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Phase Diagram of BaTiO;
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The temperature-pressure phase diagram of BaThi& been determined by means of a dielectric
measurement. All successive phase transition temperatures decrease with increasing pressure with
critical index ¢ = 1, in the classical limit, andp = 2, in the quantum limit. The dielectric behavior
close to the quantum region agrees with the quantum theoretical prediction. In BaiEQrossover
region from the classical limit to the quantum one is observed in the range of pressure 4 to 8 GPa and
temperature 0 to 200 K. [S0031-9007(97)02793-2]

PACS numbers: 62.50.+p, 81.30.—t

It is well known that BaTiQ undergoes successive of the temperature-pressure phase diagram has not been
phase transitions from cubic to tetragoi@lt7), tetrago- performed because of the difficulty of high pressure
nal to orthorhombid7-0), and orthorhombic to rhombo- experiments. The recent development of high pressure
hedral(O—R), which are satisfactorily interpreted within apparatus enabled one to do the electric measurement at
the classical framework of the Landau-Devonshire theonhigh pressure up to 10 GPa and low temperature down to
[1]. The Curie-Weiss law, characteristic of the 4 K continuously [11].
paraelectric-ferroelectric phase transition, reduces to The purpose of this paper is to determine the
the soft mode theory through the Lyddane-Sachs-Telletemperature-pressure phase diagram of BaT#nd to
relation [2]. However, at the transition temperatdfe = make clear the dielectric behavior of BaTiOn the
near 0 K, the lattice vibrational mode would be influencedquantum limit.
by quantum fluctuation such as zero point vibration. The The b-cut plate was prepared from a melt-grown
quantum theoretical treatment predicts BaTiO; single crystal (NEC Co. Ltd.) which has the

T.(S) & (S. — 5)"/?, 1) transition temperature 12C. Au paste was painted

on both planes of the sample (typically9 X 0.6 X

0.03 mm?® in size), and Au wire (0.02 mmdiam) was
used as a lead. The sample was set in a teflon capsule
tggether with flourinert oil (FC-70), used as a pressure
Rt nsmitting medium. The teflon capsule was placed in
the center of a pyrophilite cube & X 6 X 6 mm® in
ize, used as a gasket material. The Au wire was fixed on
" he surfaces of the pyrophilite cube through the interior
that theC-T' phase transition temperatufe.-r decreased and was connected with the external leads through contact

linearly with pressure in the rqnge_frqm 1 bar to .3 GPa. 1ith two metallic anvils. The pyrophilite cube was placed
corresponds just to the classical limit of the critical expo-;

— linEq. (1). S dth X in a cubic anvil apparatus which could generate the
nent¢_ — 'InEq. ( ).' amara suggested the existence 0glressure up to 8 GPa. The details of the apparatus have
the critical point, which implies the crossing of the first-

and second-order phase transitions, at a pressure higr’%:ready been described elsewhere [11]. Temperature was
i . : i ) easured using a Pt-Co resistance thermometer attached
than 3 GPa. The elastic property of BaEiOnder high g

. . tg the anvil. The capacitance for 1, 10, and 100 kHz
pressure was studied at room temperature by Ishidate arﬁ%quencies as a function of temperature from 50 or 80 K
Sasaki [8]. They found an elastic anomaly in the cubi ;

h he " di d'that the el %o 300 K, was measured byl&CR meter (HP 4274A) at a
phase near the-T transition and interpreted that the e aS'heating rate of aboud.3 K/min under constant pressure.

tic anomaly was caused by the anisotropy field. The defn this experiment, a large part of the stray capacitance
. ﬁ’iight have been arising from among the six anvils, two

with the critical exponenip = 2 close to the quantum
limit. Here, S is an interaction parameter an§} is
its value atT. = 0 [3,4]. The interaction paramete3
is an external parameter such as pressure or chemi
composition which controls the interaction [5,6].

