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Abstract: For some glasses, there are fundamental units, “Building Blocks” (BBs), that exist
in both the liquid and glassy phases. In this paper, we introduce a systematic modeling technique
based on the concept of BBs and obtain ab-initio models of g-Ge2As4Se4 and g-AsGe0.8Se0.8. The
total radial distribution function of g-Ge2As4Se4 shows pleasing agreement with experimental data.
The partial pair correlation functions are predicted for both g-Ge2As4Se4 and g-AsGe0.8Se0.8. The
coordination statistics indicate that the ‘8-N’ rule is often violated in these two ternary chalcogenide
glasses. The electronic density of states with inverse participation ratio analysis is also reported.
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Owing to promising optoelectronic and electronic
features1–3, chalcogenide glasses have drawn extensive
attention during last decade. However, the lack of trans-
lational periodicity makes it hard to predict the micro-
scopic structure of these glasses. Experimental results
indicate that chemical order is broken and homopolar
bonds are observed in chalcogenide glasses4–6. To further
understand the topology and its role in determining op-
toelectronic and electronic properties, realistic atomistic
models of these glasses are required. One possible way to
obtain atomic models for glasses is the standard molec-
ular dynamic (MD) ‘melt and quench’ method. This
method seems to work when there are fundamental units
existing in both liquid and glass. For simple BBs (in-
volving only a few atoms), realistic models are obtained
after a long liquid equilibration and a slow quench proce-
dure. However, if the BBs are complex, such as the case
in ternary alloys, it sometimes happens that the ‘melt
and quench’ method fails to obtain the correct structure
due to the limitation of short simulation times. If a pri-

ori information (such as chemical order, correct coor-
dination number, etc.) is unknown for a target mate-
rial, the ‘melt and quench’ technique usually starts with
random initial configurations and the calculations may
be extremely time-consuming for large systems. Also,
very large cells may be required if the structural order
is complex. Our earlier studies indicated that the ‘melt
and quench’ method has difficulties in generating realis-
tic atomic models of Ge-As-Se glasses (more details are
discussed in Ref.7). Thus, in this case, it is of interest to
develop a new modeling technique.

Since BBs play important roles in the ‘melt and
quench’ method, we may first attempt to generate ener-
getically reasonable (energy is minimum) BBs and then

FIG. 1. (Color online) Flowchart for building block modeling
method. (a) Atoms in sub-units cell with random initial po-
sitions. (b) Building blocks (BBs) are obtained after several
‘melt and quench’ cycles with unchanged minimum energy.
(c) A large cell built, based on BBs. (d) Final models are
obtained after one melt, quench/anneal cycle.

build a large cell from those BBs. This idea is based on
two assumptions: (1) No dramatic changes in local or-
der occur between the large system and small system;
(2) BBs exist in these glasses and the correct chemi-
cal order can be obtained by a long ab-inito molecu-
lar dynamic simulation7,8. In this paper, we describe
a systematic modeling technique to obtain BBs and
then to achieve big models. By applying this method,
we construct ab-initio models of g-Ge2As4Se4 and g-
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FIG. 2. (Color online) Atomic models for (a) 200-atom g-
Ge2As4Se4 and (b) 208-atom g-AsGe0.8Se0.8. Black (dark)
atoms are Ge. Brown (grey) atoms are As. Green (light)
atoms are Se.

AsGe0.8Se0.8. We compare the radial distribution func-
tion of g-Ge2As4Se4 with experimental data and pre-
dict the partial pair correlation function for both g-
Ge2As4Se4 and g-AsGe0.8Se0.8. The electronic structures
are studied through the electronic density of states. We
found a 0.34 eV and a 0.38 eV electronic band gap for
g-Ge2As4Se4and g-AsGe0.8Se0.8 within the local density
approximation (LDA).

We start our discussion by describing the MD proce-
dures that are used to generate the atomic models. A
flowchart to illustrate this method is given in Fig.1. A
small number of atoms are randomly placed into a cu-
bic box, we name the sub-unit cell, with the correct
stoichiometry and experimental mass density. For g-
Ge2As4Se4, 25 atoms (5 Ge,10 Se and 10 As) are in each
sub-unit cell with mass density 4.687g/cm3 (lattice con-
stant is 8.75 Å). For g-AsGe0.8Se0.8, 26 atoms (8 Ge,10
As and 8 Se) are in each sub-unit cell with mass density
4.459g/cm3 (lattice constant is 9 Å). The sub-unit cells
are then melted at 5000K for 1ps, equilibrated at 2000K
for 15 ps, cooled over 1000K for 15 ps, annealed to 300K
for 15 ps and quenched to 0K. These steps are repeated
on the same sub-units for several cycles, until the min-
imum energy structures are unchanged. At this point,
energetically optimized BBs are obtained. Then large
unit cells are built from these BBs (200 atoms cells for
g-Ge2As4Se4 and 208 atoms cell for g-AsGe0.8Se0.8). We
fix the temperature in the large cells at 1500K (above the
melting point) for 7.5 ps, anneal to 300K and quench to
0K7. All the MD steps are done via the density functional
quantum molecular dynamic method FIREBALL96 with
local basis sets9. To further improve the chemical order
and eliminate artifacts of the minimal basis, we annealed
our models at 300K for 5 ps and quench to 0K with the
Vienna Ab-initio Simulation Package (VASP)10–a plane
wave density functional theory(DFT) code using the lo-
cal density approximation (LDA). The final models are
obtained after an energy relaxation. In all calculations,
only the Γ point is used to sample the Brillouin zone. The
electronic density of states (EDOS) is calculated with
VASP.

