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Ab initio simulation of solid electrolyte materials in liquid and glassy phases
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We use plane-wave density functional methods to model Ge-Se-Ag-Cu liquids and glasses. The models are
analyzed for structural and electronic properties and transition metal ion dynamics. Electronic properties are
analyzed with the electronic density of states and projected density of states. The optical gap increases with
increasing Ag content and decreases with increasing Cu content. We carry out thermal simulation at 300, 700,
and 1000 K on these Ge-Se glasses doped with various concentrations of copper and silver. Our study shows that
the most diffusive ions sample the widest variation in local density. The study of trap centers for Ag-rich and
Cu-rich glasses shows that because of the higher coordination number of Cu, it is more rigidly trapped compared
to Ag, with its lower coordination number.
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I. INTRODUCTION

Chalcogenide glasses have been studied extensively for the
last few decades, both for their basic scientific interest and
because they are preferred materials for applications such
as optical recording devices1 and phase change memory.2

There has been particular interest in Ge-Se glasses be-
cause of their excellent glass formation characteristics: the
GexSe1−x binary system is an excellent glass former for
x ! 0.43.3 When doped with metals like Ag, Ge-Se glasses
become solid electrolytes offering high ionic conductivities.
Such electrolytes are getting attention for their technological
importance, with the application in “conducting bridge”
(flash) memory devices.4 Since the properties of chalcogenide
glasses accrue from their structure, the knowledge of the
structure of these glasses is an essential precursor for further
study.

The structure of GeSe glasses has been widely studied,
and the basic structural units consist of Ge-Se tetrahedra and
Se chains combined in various ways. X-ray5 and neutron6,7

diffraction and other experimental methods have been used
to study the structure of Ge-Se-Ag glass. There have also
been some computational studies to model the structure. Tafen
et al.8 reported two ab initio models, (GeSe3)0.9Ag0.1 and
(GeSe3)0.85Ag0.15, with short-range order consistent with the
experimental results. It has also been reported that Ag atoms
prefer to sit at a trapping center which is near the midpoint of a
line joining two host atoms (Ge or Se) separated by a distance
of between 4.7 and 5.2 Å.9

The purpose of this study is to understand the structure of
Ge-Se-Ag, Ge-Se-Cu, and Ge-Se-Ag-Cu glasses and the ion
dynamics for the single-ion and mixed-ion cases. Section II of
the paper briefly describes the method and the technical details
of the simulations. Section III is organized into four distinct
subsections, with Sec. III A 1 devoted to the structure of the
amorphous models and Sec. III A 2 to the structure of the liquid
models. Electronic characteristics of both the amorphous and
the liquid systems are presented in Sec. III B through the
electronic density of states and the projected density of states.
Section III C is devoted to the dynamics of the ions at different
temperatures, 300, 700, and 1000 K. The character of the ion
traps is described in Sec. III D. Finally, we present a brief
summary in Sec. IV.

II. METHODS

We used the melt quenching method to generate the systems
described in this work.10 We constructed a cubic supercell,
fixing the volume and the number to reproduce the experimen-
tal density according to the desired stoichiometry and with the
minimum acceptable distance between two atoms set to 2 Å,
starting with a random initial configuration. We generated four
models: (GeSe3)0.9Ag0.1, with 27 Ge atoms, 81 Se atoms, and
12 Ag atoms; (GeSe3)0.8Ag0.2, with 24 Ge atoms, 72 Se atoms,
and 24 Ag atoms; (GeSe3)0.9Cu0.1, with 27 Ge atoms, 81 Se
atoms, and 12 Cu atoms; and (GeSe3)0.77Cu0.03Ag0.2, with 23
Ge atoms, 69 Se atoms, 4 Cu atoms, and 24 Ag atoms. These
models were annealed and equilibrated for 2.5 ps at 2000 K,
well above the melting points. The cells were then cooled to
1000 K over 10 ps and equilibrated at 1000 K for 5ps. They
were then cooled to 300 K over 14 ps. Next these systems
were equilibrated at 300 K for more than 50 ps. Finally, these
systems were fully relaxed. All of the calculations were carried
out under periodic boundary conditions using the Vienna
Ab Initio Simulation Package (VASP),11 with Vanderbilt Ultra
Soft pseudopotentials. VASP is based on density functional
theory using a plane wave basis. We used the local density
approximation for the exchange correlation energy. These
systems were annealed, equilibrated, and cooled using the
molecular dynamics (MD) option of VASP, and relaxation is
carried out in the conjugate gradient mode.

