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Ph. Ghose?Z, J.-P. Michenaud, and X. Gonze
Unite de Physico-Chimie et de Physique des Matex, UniversiteCatholique de Louvain, 1 Place Croix du Sud,
B-1348 Louvain-la-Neuve, Belgium
(Received 24 April 1998

Based on recent first-principles computations in perovskite compounds, especially;Ba&@xamine the
significance of the Born effective charge concept and contrast it with other atomic charge definitions, either
static(Mulliken, Bader, etg.or dynamical(Callen, Szigeti, etg. It is shown that static and dynamical charges
are not driven by the same underlying parameters. A unified treatment of dynamical charges in periodic solids
and large clusters is proposed. The origin of the difference between static and dynamical charges is discussed
in terms of local polarizability and delocalized transfers of charge: local models succeed in reproducing
anomalous effective charges thanks to large atomic polarizabilities bAB®, compoundsab initio calcu-
lations favor the physical picture based upon transfer of charges. Various results concerning barium and
strontium titanates are presented. The origin of anomalous Born effective charges is discussed thanks to a
band-by-band decomposition which allows us to identify the displacement of the Wannier center of separated
bands induced by an atomic displacement. The sensitivity of the Born effective charges to microscopic and
macroscopic strains is examined. Finally, we estimate the spontaneous polarization in the four phases of
barium titanate[S0163-18208)04334-3

[. INTRODUCTION charge should not reduce to the same physical factor but
should also depend on an additional parameter: the rate of

For a long time, there has been a continuing interest in th&ransfer of charge, influenced by the bonding with the other
definition of atomic charges in solid state physics as well agtoms of the system and additionally, for large systems, by
in chemistry*~ This interest lies essentially in the fact that the condition imposed on the macroscopic electric field.
the concept of atomic charge naturally arises in a large di- The Born effective charge tens@* ()—alias transverse
versity of frameworks and is frequently helpful for a simple charge—that is at the center of the present study, is a dy-
description of solids and molecules. The variety of contextdiamical quantity introduced by Born and Goppert-Mayer
in which the charge is involveflR spectrum analysis, x-ray 1933. In solid state physics, it has for a long time been con-
photoemission spectroscogPS) chemical shifts analysis, sidered as a fundamental quantity because it monitors the
theory of ionic conductivity of oxides, determination of elec- long-range Coulomb interaction responsible for the splitting
trostatic potential, definition of oxidation states, etender-  between transverse and longitudinal optic phonon mddes.
lines its central role but also reveals a concomitant problemburing the 1970s, Born effective charges were already inves-
inspired by various models or by the description of varioustigated and discussed within empirical approactses, for
physical phenomena, many different definitions have beexample, Harrisdh. More recently, they became accessible
proposed that, unfortunately, are not equivafent. to first-principles calculation§;® and accurate values have

Following a distinction already made by Cochfait,  been reported for a large variety of materials.
seems possible to classify the different concepts into static For the case 0ABO; compounds, old experimental déta
and dynamical charges. Tiséatic charge is an intuitive con- and empirical studi€shad suggested that the amplitude of
cept, usually based on a partitioning of the ground-state ele¢he Born effective charges should deviate substantially from
tronic density into contributions attributed to the different the amplitude of the static atomic charges. Surprisingly, this
atoms. It is an ill-defined quantity that depends on the contesult remained in the dark until first-principles calculations
vention artificially chosen to affect a given electron to a par-confirmed that the components @ (" are anomalously
ticular ion>? On the other hand, theynamicalcharge is large in these oxideS: It was observed that the compo-
directly related to the change of polarizatitor dipole mo-  nents of Z*(") can reach twice that of the nominal ionic
ment, for moleculescreated by an atomic displacement. charges. This result reopened a discussion of the physics of
This change of polarization is a quantity that can be experithe Born effective charges and different recent studies tried
mentally measured, at least in principle, giving the dynamito clarify the microscopic processes monitoring the ampli-
cal charge a well-defined character. tude of z* (™.

In order to clarify the concept of atomic charge, it was In this paper, we first clarify the relationship between
important to compare on practical examples the numericatarious atomic charges. We then present results concerning
results obtained from its different definitions. Recent studieBaTiO; and SrTiQ in order to illustrate how a careful analy-
of the statistical correlation between various atomic chargesis of the Born effective charges can teach us interesting
using a principal component analysis have suggested that thaysics concerning these compounds. It reveals the mixed
different definitions are not independent but correspond tagonic and covalent character of the botd?It allows one to
different scales driven by a unigque underlying physicalvisualize the mechanism of polarization as electronic cur-
factor? If this assertion seems plausible as far as statizgents produced by dynamical changes of orbital
charges are concerned, we will argue that the dynamicaiybridizations>'® It also clarifies the origin of the giant de-
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stabilizing dipole-dipole interaction producing the ferroelec- TABLE I. Static charges of BaTi®in the cubic structure.
tric instability of these materiaf$.
In Secs. Il and Ill, we contrast the concepts of static and Zga Zyi Z,  Reference
dynamical charges and we reintroduce the Born ef1‘ective"\Iominal
charge that is at the center of the present discussion. In Seg
IV, we compare various results obtained within different
frameworks for the cubic phase of Bahi@nd SrTiQ. The
bond orbital model of Harrison is explicitly applied to
SrTiO; (Appendiy. We also discuss the origin of the large
anomalous contributions in terms of local electronic polariz- +1.48 +1.86 -111 20
ability and dynamical changes of orbital hybridization. A ~ t200 +186 -129 21
decomposition of the role played by the different bands igFirst-principles calculations +2.00 +2.89 —1.63 23
reported in Sec. V. Section VI is devoted to the evolution of +212 +2.43 -152 24
the Born effective charges in the three ferroelectric phases of +1.39 +2.79 -1.39 26
BaTiO; as well as in the cubic phase under hydrostatic pres=

sure. This points out the _role of th$ ani_sotropy of the atomigcnasabo?®2!estimated the charges from the Madelung con-
environment on the amplitude @ (7. Finally, in Sec. VII,  stant thanks to a fit of the crystal energy with shell-model
we report the evolution of the effective charges all along theparameters. Michel-Calendiet al?2 proposed charges from
path of atomic dlsplacements from the cubic to the rhomboa opulation analysis of thEa electronic distribution of a
hedral phase and we estimate the quntaneous polarlzatlonﬁé6 cluster, assuming a charge ef2 on Ba. Cohen and
the three ferroelectric phases of BagiO Krakauef® deduced the atomic charges from a fit of the den-
sity functional theory(DFT)-local density approximation
(LDA) electronic distribution by that of overlapping spheri-
cal ions(generated according to the potential induced breath-
Intuitively, the atomic charge may first appear as a statiang mode) for different ionic configurations. Xet al?* re-
concept. The charge associated with an isolated atom is ported values deduced from a Mulliken population analysis
well-defined quantity. The purpose of defining static atomicof a self-consistent orthogonalized linear combination of
charges is therefore to extend this notion to molecules andtomic orbitals(OLCAO) calculation?® In another papetS
solids. For these cases, the challenge basically consists & et al. proposed different values by integrating the elec-
replacing the delocalized electronic density by localizedtronic charges in spheres centered on the ions and partition-
point charges associated with each atom. This caypdiori ing rather arbitrarily the remaining charge outside the
be performed from electronic density maps obtained experispheres following a method proposed in Refs. 27 and 28.
mentally or theoretically. However, as already mentioned by The results of Table | are not quantitatively identical and
Mulliken? in 1935, “there are some difficulties of giving illustrate that there is no formal equivalence between the
exact definition without arbitrariness for any atomic prop-different procedures used to define the atomic charge. How-
erty.” During the 1960s, Cochrarsimilarly emphasized that ever, in agreement with an analysis reported by Meister and
the partition of the electronic distribution into atomic chargesSchwartZ for the case of molecules, we observe that the
can only be done unambiguously when a “boundary can bealues of Table | have some common features, suggesting
drawn between the ions so as to pass through regions ithat the different charges are not independent but should cor-
which the electron density is small compared with the recip+espond to different scales driven by a common factor.
rocal of the volume inclosed.” This is never the case in In particular, all the calculations reveal that the charge
practice, and especially when there is appreciable covalerntansfer from Tito O is not complete. If BaTiQvas a purely
bonding. For most of the solids and molecules, there is conionic crystal, the 8 and 4s electrons of Ti would be entirely
sequently noabsolutecriterion to define the static atomic transferred to the oxygen atoms, yielding a charge-dfon
charge and a large variety of distinct definitions has beeiitanium. However, due, for instance, to the partial hybrid-
proposed, the definitions not being necessarily quantitativeljzation between O g and Ti 3d states>~*these electrons
equivalent(see, for instance, Refs. 3 angl 4 remain partly delocalized on the Ti atom so that the static
As an illustration, different approaches have been consideharges on the Ti and O atoms are smaller than they would
ered in order to evaluate the amplitude of the static atomide in a purely ionic material. This delocalization is illustrated
charges of barium titanate. Some results are summarized in Fig. 1, where we have plotted the partial electronic density
Table |, where different atomic charges are reported in comassociated with the Of2bands. For the Ba atom, the situa-
parison with the nominal charges expected in a purely ionigion is not as clear as for titanium but most of the studies
material (+2 for Ba, +4 for Ti, —2 for O). Some of them suggest similarly that the electrons are not fully trans-
were obtained from empirical models; others were deduceékrred to the oxygen.
from first principles. The static atomic charges of Ref. 6 were From the previous examples, it is clear that, strictly
deduced by Harrison within his bond orbital model usingspeaking, the static charge does not give quantitative infor-
universal parameters and neglecting the interactions with thmation. In the study of mixed ionic-covalent compounds, it
Ba atom. The atomic charges reported by Héakere ap-  remains, however, a useful concept to discuss qualitatively
proximated from a model initially designed by Cowtéyor  the transfer of charges from one atom to the other. As a
SrTiO;. The charges reported by Khatit al’® have been general rule, the partial covalence reduces the amplitude of
obtained in a shell-model context. In two papers, Turik andhe static charge. Comparison of a specific static charge in