FIG. 3. (Color online) Radial distributions and partial pair
correlation functions of g-Ge2As4Se4. Experimental data is
from Ref.11.

TABLE I. Mean bond length in g-Ge2As4Se4 and comparison
with Ref.11.

Bond type Distance (Å) Ref.11. (Å)

Ge-Ge 2.47 2.51±0.19

Ge-As 2.53 2.44±0.14

Ge-Se 2.53 2.48±0.15

As-As 2.50 2.41±0.07

As-Se 2.44 2.41±0.06

The final models are shown in Fig.2. We emphasize
that there are no remaining correlations between the sub-
unit cells in our final models. For g-Ge2As4Se4, the radial
distribution functions (RDF) and partial pair correlation
functions (PPCF) are shown in Fig.3. The calculated
total RDF indicates a sharp first peak at 2.47Å, a first
minimum at 2.81Å and a broad second peak around 3.7Å.
All the peak positions agree with experimental data from
Ref.11, which implies that the building block techniques
manage to obtain not only the correct local structure or-
der but also a reasonable medium range order. The par-
tial pair correlation functions for g-Ge2As4Se4 are ploted
in Fig.3(b). Ge-Se, As-Se, Ge-As and As-As all have a
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strong first peak around 2.5Å which collectively produce
the first peak in the total RDF. Se-Se homopolar-bonds
are not observed in our models. We also noticed that
As atoms bond with both Ge and Se atoms, which does
not support the assumption that As-Ge bonds have low
formation probability12. We list the averaged bond dis-
tance in Table I and they are close to the value predicted
in Ref.11. Notice that Ref.11 predicted 2.41Å for As-
As bond which is 3% lower than the standard value (2.49
Å for amorphous As13 and 2.51 Å in rhombohedric As14),
our results are actually closer to the standard value. For
g-AsGe0.8Se0.8, the total RDF shows similar features to
g-Ge2As4Se4. With an increased concentration of Ge
atoms, As-Se partial exhibits a weak first peak and a
strong second peak; the number of Ge-Ge bonds are also
increased. Again, Se-Se bonds are not observed.

The structural statistics for coordination and chemi-
cal order are computed for both models, and we report
the result in Table II. One observation is that the ‘8-
N’ rule is not valid for our models. For g-Ge2As4Se4,
the majority of Ge, As and Se are four-fold, three-fold
and two-fold, respectively. However, there is a significant
fraction of three-fold Ge atoms and three-fold Se atoms
in the system. For g-AsGe0.8Se0.8, the majority of Ge
atoms are still four-fold and As atoms remain three-fold,
while most Se atoms are three-fold. This may be due to
a relatively large concentration of Ge atoms (compared
with g-Ge2As4Se4) and implies that g-AsGe0.8Se0.8 has
a more rigid three dimensional network. These under-
coordinated Ge atoms and over-coordinated Se atoms do
not introduce mid-gap states or highly localized tail sates,
so we do not interpret them as a defect. The average co-
ordination 〈r〉 of our model is 2.93 for g-Ge2As4Se4 and
3.08 for g-AsGe0.8Se0.8, which is different from the stan-
dard values proposed by Thorpe and Phillips (2.8 for g-
Ge2As4Se4 and 3.0 for g-AsGe0.8Se0.8) based on ‘8-N’
constraints1516 (where the averaged coordination 〈r〉 is
calculated as 〈r〉=4XGe+3XAs+2XSe. XGe, XAs and
XSe are the concentration of Ge, As and Se atoms).
When 〈r〉 is bigger than 2.8, it is believed that Ge-As-Se
alloys form a three-dimensional rigid network due to the
vulcanization or cross-linking. The difference here may
imply that the constraint counting of Ge-As-Se alloys in
this cross-linked 3-D region should be carefully reconsid-
ered. Violations of the 8-N rule are well known in other
chalcogenide systems18.

