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Abstract
The rational planning of syntheses, i.e. the search for new crystalline compounds followed by their synthesis 
is a central topic of solid state chemistry. In order to gain new insights in the ZnO system, we have performed 
global explorations of the energy landscape using simulated annealing with an empirical potential, both at 
standard and elevated pressure (up to 100 GPa). Besides the well-known structure types (wurtzite, sphalerite 
and rock-salt), many new interesting modifications were found in different regions of the energy landscape, 
e.g. the “5-5” type, the NiAs type, and the β-BeO type. Furthermore, we observed many distorted variations 
of these main types, in particular new structures built-up from various combinations of structure elements of 
these types, exhibiting a variety of stacking orders.
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I. Introduction
In materials science, ZnO is known as a II-VI semi-

conductor with a band gap of 3.3 eV at room tempera-
ture, showing a number of desirable properties: good 
transparency, high electron mobility, wide bandgap, 
strong room-temperature luminescence, etc. Due to 
these properties, ZnO is already used in emerging ap-
plications for transparent electrodes in liquid crystal 
displays, as well as in energy-saving or heat-protecting 
windows. Furthermore, ZnO powder is widely used as 
an additive to numerous materials and products includ-
ing plastics, ceramics, glass, cement, rubber, oil lubri-
cants, paints, adhesives, sealants, pigments, foods, bat-
teries, electronics, etc. [1,2].

The physical properties of porous semiconduct-
ing zinc oxide depend on the amount and nature of 
chemisorbed oxygen [3]. The excitonic photolumi-
nescence of ZnO is very sensitive to the quality of the 
crystal and to the presence of defects. However, there 
is as yet no clear understanding of defect-related lumi-
nescence phenomena in ZnO [4]. Similarly, there are 
strong effects of impurities and dopants on the physical 
properties of ZnO [1,5,6]. 

The special topics of this study are the ideal crystal-
line modifications of ZnO that might find application 
in e.g. ceramics technology. There are numerous meth-
ods of fabricating ZnO-based materials; e.g. for indus-
trial use, primary zinc oxide is produced by three main 
processes: indirect (French) process, direct (Ameri-
can) process, and wet chemical process [1,7]. A sig-
nificant number of production methods exist for pro-
ducing zinc oxide for scientific studies and electronic 
applications. These methods can be distinguished 
by the form (bulk, thin film, nanowire), temperature 
(“low” (T~273 K) or “high” (T ~ 1273 K)), process 
type (vapour deposition or growth from solution), etc. 
Large single crystals (~cm3) are usually grown by gas 
transport (vapour-phase deposition), melt growth [8], 
or hydrothermal synthesis [9,10], where the latter is 
most frequently used [8]. Thin films can be produced 
by chemical vapour deposition, metalorganic vapour 
phase epitaxy, electrodeposition, pulsed laser deposi-
tion, sputtering, sol-gel synthesis, atomic layer depo-
sition, spray pyrolysis, etc. [11−15].

Ceramics sintered from mixtures of various oxides 
which include ZnO, have applications as varistors [16], 
and microwave devices [17]. Many properties of zinc 
oxide are dependent upon the wurtzite hexagonal, close 
packed arrangement of the Zn and O atoms [1]. Thus, 
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it would be of great interest to know which possible 
(metastable) modifications could be present in the ZnO 
system, since this would also affect the properties and 
perhaps lead to some new applications.

In nature ZnO appears as mineral zincite with im-
purities of Fe and Mn, and ideal bulk zinc oxide adopts 
hexagonal wurtzite type of structure at ambient condi-
tions (see Fig. 1a) [18,19]. There is a transition to the 
rocksalt modification under pressure and the coexist-
ence of the two phases has been investigated (Fig. 2a) 
[18,20]. The sphalerite modification (Fig. 1b) can be 
stabilized by growing ZnO on substrates with cubic lat-
tice structure resulting in ZnO thin films [11−13].

Since there are only three experimentally known 
modifications of ZnO, finding possible new polymorphs 
and understanding transitions among them would be 
very important. Thus, in this study, we explore the ener-

gy landscape of ZnO, determine new modifications, in-
vestigate the relations between them, and study the in-
fluence of pressure and temperature in the system.

II. Theoretical methods
Our general approach to the determination of struc-

ture candidates has been given in detail elsewhere 
[23−25]; here we will just outline the main steps of 
the method and provide information specific to this in-
vestigation. The (meta)stable phases capable of exist-
ence correspond to locally ergodic regions on the en-
thalpy landscape of the chemical system of interest. 
At low temperatures, these regions are basins around 
local minima of the potential energy, while at elevat-
ed temperatures locally ergodic regions can encompass 
many (often structurally related) local minima [26]. 
These minima are identified using simulated annealing 

Figure 2. Visualization of the experimentally observed NaCl structure type (a) and calculated NiAs structure type 
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[27], usually with up to 4 formula units/simulation cell, 
where both atom positions and cell parameters can be 
freely varied without any symmetry constraints. Energy 
barriers are determined using the threshold algorithm 
[28], where the landscape accessible from a local min-
imum below a sequence of energy barriers (thresholds) 
is systematically explored for all important local mini-
ma. In particular, we can measure the transition prob-
ability among the minima as a function of the thresh-
old value. 

In addition to the threshold runs, one can also per-
form prescribed path studies [29] when analyzing the 
barriers of the landscape. This algorithm is related to 
the nudged elastic band method [30], and is employed 
for finding saddle regions and minimum energy paths 
between various locally ergodic regions. The method 
works by optimizing the atom arrangement at a number 
of intermediate steps along a “reaction path”.