+2 +4 -2

mpirical models +2.00 +0.19 -0.73 6
+1.40 +2.20 -1.20 17
+2.00 +1.88 —1.29 22
+1.86 +3.18 —1.68 19

IIl. CONCEPT OF STATIC CHARGE
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fined as the coefficient of proportionality at the linear order
between thenacroscopic polarizatioper unit cell created in
direction 8 and a rigid displacement of theublatticeof at-

oms « in direction «, times the unit cell volumé):

IPg

Tk o

(4 We note that)yP can be interpreted as a dipole moment per
G@D unit cell. As onex atom is displaced in each unit cell, in the
linear regime, this definition is equivalent to Eg): it cor-
S/

responds to the change of dipole moment induced by an
isolated atomic displacement. However, contrary to the case
of molecules, in macroscopic systems, the previous quantity
is not uniquely defined. Indeed, the change of polarization is
also dependent on the boundary conditions fixing the macro-

scopic electric field throughout the sample. Basically, we
can write

dIPg &
+QeY ———. @)
Kalg=g J (95] ('7'7',(’0/

Z:,MB:QO (2)

FIG. 1. Ti-O plane cut in the partial electronic density coming x _q JaP
from the O 2 bands in the cubic phase of barium titanate. The Ti k,af™ =20
atom is at the center.

As the electrostatics imposes a relationship between macro-
the different phases of a given material or in different com-scopic polarization, and electric and displacement fields,
pounds can therefore give a relevant information on the evo-

lution of the chemical boné® Dy=E,+4nP= > €58, (4)
; :
Ill. CONCEPT OF DYNAMICAL CHARGE we can deduce the following equivalent expression:
As emphasized by Harrisdh“whenever an ambiguity 9P (5. —841) dE
arises about the definition of a concept such as the atomic 7% =0, £ +Qo> Bi_ "B )
charge, it can be removed by discussing only quantities that ' T,al =g ] 4m ITxa

can be experimentally dt_at_ermined, at Ie_ast in principles.” IfDepending on the condition imposed on the macroscopic
there are some amb|gumes kb thg charg(_a to b&ectric field, different concepts have historically been
associated with a given atom, the charge carried by this atonﬁtroduced“ﬁ

when it is displaced is directly accessible from the mducecl The Born effective charde—alias transverse charge

change of polarizatiofor dipole moment for moleculgsis z*(M_refers to the change of polarization that would be

is now discussed, the dynamical charges are defined by thoeoserved under the condition of zero macroscopic electric

change of polarization induced by an atomic displacementi;. L .
! . ) ield, so that the second term appearing in the previous equa-
from the viewpoint of Harrison, they appear therefore as

g tion vanishes:
more fundamental quantities.

JIP
T _ B
Z:,(azi_ QO or

A. Role of the macroscopic electric field : (6)
Kale=g

In molecules, the change of dipole moment in direction 5 . o * (Ui
B (pp) linearly induced by a small displacement of atam The Callen chargé*—alias longitudinal chargg* (V—is

in directiona (7, ,) is uniquely defined. The proportional- defined from the change of polarization under the condition

ity coefficient between the dipole moment and the atomic®f zero macroscopic displacement field:
displacement has the dimensionality of a charge and is usu- P

ally referred to as thatomic polar tensofAPT): z:%: Q, - lp—o. (7)
N JPg N . . .
ZKM:(?T . (1) Introducing in Eq(5) the relationship between fieltland

polarizationP, deduced from Eq4) under the condition of
This concept was introduced by Morcillo and vanishing displacement field, Born and Callen charges can
co-worker§®=%8 for the interpretation of infrared intensities Pe related to each other thanks to the knowledge of the op-
measurements. Later, Cioslow¥k introduced a scalar tical dielectric tensoe™:
charge in connection with this tensor: it is the generalized
atomic polar tensofGAPT) defined as one-third of the trace
of the atomic polar tensor.

In periodic systems, equivalent atoms appear in the dif-
ferent unit cells and the definition of the charge can be gen- z:0
eralized. A dynamical charge tensor is conventionally de- (8)

o 5 )
) _ ey F = 080)
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so that finally* In calculations of the dynamical properties of crystals, the
contribution from the long-range Coulombic interaction to
Z:(ng)g: 2 621' Z:,(olz-j) _ (9) the atomic forces is usually restricted to dipolar forces and is

j included through a terfr4=2*M¢. From Eq.(13), it can
For the case of isotropic materials, we recover the well2€ checked that this fordce can be alternatively written in
known equalityz* M= ¢*7* (1) Even if they are both re- terms of local quant|t|ed::K=Zt(.)5,o_c. In shell-model cal-
lated to the change of polarization induced by an atomiculations, this second formulation is usually preferred. In-

. . . S .
displacement, Born and Callen charges appear as two distinfg€d, from its definitionz*  only includes the effects of
quantities and will be significantly different in materials the charge redistribution resulting from short-range interac-

wheree” is different from unity tions and it is therefore conveniently estimated from the
. . 5,22

Basically, an infinite number of charges could be definecdtatic chargé’ _ _ o .

corresponding to different boundary conditions, relatiig From the previous discussion, it appears that the ampli-

and €. One of them is théSzigeti charg®* z* (S defined tude of the dynamical charge in macroscopic bodies is sen-

as the change of polarization under the condition of vanish—s_mve to th? co_nditi_on_ imposed on t_he mac_roscc_)pic electric
ing local field &, at the atomic site: field. Considering finite clusters of increasing size, we de-
oc .

duce that the amplitude of the dynamical charge, reducing to
IPg the APT for a microscopic body, will tend to a different
Zﬁ,(f,ézﬂo ar . (100 value when the macroscopic limit is taken, depending on the
@ 1E6c=0 shapeof the cluster. We investigate now this observation in

Contrary to Born and Callen charge&t® was sometimes more detail, and provide a unified treatment of dynamical

considered as a model-dependent concept in the sense tAer9es in peri_odic SO'!d.S and clusters, sufficiently large for
the local field is not observable as the macroscopic field bu eF”}‘I"‘C“?SCOE'C ql"l‘l"‘rll“t'eg"’aj’e o 'f) t% bede;me?.d' |
requires some assumptions to be estimated. In the particular F'0Wing the well-known practice for the study of dielec-

case of an isotropic material, the condition of vanishing locaf"c bo<_j|es, we conS|d(_er that the cluster has a macroscopic
field can be written as follows: ellipsoidal shape. In this case, the macroscopic field within

the cluster presents the practical advantage of being homo-
T geneous. In the absence of any applied external field, it re-
Goc=&+ 5P=0. (1) duces to the depolarizing field related to the macroscopic

polarization thanks to the depolarization coefficiemis*® If
Introducing this condition in Eq5), we assume in what follows that the principal axes of the
ellipsoid are aligned with the axes of coordinates, we have

74S) _ () _ (e —1) ' 4 oP the following relationship:

