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The phase relation of tetragonal and cubic PbTiO3 and their unit-cell parameters have been deter-

mined by synchrotron x-ray diffraction at pressures up to 7.8 GPa and temperatures up to 1074 K

with a cubic anvil apparatus. From these measurements, a pressure-temperature phase boundary

between the tetragonal and cubic phases has been established. With increasing temperature or

pressure, the c/a ratio of the ferroelectric, tetragonal PbTiO3 becomes closer to unity, suggesting

that both heating and compression favor the paraelectric, cubic structure. Using a modified

high-T Birch-Murnaghan equation of state and a thermal-pressure approach, we have derived the

thermoelastic parameters of tetragonal and cubic PbTiO3, including the ambient bulk modulus

K0, temperature derivative of bulk modulus at constant pressure, volumetric thermal expansivity,

pressure derivative of thermal expansion, and temperature derivative of bulk modulus at constant

volume. Our obtained K0 value for tetragonal PbTiO3 is consistent with previously reported

results, while that for cubic PbTiO3 is smaller than earlier results probably due to differences in

the experimental techniques used (cubic anvil apparatus versus diamond anvil cell) and related

stress conditions of the samples. All other thermoelastic parameters for both tetragonal and cubic

PbTiO3 have been determined for the first time. Compared with previous high-temperature data

at atmospheric pressure, our P-V-T dataset for tetragonal PbTiO3 infers a pressure-induced

crossover in volumetric thermal expansion from negative to positive between 0 and 1 GPa, an

phenomenon that is of fundamentally interest and practically important. VC 2011 American
Institute of Physics. [doi:10.1063/1.3651377]

I. INTRODUCTION

Perovskite PbTiO3 is one of the most extensively studied

ferroelectric materials both due to its interesting structural

behavior and for its technological applications (such as trans-

ducer sensor and multilayer capacitor).1–3 PbTiO3 possesses a

tetragonal structure (P4mm) with an axial ratio of c/a¼ 1.06

(Ref. 4) and exhibits unusual negative thermal expansion

property.5–8 In ABO3 ferroelectric perovskites, the anisotropic

distortion of tetragonal phases from the ideal, cubic structure

(space group Fm3m) arises from the covalent nature of B–O

bonds (such as in BaTiO3 and KNbO3). In PbTiO3, the 6s2

lone pairs effect of Pb2þ gives an additional distortion,9 pro-

ducing the high spontaneous polarization of tetragonal

PbTiO3. As a result, tetragonal PbTiO3 is stable over a wide

range of temperatures up to its Curie temperature at 763 K.10

Above 763 K, it transforms to the paraelectric cubic

phase.2,11–15 This phase transition is mainly a displacive, first-

order transition but with the presence of order-disorder behav-

ior.12 The delicate interaction between the long-range Eward

repulsion forces and the short-range hybridized forces results

in a transition temperature of 763 K.16,17

Pressure is an effective tool to tune structures and proper-

ties of materials including ferroelectric perovskites, in both

bulk18,19 and nanoforms.20 With increasing pressure, tetrago-

nal PbTiO3 can transform to the cubic phase under room-

temperature compression. In other words, increasing pressure

will result in lowering of the transition temperature. Further-

more, pressure may change the nature of the transition from

the first order to the second order at room temperature.21

Thermoelastic properties are of fundamental importance

to understanding the mechanical properties of materials.

There have been a number of studies on phase transforma-

tion and compressibility of PbTiO3 using both theoretical

(first-principle calculation22–24) and experimental (dielectric

measurements of polycrystalline samples using a DIA-type

cubic anvil apparatus;25 single-crystal x-ray diffraction and

Raman spectroscopy26 and powder x-ray diffraction,27,28

both in diamond anvil cells) methods. However, the reported

results are not consistent. Ikeda (1975) revealed25 a

ferroelectric-paraelectric transition at 5.8 GPa, whereas Sani

et al. (2002) reported the transition at 11.2 GPa, which pos-

sesses a second-order, rather than a first order, character.27

More recently, Janolin et al. (2008)26 conducted high-P sin-

gle crystal x-ray diffraction (XRD) and showed a tetragonal-

to-cubic-like PbTiO3 transformation at 13 GPa. The bulk

modulus of cubic PbTiO3 was reported to be 195(3) GPa

(K0 ¼ 4) in Ref. 27, compared with 237(4) GPa (K0 ¼ 4.5) in
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c)Electronic mail: yzhao@lanl.gov.
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Ref. 28. The pressure derivative of Curie temperature

