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In ferroelectric perovskites, the strong spontaneous polarization is due to giant values of the Born effective

charges, which are much larger than predicted on the basis of the nominal ionicity: we investigate the physical

origin of such charges, which by definition measure the current traversing the sample during polarization
reversal. Our first-principles calculations for KNb03 identify unambiguously the dominant mechanism with the

presence of covalent bonding. The giant charges are reduced to their nominal values in a computational

experiment performed on a fake material, where covalence has been artificially suppressed.

The perovskite oxides are materials which display large
values of the spontaneous polarization owing to this fact,
and to their simple crystal structure, they are among the most
studied ferroelectrics. Their formula unit is ABO3, where A
is a monovalent or divalent metal, and B is a pentavalent or
tetravalent metal in the transition series: they have a cubic
prototype phase above the Curie temperature, and display a
series of structural transitions to low-symmetry phases when
temperature is lowered. Typically, the first transition is to a
tetragonal phase, which is characterized by a small uniaxial
macroscopic strain, accompanied by microscopic displace-
ments of the ions out of their high-symmetry sites: the latter
distortion is responsible for the phenomenon of ferroelectric-
ity. The peculiar electrical and structural behavior of these
materials has its microscopic origin into some unusual fea-
tures of the valence electrons. Because of this, the electronic
properties of the ferroelectric perovskites have been theoreti-
cally investigated using a wide spectrum of tools, from
simple models ' to first-principles quantum calculations.
To the latter class belong papers dealing with structural in-

stability, lattice dynamics, microscopic charge distribution,
electronic density of states, and —last but not least—
spontaneous polarization. Several of these papers have ad-
dressed a long-standing dilemma: ionicity versus covalence.
Despite the deep insight into the electronic states provided
by first-principles approaches, there is no common consensus
so far on this very basic issue. ' The concepts of ionicity and
covalence —though being affected by some arbitrariness-
are nonetheless of overwhelming importance in identifying
the dominant electronic mechanisms: on their basis, for in-
stance, one could understand which microscopic features
make the behavior of perovskite oxides so much different
from that of simple oxides Hke MgO or CaO. In this paper
we address the above unsettled issues from a different view-
point: we will show that investigating the electronic origin of
the dynamical (or Born) effective charges leads to a definite

and unbiased answer to the ionicity and/or covalence di-

lemma, and explains several peculiarities of the ferroelectric
perovskites.

We choose as a paradigmatic case study the perovskite
KNb03, for which several physical properties have been
previously investigated from first principles. ' Its tetrago-
nal phase is stable between 225 and 418 'C and we perform
our study assuming a "frozen" ionic configuration corre-
sponding to the structural parameters measured' at 270 'C.
Despite the fact that the real material is rather far from this
schematized picture, ' the frozen-ion approximation is in-

deed a sound one for studying any property related to polar-
ization, as demonstrated in Ref. 8. Considering the macro-
scopic strain only, the cubic perovskite structure is
transformed into a nonpolar centrosymmetric tetragonal
phase which we have previously called "ideal": the macro-
scopic lattice parameters are a =3.997 A, and c=4.063 k
A further internal strain —consisting of ionic displacements
u, along the tetragonal axis—transforms the ideal structure
into the experimental one: keeping the origin at the Nb site,
their actual values —in units of c—are uK= —0.0023, uo&
= —0.040, and uo2= 0.042 (there are two nonequivalent

oxygen sites: those which are vertically above and below Nb
along the tetragonal axis are called 01, while the side ones
are called 02).

