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ABSTRACT

Static and dynamic properties of liquid and amorphous GeO, have been simulated by using
Molecular dynamics (MD) method in a model containing 3000 particles under periodic boundary
conditions. We have proposed for the first time the new interatomic potentials for liquid and
amorphous GeO, which have Morse type potential for short range interaction in the system. Structure
of liquid and amorphous models is analyzed through the partial radial distribution functions (PRDFs),
coordination number distributions, interatomic distances and bond-angle distributions. Calculation
data for structure and atomization energy of GeO, system agree well with the experimental ones.
Further, for the first time the diffusion of particles in liquid GeO, has been studied in a wide
temperature range from 2000 K to 5000 K. We found that temperature dependence of diffusion
constant D shows an Arrhenius law at temperatures above the melting point and with further

increasing temperature it shows a power law, D oc (T'—T,)" . The evolution of structure upon cooling

has been observed and presented.
1. INTRODUCTION

GeO, is a chemical and structural analog to
Si0,, both oxides have many similarities in
structure and physical properties and they have
considerable scientific interest and technological
importance [1]. However, while liquid and
amorphous SiO, have been under intensive
investigations for the past decades, it was spent
less attention to the liquid and amorphous GeO,.
In recent years, great interest has focused on
vitreous GeO, wusing a number of the
experimental methods such as neutron
diffraction [2,3], high energy X-ray diffraction
[4] and anomalous X-ray scattering at the
germanium edge [5,6] or by a combination of
neutron diffraction, X-ray diffraction and
anomalous X-ray scattering [7]. There is a good
agreement  between  experimental  data
concerning on the structure of vitreous GeO,. It
was found that the mean interatomic distances

Foooco ®3.16=3.18A, r, ,~173 A and
o = 2.83 A (see more details in Refs. [2-7]),
while the mean bond-angles 6, ,_, =109’

and 0., , ; =133" (see Ref. [8]) and the
mean coordination number for the Ge-O and O-

Ge pairs is equal to 4 and 2, respectively [2,9].
This means that at the ambient pressure, vitreous
GeO, has a slightly distorted tetrahedral network
structure like vitreous silica. However, more
detailed information about the local structure of
vitreous GeO, can be provided only by the
computer simulation. Due to lacking of good
interatomic potentials for liquid and amorphous
GeO,, there is a few works concerning on the
simulation of liquid and amorphous GeO,. By
using classical MD simulation the structure of
densified GeO, has been studied [10] in a model
containing 768 particles with a Born-Huggins-
Mayer type potential which has been fitted to
recover the crystalline phases of GeO, by
Oeffner and Elliot [11]. Calculations showed
that the coordination number of Ge changes with
increasing density and at the ambient density,
amorphous GeO, has a tetrahedral network
structure like those observed in practice [10].
Comparative numerical study of liquid GeO,
and SiO, has been performed and it was found
that the short-range order is identical in liquid
and glass phases, made of tetrahedral network
while longer range order displays differences
with temperature [12]. By using the same
interatomic potentials obtained by Oeffner and
Elliot, structural properties of liquid germania



were investigated by Gutierrez and Rogan in a
model containing 576 particles at 21 different
densities [13]. Simulations showed that at
ambient density there is a short-range order of
slightly distorted tetrahedral network like those
obtained in the amorphous state. However, it
seems that simulation data in [10,13] agreed not
so well with the experimental ones for the mean
interatomic distance of Ge-Ge pair, it was found

that 7, ., ®3.32A in[10] and r,, ., ®3.30A

in [13] versus the experimental value of around
3.16—-3.18 A. Moreover, the atomization
energy of a model has not been reported in these
works.

And therefore, our aim here is to find new
interatomic potentials which describe well both
structure and atomization energy of liquid and
amorphous GeO,. We also study the evolution
of structure and diffusion of particles in vitreous
GeO, upon cooling in a large model containing
3000 particles.

