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First-principles study of the electric field gradient at the cubic-tetragonal phase transition
in barium titanate
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The question concerning the driving mechanigdisplacive or order disorderof the paraelectric—
ferroelectric phase transition in BaTiQs investigated by means of the study of the electric field gradient
tensor at the Ti site. A comparison of recent NMR results close to the critical tempefatwegsus first-
principle calculations of displacive and off-site Ti order—disorder type structures are accomplished. At a
temperature just belov, the calculated/,, for the displacive-type structure describes well the experimental
value, while the calculated order—disorder statj¢value is far away from it.
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I. INTRODUCTION PV
ij

The ferroelectric phase transition Pm3mP4/mmm of 9% 9% I r=0
BaTiO; has been widely studied in the last years due to the . - .
uncertainty about the nature of the dominant driving mecha-sigfen; sg;?iiln derivatives of the Coulomb potential at a

nism of the transition. On the one hand, this transition can b8 .
The Coulomb potential can be calculated from the total

considered as an order—disorder type phase trangit@mn. ; . .
the other, it can be associated with a displacive soft-mod Ie'ctron!c and n.uclear charge in the qrystal by SQ'V'F‘g the
transitiorf type, describable by anharmonic lattice o1sson's equaﬂpn, once the eIectromp charge distribution
dynamics? Most recent studies, both experimental and theo_has been dete_rmlned. After dlagonallzanon_ of the EFG tensor
retical, predict a coexistence of these two models or even aﬁnd rearranging the components accprdmg|\tg<| - |VW|
occurrence of a crossover from displacive to order—disorder |VZJ. the principal component i, and is cglled EFG. '!'he
in the neighborhood of the critical temperatuig,).*-% Al- experimentally measured quadrupole coupling constgris
though there are numerous studies addressing this issue, th%lated withVz, by
actual mechanism of the phase transition remains an open
question.
Recently, Zalaret al” by means of Nuclear Magnetic
Resonance, presented experimental values of the Electric
Field Gradient(EFG) at the Ti site, at temperatures very wheree stands for the electron chardgg,is the nuclear quad-
close(above and beloyto T.. The EFG is a very sensitive rupole moment anth is the Planck’s constant.
quantity directly related to changes in the electronic structure For the determination of the electronic structure we used
and therefore senses the geometric configuration in ththe ab-initio full-potential linearized augmented plane wave
neighborhood of the probe. This feature of the EFG makesnethod(FP-LAPW) in a scalar relativistic version as embod-
these new experimental data to be of great interest for thied in the wiEN2k code® This method is one of the most
analysis of the nature of the phase transition, because vegccurate schemes for electronic structure determination in
different EFGs at the Ti site are expected for each of thesolids. In this framework, the unit cell is divided into non-
proposed models. overlapping spheres around the nuclei and an interstitial re-
The aim of this work is to calculate the EFG at the Ti sitegion, where in the former the corresponding wave functions
using structural data taken from experiments at temperaturege expressed in atomic like functions but in the latter in
close toT.. The different models in question can be com-plane waves. Also, added to the usual LAPW basis set, local
pared with the above mentioned new experimental data. Farrbitals for high lying core states have been includedo
this purpose, very precise results can be obtained by pespproximation is made for the potential, except for the ex-
forming state-of-the-art first-principles electronic structurechange and correlation effects. For this work the generalized
calculations within the Density Functional Thedi®FT). gradient approximatiofGGA) of Perdewet all® was em-
ployed, but several tests were made using the local density
approximation(LDA) and other GGA functionésee below.
Il. METHOD For each structure, a plane wave cut-off corresponding to
RKyax =8 and 30k-pointsin the Brillouin zone were se-
The EFG is a symmetric traceless tensor whose compdected after several tests of EFG convergence were per-
nents are defined as the formed. Details of the calculation of the EFG within this
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code are described in the works of Schwarz and
co-workerst112 25] — [o01]

Ill. RESULTS

The structural data for the tetragonal phase of BgTigO
described in the work of Kwest al'® and references therein.
In the displacive model, the ferroelectric distortion appears™ 5]
due to the Ti's and the O’s statically displaced from their 20 20 40 60 80
high symmetry position in th€011] direction. In the eight- {1 . 8
sites model, the displacement are actually in[thEl] direc-
tion and the ions jump between four of the eight equivalent
sites. Independent of the transition mechanism, it is expecte«
that V,, strongly decreases as the temperailirpproaches
T. (from below) while the tetragonal distortion tends to zero.

FG [10*' Vim?]
o
¢

U S A

total energy [mRy]
5

Thus, the precise determination of the structural parameter. ™ 20 0 0 20 00 120

in the neighborhood of . would be crucial for the compari- 5 [%]

son of the calculated and the experimental EFG. Unfortu-

nately, in the work of Zalawrt al. this information is not FIG. 1. (a) EFG as a function of théd parameter. The short-

