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Prediction of structure candidates for zinc oxide as a function of pressure
and investigation of their electronic properties
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In order to gain new insight in the ZnO system, we performed crystal structure prediction using simulated
annealing with an empirical potential and local optimization on ab initio level, both at standard and elevated
pressure. We have found the experimentally observed structure types [wurtzite (B4), sphalerite (B3), and rock
salt (B1)] in agreement with previous research. In addition, many new interesting modifications were found in
different regions of the energy landscape, such as the β-BeO type, the GeP type, the NiAs type, and the so-called
“5-5” type modification. At extreme conditions (>150 GPa), we observe a CsCl (B2) type of structure, and as
a possible intermediate phase along the NaCl (B1) → CsCl (B2) transition route, we suggest the α-WC (Bh)
modification. Furthermore, we have investigated the electronic properties of ZnO structures. Our investigations
offer new possibilities of tuning the band gap with pure zinc oxide by employing modifications with different
structural arrangements.
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I. INTRODUCTION

Zinc oxide (ZnO) is a wide band gap semiconductor
(Egap = 3.3 eV at room temperature) with a large number
of desirable properties for industrial applications (e.g.,
transparency, luminescence, high electron mobility, etc.).
Therefore, it is successfully employed in electronics [e.g.,
light-emitting diodes, liquid crystal displays, etc.], batteries,
and optical systems. In addition, ZnO powder is commonly
used as an additive to various materials such as rubber,
ceramics, paints, glasses, cements, creams, pigments, food,
etc. [1–5]. As a consequence, zinc oxide is one of the most
studied systems, both experimentally [6–15] and theoretically
[16–26].

In nature, zinc oxide appears as the mineral zincite,
which exhibits a hexagonal crystal structure and whose color
depends on the presence of impurities such as MnO, FeO, and
SiO2. Since their amount is usually less than 1%, zincite is
translucent, transparent in thin fragments, with a color ranging
from yellow-orange to red and, extremely rarely found, yellow,
green, or colorless [27–29]. The ideal bulk zinc oxide, without
impurities, adopts the hexagonal wurtzite type of structure at
ambient conditions [see Fig. 1(a)] [30,31].

In the experiments performed thus far, a well-known phase
transition is observed from the wurtzite-type (B4) to the rock
salt-type (B1) modification at a pressure of about 10 GPa [see
Fig. 1(b)] [1,32–35]. In addition, a sphalerite-type modifica-
tion (B3) can be stabilized by growing ZnO on substrates
with cubic lattice structure, resulting in nanocrystalline ZnO
thin films [see Fig. 1(c)] [36–39]. Furthermore, very thin
films (<15 atomic layers) of a ZnO modification exhibiting
the 5-5 structure type [the ionic analogue to the hexagonal
boron nitride (h-BN) structure [40,41]] have been recently
synthesized [42–44].

From the theoretical point of view, the focus has been on
the properties of the wurtzite modification, the simulation
of the growth of ZnO films, the investigation of the B4–B1
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transition, and on structures and properties of (ZnO)n clusters
[16–26]. Furthermore, a transition to a CsCl type (B2) of
structure and some other high pressure ZnO modifications
have been proposed to occur at very high pressures (>200 GPa)
[19,45–51], which has been followed by some experimental
observations at very high pressures [52]. Nevertheless, there
are a number of open questions regarding, e.g., the possibility
of intermediary structures along the B4–B1 transition route
and the existence of the 5-5-type modification as a bulk
phase. Quite generally, the existence of alternative (meta)stable
modifications of zinc oxide and their properties is still an
open issue. Furthermore, in particular the electronic properties
of such modifications might be useful for technological
applications of zinc oxide.

In preliminary work we had proposed a number of
interesting new structure candidates for ZnO, such as the
β-beryllium oxide (BeO) type, the nickel arsenide (NiAs)
type, and the so-called 5-5 type, as well as several polytypes
corresponding to alternative stackings of the known wurtzite
and sphalerite modifications [53,54]. In the current study,
we perform large scale global explorations of the energy land-
scape of ZnO and determine in this way possible (meta)stable
modifications of ZnO for the full pressure range from effective
negative pressures to high positive pressures. Besides the
thermodynamic stability, we analyze structural and electronic
properties of these new modifications.

II. THEORETICAL METHODS

Quite generally, all stable and metastable modifications of
a chemical system correspond to the locally ergodic regions
on the energy/enthalpy landscape of the system [55,56]. In
particular, local minima surrounded by sufficiently high energy
barriers represent possible structures that are (meta)stable at
low or medium temperatures. Thus, our general approach to
the determination of structure candidates is based on the search
for local minima and proceeds via the global exploration of
the energy landscape of the system of interest. The method
has been given in detail elsewhere [55,56]; here, we provide
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FIG. 1. (Color online) Visualization of the experimentally observed structure types in the ZnO system: (a) wurtzite type; (b) rock salt type;
(c) sphalerite type. Note that the structures are represented in the periodically repeated cell.

information specific to this study. The minima were identified
using simulated annealing (SA) as a global optimization
procedure [57,58].

Since the global search involved many millions of energy
evaluations, we employed an empirical energy/enthalpy func-
tion, E = Epot + pV , in this study. Here, Epot = �〈i,j〉Vij (rij ),
where Vij is a two-body empirical potential consisting of
Lennard-Jones and Coulomb terms, and where, for the evalu-
ation of the Coulomb summation, the method proposed by de
Leeuw was employed [59]:

Vij (rij ) = qiqj

4πε0rij

+ ε ·
[(

σij

rij

)12

−
(

σij

rij

)6]
.