reported in Ref. 28, �42(2) K GPa�1, is quite different form

that reported in Refs. 21 and 25, �84 K GPa�1. Although

the pressure dependence of compressibility of PbTiO3 was

measured at temperatures up to 623 K using the diamond-

anvil cell (DAC) technique,28 temperature dependence of

compressibility has not been derived. This relation is embed-

ded in the thermoelastic equation of state (EOS), which

describes the relationship among pressure (P), volume (V),

and temperature (T).

To investigate the phase transition and thermoelastic

properties of PbTiO3, we performed in situ high P-T synchro-

tron x-ray diffraction experiments using a cubic anvil appara-

tus. Thermal EOS parameters, such as bulk modulus,

temperature derivative of the bulk modulus, volumetric ther-

mal expansion, and pressure derivative of thermal expansion

coefficient, were derived by fitting P-V-T data sets to a modi-

fied high-temperature Birch-Murnaghan EOS. A thermal-

pressure approach was also used to obtain the temperature

derivative of the bulk modulus at constant volume, an impor-

tant thermoelastic parameter that is experimentally difficult to

measure. From these analyses, an internally consistent thermal

equation of state has been obtained for both the tetragonal and

cubic PbTiO3.

II. SAMPLE AND EXPERIMENTAL METHOD

We used a PbTiO3 powder sample purchased from Alfa

Aesar (99.9% metal based purity). Powder XRD pattern of

the sample showed that it is single-phase tetragonal PbTiO3

(Ref. 9) with a¼ 3.8971(3) Å and c¼ 4.1409(20) Å. In this

structure, there is one PbTiO3 per unit cell with Ti4þ depart-

ing from the center along the c axis and O2� shifting away

relative to Ti4þ. These movements result in the tetragonal

distortion relative to the ideal cubic structure and give rise to

the ferroelectric polarization along c.

High P-T synchrotron XRD experiments were per-

formed using a cubic anvil apparatus at beamline X17B2 of

the National Synchrotron Light Source (NSLS), Broo-

khaven National Laboratory. The white radiation from the

superconducting wiggler magnet was used for energy-

dispersive measurements. The diffracted x-rays were col-

lected with a multi-element detector at a fixed Bragg angle

of 2h¼ 6.266�. The cell assembly used has been described

in detail elsewhere.29 Briefly, a cube made up of a mixture

of amorphous boron and epoxy resin was employed as

pressure-transmitting medium, and amorphous carbon was

used as furnace material to achieve high temperatures. The

PbTiO3 sample and NaCl powder (used as the pressure

marker) were packed into two layers in a cylindrical boron

nitride (BN) container of 1.0 mm in diameter and 2.0 mm

in length. Data were collected on both PbTiO3 and NaCl at

each experimental condition. To determine lattice parame-

ters of PbTiO3, Le Bail method was used to analyze the

obtained data using the General Structure Analysis System

(GSAS).30 The relative standard deviations in the deter-

mined unit-cell volumes are typically less than 0.1%.

Pressures were calculated from Decker’s EOS of NaCl.31

At each condition, four NaCl diffraction peaks, 111, 200, 220,

and 420, were used for determination of the pressure.

The uncertainties in pressure measurements are mainly due to

the statistical variation in the positions of different diffraction

peaks and are less than 0.2 GPa in the P-T range investigated.

Temperatures were measured by a W/Re25%-W/Re3% ther-

mocouple that was in close proximity to PbTiO3 and NaCl

layers. Errors in temperature measurement were estimated to

be around 10 K. Temperature gradients over the entire sample

length were on the order of 20 K at 1500 K, and the radial

temperature variations were less than 5 K.29

The sample was first compressed at room temperature to

7.8 GPa, followed by heating to a targeted temperature of

1074 K to release the inhomogeneous deviatoric stress in the

sample and then stepwise cooling to 874, 674, 472, and

302 K. Similar run cycles were repeated several times at

stepwise lower pressures down to �1 GPa. To minimize the

effect of deviatoric stress, which was built up during the

room-temperature “cold” compression, all diffraction pat-

terns in the experimental P-T space were collected after tem-

perature reached the maximum temperature of 1074 K and

during subsequent cooling cycles. Our data analysis indicates

that peak widths observed under these high P-T conditions

are similar to those at ambient condition, confirming that the

sample was under nearly hydrostatic pressures. In addition,

all the P-V-T data reported here were collected from a single

high P-T experiment, which eliminates the possibility of sys-

tematic errors resulting from different sets of measurements.