" " Am 3 UL Eloc

7 12 £,=—4mn,P,, (14)

so that we find
where the geometry imposésn;=1. Following the same

*(T)_(6x+2)z*(8) 13 procedure as previously, the dynamical chajé® of a
« 3 o given atomx in an ellipsoid of volume) can be written as
|
9P (55— 955)  9E,
R g
"o 15
a'rﬁ,cv £=0 j 4m 07',{’01 Ey=—4mn; Py ( )
~ (T) (5 — 9p) , IP;
= Zn,a,@ — Z T . 471'71] Q aTﬁa . , (16)
J G =—ATnG
|
and we have the general relationship the depolarization coefficients forbids imposing the condi-

tion of zero electric or displacement fields simultaneously in
- the three directions. However, we have the following three
Zx = 2 [(€5= 8pIni+ 8512 - 17 interesting cases.
First, we consider an extremely oblate ellipsoidsihab-
In this expression, the presence of the depolarization coeffiike) cluster and take the macroscopic limit. Along the
cients emphasizes the influence of the shape of the cluster alirection perpendicular to the surfaae,— 1, while, along
the amplitude ofz*(®. The above-mentioned sum rule on the two other directionsy,=n,— 0. The dynamical charge
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for the ellipsoid is therefore related to the Born effectiveare taken as universal constants times a particular distance

charge through the following expression:

Z3 10 &\ [Zix
T © E

Z:,(ay) = 01 €yz Z:,(ay) (18)
T o E

Zia 0 0 )\ zi%

dependence. Among other things, these parameters deter-
mine the transfer of charge between the interacting atoms. As
noted by Dick and Overhaus#tthe charge redistribution
produced by the sensitivity of the overlap integrals on the
atomic positions is at the origin of an “exchange charge
polarization.” Similarly, in the Harrison model, the depen-
dence of the parameter on the bond length is at the origin of

For uniaxial systems with no off-diagonal terms in the di-the dynamical transfer of charges and monitors the amplitude
electric tensor, we note that the cluster charge along the dif Z* (7, which can become anomalously large as is illus-
rection perpendicular to the slab becomes identified with therated in the following examples.

Callen charge, while that in the slab plane reduces to the Let us first consider a diatomic molecuteY, composed

Born effective charge.

Differently, for an extremely prolate ellipsoidaheedle-
like) cluster aligned along the direction (for which n,—0
andn,=n,—1/2), we have the following relationship:

1 © 1 o
Z:,(cjx) 2 (6xt1) 3 €xy 0 Z:(DE()
(T) B o E)
Z:,ay = % €yx % (Eyy+ l) 0 Z:,(ay
T E
zx(m) L L, 1\ zE®
(19

Here, also, the charge along thdirection will reduce to the
Born charge in uniaxial systems.

Finally, for a spherical cluster, the symmetry impogsegs
=n,=n3=1/3, so that€,=—4=P/3. For the case of an

of two open shell atoms, wheré has the largest electrone-
gativity. The interatomic distance isand the dipole moment
p(u). These observables allow us to identify a convenient
static chargeZ(u) =p(u)/u, while the dynamical charge is
defined as

aJp(u J
Z*(u)= F?;u):m[uZ(u)]:Z(u)%—u

dZ(u)
0 (20)

In the last expressiorZ* appears composed of two terms.
The first one is simply the static charge. The second corre-
sponds to an additionalynamicalcontribution: it originates

in the transfer of charge produced by the modification of the
interatomic distance. Within the BOM, this last contribution
is associated with off-site orbital hybridization changes and
is deduced from the universal dependence of the orbital in-

isotropic material, we recover therefore the condition of ateraction parameters on the bond length, as illustrated on a

vanishing local field an&® becomes equivalent @'" .

practical example in the Appendix. We deduce that the dif-

Therefore, we obtain the interesting result that in isotropiderence betweerZ(u) and Z*(u) will be large if Z(u)
compounds, the Szigeti charge appears as a well-definethanges rapidly withu. It can even be non-negligible when
quantity and is simply the dynamical charge observed in a@p(u)/du is small, if the charge is transferred on a large

spherical cluster.

To summarize, the concept of dynamical charge in mac-

distanceu.
Moreover, this simple model naturally predictsamoma-

roscopic systems is not uniquely defined: it depends on thus amplitude of the dynamical charges, i.e., a value of
relationship betwee# and?P. In each case, the charge was, Z* (u) not only larger than the static charggu) but even

however, expressed in terms of two basic concepts)

larger than the “nominal” ionic charge. As the distance be-

ande”. In this section, we focused on the term that includesweenX and Y is modified from 0 to some, the distance
the dielectric constant and that describes the part of the elecorresponding to @ompletetransfer of electrons fronX to
tronic charge redistribution induced by the presence of &, the dipole moment evolves continuously frami0)=0

macroscopic field. In the next section, we will discuss the(since there is no dipole for that cage p(U). Interestingly,

physical processes responsible for the amplitud&*df).

m _ -
* e = =
B. Dynamical changes of orbital hybridizations fo Z*(u)du=[p(u)—p(0)]=uzZ(u), (21)
During the 1970s, a large variety of semiempirical models
; . . . so that

was proposed to investigate the underlying physical pro-
cesses driving the amplitude of dynamical charges. Without 100 .
being exhaustive, let us mention the interesting treatments of :f Z* (u)du=Z(u). (22
Lucovsky, Martin, and Burnstetd who decompose@* (" uJo

in @ local and a nonlocal contribution, of Lucovsky and pyom the Jast relationship the mean valuezsi(u) from 0 to
White® discussingz* (" in connection with resonant bond- —

ing properties, or the bond charge model oftiHar®® The u is equal toZ(u) (the npmmal lonic chargg. Conse-

most popular and sophisticated of these approaches remain%uemly’ ifZ(u) changes W'tm_'z (u) myst be larger than
however, that of Harrisdt2~>* within his bond orbital Z(u) for someu between[Ou]. The difference between
model (BOM). A similar theory was developed indepen- Z* (u) and the nominal charg@(u) is usually referred to as
dently by Lannoo and Decarpigiy. the anomalouscontribution®’

The BOM basically consists of a simplified tight-binding ~ Switching now from a molecule to a linear chain
model, where the Hamiltonian is limited to the on-site and- - --Y-X-Y----, and displacing coherently th¢ atoms by
nearest-neighbor terms. The on-site elements are identifiedlu, shortened and elongated bonds will alternate all along
with a free atom term value, while the interatomic elementghe chain. For Harrisofithe interaction parameters will be
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modified such that “the covalent energy increases in the
shorted bond, making it less polar by transferring electron to
the positive atom.” Inversely, electronic charge will be
transferred to the negative atom in the elongated bond. These
transfers of charge will propagate all along the chain, so that
even if the net charge on the atom is not modifieduerent

of electrons will be associated with the atomic displacement.

The direction of this electronic current is opposite to that of

the displacement of positive atoms, so that it reinforces the

change of polarization associated with this displacement and

may generate an anomalously large dynamical chalge .
>
>

our example, we have implicitly considered a truly periodic
system under the condition of zero macroscopic electric field
so that the associated dynamical chargg*is". Under other
conditions, the amplitude of the transfers of charge would be
additionally influenced by the presence of the field as dis-
cussed in the previous section. We note that, contrary to
what was observed for the static charge, consequences of the
covalence effects are to increase the amplitud2*df.

The previous model can finally be extended to three-
dimensional3D) solids. For this case, however, the calcula- FIG. 2. Schematic representation of the two basic mechanisms
tion of the dynamical contribution may become questionablghat can explain the displacement of the Wannier center of a band
when the identification of the charge transfers is restricted ténder atomic displacementmiddle) local polarizability and(bot-
some specific bond&. As will be discussed in Secs. V and tom interatomic transfer of charge.

VI the Harrison model remains, however, a meaningful pic-
ture of practical interest to interpret more accurate results. ity and transfers of charge do probably contribute to the

Up to now, we focused on a “delocalized” model within charge reorganization. It will be emphasized later how first-
which the electronic charge redistribution induced by anprinciples investigations can help to identify the dominant
atomic displacement is visualized by transfer of charge inmechanism.
duced byoff-site changes of hybridization. In the past, vari-  In conclusion, this section has shown t#Atis related to
ous shell models have, however, also been developed to ifthe static chargésee Eq(20)] but is not restricted to itZ*
vestigate the dynamical properties of crystals. In thesdnay also include an additional, important, dynamical contri-
calculations, an accurate descriptionZ8f™ was mandatory bution. Whatever the mechanism of the charge redistribution

