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Conventional methods of EXAFS data analysis are often limited to the nearest coordination shells of the absorbing atom due to the difﬁculties in accurate accounting for the so-called multiple-scattering effects. Besides,
it is often difﬁcult to resolve the non-equivalent groups
of atoms in a single coordination shell due to strong
correlation between structural parameters. In this study
we overcome these problems by applying two different
simulation-based methods, i.e., classical molecular dynamics (MD) and reverse Monte Carlo (RMC) coupled

with evolutionary algorithm (EA), to the analysis of the
Zn K-edge EXAFS data for wurtzite-type bulk ZnO.
The RMC/EA-EXAFS method allowed us to separate
the contributions of thermal disorder and the effect of
noncentrosymmetric zinc oxide structure, being responsible for its piezoelectrical and pyroelectrical properties.
The MD-EXAFS method allowed us to test the accuracy
of several available force-ﬁeld models, which are commonly used in the MD simulations of ZnO nanostructures.
© 201 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Zinc oxide (ZnO) is a wide bandgap semiconductor with many promising technological
prospects [1]. Although it is a popular subject of research
during the last decades [2], the understanding of its local atomic structure and lattice dynamics even for the
pure bulk ZnO material is still far from complete [3,4].
Extended X-ray absorption ﬁne-structure (EXAFS) spectroscopy can be an appropriate method to address this issue
[5]. EXAFS is a modern technique for the investigation of
the local atomic and electronic structure in a broad range
of materials, such as crystalline and amorphous solids,
diluted samples, thin ﬁlms, nanostructured materials and
even liquids [6]. The method is element-speciﬁc and can
be easily tuned to probe the local structure around atoms of
a speciﬁc type. Unlike diffraction methods, EXAFS spectroscopy provides information on the actual local structure,
i.e., it gives a snapshot (averaged over sample and time) of
the material structure, rather than probes the equilibrium
atom positions. Another important aspect is that EXAFS
spectroscopy provides access to many-atom distribution

functions, thus allowing to extract information, for instance, on bonding angles [7].
Only a few EXAFS studies of ZnO have been carried
out, probably due to the fact that the analysis of EXAFS
data from such relatively low-symmetric system as ZnO
is a challenging problem. For instance, in [8] and [9] the
analysis of the ﬁrst coordination shell around absorbing
Zn atom was performed. In [10] the analysis of pressuredependent Zn K-edge EXAFS spectra was carried out, taking into account some multiple-scattering contributions. A
number of studies has been devoted to doped systems. For
example, ZnO thin ﬁlms [11] and nanoparticles [12] doped
with Co atoms have been studied at the Co K-edge EXAFS, whereas Ni-doped ZnO nanorods [13] and thin ﬁlms
[14] have been investigated, based on the analysis of the
Ni and Zn K-edge EXAFS spectra. Finally, the O K-edge
in single crystal ZnO has been studied in [15].
In this paper, we present the results of the Zn K-edge
EXAFS study of pure polycrystalline ZnO. Two simulation based techniques, classical molecular dynamics (MD)
© 201 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2 Fourier transforms of the experimental and MD-
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Figure 1 Experimental Zn K-edge EXAFS spectrum χ(k)k 2 and

its Fourier transform (FT) for polycrystalline ZnO measured at
room temperature.

[16] and reverse Monte Carlo method [17,18] coupled with
evolutionary algorithm [19], have been employed for the
interpretation of EXAFS spectra with the goals to (i) advance the understanding of the local atomic structure and
dynamics of ZnO lattice and (ii) check the reliability of the
existing force-ﬁeld models for the description of interactions between atoms in MD simulations.
2 Experimental data X-ray absorption spectroscopy
of wurtzite-type ZnO (99.99%, Alfa Aesar) was performed
at room temperature (T = 300 K) in transmission mode at
the HASYLAB/DESY C bending-magnet beamline [20].
The X-ray beam intensity before and after sample was
measured by two ionization chambers ﬁlled with a mixture of argon and krypton gases, and the energy scan of
the incident radiation was sustained by the double-crystal
monochromator Si(111), detuned to remove higher-order
harmonics. Polycrystalline ZnO powder sample was deposited on Millipore ﬁlter and ﬁxed by Scotch tape. The
experimental Zn K-edge (9659 eV) EXAFS spectrum was
extracted using conventional procedure [21,22] (Fig. 1).
3 Molecular dynamics simulations In classical
MD one needs to specify empirical force-ﬁeld model to
calculate interatomic forces. Then the classical Newtonian equations of motion can be integrated, and the trajectories of atoms can be accumulated. As a result, one
obtains thousands of different atomic conﬁgurations. For

