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THE ELECTROMECHANICAL PROPERTIES OF TETRAGONAL

BaTiO 3AND PbTiO 3SINGLE CRYSTALS*

Z.LI, C.M.FOSTER, M.GRIMSDITCH AND S.-K.CHAN
Materials Science Division, Argonne National Laboratory,
Argonne IL 60439, USA

Abstract The velocities of propagation for longitudinal and transverse sound
waves in various directions have been measured by Brillouin scattering on high-
quality mono-domain single crystals of BaTiO 3 and PbTiO 3. Using these
velocities and also the dielectric permittivities measured by the impedance
method and by Raman spectroscopy, a complete set of elastic stiffness moduli,

Cijkl, piezoelectric constants, erij and dielectric permittivity, 8ij, has been
determined at ambient temperature. The dependence of the electromechanical
properties on orientation and frequency will be presented for both materials and
the physical implications will be discussed.

INTRODU(_TIQN

BaTiO 3 and PbTiO 3 that have similar ABO 3 perovskite structures are two of the most

important ferroelectric materials. At high temperature, both materials are paraelectric

with the cubic structure (Pm3m). On cooling, BaTiO 3 undergoes successive structural

phase transitions with its symmetry changing from cubic to tetragonal (13 I°C), then to

orthorhombic (5oc) and finally to rhombohedral (-90°C), whereas PbTiO 3 has only one

transformation from cubic to tetragonal (490°C). The nature of the phase

transforrr,ations for these two materials are, however, different. It is generally believed

that the origin of the phase transition for PbTiO 3 is displacive, whereas that for BaTiO 3

is order-disorder type[ 1,2]. Both materials are ferroelectric with tetragonal structures at

room temperature, but the lattice strain c/a ratios are quite different, about 1% for

BaTiO 3 and 6% for PbTiO 3. The technological importance of both materials has been

demonstrated repeatedly in the literature, and the physical properties of materials in
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ceramic form have been extensively studied. Only recently, however, have anisotropic

elastic, piezoelectric and dielectric properties of mono-domain single crystals of BaTiO 3

and PbTiO 3 been accurately measured[3,4]. These not only provide us with basic

parameters for practical applications but also enable us to further understand the

different nature of phase transformations in these two materials. In this paper we

present a complete set of elastic, piezoelectric and dielectric constants and discuss the

orientation and frequency dependence of the electromechanical properties for both

BaTiO 3 and PbTiO 3 mono-domain single crystals.

SAMPLE PREPARATION

Tetragonal BaTiO 3 single crystals were obtained from the Institute of Physics, Chinese

Academy of Science, Beijing, China. The crystals were grown by the top seed solution

method and have been poled in a dc electric field to obtain a mono-domain crystal. The

dimensions of the samples were approximately 3 x 3 x 3 mm. The PbTiO 3 single

crystals were grown by a flux solution method. The PbO was used as a flux and the

mole ratio of PbO to TiO 2 w_ts about two. The as-grown single crystals then underwent

a series of treatments that included (1) mechanical detwinning to eliminate 90 °

domains, (2) heat treatment to reduce dielectric frequency dispersion and dielectric loss,

and (3) electrical poling to remove 180 ° domains. Detailed information of growth and

preparation of mono-domain single crystals of PbTiO 3 is reported elsewhere [5]. The

final dimensions of the PbTiO 3 samples were about 3 x 3 x 1.5.

For both materials, three sets of parallel crystallographic planes, (100), (010) and

(001), of the crystals were obtained by polishing on a standard metaUographic disc,

using 9, 6, 3, and 1 mm diamond pastes to achieve a mirror-like surface. Several

samples were electroded with silver paint on the (100) or (001) faces for dielectric

measurements.

DIELECTRIC CONSTANTS

For dielectric measurements, the sample was held in a HP 16034 test fixture, which was

connected to a computer controlled HP4192A LF Impedance Analyzer. The anisotropic

dielectric permittivities, Etr and E33, were determined automatically with the frequency

sweeping from l kHz to 13 MHz. Figures la and l b illustrate the dielectric constants,

el t/Eo and _33/eo, as a function of frequency for BaTiO 3 and PbTiO3, respectively. The

eo is the permittivity of vacuum which is 8.8542 x 10-t2 F/m. The values of el_/eoand
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_3/_odecreaseslightlyasthefrequencyincreasesup totheresonantfrequenciesofthe

crystals. Over this frequency range the dielectric constants are those at constant stress,

ETj/eo. Above the resonant frequencies, ell/Co and e33/eo remain constant and they are the

dielectric constants at constant strain, _sj/eo.

Figure la shows that the dielectric anisotropy is very large for BaTiO 3 single

crystals. The ratio of e_t/ea3 is about 30. The reason of this is unknown. However, we
T

have found that the E_t/eodecreases significantly with temperature, from 4000 to 3000,

as the temperature increases from 22° to 40°C[6]. This may be related to the phase

transformation of BaTiO 3 at 5°C. In contrast, the dielectric anisotropy is small for

PbTiO 3 and the ratio is less than 2. Table 1 lists the dielectric constants at constant
T S

stress, eij/Eo, and at constant strain, eij/e o, which are determined at 10 kHz and 12 MHz,

respectively. The e33/eo of BaTiO 3 measured from our study are significantly smaller

than the values reported previously in the literature, which are 170 and 110 for ear3/eo

and es3/eo, respectively[7,8]. Since BaTiO 3 has a large dielectric anisotropy, we have

found that any residual 90° domains will significantly affect the dielectric properties.