Here, qi and qj are the charges of the ions, rij is the distance
between atoms i and j , σij = rs(i) · rion(i) + rs(j ) · rion(j ) is
the scaled sum of the ionic radii, and ε gives the strength
of the Lennard-Jones potential (see Tables V and VI of the
Appendix for the values of the parameters) [40]. The reason
for the introduction of the radius scale factor is the observation
that the “ionic radii” found in tables can depend on the type
of compound in which the atom participates. Therefore, if
one studies the energy landscape globally of an (in principle)
unknown chemical system using generic empirical potentials,
one needs to repeat these searches for different values of the
ionic radius parameters employed in the potential [40,60].
Regarding the number of atoms in the simulation cell, we
performed the global optimizations for 1, 2, 3, 4, and 5 formula
units ZnO per simulation cell.

Besides the calculations at standard pressure, the global
optimizations were performed for a wide range of pressures
(−10 GPa, +1 MPa, +10 MPa, +100 MPa, +1 GPa,
+10 GPa, +100 GPa, +1000 GPa). Both the atom positions
[70% of all Monte Carlo (MC) steps move an individual atom;
10% swap the positions of two atoms] and the parameters of
the periodically repeated simulation cell (20% of all MC steps)
were freely varied during the random walks. Each simulated
annealing run consisted of 4 × 106 MC steps followed by
10 000 stochastic quench steps. For the global optimization,
we have used the modular G-42 code [55].

Subsequent to the global search, the candidates found were
locally optimized on ab initio level, and the E(V ) and H (p)
curves for the various modifications were computed to be able
to determine the thermodynamically stable ones as function of
pressure. For this, we employed the program CRYSTAL09
[61,62], which is based on linear combinations of atomic
orbitals, and for the local optimizations we employed analyt-

ical gradients [63–66]. Each local optimization is performed
on the Hartree-Fock (HF) and the density functional theory
(DFT) level using the local density approximation (LDA).
Here we used the Slater local exchange approximation [67,68]
and Perdew-Zunger correlation functionals [69]. In addition,
we have employed a hybrid B3LYP functional (Becke’s
three-parameter functional in combination with the correlation
functional of Lee, Yang, and Parr [70]). It is reasonable to use
several different ab initio methods to get some feeling for the
quantitative validity of the results [71,72].

For these local optimizations, an all-electron basis set based
on Gaussian-type orbitals was employed. In the case of Zn2+,
a [6s5p2d] basis set was used, as in Refs. [73] and [74],
and for O2− a [4s3p] basis set was used, as in Refs. [75]
and [76], respectively (see also Supplemental Material [77]).
During local optimizations, an 8 × 8 × 8 k-point sampling net
was used. In addition, a smearing temperature of 0.01 Eh

was applied during the local optimization and the calculation
of the E(V ) and H (p) curves to facilitate the numerical
integration. We note that the changes of initial computational
parameters (k-point sampling net, smearing temperature, etc.),
effect stability of calculated structures, and that the chosen
8 × 8 × 8 k-point sampling net shows the best agreement with
known experimental and theoretical results.

Both after the global optimizations and after the local
minimizations, the symmetries and the space group of the
structures found were determined using the algorithms SFND
and RGS [78], respectively; duplicate structures were removed
using the CMPZ algorithm [79]. All three algorithms are im-
plemented in the program KPLOT [80]. Since there are usually
a very large number of structural candidates, the symmetry
analysis and part of the local optimizations were automatically
performed with a heuristic algorithm (LOAD and FILTER
programs) [71]. For the analysis of the structures and their
visualization, we used the KPLOT [80] and VESTA [81]
programs.

III. ANALYSIS OF POLYMORPHS
AND PHASE TRANSITIONS

A. Results

Global searches were performed at seven different pressure
(p) settings (from −10 GPa till 1000 GPa), with five different
settings for radius scale factor (rs) and five different sizes of
unit cell (Z), where for each set of p, rs , and Z, 400 SA runs
were employed. In this section, the focus is on the polymorphs
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TABLE I. Structure data of the energetically most favorable modifications of zinc oxide found after local optimizations performed using
Hartree-Fock (HF), DFT (LDA), and hybrid (B3LYP) functional.

Space group, formula unit Cell parameters, Wyckoff positions, and fractional coordinates

(Z), and prototype LDA B3LYP HF

P 63mc (186) a = 3.19 Å, c = 5.18 Å a = 3.28 Å, c = 5.29 Å a = 3.29 Å, c = 5.24 Å
Z = 2 Zn (2b) 1/3, 2/3, 0 Zn (2b) 1/3, 2/3, 0 Zn (2b) 1/3, 2/3, 0
Wurtzite O (2b) 1/3, 2/3, 0.3763 O (2b) 1/3, 2/3, 0.3787 O (2b) 1/3, 2/3, 0.3843
F -43m (216) a = 4.49 Å a = 4.61 Å a = 4.62 Å
Z = 4 Zn (4a) 0, 0, 0 Zn (4a) 0, 0, 0 Zn (4a) 0, 0, 0
Sphalerite O (4c) 3/4, 3/4, 3/4 O (4c) 3/4, 3/4, 3/4 O (4c) 3/4, 3/4, 3/4
Fm-3m (225) a = 4.23 Å a = 4.33 Å a = 4.30 Å
Z = 4 Zn (4b) 1/2, 1/2, 1/2 Zn (4b) 1/2, 1/2, 1/2 Zn (4b) 1/2, 1/2, 1/2
NaCl O (4a) 0, 0, 0 O (4a) 0, 0, 0 O (4a) 0, 0, 0
I4mm (107) a = 2.85 Å, c = 4.98 Å a = 2.92 Å, c = 5.10 Å a = 2.92 Å, c = 4.91 Å
Z = 2 Zn (2a) 0, 0, 0 Zn (2a) 0, 0, 0 Zn (2a) 0, 0, 0
GeP O (2a) 0, 0, 0.3969 O(2a) 0, 0, 0.4002 O(2a) 0, 0, 0.4185
P 63/mmc (194) a = 3.40 Å, c = 4.39 Å a = 3.48 Å, c = 4.54 Å a = 3.48 Å, c = 4.46 Å
Z = 2 Zn (2d) 1/3, 2/3, 3/4 Zn (2d) 1/3, 2/3, 3/4 Zn (2d) 1/3, 2/3, 3/4
5-5 O (2c) 2/3, 1/3, 3/4 O (2c) 2/3, 1/3, 3/4 O (2c) 2/3, 1/3, 3/4
P 63/mmc (194) a = 2.94 Å, c = 5.07 Å a = 3.02 Å, c = 5.20 Å a = 2.99 Å, c = 5.20 Å
Z = 2 Zn (2a) 0, 0, 0 Zn (2a) 0, 0, 0 Zn (2a) 0, 0, 0
NiAs O (2c) 1/3, 2/3, 1/4 O (2c) 1/3, 2/3, 1/4 O (2c) 1/3, 2/3, 1/4
P 42/mmm (136) a = 5.45 Å, c = 3.20 Å a = 5.61 Å, c = 3.28 Å a = 5.60 Å, c = 3.29 Å
Z = 4 Zn (4f ) 0.6813, 0.3187, 0 Zn (4f ) 0.8194, 0.8194, 0 Zn (4f ) 0.8201, 0.1799, 0
BeO O (4f ) 0.6825, 0.6825, 0 O (4f ) 0.3164, 0.3164, 1/2 O (4f ) 0.8168, 0.8168, 0
Pm-3m (221) a = 2.61 Å a = 2.68 Å a = 2.66 Å
Z = 1 Zn (1a) 0, 0, 0 Zn (1a) 0, 0, 0 Zn (1a) 0, 0, 0
CsCl O (1b) 1/2, 1/2, 1/2 O (1b) 1/2, 1/2, 1/2 O (1b) 1/2, 1/2, 1/2