After the global optimizations and after the subse-
quent local minimizations, the symmetries and the space 
group of the structures found are determined using the 
algorithms SFND [31] and RGS [32], respectively, and 
duplicate structures are removed using the CMPZ-algo-
rithm [33]. All three algorithms are implemented in the 
program KPLOT [34]. Since there are usually a very 
large number of structure candidates, both the local op-
timizations and the symmetry analysis are often auto-
matically performed with a heuristic algorithm [35]. 

In this study, we have globally explored the zinc oxide 
system with an empirical potential (Coulomb+Lennard-
Jones potential) employing simulated annealing, both at 
standard and elevated pressure (up to 100 GPa) using 
up to 6 formula units. The local optimization was per-
formed using Hartree-Fock and various density func-
tionals (LDA and B3LYP). After the global and local 
optimizations were finished, a full analysis of the en-
ergy landscape of the system was performed with the 
threshold algorithm, for different numbers of formula 

units per simulation cell. However, since the particu-
lar focus of this study is the prediction of new modifica-
tions, we refer the reader to ref. [29] and [36] for the re-
sults of the threshold and prescribed path investigations 
of the barrier structure of ZnO.

III. Results and discussion
Our calculations show that the experimentally ob-

served polymorphs of zinc oxide are the energetically 
lowest and thermodynamically most stable ones, which 
is in agreement with experiment [18−20] and previ-
ous calculations [21,37−40]. The wurtzite type togeth-
er with the sphalerite type (see Fig. 1) is the stable mod-
ifications at ambient conditions. Both are known in the 
zinc/iron sulfides with the analogous formula, (Zn, Fe)S. 
Wurtzite (B4) exhibits space group P63mc and its struc-
ture is composed of ZnS4 tetrahedra that are stacked in 
a hexagonal sequence AB AB AB ... (HCP-packing). 
Sphalerite (B3) exhibits space group F-43m, and its 
structure can be visualized as an ABC ABC ABC ... cu-
bic sequence of ZnS4 tetrahedra (FCC-packing) [41]. 

Our searches result in many interesting candidates 
which exhibit different stacking order similar to the 
ZnS system, while varying the numbers of formula 
units per simulation cell. There have been many exam-
ples in various systems where different stacking order, 
based on mixing the HCP and the FCC stacking, pro-
duce different polytypes [42,43]. We could relate our 
polytype structures to the ZnS system, due to some re-
semblance to the matraite structure in trigonal (R3m) 
symmetry [44], or to the structures in the SiC system 
[45], where different polytypes have also been observed 
[46]. The appearance of such a stacking polytype in the 
global search could be an indication of many other sim-
ilar structures in the ZnO system, and this is discussed 
in greater detail in ref. [36].

At high pressures (above 10 GPa) we observe the 
rock-salt modification (see Fig. 2a) in the ZnO system 
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as the most stable form, as well as several distorted vari-
ants of the NaCl (B1) type. In addition, we have found 
several new hypothetical modifications in the ZnO sys-
tem. One of them is the NiAs (B81) structure type that 
appeared as a meta-stable modification at standard con-
ditions (see Fig. 2b). According to our calculations, this 
modification is meta-stable even with an increase of 
temperature and/or pressure; thus it would be very hard 
to synthesize, although its coordination number sug-
gests that it might be a metastable phase at high pres-
sures in the ZnO system. 

At slightly negative pressures, we observe the 
β-BeO-type (see Fig. 3a) in the ZnO system. In the be-
ryllium oxide (BeO) system, two known modifications 
occur: α-BeO, which adopts the hexagonal wurtzite 
structure form [47] and β-BeO, a high temperature form 
which shows tetragonal symmetry [48]. The β-BeO-
type exhibits space group P42/mnm and is hexagonal 
close packed (HCP). Be-atoms are located in tetrahe-
dral interstices resulting in pairs of edge connected tet-
rahedral. The β-BeO-type of structure is closely related 
to the wurtzite type, with 4-fold coordination of the Be-
atoms by O-atoms [48]. Analogously, one can expect a 
similar relation in the ZnO system, which would mean 
that with an increase of temperature one might be able 
to synthesize the β-BeO-type modification as a metast-
able phase in the ZnO system. 

One further interesting structure candidate, which 
we found as a metastable phase along the route of the 
wurtzite(sphalerite) - NaCl transition is the so-called 
“5-5”-type (see Fig. 3b). This structure type has been 
found on the energy landscapes of many AB com-
pounds [49−51], and furthermore its existence in the 
ZnO system has been proposed in some recent exper-
iments [13,14]. We can describe this structure type as a 
fivefold coordination of Zn by O in a hexagonal lattice 
(P63/mmc) with ABAB stacking. The O- and Zn- atoms 
form trigonal bipyramids around Zn and O, respective-
ly. The 5-5 structure can be derived from the BN-struc-
ture by requiring that the bond length in the c-direction 
must be (nearly) identical to the one within the planar 
hexagons. The ZnO system appears to be a very good 
candidate to synthesize this new type of modification as 
a bulk phase.

IV. Conclusions
In order to gain new insights in the ZnO system, we 

have performed global explorations of the energy land-
scape using simulated annealing with an empirical po-
tential, both at standard and elevated pressure (up to 
100 GPa), in order to identify possible new ZnO mod-
ifications. We have found the observed structure types 
(wurtzite, sphalerite and rock-salt), in agreement with 
experiment. In addition, many new interesting modifi-
cations were calculated in different regions of the en-
ergy landscape. We have found the nickel-arsenide 

(NiAs) type (B81) as a meta-stable modification at stan-
dard conditions, and at slightly negative pressures we 
observe the β-BeO-type. With increase of pressure we 
also find the so called “5-5”type, which it should be 
possible to synthesize as a metastable phase. Finally, we 
observe stacking variants of the wurtzite and the spha-
lerite modifications, which also should be accessible to 
the experiment.
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