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Dipole moment of a Pb-O vacancy pair in PbTiQ
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The polarization of a nearest-neightfan) Pb-O vacancy paif(VeyVo)nnl in PbTiO; is calculated, using
the modern theory of polarization, implemented in the density-functional-theory ultrasoft pseudopotential
formalism. The dipole moment per divacanﬁyvpb_vo)nn, is about 2.28 an, wherer*rm is the vector from the
Vpy, Site to theVg site. This value is slightly larger than the value & &, for a purely ionic model of PbTiQ
The dipole moment is about twice as large as typical polarizations per cell in Pb-based ferroelectrics, which
indicates thal/p, compensated by, can be an important source of local polarization and electric fields in
Pb-containing perovskites.
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~ Pb-based perovskites are of industrial interest for applicaration vector betweeN sy, and V, sites. Electronic structure
tions ranging from multilayer ceramic capacitors tomodels and calculations indicate that O ions in perovskite
transducers to nonvolatile memorfes.Single-crystal  titanates are not completely ioniz&d*2which suggests that

relaxor ferroelectric (RFE) based solid solutions | 2(VpiVo) el Might be less thar2er,,|. However, the

such  as  PbMgND,s05-PbTIO;  (PMN-PT)  and  high polarizability and charge-transfer effects in perovskite
PbZny sND,/05-PbTIO; (PZN-PT) exhibit very large piezo- gyides that give rise to anomalously large ionic effective
electric coefficientd. The properties and performance of charge$'* raise the intriguing possibility that

these materials are expected to be strongly affected by d
fects such as lead vacanciegpf). Studies of the RFE sys-
tems Pb(Sg,Nb;,)O; (PSN and Pb(Sg,Tay;0) O3 (PST)

§(VesVo) | might belarger than|2er,,|. In this paper,
we use first-principles calculations and the modern theory of
b2« k polarization to properly calculate the dipole moment of a
demonstrate that 2—3 %y, cause(1) a significant reduction (VpisVo)nn divacancy in PbTiQ, and demonstrate that it is

in the maximum.e,.(v), of the real part of the dielectric jhjeeqd larger than can be explained by models based on
permittivity, €'(T,»), which occurs aff =Tpa(») [i.e., at  gtatic jonic charges.

T=Tma(¥), €'(T,v) is maximized, agql(z) an enlargedr This work is based on first-principleé P) electronic
range for RFE behavior af<Tpa(»).”" Also, oxygen va-  strycture calculations using the density-functional-theory
canciesVo have been invoked as a source of domain-wallpFT) codevasp,*® with Vanderbilt-type ultrasoft pseudopo-
pinning, which leads to polarization fatigue in tentials for each iod® The local density approximation
ferroelectrics’™® (LDA) was used for the exchange-correlation functional. A

In a fully or partly ionic compound, it is generally favor- pjane-wave basis set with an energy cutoff of 337 eV was
able for vacancies to be charge balanced by other defects $@ed for the electronic wave functions, which is supple-
that the system remains formally neutfalg., Schottky or mented in the ultrasoft pseudopotential formulation by local
Frenkel dEfeCﬁS ThUS, Chuet al. reported stoichiometries of augmentation Charges to accommodate more rapid fluctua-
the form Ph_,Sc;,Nby,05 , for PSN with Vpy.” A va-  tion of charge density in core regioHs.
cancy compensated by a nearby substitutional defect, inter- |n DFT calculations for periodic supercells that contain a
stitial or vacancy, creates an electric dipole. Expansion of thgiefect, or defects, one must compromise between small su-
RFE T range in PSN and PST, whevp, are introduced, percells, in which the defect will interact more strongly with
strongly suggests that locaindom fields” (RF) from polar  its periodic images, and large supercells, which are more
defects such as a nearest-neighbmm Vp;Vo divacancy,  computationally demanding. Here, a 38-atony RO, Su-
(VesVo) nn, may enhance RFE properties. YRRO and  percell was first chosefFig. 1); i.e., a 2<2x 2 PbTiO; su-
ChadP showed that a nn substitutional-vacancy defectpercell with nn Pb and O atoms removed. Brillouin-zone
(Ti—Pt)-(Vo) is highly stable in PbTi@and based a model (Bz) integration for this supercell was performed by calcu-
for pOIarization fatigue on such dipOIar defects. Keeb|e|ating electronic wave functions on ax4 x4 Monkhorst-
et al'% give evidence for the formation ofpVo divacan-  pack grid, except for LDA band-gap calculations, in which a
cies in (Pb,La)(Zr,Ti)Q. To quantify the effects of dipolar 4x4x4 k-point grid containing the BZ center was used,
defects on the properties and performance of materials, thefecause band extrema are most likely to occur at zone center
dipole moments must be known. or high-symmetry zone-boundary points.