www.pss-c.com

each conﬁguration the EXAFS can be calculated using ab
initio multiple-scattering theory [5] and the conﬁgurationaveraged EXAFS spectrum can be ﬁnally obtained [16]
and directly compared with the experimental one.
The MD simulations were performed by the GULP
code [26,27] within the NVT ensemble at T = 300 K
for the 5a × 5a × 3c relaxed supercell, constructed based
on the crystallographic ZnO structure and containing 300
atoms. The periodic boundary conditions were employed.
Three common force-ﬁeld models for ZnO, all based on the
Buckingham-type potential, were taken from [23–25]. Formal ion charges Z(Zn)=+2 and Z(O)=-2 were used in the
calculations of Coulomb interaction. Note that the values
of parameters for the Buckingham potential were chosen to
have the best possible agreement between calculated and
experimentally measured lattice constants, elastic and dielectric properties in [23,25] and also between corresponding phonon spectra in [24]. A set of 4000 static atomic conﬁgurations was obtained during a simulation run of 20 ps
with a time step interval of 0.5 fs. These conﬁgurations
were further used to calculate the Zn K-edge conﬁgurationaveraged EXAFS signal (MD-EXAFS) using ab initio realspace multiple-scattering FEFF8 code [28]. The multiplescattering contributions were accounted up to the 7th order.
The total number of scattering paths was 835 with maximal half-path length up to 7.0 Å. The complex exchangecorrelation Hedin-Lundqvist potential and default values
of mufﬁn-tin radii, as provided within the FEFF8 code
[28], were employed.
The results of the MD-EXAFS simulations using three
different force ﬁeld models from [23–25] are compared
with the experimental Zn K-edge EXAFS spectrum in
Fig. 2. As one can see, all three force-ﬁeld models give
close results. They are able to rather well reproduce the
behavior of the coordination shells up to about 4.5 Å in
FT, but fail in the description of outer shell dynamics (see
positions indicated by two arrows). However, a detailed
analysis of the ﬁrst two peaks in Fig. 2 suggests that also
there the accuracy of the force-ﬁeld models is not sufﬁcient
due to their simplicity.

© 201 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

solidi

status

physica

pss

c

* 4IMOSHENKO ET AL ,OCAL STRUCTURE AND DYNAMICS OF WURTZITE TYPE :N/

174

Zn2
O2
Zn0
c

5

DISTANCE R(Å)

4

Experiment
RMC-EXAFS
Exp.- RMC-EXAFS

1

-1

Zn1
O1

-3

Experiment
RMC-EXAFS
|Exp.- RMC-EXAFS|

O1

EXAFS (k)k2 (1/Å)2

3

Experiment

3

2

1

0

0.6

0.4
0.2
FT MODULUS

4

6

8
10
12
WAVEVECTOR k (1/Å)

14

Figure 3 Supercell used in the RMC simulation (blue large balls are zinc atoms, red small balls are oxygen atoms) (upper left panel), the
experimental and calculated (corresponding to the ﬁnal RMC conﬁguration) Zn K-edge EXAFS spectra and their difference (upper right
panel), Fourier transforms of the experimental and calculated EXAFS spectra and their difference (bottom left panel), and the Morlet
wavelet transform of the experimental EXAFS spectrum (bottom right panel).

