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By using first-principle molecular dynamics within density functional theory, we study the structural prop-
erties of amorphous GeSe2 at a temperature T of 300 K. For each property, a statistical average is obtained
from six independent partial averages taken on temporal trajectories, each one lasting 12 ps. Each trajectory
stems from an initial configuration of the liquid phase at T=1100 K and is generated by extensive annealing at
T=300 K. Overall, our level of theory provides a picture of this prototypical disordered network-forming glass
that is quantitatively consistent with neutron diffraction data. Very satisfactory agreement with experiments is
obtained for the pair correlation functions gGeSe�r� and gSeSe�r� in terms of peak intensities and positions. This
holds true also for the amount of Se-Se homopolar bonds and the Ge-Se and Se-Se coordination numbers.
Conversely, the gGeGe�r� pair correlation function is much less structured around the main peak position and the
concentration of Ge-Ge homopolar bonds is lower than in the experiment. The network organizes itself through
the predominant presence of GeSe4 tetrahedra. However, other coordinations occur in non-negligible propor-
tions for both Ge and Se. Total and partial structure factors reproduce very well the experimental patterns for
wave numbers k larger than 2 Å−1. For smaller k values, the largest difference between theory and experiment
is exhibited by the SGeGe�k� structure factor, showing a FSDP of lower intensity in the simulation. In agreement
with experimental results, a sizeable feature is found at the FSDP location in the Bhatia–Thornton
concentration-concentration structure factor SCC�k�.

DOI: 10.1103/PhysRevB.77.144207 PACS number�s�: 61.25.Em, 61.20.Ja, 71.15.Pd

I. INTRODUCTION

One of the most debated issues in glass science is the
origin and the extent of chemical disorder in disordered
networks.1 In the case of AX2 systems, a departure from
chemical order arises from the presence of homopolar bonds
and coordinations deviating from that of the main constitu-
tive unit, the AX4 tetrahedron.2 In terms of the views pro-
posed to describe the structure of glasses, a network charac-
terized by broken chemical order �BCO� contrasts the
chemically ordered continuous random network �CORN�, in
which the number of heterogeneous bonds is maximized.3

Networks exhibiting either one of these two behaviors can be
found within the AX2 �i.e., A1−nXn, n=1 /3� family of glasses
�A=Si,Ge; X=O,S,Se�. A well known example of CORN is
amorphous SiO2, which is constituted of undefective corner-
sharing tetrahedra.4–6 The occurrence of a departure from
chemical order in GeSe2 has been long-time controversial
until the BCO nature of GeSe2 �a-GeSe2� was unraveled by
measurements that gave clearcut evidence of the presence of
homopolar bonds.7–10 Signatures of the BCO nature of GeSe2
were first found via Raman, Mössbauer, and scanning calo-
rimetry experiments performed on a variety of concentra-
tions close to n=1 /3 in Ge1−nSen systems.7,8 Later, percent-
ages of Ge and Se homopolar bonds were obtained through
the full set of partial structure factors and pair distribution
functions, which are measured by using the method of isoto-
pic substitution in neutron diffraction.9,10 These sets of data
superseded early indications pointing to the CORN nature of
a-GeSe2.11–13

In a-GeSe2, the occurrence of broken chemical order does
not prevent the establishment of intermediate range order.

This degree of structural organization involves distances
much longer than nearest-neighbor bonds and manifests it-
self through the appearance of the first sharp diffraction peak
�FSDP� in the total neutron structure factor.14 The coexist-
ence between a departure from chemical order at short range
and the persistence of intermediate range order is an elusive
feature in a-GeSe2, which calls for a precise understanding
of its structure at the atomic scale. In this context, several
molecular dynamics models of a-GeSe2 have been devised.
The effective two- and three-body potentials constructed by
Vashishta and co-workers15 provided a first, satisfactory in-
terpretation of the total neutron diffraction data but were un-
able to predict miscoordinations and homopolar bonds. The
use of an approximate density functional �DFT� framework,
which was based on a non-self-consistent electronic structure
scheme, the local density approximation of DFT, and a mini-
mal basis set, yielded an improved description of these
aspects.16–19 Some of these calculations were carried out in
conjunction with a set of optimization techniques, in which
experimental information and constraints on the coordina-
tions of specific subunits were introduced.20–22 Very recently,
interatomic potentials derived from first-principles calcula-
tions have also been proposed.23 However, homopolar Ge-Ge
bonds were absent within this description.

In this paper, we study the structural properties of
a-GeSe2 via first-principles molecular dynamics in the
framework of density functional theory. We focus on the pair
correlation functions g���r�, the partial structure factors
S���k�, the bond angle distribution, and a neighbor analysis
based on a ring statistics. We take statistical averages over
trajectories produced by quenching atomic configurations of
the liquid and allowing for significant structural relaxation,
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so as to minimize the memory of the starting configurations.
We perform a detailed comparison between our theory and
the neutron diffraction data that are obtained by Salmon and
co-workers,9,10 highlighting the good agreement and identi-
fying the remaining differences. An account of the structural
and vibrational properties of a-GeSe2 based on a single
model configuration at T=0 K is given elsewhere.24

This paper is organized as follows. In Sec. II, we describe
how we generated our model structures of a-GeSe2. Our re-
sults are collected in two sections, which are devoted to real
space properties �Sec. III� and reciprocal space properties
�Sec. IV�. Conclusive remarks can be found in Sec. V.