The study of the dielectric property of BaTiQunder
high pressure was performed by Samara [7]. He foun

order phase transition was going toward the second-ord

one. The existence of the critical point & 3.5 GPa and

T = —40°C) was confirmed by Decker and Zhao [9].
Although the phase transition in BaTiChas been

extensively studied [2,10], the systematic investigation 1/Cobs = 1/(Csamp + Ca) + 1/Cs, (2)

observed on&,,; as follows:
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where C4, and Cp are stray capacitances, contributing 400K e prevrT T e e L
in parallel and series, respectively. The capacitance ]
Cy4 is that induced between the anvils, agg is that

induced between the anvil and electrode lead. In order -
to deduceCg,mp from Cops, the pressure dependence 309-‘

sl

of the capacitance at room temperature was measured o

continuously. The pressure dependenceCgf,, was s | ]
fitted to the Curie-Weiss law with respect to pressure, 2 200 3
Camp = C*/(p — p.), after Samara [7], wher€™ is the g I ]
Curie constant, dependent on the temperature. The fitting  § ]
was satisfactorily performed in the high dielectric region = ]005 ]

over pressure 2.3 to 5 GPa but showed a slight deviation
above 5 GPa. This deviation might have been caused by
the increase of nonhydrostaticity due to solidification of
the pressure transmitting medium under pressure higher
than 5 GPa. However, further correction to the stray
capacitance above 5 GPa was not made. As a result, the Pressure (GPa)

contribution of Cp to C,,s Was less than 1% but that of FIG. 1. Phase diagram of BaTiO The solid lines are guide
C, varied from 5% to 70%, depending on the sampleto eyes.

setting. Thus, the contribution 1G,,; came mainly from
the parallel stray capacitancg,, which was specified by

.........

D S s S S S S N |

and pressures lower than 2 GPa. In this respect, it is

the electrode structure. For data analysis the temperatuh%ted that theO-R transition exhibits especially strong
dependence of4 andCp was neglected. hysteresis [12]

The transition temperature was determined from the Recently, the phase diagram of the hexagonal-

?eorf(i)tijgct(r)itzct‘ze’ t?;ilsei(t;it(;irf tr?ee ?jl?éle('::tcr)i:: ;meorﬁ;raievcet:ic'orthorhombic phase transition in hexagonal BagiO

large, but for the ferroelectric-ferroelectricO an)(;O—R ’ (h_%aTlr?S)’ t\;VhICh N cause(;j Sy thke iOfteTl?g (])f thﬁ silent
) . . mode, has been measured by Akishaeal. [13]. Their

transitions, it is very small. In order to confirm the peakresult showed that the critical pressure was 3.4 GPa in

position of the latter transitions, we measured the straif) o +i5 " and the pressure dependence of the transition
change of the ceramic disk sample (0.7 mm thiCkneS?emperai’ure obeyed Eq. (1) with = 2 over the entire

an(_:i 8 mm diam) using a strain gauge with a pISton'temperature region of 0 to 222 K. In comparison with the
cylinder-type pressure apparatus which can generate t Sesent result for perovskite BaTi@p-BaTiOs), it seems
pressure up to 2 GPa. The temperature, at which th be reasonable since the specific hea?[r’wBaTiO
strain anomaly was observed, corresponded to that o 3
the dielectric peak. The phase diagram of Bajiias
determined as shown in Fig. 1. [x10%]
First, the transition temperatur@s_r, Tr_o, andTo_g
decrease linearly with increasing pressure up to 3 GPa
with the respective initial slopelT./dp = —55, —28,
and —13.5 K/GPa, in agreement with Samara’s result
[7,12]; —55, —29, and 12.3 K GPa, following Eqg. (1) in
the classical limit.
Above 4 GPa they decrease rather steeply, but each
phase exists stably even in the vicinity 8f= 0. To ©
ensure Eq. (1),Té,T,T%,0, and T3 r are plotted as a
function of pressure in Fig. 2. It is clear that they are
all changing linearly with pressure above 4 GPa. The
values of the respective critical pressure, i.e., the transition
pressure atT. = 0, are 6.5, 6.0, and 5.4 GPa. These
characteristic behaviors are in agreement with Eq. (1), in
the quantum limit. Note that the pressure dependence of
each transition temperature in BaTjObeys Eq. (1) even Pressure (GPa)

at 200 K although the quantum effect is eXpe.Cted at Ve%IG. 2. The squares of the transition temperatures vs pressure.
low temperature. Fof'7-o, Eq. (1) holds entirely over Above 4 GPa, the critical index in Eq. (1 = 2. The values

the observed temperature-pressure range, but in the cagethe critical pressure &, = 0 for Tc 7, Tr o, andT, ¢ are
of To_g, it is exceptional for temperature near 200 K p. = 6.5,6.0, and 5.4 GPa, respectively.
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shows a similar behavior to that @fBaTiO3 to yield a  dependence ofr is shown in Fig. 4. While at 3 GPa,
similar Debye temperature [14]. vr = 1 and it still belongs to the classical region; the

We are concerned with the critical exponent of thevalue of yr increases with pressure until it reaches near
dielectric constant at th€-T phase transition, close to the critical pressurep. = 6.5 GPa and then decreases.
the quantum limitp, = 6.5 GPa. The log-log plot of the It should be noted thay; started to deviate from the
inverse dielectric constant vs the temperature difference classical value near 4 GPa, whefg varied linearly with
AT =T — T, is shown in Figs. 3(a) and 3(b) for 4 and pressure, as shown in Fig. 2.

