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Structural and atomic transport properties of molten zinc
oxide

S. SENTURK DALGIC®, 0. OZGEC
Department of Physics, Trakya University, 22030, Edirne, Turkey

We present a theoretical study of the static structure and atomic transport properties of molten Zinc Oxide using different
effective pair potentials. Semi-empirical potentials such as a three body potential of Tersoff and Kohen-Tully-Stillinger have
been applied. The pair correlation functions for ZnO above melting point has predicted by Variational Hypernetted Chain
Liquid State theory (VMHNC). The dynamics and atomic transport properties of ZnO have been studied with the viscoelastic
model approximation by computing both single-particle and collective time-dependent properties. The mean —square
displacement, the velocity autocorrelation function and the intermediate scattering function have obtained inorder to
compute the self diffusion coefficients at different temperatures. For comparison, the calculations are also performed using
the rigid ion model potentials. It is shown that the calculated liquid structural properties predicted by Tersoff potential are in

good agreement with the latest theoretical results.
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1. Introduction

Zinc oxide is an interesting material with a range of
technological applications including electronic and
electro-optic devices, catalysis, chemical sensors, and
conductive solar cell window layers. In recent years, ZnO
has received a particular attention as a semiconductor
which also has a close affinity with ionic insulators such as
MgO. ZnO can be transformed to the characteristically
ionic rocksalt structure by relatively modest hydrostatic
pressures, and unlike most semiconductors this cubic high-
pressure phase remains metastable even at zero pressure
[1]. Also, its high-pressure and high-temperature behaviors
have long been a subject of great interest for experimental
and theoretical investigations [1-15]. Experimentalists
have been studied with bulk properties of ZnO such as
lattice constant [2], equilibrium volume [3] and elastic
constants [4]. In addition to these, the experimental studies
are generally interested in structural phase transition in
ZnO [3, 5-6].

Among the theoretical studies on ZnO, Jaffe and co-
workers used local-density and generalized gradient
approximations (LDA and GGA) to calculate high-
pressure phase transitions in ZnO and MgO and also
reported total energy and electronic structure calculations
of ZnO [7]. Furthermore Sun and co-workers were
investigated structural, electronic and dynamic properties
of ZnO with the pair-wise potential of the Buckingham
form using the molecular dynamics (MD) method [8-12].
Zaoui and Sekkal studied with the high pressure effect on
the structural transition in ZnO using the Buckingham
potential [13]. Aoumeur and co-workers have calculated
the structural and dynamical properties of ZnO in zinc
blend and rocksalt phases [1]. They have used the
molecular dynamics simulation based on Tersoff Potential
(TP) [14] in order to calculate the equilibrium lattice

parameters, bulk modulus, pressure derivatives, the elastic
constants, and the thermal properties [1]. However they
have not reported the validity of TP potential model in the
dynamics calculation of ZnO near its melting.

Another point of view on the semi-empirical potential
model of Tersoff, Benkabou and co-workers has been
interested in testing the transferability of a three-body
Tersoff potential for SrO [15]. They have concluded that
an empirical three body TP potential with MD method
reproduces well the structural properties of alkaline earth
oxides in their different high pressure phases. In a recent
series of our previous work, we have successfully applied
the Tersoff potential to obtain the structural properties of
Cul [16], CuBr, CuCl [17] and BaO [18] using the integral
equation theories. These studies are motivated us to apply
the Tersoff potential for ZnO.

In this paper we present the structural, dynamical and
thermal properties of ZnO in the liquid structure, using the
empirical interatomic potentials of Tersoff (TP), Kohen-
Tully-Stillinger (KTS) [19] and Buckingham (BP)
potentials [12]. According to our knowledge, no structural
calculations have been performed on molten ZnO using
these potentials coupled with integral equations. The main
point of the present work is the test of the transferability of
semi-empirical potential models to predict structural
properties of molten ZnO coupled with integral equations.
For this purpose, first we have calculated the inter-ionic
interactions in ZnO using TP, KTS and BP potentials
model which is used as input data in its structural
calculations with the variational modified hypernetted
chain (VMHNC) integral equation theory. Then, those
potential accuracies have been tested in the structural
calculations for ZnO at different temperatures. The
computed pair distribution functions of ZnO have been
compared with each other and those obtained by MD
results of Sun [8]. The second aim in this work is also
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compute the dynamic properties of molten ZnO near its
melting. The atomic transport properties evaluated within
the framework of modecoupling theory, using a self-
consistent scheme have been also presented. The single-
particle dynamics of the system has been analyzed by
computing the mean square displacement (MSD) and
velocity autocorrelation function (VACF). Temperature
dependence of self diffusion coefficient has also been
shown. The collective dynamic properties such as the
intermediate scattering function have determined. We have
shown that Tersoff potential can be applied to ZnO
successfully.