II. THEORETICAL MODEL

We simulated a system of 40 Ge and 80 Se at constant
volume. A periodically repeated cubic cell of size 15.16 Å
was adopted, corresponding to an experimental density of
0.034 Å−3 at T=300 K.25 This system size is sufficiently
large to cover the region of wave vectors in which the FSDP
appears. The smallest wave vector compatible with our su-
percell is kmin=0.4 Å−1, significantly smaller than the FSDP
wave vector kFSDP= �1 Å−1 �Ref. 9�. The region of wave
vectors, in which the FSDP appears is described by as much
as seven discrete wave vectors compatible with the periodic-
ity of our supercell. A more detailed rationale of our choice
of system size has been developed in previous papers.26–29 In
particular, we refer to the analyses developed in Ref. 28 on
the range of real space correlations that are responsible for
the appearance of the FSDP. The electronic structure was
described within density functional theory and evolved self-
consistently during the motion.30,31 Valence electrons were
treated explicitly, in conjunction with normconserving
pseudopotentials to account for core-valence interactions. We
resorted to the Perdew–Wang generalized gradient approxi-
mation detailed in Ref. 32, with normconserving pseudopo-
tentials generated as in Ref. 33. The wave functions are ex-
panded at the � point of the supercell. The energy cutoff is
taken equal to Ec=20 Ry. We refer to previous studies on
liquid GeSe2 for the account of test calculations validating
our simulation scheme.28,34

To construct our amorphous structure and achieve optimal
statistical sampling, we selected six �Nst=6� configurations
separated by 3 ps along a trajectory of 20 ps that was gener-
ated previously for the liquid.28 The corresponding coordi-
nates were rescaled to match the density of the glass and the
six subtrajectories were followed in time. For each one of
them, the system was cooled from 1100 to 600 K in 22 ps
�10 ps at 1100 K, 7 ps at 900 K, and 5 ps at 600 K� and
further annealed for 22 ps at T=300 K. First-principles mo-
lecular dynamics were performed by using Nosé–Hoover
thermostats at the given target temperature.35,36 The interval
of 22 ps in between 1100 and 600 K allowed for significant
atomic diffusion after the density change. The second inter-
val of the same length �22 ps at T=300 K� had the purpose
to fully relax the amorphous structure. This is exemplified by
comparing the pair correlation functions g��

th �r� averaged
over the first 5 ps �g��

th-a�r�� and over the last 12 ps �g��
th-b�r��

of this interval for a single subtrajectory at T=300 K. In Fig.

1, both g��
th-a�r� and g��

th-b�r� are compared to the pair correla-
tion functions g��

th-liq�r� of the liquid.28 Clearly, the g��
th-a�r�

differ from the corresponding g��
th-liq�r� only in the intensities

of the peaks and in the depths of the minima. In particular,
gGeGe

th-a �r� and gGeGe
th-liq �r� have similar profiles for the whole

range of distances. Marked differences appear between
gGeGe

th-b �r� and gGeGe
th-liq �r� for r�4 Å, with new features that be-

come distinguishable in the 2�r�3.5 Å range. For gGeSe
th-b �r�

and gSeSe
th-b �r�, the relaxation led to less significant modifica-

tions of the heights of the peaks and the depths of the
minima. It is interesting to note that pair correlation func-
tions very close to g��

th-a�r� were obtained through a different
quenching schedule. One of the six initial configurations of
the liquid state was cooled from 1100 to 300 K, while the
density was varied linearly with temperature between those
of the liquid and the glass. The thermostat temperature was
reduced by 200 K every 8 ps, and a trajectory of 4 ps at T
=300 K was used to collect the average results. At each
variation of the temperature, the atomic coordinates were
rescaled to match the appropriate density.

The average results that are presented in this work have
been obtained as follows. We first took statistical averages
over the last 12 ps for each single subtrajectory at T
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FIG. 1. Pair correlation functions of amorphous GeSe2 �dashed
line� at T=300 K. On the left: average values gGeGe

th-a �r�, gGeSe
th-a �r�,

and gSeSe
th-a �r� obtained for the first 5 ps of annealing at T=300 K

compared with the results for the equilibrated liquid �full line, Ref.
28�. On the right: average values gGeGe

th-b �r�, gGeSe
th-b �r� and gSeSe

th-b �r�
obtained for the last 12 ps of annealing at T=300 K compared to
the results for the equilibrated liquid �full line, Ref. 28�. In both
cases, the averages are taken on a single temporal trajectory.
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=300 K. Then, from this set of Nst partial averages, we ex-
tracted global averages �mean values�. For each subtrajec-
tory, typical standard deviations correspond to only 0.5% of
the partial average. This is due to the limited thermal fluc-
tuations of the instantaneous quantities at T=300 K. In order
to reflect the variations found among the whole population of
six partial averages, we expressed the statistical errors of the
mean values �mean as � /�Nst−1, where � is half the largest
difference among the Nst partial averages.