III. RESULTS AND DISCUSSION

A. Structural properties

1. Structural properties of amorphous Ge-Se-Ag-Cu

Figure 1 shows the total radial distribution functions
(RDFs) and structure factors for our four different models;
g-(GeSe3)0.9Ag0.1,g-(GeSe3)0.8Ag0.2,g-(GeSe3)0.9Cu0.1 and
g-(GeSe3)0.77Cu0.03Ag0.2. The first peak of the RDF is the
contribution from Ge-Se and Se-Se correlations, whereas
the second peak is due to Se-Se and Ge-Ag/Cu correlations
(Figs. 2 and 3). There is not much variation in the
short-range order, that is, nearest-neighbor distance and
second-nearest-neighbor distance for the different models.
We observed a slight change in the nearest-neighbor distance
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TABLE I. Short-range order; nearest-neighbor distance (NN),
next-nearest-neighbor distance (NNN), and mean coordination
number (CN).

NN (Å) NNN (Å) CN

(GeSe3)0.9Ag0.1 2.49 3.75 2.50
(GeSe3)0.8Ag0.2 2.51 3.80 2.92
(GeSe3)0.77Cu0.03Ag0.2 2.45 3.80 2.9
(GeSe3)0.9Cu0.1 2.40 3.83 2.8

for the Ag-rich model and Cu-rich model. The average bond
length and the mean coordination numbers are presented in
Table I. Table II gives the mean bond lengths for different
bonds present in our models. We did not detect Ge-Ge bonds
in any of our models as seen previously in g-(GeSe3)0.9Ag0.1.8

We also observed that both Ag and Cu preferred to have
Se as a neighbor, with only 16% of Cu/Ag bonded with
Ge in our models. These results are very close to the bond
lengths measured by Piarristeguy et al.5 We have not seen
any experiments for Cu-Ge-Se systems; however, the Cu-Se
correlation length we observed is not very far from the value
(2.42–2.44 Å) measured by Merino et al.12 for CuInSe2. We
also obtained the silver and copper coordination number for
each model. The coordination number 3.1 of silver at 20% is as
predicted (3.0) by Mitkova et al.13 The coordination number
4.67 of copper at 10% is much higher than the 2.16 of silver
(found to be 2.0 by Tafen et al.)8 for the same concentration.
Topological information is presented in Table III. We detected
a few threefold Ge and three- and fourfold Se that we interpret
as structural defects in our models.

We also compared the static structure factors for our models
(Fig. 1). There is no significant change with composition in
the position of the first two peaks. We observed a weak peak
in S(Q) slightly above 1 Å −1. This peak, which is a precursor
to the first sharp diffraction peak, varies as a function of Ag
concentration; the peak disappears as the Ag concentration
increases, which was also shown by Piarristeguy et al.14 We
did not observe any particular correlation contributing to this
peak as the partial structure factors (Fig. 4) show that the peak
has contributions from all of the partials. We compared partial
structure factors for (GeSe3)0.9Ag0.1 and (GeSe3)0.9Cu0.1 and
observed the only differences in the correlation of Ag-Ag and
Cu-Cu as well as in Se-Ag/Cu.

