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Molecular-dynamics simulations are carried out on the wurtzitelike �B4� to rocksaltlike structure �B1�
pressure-induced phase transition in ZnO. A tetragonal intermediate �iT� appears at the B4 /B1 interface along
the transition. A hexagonal intermediate �iH� of h-BN type is also occasionally visited, as a result of axial
compression, which however does not represent a necessary step for the transition. The presence of small
fractions of rocksalt or defects after B1→B4 back transformation is traced back to the competition between
deformation modes connected to iT or iH.

DOI: 10.1103/PhysRevB.78.125204 PACS number�s�: 61.50.Ks, 02.70.Ns, 07.05.Tp

I. INTRODUCTION

Metal oxides occupy a privileged place in modern mate-
rials science due to a broad range of interesting properties.
Their advantageous electronic properties open new perspec-
tives in electronic and optoelectronic industry.1 In this view,
zinc oxide or zincite, n-type semiconductor with a direct
band gap of 3.2 eV, is a good laser and UV light emitter
besides numerous other technological applications �e.g.,
chemical sensor, catalyst, piezoelectric transducer, and solar
cells�.2

The polymorphism of ZnO encompasses three structure
types. The ambient conditions wurtzitelike structure B4, the
zinc-blende metastable variety B3, and the high-pressure
modification, which adopts the rocksaltlike structure B1. The
wide indirect band gap �2.45 eV� of the cubic phase B1
makes it more suitable for high p-type doping than the hex-
agonal variant.3 Trapping the rocksalt structure at ambient
conditions is therefore of great interest.

The first indication of a first-order pressure-induced phase
transition to the rocksaltlike structure �B1�, at �10 GPa,
was reported by Bates et al.4 The B4-B1 transition has been
characterized to be fully reversible with a pronounced hys-
teresis �2–10 GPa�.5–7 However, other reports have found
that a large fraction of the rocksaltlike B1 phase persists
during decompression and can be partially quenched at am-
bient conditions.3,8,9 Nonetheless, the manipulation of the
nanoscale grain size plays a major role in the delay of the
B1-B4 phase transition and could be the key to fully quench
the B1 phase of ZnO.4,10 Along this line, several experimen-
tal studies have been undertaken to explore the high-pressure
stability of ZnO polymorphs,11–15 as well as the transforma-
tion thereof associated, leading to various transition
models.16–19

Orientation relations between unit cells of the wurtzitelike
and the rocksaltlike phases collected during high-pressure
x-ray investigation on ZnO single crystals have been used to
derive transformation mechanisms.18 Combined with sym-
metry considerations, the deformation between B4 �P63mc�
and B1 �Fm3̄m� is described as a continuous transformation
through a common orthorhombic subgroup Cmc21. Based on
this model, first-principles investigations suggested a similar
homogenous orthorhombic deformation path going through a
fivefold hexagonal intermediate structure �iH� isostructural

to h BN.20 This model implies a variation of the internal
structural parameter u �u is a relative lattice spacing between
the Zn and O sublattice� during the first step B4→ iH. Ri-
etveld refinement study of the pressure dependence of u in
the wurtzite supports the orthorhombic deformation path
B4-iH-B1.9

Phase transitions induced by temperature or pressure are
often associated with different optic and elastic instabilities.
Although the first-order pressure-induced B4-B1 transition
cannot be carried by a single mode, becoming soft across the
transition, shear modes and phonon modes softening appear
as precursors to structural transformation in ZnO.12,17,19

The ZnO wurtzite phase shows � point optic modes of
A1+2B2+E1+2E2 symmetry character �A1, E1, and E2 are
Raman active while A1 and E1 are infrared active�.19 The
transition model B4-iH-B1 suggests the optic A1 and E2

high

modes to be affected by the first step B4-iH.21 However,
high-pressure Raman spectroscopy investigations show no
instability of these modes during the transition.19 The only
Grüneisen parameter that shows a negative value corre-
sponds to E2

low mode. In fact, this instability, together with
the softening of shear modes under pressure, may involve
another type of wurtzite distortion.12 In a common mono-
clinic orientation, atomic displacements can be continuously
mapped through a fivefold tetragonal intermediate structure
�iT�.22 However, up to date, neither intermediate �iH and iT�
has been characterized in experiments.