III. TETRAGONAL-CUBIC PHASE TRANSITION IN
HIGH P-T REGION

As described above, at 763 K and 1 atm, PbTiO3 under-

goes a transformation from the ferroelectric, tetragonal phase

to the paraelectric, cubic phase. Our high P-T synchrotron

XRD experiments allowed examination of this phase transfor-

mation at elevated pressures (Fig. 1). For initial high-P loading

up to 7.8 GPa at room temperature, all the obtained XRD pat-

terns can be fitted with the tetragonal PbTiO3 structure. How-

ever, with increasing pressure, diffraction peaks become

broadened, which can be ascribed to deviatoric stresses gener-

ated during the “cold” compression. As expected, these

FIG. 1. (Color online) Representative synchrotron XRD patterns of tetrago-

nal and cubic PbTiO3.
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stresses were released upon heating, as reflected by the

sharper peaks seen at high temperatures (as well as after

quenching) (Fig. 1). The patterns collected at 1074, 874, and

674 K (except for 1.8 GPa) at all experimental pressures can

be modeled with the high temperature cubic PbTiO3 struc-

ture. The remaining data obtained at 674, 472 K, and at

room temperature upon quenching, indicate occurrence of

the tetragonal phase. It should be noted that within the ex-

perimental pressure range (up to 7.8 GPa), we did not

observe the tetragonal-cubic phase transformation at room

temperature, which is consistent with the findings of Refs.

26 and 27. However, an earlier study from dielectric meas-

urements placed the tetragonal-cubic transition pressure at

5.8 GPa (Ref. 25) at room temperature. Because all these

experiments used different pressure cells and pressure

media, these discrepancies are most likely due to differences

in the stress conditions samples experienced. Based on the

results of this work and Refs. 26 and 27, a P-T phase dia-

gram of PbTiO3 has been established and is shown in Fig. 2.

Another interesting property of tetragonal PbTiO3 is nega-

tive thermal expansion, i.e., it contracts when heated.7,32 This

unique property has been extensively studied due to the poten-

tial applications of PbTiO3 for tailoring thermal expansion

coefficients of related ceramic products. The mean volumetric

thermal expansion coefficient (TEC) of tetragonal PbTiO3 is

�1.99� 10�5 K�1,33 which results from an increase in lattice

parameter a accompanied by a larger decrease in c with

increasing temperature. Figure 3 shows pressure dependence

of lattice parameters of tetragonal PbTiO3 measured at 674,

472, and 302 K. With increasing pressure, both lattice parame-

ters a and c decrease. However, the rate of decrease in c is

much larger than that in a, leading to smaller c/a ratios at high

pressures (for example, at 302 K, c/a decreases from 1.060 at

0.2 GPa to 1.014 at 5.0 GPa). In other words, as the pressure

increases, the tetragonal structure becomes more cubic-like,

and eventually the tetragonal-to-cubic transition will occur.

The results in Fig. 3 also show the effect of temperature on the

structure. At a given pressure, with increasing temperature, lat-

tice parameter a increases, whereas c decreases (i.e., smaller

c/a ratios at high temperatures), though the magnitudes of

these variations decrease with increasing pressure. Hence, the

decrease in the c/a ratio with increasing temperature or pres-

sure indicates that both heating and compression favor the

paraelectric, cubic PbTiO3 phase.

IV. THERMAL EQUATIONS OF STATE OF
TETRAGONAL AND CUBIC PbTiO3

Figures 4 and 5 show the relations between unit-cell vol-

umes and pressures at different temperatures for the cubic

and tetragonal PbTiO3 phases, respectively. We employ a

modified high-T Birch-Murnaghan EOS,34–39 truncated to

third order, to derive the thermoelastic parameters based on

the measured P-V-T data for PbTiO3. A general form of this

modified EOS is formulated by

P ¼ 3KTf ð1þ 2f Þ5=2
1� 3

2
ð4� K0Þf þ :::

� �
; (1)

FIG. 2. (Color online) Pressure-temperature phase diagram of PbTiO3.