2. CALCULATIONS

Simulations were performed at constant
volume corresponding to the real density of an
amorphous germania of 3.65 g/cm’. We use the
Verlet algorithm with the MD time step of 1.0
fs. Liquid and amorphous GeO, models obtained
by cooling from the melt. The initial melt model
at the temperature of 5000 K has been relaxed
from a random configuration of 3000 particles
over 100,000 MD time steps. Temperature of the

system decreases linearly in time as
T'=T,—n, where T, =5000K and cooling

rate ¥y =5x10"K/s.  The

configurations at finite temperatures by cooling
from the melt were subsequently relaxed for 25
ps before calculating static and dynamic
properties. In order to calculate the coordination
number distributions and bond-angle
distributions in liquid and amorphous GeO,, we
adopt the fixed values Rge.ge = 3.6 A, Rge-0= 2.2
A and Rp.o= 3.2 A. Here R is a cutoff radius
which was chosen as a first minimum after a
first peak in PRDFs of the amorphous model at
the temperature of 300K. We have proposed the
interatomic potentials for liquid and amorphous
GeO,, which have weak electrostatic
interactions and the Morse type short-range
interactions as follows:

so-obtained
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where ¢; and g; represent the charges of ions i

and j, for Ge atom g, = +2.0e and for O atom

q, =—1.0e (e is the elementary charge unit),

these charges are adopted to be close to those
used in [11,13] for the GeO, system (i.e. equal
to +1.5¢ and -0.75e for Ge and O, respectively);
r denotes the interatomic distance between
atoms i and j; the parameters of the Morse
potentials are given below:

Interaction Dy (eV)

Ge-Ge 0.014
Ge-O 3.700
0-0 0.044

V4 Ry (A)
15.3700  3.600
8.6342 1.760
104112 4.400

The interatomic potentials of such type
have been successfully used for simulating of
structure and properties of vitreous silica
[14,15]. And due to many similarities in
structure and properties between vitreous GeO,
and SiO,, we have developed such potentials for
our GeO, system by modifying parameters of
the potentials used in [14,15] to get a good
agreement with the experimental data for
structure and atomization energy of liquid and

amorphous GeO,. The cutoff radius for the
short-range interaction is equal to a half of the
length of the main cube.

3. RESULTS AND DISCUSSIONS

3.1.  Structural properties
amorphous GeO; (a-GeO,).

of liquid and



Table 1. Structural characteristics of a-GeO,.

r; - Positions of the first peaks in PRDFs; @ - The mean bond-angle; Z; - The average coordination
number (numbers 1 and 2 denote Ge and O, respectively).

rij (A)

References

1-1 -2 22 1-1

-2 2-1 2-2

90—Ge—0 HGe—O—Ge

Our cal. data for 3.21 1.69 2.78
a-GeO, at 300
K

Cal. data for 332 1.72 2.8l
a-GeO; [10]

Exp. datafor 3.16 1.73 2.83
a-GeO, [8]

Exp. datafor 3.18 1.74 2.83
a-GeO; [2,9] 5

Cal. data for 3.16 1.60 2.59
a-Si0, [16]

Exp. Data for  3.12 1.62 2.65
a-Si0;, [17]
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Structural characteristics of a-GeO, model
obtained at the temperature of 300 K are in good
accordance with the experimental data and with
those calculated in [10] (see Table 1). Our

calculated mean interatomic distance 7, , in a-

GeO, is equal to 3.21 A and agrees well with the
experimental one, the agreement is better than
those obtained by simulation in [10,13]. The
calculated mean coordination number for Ge-O
and O-Ge pairs is equal to 4 and 2, respectively
and coincides with the experimental one.
Further, for an ideal tetrahedral network
structure the O-Ge-O angle is 109.47°, O-0-0 is
60° and Ge-O-O is equal to 35.26°. For an
amorphous state, our calculated O-Ge-O and

Ge-O-Ge angles are equal to 108° and 133°. And
it is in good accordance with the experimental
data. Combined such angles with the mean
coordination numbers described above, we can
conclude that a-GeO, has a slightly tetrahedral
network structure and almost 99.9% Ge atoms
are surrounded by 4 oxygen atoms like liquid
and a-Si0,. The same structure has been
obtained for a liquid GeO, model at the
temperature of 2000 K (not shown). More
detailed information about local structure in the
system can be found via the coordination
number distributions and bond-angle
distributions.
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Fig. 1. Coordination number distributions in a-GeO, model at the temperature of 300 K.

As shown in Fig.l, coordination number
distributions in an amorphous state at the
temperature of 300 K are similar to those of
liquid one presented in [13] with an exception
for the O-O pair, where the peak in our curve is
located at value 6 wversus 8 in [13]. The
discrepancy might be related to the different
cutoff radii for the O-O pair used here and in
[13]. There is no experimental data for the mean
coordination number Zgo in vitreous GeOs,.

