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Ab initio molecular-dynamics study of liquid GeSe2

Mark Cobb and D. A. Drabold
Department of Physics and Astronomy, Condensed Matter and Surface Sciences Program, Ohio University, Athens, Ohio 4570

~Received 29 January 1997!

The structural, vibrational, and electronic properties of liquid GeSe2 are investigated usingab initio mo-
lecular dynamics. The static structure factorS(Q) and the pair-correlation functions of our model are in good
agreement with experiment. We find many similarities between the topology of the liquid and the glass state.
In addition we introduce a way of characterizing the intermediate-range order of liquid and glassy GeSe2

through fourfold and sixfold rings. The overall vibrational density of states is found to be consistent with
Raman experiments. The intensity of the low-frequency modes, splitting of theA1 and A1c peaks, and the
decrease in the intensity of the high-frequency modes are all reproduced. The electronic density of states is
determined and compared to our results for glassy GeSe2. We find that an increase in Se bond length and
bond-angle disorder significantly broadens the conduction band. The time-dependent behavior of the electronic
eigenvalues is examined and transient events are observed in which an electronic state crosses the optical gap.
The structural configurations which produce states in the optical gap are determined using anab initio
molecular-dynamics approach and are found to be in agreement with experimental photoluminescence and
electron-spin-resonance data. We also find that a linear relationship exists between the root mean square of the
thermal fluctuations of an electronic eigenvalue in time and its localization.@S0163-1829~97!05830-X#
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I. INTRODUCTION

The ability of a material to form a glass when it is supe
cooled from the liquid state is still not well understood.
order to understand the glass-forming ability of a materia
is essential that the topology of its liquid state be determin
The chalcogens~S,Se,Te! and chalcogenide alloys are wel
known glass-forming materials and their structural proper
have been studied extensively in the glass and liquid sta
Structural information pertaining to the liquid and glass
limited to the experimental static structure factor~and thus
the total and partial pair-correlation functions!. Because of
these experimental limitations it becomes necessary to
struct models to obtain more information about the liqu
and glass states. In the last decadeab initio molecular dy-
namics has become the most sophisticated approach fo
study of disordered materials and liquids.

In this paper we present results of anab initio molecular-
dynamics study of liquid GeSe2 ( l -GeSe2). It is a covalently
bonded semiconductor which is largely composed of link
Ge~Se1/2) 4 tetrahedra. In our previous papers~Refs. 1,2! we
examined the structural, vibrational, and electronic prop
ties ofg-GeSe2 in detail. Our earlier work demonstrated th
the time scales of anab initio calculation, although orders o
magnitude shorter than experiment, were long enough
generate the correct chemistry and topology ofg-GeSe2
through a process of simulated annealing and quench
This suggests that the liquid state~from which the g-
GeSe2 model was created! should have the correct averag
chemistry and topology. The main topics of this paper are
structural, vibrational, and electronic properties
l -GeSe2. Because the liquid is not a static structure we a
erage over many time steps to obtain a more accurate
scription of its properties. To obtain this information we pe
form microcanonical molecular dynamics on the equilibra
liquid near 1000 K over 1.0 and 3.5 ps with a time step of
560163-1829/97/56~6!/3054~12!/$10.00
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fs. This temperature is near the melting point of crystalli
GeSe2 and it is also the temperature at which the liquid
quenched to form the glass. Determining the structural pr
erties of the liquid at this temperature provides crucial inf
mation about how the topology of the liquid, glass, and hig
temperature crystal phase are related.

The structure ofl -GeSe2 is determined through the stati
structure factor S(Q), partial pair-correlation functions
angle distribution functions, and ring structures. The sta
structure factor can be compared directly to experiment
we find that our model’s totalS(Q) is in good agreemen
with experimental neutron scattering results of Refs. 3,4
different study by Penfold and Salmon~Ref. 5! has charac-
terized the neutron-scattering partial static structure fac
and the real-space partial pair-correlation functions. We fi
good agreement with their partial structure factors and pa
pair-correlation functions. An important use of ourab initio
l -GeSe2 andg-GeSe2 models is the determination of ang
distributions. Angle distributions provide information esse
tial to the interpretation and analysis of experimental d
~Ref. 5!.

One of the remarkable features ofg-GeSe2 is the first
sharp diffraction peak~FSDP! of its S(Q) around 1.0 Å21.
The FSDP is a clear indication of intermediate range or
~IRO! on a length scale of approximately 6.0 Å. TheS(Q) of
l -GeSe2 has an FSDP as well which suggests that there
intermediate-range structural order in the liquid before
crystal or glass state is reached. Because the crystal p
naturally emerges from the liquid state with cooling o
might expect that the IRO of the liquid is similar to the IR
of the crystal. This would also suggest that the IRO of t
glass is related to the IRO of the crystal as well. The hig
temperature crystal phase of GeSe2 is formed from two-
dimensional layers and these layers are know to be che
cally ordered and composed of fourfold and sixfold rings
might be expected then thatg-GeSe2 would have to some
3054 © 1997 The American Physical Society
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extent an ordering of fourfold and sixfold rings similar
that of the crystal. An important goal of this paper is
provide a more fundamental characterization of the IRO
l -GeSe2 and g-GeSe2 in terms of the correlations betwee
the fourfold and the sixfold rings in these materials.