7 GPa, respectively. The highest value of 7 is observed to be 1.7, which is
The slope obtained from the plots gives the criticallower than the predicted value of 2.0. This might have

index yr in the following expression: been caused by a slight increase ©f above 5 GPa,
x =b(T —T), (3) @as mentioned earlier. However, the present result is in

agreement with the prediction from quantum theory. The
crossover region fronyr = 1toyr = 2 is observed over
the pressure range from 4 to 8 GPa.

The pressure dependence yfat constant temperature
[X107) , : R can be represented by the following expression similar to
4 (a) f’g | Eq. (3):

s x =dp = p)”, 4)

,ff ] with some constard. The quantum theory predictg, =

d vr/¢$ =1 atT, = 0. Thus the pressure dependence of

= S vrel2 x in the quantum limit is the same as given by the Curie-

g Weiss law in the classical limit.

o V4 ] Consequently, Eq. (4) should hold over the entire

~ temperature region. The pressure dependengeaif200

3 and 100 K is shown in Fig. 5. Both the cases seem to

obey Eq. (4). The slope of the line at 200 K is larger

than that at 100 K. This implies that the Curie constant

C* (= 1/d) decreases with increasing temperature, in

, ‘ L agreement with Samara’s result [7]. But note thatt

30 50 70 100 K is not exactly zero at the transition point. This
T-Tc Tc=212K disagreement might have been coming from the increase

[x10f , , of the stray capacitance above 5 GPa and negligence of
(b) &

with some constanb. Here, y; = 1 in the classical
limit and y7 = 2 in the quantum limit. The pressure

'VT=1.7 1 )

YT
[ ]

100 700
T-Te Te=0K

0 L 1 L 1 L |
FIG. 3. The log-log plot of the inverse dielectric constant 2 4 6 8

x Vs the temperature differenc®” =T — T., at (a) 4 GPa Pressure (GPa)

and (b) 7 GPa. The slope gives the critical index in Eq. (3),

vr = 1.2 and yr = 1.7 for (a) and (b), respectively. The FIG. 4. The critical indexyr vs pressure. At3 GPg; = 1,
dielectric peak in the vicinity off, is rounded [which is and it belongs to the classical region. Above 4 GBa,

not shown in (a)] because a relatively large field strengthincreases with pressure up to the critical presguyre= 6.5 GPa
(about 1 kV/cm) was applied. (b) This shows the dielectric and then decreases again toward the classical limit. The solid
measurement from 80 K. line is guide to eyes.
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 Ema— [15]. Their result shows that the cubic, tetragonal, or-
thorhombic, and rhombohedral phases exist stably over the
entire region and all of the phase lines decrease linearly
with increasing pressure, accompanied with the decrease
of the tetragonal and orthorhombic regions. The critical
pressure was calculated to pg = 13.2 GPa, which is re-
markably higher than the observed valpe = 6.5 GPa.
Further, the calculated values &f./dp were —28, —22,

and —15 K/GPa for theC-T, T-0O, and O-R transitions,
respectively, and the value for thi& T transition is espe-
cially lower than the observed one. Thus, their result is
qualitatively in agreement with the present result, but not
quantitatively. Whether the cause of the quantitative dif-
ference is due to the lattice error in the local density ap-
proximation as they stated, is not clear. However, it would
be necessary to recalculate the phase diagram of BaTiO
taking account of the effect of zero-point vibration.

FIG. 5. The inverse dielectric constaptvs pressure at 200 K The authors are grateful to the Murata Electric Co. for
(circle) and 100 K (triangle), respectively. The critical index kindly supplying the ceramic sample. This work was par-
yp = 1 holds in the cubic phase. tially supported by a Grant-in-Aid for Scientific Research
from the Ministry of Education, Science and Culture, and

the temperature dependence of the stray capacitance. EESO by the Iketani Science and Technology Foundation.

seen from Fig. 3(b), the influence of the latter would be
less than that of the former.
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