generated and the possible phase transitions among them.
The complete statistical analysis of the optimization process,
together with calculated total energies and bulk moduli, is
presented in the Appendix.

1. Modifications found at standard and elevated pressures

Table I presents the structural data for the most impor-
tant modifications observed during the simulated annealing
runs. Their corresponding energies calculated with HF, DFT
(LDA), and the hybrid (B3LYP) functional are summarized in
Table VII of the Appendix, while their corresponding volumes,
temperatures, and bulk moduli are shown in Table VIII of the
Appendix. Additional structures that represent new structure
types but are higher in energy are shown in Table II. Figure 2
depicts the E(V ) and the H (p) curves for the most important
modifications at the B3LYP level; the corresponding results
using HF and the LDA functional are given in the Supplemental
Material [77].

Our calculations show that the experimentally observed
bulk polymorphs of zinc oxide are the energetically lowest
and thermodynamically most stable ones, which is in agree-
ment with experiments [1,27–44] and previous calculations
[16–26,45–52]. In particular, the wurtzite type with the spha-
lerite type are the stable modifications at ambient conditions
(see Figs. 1 and 2).

Experimentally, the rock salt modification is observed as
the most stable form at pressures above 10 GPa [1,32–35].
For the calculations performed using the HF approximation,

we observe a transition from the wurtzite type to the rock
salt type at about 9 GPa and with the B3LYP functional at
about 12.5 GPa, respectively (see Fig. 2). When using the
LDA functional, this transition takes place at about 9.5 GPa
(see the Supplemental Material [77]). All of these results are in
good agreement with experimental observations and previous
calculations.

However, in the calculations performed with the LDA
functional, we observe an earlier transition from the wurtzite-
to the germanium phosphide (GeP)-type modification at about
8.5 GPa and then later a transition from the GeP to the NaCl
structure type at about 12 GPa (see Supplemental Material
[77]). The germanium phosphide (GeP) structure type can
be described as a distorted variant of the rock salt (NaCl)
type, which exhibits a 5 + 1 coordination of Zn atoms by
O atoms (ZnO4 square pyramids) and crystallizes in space
group I4mm (no. 107) [see Fig. 3(a)]. This modification has
also been observed in recent theoretical studies [18,25,82–86];
however, it has not been identified as the GeP structure
type, but rather as an unknown tetragonal phase, which can
cause misunderstandings, since another completely different
tetragonal phase also appears on the energy landscape of zinc
oxide in the form of the β-BeO structure type (see below) [87].

In addition, we have found several new hypothetical
modifications in the ZnO system at elevated pressures. One
of them is the NiAs (B81) structure type that appeared as a
metastable modification at standard conditions [see Fig. 3(b)]
and also at extremely high pressures. According to our
calculations, this modification is metastable even with an
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TABLE II. Additional structure candidates of zinc oxide found at extreme conditions. Local optimizations were performed with Hartree-Fock
(HF), DFT (LDA), and hybrid (B3LYP) functional.

Space group, formula unit Cell parameters, Wyckoff positions and fractional coordinates

(Z), and prototype LDA B3LYP HF

P-6m2 (187) a = 2.89 Å, c = 2.64 Å a = 2.97 Å, c = 2.69 Å a = 2.95 Å, c = 2.69 Å
Z = 1 Zn (1a) 0, 0, 0 Zn (1a) 0, 0, 0 Zn (1a) 0, 0, 0
α-WC O (1d) 1/3, 2/3, 1/2 O (1d) 1/3, 2/3, 1/2 O (1d) 1/3, 2/3, 1/2
R3m (160) a a = 3.07 Å, α = 59.96° a

Z = 1 Zn (1a) 0, 0, 0
α-GeTe O (1a) 0.4833, 0.4833, 0.4833
P 21/m (11) a = 2.99 Å, b = 3.84 Å, a a

Z = 2 c = 2.96 Å, β = 92,40°
ZnO-I Zn (2e) 0.7057, ¾, 0.8055

O (2e) 0.2346, ¾, 0.2425
C2/m (12) a a = 4.36 Å, b = 4.16 Å, a

Z = 2 c = 3.22 Å, β = 132.41°
ZnO-II Zn (2a) 0, 0, 0

O (2b) 1/2, 0, 0
Pnma (62) a = 5.51 Å, b = 2.84 Å, a = 5.76 Å, b = 3.02 Å, a = 5.76 Å, b = 2.92 Å,
Z = 4 c = 5.54 Å c = 5.23 Å c = 5.29 Å
ZnO-III Zn (4c) 0.6508, ¾, 0.6735 Zn (4c) 0.6597, ¾, 0.6783 Zn (4c) 0.6362, ¾, 0.6927