Empty circle – cubic phase; empty square – tetragonal phase prior to heat-

ing; solid square – tetragonal phase upon heating; solid diamond – tetragonal

to cubic phase transition in Ref. 27 11.2 GPa; solid cross – tetragonal to

cubic phase transition in Ref. 26 13 GPa. The dashed line represents a

boundary between the cubic and tetragonal phases.

FIG. 3. (Color online) Variation of lattice parameters of tetragonal PbTiO3

as a function of pressure at different temperatures.

FIG. 4. (Color online) P-V-T data measured for cubic PbTiO3. The curves

represent results of the least-squares fitting using Eq. (1).
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where

KT ¼ KT0 þ ð@K=@TÞPðT � 300Þ;

K0 ¼ ð@K=@pÞT
and

f ¼ 1

2
½ðVT=VPTÞ2=3 � 1�;

VT ¼ V0 exp

ð
að0; TÞdT

� �
:

In Eq. (1), KT0 and KT represent the isothermal bulk modulus

at 300 K and a higher temperature T, and (@K=@T) and

(@K=@P) stand for the temperature and pressure derivatives

of the bulk modulus, respectively. V0, VT, and VPT corre-

spond to the unit-cell volumes at ambient conditions, at

ambient pressure and temperature T, and at high P-T condi-

tions, respectively. a(0,T) is the volumetric thermal expan-

sion at atmospheric pressure, typically represented by

a(0,T)¼ aþ bT � c/T2 (T in Kelvin, see Ref. 40). In the

modified high-T Birch-Murnaghan EOS, the temperature

effects are taken into account by replacing K0 with KT and

substituting V0/VP with VT/VPT in the isothermal EOS.

Because of the limited pressure range that restricts an accu-

rate constraint on K0, we assume K0 ¼ 4 for PbTiO3 (a typical

value for many materials41) in Eq. (1) throughout the data

analysis. Similarly, we ignore the term of c/T2 in a(0,T) as

well as higher-order terms and cross derivatives of the bulk

modulus such as @2K=@2T and @2K=@P@T. From least-

squares fitting of the P-V-T data using Eq. (1), we obtain: for

the cubic phase, K0¼ 141(5) GPa, (@K=@T)P¼�0.017(3)

GPa K�1, and a(0,T)¼ aþ bT with a¼ 1.5(5)� 10�5 K�1

and b¼ 2.9(8)� 10�8 K�2; for the tetragonal phase,

K0¼ 104(4) GPa, (@K=@T)P¼�0.046(4) GPa K�1, and

a(0,T)¼ aþ bT with a¼ 3.2(8)� 10�5 K�1 and

b¼ 0.32(10)� 10�8 K�2. Errors of these thermoelastic pa-

rameters were from those of Le Bail profile fitting; uncertain-

ties in the P-V-T measurements were not included in the error

estimation. For the tetragonal phase, within the experimental

uncertainty, our determined bulk modulus (104 6 4 GPa) is in

good agreement with those reported previously using DAC

XRD (100 6 3 GPa, with 4:1 methanol-ethanol solution as the

pressure medium;27 107 6 3 GPa, with a nitrogen pressure

medium28). However, for the cubic phase, our obtained bulk

modulus, 141(5) GPa (K0 ¼ 4), is smaller than those reported

in the literature: 195(3) GPa (K0 ¼ 4) in Ref. 27 and 237(4)