2. Theory
2.1 Semi empirical potentials:
2.1.1 Tersoff Potential

Among the many empirical model potentials that have
been developed for tetrahedral semiconductors, that of
Tersoff has been applied to many of the semiconductors
successfully. The interatomic potential is taken to have the
form as [14]
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where E is the total energy of the system, which is
decomposed for convenience into a site energy E; and
band energy Vjj. The indices i and j ion over the atoms of
the system and rj; is the distance from atom i to atom j. The
function fr represents a repulsive potential and fa
represents an attractive pair potential associated with
bonding given as
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The term f. is merely a smooth cut of function to limit the
range of potential taken as,
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where b; is the many-body order parameter describing
how the bond-formation energy is affected by local atomic
arrangement due to the presence of other neighboring

atoms (the k atoms). It is a many-body function of the
positions of atoms i, j and k given as
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where ( is defined as the effective coordination number
andg(6) is a function of the angle between rjj and rjy .
Following others [14-16], we assume that A3 and o are
maintained to be zero, thus a;=1. Other adjustable fitting
parameters, A, B, n, ¢, d, h, A;and A, are determined by

fitting to the cohesive properties of the material.
2.1.2 Kohen-Tully-Stillinger Potential (KTS)

We have chosen to use the extended SW potential,
namely KTS potential [19]. It has been tested successfully
for its accuracy in describing the Cul system in recent
studies [16, 17]. The KTS potential energy V is a sum of
two and three body interactions given by,

Vias = D Vo )+ 2 Vi(i, k), (11)
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where the two-body term given as

Vy(r,) = {&ij(cijnrv hewle 60 4<f (12)
o I >0

i ij

and the three-body term as
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where F(y, rx),



3280 S. Senturk Dalgic, O. Ozgec
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where r is the distance between a pair of atoms, /; and
Xji are the cut-off distances of the two-body and the
three-body potentials, respectively, and eijk is the vertex
angle at j subtended by i and k. E;ij,Cij, p,and Kk are

fixed parameters chosen by fitting to the cohesive
properties of the material. Parameters

€jikoMjiks Vjiks Vijky» and Vi) are constants chosen to

give best possible values for the structure.

2.2 Rigid Ion Potentials
2.2. 1. Buckingham Ionic Potential

The interatomic potential energy is the sum of the
long-range Coulombic and short-range non-Coulombic
contributions. For ionic materials the short-range
interaction in the form of a Buckingham potential is a
rather traditional model which has been shown to perform
sufficiently well [20] and, therefore, widely used for
modeling of various oxides. The advantages and
shortcomings of these kinds of models are known from
Ref. [21]. We use the Coulombic potential with a simple
analytical expression of the Buckingham type for the
short-range interaction between ions i and j:

Z.Z.e )
VBP(rij): rj +4, exp(—rﬁ/BO)—COrl-jﬁ, (16)

i

where the right-hand side terms represent repulsion energy
and van der Waals force (dipole-dipole term), respectively.
Here A4y and By are the parameters for the repulsive
interaction, Cp is van der Waals constant, r; is the
interatomic distance between i and ;.

2.3 Liquid State Theory

With the effective pair potential known, integral
equations are able to provide us the liquid structure for
metals and alloys. In our structural calculations, one of the
integral equation theory which have shown very reliable
theory of liquids VMHNC has been carried out [22-24].
Like most liquid state theories the VMHNC is solved the
Ornstein — Zernike (OZ) equation by the MHNC exact
closure relation. Thus, the partial direct correlation
functions, c;(r), in terms of the total correlation functions
hii(r)=gij(r)-1, where gij(r) denote the partial pair
distribution, can be obtained. The pair distribution
function can be given in terms of Ashcroft-Langreth
partial structure factor as,
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2.4 Atomic Transport Properties

The transport properties (viscosity and diffusivity) are
important for metallurgical process as well as for
understanding the atomic dynamics of liquids. Generally
two methods are available for computing the self diffusion
coefficient D. The first one can be expressed by an
Einstein expression, as related to the slope at large times
of mean square displacement of tagged particle in the
liquid,