in order to reproduce correctly the splitting between longitu-(localized or delocalized the amplitude of the dynamical
dinal and transverse optic modes in the vicinity of fhe contribution cannot be estimated from inspection of the elec-
point. Contrary to the BOM, the shell model is “local” and tronic density alone. So we partly disagree with Meister and
treats the charges within the Clausius-Mossotti limit. TheSchwarZ who suggested that all the chargesluding the
previous discussion in terms of a static and dynamical conGAPT are driven by the same underlying parameter. In what
tribution to Z*(™ remains valid. However, the dynamical follows, based on first-principles calculations, we illustrate
contribution results there simply from the relative displace-on different examples tha* (" may become anomalously
ment of the shell charge as a whole with respect to the atomtarge and independent of the amplitude of the static charge
It is attributed to the polarizability of the electrons in the Moreover, two atoms with similaZ can also exhibit strongly
local field at the atomic site. In the language of the BOM, differentz* (D).
such a displacement of the electronic cloud can be under-
stood in terms obn-sitechanges of hybridizations. This ap- IV. FIRST-PRINCIPLES APPROACH
proach contrasts with the model developed by Harrison but
can also yield plausible Born effective charge amplitittes. A brief review of the most commonly used first-principles
It must be emphasized that it is not possible to discrimi-approaches for computing the Born effective charges is re-
nate a priori between localized and delocalized models.ported independentff. Going beyond semiempirical ap-
Within the recent theory of polarization, it has been clarifiedProachesab initio techniques allow an accurate prediction of
that for the purpose of understanding polarization problemsZ* (" in materials where its amplitude is not necessarily di-
“the true quantum mechanical electronic system can be conrectly accessible from experiment. Going further, the first-
sidered as an effective classical system of quantized poirfrinciples approaches are also offering a new opportunity to
charges, located at the centers of gravity associated with thgarify the microscopic mechanism modulating the amplitude
occupied Wannier functions in each unit cef®’Conse- of Z*(T without any preliminary hypothesis. As will be il-
quently, the correct description of the Born effective chargedustrated in the following sections, it reveals itself as particu-
does not require one to reproduce correctly all the features dérly useful to understand the origin of anomalously large
the valence charge distribution bomly the displacement of Z*(" in ABO; compounds.
its Wannier centefsee Ref. 60 As schematized in Fig. 2, The results of the present paper have been obtained in the
antagonist models can reproduce a similar displacement dfamework of the density functional formalisth®® The
the Wannier center. In real materials, both local polarizabil-exchange-correlation energy has been evaluated within the

O
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TABLE Il. Born effective charges of BaTiQin the cubic structure.

zsM zxM z5™ ZgH(T) Reference
Nominal +2 +4 -2 -2
Experiment +2.9 +6.7 —24 —4.8 10
Models (shell mode) +1.63 +7.51 -2.71 —-3.72 61
(SCAD mode) +2.9 +7.3 —-2.2 —5.8 77
First-principles (linear responge +2.77 +7.25 -2.15 -5.71 Present work
(Berry phasg +2.75 +7.16 -2.11 -5.69 13

local density approximation, using a Paperametrizatio®  tion. The charge neutrality sum rule, reflecting the numerical
of Ceperley-Alder homogeneous electron gas fatate- accuracy of our calculation, is fulfilled to within 0.02. We
grals over the Brillouin zone were replaced by a sum on aote that the values oZ*(™ are also qualitatively repro-
mesh of 6x6x 6 speciak point$®®’ (ten points in the irre-  duced from a shell-model calculatfdnand accurately pre-
ducible Brillouin zong. The “all-electron” potentials were dicted within the self-consistent atomic deformati@CAD)
replaced by the samab initio, separable, extended norm- model’’
conserving pseudopotentials as in Ref. 12. The wave func- The anomalous amplitude of the dynamical charge, re-
tions were expanded in plane waves up to a kinetic energported in this section, is not a specific feature of BagliO
cutoff of 35 hartreegabout 4100 plane waves Similar computations oZ* (" were performed on different
The Born effective charges have been deduced from linperovskite ABO; compounds and they all reproduce the
ear response calculations, using a variational same characteristics as in BaiOA nonexhaustive list of
formulatior?®®® to the density functional perturbation these results is given in Table Ill. We observe that the choice
theory. The decomposition of individual contributions from of the A atom has a rather limited influence m(T) and
separate groups of occupied bands has been performed fgi« (M) '\yhich appear closely related to tBeatom. While the
lowing the scheme described in Ref. 60. The parameters used’!

; ominal ionic charge of Ti and Zr i$ 4 in these compounds
for the calculations guarantee a convergency better tha] . . '
0.5% onz*(™ as well as on each of its band-by-band con- e Born effective charge is betweer/.08 and+7.56 for

tributions T| .and apprqximately_equal te-6.03 for .Zr. For Nb,_ the
' ionic charge is+5, while the Born effective charge is be-
tween +9.11 and +9.37. Extending the investigations to
V. CUBIC PHASE OF ABO; COMPOUNDS WO; in the reference cubic phagdefect perovskite struc-
ture), the ionic charge on W is equal t66, while the Born
effective charge reaches the much larger value+af.51.
Recently, the Born effective charge tensors of perovskitd-or the class of perovskitd BO; compounds, it can be
ABO; compounds have been at the center of numeroushecked thaZ% (" evolves quasilinearly with the nominal
investigations>~*>7="4n the cubic phase, they are fully charge of theB atom?®
characterized by a set of four independent numbers. The
charge tensor of th& andB atoms is isotropic owing to the TABLE lIl. Born effective charges of variou#A\BO; com-
local spherical symmetry at the atomic site. For oxygen, theounds in their cubic structure.
local environment is tetragonal and two independent ele
ments @ and Q must be considered, referring respectively ABOs zz™  zz® ZBH(T) z5™ Reference
to the change of polarization induced by an atomic displace:,
. Nominal 2 4 -2 -2
ment parallel and perpendicular to tBeD bond. In Table I, caTi 258 708 —565 —2.00 13
we summarize the results obtained within different ap- aTio, : ' ' '

A. General results

proaches for the cubic phase of BagiO SrTio; 5'22 ;ig _2‘;2 _g'ég Preselgt work
The first reliable estimation af* (") in BaTiO; is prob- : ' o T
ably due to Axe® from empirical fitting to experimental 2.55 756 —592 -2.12 73
24 7.0 —-5.8 —-1.8 10

mode oscillator strengtH4.In ABO; compoundsz* (" can-

not be determined unambiguously from experiment. How-BaZ'Os 273 603 —474 —2.01 13
ever, within some realistic hypothesis, Axe identified the in-PPTiOs 3.90  7.06 -583 —2.56 13
dependent elements of the effective charges of BagEmd  PPZros 392 58 -—481 -248 13
already pointed out thei_r two essen_tial fea_tures. First, theominal 1 5 P 5

oxygen charge tensor is highly anisotropic. Sgcorjd, th?\laNbQ 113 911 -701 —161 13
charges on Ti and (ontain a larg@nomalouscontribution _ _

. . . . - b0, 0.82 9.13 6.58 1.68 11
(i.e., an additional charge with respect to the nominal ionic 114 923 —701 —1.68 13
value of +2 for Ba, +4 for Ti, and —2 for O). 1'14 9'37 _6'86 _1'65 71

Both these characteristics are confirmed by the first- i ' i i

principles calculations. Ouwab initio results, computed from Nominal - 6 -2 -2

linear response, are also in excellent agreement with those gfo, - 1251 -9.13 —1.69 78

Zhong et al,*® obtained from finite differences of polariza-
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For materials containing Pb, the previous consideration&anderbilf! confirm the predominant role played by the Ti
remain valid but there are additional anomalies concernin@d orbitals and the explanation introduced by Harrison.
Z; ™ and z5™ . This feature is due to the more covalent In the next section, we propose a band-by-band decompo-
bonding of lead with oxygen that was illustrated in Refs. 35Sition of the Born effective chargés® This technique ap-

and 84. In what follows, we will not be concerned with theseP€ars as a tool of paramount importance to clarify the micro-
lead compounds. scopic origin of anomalous contributions. Identifying the

dynamical transfer of charges without any preliminary hy-
o o pothesis on the orbitals that interact, it will allow us to gen-
B. Origin of the anomalous contributions eralize the basic mechanism that was proposed by Harrison.
The approximate reciprocity between &dB anomalous
contributions suggests that they should originate in a global
transfer of charge betwed® and O atoms as described in VI. IDENTIFICATION OF DYNAMICAL CHANGES
Sec. Il B. In Ref. 6, Harrison had in fact already suggested OF HYBRIDIZATION
the existence of giant Born effective charges in perovskite . .
materials. Being unaware of the earlier results of Axe, he In ABO; compounds, the electronic band structure s
had, however, no experimental evidence to corroborate higomposed of well-sep{:lrated sets O.f bands. The hybridiza-
semiempirical calculations. tions between the orbitals of the @ffergnt atoms are rela-
In the Appendix, we report results obtained within thet've'y s_maII an.d eaqh banq can be' identified py the name of
Harrison modelit follows the method described for KCI in the main atomic orbital which contributes to this energy level