GPa (K0 ¼ 4.5) in Ref. 28. Because the presence of deviatoric

stress can strongly affect lattice volume measurements under

high pressure, the good agreement in K0 values for tetragonal

PbTiO3 among different studies (this work and Refs. 27

and 28) indicates that previous DAC experiments were under

hydrostatic conditions presumably due to the use of fluid pres-

sure media. Our experiment was hydrostatic because PbTiO3

powders were preannealed at high temperature to release non-

hydrostatic, deviatoric stresses. However, most of the known

pressure media, including methanol-ethanol mixture and nitro-

gen used in DAC experiments, would freeze under the pres-

sures of cubic phase stability field at room temperature (>10

GPa); this portion of the earlier DAC experiments were thus

nonhydrostatic. Under nonhydrostatic conditions, an impor-

tant factor causing the K0 discrepancy is the angle between

the pressure loading direction and the diffraction plane

(u),42,43 which is about 90� difference between our DIA-type

cubic anvil apparatus and the conventional DAC setup. In our

experimental setup, the diffraction plane is almost perpendicu-

lar to the pressure loading direction. Thus the XRD data col-

lected correspond to the maximum stress direction, which

would result in smaller bulk modulus if no heating is applied

to release the stress. In the DAC setup used in Refs. 27 and 28

the diffraction plane is parallel to the pressure loading direc-

tion; the data collected under nonhydrostatic conditions meas-

ured diffraction from the minimum stress direction and would

lead to a larger bulk modulus. These effects have been well

demonstrated in DAC experiments with radial diffraction ge-

ometry. In BC2N, for example, the bulk moduli obtained

under nonhydrostatic conditions are 184, 276, and 350 GPa,

respectively, along the maximum (u¼ 0�), hydrostatic (at the

magic angle u¼ 54.7�), and minimum (u¼ 90�) stress

directions.43

From the thermodynamic identity,

ð@a=@PÞT ¼ ð@K=@TÞPK�2
To (2)

the pressure derivatives of the volume thermal expansivity,

(@a=@P)T, are calculated to be�8.60 6 2.0� 10�7 K�1 GPa�1

and �4.48 6 0.7� 10�6 K�1 GPa�1 for the cubic and tetrago-

nal PbTiO3, respectively. The uncertainties in (@a=@P)T are

estimated from the error propagation of KT0 and (@K=@T)P.

A close inspection of Fig. 5 indicates that at all experi-

mental pressures the tetragonal PbTiO3 exhibits positive vol-

umetric thermal expansion, which leads to a nominal

ambient TEC of 3.2(8)� 10�5 K�1 based on the fitting of

P-V-T data. This is in striking contrast with the reported neg-

ative thermal expansion of �1.99� 10�5 K�1 at ambient

pressure.33 Hence, there appears to be a critical pressure at

which the thermal expansion of tetragonal PbTiO3 changes

from negative to positive. To confirm this crossover, addi-

tional data in the pressure range 0–1 GPa are needed.

FIG. 5. (Color online) P-V-T data measured for tetragonal PbTiO3. The

curves represent results of the least-squares fitting using Eq. (1).
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The thermal-pressure approach to process P-V-T data has

been widely applied for its thermodynamic importance.38,44–47

This method is also useful for deriving thermoelastic parame-

ter (@KT=@T)V, the temperature derivative of bulk modulus at

constant volume, which is experimentally difficult to measure.

In this approach, thermal pressure Pth is calculated as the dif-

ference between the measured pressure at a given temperature

and the calculated pressure from Eq. (1) at room temperature,

with both pressures corresponding to the same volume. Fol-

lowing this definition, we calculated the thermal pressures of

PbTiO3 (Fig. 6). As shown in Fig. 6, the thermal pressure

varies linearly with temperature, which is consistent with the

linear trends observed in a number of different classes of

compounds.38,40,44–48 Thermal pressure at any temperature

above 300 K for a given volume can also be obtained from

thermodynamic relations. Following the method of Refs. 40

and 44 and subsequent studies, thermal pressure can be calcu-

lated by

Pth ¼
ðT

300

�
@P

@T

�
V

dT

¼ PthðV; TÞ � PthðV; 300Þ
¼ ½aKTðV300;TÞþ @KT=@Tð ÞVInðV300=VÞ�ðT � 300Þ:

(3)

From least-squares fitting of the thermal pressure versus tem-

perature shown in Fig. 6, we obtain mean values of aKT(V300,T)

and (@KT=@T)v, 0.0045(2) and �0.0025(8) GPa K�1, respec-

tively, for the cubic phase, and 0.031(2) and �0.038(5) GPa

K�1 for the tetragonal phase. From the thermodynamic identity,

@KT=@Tð ÞV ¼ @KT=@Tð ÞP þ @KT=@Pð ÞTaKTðV300;TÞ: (4)