III. REAL SPACE PROPERTIES

A. Pair correlation functions

In Fig. 2, we display calculated and experimental partial
pair correlation functions �PCFs� g��

th �r�. Peak positions and
coordination numbers n�� are reported in Table I, where they
are compared to experimental data of Ref. 10. In the case of
gSeSe�r�, our calculations reproduce well the shape of the
experimental pair correlation function. The presence of ho-
mopolar Se-Se bonds is reflected by the first peak, which is
located at a value of r 2% larger than in gSeSe

exp �r�. In our
calculation this peak has a higher intensity, leading to the
overestimation of nSeSe �0.27�0.03 against 0.2�. Statistical
errors in the range of distances around the first peak are as

large as 10% due to the occurrence of different distributions
of Sen chains in the subtrajectories. On the average, homopo-
lar connections lead to eight Se dimers plus one Se trimer.
We found no sign of a second, small peak for r�3 Å, as
reported in Ref. 10. The positions of the main peak �termed
third peak in Table I� in gSeSe

th �r� and gSeSe
exp �r� differ by only

2%, but the intensity in gSeSe
th �r� is lower by 17%. For r

�5 Å, gSeSe
exp �r� is more structured than gSeSe

th �r�, with a mini-
mum of larger and deeper width in the interval 5�r�6 Å.

The pair correlation functions gGeSe
exp �r� and gGeSe

th �r� are
very close in terms of the position, the intensity, and the
width of the main peak �Fig. 2�. The only notable difference
is a sharper decay to zero of gGeSe

exp �r� for r�2.5 Å. This
results in a higher theoretical nGeSe �3.86 against 3.71, Ref.
10�, which is both consistent with a departure from chemical
order �nGeSe=4�.

The comparison between gGeGe
th �r� and gGeGe

exp �r� reveals in
both PCFs three distinct features in the region 2�r�4 Å.
The first and third features show up as distinct peaks, while
the second feature is discernible as a shoulder. These features
can be associated to homopolar Ge-Ge bonds, Ge atoms in-
volved in edge-sharing connections, and Ge atoms involved
in corner-sharing connections, respectively. The error bars
amount to as much as 50% in the interval 2.3�r�2.7 Å,

TABLE I. First �FP�, second �SP�, and third �TP� peak positions
in the experimental �Ref. 10� and theoretical g���r�. n��, n��� and
n��� are the corresponding coordination numbers. IR corresponds to
the integration range for each coordination number. In our calcula-
tions the IRs are taken as the intervals between the two minima
preceding and following a maximum, respectively. Note that we
had no signature of a second peak in gSeSe

th �r�. For clarity, peak
position, integration range, and coordination number relative to the
second peak in gSeSe

th �r� have been compared to the corresponding
values relative to the third peak in the experimental gSeSe

exp �r�.

g���r�
FP
�Å� n��

IR�FP�
�Å�

gGeGe
exp �r� 2.42 0.25 0–2.73

gGeGe
th �r� 2.50�0.03 0.07�0.04 0–2.75

gGeSe
exp �r� 2.36 3.71 2.09–2.61

gGeSe
th �r� 2.37�0.01 3.86�0.08 2.07–3.09

gSeSe
exp �r� 2.32 0.20 0–2.55

gSeSe
th �r� 2.37�0.01 0.27�0.03 0–2.73

SP
�Å�

n��� IR�SP�
�Å�

gGeGe
exp �r� 3.02 0.34 2.73–3.19

gGeGe
th �r� 3.14�0.04 0.30�0.06 2.75–3.27

gSeSe
exp �r� 2.74 0.06 2.55–3.09

TP
�Å�

n��� IR�TP�
�Å�

gGeGe
exp �r� 3.57 3.2 3.19–4.23

gGeGe
th �r� 3.72�0.01 3.31�0.05 3.27–4.43

gSeSe
exp �r� 3.89 9.3 3.09–4.39

gSeSe
th �r� 3.84�0.02 10.50�0.10 2.73–4.50
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FIG. 2. Pair correlation functions of amorphous GeSe2: present
simulation �thick line� compared to the experimental data of Ref. 9
�thin line�. In the case of gGeGe�r� and gSeSe�r�, the interval of dis-
tances between 1.9 and 4.2 Å has been magnified in the inset and
the associated error bars are shown.
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which includes the first peak of gGeGe
th �r�. A less structured

shape of gGeGe
th �r� when compared to gGeGe

exp �r�, together with
longer interatomic Ge-Ge distances, were also found in pre-
vious simulations of liquid GeSe2 and liquid GeSe.28,37

These shortcomings are a consequence of current limitations
in our description of Ge-Ge correlations within the Perdew–
Wang generalized gradient approximation of DFT. It has
been previously suggested that residual differences between
theory and experiments could be attributed to an insufficient
account of the ionic character of these systems.28,37 This
would be consistent with our findings of excessively large
Ge-Ge bond lengths, characteristic of metallic liquid Ge. The
calculated nGeGe �0.07�0.04� is much smaller than the ex-
perimental value of 0.25.9,10 Large error bars on nGeGe are
due to the absence of any Ge-Ge homopolar bond in two of
the six subtrajectories, at variance with the presence of one,
two, and four Ge-Ge homopolar bonds in the other four sub-
trajectories. Reducing the dispersion at nearest-neighbor dis-
tances in gGeGe

th �r�, and to a lesser extent in gSeSe
th �r�, would

require further extending the statistical sampling.