Aside from the effects of dipolar defects on material prop-  Experimentally, the low-temperature state of Pbyi®
erties, the dipole moments of defects in highly polarizabletetragonal, space grop4mm, with significant ferroelectric
structures are of more fundamental interest. If PRTW@re  (FE) jonic displacement¥’ which is reproduced by FP
purely ionic, then the dipole moment of &;Vo)nn diva-  calculations'® In PbTiO; with (VpirVo),, divacancies, one
cancy would beM(VPb_Vo)nn=2ernn, wherer,, is the sepa- expects local contraction around the divacafioy., signifi-
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FIG. 2. Schematic of double oxygen shift that inverts the va-
cancy pair.

PbTIG; at finite temperatures thus remains an unsolved prob-
lem. Whether Vp;Vo)nn are bound or not, the dipole mo-
ment of anyVWpV at greater than nn distance will be larger

than u(VprVo)nn. Therefore the conclusions in this paper
regarding the importance of divacancy induced local RF still
FIG. 1. PhTigO,; supercell for which the vacancy pair polar- hold.

ization was calculated. Pb atoms, black; Ti, gray; O, white. Dotted The value Oflz(VPb'VO)nn was calculated using the mod-

circles indicate the oxygerMo) and Pb vacancies/ey). Oxygens  erp theory of polarizatioR® which states that onlghanges

0O; and G, which are involved in the adiabatic transformation, are. = . .
also labeled in total polarizationP have physical meaning. In an elec-

tronic structure calculation with norm-conserving pseudopo-
tentials, there are two contributions to the change in dipole
cant inhomogeneous strairBecause the\(pyVo)nn 18Cks  moment per unit celfiqq=Vee P:2 (1) an ionic contribu-
an inversion center, the |nhomog%neous strain will couplgj, equal to the sum of the pseudopotential core charges
linearly with polarization. To isolatg (v, v from polar-  multiplied by their displacements; art@) an electronic con-
ization due to FE distortion, inhomogeneous strain, etc., th&ibution, related to the change in a particular Berry’s phase,
polarization is calculated for a nonequilibriumiyO,3su-  that is associated with the electronic wave functions. In an
percell, space groupmn®, in which all ions are fixed in ultrasoft pseudopotential calculation, there is an additional
ideal perovskite positiongFig. 1). contribution?* (3) the change in an “expectation value” term
The reference structure lattice parameter was obtained dBat is associated with augmentation charges. Software exists
follows. First, the LDA stress was found for undistorted cu-for calculating polarization withirvasp.?®
bic PbTiO; at the experimental cell volunté. Then In ferroelectrics, absolute polarizations of FE structures

Pb, TigO,3 was relaxed under the same stress, subject to there generally determined from the change in polarization,
constraints a=b=c, a=8=y=90°; which yields a, relative to related centrosymmetric reference structure; e.g.,

—3.968 A. an ideal centrosymmetric perovskite structure with polariza-
The same procedure was applied to calculate the totdion equal to zero. For the Pb-O divacancy problem, a cen-
energy of unrelaxed PBigO,; with a next-nearest-neighbor trosymmetric structure is obtained by moving © the Vp,
(nnn) divacancy pair VpsVo)nnn--> The total energy of position. Electronic structure calculations indicate, however,
Pb, TigO,3 With a (VesVo) nnn is 0.45 eV higher than that for _that this centrosymmetric structure isetallic even if all
Pb, TigO,s With & (VpiVo)nn. Poykko and Chadi, however, ions are further relaxgd _under symmetry-preserving con-
compared nn and nnn divacancies in Pbfli@a DFT cal-  Straints. Because polarization changes can only be calculated
culations on a X 2x4 supercell, and found that nnn diva- @long a path that preserves an insulating structualcu-
cancies were more stabi®.The main difference is that lating the absolute dipole moment of gV o), divacancy
Poykko and Chadi included local relaxation around defects@Ppears problematic, owing to the absence of a known, ac-
in their calculations. It is proper to include relaxation whenCessible, insulating, centrosymmetric structure.
computing total energies from first principles. However, The dipole momenfuy, v, ~can be calculated, how-