The dielectric constants of PbTiO 3 from this study are in good agreement with the

calculated values using a Landau-Ginsburg-Devonshire type thermodynamic approach

by Haun et al[9], but are much smaller than those measured on single crystals by

Fesenko et al[10] and on polycrystalline ceramics by Ikegami et al[ 11]. Table 1 also

lists the high frequency dielectric constants calculated from the A and E optical modes

uL Raman specu'oscopy using "_" I ,,,_,_.,,,,. e_,.t,__'r,,U,,r (T .qT) relationl'12,13]. The



. TABLE ! Dielectric C°nstants..0f BaTiOt and PbTi0t. '

4; o g/ o
_10kHz) _10kHz) _12MHz) 12MHz) _Rarnan) (R,aman)

BaTioa 4100 127 1980 56 2000* 37 +
PbTiO a 130 80 101 34 .107 28.6
* Ref 12, + Ref 13

dielectric constants determined along the polar direction (c-axis) from the impedance

method and from Raman spectroscopy are similar for PbTiO 3 but different for BaTiO 3.

This difference indicates that contrary to BaTiO 3, a jump due to atomic relaxation does

not occur at high frequency for PbTiO 3 single crystals.

I_LASTIC AND PIEZOELECTRIC CONSTANTS

Sound velocities were measured using the Brillouin scattering technique. Brillouin

scattering is the inelastic scattering of light by acoustic phonons. The frequency shifts

Av observed in Brillouin scattering are directly related to the sound velocity V[14]. The

elastic and piezoelectric constants may then be calculated f_'om the sound velocities

using Christoffers equation as
2

pVqu i = 1-'ijklqjqlUk, (1)

where ui is the polarization (displacement) of the wave, l"ijkl is the piezoelectrically

stiffened elastic modulus given by
E S

l"ijld = Cijkl + [(erijqr)(esklqs)/(emnqmqn)], (2)
E

and p is the density of materials. In Equation (2), Cijkl is the elastic stiffness modulus at
s

constant electric field; erij is the piezoelectric stress constant, and emn is the permittivityE
at constant strain. For tetragonal crystal with P4mm symmetry, the non-vanishing Cijld,

TABLE 2 Elastic and Piezoelectric Constants of BaTiO_ and PbTiO3
E E E

C_II C33 C12 C13 C!_44 C66 e15 e3! e33

(GPa) (C/m 2)ii

BaTiOa 211 160 107 114 56.2 127 32.6 -3.88 5.48

PbTiO t 235 105 101 98.8 65.1 104 3.92 -0.98 3.35

E E E E E d3 d33SII $33 S12 S13 $44 S66 di5 1

(xl03/GPa) (10"t2C/N) _

BaTiOa 8.01 12.8 -1.57 -4.60 17.8 7.91 580 -50.0 106

PbTiOa. 7.06 .... 21.3 -0.40 -6.27 15.4 9.62 60.2 -27.5 83.7



s _" C_13,C_33, E C_, e est and e3s.erij, and emn are, in Voigt notations, C_, C12, C44' ts' e3_, e33,

To obtain these eleven independent parameters, a total of fifty velocities were measured

for the longitudinal, L, and the two transverse modes, T t and T2 , in twenty wave

propagation directions for each material[3,4]. Using Equations 1 and 2, the elastic

constants and the piezoelectric constants were calculated from the velocities by

combining algebraic computations with a computer-based nonlinear least-squares fitting

method.
E

A summary of ali the individual elastic constants, Cii, and piezoelectric constants,

eij, are given in Table 2. For the purpose of practical applications, the elastic

compliance moduli and piezoelectric strain constants, S_j and dij, calculated from C_j

and eij are also listed in Table 2. The elastic stiffness moduli for both materials are

similar except for C3E3. However, the absolute values of the piezoelectric constants of

PbTiO 3, especially els, are much smaller than those of BaTiO 3, which indicates that the
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FIGURE 2. Directional dependence of the compressional (L) and shear (T)

moduli (pV 2) in the (010) plane, (a) BaTiO3 and (b) PbTiO 3
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electromechanical coupling of BaTiO 3 is stronger than that of PbTiO 3 at room

temperature. The large value of e_5 may result from the proximity of the tetragonal to

orthorhombic phase transition of BaTiO 3 at 5oc[6].

The directional dependence of the compressional and shear moduli (pV 2) in the

(010) planes for BaTiO 3 and PbTiO 3 are shown in Figures 2a and 2b, respectively. The

dotted curves in these figures are the values of pV 2 calculated from elastic constants

alone, ignoring piezoelectricity. For each direction, the longitudinal Ct.,)velocity gives

the compressional modulus while each of the transverse (T) velocities leads to a shear

modulus. The T_ mode leads to a shear modulus corresponding to displacement

perpendicular to the plane and the Tz mode to one corresponding to a displacement in

the plane. From Figures 2a and 2b, it is evident that the electromechanical coupling is a

maximum when the displacement is parallel to the polarization c-axis. At its maximum,

for PbTiO 3, approximately one fourth of both compression and shear energies are

converted into electrical energy due to the electromechanical coupling. These are

relatively small in comparison with BaTiO 3, for which, at room temperature, one third

of the compression energy and one half of the shear energy are converted as illustrated

in Figure 2a. The smallness of the electromechanical coupling in PbTiO 3 is refelected

that the larger stress is needed for switching 90° domains in PbTiO 3 compared to what

is needed in the BaTiO3[15].
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