-Weiss law with respect to pressu
Csamp ­ Cpysp 2 pcd, after Samara [7], whereCp is the
Curie constant, dependent on the temperature. The fi
was satisfactorily performed in the high dielectric regi
over pressure 2.3 to 5 GPa but showed a slight devia
above 5 GPa. This deviation might have been cause
the increase of nonhydrostaticity due to solidification
the pressure transmitting medium under pressure hi
than 5 GPa. However, further correction to the st
capacitance above 5 GPa was not made. As a result
contribution ofCB to Cobs was less than 1% but that o
CA varied from 5% to 70%, depending on the sam
setting. Thus, the contribution toCobs came mainly from
the parallel stray capacitanceCA, which was specified by
the electrode structure. For data analysis the tempera
dependence ofCA andCB was neglected.

The transition temperature was determined from
position of the dielectric peak. For the paraelectr
ferroelectricC-T transition the dielectric anomaly is ver
large, but for the ferroelectric-ferroelectricT-O andO-R
transitions, it is very small. In order to confirm the pe
position of the latter transitions, we measured the st
change of the ceramic disk sample (0.7 mm thickn
and 8 mm diam) using a strain gauge with a pist
cylinder-type pressure apparatus which can generate
pressure up to 2 GPa. The temperature, at which
strain anomaly was observed, corresponded to tha
the dielectric peak. The phase diagram of BaTiO3 was
determined as shown in Fig. 1.

First, the transition temperaturesTC2T , TT2O , andTO2R

decrease linearly with increasing pressure up to 3 G
with the respective initial slopedTcydp ­ 255, 228,
and 213.5 KyGPa, in agreement with Samara’s res
[7,12]; 255, 229, and 12.3 KyGPa, following Eq. (1) in
the classical limit.

Above 4 GPa they decrease rather steeply, but e
phase exists stably even in the vicinity ofT ­ 0. To
ensure Eq. (1),T 2

C2T , T 2
T2O, and T 2

O2R are plotted as a
function of pressure in Fig. 2. It is clear that they a
all changing linearly with pressure above 4 GPa. T
values of the respective critical pressure, i.e., the trans
pressure atTc ­ 0, are 6.5, 6.0, and 5.4 GPa. The
characteristic behaviors are in agreement with Eq. (1)
the quantum limit. Note that the pressure dependenc
each transition temperature in BaTiO3 obeys Eq. (1) even
at 200 K although the quantum effect is expected at v
low temperature. ForTT-O , Eq. (1) holds entirely ove
the observed temperature-pressure range, but in the
of TO2R, it is exceptional for temperature near 200
2398
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FIG. 1. Phase diagram of BaTiO3. The solid lines are guide
to eyes.

and pressures lower than 2 GPa. In this respect, it
noted that theO-R transition exhibits especially strong
hysteresis [12].

Recently, the phase diagram of the hexagon
orthorhombic phase transition in hexagonal BaTiO3

(h-BaTiO3), which is caused by the softening of the sile
mode, has been measured by Akishigeet al. [13]. Their
result showed that the critical pressure was 3.4 GPa
h-BaTiO3, and the pressure dependence of the transit
temperature obeyed Eq. (1) withf ­ 2 over the entire
temperature region of 0 to 222 K. In comparison with th
present result for perovskite BaTiO3 (p-BaTiO3), it seems
to be reasonable since the specific heat ofh-BaTiO3

FIG. 2. The squares of the transition temperatures vs press
Above 4 GPa, the critical index in Eq. (1),f ­ 2. The values
of the critical pressure atTc ­ 0 for TC2T , TT 2O, andTO2R are
pc ­ 6.5, 6.0, and 5.4 GPa, respectively.
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shows a similar behavior to that ofp-BaTiO3 to yield a
similar Debye temperature [14].

We are concerned with the critical exponent of t
dielectric constant at theC-T phase transition, close t
the quantum limitpc ­ 6.5 GPa. The log-log plot of the
inverse dielectric constantx vs the temperature differenc
DT ­ T 2 Tc is shown in Figs. 3(a) and 3(b) for 4 an
7 GPa, respectively.

The slope obtained from the plots gives the critic
indexgT in the following expression:

x ­ b sT 2 TcdgT , (3)

with some constantb. Here, gT ­ 1 in the classical
limit and gT ­ 2 in the quantum limit. The pressur

FIG. 3. The log-log plot of the inverse dielectric consta
x vs the temperature differenceDT ­ T 2 Tc, at (a) 4 GPa
and (b) 7 GPa. The slope gives the critical index in Eq. (
gT ­ 1.2 and gT ­ 1.7 for (a) and (b), respectively. The
dielectric peak in the vicinity ofTc is rounded [which is
not shown in (a)] because a relatively large field stren
(about 1 kVycm) was applied. (b) This shows the dielectr
measurement from 80 K.
e

l
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dependence ofgT is shown in Fig. 4. While at 3 GPa,
gT ­ 1 and it still belongs to the classical region; th
value of gT increases with pressure until it reaches ne
the critical pressurepc ­ 6.5 GPa and then decreases
It should be noted thatgT started to deviate from the
classical value near 4 GPa, whereT2

C varied linearly with
pressure, as shown in Fig. 2.