PbTiO; has a soft phonon mode associated with its5E  ever, by using the double O shift shown in Fig. 2, in which
paraelectric transition at 760 ¥.A dipolar defect will O, moves to the position of £ and G moves to the posi-

couple locally to the soft mode, greatly enhancing the dipolg;,, ot Vo. The double O shift rotates,&!o)ce,, into
moment. This enhanced dipole interacts with image dipoles

in a supercell calculation, overestimating relaxation energies

(f10)cenn» SO the change in polarization for the path shown

relative to the relaxation energy of an isolated defect. Furin Fig. 2 iS Apce= — 2 (v, -v),,. Thereby, a centrosym-
thermore, the soft-mode frequency in PT depends stronglynetric reference structure is avoidgtlote that the dipole
on temperature; therefore the contribution of local soft-modenoment of a charge neutral “object” is independent of the
coupling to the relaxation energy should also be temperaturerigin.)

dependent. The equilibrium arrangement\4f, and Vg in First, we prove that the path shown in Fig. 2 remains

144116-2



DIPOLE MOMENT OF A Pb-O VACANCY PAIR IN PbTiQ PHYSICAL REVIEW B 69, 144116 (2004

‘ 0  d T T T
oL J
< 4 :
2
<5
o, @ =~ |
2 3
-8 - i
-10 I 1 1 1 I
0.2 0.3 0.4 0.5 0.6 0.7 0.8
( 1))(
‘ FIG. 5. Change in dipole moment relative to the original state,

as a function of O coordinate along the insulating path.
FIG. 3. Nonlinear motion of @and G in the path that remains

insulating. reduce the number of calculations, but the electronic contri-

bution to the polarization depends on the Berry’s phase,
whose value is only determined moduler2Therefore,Ng
€must be large enough that the Berry’s phase changes by sig-
nificantly less than z at each stepN=10 is sufficient to
keep the Berry’s phase change below abol# at each step.

insulating. Details of the insulating path are as follows: the
coordinates of @ and Q were changed together such that
(01)x=0.25+ 0.5 and (Q),=0.25+ 0.5, with O<t<1. At

a given value oft (1) the y coordinate of Q and thex - Z
coordinate of @ are fully relaxed{2) thez coordinates of all By symmetry, {(vp;vg),)x= (K(vpsvo), y: therefore,
ions in thez~0.25 andz~0.75 layers are fully relaxed. only the change ing,)..; Was calculated for the insulating

These calculations are supplemented by calculationst for path. Figure 5 shows the value of.{)..; obtained at each
=0 andt=1 with all ions in their ideal perovskite positions. step, relative to theﬁ(x)cen of the original configuration. The

Figure 3 shows the movements of @nd G in the insulat-
ing path, and Fig. 4 proves that the path remains msulatmgfIet change in "(‘X)W“ is —8.84@ A. Therefore, the dipole

If coordinated relaxations of other ionic coordinates are nofnoment per Pb-O nn vacancy pair is 4.4g0+y)
allowed, the system becomes metallic arousd.5. =2.22&ay(x/2+ y/2)—2.2283rnn. This value is larger than
Having identified an insulating path, the polarization expected from the nominal charges of Pb and O in an ionic
change along it can be calculated. This was done by subdmodel for PbTiQ (+2, —2, respectively. Our results,
viding the path into Ng steps and settingt  therefore, indicate some additional induced polarization in
=(0,1,2 ... ,Ng)/Ng. The value ofNg should be small, to the rest of the PbTi@structure. This polarization might arise
from interactions with image dipolar defects. To test this, we
1.5 . . repeated the polarization calculation for ¥pVo),, in a
3X3X3 supercell. Computations for this supercell are ex-

tremely expensive, so only a “raw” polarization(,,), was
e calculated for the reference structure. By properly choosing
the origin of the cell(and assuming an insulating double

oxygen shift path still exisls (u(v,.vy),)x= (Kraw)x
—3eay+3neg/2 (where the second term is the ionic con-
tribution, and the third term is a partial electronic contribu-
tion due to thea priori unknown Berry’s phase winding
numbern). We choosen so that the polarization is closest to