The two transition route models �B4-iH-B1 and
B4-iT-B1� find support in certain aspects of the experimental
evidence, revealing only parts of a possibly more articulated
picture. In combination with ab initio calculations typically
based on adiabatic approximations, model mechanisms are
weighted on an exclusivity principle in search of the better
scoring one. Such an approach may considerably narrow
their efficiency and may even reinforce discrepancies instead
of achieving mutual completion. This challenge raised by the
yet unresolved question of the transformation mechanism in
ZnO, despite recent experimental and theoretical efforts, has
prompted our interest in a detailed mechanistic investigation,
in the attempt to reconcile different experimental observa-
tions.

In this work, to elucidate the mechanism of the pressure-
induced phase transition in ZnO, we identify different stages
of the transformation and we provide a complete atomistic
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description of hexagonal B4 phase reconstruction into cubic
B1. The relevance of the proposed intermediate structures
�hexagonal iH and tetragonal iT� and their appearance as
structural motifs along the transformation are discussed with
reference to experimental evidences.

To achieve a reliable and detailed mechanistic picture, we
employ a simulation strategy that combines isothermic-
isobaric �NpT� molecular dynamics with transition path sam-
pling �TPS�.23 This methodology has proven very effective in
the simulation of activated processes24 with phase coexist-
ence and phase growth.25–28

II. SIMULATION DETAILS

TPS is a generalization of Monte Carlo �MC� procedures
in the space of trajectories connecting two states �B4 and B1
in this case� separated by a high barrier in a rough energy
landscape.23 Therein the relevance of a transition route is
biased to path probability. The overall simulation approach is
iterative and develops from an initial trajectory.23,24

In analogy with conventional MC simulations, the first
phase of TPS consists of equilibrating an initial pathway in
order to gradually shift the trajectory regime to more prob-
able regions. Accordingly, the first trajectory �FT� does not
need to be a probable one.

However, the intelligent design of the first trajectory af-
fects the calculation performance in terms of the number of
TPS moves required to achieve trajectory decorrelation from
the initial regime. On the other hand, different starting points
may give access to different intermediate regimes along the
decorrelation process. Therefore, for the B4-B1 transforma-
tion, we used a geometric-topological approach based on
transforming periodic nodal surfaces.29–34 This method pro-
vides a means to extract intermediate configurations between

B4-B1 along distinct quasiorthogonal paths �with respect to
the deformation modes coded therein�, with a �typically con-
certed� nonlinear mapping of atomic positions from the ini-
tial �B4� to the final �B1� configurations. This approach has
many immediate advantages. �i� Initial very high-energy/
high-strain configurations can be avoided. �ii� Independent
TPS runs can be started from distinct initial mechanistic re-
gimes. �iii� Different features can be coded in the initial path.
Additionally, many initial mechanisms can be checked for
their convergence toward the same final mechanistic regime
after TPS processing.

Our modeling approach is illustrated in Fig. 1. Figures
1�a� and 1�c� show the B4 and B1 networks with a periodic
nodal surface �PNS� wrapped around each one of them. Such
a surface is calculated from a short Fourier summation, like
it is described in Refs. 30–34, and is chosen such that the
zeroth value isosurface develops perpendicular to the Zn-O
shortest connections �Figs. 1�a�–1�c��. Like this, the Zn at-
oms are placed on the positive side �blue side� of the surface,
while the O atoms on the negative one �gray side�. This
offers a means to code the whole atomic arrangement into a
single parametric expression. From the limiting functions
�Figs. 1�a� and 1�c��, a dense set of intermediates can then be
derived by interpolation.33 The configuration and the surface
corresponding to the middle point are given in Fig. 1�b�. The
shown deformation corresponds to vertically shortening a set
of Zn-O connections.