The electronic states are calculated using the same tech-
nical ingredients as in Refs. 8 and 9, to which we refer for
computational details. We report in Fig. 1(a) the band struc-
ture of both the ideal and the experimental structures, in a
neighborhood of the fundamental gap. The nine valence
bands shown in the figure will be called 0 2p in the follow-
ing, and in fact they would be purely 0 2p within a com-
pletely ionic model, where six electrons are transferred to the
three 0 ions, one coming from K, and the remaining five
from Nb. However, since the transfer is not complete, these
crystalline states will indeed have some admixture with the
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FIG. 1. Energy-band dispersion of KNb03 near the fundamental

gap, along the I -Z vertical line, and measured from the top of the

valence band at point A (not shown here). Bands for both the ex-
perimental (solid) and the ideal (dashed) tetragonal structures are

shown. (a) Realistic calculation; (b) calculation for the fake material

(see text).

atomic states which have been emptied. The 0 2p crystal
states are the only relevant ones to the purposes of the
present study, while the lower ones (not shown in Fig. 1) are
inert, thus effectively behaving as rigid core states. When
ions are displaced in the cell, a macroscopic electric current
flows across the sample: the lower states carry a neutral cur-
rent when their share of nuclear charge is considered
altogether.

In order to investigate ionicity, the first thing to do is to
analyze the electronic char e distribution, as different au-
thors have previously done. We prefer to simplify the land-

scape, by plotting only the charge density of the so-called 0
2p states, displayed in Fig. 2 in the plane defined by 0 and
Nb atoms; the analogue for the ideal centrosymmetric struc-
ture is also shown for comparison. Qualitatively, we identify
a dominant ionic picture, with some Nb-01 hybridization
which reduces the static charge on 0 below its nominal ionic
value. Quantitatively, one would like to give a measure of the
electronic charge associated with the 0 ions. This is a rather
ill-defined issue, based on arbitrary charge partitioning: some
authors have even extracted from a first-principles calcula-
tion positive values for the oxygen charge. Within a tight-
binding model, ' the 0 static charges (usually called
Mulliken charges) are unambiguously defined, and assume
reasonable values, ranging from —1.7 to —1.5 in perov-

FIG. 2. Electronic charge density for the highest group of va-
lence bands (so-called 0 2p) in the vertical plane passing through
Nb (figure center), 01 (top and bottom sides), and 02 (left and right
sides). (a) Centrosymmetric ideal structure; (b) ferroelectric experi-
mental structure.

skites. In a recent first-principles calculation for BaTi03, a
best fit of the self-consistent crystal charge to that of over-

lapping ions has provided the values —1.63 (0) and +2.89
(Ti) for the static charges.

The quantity which is well defined in a model-
independent way is the dynamical charge, which measures
the macroscopic current flowing across the sample while the
ions are adiabatically displaced. Such currents are respon-
sible for building up the spontaneous polarization, when ions
are continuously displaced from the centrosymmetric struc-
ture to the ferroelectric one, ' and are directly observed
when measuring polarization via hysteresis cycles. The cur-
rent cannot be visualized in Fig. 2: it is in fact mainly a
property of the phase of the wave functions, while the draw-

ing carries information about their modulus only. The mod-
ern theory of macroscopic polarization' allows the calcu-
lation of such currents as Berry's phases. The dynamical
Born effective-charge tensor Z,

* of a given ion measures by
definition the total macroscopic current adiabatically trans-

ported by the ion moving with unit velocity, while all the
other ions and the macroscopic field are kept fixed. ' It has
been shown" that the effective-charge tensors are almost
constant along the path connecting the two structures, which
implies that the spontaneous polarization is simply expressed
in terms of the internal-strain displacements u, as

P,= QZ,*u„—

where 0 is the cell volume, and Z,* are the diagonal com-
ponents of the effective-charge tensors along the tetragonal
axis.

In simple, high-symmetry oxides, the oxygen Z* tensor is
isotropic: its diagonal value can be determined accuratel~,
and is close to 2. The task is less easy in perovskites, ' '

where simple models hint at nontrivial values of Z*. Be-
cause of site symmetry, Z„* and ZNb are isotropic, while 0
sits at a noncubic site and Z* has two independent compo-
nents: one for displacements pointing towards the Nb ion,
and the other for displacements in the orthogonal plane (see
the ions 01 and 02 in Fig. 2). Our calculation for KNb03
provided the values 0.8 (K), 9.1 (Nb), —6.6 (01), —1.7
(02). Similar giant values for the transition element and for
01 ions have been later confirmed using quite different tech-
nical ingredients and/or for other perovskite oxides. "
Therefore, the K and 02 ions look like closed-shell ions,
each carrying an effective charge close to its nominal ionic
value, in a rigid-ion picture. On the contrary, a large amount
of nonrigid, delocalized charge flows across the sample dur-

ing a relative displacement of the Nb and 01 ions, as in Fig.
2. We anticipate here our main message, stating that this is
definitely a covalence effect, dominated by the hybridization
of the so-called 0 2p bands with Nb 4d states.