2. Structural properties of liquid Ge-Se-Ag-Cu

We performed thermal MD simulation of our models at
1000 K for 25 ps to obtain well-equilibrated liquid systems. We
calculated the RDFs and present them in Fig. 5. The RDFs are
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FIG. 1. (Color online) Comparison of total radial distribution
functions and static structure factors for all amorphous models.

averaged over the last 2.5 ps. Figure 5 shows the dependence
of peak position on the concentration of Ag/Cu, with 2.45 Å
for (GeSe3)0.9Cu0.1, 2.48 Å for (GeSe3)0.9Ag0.1, and 2.53 Å for
(GeSe3)0.8Ag0.2, and (GeSe3)0.77Cu0.03Ag0.2. We also present
partial RDFs in Fig. 6, showing Ge-Ge, Ge-Se, Se-Se, and
Se-Ag/Cu correlations. All of our models except
(GeSe3)0.9Ag0.1 (2.6 Å) imply the presence of Ge-Ge homopo-
lar bonds with a peak position at 2.71 Å, in contrast with the
glass. We also observed Se-Se and Ge-Se bond distances of
2.47 and 2.50 Å, respectively. We observe no concentration
dependence on the first peak position of Ge-Se, Se-Se, and
Se-Ag/Cu correlations. The major contribution to the first
peak of the total RDF is from Ge-Se, Se-Se, and Se-Ag/Cu
correlations, with the Se-Ag/Cu correlation causing the shifts
in the first peak positions. The second peak of the total RDF
is mainly due to Se-Se correlation. We measured the first peak
positions of gαβ(r) and present them in Table IV.

B. Electronic properties

1. Electronic properties of amorphous Ge-Se-Ag-Cu

We analyzed the electronic structure of our models through
electronic density of states (EDOS). Figures 7–10 shows the
EDOS and the projected density of states (PDOS) for the
different models. The figures show both the species projected
DOS and the orbital projected DOS for our systems. The
Fermi level has been shifted to E = 0 in all cases. From
our observation, it can be seen that the basic spectra for our
systems look similar to the EDOS of GeSe binary systems.15

TABLE II. Mean nearest-neighbor bond lengths (Å) in (GeSe3)0.9Ag0.1, (GeSe3)0.8Ag0.2, (GeSe3)0.9Cu0.1, and (GeSe3)0.77Cu0.03Ag0.2 glasses.

Ge-Se Se-Se Ge-Ag Se-Ag Ag-Ag Ge-Cu Se-Cu Ag-Cu Cu-Cu

(GeSe3)0.9Ag0.1 2.37 2.39 2.55 2.66 3.0
(GeSe3)0.8Ag0.2 2.37 2.40 2.60 2.66 2.88
(GeSe3)0.77Cu0.03Ag0.2 2.35 2.41 2.60 2.64 2.95 2.34 2.34 2.77
(GeSe3)0.9Cu0.1 2.37 2.40 – – – 2.35 2.34 – 2.54
Experiment14 2.37 2.37 – 2.67 3.05 –
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FIG. 2. (Color online) Partial radial distribution functions for
amorphous (GeSe3)0.9Ag0.1 (black line) and (GeSe3)0.8Ag0.2 [dashed
(red) line].

For Ag-doped GeSe3, the first two bands are dominated by
4s-like states of Se and Ge. The third band consists mainly
of p-like states of Se and d-like states of Ag and partly s-like
states of Ge. The fourth band, that is, the lowest conduction
band, contains p-like states of Se and partly s-like states of
Ge and d-like states of Ag. The spectrum with the Cu-doped
GeSe3 is also similar to the Ag-doped system, with the Cu
contribution mostly to the third band, with its 2d-like states at
about −2.5 eV. From our simulation we found that the # -point
optical gap closes as we proceed from Ag-rich to Cu-rich. The
narrowing of the gap with the addition of Cu is as predicted by
Simdyankin et al.16 and Aniya et al.,17 who showed that for
a low concentration of Cu the gap closes with the addition of
Cu to AsS and AsSe glasses.