B. Coordination numbers

Information on the short range structure of a-GeSe2 is
given in Table II. We defined n��l� the average number of
atoms of species �l-fold coordinated within a cutoff radius of
2.7 Å, where � are Ge or Se atoms. The cutoff radius was
chosen to include in the coordination shell of Ge only Ge-Ge
contacts, forming true homopolar bonds. This amounts to

exclude pairs of Ge atoms facing each other within fourfold
rings in edge-sharing connections �see gGeGe

th �r� in Fig. 2�,
typically at distances close to 3 Å. The number of fourfold
coordinated Ge atoms and of twofold coordinated Se atoms
is higher than in the liquid ��75�6�% vs 61% and �93�6�%
vs 70%, respectively�, indicating that the chemical order is
partially restored upon cooling. In addition to the largely
predominant tetrahedral arrangement, the Ge atoms also
show first-neighbor shells composed of GeSe, GeSe2, and
GeSe3. All of the homopolar Ge connections involve pairing
of two Ge-Se3 units to form a Se3-Ge-Ge-Se3 ethanelike
group. There are NGe-Ge= �5�2�% of Ge atoms involved in
homopolar bonds. In the case of Se, �21�1�% of Se atoms
are twofold coordinated with one Se and one Ge atom in the
first-neighbor shell. These correspond to Se2 dimers, while
the signature of Se3 trimers is given by the �3�1�% of Se
atoms twofold connected to a pair of Se atoms. There are
NSe-Se= �24�2�% of Se atoms involved in homopolar bonds.

C. Bond angle distributions

In Fig. 3, we show the distribution of the Se-Ge-Se
��SeGeSe� and Ge-Se-Ge ��GeSeGe� bond angles. These distri-
butions have been calculated by including neighbors sepa-
rated by less than 3 Å. The Ge-Se-Ge bond distribution is
characterized by two main peaks at 83° and 102°. These
results agree well with the experimental estimates of 80° and
98° provided by Salmon.38 The first peak arises from edge-

TABLE II. Average number n��l� �expressed as a percentage� of
Ge and Se atoms l-fold coordinated at a distance of 2.7 Å. For each
value of n��l�, we give the identity and the number of the Ge and Se
neighbors. For instance, GeSe3 with l=4 means a fourfold coordi-
nated Ge with one Ge and three Se nearest-neighbors. We also
compare calculated and experimental values �in percentage� for the
number of Ge atoms forming edge-sharing connections, NGe�ES�,
the number of Ge atoms forming corner-sharing connections,
NGe�CS�, the number of Ge atoms involved in homopolar bonds,
NGe-Ge, and the number of Se atoms involved in homopolar bonds,
NSe-Se. Experimental values are taken from Ref. 10.
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FIG. 3. Bond-angle distributions of amorphous GeSe2: �a� Ge-
Se-Ge and �b� Se-Ge-Se. In the inset of panel �a�, the decomposi-
tion of the Ge-Se-Ge distribution distinguishes the cases in which
the two Ge atoms of the Ge-Se-Ge triad are involved in an edge-
sharing connection �dashed� or not �solid�. In the inset of panel �b�,
the decomposition of the Se-Ge-Se distribution distinguishes the
cases in which the Ge atom of the Se-Ge-Se triads is involved in an
edge-sharing configuration �dashed� or not �solid�.
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sharing tetrahedra, i.e., Ge-centered subunits, which have in
common two Se atoms. These subunits give rise to fourfold
rings. The main peak then results from corner-sharing tetra-
hedra, which share only a single Se atom. This interpretation
is confirmed by the decomposition of the Ge-Se-Ge bond
angle distribution in the inset of Fig. 3�a�, in which the con-
tribution of Ge-Se-Ge triads resulting from edge-sharing
connections is distinguished.

The maximum of �SeGeSe lies at 109° due to the predomi-
nant tetrahedral nature of the network. However, the Se-
Ge-Se bond angle distribution is not symmetric showing a
broadening in the interval of 80°–100°. To analyze the ori-
gins of this feature, we decomposed �SeGeSe distinguishing
the contribution of Ge atoms either involved or not involved
in edge-sharing connections �see inset in Fig. 3�b��. The dis-
tribution associated to Ge atoms not involved in edge-
sharing connections has a symmetric bell shape around the
maximum at 109°, as expected for a bond angle within a
corner-sharing tetrahedron. The distribution resulting from
Ge atoms in edge-sharing connections shows a more com-
plex structure, including a shoulder and two peaks. The
shoulder in the interval between 80° and 90° is attributed to
Se-Ge-Se angles involving Se atoms on two different and yet

connected fourfold rings, having in common a Ge atom
�angle � in Fig. 4�. The first peak at 98°, on the left, is
associated with Se-Ge-Se triads, entirely belonging to a four-
fold ring �angle � in Fig. 4�. Finally, the second peak, on the
right, located at 110°, reflects Se-Ge-Se triads in which at
least one of the Se atoms does not belong to a fourfold ring,
being involved in a corner-sharing connection �angle 	 in
Fig. 4�.

D. Ring statistics

Our distribution of rings is given in Table III. We used the
counting algorithm based on the shortest-path criterion first
proposed by King and then improved by Franzblau.39–41 Cut-
off radii were taken equal to 2.7 Å for Ge-Ge interactions
and to 3.0 Å for Ge-Se and Se-Se interactions. Even-
membered rings are more numerous than odd-membered
ones, in particular, for ring sizes up to 12 atoms, none of the
odd-membered ring sizes occurs more frequently than any of
the even-membered ones. Due to the larger number of Se-Se
homopolar bonds, a preference for Se-rich rings is observed
in odd-membered rings. Fourfold and sixfold rings are
largely predominant and mostly characterized by an equal
number of Ge and Se atoms, with a very few Se-rich con-
figurations.