O (4c) 0.6339, ¾, 0.3149 O (4c) 0.6067, ¾, 0.2833 O (4c) 0.6327, ¾, 0.3001
Imm2 (44) a = 8.97 Å, b = 3.08 Å, a = 9.14 Å, b = 3.26 Å, a = 9.21 Å, b = 3.29 Å,
Z = 4 c = 5.38 Å c = 5.45 Å c = 5.38 Å
ZnO-IV Zn1 (4c) 0.6909, 0, 0 Zn1 (4c) 0.6920, 0, 0 Zn1 (4c) 0.6923, 0, 0

Zn2 (2b) 1/2, 0, 0.4909 Zn2 (2b) 0, 1/2, 0.9871 Zn2 (2b) 1/2, 0, 0.4855
O1 (4c) 0.3083, 0, 0.6378 O1 (4c) 0.3075, 0, 0.6302 O1 (4c) 0.3076, 0, 0.6242
O2 (2b) 0, 1/2, 0.6468 O2 (2b) 0, 1/2, 0.6422 O2 (2b) 0, 1/2, 0.6376

aWhen the structure was optimized on this specific level of theory, it changed to the NaCl structure type.

increase of temperature and/or pressure; therefore, it would
be very hard to synthesize, although the sixfold coordination
of the zinc atoms by the oxygen atoms suggests that it might
be present at high pressures in the ZnO system.

Another interesting modification found during global op-
timizations at high pressures (10 GPa; as well as in the
prescribed path investigations of ZnO [87]) exhibits a slightly

distorted version of the α-GeTe structure type [see Fig. 3(c)].
However, at standard pressure, this modification was a stable
minimum only for the hybrid (B3LYP) functional. So far, there
exist no experimental or calculated data regarding this type of
structure in the ZnO or the related ZnS system. The ideal
α-GeTe structure (hR6) can be described as a rhombohedrally
sheared rock salt structure, with 3+3-fold coordination of
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FIG. 2. (Color online) (a) E(V ) and (b) H (p) curves at B3LYP level for the most relevant structure types at high pressures. Energies per
formula unit are given in hartrees (Eh). Note that wurtzite and sphalerite modification exhibit essentially the same E(V ) curves at this level of
calculation and are indistinguishable on the scale of the figure and therefore only the curve for wurtzite has been plotted.

075201-4



PREDICTION OF STRUCTURE CANDIDATES FOR ZINC . . . PHYSICAL REVIEW B 89, 075201 (2014)

FIG. 3. (Color online) Visualization of alternative structure types found at high pressures: (a) GeP type; (b) NiAs type; (c) α-GeTe type.

the cations by the anions in the R3m space group [88]. In
the case of zinc oxide, this structure is slightly squeezed,
resulting in a 3+3(+1) coordination of the zinc atoms by the
oxygen atoms due to the high pressures applied. This cubic-
to-rhombohedral phase transition is found experimentally in
other AB compounds, e.g., germanium telluride [89,90], and
has been theoretically predicted for lead sulfide [91,92].

2. Calculated ZnO modifications at extreme conditions

At extreme conditions (pressures of 100 GPa and
1000 GPa), the global optimizations yielded structure candi-
dates where the zinc atoms were coordinated by six, seven, or
eight oxygen atoms. The most relevant ones were of the CsCl
type, the ZnO-I type, the ZnO-II type, and the ZnO-III type (see
Fig. 4 and Tables I and II) plus several distorted configurations,
some of which could be visually related to known structure
candidates found in other AB compounds during earlier studies
at elevated pressures [41,91,93]. Thus, we have optimized
several of these structural candidates in the ZnO system;
among these, the α-WC type was the lowest with respect
to energy in zinc oxide. On ab initio level (using the LDA
functional), the CsCl-type modification has been suggested
to be thermodynamically stable at pressures beyond 200 GPa
[19,45–51], which is in agreement with our DFT calculations.
Employing the B3LYP functional leads to a NaCl → CsCl
transition at about 150 GPa; however, when using the HF
approximation, one encounters convergence problems at very
small volumes for the CsCl structure, making it infeasible to
assign a well-defined transition pressure at the HF level.

We note that the ZnO-I-type and ZnO-II-type structures
appear to be distortions of the rock salt phase at extreme
pressures. Both of the structures exhibit a monoclinic lattice,
where ZnO-I has space group P 21/m (no. 11) and ZnO-II
has space group C2/m (no. 12), respectively. The ZnO-I

modification was more stable than the rock salt structure for
the LDA and HF approximation and relaxed to the rock salt
modification when using the hybrid functional (see Table II).
Similarly, the ZnO-II modification was stable for the B3LYP
functional and converted to the NaCl modification otherwise.
This suggests that both candidates are unlikely to be observed
experimentally as a quenched phase outside the high pressure
range.

As a more likely high pressure candidate at extreme condi-
tions (>100 GPa), we suggest the α-WC-type modification
(see Fig. 4 and Table II). The α-WC type (Bh) is a low
temperature polymorph of tungsten carbide [94], which in
ZnO should appear along the NaCl → CsCl transition route.
Furthermore, the ZnO-III type of structure is likely to exist
as a metastable phase in ZnO at pressures above 10 GPa.
This unknown structure type has a fivefold coordination of
Zn2+ by O2− and, conversely, can be described with corner-
and edge-sharing square pyramids; very similar arrangements
of square pyramids have been observed on the enthalpy
landscapes of NaCl [40]. We note that the ZnO-III type
was obtained after relaxation of a FeB type of structure
(see Table II).