In this work, the mechanistic elucidation of the B4-B1
transformation in ZnO develops along the investigation of
the relevance of intermediate configurations, referred to as iT
or iH. It is therefore crucial to have a means to generate
initial regimes, which are able to visit different intermedi-
ates. This is achieved in the modeling approach. While we
bypass on purpose the intermediates in the topological mod-

FIG. 1. �Color� Model transformation mapping the network of �a� B4 onto the network of �c� B1. The Zn �gray� and O �red� atom sets
are separated from each other by a PNS �the corresponding gray/green manifold is displayed�. The latter develops perpendicularly with
respect to shortest Zn-O connections. Figure 1�b� represents an intermediate between �a� and �c�. More details are given in the text
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eling step, we find that different initial trajectories favor the
appearance of one or the other intermediate. Along this line,
a precise investigation of trajectory evolution, which is able
to capture the relevance of intermediate configurations, can
be tackled.35

The average coordination number of the cations is used as
an order parameter to distinguish between B1 �CN=6� and
B4 �CN=4�. Clearly, apart from enabling a quick detection
of emerging intermediate pattern �CN=5 for both iH and iT�,
this does not enforce a particular evolution of the coordina-
tion number during TPS. While the CN typically increases as
an effect of pressure, no bias is imposed on it.

Within the NpT ensemble, momentum modifications are
applied to snapshots taken from the initial trajectory while
keeping total energy, momentum, and angular momentum
unchanged.24 The momentum modifications are random and
Gauss distributed, in order to keep a good balance between
trajectory modification and acceptance rate. The propagation
of the new configuration in both directions of time provides
a new trajectory that is examined for the B4-B1 transforma-
tion. The initial trajectory is replaced by the new successful
one and the procedure is iterated. For each TPS move, the
momentum modification probability is required to be smaller
than a random number selected from a uniform distribution.
Otherwise, the modification is rejected and the move is re-
peated. A total of three inital trajectories were used, repre-
senting as many distinct geometric mechanisms.

The simulation box contained 768 Zn-O pairs. For the
interatomic interactions, a set of empirical force field
parameters36 was used. Many parameters have been pro-
posed for ZnO �Refs. 37–40� with different scopes. The pa-
rametrization of Binks and Grimes,36 derived from Lewis
and Catlow,39 guarantees a reliable reproduction of transition
pressure, structural parameters, elastic constants, and dielec-
tric constants41 of the ZnO polymorphs compared to experi-
ments and ab initio calculations.42 To further validate the
energetics of the force field, we performed density-functional
theory �DFT� calculations.43 The energy sequence obtained
from DFT generalized gradient approximation �Perdew-
Burke-Ernzerhof parametrization of the exchange-correlation
functional44� total-energy calculations is correctly repro-
duced by the force field: B4�B1� iH� iT.

To explore the effect of pressure on the mechanism of
transformation and the stability of possible intermediates in-
volved therein, we performed different sets of simulations at
different pressures ranging from 9 to 15 GPa. The tempera-
ture was kept equal to the experimental value of 300 K.

The molecular-dynamics simulations were carried out us-
ing the DLPOLY package.45 A relatively small simulation time
step of 0.2 fs was used in order to ensure a good time revers-
ibility. The Melchionna/Nose-Hoover algorithm46 ensured
constant pressure and temperature. Therein, anisotropic
shape changes of the simulation box were allowed.

III. RESULTS

The set of transition pathways harvested in the course of
TPS iterations shows a quick departure of the trajectory re-
gime from the collective motion inherited from the geomet-

ric modeling, like the one displayed in Fig. 1. Within 10–15
iterations, the initial trajectories crossing well-ordered
atomic configurations are lifted in favor of a different typi-
cally noncollective mechanism characterized by coexisting
structural motifs �Fig. 2�. The first indication of decorrelation
in the trajectory regime is the setup of a layer shearing
mechanism. Within �001�B4 layers, adjacent hexagons are de-
formed into squares. Locally, hexagons can be compressed
either along �120� or �210�. On a larger scale, the combina-
tion of these two fashions pins �001�B4 layer shearing direc-
tion along �110�. The high-pressure phase B1 sets in as a
slab. Further growth is achieved perpendicularly to the direc-
tion of the shearing. Therein, an intermediate tetragonal
structure iT �space group I4mm� appears at the interface be-
tween B1 phase and the transforming B4 phase �Fig. 3 left�.
The overall reconstruction of �001�B4 layers consists of a
combination of parallel and antiparallel layer displacements
along �110� in a zigzag fashion �Fig. 1�a��. Such combination
avoids excessive strain during the phase transition with re-
spect to a mechanism where all hexagons are compressed
along a unique direction �either �210� or �120��. Conse-
quently, the �100� direction in the rocksaltlike structure is no
longer parallel to �100� in the wurtzite. This change in mor-
phology during the transition finds support in the recent ex-
perimental observations of crystallographic direction rela-
tions between the initial and final crystallites.18 The angle
spanned by the two directions ��100�B4 and �100�B1� after
transformation was found to be �15° in both experiments
and in our simulations.

