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Recently a novel phase of ZnO has been synthesized which is analogous to �-boron nitride, although

more three dimensional, and consists of planar hexagonal sheets of ZnO. Examining the dynamic stability

of the structure, we find unstable phonon modes over a considerable part of the Brillouin zone. Local-

density approximation (LDA) and generalized gradient approximation level calculations have usually

been able to predict the structural stability of s-p bonded systems. The failure in the present case is a

surprise and is traced to the self-interaction error which incorrectly locates the localized Zn d states in the

valence band of ZnO. Correcting for this with a Hubbard-likeU on the Zn d states, the optimized structure

is predicted to be stable. This highlights the fact that the large bond length contraction that one finds in

going from sp3- to sp2-type bonding results in an increased necessity to correct for self-interaction errors.

Dimensional reduction has emerged as an important
route to designing potential systems for industrial applica-
tions. The strong anisotropic properties [1] as well as the
large surface area [2] have resulted in properties very
different from the bulk as well as possible applications in
catalysis, photovoltaics, etc. The research in these materi-
als is also interesting from a basic science point of view.
Innovative experiments have led to the synthesis of the first
two-dimensional crystal, graphene [3], where ideas of two
dimensionality could be tested [4]. Among the first-row
elements, carbon is not the only element that exhibits
sp2-type bonding allowing it to form layered solids.
There are several other examples among molecules with
B, N, and O. This has spearheaded the search for examples
of compounds which have a graphitic structure.

The compounds formed by B, N, and O are usually very
ionic, so semiconductors formed by them are usually found
in the wurtzite phase. Certain surfaces of these wurtzite
semiconductors are highly polar, and thus theoretical cal-
culations suggest that a graphitic structure which removes
the dipole moment would be favored in the fewmonolayers
limit [5]. This would transform into the wurtzite structure
above a critical thickness.

Recently a metastable phase of bulk ZnO was synthe-
sized [6] which favors the �-boron nitride structure. The
existence of planar graphitic sheets in this structure is
contrary to earlier theoretical predictions. Another aspect
that emerged was why there were so few materials that
occur in this structure. There were clues being offered even
within the present set of calculations. In most semiconduc-
tors the nature of the bonding is due to the covalent
interaction between the cations s and the anion p levels.
In some there is a significant contribution coming from
ionic bonding also. Hence these two contributions to the
cohesive energy largely determine the structural stability
of the semiconductor. In contrast, ZnO has 3d states due to
Zn which typically occur 8–10 eV below the valence band

[7]. These states (t2 symmetry) interact with those making
up the valence band maximum (VBM). This results in a
small admixture of Zn d character even a few eV below the
VBM in the most well-studied phase of ZnO. The role of
the Zn d states in the present system seems more dramatic,
as the Zn d states have considerable weight in the valence
band region. Hence the nature of bonding that we find is
very mixed with Zn s and O p favoring sp2-type bonding
interaction and Zn d and O p favoring a p-d-type bonding
interaction. So, much to our surprise, we find that starting
with the experimental structural parameters [6], a phonon
analysis reveals imaginary phonon modes, indicating
structural instability. This raised questions of whether the
experimentally synthesized compound corresponded to
ZnO or was something else or whether local-density ap-
proximation (LDA) and generalized gradient approxima-
tion (GGA) based calculations failed for this material. This
was unusual for an s-p bonded system. Examining our
results further we found that this had a surprising origin.
The incorrect location of the Zn d states in the valence
band of ZnO results in an enhanced Zn d–O p bonding and
actually changes the nature of the bonding in the present
system, making it primarily Zn d–O p. Allowing for aU of
12 eV on the Zn d states and carrying out a structural
optimization, we arrive at a structure in which the lattice
constants a and c are overestimated over experimental
values by 2.8%. The calculated phonon dispersions are
found to have no imaginary phonon modes. The self-
interaction error usually affects the position of the semi-
core states in ZnO. Here we show that it could affect the
structural stability also. There has been some discussion in
the literature that the semicore states affected the lattice
parameters in GaN [8], but this was shown not to be the
case [9]. The inclusion of an orbital dependentU on the Zn
d states pushes them deeper into the valence band and
decreases their interaction with the O p states. This then
allows the bonding to have a dominantly sp2 character, as a
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result of which the structure is stabilized. A consequence
of these results is that transition metal oxides where the
nature of bonding would be of p-d character would not be
stable in the present geometry.

