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We calculate ab initio the electronic states, spontaneous polarization P, and Born dynamical charge Z* of
ZnO, using the local-density approximation (LDA), the Hartree-Fock (HF), and a model GW scheme. Upon

going from HF to G W and to LDA, the d bands raise substantially in energy, the model G W providing the best
overall agreement with experiment. By contrast, the three schemes give the concordant values P= —0.047
C/m and Z*= ~2.1, in agreement with available experimental data. While the value of Z* suggests a

rigid-ion-like behavior of ZnO, its band-by-band decomposition reveals anomalous contributions from 0 2s,
Zn 3d, and 0 2p bands, indicating a substantial interaction between the corresponding occupied atomic
orbitals.

The wurtzite structure is the simplest crystal structure
where spontaneous polarization is allowed by symmetry.
Amongst the wurtzite crystals, ZnO is probably the most
studied and important one technologically. Some first-
principles studies of ZnO have been published, focusing in
particular on structural properties, and based on the local-
density approximation ' (LDA) to density-functional theory
(DFI'), and Hartree-Fock (HF) approximation. Both theo-
retical schemes have merits and shortcomings, particularly
for materials having a mixed ionic/covalent character, such
as ZnO. Concerning the spontaneous polarization of ZnO,
we have investigated it," together with its derivative with
respect to sublattice displacement, i.e., the Born effective
charge Z* within DFT-LDA. Since polarization phenomena
are often dominated by delicate hybridization mechanisms,
one wonders whether LDA provides a reliable framework for
their description in the present material.

Photoemission experiments, as well as band-structure cal-
culations, have pointed out that the zinc d electrons interact

substantially with the oxygen p ones. Incidentally, this fea-
ture implies that any frozen-core or otherwise simple (sp)
pseudopotential approach is unreliable. We expect that when
comparing the occupied one-electron states of ZnO, as ob-
tained from LDA and from HF ground-state all-electron cal-
culations, the dominant difference is indeed in the zinc d
states, and, in particular, their energy location with respect to
the highest (mostly 0 2p) valence bands.

For this reason, we study here the spontaneous polariza-
tion and the effective charge of ZnO at the HF level. To our
knowledge, no similar study within HF or other Arst-

principles scheme beyond LDA is available so far, not only
for ZnO, but for any material. Therefore, this work general-
izes the implementation of the geometric-phase theory of
macroscopic polarization" outside the DFT framework, on a
test case where different schemes produce different elec-
tronic ground states. We also present results from a third
one-electron scheme, the model GW of Refs. 7 and 8, which
is in a sense intermediate between the LDA and the HF ones,
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and probably closer to physical reality. We anticipate that the
spontaneous polarization and Born effective charge of ZnO
are almost insensitive to scheme differences, and we provide
a rationale for it.

All the calculations have been performed on the same
footing, using the full-potential linearized-augmented-plane-
wave method and the same technical ingredients and experi-
mental values of the structural parameters as in Ref. 4. De-
tails concerning the HF implementation are given in Ref. 10.
The parameters of the model GW calculation (see Ref. 8) are
a = 3.7 and q,„,= 2.5 a.u.

The one-electron states calculated with the three schemes
differ considerably. The three band structures are displayed
in Fig. 1, and some related numerical data are reported in
Table I. As usual, the HF gap is much larger than the experi-
mental one, while the LDA gap is too small. Not surpris-
ingly, the model GW provides the best value, within 0.8 eV
from the experiment (Table I). In the present work we focus
on ground-state properties, hence on the occupied states,
whose quasiparticle removal energies have been measured in
photoemission experiments. Although this is common prac-
tice, it is not quite legitimate to compare LDA or HF bands
with photoemission spectra, while, on the other hand, it is
appropriate in the case of G W, which aims indeed at calcu-
lating such energies. Figure 1 shows two groups of occupied
bands, which can be characterized as being mostly of zinc d
and of oxygen p character. They are well separated in the HF
band structure, while they show increasing overlap going to
GW and LDA, thus suggesting different degrees of hybrid-
ization. The p bandwidth decreases from HF to GW and to
LDA, its value being predicted quite accurately by the model
G W (Table I), while the d bandwidth increases from HF to
GW and to LDA. As for the location of the center of the d
bands (relative to the valence-band edge), the LDA value is
much higher than the experimental one, and the HF much
lower. Again the model G W is more successful and shows an

FIG. 1. Energy bands of wurtzite ZnO calculated within three
-different schemes: (a) Hartree-Fock, (b) model GW, and (c) local-
density approximation. 0 2s bands are located at lower energy.

error of about I eV (Table I), the origin of which is likely the
neglect in the long-range Coulomb correction [Eq. (2) of
Ref. 8] of dynamical screening and local-field effects beyond
LDA. Since the latter are presumably rather important in
ZnO, we conjecture that local fields may be a major cause of
disagreement.