The highest value ofgT is observed to be 1.7, which is
lower than the predicted value of 2.0. This might hav
been caused by a slight increase ofCA above 5 GPa,
as mentioned earlier. However, the present result is
agreement with the prediction from quantum theory. T
crossover region fromgT ­ 1 to gT ­ 2 is observed over
the pressure range from 4 to 8 GPa.

The pressure dependence ofx at constant temperature
can be represented by the following expression similar
Eq. (3):

x ­ dsp 2 pcdgp , (4)

with some constantd. The quantum theory predictsgp ­
gT yf ­ 1 at Tc ­ 0. Thus the pressure dependence
x in the quantum limit is the same as given by the Curi
Weiss law in the classical limit.

Consequently, Eq. (4) should hold over the enti
temperature region. The pressure dependence ofx at 200
and 100 K is shown in Fig. 5. Both the cases seem
obey Eq. (4). The slope of the line at 200 K is large
than that at 100 K. This implies that the Curie consta
Cp s­ 1ydd decreases with increasing temperature,
agreement with Samara’s result [7]. But note thatx at
100 K is not exactly zero at the transition point. Th
disagreement might have been coming from the incre
of the stray capacitance above 5 GPa and negligence

FIG. 4. The critical indexgT vs pressure. At 3 GPa,gT ­ 1,
and it belongs to the classical region. Above 4 GPa,gT
increases with pressure up to the critical pressurepc ­ 6.5 GPa
and then decreases again toward the classical limit. The s
line is guide to eyes.
2399



VOLUME 78, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 24 MARCH 1997

e

.
b

i
te
ia
o
e
n

e
-
c

u
re
h
s

u
o
io
t

n
b

r-
the
rly
ase
al

is
ot
if-
p-
ld

iO

or
r-
h
d
.

ce

i,

i,

B

FIG. 5. The inverse dielectric constantx vs pressure at 200 K
(circle) and 100 K (triangle), respectively. The critical ind
gp ­ 1 holds in the cubic phase.

the temperature dependence of the stray capacitance
seen from Fig. 3(b), the influence of the latter would
less than that of the former.

In many perovskite-type ferroelectrics the phase d
gram has been extensively studied in the mixed sys
as a function of the composition [10]. The phase d
gram of BaTiO3 shown in Fig. 1 closely resembles that
Ba12xSrxTiO3 (BST). In BST the lattice parameter d
creases with the increase ofx, the successive phase tra
sition persists up to the valuex ­ 0.7, and the cubic to
tetragonal phase transition occurs even extremely clos
the valuex ­ 1.0. In the mixed system which obeys Ve
gard’s law, the lattice contraction due to the mixing effe
can be compared with that due to the pressure effect.

For example, forx ­ 0.3 in BST, the ferroelectric
phase transition occurs at room temperature, and
lattice contraction is 0.03 Å compared to that forx ­
0. On the other hand, the phase transition press
pc of BaTiO3 is 2.3 GPa at the room temperatu
The estimation of the lattice contraction by using t
bulk modulasB ­ 130 GPa at normal pressure [8] give
0.023 Å. This value is very close to that of BST. Th
the Sr-doping effect in BaTiO3 plays an equivalent role t
the pressure effect with respect to the lattice contract
However, in BST the value of the interaction parame
Sc at Tc ­ 0 has not been confirmed.

Recently, the phase diagram of BaTiO3 was theoreti-
cally derived from the first principle on the basis of a de
sity functional method by Zhong, Vanderbilt, and Ra
2400
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[15]. Their result shows that the cubic, tetragonal, o
thorhombic, and rhombohedral phases exist stably over
entire region and all of the phase lines decrease linea
with increasing pressure, accompanied with the decre
of the tetragonal and orthorhombic regions. The critic
pressure was calculated to bepc ­ 13.2 GPa, which is re-
markably higher than the observed valuepc ­ 6.5 GPa.
Further, the calculated values ofdTcydp were228, 222,
and215 KyGPa for theC-T , T -O, andO-R transitions,
respectively, and the value for theC-T transition is espe-
cially lower than the observed one. Thus, their result
qualitatively in agreement with the present result, but n
quantitatively. Whether the cause of the quantitative d
ference is due to the lattice error in the local density a
proximation as they stated, is not clear. However, it wou
be necessary to recalculate the phase diagram of BaT3,
taking account of the effect of zero-point vibration.
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