Our statistics also provide the number of Ge atoms that
belong to zero, one, and two fourfold rings. These Ge atoms
are termed Ge�0�, Ge�1�, and Ge�2� �see Fig. 4�. We derived
that �55�2�% of the Ge atoms do not belong to fourfold
rings, �40�3�% belong to a single fourfold ring, and
�5�1�% belong to two fourfold rings. By summing up
Ge�1� and Ge�2�, one obtains the number of Ge atoms in
edge-sharing configurations, NGe

th�a��ES�= �45�4�%. This
value could be compared to the experimental estimate of
NGe

exp�ES�=34% derived in Ref. 10 through the integration of
gGeGe

exp �r� around the second peak at 3.02 Å �see Table I�.
However, it should be noted that application of the latter
procedure to our model yields NGe

th�b��ES�= �30�6�%, corre-
sponding to an integration between the two minima at rmin1
=2.75 Å and rmin2=3.27 Å. The comparison between
NGe

th�a��ES� and NGe
th�b��ES� indicates that the integration proce-

dure underestimates the number of edge-sharing configura-
tions. Indeed, it misses all edge-sharing connections, in
which the Ge atoms are separated by more than rmin2.

TABLE III. Distribution of rings in amorphous GeSe2. NR is the total number of rings of a given size. NR
�n Ge� is the number of rings having n Ge atoms �n=1, . . ,6 Ge�. Statistical errors do not exceed 10% for
rings of size smaller than 5 and attain 20% for larger sizes.

Ring size 3 4 5 6 7 8 9 10 11 12

NR 0.7 10.3 2.4 9.9 2.0 4.2 1.5 2.8 1.7 4.3

NR�1 Ge� 0.7 0.1

NR�2 Ge� 10.2 2.1 0.4

NR�3 Ge� 0.3 9.5 2.0 0.2

NR�4 Ge� 4.0 1.3 0.2 0.2

NR�5 Ge� 0.2 2.6 1.4 0.3

NR�6 Ge� 0.1 4.0

FIG. 4. �Color online� Three-dimensional view of structural sub-
units of amorphous GeSe2 high-lighting different Se-Ge-Se triads
and their corresponding �SeGeSe angles: �, �, and 	. Ge atoms are
dark �black� and Se atoms are light �green�. Bonds are drawn when
two atoms are separated by less than 3 Å, the first minimum in the
Ge-Se radial pair distribution function. Ge�0�, Ge�1�, and Ge�2� are
Ge atoms involved in 0, 1, and 2 fourfold rings, respectively.
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In Table II, the calculated concentrations of Ge atoms in
edge-sharing �NGe�ES�� and corner-sharing �NGe�CS�� con-
figurations are compared to experimental estimates.10 The
percentage number of Ge and Se atoms involved in homopo-
lar bonds are also given. To obtain NGe�CS�, we adopted the
proposal of Ref. 10, i.e., NGe�CS�=1−NGe

th�a��ES�−NGe-Ge,
which holds in the absence of extended chains.10 The calcu-
lated concentrations of Ge atoms in corner-sharing and edge-
sharing configurations are slightly larger than those derived
from neutron diffraction data ��50�6�% vs 41%� and
��45�4�% vs 34%�.

E. Comparison to previous DFT-based approaches

In Table IV our results for the coordination numbers are
compared to those obtained by the group of Drabold.16,21

Two sets of results are considered. The first set corresponds
to a molecular dynamics �MD� approach based on a non-self-
consistent electronic structure scheme, in which the local
density approximation of DFT was used in combination with
a minimal basis set. The structural model was cooled down
to a temperature of 300 K over a period of 4 ps and finally
quenched to T=0 K.16 The final structure consisted of 144 Se
atoms and 72 Ge atoms in a periodically repeated cubic cell.
The second set corresponds to the combination of the former
molecular dynamics scheme with a reverse Monte Carlo
method.21 In Ref. 21, this approach was termed experimen-

tally constrained molecular relaxation �ECMR� and was in-
tended to provide a generation procedure that improved upon
quench simulations from melt. Herafter, we shall refer to
these two schemes as MD and ECMR, respectively.

The most notable feature of the MD approach is the large
deviation from chemical order, expressed by 61% of the Ge
atoms and 70% of the Se atoms being fourfold and twofold
coordinated, respectively. Applied to the liquid the same
scheme gave very close values �58% for Ge and 62% for Se,
see Ref. 17�, suggesting that the glassy structure underwent
only a limited relaxation. The ECMR approach restored
some chemical order as evidence by the Ge coordination, but
the amount of Se atoms miscoordinated remained as high as
28%. ECMR also improved upon MD the number of Ge
atoms in edge-sharing and corner-sharing configurations,
leading to good agreement with experiment �NGe

ECMR�ES�
=38% vs NGe

expt�ES�=34%, NGe
ECMR�CS�=45% vs NGe

expt�ES�
=41%�. This occurs at the expense of the number of Ge
atoms involved in homopolar bonds �NGe-Ge=25% in MD,
NGe-Ge=17% in ECMR, to be compared to the experimental
estimate of 25% �Ref. 10��. It would be interesting to ascer-
tain whether these values would change for longer relaxation
runs, comparable to those in the present work �cf. Sec. II�.