To understand the spatial structure of electron states, we vi-
sualize the charge density associated with the eigenstates near
the Fermi level. We chose the highest state of the valence band
and the lowest state of the conduction band and present the
charge density associated with these states in Figs. 11 and 12,
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FIG. 3. (Color online) Partial radial distribution functions for
amorphous (GeSe3)0.9Ag0.1 (black line) and (GeSe3)0.9Cu0.1 [thin
(green) line].

0 5 10

Q(Å
-1

)

0

2

4

6

8

10

S(
Q

)

10%Ag vs 20%Ag

0 2 4 6 8 10

Q(Å
-1

)

0

2

4

6

8

10

S(
Q

)

10%Ag vs 10%Cu

Ge-Ge

Ge-Se

Ge-Ag

Se-Se

Se-Ag

Ag-Ag

Ge-Cu

Se-Cu

Cu-Cu

Ge-Ge

Ge-Se

Ge-Ag

Se-Se

Se-Ag

Ag-Ag

FIG. 4. (Color online) Partial structure factors of amorphous
(GeSe3)0.9Ag0.1 (black line), (GeSe3)0.8Ag0.2 [dashed (red) line] and
(GeSe3)0.9Cu0.1 [thin (green) line].

1 2 3 4 5 6 7

r (Å)

0

0.5

1

1.5

2

2.5
T

ot
al

 R
D

F

10% Ag
10% Cu
20% Ag
20%Ag+4Cu

FIG. 5. (Color online) Comparison of total radial distribution
functions for all liquid models at 1000 K.
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FIG. 6. (Color online) Comparison of partial radial distribution
functions for all liquid models at 1000 K.
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TABLE III. Coordination statistics for (GeSe3)0.9Ag0.1, (GeSe3)0.8Ag0.2, (GeSe3)0.9Cu0.1, and (GeSe3)0.77Cu0.03Ag0.2 glasses (%).

Ge Se Ag Cu

3-fold 4-fold 2-fold 3-fold 4-fold 2-fold 3-fold 4-fold 2-fold 3-fold 4-fold 5-fold 6-fold

(GeSe3)0.9Ag0.1 25.9 55.6 67.9 29.6 – 66.7 25.0 – – – – – –
(GeSe3)0.8Ag0.2 25.0 75.0 45.8 33.3 15.3 20.8 50.0 29.2 – – – – –
(GeSe3)0.77Cu0.03Ag0.2 8.7 73.9 39.1 39.1 11.6 12.5 66.7 20.8 25.0 25.0 50.0 – –
(GeSe3)0.9Cu0.1 18.5 70.5 63.0 27.2 3.7 – – – – – 41.7 50.0 8.3

respectively. Figure 12 illustrates a somewhat localized state
where the charge is primarily in a small cluster of atoms,
whereas Fig. 11 illustrates a less localized state or the linear
combination of nearly localized states where the charge is
distributed to a big cluster. It should be stated that these states
are not fully localized in an Anderson sense but are strongly
spatially nonuniform near the band edge.10 Furthermore, these
figures clearly illustrate the dominance of p-like Se states and
d-like Ag states on the valence tail and p-like Se states on the
conduction tail.

We also analyzed the contribution of each species to the
total EDOS near the gap region. Ge does not contribute to the
EDOS near the Fermi level in any of our models. But when we
look at the contribution of Se, we see substantial changes in our
models near the gap region. To understand this we projected
the Se EDOS as a function of its coordination number but we
did not observe any correlations. However, when we analyzed
the Se EDOS for Se bonded with Cu or Ag and Se not bonded
with Cu or Ag, we observed some differences as shown in
Fig. 13. Independent of the coordination number, Se bonded
with Ag opens the gap, whereas Se bonded with Cu closes the
gap. Cu also makes a contribution to the total EDOS in the gap
region, however, it is lower than that of Se in that region.

