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Electromechanical behavior of BaTiO 3 from first principles
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Using an effective Hamiltonian parametrized from first principles, Monte Carlo simulations are
performed in order to study the piezoelectric response of BaTiCthe ferroelectric tetragonal
phase as a function of temperature. The effect of an electric field on the phase behavior is also
illustrated by a simulation of the transformation of a rhombohedral domain into a tetragonal one
under a strong field. €1998 American Institute of PhysidsS0003-695(98)02023-3

One of the earliest technological applications of ferro-Carlo simulation. The usefulness of the method is not re-
electric materials was in the area of electromechanical transstricted to the calculation of piezoelectric coefficients and the
ducers, the physical basis of which is the piezoelectric effectstudy of generalized phase diagrams. Indeed, the elastic and
The piezoelectric coefficients characterize tiveear) change  dielectric response can be similarly computed, and it can
in polarization in the presence of an external stress, oform the basis for an analysis of non-linear effetts.
equivalently, a change in shape under the application of an The appropriate thermodynamic identity for a crystal in
external electric field. While a phenomenological, descripthe presence of gossibly anisotropicstress and an electric
tive framework for such electromechanical effects has beefield is’
availa_ble for a long time, a q_uarjtiltative micrqscopic under— dU=TdSt o,d7y,+EdD, . 1)
standing of the response of individual materials is lacking,
and further technical development has to proceed largely biere U is the internal energy of the crystgber unit vol-
trial and error. The importance of obtaining a deeper underume, T and S are the temperature and entropy, and 7,
standing has been highlighted by recent refoofsa giant are the components of the stress and strain tensors in the
piezoelectric response in single crystals of relaxor perovVoigt notation® E; is theith component of the macroscopic
skites  PKMg;;aNb,9) O3—PbTiO; (PMN-PT)  and  electric field, andD; is the corresponding component of the
Pl(Zny,5Nb,/5) O3—PbTiO; (PZN-PT). The structural com- electrical displacement vectdin Sl units,D=e,E+P).
plexity of these materials and the variety of phenomena that We parametrize the enerdy of the system by means of
might be involved make it rather difficult to achieve a clearan effective HamiltoniarH . which represents a Taylor ex-
understanding of their observed properties. pansion of the energy surface around the high-symmetry cu-

It is in this context that first-principles calculations can bic perovskite structuret e is written in terms of the dy-
help. They can be used to selectively “turn off” features of hamical variables which are relevant to the low-energy
the system and study its response in conditions that are vefjistortions: the amplitudefu} of the local modesthree de-
difficult or impossible to realize in the laboratory. Besides,drees of freedom per unit cglivhich represent the “soft”
they can provide a microscopic view of the materials prop_tra.nsv_erse optical phonon and are directly related. to the po-
erties. So far, the primary uses of first-principles calculationdrization of the crystal P=(Z*/V)Zu, where Z* is the
relevant to this area have been calculations of piezoelectri’ode effective charge andis the cell volumg a setjv} of

coefficients for simple materials at zero temperafurethis displacement variables representing the acoustic modes; and
work, as a step towards the theoretical treatment of the ele

d;he six components of the homogeneous strainThe pa-
figmeters of the energy expansion, including the on-site local-
Hwode self-energy, the interaction between local mateth
short range and dipole—dipglethe elastic energy, and the
local mode-elastic coupling, are computed using highly ac-
Furate first-principles local-density approximatidhDA)
calculations with Vanderbilt ultrasoft pseudopotentfals.
ore details about the construction of the effective Hamil-

first calculations of the piezoelectric response as a functio
of temperature for BaTiQ) an important member of the per-

ovskite family of ferroelectric compounds. We also illustrate
the influence of electric fields on the phase behavior o
BaTiO;. We base our approach on a scheme which ha

proven very successfuin the description of the rich phase tonian are given in Ref. 3, where the method is shown to

d|agrams OT perovsk|te_ oxides: an effective Hamiltonian rovide a good account of the phase transition sequence in
which contains the physically relevan_t degrees of freedom OEaTiO3 within the limitations of an approach based on low-
the structurdnotably the “soft mode]) is constructed onthe ~ opq4v distortions. The extension of the standard Metropolis
basis of high-quality first-principles calculations, and the stay nte carlo algorithm to include the effects of stress and
tistical mechanics of the system is then studied by Montgjectric field involves replacing the Boltzmann probability
factor exp(-BU') by exd — (U — 0,77, —E;P!)] in the accep-
3Electronic mail: dhv@physics.rutgers.edu tance criterion for statg¢. For a given temperature, stress,
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FIG. 1. Piezoelectric coefficients as a function of temperature in the tetrag-

onal phase of BaTi@ Open triangles and circles represent values computedr|G. 2. Average strain in the field-induced rhombohedral to tetragonal
from the strain response to an electric field and from polarization—strairphase transition. Off-diagonal strain components are magnified for clarity.