Ref. 6, p. 334 For SrTiQ;, from the tight-binding param- in the solid. The Born effective charge is defined by the
SRS ’ *(D change of polarization associated with a specific atomic dis-

eters of Maltheiss, we get a value 6f8.18 forZg/ *, mak- placement. Our purpose will be to identify the contribution
Ing pl_au5|ble the giant _anomalous effect|ve_ c_har.ges only b%f each well-separated set of bands to this change of
focusing on the dynamical changes of hybridization betwee 14,61

occupied O 3-0 2p states and the unoccupied methl 'E)olanzauon_
states. In BaTi@, the hybridization between ORand Ti
3d orbitals is a well-known feature, confirmed by various A. Reference configuration

sourcegexperiment£’*linear combination of atomic orbit- . o
als (LCAO) calculation$*~33 and DFT resul%¥39. In this In Ref. 60, we describe how band-by-band contributions

context, it was therefore realistic to focus on ®-B d to z*(M can be separated from each other. Moreover, it is
hybridization changes to explain intuitively large anomalousdemonstrated that the contribution &f'}) from a single
contributionst3 occupied banah can be interpreted as a change of polariza-
To the contrary, it may therefore appear surprising thation QoAPz=—20,Ads, whereAd, is the displacement
model calculations which daot explicitly include transfer in direction 8 of the Wannier center of band induced by
of charges are able to predict correctly the amplitude of théhe unitary displacement of the sublattice of atoans di-
Born effective charges. For instance, in Table I, we observéection a.
that the values oZ*(" are qualitatively reproduced by a  In order to understand the origin of the displacement of
shell-model calculatiof® A similar agreement betweemb  the Wannier center of each band, it is helpful to define a
initio and shell model results was highlighted for KNp®  referenceconfiguration that corresponds to what we would
In both cases, the calculation was performed within the “po-€xpect in a purely ionic material. In such a fictitious material,
larizability model” introduced by Bilzet al,”® which in-  each band would be composed of a single nonhybridized
cludes an anisotropic and nonlinear polarizability of the Qorbital and the Wannier center of each band would be cen-
atoms. In the same spirit, at the level of the SCAD modeltered on a given atom. In the absence of any hybridization,
the Born effective charges are accurately reproduced whilehen displacing a given sublattice of atomsthe Wannier
there is no explicit transfer of electrons between the differeneenter of the bands centered on the moving atoms would
atomic sites. As discussed in Sec. lll, antagonist models cafémain centered on it, while the position of the center of
be invoked to explain the origin of anomalous contributionsgravity of the other bands would remain unaffected. The
as soon as they globally reproduce a similar displacement afontributions of these two kind of bands Kj;(T) would
the Wannier center of the valence charge distribution. Whatherefore be—2 and 0 electrons, respectively.
appear as a macroscopic current along the Ti-O chain within In the real material, thanomalouscontribution of a par-
the BOM shows itself as an unusual polarizability of theticular bandm to a given atomk is defined as the additional
oxygen atoms within the shell model. part with respect to the reference value expected in absence
It was not possible to discriminate unambiguously be-of any hybridization: it reflects how the center of the Wan-
tween localized and delocalized model until Posternaknier center of bandn is displaced relatively to the atoms
et al!® proposed a convincing proof of the crucial role of when the sublattic& moves®? Considering each band as a
“off-site” hybridizations. Based on first-principles calcula- combination of atomic orbitals, such a displacement of the
tions, they demonstrated for KNRG@hat the anomalous con- Wannier center of a band with respect to its reference posi-
tribution to the charge of Nb and @isappears if the hybrid- tion mustbe attributed to hybridization effects: it is associ-
ization between O R and Nb 4 orbitals is artificially ated with the admixture of a new orbital character to the
suppressed. In a similar spirit, the inspection of the Wannieband. When the orbitals which interact are located on differ-
functions of BaTiQ and the analysis of their deformation ent atomg*“off-site” hybridization), the dynamical changes
under an atomic displacement reported by Marzari anaf hybridization can be visualized as transfers of charge. If
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” the opposite direction to the displacement of the Ti atom.
Ti 3d . . . . .
= — §02p This observation is in perfect agreement with the Harrison
S .of Ba 5p model: it can be understooq by dynamical char!ges of hybrid-
) 3 O2s ization between O 2 and Ti 3d orbitals, producing a trans-
3 -20 Ba 5s fer of electron from O to Ti when the Ti-O distance shortens.
® 30 F Ti3p This explanation was confirmed recently from inspection of
G 40f the O 2 Wannier functiond! Beyond the previous obser-
50 F vations, we note, however, that there are also small anoma-
Ti3s lous charges from the Til® O 2s, and Ba % bands. These
-60 TAXZM I T A R S X contributions are not negligible. The positive anomalous

charges correspond to a displacement of the center of the
FIG. 3. Kohn-Sham electronic band structure of BafiO  \wannier function of the O and Ba bands in the direction of
the closest Ti atom when this atom has moved. Some of
the interacting orbitals are on the same at¢on-site” hy-  these features go beyond the Harrison model, within which
bridization), the mechanism much looks like a polarizability. 3nomalous contributions %M in Table IV would be re-
Rigorously, our band-by-band decomposition iS per-gyricted to the O p and O 2 bands. They suggest other

formed within DFT and formally only concerns the Kohn- yings of hybridization changes, which will be now more ex-
Sham particles. It seems, however, that the results are rathgyicitly investigated.

independent of the one-particle schéfnesed for the calcu- Focusing on barium, the global anomalous effective
lation so that the results presented here should give a goqtharge(+0.77) is small compared to that of Ti and this fea-
insight into the physics of th&BO; compounds. ture was first attributed to its more ionic characfefhis
ionicity is inherent to the Harrison modehnd was con-
B. BaTiO, firmed in someab initio studies®®®#* Surprisingly, our de-

Let first \v the band-bv-band d ition t composition reveals, however, that the anomalous charges of
bariSm l:i?anlf:l?e e'll'%%ybanil st;aunctL-Jrzz/_o?l ga{ig;cr)gzz?eljoa %the 0 (+0.73 and O 2 (+1.50 bands are not small at
; ' " ) IIl. Th thel hi ted by other B
Fig. 3. Results of the decomposition Bf (7 in the theoret- 2 °y are heverineless roUghty compensated by omer ba

. ) . . 5s (+0.11) and Ba % (+1.38 anomalous contributions.
ical cubic structure of BaTiQare reported in Table IV. The pic rasyit suggests that there are dynamical changes of hy-

first line (Z,) bri.ngs toget_her the charge of thg nucleus andbridization between Ba and O orbitals as was the case be-
core _eleptrons included in th(? pseudopotential. The Othet'ween O and Ti, except that the mechanism is here restricted
contributions come from the different valence electron 'eV'to occupiedstates.This basically corresponds to a unitary

els. The sum of the band-by-band contributions on one atorgy, torm within the subspace of the occupied states which is

is equal to its global effective charge while the sum of theunable to displace the global Wannier center of the valence

contribution to a particular band from the different atoms 'Scharge Our result supports the hybridization of Ba orbitals
equal to—2 (within the accuracy of the calculatipnthe ;. agreement with experimeft3® LCAO calculations23 ’
occupancy of this band. and DFT(Ref. 39 computations. Similar compensating con-

. Focusmg fw;t on the tltanlum charge, we Obse_rve that the i tions were recently observed in ZnO which has conven-
Ti 3s contribution (~2.03) is close to-2, confirming that  iona Bomn effective chargé®and in a series of alkaline-
the Ti 3s electrons follow the Ti atom when moving, inde- oarth oxideg®

pendently from the change of its surrounding. This reault \ye note that a confusion sometimes appears that should
posteriorijustifies the inclusion of deeper electronic levels aspq removed: thamplitudeof the anomalous contributions to
part of the ionic pseudopotentials. To the contrary, it iSz+(T) js not related to the amplitude of the hybridizations but

. SSeNY the rate of changeof these hybridizations under atomic
tially comes from the O @ bands(+2.86). It corresponds to displacements. It is clear that, in BaTjOthe Ba 5 contri-

a displacement of the Wannier center of the @t#&ands in 1 i5n to the O P bands is smaller than the contribution

N _ ~ from the Ti 3 orbitals*>*3°However, the high sensitivity of

_TABLE IV. Band-by-band decomposition @*™ in the opti- g relatively weak covalent character under atomic posi-
mized cubic phase of BaTi0 The contributions have been sepa- g js sufficient to produce large band-by-band anomalous
rated into a reference value and an anomalous chiargetext contributions toZ* (M. From that point of view, the Born
effective charge appears therefore as a sensitive tool to iden-
tify the presence of even small hybridizations.
Z, +10.00 +12.00 +6.00 +6.00 +40 Finally, concerning the oxygen, even iff@nd Q are
Ti3s 0+0.01 —2-0.03 0+0.00 0+0.02 —2.00 defined, respectively, for a displacement of O in the Ti and
Tid3p 0+0.02 -6-0.22 0-0.02 0+0.21 —6.03 Ba direction, it seems only qualitative to assocﬁg{) with

Bass -2-011 0+0.05 04002  0+0.01 -201  Z+(D andzg™ with Z5{" as suggested in Ref. 13. The O