LDA band gap (eV)

0.5 - . . T
° )\ the value obtained for the »22x2 cell, yielding
/Z(Vpro) =2.262r1,,.2% Assuming the scaling relation
'“(Vpb\/o) (supercell)= ,u(vp RV (|solated)+ Al Vsypercets
0 1 L 1 L 1 M(VPbVO) (lSOlatEd) |S"\‘2 27kl’nn
02 03 04 (83 06 07 08 The Iarge,u(vpb_vo)nn(|solated) arises from the dipolar de-
X

fect electronically polarizing the surrounding lattice, and
FIG. 4. LDA band gap vs coordinates in the insulating path. manifests the same factors that lead to anomalously large
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0 . . . . hedral edge$’ This more physical path might remain insu-
lating without coordinated displacements of other ions, but it
o also breaks mirror symmetry in thee=0.5 plane, increasing

[N the computational burden.
| ‘e —-g. Compardﬁ(vpb_vo)nn| with the typical dipole moment per
I (] cell of the polarized state of a Pb-based FE. In PRTiO
/ N experimental values of polarization in the tetragonal phase at
room temperature range from 2.4 to 2.9e A per primitive
cell 2 The polarization per cell at zero temperature has been
- ) estimated to be 3.40A from FP calculationg? A first-
principles-based model for the RFE PSN vyields a similar
Py / rhombohedral ground-state polarization magni-
~e tude of 3.08 A per primitive cel®®* The value
4 L e |ﬁ(vpb_vo)nn|(isolated)= 6.3% A is about twice as large as
0.25 0-35 045 ©)) 0.8 065 075 typical spontaneous polarization dipole moments per unit
cell in Pb-based ferroelectrics. It is therefore not surprising
FIG. 6. Estimated Born effective charge componerEJZx as that the local RF pI'OdUCGd by a relatively small number of
a function of the coordinate ({, . Pb-O vacancy pairs can significantly affect physical proper-
ties.
ionic Born effective charge tensoZ¢ in perovskites suchas N summary, the dipole momem&(v Vol OF @ NN Pb-O
PbTiO;. In pure PT, we findz%, =2.50, wherez¥, is the  vacancy pair(VpyVo)nn] in PbTIO; has been calculated
magnitude oZf in the Pb-O planes. In RBigO,;, we esti- from first principles, using the modern theory of polarization.
mate (zgl)xx by considering the change inﬁoce” vs lts va_lue is about _2.28””_, w_herernn is the _vector from the
change in Q and G x coordinates as they are moved: E)/Pbs'tel to thde\()o S'teaTr'de'pO(;e mor:ni_nt 1S Igrg?]r than c_ar:j_
e explaine models based on static ionic charges, indi-
(Z5)x= [A (i) cenl/ (2ol A(Or)+A(O,),]). This expres- catingpthat the):jefect induces electronic poIarizatic?n in the
sion is not exact becauszg ) (28 )xx, and because off- surrounding lattice. The calculated value mVpro)nn
diagonal effective charge elements of the moving ions alsQ oyt twice as large as typical values for the average spon-
contribute slightly toA () cen- The approximation is none- taneous polarization per cell in Pb-based ferroelectrics, indi-
theless justified becauseaoA(Ol)X(Zol)xx dominates  cating that Pb vacancies compensated by O vacancies can be

Ali The estimatedZ* is shown in Eia. 6. It var- &n important source of local polarization and electric fields in
() ce 40)xx g Pb-containing perovskites.
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ies from—0.58 to—3.61 as @ is moved, but is close to the

&, for pure PbTiQ at the beginning and end of the path. The authors thank J. B. Neaton, S. A. Prosandeev, K. M.

The path for O motior{Fig. 2) is not meant to be physi- Rabe, D. Vanderbilt, and U. V. Waghmare for useful discus-
cal. In perovskites, O diffusion is believed to traverse octasions.
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