We obtain a (@KT=@T)P value of �0.020(4) for the cubic

phase and a value of �0.050(6) for the tetragonal phase,

which, within the fitting uncertainties, are in agreement with

the results derived from Eq. (1), �0.017(3) and �0.046(4)

for the cubic and tetragonal phase, respectively. The values

of (@a=@P)T derived from Eq. (2) for the cubic and tetrago-

nal PbTiO3 are (�1.03 6 0.27)� 10�6 K�1 GPa�1 and

(�4.65 6 0.9)� 10�6 K�1 GPa�1, respectively. Internally

consistent thermal EOSs for both cubic and tetragonal

PbTiO3 phases, as summarized in Table I, are thus obtained

using two different analysis methods. The thermoelastic pa-

rameters, including (@KT=@T)P, (@KT=@T)V, and (@a=@P)T

for cubic and tetragonal PbTiO3, have thus been determined

for the first time.

V. CONCLUSIONS

Using energy-dispersive synchrotron x-rays coupled

with a multianvil apparatus, we have conducted in situ XRD

experiments on PbTiO3 at pressures up to 7.8 GPa and tem-

peratures up to 1074 K. From these experiments, a P-T
phase boundary between cubic and tetragonal PbTiO3 has

been derived. With increasing temperature or pressure, the

c/a ratio of tetragonal PbTiO3 becomes closer to unity, sug-

gesting that both heating and compression favor the

FIG. 6. (Color online) Thermal pressures (Pth) of the cubic (empty circles)

and tetragonal (solid circles) PbTiO3 phases as a function of temperature.

The spread of the data points at any given temperature corresponds to ther-

mal pressures at different volumes, which are plotted in detail in the inset.

The lines in the inset show approximate constant values of thermal pressure

at a given temperature.

TABLE I. Summary of thermoelastic parameters for cubic and tetragonal PbTiO3. Except for @a=@Pð ÞT , the numbers in parentheses are standard deviations

from the least-squares fit and refer to the last digit(s) of the parameter values. For @a=@Pð ÞT , the uncertainties are estimated from the error propagation of K0

and @K=@Tð ÞP.

K0 (@K=@T)P aT(K�1)¼ aþ bT (@a=@P)T (@KT=@T)V

Reference (GPa) K0 (GPa�K�1) a, 10�5 b, 10�8 (10�6 GPa�1�K�1) (GPa�K�1)

This worka 141(5)c 4 �0.017(3) 1.5 (5) 2.9(8) �0.86 6 0.20

This workb 141(5)c 4 �0.020(4) �1.03 6 0.27 �0.0025 (8)

27 195(3)c 4

28 237(4)c 4.5

This worka 104(4)T 4 �0.046(4) 3.2(8) 0.32(10) �4.48 6 0.7

This workb 104(4)T 4 �0.050(6) �4.65 6 0.9 �0.038(5)

27 100(3)T 4

28 107(3)T 5

aBased on the measured P-V-T data and Eqs. (1) and (2).
bThermal-pressure approach based on the measured data and Eqs. (3) and (4).
cCubic PbTiO3.
TTetragonal PbTiO3.
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paraelectric cubic structure. In addition, our data indicate a

crossover of the thermal expansion of tetragonal PbTiO3

from negative at ambient pressure to positive above 1 GPa.

We are currently conducting additional experiments in the

pressure range 0–1 GPa to corroborate this unique behavior.

Two different methods, namely, high-T EOS and thermal

pressure approach, have been applied to derive thermal

equations of state for cubic and tetragonal PbTiO3, which

include temperature and pressure derivatives of thermal

expansion and elastic bulk modulus. Within the experimen-

tal uncertainty, the bulk modulus for tetragonal PbTiO3

obtained in our study is in good agreement with those

reported in the literature. Our bulk modulus for cubic

PbTiO3 is smaller than those previously measured using the

DAC technique, probably due to differences in the stress

conditions of the samples in the two techniques. Other ther-

moelastic parameters for both tetragonal and cubic PbTiO3

have been determined for the first time. These results

extend our knowledge of the fundamental properties of

cubic and tetragonal PbTiO3 and provide basic parameters

for modeling thermal-mechanical behavior of perovskite-

type ferroelectric materials.
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