2
ol

where < Ar(t)? > defined as the mean square displacement
(MSD) of a tagged particle. The mean square displacement
of atoms can be easily computed from its definition:

MSD = {r(t) - r(0)}*. (19)

The second method relates to the velocity autocorrelation

function Z(t) which was called Green-Kubo relation by

[25-27],
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These two functions are related to each other by,
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The central magnitude in the present analysis is the
memory function of normalized velocity autocorrelation
function, K(t), defined by the following Volterra-type
equation

Z(t) = —j K(t—t"Z(t")dt’ 22)

where the dot means time derivative of the normalized
velocity autocorrelation function. The memory function
may be split into two contributions [25],

K(t) =K () + Ky (t) (23)

which represent two distinct dynamical regimes in the
atomic dynamic of a liquid. The first term comprises all
the fast decay channels. Kg(t) is supposed to represent the
effect of a binary collision between a targed particle and
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another one from its environment whereas the second Table 1. The adjusted TP parameters for ZnO.
term, Kwmc(t) is  the mode coupling contribution,
incorporates the contribution from the collective processes
associated with multiple collisions. A(eV) 4099.2 § 1.1x10°6

The inclusion of a slowly decaying time tail in B(eV) 200.0 100390
memory function is known to be an essential ingredient for 3
the correct description of the dynamics of a tagged particle (AT 3.2599 d 16.217
ina ﬂuiq. In principle, coupl‘ing to sgveral ques, shogld Xy ( A—l) 17322 R(A) 6.255
be considered such as density-density coupling, density
longitudinal current coupling and density transversal 0.7873 D(A) 0.65
current coupling but for the density/temperature range -5.7058

considered in this work the most important contribution
arises from density-density coupling. Restricting the
mode-coupling component to the density-density coupling
term,

k - 2 2
Ko (0= 25— [ "6 @IF, (0. OF(@. )~ F, (0. OFy (0.0

24)

Here c(q) denotes the direct correlation function of the
liquid. F(q,t) and F(q,t) are the intermediate scattering
function and its self part, whereas Fg(q,t) , Fo(q,t) denote
the binary part of F(q,t) and Fy(q,t) respectively. The
intermediate scattering function F(q,t) [24-28 ] is given by
F (g,t
F(@.0 = Fy(q.0 -0 25
F 0 (qa t)

The temperature dependence of diffusion
coefficient data exhibits the Arrhenius-type behavior:

D(T) = D, exp(— E, /RT) (26)

where Dy is the self diffusion prefactor, E, is diffusional
activation energy, R is the gas constant (8.3/4 J/molK)
and T is absolute temperature in Kelvins.

3. Results and discussion

Firstly, we have presented pair interactions in ZnO
using semi-empirical potentials such as Tersoff Potential
(TP) and Kohen-Tully-Stillinger (KTS) potential. We
separate KTS potential such as two and three body
interactions KTS-V2 and KTS-V3 respectively and the
KTS potential is the sum of these interactions. The all
parameters of TP and KTS functions used in structural
calculations are determined by fitting to cohesive energy

which we used E, =-5.4lel [29] and taking into

account for the cut-off procedure together with the
VMHNC liquid state theory. The adjusted potential
parameters for semi empirical potentials are presented in
Table 1-2. The BP potential parameters are taken from Sun
and co-workers [8].

Table 2. The adjusted KTS potential parameters for ZnO.

&(eV) 69.352 e(eV) 29748
C(4?) 12.798 Y7, -5.465
K(A) 15.268 v 0.8080
1(A) 6.905 Vi (A) 15.268
P 4 Vi) (A) 15.268
X(A) 6.905

The calculated effective interatomic potentials of ZnO
are shown in Fig. 1. It appears that the presented TP
potential give rise deep potential well than KTS and KTS-
V2 potentials. This is shown that more long range
character than others. The KTS-V3 potential exhibits the
repulsive pair potential behavior.

0.5

0.0

-0.5 4

Fig.1. Pair interaction for ZnO using semi-empirical model
potentials.
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9,

Fig. 2. Pair Distribution Function for ZnO at 2475K.