correlations, respectively. The approximate statistical error of each point, afhe approximate statistical error of each point, as estimated fromythe
estimated from an ensemble of similar runs, is 10 pC/N. Solid squares shoWariance, is 0.05%).

experimental data poini®Ref. 10.

temperature dependen¢apward tendency irds;, down-

and field, the strain; and the mode variables are allowed t0 \yarq in d,,) corresponds to the pseudodivergent behavior
fluctu_ate_, their average values determining the shape and nghserved experimentally near the tetragonal-to-cubic
polarization of the system. transition’? In the thermodynamic limit, the correlation and

As an important application of the method, we computeie|g-strain approaches should be completely equivalent.
the piezoelectric response of the tetragoffatroelectrio  since we use finite runs and finite simulation boxes (12
phase of BaTi@ (point group 4nm), which is stable from 12 12 or 1728 unit cells for the correlation analysis and
approximately 278 to 403 K and exhibits a spontaneous po1(x 10x 10 or 1000 unit cells for the field-strain calcula-
larization that we take to be along tlzeaxis. The relevant tions), the results are similar but not identical.
coefficients are Our method can also be applied to the study of the sta-
bility of the different phases as a function of the external
field and stress. As an illustration of the influence of electric
fields on the phase diagram, we performed a simulation of
the effect of a strong field on the strain and electrical polar-

where AX=X—(X) and the averages are computed usingization of a BaTiQ sample in the rhombohedraR] phase.
the extended Boltzmann factor defined abdvihese equa- This phase, with point groupr8, is stable at temperatures
tions suggest three different ways to calculate the responsB€low 183 K, and exhibits a spontaneous polarization along
direct calculations of the average strain as a function of apone of the origina{111) cubic directions, and a correspond-
p||ed field, or the average p0|arizati0n as a functior(mf- Ing strain deformation with respect to the cubic phase satis-
isotropig stress, and computation of the statistical correlafying 71= 7,= 73 and 7,= 75= 7.
tion between polarization and strain. The latter is  The evolution of the strain and polarization as a function
conceptually the simplest, although relatively long simula-Of the strength of an electric field along the cubi@xis is
tions[on the order of 100 000 Monte Carlo swedptCS)°] shown in Figs. 2 and 3, respectively, for a simulation tem-
are needed to obtain good statistics. Of the direct approaches,
the field-strain calculations are the most efficient as only one R I IR I 'A' AT
series of calculations for varying; is needed to compute o 2 =
the most common coefficiently; and dss (representing, re- AAAA
spectively, the transverse contraction and the longitudinal 2%
expansion under the application of a field parallel to the
ferroelectric axis

An effective Hamiltonian based on a finite Taylor expan-
sion of the energy should not be expected to reproduce per-

an,
JE;

iv

P,
=<—) =p(APAR,), )
o E

Jo,

0.4

0.3

0.2

P (C/m?)

|I||I|I|II|%IIII|III
> m]
U U U
W -

e

T T

fectly the behavior of the material at relatively high tempera- 0.1 o

tures. In particular(see Ref. B the theoretical transition o
temperatures are progressively shifted downwards with re- D@ 8 g
spect to the true onés.In order to provide a better compari- 0 (')' — l — g L g L '?- il

son of our results fods; andds; to experimen{Fig. 1), we .
have therefore rescaled linearly the theoretical temperatures E, (10° kV/em)

so that the e”“_' p(_)lnts of the range of St_ablllty of th_e tetrag-FIG. 3. Average polarization in the field-induced rhombohedral to tetrago-
onal phase coincide. The agreement with the available €Xya phase transition. The approximate statistical error of each point, as esti-