Without any a priori information, the building-
block method provided us reasonable models of g-
Ge2As4Se4 and g-AsGe0.8Se0.8. We should be clear that
the building block technique is not new in modeling dis-
ordered materials. Amorphous Si3N4 models were made
by Ouyang and co-authors through assembling a small
number of fundamental building blocks19. However, the
building blocks in our method were built purely from first
principle calculation and the recipe is, in principle, per-
fectly general. Moreover, the final ‘melt and quench’ cy-
cle for the large cell managed to maintain correct short
range order, destroy the correlation of BBs and obtain

TABLE II. Coordination numbers and bond type analysis of
computer generated g-Ge2As4Se4 and g-AsGe0.8Se0.8.

Alloys Element Coordination Bond type

5 4 3 2 Mean Ge% As% Se%

g-Ge2As4Se4 Ge 4 20 16 0 3.7 3 30 67

As 0 6 74 0 3.1 18 45 37

Se 0 1 30 49 2.4 52 48 0

g-AsGe0.8Se0.8 Ge 1 37 26 0 3.6 14 34 52

As 0 8 70 2 3.1 32 49 19

Se 0 0 39 25 2.6 72 28 0

FIG. 4. (Color online) Electronic density of states (EDOS)
and inverse participation ratio (IPR) for g-Ge2As4Se4 model.
The Fermi level is at 0 eV.

credible medium range order at the same time. Consid-
ering the efficiency, since the large cells are constructed
based on reasonable BBs, our simulation has a shorter
computation time compared to the traditional method
searching for optimum structures from random initials.

The electronic structure was analyzed through elec-
tronic density of states (EDOS) and inverse participa-
tion ratio (IPR). The IPR measures the localization for
each eigenstate. For ideally localized states, IPR=1; for
extended states, IPR=N

−1, where N is the number of
atoms. (Details are discussed in Ref.17. All calcula-
tions are done via VASP.) The EDOS of g-Ge2As4Se4 in
Fig.4 indicates a 0.34 eV band gap and a mid-gap state.
High IPR states are observed in the region from -15.5
eV to -6.5 eV and around the valence and conduction
band edge. We then studied the localization by pro-
jecting the density of states onto different species. We
could see from Fig.5, that Se atoms contribute to the
region from -15.5eV to -13 eV, As atoms contribute to
the region from -12.9 eV to -8.6 eV and Ge atoms con-
tribute to the region from -8.6 eV to -7.2 eV. The eigen-
states in the region from -5 eV to -1 eV are quite ex-
tended. The valence band tail states and conduction
band tail states are tend to be localized on As and Ge
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FIG. 5. (Color online) Projected IPR for g-Ge2As4Se4 ac-
cording to different species. The mid-gap state is marked by
black arrow. The Fermi level is at 0 eV.

atoms. A further investigation shows that the gap states
are mainly localized on over-coordinated (five-fold) Ge
atoms and its neighbors. The valence tail state with
highest IPR, is localized on a distorted site where three
atoms (1 Ge, 1 As and 1 Se) form a triangle. We be-
lieve that the over-coordinated Ge site and the distorted
triangle site would be eliminated through an extended
annealing. The DOS of g-AsGe0.8Se0.8 exhibits a sim-
ilar shape to g-AsGe0.8Se0.8 but with a 0.38 eV band
gap and no mid-gap states. As atoms highly contribute
to the valence and conduction band tail states. We
should point out here that under-coordinated (3-fold) Ge
atoms and over-coordinated (3-fold) Se atoms do not in-
troduce localized states or mid-gap states, especially in
g-AsGe0.8Se0.8 where most Se are 3-fold, which implies
that they are not defects in the network. It is well known
that the LDA method always under-estimates the mag-
nitude of the band gap, so other techniques could be
applied to get a better predication for the band gap18.

To sum up, we introduced a BB modeling tech-
nique and applied it to obtain atomic models of g-
Ge2As4Se4 and g-AsGe0.8Se0.8. Both models pre-
dict reasonable RDFs and PPCFs, and the RDF of g-
Ge2As4Se4 shows reasonable agreement with experimen-
tal data. A significant fraction of over-coordinated Ge
and under-coordinated Se are found in the system with-
out introducing defect states in electronic structure, and
we believe that these under-coordinated (3-fold) Ge and
over-coordinated Se (3-fold) are not defects. This result
may imply that the ‘8-N’ rule is violated and the coordi-
nation constraint counting should be reconsidered in the
rigid network region of Ge-As-Se alloys. We found a 0.34
eV band gap with a mid-gap state for g-Ge2As4Se4 and
0.38 eV band gap for g-AsGe0.8Se0.8, which could be well
under-estimate by LDA method.

This work was supported by the US NSF grant DMR
09-03225.
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