O2s  0+0.73  0f023 ~-2-023 -2-251 ~-6.01 2p anomalous contributions to Ti and;@o not exactly
BaSp ~6-138 0r036  0r058  0-013 =599 5ppensate. Moreover, the @ Zontribution tozZ{™ does
O2p 0+1.50  0+2.86 -6-050 —6-331 —17.95 Lot come from Q only but has equivalent contributions
Total +2.77 +7.25 ~2.15 ~-571 +0.01 from O;. This seems to confirm the idea of Bennetto and

Vanderbilf® that in 3D materials, transfer of charges is not

Band z(0 z(D zg) ij? Total
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el — —T 0 tions from Sr 4 and O % bands toz%(™ . Such an evolu-
0E - \gfs — tion is in agreement with the picture that anomalous contri-
- 10k —— ﬁ Oz butions originate from off-site orbital hybridization changes.
> F Sr4p
) 20 B O2s
g ;
S _ Tigp . D. Other examples N
2 : Srds From the previous results that concern two very similar
w40 & materials, it might be suggested that not only the dynamical
-50 £ hybridization of the valence bands with unoccuptestates
0 F Ti3s but also the particular cubic perovskite structureAdO;
TAXZM = T A R S X compounds plays a major role in determinigg (™. For
FIG. 4. Kohn-Sham electronic band structure of SELIO instance, the anomalous charge could partly originate in the

local fields at the atomic sites, known to be anomalously
; ; 6
necessarily restricted to a particular bond, but is a rathelrarge. n . structuré.
: It is interesting to observe that anomalous charges are not
complex mechanism that must be treated as a whole. X . ; X
restricted to perovskite solids but were also detected in a

To summarize, our study has clarified the mixed ionic-_ . £ alkall h oxid f ksal
covalent character of BaTiQit clearly establishes that the series of alkaline-earth oxides of roc 583‘595”“0“ @20,
SrO, BaO (Refs. 87 and 8bor even AbRu,”***all examples

covalent character is not restricted to the Ti-O bond but alsg . .
. where the unoccupied states seem to play a major role.
partly concerns the Ba atom. Moreover, it leads to a mor

; . ?nterestlngly, two materials belonging to the same structure
general issue. It illustrates thdahe presence of a large : . .
. o : .~ can present completely different charges. This was illustrated
anomalous charge requires a modification of the interaction

90,91
between occupied and unoccupied electronic state. The co

or the case of TiQ rutile and SiQ stishovite:™" while
tributions originating from the change of the interactions relatively conventional charges were observed o(+81.15

between two occupied states correspond to unitary transf—ind O (~2.46) along the SI-O bond In stishovite, giant ef-

forms within the subspace of the valence charge: they con{re ctive charges, similar to those of BaGiGvere obtained on

. F Ti (+7.33 and O(-4.98 along the Ti-O bond in rutile. Simi-
pensate, and do not modify the global value f2. larly, no anomalous charge was reported for MgZ ()
—2.07), presenting the same rocksalt structure as BaO
C. SITiO3 (z5M=—2.80) & In the same spirit, the same atom in dif-

The same analysis is now performed on Sti@s band ferent environments can present a similar dynamical charge,
structure(Fig. 4 is very similar to that of BaTiQ, except  as illustrated foz}(" in BaTiO; and TiQ,,** or for Z3 ™ in
that the Ti 3 and Sr 4 bands are energetically very close to BaZrO; (Ref. 13 and ZrG,.%? Also, in the family of ABO;
each other. Consequently, they strongly mix and it should béompounds, giant effective charges are observed on Ti in
relatively meaningless to separate their respective contrioucaTiO; [Z%(V=7.08 (Ref. 13] but not on Si in CaSiQ
tions. The Sr 4 and O 2 states are in the same energy [24("=4.00 (Ref. 93].
region but can be separated, contrary to what was observed We observe that the presence of partly hybrididesiates
in a study of Sr0® seems the only common feature between the oxides present-
The result of the decomposition is very simildiable V) ing giant anomalous effective charges, listed up to date. This
to that reported for BaTiQ There is still a giant contribu- feature finds a basic justification within the BOM of Harri-
tion to Z#i(T) from the O 2 bands. On the other hand, while son: the interaction parameters involvidgtates are indeed
the Ba 5 bands were approximately centered betweensO 2 much more sensitive to the interatomic distance than those
and O 2 bands in BaTiQ, the Sr 4 electrons are closer to involving, for examples andp orbitals® They will therefore
the O X bands and mainly hybridize with them in SIO  be associated with a larger dynamical transfer of charge and
This phenomenon produces large but compensating contribwill generate highez* (7.

TABLE V. Band-by-band decomposition @* (" in the experi-
mental cubic phase of SrT¥O The contributions have been sepa-
rated into a reference value and an anomalous chaeetext

VII. SENSITIVITY OF z*(M TO STRUCTURAL
FEATURES

In the literature, calculations a* (" essentially focused

Band zgp yAL zg) Z%) Total on the cubic phase ABO; compoundgl 156170710 the

7. 41000  +1200  +6.00  +6.00  +40 basis of an early study of K_Nbﬁl it was concluded that the

Ti 3s 04001 —-2-003 0:0.00 0003 —1.99 Bprn gffectlve char_ges are mdepe.nde.nt.of tr_le ionic ferroelec—
tric displacementsi.e., they remain similar in the different

-2+0.02 -6-0.18 0-0.03 0+0.23 —-7.99 phases Another investigation in the tetragonal phase of

KNbO; and PbTiQ (Ref. 13 seemed to confirm that* (7

are guite insensitive to structural details.

Sr4s
Ti 3p
O 2s 0+3.08 0+0.02 —2-131 —-2-048 -6.00
Sr4p -6-311 0+037 0+142 0-010 —6.00 These results were surprising if we remember that anoma-
02p 0+0.56  0+3.08 -6-012 -6-341 —1801 5,5 contributions ta*(™ are closely related to orbital hy-

Total +2.56 +7.26 —2.15 -573 +001 bridizations, these in turn, well known to be strongly affected
by the phase transitioris#*We will see in this section that,
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TABLE VI. Born effective charges in the three ferroelectric phases of BaTil®nsors are reported in
Cartesian coordinates, with taexis along the ferroelectric direction. For Ba and Ti, the tensors are diagonal
and only the principal elements are mentioned. For O, full tensors are reported. The eigenvalues of the
symmetric part ofZ*(" are mentioned in brackets; the eigenvector associated to the highest eigenvalue
approximately points in the Ti direction. In the cubic phase, we Baf=7.29, z5(N=2.74, ng(T>=

~5.75, andzg "= -2.13,

Tetragonal Orthorhombic Rhombohedral

ZED (4272 4272 +283) (4272 4281  +277) (4279 4279  +274)
zxD  (+694 +694 +581) (+680 +6.43 +559) (+654 +6.54  +5.61)

zED [ -1.99 0 0 -2.04 0 0 -254  —099  +0.63
0 -1.99 0 0 -363 +138 |[ 099 —-368  +1.09
0 0 —-4.73 0 +1.57 -317/\ +072  +125 -2.78

[-199 -199 -473] [-191 —2.04 —489] [—-197 —198 —5.05]

zD —2.14 0 0 —-2.04 0 0 —2.54 +0.99 +0.63
0 —5.353 0 0 —3.63 +1.38 +0.99 —3.68 —-1.09

0 0 —1.95 0 +1.57 =3.17 +0.72 —1.25 —2.78

[-195 -—214 -—-5531 [-191 —-204 —489] ([-197 -198 —5.05]

zsD [-553 0 0 —-5.44 0 0 -4.25 0 -1.26
0 -2.14 0 0 -1.97 0 0 -1.97 0
0 0 -195 0 0 -201/ \ -1.4 0 -278