perimental data is very good, and the general trend of thenated from theP variance, is 0.01 C/f
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perature of 100 K. The rhombohedral symmetry is immedi-  This work was supported in part by ONR Grant No.
ately broken by the field, as can be seen by e 7, N00014-97-1-0048 and by UPV Research Grant No.
# 15 splitting (and the analogous one among the polarizatior060.310-EA149/95. The authors thank J. M. Perez-Mato and
components In the approximate range 2—%30° kvV/cm,  Karin Rabe for useful comments.
there is a noticeable split ip; and 7,, all the off-diagonal
components of the strain savg (27,3 in the standard ten-  'S.-E. Park and T. R. Shrout, J. Appl. Ph2, 1804 (1997; S. Wada,
sor notation fall to zero, andP; falls to nearly zero. Thus, (S]-.;)IEE).&Park, L. E. Cross, and T. R. Shrout, J. Korean Phys. 551290
this r'ang.e c'orresponds to Z_in orthor'homb.ic pha;e with theS. de Gironcoli, S. Baroni, and R. Resta, Phys. Rev. B6&{t2853(1989;
polarization in theyz plane(different simulations “pick” at F. Bernardini, V. Fiorentini, and D. Vanderbilt, Phys. Rev56 R10024
random between thgz and thexz planes. For larger fields, 2_1997); (; Sayhi-Szabo R. E. Cohen, and H. Krakauer, Phys. Rev. Lett.
. . in press.

the equality ,betweeml and 7, is restored, all the ,Off— SW. Zhong, D. Vanderbilt, and K. M. Rabe, Phys. Rev. L&®8 1861
diagonal strain components fall to zero, @nfollows P4 in (1994; Phys. Rev. B52, 6301(1995.
its earlier drop. The resulting phase is tetragonal, vith ‘S‘A. Garcia and D. Vanderbiltunpublishedl

; ; ; ; ; _ “See, for example, M. E. Lines and A. M. Glagsjnciples and Applica-
along the[001] dlreCt!?nf .S|mL'JIat|,c’)ns at dlff?.rem tempera tions of Ferroelectric and Related Material€larendon, Oxford, 19737
tures show that_the critical field” for transition to the te- &) what follows, Greek subscripts run from 1 ta(6oigt schemg
tragonal phase increases as the temperature is reduced, afol Vanderbilt, Phys. Rev. B1, 7892(1990.
that the field range associated with the intermediate orthoThe relationship betweed;, and the strain and polarization correlations
rhombic phase narrows.The behavior emerging from our can be simply obtained by differentiation of the expressidfX)

simulation parallels that seen experimentalNn the =3,;X/Proly, where Probis the extended Boltzmann factor andis the
P P n extended partition function.

PMN-PT and PZN-PT giant-response materials: individual °a monte Carlo sweep is completed after each local variable is considered
domains are in a rhombohedral structure, and as an electricior a “flip attempt” and each component of the homogeneous strain suf-
field is applied and progressively increased alan@he po- Lers 2L +1 attempted changes, whdras the linear size of the simulation

P : : . . 0X.
larization rOtat_eS from &111] direction to &[001] direction. Landolt-Bornstein: Numerical Data and Functional Relationships in Sci-

In conclusion, we have shown how the electromechani- ence and Technologiew Series, Vol. 11/11(Springer, Berlin, 1989
cal response of a system can be computed from first prin-For the rhombohedral to orthorhombic to tetragonal to cubic transition
ciples using an effective Hamiltonian suitably augmented by Si‘_‘luet’;]ceihthe et?‘pel”me”fms s r;;gectléeggéli?, 278, and 403 K,

. . S . while the theoretical ones are , , an .

terms representlng. th_e influence of gpplll(iahlsotropl() 12g5ee, for example, M. E. Lines and A. M. Glasg. cit; F. Jona and G.
stresses and electric fields. As an application, we have pre-shirane Ferroelectric CrystalsPergamon, Oxford, 1962
sented the first calculations of the piezoelectric response JdfThese results hint 'that the tr.ans.ition becomes second-oro!er at zero tem-
ferroelectric tetragonal BaTiOas a function of temperature. perature. Such an |n_terpretat_|on is support_ed by an anal_y5|s of the energy

o€lectric tetragona a.@ . . . P surface of the effective Hamiltonian, showing that the distorted rhombo-
We have also performed simulations illustrating the effect of hedral minima coalesce continuously into a tetragonal one with increasing

electric fields on the phase behavior of this material. field at O K.
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