The electronic states computed within the three schemes
are used in a calculation of polarization, following the
geometric-phase theory reviewed in Ref. 6. The latter has
been formulated so far within DFT, and its application within
the HF and GW frameworks requires some discussion. At
variance with DFT, the HF scheme provides an approximate
many-body wave function in the form of a Slater
determinant. "Let us consider a crystalline insulator with 2X
electrons per cell and periodic boundary conditions over I.
cells: the (large) determinant, of size 2LK, is then built of
doubly occupied Bloch orbitals iti„(k, r) = e'"'y„(k, r),
where the y's are lattice-periodical functions, n runs over the
N occupied bands, and the Bloch vector k runs over I. al-
lowed values. We may think of this many-body wave func-
tion as of the antisymmetrized product of L small determi-
nants, of size 2N each, which are built of the occupied spin
orbitals at a given k. These small determinants are the basic
ingredients defining the geometric phase we are interested in.
We start removing the Bloch phase from them, thus defining
the k-dependent, lattice-periodical detrimental functions,

dq&= —i(4 (k)IVk~li(k)) dk. (2)

Finally, the geometric phase y yielding the macroscopic po-
larization can be written as a suitable line integral of Eq. (2):
it is easy to prove the equivalence to the alternative forms of
dy given in Ref. 6.

We now discuss the application to the model GW case.
Being a many-body Green-function scheme, it underlies in
principle a correlated ground-state wave function that is not
explicitly accessible, while the one-body reduced density
matrix is accessible, and has a simple expression in terms of
the Feynman-Dyson amplitudes. Within the model G W
adopted in this work —as in most of the approximate GW
schemes for solids one neglects typically the nonorthonor-
mality of Feynman-Dyson amplitudes. Whenever such an ap-
proximation is made, the one-body density matrix is a pro-
jector, as for the HF and DFT cases. ' This basic feature
allows the use of the same formulation and implementation
of the geometric phase approach in the three cases (HF,

I
~'(k)) =

I Xi(k) Xi(k) XN(k) XN(k) I.

In the continuum limit (I.~~), we define the infinitesimal
phase difference dq& amongst them (alias the Berry connec-
tion) in the same way as for one-electron orbitals:

TABLE I. Energies of some one-electron states, relative to the valence-band edge, as computed with the
three schemes discussed in the text. The experimental data, from Ref. 3, are also given for comparison.

I'3, (0 2p)
Zn 3d (average)
I',„(02s)
Eg

HF

—5.7
—11.4
—23.4

11.59

Model GW

—5.0
—6.4

—18.6
4.23

LDA

—4.4
—5.4

—17.6
0.93

Expt.

—5.2, —5.4
—8.6,—7.5

—21.0
3.44
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TABLE II. Decomposition of the Born dynamical charges of ZnO into contributions from different groups
of bands and from the ionic cores. Notice that within LDA the Zn 3d contribution cannot be separated
unambiguously from the 0 2p one. The nominal values, in a completely ionic picture, are also given.

Atom moved

Nominal

Oxygen

HF LDA Nominal

Zinc

HF LDA

0 2s
Zn 38
0 2p
Zn3d+ 02p
Core

—2.0
0.0

—6.0
—6.0
+ 6.0

—2.5
+0.9
—6.5
—5.6
+ 6.0

—2.4

—5.6
+ 6.0

0.0
—10.0

0.0
—10.0
+ 12.0

+0.5
—10.9
+0.5

—10.4
+ 12.0

+0.4

—10.4
+12.0

Total —2.0 —2.1 —2.0 + 2.0 + 2.1 + 2.0

model GW, and DFT). In fact, we are dealing here with
one body p-hysical observables (charges and currents): when-
ever the density matrix is a projector, the one-body proper-
ties are the same as if the ground state were a single
determinant. The various schemes differ in the criterion
guiding the choice of this determinant: minimizing total en-

ergy (HF); optimizing removal energies and amplitudes (ap-
proximate GW); reproducing the ground-state density (exact
DFT); and minimizing a given energy functional (DFT-
LDA).

Only polarization differences between different states of a
given material (such as in pyroelectricity, piezoelectricity,
and lattice dynamics) have physical meaning. For the pur-
pose of comparing the three theoretical schemes, we define
the spontaneous polarization as the difference with respect to
an unbiased high-symmetry reference state, as explained in
Ref. 4. The spontaneous polarization has been evaluated in
the three schemes from wave functions computed at the ex-
perimental lattice parameters. In units of C/m we get
—0.048 (LDA), —0.047 (GW), and —0.046 (HF), to be
compared with the indirect estimate —0.07~0.02 obtained
from a model based on nonlinear optical data. The three
one-electron schemes lead to a concordant description of the
phenomenon and to a similar quality of the results: we an-

ticipate that the Z* values discussed below confirm this fea-
ture.