One more thing we would like to discuss
here is an atomization energy of the system,
which is often ignored in simulation works. The
calculated total energy, with respect to free Ge**
and O" ions at rest for our a-GeO, model at the
temperature of 300 K, is E,,,= - 4307 kJ/mol.
We can recalculate the atomization energy by

the equation: £, =-F, —-FE,  +FE, . Here

trans
E,.s 1s the energy spent to convert all free
neutral atoms to the free ions and £, is a kinetic
energy of particles. The ionization energy of
neutral Ge atom to ion Ge*" is of 23.8346
eV/atom, the electron affinity of O atom is of
6.76 eV/atom [18]. Therefore, the atomization

energy £, ~1355 kJ/mol (per mole of GeO,

molecules), while the experimental value
combined from the experimental data for
crystalline GeO, is equal to 1455 kJ/mol [18].
This means that the calculated atomization
energy of a-GeO, is close to the experimental
one for crystalline phase. The calculated
atomization energy of a-GeO, is less than that
one of crystalline phase on 100 kJ/mol, which
can be considered as a heat of crystallization of
a-GeO,. There is no experimental data for the
heat of crystallization of a-GeO,, however, for
amorphous oxides it is often equal to a few

ion

However, for a-SiO, the main peak in the
coordination number distribution for O-O pair is
at 6 (see in [16]). And therefore, it seems that
our data for coordination number of O-O pair
are more reliable than those observed in [13].
Fig. 2 presents that main peak for Ge-Ge-Ge and
O-O-O angle distributions is at 60° 59°
respectively. Those numbers for Ge-Ge-O, Ge-
O-O angles are at 23° and 36° and slightly differ
from those for liquid state [13].

hundreds kJ/mol [19]. The PRDFs for a-GeO,
model at the temperature of 300 K are close to
those presented in [10] (shown in the next
subsection). It is interesting to compare the
structure of a-SiO, and a-GeO,. Calculations
show that structure of these oxides are very
similar however, one can see that the mean
bond-angle Si-O-Si is much larger that Ge-O-Ge
one implied that structure of a-SiO, is more
looser than that of a-GeO,. One can check the
topological looseness of a system directly via

the parameter p, which is defined as the mean
height of the first peaks in PRDFs [19]:

_ ZX,-XJ-FU

2
a @)

P

where X; and X; are the atomic parts of
components in the system and r; is the position
of the first peak in PRDFs, summation is done

over all pairs of particles; and d, = (V' /N)""”,

N is the number of particles in the volume V.
Topologically dense systems have

p, =1.08+0.02
p, <1.05. From the calculated data shown in

and loose systems have



Table 1, for a-GeO, the parameter p, is equal to
0.78. This means that a-GeQO, is a loose system.

3.2. Evolution of structure of liquid and a-
GeO; upon cooling.

According to the diffraction and calculated
data presented above, liquid and a-GeO, have a
slightly distorted tetrahedral network structure
with the main structural unit GeO,, the mean

coordination number 7z =4 and

Zs . =2 . This means that serious defects in

Ge-0O

this structure are Ge atoms having coordination

Z, ¢, =lor 3. Therefore, it is interesting to

study the evolution of coordination number
distributions for the Ge-O and O-Ge pairs upon
cooling from the melt. As shown in Table 2, the

number of defects with Z_., , =3 decreases
upon cooling and tetrahedral network structure
is enhanced upon cooling. The number of
defects Z, ;, =1 decreases upon cooling to
T=2500 K and then slightly
meanwhile number of defects

increases,
Zoge =3
decreases upon cooling to T=3750 K and then
also slightly increases (not shown).
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Fig. 2. Bond-angle distributions in the a-GeO, model at the temperature of 300K.

Table 2. Temperature dependence of coordination number distribution Zg,.c for the Ge-O pair in GeO,

model.