available. Moreover, the authors report a valuélpthat is  dashed lines indicate the two possible values of the experimental
higher than the generally accepted valggalar et al;” T,  EFG: +0.30< 10?1 V/mZ. (b) Total energy as a function of. The
=415 K; Kanertet al;* T,=415K; Kwei et al;'® T,  vertical dashed line connects th@01] minimum with the upper
=393 K). It is possible that the high purity of the sample figure.
used in that work favors the stabilization of the tetragonal
structure at a higher temperature. For this reason the lattiggst affirmation, in virtue of the good agreement between the
constants and the internal atomic parameters, which are US%@Iculated\/zz value for the[001] (frozen) distortion and the
in the present work, were extrapolated to 415 K from theexperimental result.
work of Kwei® The following values were useda=b If a component of the order—disorder type exists below
=4.0A, c=4.035A for the lattice constants aniiTi=0.018,  the experimentaV,, should not be compared straight for-
AO1=-0.0265 and02=-0.012 for the ferroelectric distor- \yardly to that calculated for f111] distortion, but should
tion (the latter expressed as fraction of thiattice constant  jhcjude some dynamical averaging over the four occupied
With these values two distinct tetragonal cells were built: girections. Another observation is related to the periodic
One with the ferroelectric distortion pointing in th€01  poundary conditions imposed in the calculations. Once a spe-
direction and the other in tHea 11] direction. For each struc- cific [111] ferroelectric distortion is chosen, all other cells
ture we calculated;, as a function of the parametérwhich  are assumed to have the distortion in the same direction. But,
represents the percentage of the extrapolated valuggcording to the eight-sites model, the ions jump between
ATi,AO1 andAO2 of the ferroelectric distortion mentioned equivalent positions, thus having a disordered arrangement.
above. In Fig. 1a) the obtained/, values as a function of e expect that the influence of the disorder in the neighbor-
are shown, together with the experimental valuejng cells be very small for the EFG value at a fixed Ti site
(0.30 1G* V/m?). The double sign indicates that experi- que to the long distances involved and the tiny displacements
mentally the sign of the EFG cannot be resolved. For they the ferroelectric distortion.
[001] distortion the EFG is a decreasing function ®fThe The method employed to analyze what occurs belaw
calculated and the experimental values coincidestoB0%.  cannot be applied for a comparative analysis with the experi-
Figure Xb) shows the total energy dependencesfor both  mental values abové&,. This is due to the fact that the de-
tetragonal structures. The theoretical equilibrium ferroelectectedV,, aboveT, is of the order of 18 V/m?2 This low
tric distortion is obtained wit$=90% for the structure with  value is far below the precision of our method of calculation
the displacements along th@01] direction, just the samé (=10 V/m?). The choice for the exchange-correlation po-
value for which theoretical and experimental data of EFGsential and several convergence parameters can vary the pre-
coincide. For the[111] distortion the EFG grows with5,  diction of the EFG by the same order of magnitude. For a
beginning with a value double the experimental #120%  perfect cubic structure, the EFG at the Ti site should be zero
and ending with a value six times higher fé+100%. The by symmetry.
equilibrium structure is obtained with=74% with a corre- Another remark must be made concerning the selection of
sponding EFG three times higher than that measured. the exchange correlation potential. In the work of Singh and
In the work of Zalaret al.” it is concluded that above, references thereil?, the validity of the LDA vs GGA ap-
there is a coexistence of order—disorder and displacive typgroximation for BaTiQ is analyzed by determining the equi-
transition, with a dynamic tetragonal distortion of the unitlibrium lattice constant and bulk modulus for the paraelectric
cell (c/a#1). Below T, the tetragonal distortion augments cubic structure of BaTiQand for the NaCl structure of BaO.
and turns static, freezing the displacive mode. The result obFhe exchange correlation potential for the GGA used in that
tained in the present work gives quantitative support to thevork'6 leads to much larger lattice constants and thus over-
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ment with respect to LDA, the curves of Figgaland Ib)

S T L A A LDA were calculated again using the LDA. The positions of the
16 —— GGA1 energy minima with respect té are not altered with this

1 N GGA2 change. The LDA EFG values are 0:240°' V/m? for the
] [001] distortion and$=90% and 1.9& 10! V/m? for &

12-: =100% for the[111] distortion. The first one falls 20%
within the experimental value 0.3010°! V/m? and the sec-
ond one lies farther away than the GGA previously obtained.

Thus, the same conclusions are obtained using the LDA.

10

E [mRy/cell]
T

IV. CONCLUSIONS

\/ In the present paper we present first principles electronic
] structure calculations for the tetragonal BaJi€ructure in
24— order to calculate the EFG at the Ti site. Two distinct types
7273 74 7-5T 6 77 78 79 of structures were constructed: one having the ferroelectric
lattice constant [a.u.] distortion along th¢001] direction corresponding to the dis-
. _ placive soft-phonon phase transition, and the other with the
FIG. 2. The total energy as a function of the lattice parametelyistortion along the[111] direction, corresponding to the
for cubic BaTiG. GGALl and GGA2 are related to the exchange eight-sites model. Below,, the EFG calculated with the
correlation potential of Refs. 10, 16, respectively. The arrow indi- . . ' c - .
. ; [001] distortion matches with the recently obtained experi-
cates the experimental value of the lattice constant. . . . .
mental value, while for other distortios the calculated EFG is
corrects the normal underestimation of the LDA lattice con-three times bigger. These results give a quantitative support
stant. Since a newer GGA version was used in the presemt some of the conclusions given in the recent experimental
work,!° Singh’s calculation of the equilibrium lattice con- paper of Zalaret al’
stant was repeated adding a third curve to his results shown
in Fig. 2. It can be seen that both GGA potentials predict the ACKNOWLEDGMENTS
same minimum position for the total energy as a function of
the cubic lattice constant. In view of the fact that both GGA  This work was partially supported by the Comisiéon Na-
approximations do not improve the agreement with expericional de Investigaciones Cientific6SONICET).
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