IV. RECIPROCAL SPACE PROPERTIES

A. Total neutron structure factor and Faber–Ziman partial
structure factors

In Fig. 5, the calculated total neutron structure factor
ST�k� is compared to its experimental counterpart.42 Two be-
haviors are clearly distinguishable. For k
2 Å−1, peak posi-
tions and intensities are well reproduced within statistical
errors. On the other hand, for k�2 Å−1, the FSDP height is
underestimated and the shape of ST�k� differs from the ex-
perimental pattern, with the absence of a clear minimum be-
tween the first two peaks. The origin of this disagreement

TABLE IV. Average number �expressed as a percentage� of Ge
and Se atoms involved in threefold and fourfold coordinations �for
Ge� and onefold, twofold, and threefold coordinations �for Se�. We
compare the values obtained in the present work with those ob-
tained through a MD scheme based on a non-self-consistent DFT
electronic structure scheme �Ref. 16� and through an ECMR
method �Ref. 21�. The symbol A=Ge,Se indicates that the identity
of the atoms bonded to Ge or Se is not specified. We also compare
�in percentages� the number of Ge atoms forming edge-sharing con-
nections, NGe�ES�, the number of Ge atoms forming corner-sharing
connections, NGe�CS�, the number of Ge atoms involved in ho-
mopolar bonds, NGe-Ge, and the number of Se atoms involved in
homopolar bonds, NSe-Se. Experimental values are taken from
Ref. 10.

This work MD ECMR Expt.

Ge

GeA3 �A=Ge,Se� 8�1 15 19

Ge-GeSe3 5�2 25 6

GeSe4 70�4 61 75

Se

SeA2 �A=Ge,Se� 92�3 70 72

SeA3 �A=Ge,Se� 4�1 20 18

SeA �A=Ge,Se� 4�1 10 10

NGe�ES� 45�4 47 38 34

NGe�CS� 50�6 28 45 41

NGe-Ge 5�2 25 17 25

NSe-Se 24�2 25 30 20
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FIG. 5. Total neutron structure factor of amorphous GeSe2:
present simulation �circles with error bars� compared to experimen-
tal data �solid line, Ref. 42�. We used scattering lengths of bGe

=8.189 and bSe=7.97 fm �Ref. 10�.
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can be traced back to the Faber–Ziman partial structure fac-
tors SSeSe�k�, SGeSe�k�, and SGeGe�k�, as shown in Fig. 6. In
the case of SSeSe�k� and SGeSe�k�, theory and experiments
agree over the entire k range, with a remarkable agreement
for the position of the peaks, their intensities and the se-
quence of maxima and minima. The only notable exception
is found in SGeSe�k�, for which the FSDP height is slightly
underestimated. The remarkable performance of theory in
reproducing the SSeSe�k� and SGeSe�k� structure factors is con-
sistent with the very good agreement between the corre-
sponding experimental and theoretical pair correlation func-
tions.

The comparison between theory and experiment is less
satisfactory in the case of SGeGe�k�. Although the FSDP po-
sition is well reproduced, SGeGe

th �k� substantially differs from
SGeGe

exp �k� in the region k�3 Å−1 �see Fig. 6�. Along with a
reduction of the FSDP intensity in SGeGe

th �k�, one notices a
broadening toward lower k values of the second peak and the
absence of a pronounced minimum between the first two
peaks. SGeGe

th �k� is less structured than SGeGe
exp �k�, as expected

in view of the flattened shape of gGeGe
th �r�. Based on these

results, the underestimation of the FSDP height in the total
neutron structure factor is due predominantly to the SGeGe�k�
contribution, lower than in the experiment. We recall that in
the case of liquid GeSe2 the underestimation of the FSDP in
SGeGe�k� was compensated by an overestimation in
SGeSe�k�.26,28 This gave excellent agreement between theory

and experiment over the full k range for the total neutron
structure factor.

Ordering on a range extending up to 60 Å has been re-
cently discovered for several network forming glasses, in-
cluding a-GeSe2.43 The present approach is in principle not
suited for calculating real space properties beyond the repeat
length of the cubic simulation cell. Extended order can be
described in terms of the position of the second peak ksp and
of its width �ksp in the partial structure factors.38,43 Surpris-
ingly, these two features are rather well reproduced by our
calculations for SSeSe�k� and SGeSe�k�. In the case of SGeGe�k�,
the position of the second peak in SGeGe

th �k� and its width
differ from the experiment by only 2% and 15%, respec-
tively. It is presently not clear whether the level of agreement
found for ksp and �ksp is fortuitous or whether this implies
that the infinitely periodic model is able to capture the ex-
tended ordering in a-GeSe2.

It is of interest to seek correlations between the height of
the FSDP and specific structural features. Hereafter, we shall
focus on the height of the FSDP in SGeGe�k� �FSDP-h� and on
the number of Ge�0�, Ge�1� and Ge�2� atoms. For this pur-
pose, the instantaneous values of these properties were re-
corded over the six trajectories. Then, we calculated, for each
given amount of Ge�0� and Ge�1�+Ge�2�, the corresponding
average value of FSDP-h. In Fig. 7, the results are displayed
together with the average value and error bar �0.58�0.20�
for SGeGe�k� at the FSDP location. We recall that the experi-
mental FSDP height in SGeGe�k� is equal to 2.29. The patterns
of Ge�0� and Ge�1�+Ge�2� are symmetrical by construction
and indicate an increase of FSDP-h with increasing number
of edge-sharing connections. However, extrapolation of
FSDP-h toward values beyond 1.5 leads to an unphysically
high population of edge-sharing Ge atoms, in disagreement
with the experimental result. Therefore, as far as the FSDP
height of SGeGe�k� is concerned, the origin of the difference
between theory and experiment cannot simply be ascribed to
a reduced number of Ge atoms in edge-sharing tetrahedra.
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FIG. 6. Faber–Ziman partial structure factors of amorphous
GeSe2: present simulation �circles with error bars� compared to ex-
perimental data �solid line, Ref. 9�.
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B. Bhatia–Thornton partial structure factors