First principle electronic structure calculations were
carried out within a plane wave pseudopotential implemen-
tation of density functional theory in VASP [10]. Projected
augmented wave (PAW) [11] potentials were used along
with LDA [12] approximation for the exchange correla-
tion. A k-point mesh of 6� 6� 6 points was used for the
total energy calculation while a mesh of 12� 12� 12 k
points was used for the density of states calculations. The
electronic structure and subsequently the phonon disper-
sions were calculated by considering the experimentally
reported structure. A 4� 4� 4 repetition of the unit cell
was considered for calculating the phonon dispersion. The
small displacement method was used for the calculation of
phonons [13]. The longitudinal optical-transverse optical
splitting is not calculated. As the position of the Zn d states
in the valence band of ZnO are underestimated because of
the well-known self-interaction error within LDA, we use
an orbital dependent Hubbard U-like term. The Zn d states
are semicore states located 8–10 eV below the valence
band maximum in ZnO. As these states are quite localized,
electron-electron (e-e) interaction effects become impor-
tant. The treatment of e-e interactions at the LDA level
is inadequate. A Hubbard U-like term to treat the e-e
interactions improves the description by adding an orbital
dependent potential. This is introduced within the
LDAþU framework in the Dudarev scheme [14]. U,
which is a parameter in the problem, is taken equal to
12 eV, while J is zero. With the optimized structure of
U ¼ 12 eV, we could reduceU to 10 eVand still get stable
phonons. This value is larger than what was required ear-
lier for wurtzite ZnO [15]. A possible reason for this is the
reduced screenings channels in the present case. A full
structural optimization within the LDAþU calculations
of both the lattice parameters as well as the internal coor-
dinates gives us lattice constants of 3.19 and 3.97 Å which
overestimate the experimental values by 2.8%. In the ab-
sence of aU on the Zn d states, the lattice constants a and c
are found to be 3.37 and 4.46 Å, respectively, larger by
8.8% for a and 15% for c than the experimental values.

GGA potentials gave us a ¼ 3:45 �A, c ¼ 4:62 �A, an over-
estimation of 11.3% and 19.7%, respectively, while

GGAþU (U ¼ 12 eV) potentials gave us a ¼ 3:30 �A

and c ¼ 4:18 �A, an overestimation of 6.4% and 8.2%,
respectively, over the experimental values. So the
LDAþU potentials performed the best, possibly because
the sp2 bonding pushed the material into a covalent re-
gime. Again for the LDAþU optimized structure, phonon
dispersions were calculated.

The recently synthesized phase of ZnO [6] consists of
hexagonal planar sheets of ZnO in which each Zn atom is
coordinated with three oxygen atoms in the plane and

vice versa. These sheets are stacked in the c direction so
that a zinc atom sits above and below an oxygen atom and
vice versa. In the experimental structure, the in-plane Zn-O
bond lengths are 1.79 Å, considerably reduced from the
typical bond lengths of 1.94 Å in the wurtzite phase of
ZnO. This strongly suggests the nature of the bonding to be
sp2 type, as systems with sp2 bonding have shorter bonds
than those in which the bonding is sp3. However, unlike in
boron-nitride [16] or graphite [17] where the out-of-plane
bond length is quite large, equal to 3.51 and 3.35 Å, here it
is much smaller. Hence the structure is not as two dimen-
sional as boron-nitride or graphite. The calculated density
of states for the experimental structure are shown in Fig. 1.
The structure is found to be insulating with a band gap
equal to 1.64 eV. This is considerably reduced from the
experimental value of 3.5 eV [6] as a result of the well-
known band gap error in density functional calculations.
Using hybrid functionals (HSE) [18] the band gap is found
to be 3.37 eV, though in the rest of the Letter we discuss
results obtained using LDA or LDAþU functionals alone
as the computational demands of the HSE calculations do
not allow us to do a detailed analysis in terms of phonons.
The calculated partial density of states is shown in Fig. 1.
The valence band is dominated by Zn d and O p states
while the conduction band is dominated by Zn s states.
ZnO usually occurs in the wurtzite phase, and this has been
well studied in the literature. There one finds Zn d states to
be semicore lying 8–10 eV below the VBM. These states
interact with those comprising the valence band with the
same symmetry. As a result there is a small admixture of
Zn d states close to the VBM. However, in the present
system one finds significant admixture of Zn d states in
the entire energy window up to 10 eV below the VBM.
Examining the O p projected partial density of states as
well as the charge density of the associated features one
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FIG. 1. The (a) Zn d and (b) O p contributions to the density of
states (DOS) of ZnO in the experimentally determined �-boron
nitride structure using LDA potentials. The Zn s contribution
is shown in the inset of (a). The zero of energy corresponds
to the VBM.



finds that the bonding states arising from Zn d–O p inter-
actions with primarily O p character are deeper in the
valence band. This suggest that the p-d interaction contri-
bution to the bonding is significantly more important in this
system than the Zn s–O p interactions.