2. Electronic properties of liquid Ge-Se-Ag-Cu

To explore electronic properties of the liquid systems we
calculated the electronic density of states at 1000 K. We
observed qualitatively similar pictures of the EDOS for all
the models. To illustrate, we present the EDOS of liquid
(GeSe3)0.8Ag0.2 along with that of amorphous (GeSe3)0.8Ag0.2
in Fig. 14. Relative to the glass, we observed almost no
change in valence band, in contrast to the conduction band,
which has been shifted toward the valance band, filling the
gap completely. The presence of a few homopolar Ge-Ge
bonds, twofold Ge (25%), onefold Se (18%), and onefold Ag
(13%), compared to none of these observed in amorphous
(GeSe3)0.8Ag0.2, is also noted.

C. Ion dynamics

We studied the dynamics of Ag and Cu ions in the GeSe3
host by computing the mean square displacement for each
atomic constituent as

〈r2(t)〉a = 1
Na

Na∑

i=1

〈| $ri(t) − $ri(0)|2〉, (1)

where the quantity within the angle braces is the calculated
statistical average over the particular atomic species α. We
carried out constant-temperature MD calculations at three
different temperatures, 300, 700, and 1000 K, to study ion
dynamics in the amorphous as well as the liquid systems.

1. Amorphous Ge-Se-Cu-Ag

As expected, at 300 K none of the ions showed substantial
diffusion. To illustrate the diffusion we chose T = 700 K and
present the mean square displacement for each species for each
system calculated at this temperature in Fig. 15. At 700 K Ag
ions show significant diffusion, consistent with the previous
result,8 in contrast to Cu ions, which do not diffuse as much. To
elucidate the diffusion of these ions we examine the trajectories
for 20 ps. Figures 16 and 17 show two-dimensional projections
of the trajectories of the most and the least diffusive ions in
(GeSe3)0.9Ag0.1 and (GeSe3)0.9Cu0.1. The trajectories illustrate
the wide range of diffusion for the ions, with displacement
ranging from 1 to 3.87 Å in (GeSe3)0.9Ag0.1, 2 to 6.71 Å
in (GeSe3)0.8Ag0.2, and 1–3.74 Å in (GeSe3)0.9Cu0.1. For the
mixed-ion model (GeSe3)0.77Cu0.03Ag0.2, this displacement
ranges between 1.73 and 2.82 Å for Cu and between 1.41
and 8.06 Å for Ag. For Ag-rich models more than 60% of the
ions have displacements greater than the average displacement
[2.36 Å in (GeSe3)0.9Ag0.1 and 4.47 Å in (GeSe3)0.8Ag0.2],
whereas for Cu, the majority has displacement smaller than the
average (2.11 Å). The wide range of diffusion can be attributed
to variation in the local environment of the ions. To illustrate
this we calculated the local densities of the most and the least
mobile ions in the course of the simulation. We employed a

TABLE IV. Mean nearest-neighbor bond lengths (Å) in (GeSe3)0.9Ag0.1, (GeSe3)0.8Ag0.2, (GeSe3)0.9Cu0.1, and (GeSe3)0.77Cu0.03Ag0.2

liquids at 1000 K.

Ge-Ge Ge-Se Se-Se Ge-Ag Se-Ag Ag-Ag Ge-Cu Se-Cu Ag-Cu Cu-Cu

(GeSe3)0.9Ag0.1 2.6 2.50 2.47 3.0 2.60 2.9
(GeSe3)0.8Ag0.2 2.71 2.50 2.47 2.7 2.60 2.9
(GeSe3)0.77Cu0.03Ag0.2 2.71 2.50 2.47 2.7 2.60 2.9 2.46 2.31 2.80 2.67
(GeSe3)0.9Cu0.1 2.71 2.50 2.47 – – – 2.40 2.35 – 2.60
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FIG. 7. (Color online) Electronic density of states (EDOS) for
amorphous (GeSe3)0.9Ag0.1.

sphere of radius 5.0 Å around the ion and calculated the mean
density of atoms inside the sphere. We observed that the most
diffusive ion is located in the region with a lower local density.
In other words, the most mobile ions have a wider variation
of the local density compared to that of the least mobile ion.
Figure 18 shows one such comparison.