In Fig. 8, we focus on the Bhatia–Thornton partial struc-
ture factors SNN�k� �number–number�, SNC�k� �number–
concentration�, and SCC�k� �concentration-concentration�.44

These can be obtained by linear combinations of the Faber–
Ziman structure factors.45 In terms of the Bhatia–Thornton
structure factors, the total neutron structure factor ST�k� reads

ST�k� = SNN�k� + A�SCC�k�/cGecSe − 1� + BSNC�k� , �1�

where A=cGecSe�b2 / �b�2, B=2�b / �b�, �b=bGe−bSe, �b�
=cGebGe+cSebSe, and c� and b� denoting the atomic fraction
and the coherent scattering length of the chemical species �
�bGe=8.185 fm, bSe=7.97 fm�.10 This leads to coefficients A
and B equal to 1.6�10−4 and 0.053, respectively. Due to the
close values of the scattering lengths of Ge and Se, and the
limited range of variation of SNC�k� and SCC�k� �	SNC�k�	
�0.4, SCC�k��0.8, see Fig. 8�, SNN�k� turns out to be a very
good approximation for ST�k�, i.e., 	ST�k�−SNN�k�	�0.025.
Therefore, the considerations developed for ST�k� and based
on Fig. 5 equally apply well to the behavior of SNN�k�, as
shown in Fig. 8.

The SNC�k� partial structure factor is given by

SNC�k� = cGecSe
cGe�SGeGe�k� − SGeSe�k��

− cSe�SSeSe�k� − SGeSe�k��� . �2�

In the FSDP region of SNC�k�, the positive contribution is due
to the products cGeSGeGe�k� and cSeSGeSe�k�. Both of them are
larger in the experimental Faber–Ziman structure factor. As
to the main negative peak of SNC�k� at k�2 Å−1, the pre-
dominant contribution arises from the very intense main
peak in SSeSe�k�, a feature very well reproduced by our cal-
culations.

Special attention has been devoted in the literature to the
Bhatia–Thornton concentration-concentration partial struc-
ture factor SCC�k�, defined as

SCC�k� = cGecSe„1 + cGecSe
�SGeGe�k� − SGeSe�k��

+ �SSeSe�k� − SGeSe�k���… . �3�

This quantity expresses the overall sensitivity to chemical
disorder and accounts for contributions due to the chemical
environment of each atom.46 Therefore, each peak is repre-
sentative of fluctuations of concentration associated to the
specific value of k. Early first-principles molecular dynamics
of liquid GeSe2 did not show any FSDP in the SCC�k�, in
disagreement with experiments.26 To understand the origin of
this behavior, the intensities of the FSDP in the SCC�k� have
been compared for a series of liquid and glasses.47 We
showed that the FSDP in SCC�k� occurs for moderate depar-
tures from chemical order but vanishes either for high levels
of structural disorder or when the chemical order is essen-
tially perfect.47 In a further analysis, carried out on liquid
GeSe2, we have found that a sequence of connected fourfold
rings can be taken as the structural fingerprint for the pres-
ence of a FSDP in SCC�k�.48 Similar conclusions can be ex-
tracted from a study on the liquids of GeSe2 and ZnCl2 based
on classical molecular dynamics and a polarizable ion
model.49

Our calculated SCC�k� agrees very well with its experi-
mental counterpart in the range k
2 Å−1. The height and
intensity of the main peak are accurately reproduced in the
simulation. At lower k values, the main peak is slightly larger
and the FSDP feature observed in the experiment takes the
form of a shoulder extending over the interval 1�k
�1.7 Å−1. The underestimation of the FSDP height in SCC�k�
can be attributed to the difference between theory and ex-
periment in SGeGe�k�. The presence of the FSDP in SCC�k� is
consistent with the previously identified relationship between
a small departure from chemical order and the appearance of
the FSDP.47 Indeed, a FSDP in SCC�k� appears in the case of
amorphous SiSe2 and liquid GeSe4. These systems exhibit
limited departures from chemical order due to both homopo-
lar bonds and miscoordinations.50,51 Our model is character-
ized by a sizeable number of miscoordinations �GeSe,
GeSe2, GeSe3, GeGeSe3, and GeSe4 units for Ge and SeGe,
SeSe2, SeGe, SeGe2, and SeGe3 units for Se�, but by very
few Ge atoms forming homopolar bonds, NGe-Ge. Therefore,
the intensity of the FSDP in the SCC�k� partial structure factor
of a-GeSe2 is expected to increase further in an improved
model featuring a moderately larger number of Ge-Ge
homopolar bonds.
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FIG. 8. Bhatia–Thornton partial structure factors of amorphous
GeSe2: present simulation �circles with error bars� compared to ex-
perimental data �solid line, Ref. 9�.
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V. CONCLUSIONS