Within our approach, one can unambiguosly partition the
total polarization as due to different groups of bands only if
they are well separated in energy. This band-by-band decom-
position will be limited to the HF and LDA schemes. Look-
ing at Fig. 1, it is clear that within HF we can separate the 0
2p contribution from the Zn 3d one, while this is not pos-
sible within LDA. Furthermore, in both cases we can con-
sider the separate contribution of the 0 2s states (not shown
in Fig. 1), which are well isolated at lower energy (Table I).
The most informative quantity to discuss is the Born dynami-
cal charge, for which we find 2.1+ 0.05 within HF, and
2.0~ 0.05 within LDA, to be compared with the experimen-
tal value 2.1. All this indicates an apparently rigid-ion-like
behavior of this material, with an effective ionic charge equal
to the nominal one. As a matter of fact, ZnO has instead a
mixed ionic/covalent character, and the ions move in a
strongly nonrigid fashion, carrying with themselves, none-

(b) (c)
FIG. 2. Decomposition of the Hartree-Fock ground-state elec-

tronic density into the contributions from (a) 0 2s bands, (b) Zn 3d
bands, and (c) 0 2p bands. The densities are represented in a plane
parallel to the c axis and passing through anions and cations. Sub-
sequent contours differ by 6.25X 10 e/(a. u.)

theless, the nominal value of the macroscopic current. Both
features are explained through the band-by-band analysis be-
low.

The present understanding of the occurrence of dynamical
charges deviating from the nominal value is based on a
change of bonding between interacting atoms, induced by the
atomic displacements. This change can be simply modeled at
the tight-binding level, and has been thoroughly investi-
gated from first principles in ferroelectric perovskites. ' In
ZnO the dynamical charge Z* is essentially identical to the
nominal static one: our rationale for this finding in a material
with mixed ionic/covalent character is that occupied and

empty states do not mix with each other under ionic dis-
placements. Explicit inspection shows that the lowest con-
duction states in the neighborhood of the fundamental gap
have mainly s character (Zn 4s and 0 3s). Therefore they
are coupled weakly with the highest valence states and the
subspace of the occupied electronic states does not vary with
ionic displacements.

Less trivial results come from the band-by-band decom-
position, since a strong interaction occurs between the occu-
pied electronic states. The displacement-induced variation of
bonding is responsible for anomalous contributions to the
dynamical charges carried by each group of electronic states.
Our complete results are displayed in Table II, where the
electronic contributions from the different groups of bands
are explicitly shown both for 0 and Zn, although they are
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clearly not independent. For the sake of clarity, we also re-
port the positive core charges, and the ideal electronic values
(nominal values) corresponding to rigid ions, in a completely
ionic picture. The anomalous contributions are immediately
identified by comparing nominal and actual values: it is seen
that such anomalous contributions are in modulus of the or-
der of 0.5 for 0 2s and 0 2p, and 0.9 for Zn 3d. There is
practically no difference amongst HF and LDA, wherever
the comparison is possible. The biggest surprise is the
anomalous contribution of 0 2s states: since they are very
deep in energy (Table I), one would expect them to behave as
rigid-core-like states. Instead, the 0 2s electrons move in a
highly nonrigid fashion, due to their non-negligible bonding
with Zn 3d states, shown in Fig. 2 (a). A similar behavior of
0 2s states has been recently found in barium titanate.
Looking more closely at Table II, one can identify an impor-
tant qualitative trend. When a given ion is displaced, the
electronic states "attached" to this ion carry more (negative)
charge than the nominal value (in a totally ionic picture). For
instance, analyzing the HF data, an oxygen displacement car-
ries 2.5 effective 2s electrons and 6.5 effective 2p electrons;
analogously, a zinc displacement carries 10.9 effective 3d
electrons. A similar qualitative trend was previously found in
ferroelectric perovskites; ' we conjecture this to be a univer-
sal feature of mixed ionic/covalent bonding.

These features are confirmed by the analysis in groups of
bands of the ground-state electron charge density at equilib-
rium. This analysis is most informative at the HF level,
where the three relevant groups of bands can be separated
unambiguously. We display in Fig. 2 the partial electron den-
sities, which show important deviations from sphericity, a
fingerprint of covalence. The charge density of the 0 2s

bands, panel (a), shows a non-negligible bonding with the Zn
d orbitals. There are 0.1 and 1.6 electrons in Zn and 0
spheres, respectively (Rz„——Ro= 1.8 a.u.). The Zn 3d bands,
panel (b), are the most perspicuous in accumulating charge in
the bonding region (9.0 and 0.3 electrons in Zn and 0
spheres, respectively): this correlates well with the fact that
these same states give the highest anomalous contribution
(0.9) to the Born effective charge. The 0 2p bands, panel (c),
display the highest interstitial contribution, since only G.6
and 3.9 electrons occupy the respective spheres.

Finally, we emphasize that the HF and the LDA ap-
proaches provide in Zn0 similar and accurate values of the
polarization and dynamical charges. The robustness of the
calculated properties, and their scheme independence, might
appear surprising, given the delicate covalence mechanisms
dominating polarization phenomena in mixed ionic/covalent
materials. We understand the present findings as a conse-
quence of the fact that interatomic interactions in ZnO occur
mostly amongst occupied atomic orbitals from closed shells
(0 2s, 0 2p, and Zn 3d), and do not involve, practically, the
lowest empty ones. As this work, to the best of our knowl-
edge, is the first study comparing the HF, LDA, and model-
GW schemes in the framework of polarization, the issue as
to whether the scheme-independence holds as well in other
materials remains an open one.
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