While the change in sample orientation is in accordance
with the transformation mechanism described above, a study
of pressure dependence of the internal structural parameter u
in the wurtzite phase of ZnO is pleading in favor of another
transition model.9 Using high-resolution angular dispersive
x-ray diffraction up to 12 GPa, the structural parameter u is
found to increase with pressure. This would be consistent
with the orthorhombic distortion path where u initially varies
from 0.38 to 0.5 leading to a hexagonal intermediate struc-
ture iH of space group P63 /mmc.

This apparent discrepancy can be resolved considering the
complete set of reactive pathways collected in the course of
simulations. Therein the relevance of a mechanism is related
to the probability of finding corresponding dynamical
pathways.24

In the course of TPS, transition trajectories cross different
regimes before the more probable favorite one sets in.
Mechanisms corresponding to the decorrelated trajectory re-
gime share the same �001� overall layer shearing features
�Fig. 2�. However, different intermediate structures may oc-
cur during transformation, depending on the peculiar evolu-
tion of independent TPS, which started from distinct FT. We
recall that both intermediate structures �iH and iT� were by-
passed on purpose during the generation of the FT and that
their appearance reflects system preferences, not an external
bias. Therefore, from the collected trajectories, we can learn
about the reason of their spontaneous emergence. Either iH
or iT is formed by a different synchronization of the varia-
tion of relative spacing u between cations and anions sublat-
tices with �001�B4 layers shearing. If the compression along
�001�B4 occurs during �or after� the �001�B4 layers recon-
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struction, the hexagonal intermediate iH is ruled out and the
system crosses over directly to the tetragonal iT intermedi-
ate; otherwise, a compression along c prior to the shearing
leads to the hexagonal intermediate.

A representative intermediate regime, which is visited
during TPS, is shown in Fig. 4. Therein, on the eve of
�001�B4 layers reconstruction, a change in the structure
occurs �Figs. 4�a� and 4�b��. The B4 phase is compressed

FIG. 2. �Color� Mechanism of the B4-B1 net-
work reconstruction. The mechanism is charac-
terized by layer shearing and by structural motif
coexistence. An interface of iT structural pattern
appears between the forming B1 and the trans-
forming B4, �b�, and �c�. �a� The antiparallel layer
displacements are indicated with black arrows.

FIG. 3. �Color� Intermediate motifs iT �left�
and iH �upper part� appearing during distinct TPS
simulation runs. The former is characteristic of
the interface between B4 and B1, along the dis-
placing layers. The latter results from a more col-
lective displacement mode. Local configurations
of iT and iH are detailed at the bottom of figure.
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along c such that new contacts appear all along. The atoms
are quasicollectively displaced parallel to �001�B4 and the
whole system is converted into a hexagonal fivefold interme-
diate structure iH �Fig. 3 right and Fig. 4�b��. The internal
parameter u changes from 0.38 to 0.5. However, as soon as
the reconstruction of �001�B4 layers resumes, atoms regain
their initial positions within the wurtzite structure under the
reversal of the B4→ iH transformation. The value of u is
again 0.38 when the rocksalt phase starts forming. With re-
spect to the layer shearing modes, which are productive to-
ward lattice reconstruction into B1, the details of the transi-
tion are the same as shown in Fig. 2 and as described above.
This discloses a scenario of fluctuation of u close to the
phase transition.

Indeed, Liu et al.9 showed that the increase in the struc-
tural internal parameter u is observed up to �9 GPa with a
maximal value u=0.43 at around 5.6 GPa, well below the
critical pressure of 10 GPa and before the appearance of the
B1 phase. As the rocksalt structure starts forming, the param-

eter u shows a sharp decrease to its initial value of 0.38. This
reversible pretransitional effect reported in experiments is
reproduced in our simulations �Fig. 4�.