The phonon dispersions calculated for this structure are
given along various symmetry directions in Fig. 2. In spite
of the structure being taken from experiment, it is found to
be unstable. An acoustic branch is found to go imaginary
along much of the Brillouin zone. The imaginary phonon
frequencies are plotted as negative frequencies as is usually
the convention. Density functional theory calculations
have successfully been used for the phonon dispersions
of the wurtzite phase of ZnO [19], so its failure in the
present case is unexpected. In order to ensure that this was
not the result of using the experimental structure, we
calculated the theoretical lattice constants. These were
found to be 3.371 and 4.459 Å for a and c, respectively,
overestimated by around 8.8% for a and by about 15% for
c, over the experimental values. Calculating the phonon
dispersions with the present structure, we found that we
still had imaginary frequencies. Examining the density of
states (Fig. 1) we found that the nature of bonding had a
significant contribution coming from Zn d–O p interac-
tions. Although the Zn d states are spread over an energy
interval of over 8 eV, the peak is found at around 5–6 eV
below the VBM. There are no photoemission experiments
for the present system; however, experiments on wurtzite
ZnO place the Zn d states at around 8 eV inside the valence
band [7]. The positions of these states within LDA- or
GGA-based calculations were found to be underestimated
from their experimental value by 2.4 eV [20] as a result of
the self-interaction error, and LDAþU calculations were
used to correct this underestimation. This suggested a
possible origin of the imaginary phonons that we observed.

The effect of treating the Zn d states within LDAþU is
to move the states deeper into the valence band of ZnO, at

the same time reducing the interaction between Zn d and O
p states. As mentioned earlier, the nature of bonding in this
system has an sp2 character arising from Zn s–O p inter-
actions, as well as Zn d–O p interaction. In the planar
hexagonal geometry, the Zn-O bonds make an angle of
120� with each other. While this is ideal when the nature of
the bonding is sp2 type, this is certainly not conducive for
p-d bonding. We first consider the dxy and dx2�y2 orbitals,

both of which lie in the xy plane. Just one Zn-O bond
would involve a � bond between a dx2�y2 orbital and say a

px orbital on oxygen. The other bonds would not benefit
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FIG. 2. The calculated phonon dispersions for ZnO in the
experimentally determined �-boron nitride structure along vari-
ous symmetry directions using LDA potentials. FIG. 3. The displacement of atoms associated with the un-

stable acoustic mode at (a) the K point and (b) L point. The
upper figures show the displacements in xy plane, while the
lower figures indicate the displacement in three dimensions.
The consequences on the bonding between a representative d
orbital and O p orbitals are shown in the insets of (a) and (b) for
each set of displacements.

-20 -10 0 10
0

0.25

0.5
Zn s

0

2

4

6

8

Zn d

-12 -10 -8 -6 -4 -2 0 2 4

0.5

1

1.5

2

2.5

3

O p

Energy (eV)

D
O

S

(a)

(b)

FIG. 4. The (a) Zn d and (b) O p contributions to the density of
states of ZnO in the theoretically optimized �-boron nitride
structure with a U of 12 eV on the Zn d states. The Zn s
contribution is shown in the inset of (a). The zero of energy
corresponds to the VBM.



from this geometry. This is the reason why we find that an
analysis of the eigenvectors of the unstable phonon mode at
K point reveal displacement of the atoms towards a square-
like geometry as shown in Fig. 3(a). In this geometry one
finds that all four planar Zn-O bonds would benefit.

The out of plane bond lengths in this structure are
similar in length to those found in the wurtzite phase of
ZnO. Hence, interactions along the z direction also are
important in the present structure. As there is an oxygen
above and below every Zn atom, one finds from an analysis
of the charge density that the bonding is strongest between
the pz orbital on the oxygens and the d3z2�r2 orbital.

However, the same geometry is not useful for the bonding
between the dxz and dyz orbitals and oxygen. Thus a shear-

type distortion is found to be favored when we analyze the
eigenvectors of the unstable phonon mode at the L point
[Fig. 3(b)]. The consequence of this on a dxz orbital is
shown.

The calculated partial density of states is given in Fig. 4
within LDAþU. Examining the Zn d contribution to the
density of states [Fig. 4(a)], one finds that the dominant
contribution is found in the energy window�8 to�10 eV.
The weight in the near VBM energy window is signifi-
cantly less than found in Fig. 1. This is also verified by the
O p partial density of states given in Fig. 4(b) where we
find that the feature up to 5 eV below the VBM has
primarily O p character. Surprisingly, the width of the O
p states is reduced to 5 eV. The large O p bandwidth that
we found in Fig. 1 was indeed a consequence of the
incorrectly placed Zn d levels. The nature of the bonding
is primarily Zn s–O p, i.e., sp2 type. As a result, when we

calculate the phonon dispersions for this structure, we find
that there are no unstable modes (Fig. 5).
The electronic structure as well as the structural stability

of ZnO in the �-boron nitride phase has been studied. The
self-interaction error within LDA places the Zn d states
incorrectly and therefore overemphasizes p-d bonding
over the expected sp2 bonding for the hexagonal planar
geometry that one finds here. This leads to the surprising
result that this experimentally synthesized compound is
found to be unstable. Correcting for this error within
LDAþU calculations, one finds that the calculated pho-
non dispersions are all real and there is no predicted
structural instability.
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FIG. 5. The calculated phonon dispersions for ZnO in the
theoretically optimized �-boron nitride structure along various
symmetry directions. A U of 12 eVon the Zn d states is used in
these calculations.
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