[-195 ~214 -553] [—-197 -201 —544] [-197 —198 —5.05]

contrary to what was first expected, Born effective charges imxpected that the shortest Ti-O distamtg,, in the structure
BaTiO; are strongly dependent on the structural features. will dominate the bonding properties. It is therefore tempting
We first investigate the sensitivity of the Born effective to transpose the Harrison model to understand the evolution
charges to the ferroelectric atomic displaceméhtor that  of z* (™ in terms of the distancd,,,;,. In Fig. 5, the ampli-
purpose, we computg* (" in the three ferroelectric phases tude of z%(™ in the direction of the shortest Ti-O bond
at the experimental unit cell parameters, with relaxed atomigength of each phase is plotted with respectltg,. A simi-
positions as reported in Ref. 94. Table VI summarizes thear graph can be obtained for O. For the different phases, at
results for a Cartesian set of axis where #haxis points in  the experimental lattice parameters, we observe that the
the ferroelectric direction. The Ba and Ti charge tensors ar@nomalous parts evolve quasilinearly with;,.
diagonal in each phase for this particular choice. In the case |ndependently from the previous calculations, we also in-
of O, we note the presence of a small asymmetric contribuyestigated the evolution oZ* (™ under isotropic pressure
tion for the lowest-symmetry phases. The eigenvalues of therable VII). In contrast with the changes observed with re-

symmetric part of the tensor are also reported. In each phasgpect to the atomic displacements, the charge appears essen-
the eigenvector associated with the highest eigenvalue of O

approximately points in the Ti-O direction and allows one to 8 SARARRAMME RARAE RARAE AR RARAL AR RASAL
identify the highest contribution as;OThe other eigenval- 75E 3
ues can be referred to as, Q by analogy with the cubic t u m ]
phase. = F E
Although the charges of Ba and, @emain globally un- 2 6s5F 3
changed in the four phases, strong modifications are ob- = : A
served for Ti and @ for example, changing the Ti position N6 3 . * ]
by 0.076 A (2% of the unit cell lengthwhen going from 55F 3
the cubic to the rhombohedral phase reducesattmmalous 3 ]
part of Z%(" by more than 50% along the ferroelectric axis N T T TR YT
(Table VI). Equivalent evolutions are observed in the other o T T o
ferroelectric phases. Similar changes were detected in d . (bohr)
KNbO;. " FIG. 5. Born effective charge of Ti atoms in the direction of the

In the isotropic CUPiC structure, Ha_lrrison had explainedshortest Ti-O bond lengthd,;,) as a function of this interatomic
the large value oz* (" in terms of the Ti-O bond length. For distance, for the cubitsquarg, tetragonaldiamond, orthorhombic
the anisotropic ferroelectric phases, it should be intuitively(circle), and rhombohedratriangle phases.
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TABLE VII. Evolution of the Born effective charges of BaTiO  delocalized and dynamical transfer of charge can propagate

under isotropic pressure in the cubic phase. along the Ti-O chain as suggested by Harrison. In the tetrag-
onal phase, the Ti-O chain behaves as a sequence of Ti-O
2 (A) Zgs" Zi" ZSET) Z?J”(T) dimers for which the electrons are less polarizable. This
367 +2.05 +7.23 —2.28 —561 smaller polarizability is confirmed by a similar reduction of
3.94 +2.77 +7.25 —215 -571 the optical dielectric constant along the ferroelectric direc-
4.00 +274 +7.29 —213 —5.75 tion. This analysis seems plausible from the Wannier func-
4.40 +2.60 +7.78 —2.03 ~6.31 tion analysis reported recently by Marzari and Vandefbilt.

Finally, let us mention that if the evolution &* (" is
relatively weak under isotropic pressure, it would be wrong
tially insensitive to isotropic compression. In particular, into consider that the dynamical properties of Baf e in-
the compressed cubic cell at 3.67 A where the Ti-O dis-sensitive to the volume: small changes are observed that are
tance isthe sameas the shortest Ti-O bond length in the of the same order of magnitude as for other compounds like
tetragonal structur® Z%( remains very close to its value at SiC.”*The direction of the evolution is, however, different.
the optimized volume. This new element clearly invalidatesMoreover, the evolution of the different charges is even not
the expected dependence frath(™ to dy;,. identical: while the absolute value a%{" and Z’ng) de-

The fundamental difference between the cubic and tetrags e ases with increasing volume, the inverse behavior is ob-
onal structures lies in the fact that in the cubic phase ever¥ewe d forz*™ andzx™
Ti-O distance is equal to the others, while in the tetragona n 9
phase, along the ferroelectric axis, a short Ti-O bond length Here, also, the band-by-band decompositidables VIii
(dmin) is followed by a larger oned;,,,) Which breaksthe and 1X) reveals some hidden features. In the compressed
Ti-O chain in this direction. In order to verify that it is not cubic phase, the anomalous parts of the Ba Ba 5s, and
this large Ti-O distance which, alternatively dg,;,,, is suf-  Ti 3p bands are 50% larger than in the optimized cubic cell.
ficient to inhibit the giant current associated with the anoma-This suggests an evolution of the interactions between occu-
lous charges, we also performed a calculation in an expandgqued orbitals that is coherent with the modification of the
cubic phase wheray,=2.d,,,: We observe, however, that interatomic short-range forces observed independéhily
the Ti charge is even larger than in the optimized cubicthe contrary, in our expanded cubic phase, most of the
phase. o o anomalous contributions t@s{"” and zx("” have disap-

We conclude from the previous investigations thia¢  peared, in agreement with the picture of a more ionic mate-
amplitude Of_Z(T_) in BaTiO; is not dependent on a particu- jg| The O 2 contribution is the only one that remains
lar interatomic distanc€dmin, dmay) butis more critically  gyrprisingly large. Comparing to the value obtained for the
affected by the anisotropy of the Ti environment along the, ;¢ phase at the experimental volume, its evolution was
Ti-O chains In agreement with this picture, Wareg al. even more important than the linear dependence upon the

reported recently an insensitivity &* (" to a tetragonal bond length, expected from the Harrison model
macroscopic strain in KNb9 Also, the charges reported by '

Bellaicheet al®® in a mixed compound such as PZT, where
the ionic environment becomes anisotropic, seem to confirm
our results.

A band-by-band decomposition (" (Table VI The spontaneous polarizatiorPd) of the ferroelectric
points out that the difference between the cubic and tetragghases can be determined by integrating the change of polar-
nal phases is essentially localized at the level of theO 2 ization along the path of atomic displacement from the
bands(+1.48 instead of+2.86 while the other contribu- paraelectric cubic phasgaken as referengeo the consid-
tions remain very similar. This suggests an intuitive expla-ered ferroelectric structure. If the effective charges were
nation. In the cubic phase the OpZelectrons are widely roughly constant, this integration should be approximated by

VIIl. SPONTANEOUS POLARIZATION

TABLE VIII. Band by band decomposition a&%(" in different structures of BaTiQ The contributions
have been separated into a reference value and an anomalous (e gext

Band z3 zx(™ z3(™ 30
(cubic, 3.67 A (cubic, 3.94 A (tetragonal, exp}. (cubic, 4.40 A

Z, +12.00 +12.00 +12.00 +12.00

Ti 3s —-2-0.07 —-2-0.03 —-2-0.05 —-2+0.01
Ti 3p —-6—-0.43 —-6—0.22 —-6—0.26 —-6—0.07
Ba 5s 0+0.09 0+0.05 0+0.05 0+0.02

0O 2s 0+0.27 0+0.23 0+0.25 0+0.19
Ba 5p 0+0.64 0+0.36 0+0.34 0+0.13
Oo2p 0+2.73 0+2.86 0+1.48 0+3.50

Total +7.23 +7.25 +5.81 +7.78
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TABLE IX. Band-by-band decomposition a{" in the opti- 7.5 e r———————————————————
mized cubic phase of BaTiland in an expanded cubic structure. . 1
The contributions have been separated into a reference value and an 7 E B
anomalous chargésee texk 65F E
Band z5 zE" © 6F =

(cubic, 3.94 A (cubic, 4.40 A T 5.5 E E
zZ, +10.00 +10.00 N 5F 3
Ti 3s 0+0.01 0-0.01 F ]
Ti 3p 0+0.01 0+0.01 45EF 3
Ba 5s -2-0.11 —2+0.00 P T T T T T T T
O 2s 0+0.73 0+0.37 2 15 -1 05 0 05 1 15 2
Ba 5p —6—1.38 —6—0.44 A
O 2p 0+1.50 0+0.66

FIG. 6. Evolution of the amplitude a%(™ in the (111) direc-
Total +2.77 +2.59 tion all along the path of atomic displacements from the cuhic (
=0) to the rhombohedral\(=1) phase. The distortion of the cubic
cell has been neglected.