2. Liquid Ge-Se-Cu-Ag

One of the main properties of a liquid is the high diffusivity
of atoms in the system. To illustrate this, we calculated the
mean square displacements for each species at 1000 K in all of
our models. The diffusion plots as presented in Fig. 19 shows
that the mean square displacement of each species increases
rapidly compared to that at 700 K. We observe Ag diffusion
that is still significantly larger than the host particles, however;
Ge and Se atoms are also diffusing rapidly. As before, Cu still
does not show high diffusion as Ag does compared to the host
atoms.

Based on the plots we calculated diffusion coefficients
using the Einstein relation.18 A time scale of about 20 ps for
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FIG. 8. (Color online) Electronic density of states (EDOS) for
amorphous (GeSe3)0.8Ag0.2.

TABLE V. Self-diffusion coefficient D and conductivity σ

at 300, 700, and 1000 K for (GeSe3)0.9Ag0.1(10%Ag),
(GeSe3)0.8Ag0.2(20%Ag), (GeSe3)0.9Cu0.1(10%Cu), and
(GeSe3)0.77Cu0.03Ag0.2(0.77%Cu).

σ (S cm−1)

T (K) D (cm2/s) This work Expt.19

10% Ag 300 1.15 × 10−9 2.63 × 10−5 1.3 × 10−5

700 4.53 × 10−6 0.0444 0.0207
1000 1.23 × 10−5 0.0.0845 0.0898

20% Ag 300 1.16 × 10−8 5.3 × 10−4 7.5 × 10−5

700 1.20 × 10−5 0.235 0.0657
1000 2.53 × 10−5 0.347 0.2584

10% Cu 300 7.3 × 10−10 1.67 × 10−5

700 3.3 × 10−6 0.0323
1000 1.13 × 10−5 0.0775

0.77% Cu 300 DAg = 1.06 × 10−8 4.85 × 10−4

DCu = 7.16 × 10−9 1.63 × 10−5

700 DAg = 1.30 × 10−5 0.254
DCu = 1.16 × 10−6 0.0038

1000 DAg = 2.42 × 10−5 0.332
DCu = 5.24 × 10−6 0.012
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FIG. 9. (Color online) Electronic density of states (EDOS) for
amorphous (GeSe3)0.77Cu0.03Ag0.2.
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FIG. 11. (Color online) Charge isosurfaces of the highest state of
the valence band in amorphous (GeSe3)0.8Ag0.2. Blue, green, and red
spheres are, respectively, Ge, Se, and Ag atoms, and white clouds
around the atoms are the charge density.

our simulation was adequate to equilibrate the systems. The
Einstein relation for self-diffusion is given by

〈| $ri(t) − $ri(0)|2〉 = 6Dt + C, (2)

where C is a constant and D is the self-diffusion coefficient.
The conductivity can be calculated from the equation

σ = ne2D

kBT
, (3)

where n is the number density of ions. The temperature
dependence of the diffusion is shown in Fig. 20 and the
values of diffusion coefficients and conductivities at different
temperatures are listed in Table V. We did not find experi-
mental results for the conductivity of Cu ions; however, Ag
conductivity is consistent with those reported by Urena et al.19

D. Trap centers and hopping of ions

To illustrate the different ionic transport properties of Ag
and Cu, it is essential to study the local environment of Ag and
Cu in our models. Figure 21 shows the local environment
for Ag and Cu in (GeSe3)0.9Ag0.1 and (GeSe3)0.9Cu0.1,
respectively. In the relaxed networks, most of the Ag ions
(58.3%) are found to occupy trap centers between two of the
host sites as also predicted by the previous workers,8,9 but this
is not the case with Cu. Cu is always surrounded by more
than two host atoms, which makes the traps for Cu more rigid
than for Ag. In Ag-rich systems at 300 K, we observed that
Ag is basically trapped, with only a few hopping events. At
700 K the lifetime of the trap decreases and hopping occurs.
We observed the lifetime of the traps to vary from 1 to 3.5 ps.
However, at 1000 K we failed to observe the well-defined
hopping events because of the high diffusion of the host itself.