4 RMC calculations Reverse Monte Carlo simulation of EXAFS is potentially capable to achieve better
agreement with the experimental data than the MD method
due to the possibility to ﬁne tune the structural model. We
have followed the procedure, described in [18], but the conventional RMC scheme has been modiﬁed and so called
evolutionary algorithm (EA) has been implemented [19].
Now instead of just one atomic conﬁguration several supercells are modelled simultaneously. Exchange of information between these supercells via selection and crossover
operators allows to explore the conﬁguration space more
efﬁciently, thus making the whole simulation much less demanding for computing resources. Here 32 supercells with
a size of 4a × 4a × 4c (a = 3.2496 Å, c = 5.2042 Å [29]),
containing 256 atoms each, have been used in simulations.
Comparison of experimental and theoretical EXAFS spectra has been performed in the k-space range from 3 Å−1
to 15 Å−1 , and in the R-space range from 0.9 Å to 5.5 Å
(up to the sixth coordination shell), using Morlet wavelet
transform [30,31]. In the calculations of simulated EXAFS
spectrum up to 150 most important scattering paths with
maximal half-path length of 6.9 Å were included, and the
multiple-scattering contributions up to the third order were

© 201 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

taken into account. The supercell, used in the calculations,
the experimental EXAFS spectrum and the calculated EXAFS spectrum corresponding to the ﬁnal RMC conﬁguration (RMC/EA-EXAFS) are shown in Fig. 3, along with
the Fourier and wavelet images of the experimental and
theoretical EXAFS spectra.
As one can see, the RMC/EA approach allowed us to
obtain a structural model that can describe well the experimental Zn K-edge EXAFS spectrum in ZnO.
Radial distribution of oxygen and zinc atoms around
absorbing zinc atom, obtained from the MD simulation using the force-ﬁeld model by Kulkarni [23] and from the
RMC/EA-EXAFS analysis, are shown in Fig. 4. The total
radial distribution functions (RDF), obtained by the two
methods, are very close. However, the two methods produce different partial distribution functions, corresponding
to non-equivalent oxygen (O1 and O2 ) and zinc (Zn1 and
Zn2 ) atoms. Thus, in spite of the fact that the pairwise interactions between Zn and O atoms are described by the
available force-ﬁeld models [23–25] quite accurately, the
MD approach fails to discriminate accurately between the
partial contributions due to a simplicity of the interaction
models.
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Figure 4 Radial distribution functions (RDFs) of oxygen (red
lines) and zinc (blue lines) atoms around absorbing zinc atom,
obtained from the MD simulations with the force-ﬁeld model
by Kulkarni [23] (circles) and from the RMC/EA-EXAFS analysis (solid lines): total RDFs (left panel) and partial RDFs corresponding to non-equivalent oxygen (middle panel) and zinc
atoms (right panel). The vertical bars indicate the estimated maximal uncertainties.

Following the procedure, described in details in [19],
the obtained partial RDFs can be used to evaluate the
mean-square relative displacements separately for the Zn–
O and Zn–Zn atom pairs along the c-axis (σ 2 (Zn0 –O1 ) =
0.0038±0.0004 Å2 , σ 2 (Zn0 –Zn1 ) = 0.0058±0.0004 Å2 )
and in the orthogonal direction (σ 2 (Zn0 –O2 ) = 0.0044 ±
0.0005 Å2 , σ 2 (Zn0 –Zn2 ) = 0.0104 ± 0.0003 Å2 ). These
results suggest that the Zn–O and Zn–Zn atom pairs, located in the layer orthogonal to the c-axis direction, interact
differently than the Zn–O and Zn–Zn atom pairs, aligned
along c-axis.
5 Conclusions X-ray absorption spectroscopy was
used to study the local atomic structure and dynamics
in polycrystalline ZnO. Room temperature Zn K-edge
EXAFS spectrum was analysed using two advanced theoretical approaches based on classical molecular dynamics
(MD) and reverse Monte Carlo/evolutionary algorithm
(RMC/EA) methods. The MD-EXAFS method allows one
to use the experimental EXAFS spectra for a validation
of theoretical force-ﬁeld models. The RMC/EA-EXAFS
method allowed us to discriminate contributions of nonequivalent Zn and O atoms in the ﬁrst and second coordination shells around absorbing Zn atom. The obtained
results revealed essential differences between Zn–O and
Zn–Zn bonds, aligned along the c-axis direction and in the
orthogonal direction of ZnO hexagonal crystal lattice.
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[29] H. Karzel, W. Potzel, M. Köfferlein, W. Schiessl, M. Steiner,
U. Hiller, G. M. Kalvius, D. W. Mitchell, T. P. Das, P. Blaha,
K. Schwarz, and M. P. Pasternak, Phys. Rev. B 53, 11425
(1996).
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