We compare the pair distribution functions calculated
by TP, BP, KTS potentials with MD data [8]. There is a
good agreement between TP and MD whereas the
oscillations of gj(r) calculated from TP is higher than MD
after second and third coordination shell. The calculated
gij(r)’s from KTS-V2 and KTS potentials reproduce same
main peak position with MD, although the height of first
peak are lower then that of MD. In the long range region,
TP and BP potentials have almost the same peak position
with MD except their height of peaks. KTS potentials are
not good agreement with MD result and have damped
oscillations. We can see those difficulties clearly for KTS
potentials group.

In Fig. 3, we present our results of MSD obtained by
TP, KTS and BP potentials for three representative
temperatures: 2475K, 1000K and 500K. The MSD results
for each potential are different. We notice that, time
dependence of the mean square displacement shows
typical behaviour for simple liquids at higher
temperatures. For longer times, as soon as the motions
become diffusive, the mean square displacement has a
linear dependence on time. It is clear that the diffusion
coefficients with KTS potential could be somewhat slower
than others
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Fig. 3. Mean-Square Displacements for ZnO at (a)
2475K, (b) 1000K and (c) 500K.

In Fig 4, we present the normalized velocity
autocorrelation functions obtained by TP, KTS and BP
potentials for molten ZnO at 2475K. The results of KTS-
V2 and BP show the backscattering minimum typical of
high density systems at times around t=0.1ps followed by
oscillations around zero.

ZTOT(t)

Fig. 4. Normalized velocity autocorrelation functions for
ZnO calculated by TP, KTS and BP potentials at 2475K.

The normalized intermediate scattering functions
obtained by the presented formalism are shown in Fig.5. It
is observed that F(q,t) exhibits an oscillatory behavior for

small g, which persists until around g ~2q, / 3. The g

is the position of the main peak of the static structure
factor which is about 2.314 A™! for ZnO. The amplitude of
oscillations of F(q,t) is stronger for the smaller q values
and the oscillations take place around a globally decaying
positive tail. For q<0.925A"!, F(q,t) has an oscillatory
behavior for TP, whose period is 0.168ps and 0.159ps for
q=0.925A"" and g=1.54A"" respectively. It is found that the
smaller wave vectors shows the longer oscillatory period.
For BP and KTS potentials F(q,t) has an oscillatory
behavior at q=0.925A"' which periods are 0.198ps,
0.207ps respectively and for qg=1.54A"! have periods at
0.204ps for BP and at 0.210ps for KTS potentials. At
g=2.31A"'", F(q,t) decreases monotonically with time for
TP, KTS and BP. However, the half width at half
maximum (HWHM) of F(q,t) is larger than those of other
q values. The reason of this behavior is known it is at the
main peak of S(q). At g=3.471A"!, the decrease of F(q,t) is
also monotonic though a shoulder are observed at
q=0.12A"! for TP and q=0.1A"! for KTS-V2, KTS and BP.
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Fig. 5. The normalized intermediate scattering functions for ZnO at 2475K using TP, KTS and BP.
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Fig. 6. Diffusion coefficients

of ZnO plotted

logarithmically as functions of inverse temperature
(a) computed by Einstein (E) relation and (b) Green-Kubo

(GK) relations.

It is clear in Fig. 6(a) that the diffusion coefficient D
evaluated from the relation between the mean square
displacement and time is well predicted. We can see that
in Fig. 6(a), MSD values in Fig 3 are the same order with
diffusion coefficients which found with Einstein relation.
The value of D increases with increasing temperature. The
temperature dependence of our diffusion coefficient data
exhibits the Arrhenius-type behaviour. Fig 6(b) shows
Green-Kubo diffusion coefficient results. There is
different trends appeared in the calculated results of
diffusion coefficients shown in Fig. 6. This may be related
with the definition of the velocity autocorrelation
functions. However experimental diffusion data are not
available to compare our results.

3. Conclusions

The results of applicability of the presented semi-
empirical three-body TP, KTS and rigid ion BP potentials
for the properties of molten ZnO over wide range of
temperatures are presented in this study. These
calculations were performed for the functions not only fit
to solid data but also liquid state properties. The VMHNC
integral equation theory is carried out in structural
calculations. We conclude that an empirical three body TP
potential with the VMHNC method reproduces well the
structural, atomic dynamics properties of molten ZnO than
the presented other potentials. However we may note that
there are no enough measurements and calculations for
understanding the dynamics of molten ZnO. The theory
used in our dynamic calculations was proposed for
metallic systems. Thus it has been shown that the
presented formalism for semi empirical potentials is
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capable of providing a good description of molten ZnO.
This method can be easily applied to the other metal

oxides.
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