3. Modifications observed at effective negative pressures

At effective negative pressures, we find several new
candidates for stable modifications in the ZnO system during
the global optimization. Among these, the most important
ones exhibit the β-BeO, the 5-5, and the ZnO-IV structure
type [see Figs. 4(c), 5(a), and 5(b)]. The β-BeO type exhibits
space group P 42/mnm and, like the wurtzite type, is based
on a hexagonal close packing of the oxygen anions. The
Zn cations are located in neighboring tetrahedral interstices
of this packing, resulting in pairs of edge-connected ZnO4

tetrahedra (in contrast, in the case of wurtzite, the ZnO4

FIG. 4. (Color online) Visualization of structure types found at extreme high pressures: (a) CsCl type; (b) α-WC type; (c) ZnO-IV type.
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FIG. 5. (Color online) Visualization of the
structure types found as minima at effective
negative pressures: (a) β-BeO type; (b) 5-5 type.

tetrahedra are only connected via corners). A structure with
these characteristics has recently been proposed by several
theoretical groups as a possible phase in ZnO [95,96].
However, no assignment to a known structure type had been
given—the structure was just denoted the bct structure based
on its crystal lattice; using the CMPZ algorithm [79], we have
found that this unknown phase corresponds to the β-BeO-type
modification we have obtained from the global optimization
(additional confirmation has been obtained from prescribed
path calculations [87]). Recently, a cubane-type (CBE-ZnO)
structure has been proposed [51]; however, we suggest that
this is in reality a variation of the β-BeO-type modification,
too.

From the H (p) curves (see Fig. 6 and the Supplemental
Material [77]), we see that on the HF level the transition
from the wurtzite- to the β-BeO-type modification should
occur at about −4 GPa and for the B3LYP functional at
about −7 GPa. When using the LDA functional, this transition
should take place beyond −10 GPa, and, even prior to this
transition, the 5-5 modification might be observed as a (meta)
stable phase. This structure type can be described as a
mutual fivefold coordination of Zn cations by O anions in
a hexagonal lattice (P 63/mmc, no. 194) with ABAB stacking,
where Zn atoms form trigonal bipyramids around O atoms and
conversely, O atoms form trigonal bipyramids around Zn atoms
[see Fig. 5(b)] [40,53]. The 5-5 structure type has been
found on the energy landscapes of many AB compounds
[40,41,91,93] in previous theoretical investigations of ZnO
[18,86,87] and in experimental studies of very thin ZnO films
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FIG. 6. (Color online) H (p) curve for the relevant modifications
of ZnO participating in the negative pressure region calculated using
Hybrid (B3LYP) functional. Enthalpies per formula unit are given in
hartrees (Eh).

(<15 atomic layers) [42,43]. Several groups have rediscovered
this structure type in different contexts and have assigned
various names to it, such as h-MgO.

Finally, the ZnO-IV type of structure has been found as
another modification that may play a role in the low density
region. The ZnO-IV modification [see Fig. 4(c)] resembles
a zeolitic type of structure and exhibits space group Imm2
(no. 44). We note that this type of structure was stable
regardless of the theoretical method employed. However, the
phase transition is expected to occur only at very high negative
pressures (after the β-BeO-type modification); therefore, its
synthesis would most likely have to involve the use of
templates similar to the case of zeolites.

B. Discussion

Our crystal structure prediction performed on zinc oxide
over a wide range of pressures has produced a number of
promising (meta)stable structure candidates that should be
accessible experimentally in some pressure or temperature
ranges, in addition to the experimentally known wurtzite,
sphalerite, and rock salt modifications of bulk ZnO. Most
notable among these are the β-BeO-, the GeP-, the 5-5-,
the α-GeTe-, the α-WC-, and the CsCl-type modification.
Additionally, we observe some polymorphs of ZnO of as yet
unknown structure types, marked as ZnO-I to IV, as well as
different stacking variants of wurtzite and sphalerite [97].

For large effective negative pressures that might occur in a
low temperature atom beam-deposition synthesis (LT-ABD)
[98,99], we would expect the β-BeO modification to be
stable and appear as the outcome of the synthesis for some
range of deposition parameters. Even at standard pressure,
it might be possible to reach this modification, although at
higher temperatures. We note that in the beryllium oxide
system, two known modifications occur: α-BeO, which adopts
the hexagonal wurtzite structure form, and β-BeO, a high
temperature form that shows tetragonal symmetry [100]. By
analogy, one might expect a similar relation to hold in the ZnO
system, which would mean that at elevated temperatures one
might be able to synthesize the β-BeO-type modification as a
metastable phase in the ZnO system.

In contrast, the distorted α-GeTe-type modification belongs
to the group of possible high pressure structures, where it
would be in competition with the thermodynamically stable
rock salt modification. Reaching this metastable structure
appears to be rather difficult if one approaches the high
pressure region by starting from the wurtzite modification
since along this route the germanium phosphide modification is
most likely to be encountered. However, recent investigations
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FIG. 7. (Color online) (a) Density of states (DOS) of the wurtzite modification. (b) Band structure of the wurtzite type at equilibrium
volume showing a wide band gap. Calculation performed using hybrid B3LYP functional. Note that the labels of the special points of the
Brillouin zones correspond to those of a hexagonal lattice.

of the transition route between the sphalerite modification and
the rock salt modification on the zinc oxide energy landscape,
using the prescribed path algorithm, show that the α-GeTe-type
modification is found as one of the local minima along this
transition path. We would therefore conclude that in order to
observe the α-GeTe structure in the experiment, one should
start from the sphalerite structure when applying pressure,
while when starting from the wurtzite type of structure,
one would most likely observe the GeP modification as an
intermediate phase [87].

At extremely high pressures (>150 GPa), we observe a
CsCl type of structure. Here, we suggest the α-WC modifica-
tion as a possible intermediate phase along the NaCl → CsCl
transition route at these extreme conditions.