Ps,a=QiE Zr ot g (23 Our results are only in relative agreement with the
0xp experiment”®!” and suggest different comments. First, we
would like to mention that part of the discrepancy must be
However, we have seen, in the previous section, that thassigned to the theoretical overestimation of the computed
Born effective charges are strongly affected by the atomiderroelectric displacements, discussed in Ref. 94: when using
displacements. It is therefore important to investigate theithe experimental displacements of Ref. 101, we recover a
evolution all along the path of atomic displacements frombetter estimation oP as in Ref. 13. The dispersion of x-ray
one structure to the other. diffraction data makes, however, difficult the exact identifi-
We performed the calculation for a transformation fromcation of the ferroelectric displacements. Second, another
the cubic to the rhombohedral structure. The rhombohedragart of the error could be due to the lack of polarization
macroscopic strain is very small and was negledfedur  dependence of the LDA?Finally, we note that there is also
calculation was performed by displacing the atoms to theisome uncertainty in the experimental valueRaf.
theoretically optimized position in rhombohedral symmetry,
when keeping the cubic lattice parameters. The result is re-
ported in Fig. 6, fozx(™ along the ferroelectric direction. A IX. CONCLUSIONS

. . . T
similar curve can be obtained fz"é“( ). We observe that the In this paper, we first analyzed the links between different

evolution of Z*(M is approximately quadratic close to the definitions of atomic charge. We have shown that, contrary
cubic phase. However, it becomes rapidly linear, and reto the static definitions, dynamical effective charges also de-
mains linear for displacements even larger than those asspend on the electronic charge reorganization induced by an
ciated with the ferroelectric distortion. atomic displacement. The amplitude of this dynamical con-
Expecting a similar evolution of the dynamical chargestribution is monitored not only by the bonding with the other
for the tetragonal and orthorhombic displacements, an estatoms but also, for large systems, by the condition imposed
mation of the spontaneous polarization in the ferroelectrion the macroscopic electric field. A unified treatment of the
phases can be found when using E2B) with a mean effec- concept of dynamical charge in molecules, large clusters,
tive charge determined from its value in both phases. Using and truly periodic systems has been presented, in which the
mean charge estimated from the values in the paraelectriBorn effective charge and the optical dielectric constant ap-
and ferroelectric phases, we obtain the spontaneous polarizpear as the two fundamental quantities. The microscopic ori-
tions presented in Table X. gin of the dynamical contribution has been discussed in

TABLE X. Spontaneous polarization in the three ferroelectric phases of Bami@C/cn?. The results
were deduced from Eq23) when using eithez* (™ from the cubic phaséCubic) or a mean chargéMean
defined as 2% (") =0.68x 2 {}).+0.32x z#{D). Results are reported for the experimeritakpt) and theo-
retical (Theor) atomic ferroelectric displacements.

zx(M Positions Tetragonal Orthorhombic Rhombohedral Reference
- - 26.3 30.7 335 Expt., Ref. 100
Cubic Expt. 30 26 44 13

Cubic Theor. 36.35 42.78 43.30 Present work
Mean Theor. 34.02 39.68 40.17 Present work

Mean Expt. 28.64 36.11 - Present work
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terms of local polarizability and delocalized transfers of elec-We thank Corning Incorporated for the availability of the
trons. PLANEWAVE code, as well as J.-M. Beuken for his kind and

Based on various first-principles results, we have therpermanent computer assistance. We also acknowledge finan-
emphasized that the Born effective charges are anomaloustyal support from the PAI-UIAP P4/10.
large in the family ofABO5; compounds: their amplitude can
reach more than t\/\_/ice that of the nominal ioni(; charges. This APPENDIX: THE HARRISON MODEL
feature was explained in terms of interatomic transfers of
charge, produced by “off-site” dynamical changes of hy- In this appendix, we briefly describe the bond-orbital
bridization. For BaTiQ and SrTiQ, we have brought to model proposed by Harrison for the case #fBO;
light complex dynamical changes of hybridization, concern-compound$.In particular, we pay particular attention to the
ing not only Ti and O but also Ba and Sr orbitals. The hy-definition and the calculation of static and dynamical charges
bridizations restricted to occupied states generate, howevewithin this model. Values are reported for SrEiO
compensating anomalous contributions so that, finally, the The bond-orbital model of Harrison consists in a simpli-
total value of Z*(7 is essentially affected by dynamical fied tight-binding model, where the Hamiltonian is limited to
changes of hybridization between @ 2nd Ti 3d orbitals.  the on-site and nearest-neighbor terms. MoreoverAB0;

As a more general issue, it appears that the existence eompounds, it is assumed that thettom has no other func-
partial hybridizations between occupied and unoccupiedion than to provide electrons to the system, and is fully
states is an important feature in identifying materials whoséonized. The only considered interactions invoBeand O
ions potentially exhibit large anomalous Born effective atom orbitals.
charges. Moreover, the dynamical transfers of charge are ex- The model includes O, O 2p, and Bd orbitals, inter-
pected to be larger when such a hybridization involdes acting throughVsy ., Vo, andVpg . parameters. As the
states, for which the interactions parameters with other orbitmatrix elementsvVqq, and V4, are nearly identical, it is
als are particularly sensitive to the interatomic distance.  suggested to construct twep hybrids on the oxygen,

Investigating the evolution aZ* (7 to the structural fea- |h..))=(|s)*+|p))/\2. Each of these hybrids will have a
tures, we have shown that they are strongly affected by théarge matrix element\(ﬁdﬁ:[Vsd’”+vpd,(r]/\/§) coupling
ferroelectric atomic displacements and much less sensitive 1 to the d state on one side and a negligible matrix element
isotropic pressure. The results have clarified that the ampli¢y, +=[Vsao— Vpd ,1/\/2) coupling it to thed state on the
tude of Z*(M is not monitored by a particular interatomic gther. ' ’
distance but is dependent on the anisotropy of the Ti envi-
ronment along the Ti-O chains.

Finally, the effective charges were used to estimate the
spontaneous polarization in the ferroelectric phases of In absence of orbital interactions, the static charges of
BaTiO;. For that purpose, their evolution was investigatedSrTiO; would be of +2 on Sr,+4 on Ti, and—2 on O.
all along the path of atomic displacement from the cubic toHowever, due to the Ti-O orbital interactions, the transfer of
the rhombohedral structure. electrons from Ti to O is not complete. Within the BOM, the

All along in this work, we only focused on themicro- effective static charge on O can be estimated as
scopic mechanisms that govern the amplitude of the Born
effective charges. In independent studies, it was also empha- Zo=—2+T,+T,, (A1)
sized that the anomalously large Born effective charges PO here
duce a giant LO-TO splitting ilMABO5; compounds, espe-
cially for the ferroelectric phonon mod&® Moreover, it vt 2
was demonstrated that this feature is associated with the ex- T,=4 $)
istence of an anomalously large destabilizing dipole-dipole [ea— (et €p)/2]
interaction, sufficient to compensate the stabilizing short(u4n because there are two hybrids composed of two elec-

range forces and induce the ferroelectric instabffitin ma- trons that each interact mainly with one Ti neighband
terials where polar modes play a major role, the Born effec-

1. Effective static charge

(A2)

tive charge appears therefore also as a “key concept” to Vi |2
relate the electronic and structural properties. T,=8 [Ep—e] (A3)
d” €p
ACKNOWLEDGMENTS (8" because there are four electrons that are each partly

delocalized on the two Ti neighbors

Ph.G. would like to thank R. Resta for numerous illumi- For SrT|Q, from the parameters of MatheiéRef. 6, p.
nating discussions, Ph. Lambin for his help in shell-model445), T =0.35 andT,=0.68 so that the effective static
calculations, L. L. Boyer for clarifying some aspects of thecharge on the oxygen atom Zs=0.96.
SCAD model, and N. Marzari and D. Vanderbilt for provid-
ing an early copy of their recent results. X.G. is grateful to
the National Fund for Scientific Resear@ANRS-Belgium
for financial support. We acknowledge the use of IBM-RS Following the discussion of Sec. Ill B, the Born effective
6000 workstations from common projects between IBM Bel-charge can be obtained by adding to the static charge the
gium, UCL-PCPM, and FUNDP-SCF, as well as the use ofdynamical contribution originating in the dependence of the
the Maui High Performance Computing Center IBM-SP2.matrix elementd/ upon the interatomic bond length From

2. Born effective charge
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Harrison’s solid state tablésee also Eq(19-11) in Ref. 6), electrons are globally transferred on a distanae Zhe
the previous matrix elements have all the same interatomichange of polarization associated to this transfer of charge is
dependence:

Vido |2
V=Kd~"?, (A4) oP,=— 28( Edh_d'fh) ad, (A10)

7 od \VJ d 2
V==V (AS) 5P,T=—56(Ep—’2) sd. (A11)

= €p
so that
The associated dynamic contribution to the Born effective
(V+8V)2=V2+2V 6V +O(5V?) (Ae)  charge is 6P/4d)
_ 5d \Vj 2

V242 — V2 + O(5V?). 5z*<T>=—28(ﬂ) , (A12)

2 d g €4— €n

(A7)

When displacing the O atom along the Ti-O direction, «(T) pd,
there will be an additional transfer of electron from O to the 627 '=—5 e (A13)
nearest Ti that is equal to P

The effective charge on the O atom for a displacement

—7\( Vhao \?]6d long the Ti-O direction is theref
5T, =2 2| =~ ANy (ag)  along the Ti-O direction is therefore
2 €4~ €ph d
, 28" =20+ 625"+ 6757 (A14)
5T —a) 2| = | Yoo || A9
N 2 \eg—ey) [ (A9) For SITiQ,, from the parameters of MattheiéRef. 6, p.

T) _ T) _ T) _
On the other hand, there will be the same transfer of charg49: 625" =—2.45 andsZ}(V=—-4.76 so thatZ’éH( )=

from the other neighbor Ti atom to O, so that the previous—8.18.
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