ZGe-0 1 2 3 4 5
Number of Ge** ions ( 7= 5000 K) 0 1 138 857 4
Number of Ge*" ions ( 7= 4500 K) 0 1 96 902 1
Number of Ge** ions ( 7= 4250 K) 0 1 57 939 3
Number of Ge*" ions ( 7= 4000 K) 0 0 57 943 0
Number of Ge*" ions ( 7= 3750 K) 0 0 43 956 1
Number of Ge*" ions ( 7= 3500 K) 0 0 35 965 0
Number of Ge*" ions ( 7= 3000 K) 0 0 26 974 0
Number of Ge*" ions ( 7= 2500 K) 0 0 4 996 0
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Fig. 3. Temperature dependence of probability for the occurrence of defects, P, for the cases of partial
coordination numbers Z.,_, =3 andZ, ., =1 (for Z, ., =3, there is a small number of points

that it has not been presented).

Calculations showed that the probability for
the occurrence of structural defects in vitreous
Si0, is described well by an Arrhenius law [20]:

P, =A4;exp(-E; /T) 3)

where P; denotes the probability that a ion of
type i has exactly Z nearest neighbors of type ; .
Fig. 3 presents that such probability for defects

with Z;,_, =3 and Z, ;, =1 also shows an

Arrhenius law at temperatures above 3500 K.
Prefactors 4, and activation energies E; were

found: 4, , =3.139 and E., , =16,038K
Zgo o =3; A, ; =0.988
E, . =11632K for Z, ., =1. These values

differ from those observed for silica melt [20].
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Fig. 4. Radial distribution functions of GeO,
system upon cooling.

In order to observe an evolution of structure
of the system upon cooling, we also display
PRDFs, gji(r), for Ge-Ge, Ge-O and O-O pairs in
relaxed models at three different temperatures of
5000 K, 2000 K and 300K. We can see that
PRDFs strongly depend on the temperature that
the height of the individual peaks and minima
become more pronounced upon cooling. And the
most prominent changes have been observed for
the first peak in g;(r). The same phenomenon
has been observed in vitreous silica [16].

3.3. Diffusion

By using the FEinstein relation,
2
. <r-()>
lim, % =D , one can calculate the
t

diffusion constant D via the mean-squared
atomic displacement < r>(f)> (see Fig. 5).

From the temperature dependence of diffusion
constant in Fig. 6, we can determined
approximately the glass-transition temperature
T, by the extrapolation, which is at around 1000
K. This value is close to the value of 1010 K
reported in [10], however, it is larger than those

observed in practice 7, ~800K [21]. And



according to our calculations, the diffusion
constant of Ge and O particles in liquid GeO; is
smaller than those of Si and O particles in silica
melt at the same temperatures (see more details
in Ref. [20]). It is essential to notice that the
melting temperature of GeO, is equal to

T =1378K and for silica these values

m

T, ~1500K and 7, =1995K (see in [13]).

The temperature dependence of diffusion
constant of particles in germania melt shows an
Arrhenius law at temperatures above the melting
point with activation energies 1.12 eV and 0.83
eV for Ge and O, respectively. These values are
smaller than those for silica (i.e. 4.66 ¢V and
5.18 eV for Si and O, respectively [20]). At
higher temperatures, the curves deviate from an
Arrhenius law (see Fig. 7) like those observed in
silica melt [20]. And after intensive testing, we
found that at high temperatures it shows a power

law like those observed in silica melt as given
below [20]:

Doc(T-T.) 4)

where 7. is the critical Mode-Coupling theory
temperature for germania which is estimated
about 3500 K. The fitted exponent y =1.506
and 1.525 for Ge and O, respectively. For silica
melt, 7, =3330K and y =2.15 and 2.05 for

Si and O, respectively [20].
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Fig. 5. Time dependence of mean squared
atomic displacement < 7>(¢) > in GeO, model
at the temperature of 5000 K.
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4. CONCLUSIONS

We would like to make the following
conclusions:
i) For the first time, we have proposed the new
interatomic potentials for liquid and amorphous
GeO, which have weak electrostatic part and
short-range Morse type part. These potentials
describe well both structure and atomization
energy of the system.
i) Calculations show that liquid and a-GeO,
have a slightly distorted tetrahedral network
structure like silica.
iii) For the first time, the diffusion in liquid
germania has been calculated and temperature
dependence of diffusion constant shows an
Arrhenius law at temperatures above the melting

point and it shows a power law, D oc (T —=T,)",

at higher temperatures like silica melt. The
critical Mode-Coupling theory temperature 7,
for germania was determined equal to 3500K,
and the exponent ¥ is equal to 1.50 for both Ge

and O. The glass-transition temperature 7, for
the GeO, system is at around 1000 K.
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