Detailed investigations of the wurtzite-to-rock-salt transi-
tion route show that, besides the GeP-type modification, the
5-5-type modification is a noticeable minimum and metastable
structure, which should be quite stable at low temperatures
[87]. Similarly, the wurtzite-to-β-BeO transition path shows

the 5-5 structure as an important minimum along this route.
From the experiment, there is the evidence of very thin films
of 5-5-type zinc oxide [42] and some tentative results from
solution chemistry [43], which support the existence of the
5-5-type modification as a metastable bulk phase. Therefore,
several routes appear to be open to the synthesis of bulk
5-5-type zinc oxide: growth of thick ZnO films at very low
temperatures using the very thin 5-5-type films that can already
be achieved as seeds; finding a refinement of the solution
chemistry route; application of low temperatures and high
pressures along the wurtzite-rock salt transition in the right
combination of parameters; and finally, employing a synthesis
like the LT-ABD method [98,99] to achieve the effective
negative pressures required to make the 5-5-type modification
thermodynamically stable compared to the wurtzite type.

During our research, we have encountered several rather
interesting modifications, labeled as ZnO-I, -II, -III, and -IV,
which one could not assign to a known structure prototype.
However, we could describe the unknown ZnO-I and ZnO-II
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FIG. 8. (Color online) (a) Density of states (DOS) of the NaCl modification. (b) Band structure of the NaCl type at equilibrium volume
showing a small direct band gap at the �-point and an indirect band gap (�-K or �-L). Calculation performed using hybrid B3LYP functional.
Note that the labels of the special points of the Brillouin zones correspond to the ones of a face-centered cubic lattice.
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FIG. 9. Band structure calculation using the hybrid B3LYP functional for (a) sphalerite type and (b) GeP type. Note that in the GeP
modification an indirect band gap (�-X) is observed, while in the sphalerite structure only the direct band gap at the �-point is present.

modifications as structures resulting from the distortions of
the ideal rock salt structure. The ZnO-III modification can
be considered as an alternative fivefold coordinated structure
at elevated pressures, while the ZnO-IV modification, with its
porous structure [see Fig. 4(c)], could be related to zeolite-type
structures [22].

IV. ELECTRONIC PROPERTIES

A. Results

We have performed band structure and density of states
(DOS) calculations for the various polymorphs of zinc
oxide in order to gain additional insight into the electronic
properties of the possible modifications of zinc oxide, which
might suggest possible applications. The calculations were
performed within the HF, DFT (LDA), and Hybrid (B3LYP)
approximations. Our calculations were in good agreement
with previous experimental [1,14,23,24,30,38,101–103] and
theoretical findings [19,20,45–49,104] for those modifications
where such calculations were available.

In the figures and tables presented in this section, we
show the results for the most relevant modifications (wurtzite,

sphalerite, NaCl, GeP, 5-5, and β-BeO) at their equilibrium
volumes. Note that the labels of the special points of the
brillouin zones of the wurtzite and the 5-5 type correspond
to those of a hexagonal lattice. In the case of the sphalerite
and NaCl structure, the special points correspond to the ones
of a face-centered cubic lattice. For the GeP structure type,
a simple tetragonal lattice was used, while in the case of the
β-BeO structure the settings for a base-centered tetragonal
lattice were applied, respectively.

In Figs. 7(a) and 7(b), we show DOS and band structure
calculations of the ZnO wurtzite-type modification. We can
confirm the previous experimental and theoretical investiga-
tions, where the direct band gap is observed at the �-point
and where O 2p electrons mostly influence the valence band,
while the next band is dominated by Zn 3d electrons. In
Figs. 8(a) and 8(b), we show DOS and band structure
calculations of the rock salt-type modification. We observe a
somewhat larger direct band gap at the �-point and an indirect
band gap at the L-point of the NaCl structure, and there are
only slight changes in calculated DOS compared to the one of
the wurtzite modification, which is in agreement with previous
research [19,20,45–49,104].
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FIG. 10. Band structure calculation using the hybrid B3LYP functional for (a) β-BeO type and (b) 5-5 type. Note that in the 5-5 type
modification, we observe an indirect band gap (�-H ), while in the β-BeO type structure only the direct band gap at the �-point is present.
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Furthermore, we show the band structure calculations for
the most relevant alternative ZnO modifications within the
B3LYP approximation: the sphalerite type [Fig. 9(a)], the GeP
type [Fig. 9(b)], the β-BeO type [Fig. 10(a)], and the 5-5
type [Fig. 10(b)]. An important issue is that by using these
additional ZnO modifications in technological applications,
one could tune the band gap, decreasing it by integrating the
wurtzite modification with, e.g., the sphalerite and the GeP
type of structure (Fig. 9), or increasing the gap by adding
elements of the β-BeO and the 5-5 type of structure. In
addition, we observe that a small indirect gap appears in
the GeP and 5-5 type of structure, while in the sphalerite-
and β-BeO-type modification, only the direct band gap at the
�-point is observed.

B. Discussion

Zinc oxide has a relatively large direct band gap of �3.3 eV,
which has many advantages such as higher breakdown volt-
ages, the ability to maintain large electric fields, applications
in a high temperature and high power operation, etc. In the
literature, the band gap of zinc oxide has been tuned to values
between three and four eV by doping with magnesium oxide
or cadmium oxide [1,105–107]. In our research we offer a new
possibility of tuning the band gap in pure ZnO by employing
different zinc oxide modifications.

The summary of the calculated direct band gaps of the most
relevant ZnO modifications by using HF, DFT (LDA), and
hybrid (B3LYP) functionals is shown in Table III. We observe
that the band gaps of the nonequilibrium structures, both in the
high pressure and in the negative pressure regions, are larger
than the ones of the equilibrium modifications. We also note
that no matter the calculation method applied or transition
route chosen (e.g., the high pressure route wurtzite → 5-5 →
GeP → NaCl or the effective negative-pressure route wurtzite
→ 5-5 → β-BeO [Ref. [87]) the size of the band gap increases,
although the 5-5 modification slightly deviates from this trend
(see Table III).