Disordered GeSe2 systems are materials combining the
predominant presence of tetrahedra and a nonnegligible con-
centration of homopolar bonds and miscoordinations. This
behavior results from the subtle interplay between the ionic
and the covalent character of the bonding, due to the close
electronegativities of Ge and Se. Therefore, a first-principles
determination of structural properties is best suited to ensure
a realistic comparison with experiments. In recent years, we
have studied in detail the short and intermediate range struc-
ture of liquid GeSe2 by using a first-principles molecular
dynamics approach.26,27 The very good agreement achieved
with neutron diffraction data has made the application of the
same approach to the case of amorphous GeSe2 worth pur-
suing. To this end, several temporal trajectories have been
produced via quenches from independent configurations of
the liquid. The reduction of the concentration of structural
defects that has followed the cooling process shows that the
very high cooling rates do not prevent the system from ad-
justing to a change of thermal conditions. Pair correlation
functions exhibit very satisfactory agreement with the ex-
periment in the case of Ge-Se and Se-Se correlations. The
number of Se-Se homopolar bonds and the Ge-Se coordina-
tion numbers are only moderately larger than in the experi-
ments. The reliability of our approach worsens in the case of
Ge-Ge correlations, confirming a trend previously observed
in the case of liquid GeSe2. Two shortcomings are worth
pointing out. First, the overall profile of gGeGe

th �r� when com-
pared to gGeGe

exp �r� is much less structured, lacking a well de-
fined minimum between the first �r�4.5 Å� and the second
�4.5 Å�r�8 Å� shell of neighbors. Second, the number of
homopolar Ge-Ge bonds is underestimated, indicating that
most of the Ge-Ge short distances found in the liquid do not
survive the cooling and relaxation process. In a previous pa-
per, we demonstrated that the use of the generalized gradient
approximation improved the structural description upon that
achieved with the local density approximation due to a more
accurate treatment of the ionic character of bonding.27 The
residual differences between theory and experiments ob-
served for both amorphous and liquid GeSe2 then suggest
that the generalized gradient approximation adopted in our
studies yet provides an insufficient account of the ionic char-
acter of the bonding.28 It remains to be understood whether
this rationale could also account for the low concentration of
homopolar Ge-Ge bonds.

Amorphous GeSe2 is more chemically ordered than the
corresponding liquid, with as much as �75�6�% and
�93�6�% of Ge and Se atoms fourfold and twofold coordi-
nated, respectively. Also, the variety of different bonding
configurations is smaller than in the liquid, encompassing
only GeSe, GeSe2, GeSe3, GeGeSe3, and GeSe4 units for Ge
and SeGe, SeSe2, SeGe, SeGe2, and SeGe3 units for Se. In
comparison to experiments, it appears that Ge atoms do pre-
fer to deviate from chemical order by forming groups other
than GeSe4 rather than forming Ge-Ge dimers or chains. Re-
storing chemical order upon cooling also has the effect of

favoring the formation of even-membered rings �mostly four
and six membered� with an equal number of Ge and Se at-
oms. In this respect, it is worth mentioning the principal
result from a recent investigation of the vibrational
properties.24 On the basis of comparisons between calculated
and measured infrared and Raman spectra, the occurrence of
a strong chemical order in a-GeSe2 could be inferred.24

An important issue in the description of a disordered net-
work such as amorphous GeSe2 is the amount of edge-
sharing and corner-sharing connections. In our model, close
concentrations are found for Ge atoms occurring in edge-
sharing and corner-sharing configurations: NGe�ES�
= �45�4�% and NGe�CS�= �50�6�%. The remaining Ge at-
oms ��5�2�% � are involved in homopolar bonds.

Overall, total and partial structure factors reproduce the
experimental peak positions and intensities for k values
larger than 2 Å−1. For smaller values, representative of inter-
mediate range order, a substantial reduction in the height of
the FSDP is observed for SGeGe�k�, resulting in a similar be-
havior for the total neutron structure factor. These differences
between theory and experiment result from real-space corre-
lations at distances beyond r�4.5 Å.52 Based on the corre-
sponding gGeGe�r� pair correlation function, it indeed appears
that the theoretical description lacks a distinct minimum be-
tween the first �r�4.5 Å� and the second �4.5�r�8 Å�
shell of Ge neighbors. We found a discernible feature at the
FSDP location in the SCC�k� structure factor. In agreement
with previous results obtained on several disordered
network-forming systems, this finding is consistent with the
moderate departure from chemical order we observed in our
model a-GeSe2.

Our study provides an atomic-scale description of amor-
phous GeSe2 of unprecedented quality. However, the still
unsatisfactory behavior of Ge-Ge correlations is a motivation
for further improving our theoretical scheme. Two strategies
are worth to be outlined. Calculations with larger simulation
cells will allow us to ascertain whether subtle size effects
may alter the arrangement of Ge atoms within the network.
Especially for Ge, this issue might play a role in view of the
limited number of these atoms �40� in the present calcula-
tions. We provided arguments supporting the adequacy of
our computational cells to describe intermediate range
order.28 Nevertheless, calculations involving about 150 Ge
atoms �for a total close to 500� will be instrumental to clarify
this issue. A further approach consists in employing different
families of exchange-correlation functionals, in search of a
better account of the ionic character of the system. As al-
ready observed in the case of liquid GeSe2, this idea is con-
sistent with our findings of excessively large Ge-Ge bond
lengths, which are characteristic of metallic liquid Ge.
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