FIG. 12. (Color online) Charge isosurfaces of the lowest state of
the conduction band in amorphous (GeSe3)0.8Ag0.2. Blue, green, and
red spheres are, respectively, Ge, Se, and Ag atoms, and white clouds
around the atoms are the charge density.

In the Cu-rich system the story is completely different. Even
at 700 K we could observe only a few hopping events with a
much longer trap lifetime. It has also been shown by previous
workers that the nature of a trap or cage depends mainly on the
coordination number, nearest-neighbor distance, and angular
distribution of the nearest neighbors.20 The low coordination
number of Ag makes it easy to escape the trap, whereas for Cu
its high coordination number, smaller neighbor distance, and
uniform angular distribution like a tetrahedral network make
it very hard to escape from the trap.
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FIG. 13. (Color online) Comparison of Se projected electronic
density of states between Se bonded with Ag/Cu and Se not bonded
with Ag/Cu in amorphous (GeSe3)0.9Ag0.1 and (GeSe3)0.9Cu0.1.
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FIG. 14. (Color online) Electronic density of states (EDOS) for
liquid (GeSe3)0.8Ag0.2 [solid (green) line] and amorphous [dashed
(black) line] (GeSe3)0.8Ag0.2. Fermi level shifted to 0 eV.
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FIG. 15. (Color online) Mean square displacement of atoms in
amorphous (GeSe3)0.9Ag0.1, (GeSe3)0.8Ag0.2, (GeSe3)0.77Cu0.03Ag0.2,
and (GeSe3)0.9Cu0.1 (top to bottom, respectively) glasses at T =
700 K. Ag (black line), Ge (green line), Se (red line), and Cu (blue
line).

10 2

Displacement (Å)

-1

0

1

2

D
is

pl
ac

em
te

nt
 (

Å
)

most mobile Ag
least mobile Ag

FIG. 16. (Color online) Trajectories of the most and the least
diffusive Ag ions at 700 K as a function of time in amorphous
(GeSe3)0.9Ag0.1. Simulation time, 25 ps.
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FIG. 17. (Color online) Trajectories of the most and the least
diffusive Cu ions at 700 K as a function of time in amorphous
(GeSe3)0.9Cu0.1. Simulation time, 20 ps.
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FIG. 18. (Color online) Local density of the most and the least
diffusive Ag ions at 700 K as a function of time in amorphous
(GeSe3)0.8Ag0.2.
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FIG. 19. (Color online) Mean square displacement of atoms in
liquid (GeSe3)0.9Ag0.1, (GeSe3)0.8Ag0.2, (GeSe3)0.77Cu0.03Ag0.2, and
(GeSe3)0.9Cu0.1 (top to bottom, respectively) glasses at T = 1000 K.
Ag (black line), Ge (green line), Se (red line), and Cu (blue).
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FIG. 20. (Color online) Temperature dependence of conductivity
of ions for different models.

IV. CONCLUSION

We prepared different Ag- and Cu- doped GeSe3 glass and
liquid models by ab initio simulation using the “melt-quench”
method and analyzed their structural and electronic properties.
We also simulated dynamics of Ag and Cu ions using MD. We
were able to reproduce structural data as provided by x-ray
diffraction. From the EDOS we observed that an increase in

FIG. 21. (Color online) Local environments of Ag atoms (top)
and Cu atoms (bottom). Black, green, blue, and yellow atoms
represent, respectively, Ag, Se, Ge, and Cu.

Ag concentration widens the optical gap, whereas an increase
in Cu concentration narrows the gap. We were also able to see
the metallic behavior of the liquid systems with the gap closing
completely at 1000 K. We were able to show the diffusion of
the ions even on our time scale and predict the conductivity
close to the experimental data. We also studied the trap and
found that Cu traps are more rigid that those for Ag, makingit
very hard for Cu to diffuse.
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