In addition, we observe an influence of the structure type
on the indirect band gap, which is summarized in Table IV.
Such an indirect band gap has been observed in the NaCl,
the GeP, and the 5-5 modifications (see Figs. 8–10). We note
that the size of the indirect gap has similar characteristic
as the direct band gap, i.e., it is strongly underestimated by

TABLE III. Computed size of the direct band gap of the most
relevant ZnO modifications. Calculations were performed with
Hartree-Fock (HF), DFT (LDA), and hybrid (B3LYP) functionals.
Note that the band gap is expressed in eV units.

Method (eV)

Structure type LDA B3LYP HF

Wurtzite 1.24 3.21 11.78
Sphalerite 1.12 3.08 11.57
NaCl 2.88 4.17 12.86
GeP 1.68 3.20 12.03
5-5 1.70 3.49 12.23
β-BeO 1.31 3.31 11.83

TABLE IV. Computed size of the indirect band gap in ZnO
system: the NaCl, the GeP, and the 5-5 modifications. Calculations
were performed using Hartree-Fock (HF), DFT (LDA), and hybrid
(B3LYP) functionals. Note that the band gap is expressed in eV units.

Method (eV)

Structure type LDA B3LYP HF

NaCl 1.44 3.14 12.14
GeP 1.08 2.78 11.46
5-5 1.56 3.39 12.16

LDA and largely overestimated by the HF approximation. The
surprising part was that calculations performed using HF gave
us a smaller energy difference between the computed band
gaps (Edif = Edir − Eind) than the one compute with the LDA
functional.

V. CONCLUSION

To gain new insights in the ZnO system, we have performed
crystal structure prediction using simulated annealing with an
empirical potential and on ab initio level, both at standard
and elevated pressure. We have found the experimentally
observed structure types (wurtzite, sphalerite, and rock salt)
in agreement with previous research. In addition, many new
interesting modifications were observed in different regions
of the energy landscape. For example, we have found the
nickel-arsenide (NiAs) type (B81) as a metastable modification
at standard conditions, and at slightly negative pressures
we observe the β-BeO type. Both at slightly elevated and
slight negative pressures, we also find the so-called 5-5
type, which should be accessible as a metastable phase.
Along the B4 → B1 transition path at high pressures, one
might also encounter the GeP phase, and several metastable
modifications, in particular the α-WC type, are suggested
as possible high pressure phases in the zinc oxide sys-
tem before one reaches the CsCl-type phase at very high
pressures.

In the second part of this study, we have investigated the
electronic properties of the most relevant stable structures
identified during the global explorations. Our calculations
were in good agreement with previous theoretical findings
when available; here, calculations with the hybrid functional
(B3LYP) show the closest agreement of the band gap with the
experimental observations. Additionally to the band structures
of the experimentally know modifications, we discuss the
electronic properties of the possible alternative ZnO modifica-
tions within the B3LYP approximation. In particular, several
of the new proposed modifications show an indirect band
gap. These new findings offer new possibilities of tuning the
band gap in pure ZnO via combinations of different structural
arrangements.
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TABLE V. Results of the structural crystallographic analysis of the global optimizations at standard pressure in ZnO for a different number
of formula units (Z) and radius scale factor (rs). Only predominantly found structures are listed.

rZn rO Z = 1 Z = 2 Z = 3 Z = 4 Z = 5

Dist. sph (B3) Wur. (B4) Sph. (B3) β-BeO Dist. β-BeO
0.7 1.2 CmCm P 63mc F -43m P 42/mnm Amm2

(no. 8) (no. 186) (no. 216) (no. 136) (no. 38)
Dist. sph (B3) Wur. (B4) Sph. (B3) β-BeO Dist. β-BeO

0.7 1.3 CmCm P 63mc F -43m P 42/mnm Amm2
(no. 8) (no. 186) (no. 216) (no. 136) (no. 38)
Dist. sph (B3) NaCl (B1) GeP NaCl (B1) Amorphous

0.8 1.2 CmCm Fm-3m I4mm Fm-3m P 1
(no. 8) (no. 225) (no. 107) (no. 225) (no. 1)
Dist. sph (B3) 5-5 Sph. (B3) β-BeO Dist. β-BeO

0.8 1.3 CmCm P 63/mmc F -43m P 42/mnm Amm2
(no. 8) (no. 194) (no. 216) (no. 136) (no. 38)
Dist. sph (B3) Wur. (B4) Sph. (B3) β-BeO Dist. β-BeO

0.8 1.4 CmCm P 63mc F -43m P 42/mnm Amm2
(no. 8) (no. 186) (no. 216) (no. 136) (no. 38)

APPENDIX

1. Statistical analysis of the optimization process, calculated
total energies, and bulk moduli

Global searches were performed at seven different pressure
(p) settings (from −10 GPa to 1000 GPa) with five different
settings for radius scale factor (rs) and five different sizes
of unit cell (Z), where for each set of p, rs , and Z, 400
SA runs were employed. A summary of the results of the
global optimization at standard pressure in the zinc oxide
system as function of the radius scale factor rs Ref. [40]
that was varied for the Zn2+ and the O2− ion, and of the
number of formula units in the simulation cell Z, is given in
Table V. In each case, the most frequently observed minimum
is listed. For one formula unit (Z = 1), besides the sphalerite
and the NaCl type of structures, only a strongly distorted

sphalerite intermediate in space group Cm (no. 8) appeared.
For Z = 2, wurtzite was the most dominant structure type,
showing space group P 63mc (no. 186), although there were
radius settings of the Zn and O ions, where the NaCl (Fm-3m,
no. 225) and the 5-5 (P 63/mmc, no. 194) structure type were
reached more frequently than the wurtzite structure on the
energy landscape of ZnO. Here, we note that this occurred even
though the energy of the wurtzite structure was still the lowest
of all configurations found. With the calculations performed
for three formula units, the sphalerite structure type (space
group F -43m, no. 216) was the minimum reached most often.
Again, there was a setting of the radius scale factors [rs(Zn) =
0.8, rs(O) = 1.2], which favored the GeP structure type (I4mm,
no. 107).