The B4-B1 transition in ZnO is accompanied by a large
volume collapse ��20%�.12 Considering the profile of the
volume evolution associated with paths containing the B4-iH
pretransitional step �Fig. 5, continuous line� or directly cross-
ing over to B1 over the iT intermediate �Fig. 5, dashed line�,
the former allows for a slightly higher maximum. The asso-
ciated �001� compression implies a comparatively smaller
orthogonal expansion. The cell and volume evolution aniso-
tropy, which is difficult to trace in experiments,16 can none-
theless be investigated in the simulations. The occurrence of
the iH structural pattern results into longer transition paths
�25 ps instead of 13 ps�. Increasing pressure above 10 GPa
shortens the trajectories and alters completely the pretransi-
tional step B4-iH in favor of B4-iT-B1 path, with an overall
volume variation similar to the dashed curve of Fig. 5. This
supports an interpretation of the iH intermediate as con-

FIG. 4. �Color� �b� Transfor-
mation path crossing the iH inter-
mediate. �c� and �d� A configura-
tion corresponding to the
hexagonal intermediate iH is ini-
tially visited, before the transfor-
mation to B1 resumes via layer
shearing.
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trolled by a fluctuation of the u parameter close to phase
transition and corresponding to different responses of the
system to external pressure loadings.

The simulation can access regions of intermediate pres-
sures, where concurring deformation modes can be initiated.
Clearly, only one mechanism is productive with respect to
transforming the system from B4 to B1. Nonetheless, the
intermediate regime is far more complex, due to structural
motifs and deformation modes coexistence, which accounts
for the richness and apparent contradiction of the experimen-

tal data. The difference in the elastic response along c and
perpendicular to it—peculiar to ZnO—can be used to predict
novel structural patterns, for example, in ZnO nanorods, if an
external tensile load is applied.47

The shift in trajectories regime from the less favored
�B4-iH-B1� to the final mechanism �B4-iT-B1� is thus
marked by a competition between characteristic intermediate
structures, hexagonal iH, and tetragonal iT. Accordingly, the
response of different regions in the system may lead to ir-
regular arrangements. On the reverse transition B1→B4, the
growth of the wurtzite phase is ensured by �001�B1 layers
reconstruction into �001�B4 layers �Figs. 6�a� and 6�b��. The
interplay between deformation modes causes the survival of
a small island of cubic rocksalt phase �Fig. 6�c��, which
evolves into an interface parallel to �100�B4 �Fig. 6�e��.
Therein, rocksalt structure is formed by, in turn, deforming
hexagons along �210�B4. Interface formation along �100�B4
induces 4- and 8-membered ring and defects, persisting in
the wurtzite structure after structural relaxation �Fig. 6�f��.

Similar defects are common in wurtzite growth experi-
ments where domains settle into low-energy configurations
with grain-boundary dislocations.48

IV. CONCLUSION

In conclusion, we performed molecular-dynamics simula-
tions on the pressure-induced phase transition of zinc oxide.
The transition from the hexagonal wurtzite �B4� to the cubic
rocksalt �B1� structures is achieved via layer shearing over a
tetragonal intermediate structure appearing at the interface
between B4 and B1. In the intermediate region of the transi-
tion, a hexagonal intermediate iH may appear before the re-
constructive step as a result of stress fluctuations reflected in
changes of the parameter u. The latter is in very good agree-

FIG. 5. Volume profiles of transitions paths visiting the iH �con-
tinuous line� or bypassing it �dashed line�. A different evolution of
the internal parameter u distinguishes the two paths, as well as a
larger volume increase for the black path. The latter is disfavored by
a pressure increase, and, in general, does not represent a necessary
step for the transition. Details are in the text.

FIG. 6. �Color� �c� Permanence of B1 islands
within B4 during back transformation from B1 to
B4. The concurrence between deformation modes
leading to different intermediates is responsible
for the trapping of B1 motifs, as well as for defect
formation. �f� The latter are characterized by
eight and four rings.
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ment with an experimental evidence of its evolution under
pressure. The details of the mechanism are in accordance
with experimental observations on sample orientation as well
as spectroscopy evidence of shear and phonon modes soften-
ing under pressure. Within a scenario of competing deforma-
tion modes close to phase transition, the possible occurrence
of different intermediates is explained, reconciling many ex-
perimental observations. The coexistence of deformation
modes connected with both iT and iH intermediates may trap
B1 islands within B4 during B1-B4 back transformation and

is responsible for the formation of structural defects within
B4. An articulated yet consistent mechanistic elucidation is
the overall result of our approach.
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