In order to get insight into the main microscopic mecha-
nisms, it is quite common in computational physics to blow
up physical effects by simulating unusual, pathological, and
even completely unrealistic situations. In this spirit, we per-
formed calculations where the possible hybridization be-
tween 0 2p and Nb 4d states is artificially suppressed. Tech-
nically, within our computational scheme it is quite easy to
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FIG. 3. Same as Fig. 2 but for the fake perovskite crystal (see
text).

add a fake repulsive potential, confined to a spherical region
around the Nb site (of radius 2.2 a.u.), and acting only on the
d-like component of the electronic states. The effect of the
fake potential on the band structure [shown in Fig. 1(b)] is
quite dramatic. As expected, the original lowest empty
bands —mainly Nb 4d in character —are repelled to higher
energies: actually the gap is brought to =5 eV, and the states
at the conduction-band minimum are now mostly a mixing of
K 4s, K 4d, and 0 3s. But the main message of Fig. 1 is
that even the highest occupied bands are modified both in

width and shape: were the latter bands purely 0 2p, they
should hardly be affected at all by the fake potential. Further
insight is found looking at the effect of internal strain in Fig.
1 (solid vs dashed lines): it is evident that the ferroelectric
distortion strongly modifies the 0 2p bands in the real ma-

terial, while its effect is hardly noticeable in the fake mate-
rial.

Another quantity of interest is the charge density of the 0
2p bands in the fake crystal which is shown in Fig. 3. The
picture shows a superposition of almost spherical charges,
whose shape is largely unaffected by the ferroelectric distor-
tion. Comparison with Fig. 2 confirms that the interstitial
charges in the real material are indeed indicative of 0 2p Nb
4d hybridization; we also notice in Fig. 2 that the amount of
such hybridization looks qualitatively much affected by the
ferroelectric distortion.

The Born effective charges assume the following values

when the hybridization is suppressed: 0.9 (K), 4.3 (Nb),
—1.9 (01), and —1.7 (02). It results that our fake perovskite
behaves much like simple oxides, where the current associ-
ated with any ionic displacement is close to the appropriate
rigid-ion value, and is of course almost isotropic for oxygen
ions. It is worth pointing out that a previous structural study

of BaTi03 demonstrates that switching the hybridization off
suppresses the ferroelectric instability as well. The micro-

scopic mechanism for the giant effective charges which we

previously discovered in this material, and which was later
confirmed in other perovskites, "' is therefore unambigu-

ously identified. The effects of the 0 2p Nb 4d hybridization
on the electronic states are definitely far from negligible at a
given structural configuration, while they are even further

enhanced when the Nb-0 bond lengths are varied, being thus

responsible for the flow of giant currents during the ferro-
electric distortion. This enhancement can be understood
within a simple tight-binding model, if one just postulates
some modulation of the hopping integra1 between 0 2p and

Nb 4d states induced by the bond-length variations. In fact,
using the simple tight-binding parametrization of Harrison, '
one finds giant effective charges in semiquantitative agree-
ment with the present first-principles values. Our work there-

fore demonstrates that the simple tight-binding scheme of
Harrison —where the perovskite oxides display a large
amount of covalence —is quite correct insofar as effective
charges and polarization are concerned.

As a conclusion, and from a more general viewpoint, the

present study is in agreement with other works where the
covalence issue in ferroelectric perovskites has been empha-
sized on different grounds, ' while it questions the rel-
evance of possible alternative mechanisms, claimed by some
authors. '
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