For Z = 4, in most of the calculations we have found
the minima belonging to the β-BeO structure type, exhibiting

TABLE VI. Overview of the structural crystallographic analysis of the global optimization calculations performed at various elevated
pressures in ZnO for a different number of formula units (Z) and radius scale factor (rs). The pressure during the calculations was set to
p = 1 MPa, 10 MPa, 100 MPa, 1 GPa, 10 GPa, and 100 GPa. Note that only predominantly found structures are listed.

rZn rO Z = 1 Z = 2 Z = 3 Z = 4 Z = 5

NaCl (B1) 5-5 NaCl (B1) NaCl (B1) Amorphous
0.7 1.2 Fm-3m P 63/mmc Fm-3m Fm-3m P 1

(no. 225) (no. 194) (no. 225) (no. 225) (no. 1)
NaCl (B1) NaCl (B1) Amorphous NaCl (B1) Dist. β-BeO

0.7 1.3 Fm-3m Fm-3m P 1 Fm-3m Amm2
(no. 225) (no. 225) (no. 1) (no. 225) (no. 38)
NaCl (B1) NaCl (B1) GeP NaCl (B1) Amorphous

0.8 1.2 Fm-3m Fm-3m I4mm Fm-3m P 1
(no. 225) (no. 225) (no. 107) (no. 225) (no. 1)

0.8 1.3 Dist. sph/NaCl (B3/B1) ZnO-I GeP NaCl (B1) Amorphous
CmCm P 21/m I4mm Fm-3m P 1
(no. 8) (no. 11) (no. 107) (no. 225) (no. 1)
Dist. ZnS/NaCl NaCl (B1) NaCl (B1) NaCl (B1) Amorphous

0.8 1.4 CmCm Fm-3m Fm-3m Fm-3m P 1
(no. 8) (no. 225) (no. 225) (no. 225) (no. 1)
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TABLE VII. Calculated total energies of the most relevant ZnO
modifications. Local optimizations were performed within Hartree-
Fock (HF), DFT (LDA), and hybrid (B3LYP) approximation. Note
that the energies are calculated for equilibrium volumes and expressed
in Hartrees (Eh) per one formula unit (Z = 1) with precision of
10−4 Eh.

Structure Energy (Eh)

type LDA B3LYP HF

Wurtzite −1851.2629 −1854.5584 −1852.7170
Sphalerite −1851.2632 −1854.5575 −1852.7143
NaCl −1851.2554 −1854.5441 −1852.7069
GeP −1851.2561 −1854.5458 −1852.7055
5-5 −1851.2563 −1854.5503 −1852.7114
NiAs −1851.2534 −1854.5389 −1852.6963
BeO −1851.2597 −1854.5553 −1852.7145
CsCl −1851.2214 −1854.4995 −1852.6488

space group (P 42/mnm, no. 136), although there were
again radius scale settings where, e.g., the NaCl type was
reached most often. When we performed calculations for
five formula units, we observed only distortions of all the
structure types mentioned, the most common one in the space
groups Amm2 (no. 38) or P 1 (no. 1). This is not a surprise,
since, with the exception of the sphalerite and rock salt
types, none of the other structure types can be represented
by a periodically repeated unit cell containing exactly five
formula units. Our experience with other chemical systems

has shown that using five or seven formula units tends to
produce structures with the same local coordination polyhedra
as the optimal structures but rather unusual networks of these
polyhedra.

An analogous summary of the high pressure calculations
is given in Table VI. We observe that the most frequent
minimum on the high pressure landscapes of ZnO corresponds
to the NaCl structure type. Again, for different values of
Z and rs [40], we observe different distortions of the NaCl
structure type, e.g., in the space group Cm (no. 8) or P 21/m

(no. 11), or structures that are related to perfect NaCl, e.g.,
the 5-5 or the GeP structure type. If we increase the number
of formula units to Z = 5, then in most cases we observe
structures without any additional symmetry elements (P 1,
no. 1). The structure candidates that were obtained with
the radius scale factors of rs(Zn) = 0.8 and rs(O) = 1.4 in
the global and local optimizations were chosen for calcula-
tions that explored the barrier landscape in more detail by
using the so-called threshold [110] and the prescribed path
algorithm [87].

Calculated total energies of the most relevant ZnO modifi-
cations after local optimizations with the HF, the DFT (LDA),
and the hybrid (B3LYP) approximation, respectively, are
shown in Table VII. Additionally, calculated total energies of
the most relevant ZnO modifications and their corresponding
volumes, energy differences in temperature units, and bulk
moduli—all computed with the hybrid B3LYP functional—
can be found in Table VIII. Our calculations show good
agreement with previously calculated and experimentally
observed bulk moduli.

TABLE VIII. Calculated total energies of the most relevant ZnO modifications, their corresponding temperatures, and bulk moduli.
Calculation performed using hybrid B3LYP functional. Note that the energies are calculated for equilibrium volumes and expressed in Hartrees
(Eh) per one formula unit (Z = 1).

Structure Energy Volume Temperature* Bulk modulus(GPa)

type (Eh) (A3) (K) B3LYP Exp. Theo.

Wurtzite −1854.5584 24.5945 0 146 139.6a 131.5c

183b 154.4d

Sphalerite −1854.5575 24.6426 +285 132 – 131.6c

156.8d

NaCl −1854.5441 19.9059 +4500 223 228b 167.8c

218e 203.3d

GeP −1854.5458 21.5935 +4000 151 – –
5-5 −1854.5503 23.6196 +2500 127 – –
NiAs −1854.5389 20.6036 +6150 169 – –
BeO −1854.5553 25.2959 +980 121 – –
CsCl −1854.4995 19.3663 +18600 177 – 162.4c

194,3f

*The temperature is expressed as the energy difference to the wurtzite modification, converted from Haretree (Eh) to Kelvin (K).
aRef. [33]
bRef. [108]
cRef. [109]
dRef. [73]
eRef. [35]
fRef. [19]
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