We introduce a set of correlation functions which invol
correlations between fourfold and sixfold rings. The cen
of mass~CM! of the fourfold and sixfold rings are dete
mined and this information is used to calculate partial sta
structure factors for a network of fourfold and sixfold rin
CM’s. In both the liquid and the glass we find that all
these ringsS(Q) display a very strong peak around 1
Å 21 indicating that they have intermediate-range order c
relations of about 6 Å. In addition we also calculate the to
S(Q) of the glass with the correlations between fourfold~4-
4!, sixfold ~6-6!, and fourfold and sixfold rings~4-6! within
a range of 4.6–9.0 Å eliminated. We find that this proced
removes the FSDP from the glassS(Q). From these results
we are able to characterize the IRO of liquid and gla
GeSe2 in a different and more fundamental way than pre
ous attempts~Refs. 6,7!.

Liquid GeSe2’s vibrational density of states~VDOS! has
been inferred from experimental Raman-scattering meas
ments~Ref. 8!. A direct comparison between our results f
the VDOS and those of Ref. 8 is not possible~because they
measure the VDOS indirectly through the optical propert
of the liquid! and inelastic neutron-scattering measureme
have not been made onl -GeSe2. Instead we focus on the
qualitative peak structure and the differences between
glass and liquid VDOS. We find that our model reproduc
the three major bands of the Raman measurements.
splitting of theA1 andA1c peaks and their relative intensitie
are reproduced. Our results also agree with those of exp
ment which indicate that the intensity of the high-frequen
band is much less intense in the liquid than it is in the gla

The last section of this paper will focus on the electro
structure of the liquid. We find that the electronic density
states ~EDOS! of l -GeSe2 is quite similar to that of
g-GeSe2. The most significant difference between the liqu
and the glass EDOS is that the conduction band of the liq
extends much further into the optical gap. We find that
conduction band broadening can be attributed to the lo
network topology. The average localization of the electro
states is determined as well. From annealing the liquid n
1000 K we observe that the root mean square~rms! of the
thermal fluctuation of an electronic eigenvalue in time
essentially a linear function of its charge localization~Ref.
9!.

The time evolution of the electronic eigenvalues is exa
ined and states are observed moving across the optical
We find that these states result from the formation
valence- and conduction-band configurations on atoms w
a large degree of electronic localization. Electronic state
the optical gap of the glass have been detected through l
induced electron-spin-resonance~LESR! and photolumines-
cence measurements~Refs. 10,11! and they appear to be as
sociated with Ge and Se coordination defects. From
experimental data we infer the basic characteristics of the
and Se defect states and compare them to the states cro
the optical gap of our liquid model.
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II. MODEL

Computations described in this section were perform
using theab initio, local basis density-functional method o
Sankey and co-workers.12 The essential approximations a
~1! Bachelet-Hamann-Schlu¨ter pseudopotentials,13 ~2! the
Harris functional,14 ~3! the local-density approximation,15

and ~4! a minimal basis set of ones and threep confined
pseudoatomic orbitals per site. The method has met w
great success in a wide variety of systems, and provide
transferable description of covalently bonded materials.
addition, application of a self-consistent variant of th
Hamiltonian to our glass model of GeSe2 ~Ref. 2! produced
similar results.16

A cubic supercell 18.76 Å on a side with 144 seleniu
atoms and 72 germanium atoms placed on a diamond la
was chosen for the initial configuration of our model. Th
gave our model the correct stoichiometry and by constr
tion a number density close to the experimental one
3.11631022 cm23 ~see Ref. 3!. The initial temperature of
the cell was 6000 K, it was then equilibrated to 5000 K ov
approximately 600 fs. The cell was then cooled to 1000
and equilibrated at this temperature for approximately 1
We then generated 1.0 and 3.5 ps long trajectories by
forming microcanonical molecular dynamics with a time st
of 3.5 fs. The long time step of 3.5 fs is suitable for th
heavy atoms of our system~Ge is 72.59 a.m.u. and Se
78.96 a.m.u.! and does not cause problems with energy c
servation. Because the simulations were microcanonical
temperature fluctuated. The average temperature of th
simulations was 1117 and 1144 K with standard deviatio
of 49 and 51 K, respectively. All of our calculations we
done using only theG point to sample the Brillouin zone
The G point is a suitable choice because of the small size
the Brillouin zone.

III. STRUCTURAL PROPERTIES

A. Static structure factor

The total and partial structure factors are defined as
Ref. 2 and the Ge and Se scattering lengths are 0.819
0.797, respectively, in units of 1024 Å. The total static struc-
ture factor~Fig. 1! is in excellent agreement with the resul
of various neutron-scattering experiments~Refs. 3,4!. This is
an improvement over our model ofg-GeSe2 in which the
second peak was weaker then the experimental neut
scattering results of Ref. 3. In our study of the glass
determined that the high degree of chemical disorder in
model could be attributed to the short quenching time sca
of the calculation. The effects of short-time scales will
less important in our liquid model. We therefore expect b
ter agreement between theory and experiment in the cas
the liquid. A direct comparison can be made with the par
Sab(Q)’s ~Fig. 2! determined from neutron scattering resu
in Ref. 5. OurSab(Q)’s are in qualitative agreement with th
results of Ref. 5 but the relative intensities are quite differe
Because our partialSab(Q)’s can be summed to obtain th
total S(Q) we believe that the discrepancy between our
sults and those of Ref. 5 is due to the manner in which
partial S(Q)’s are defined in Ref. 5.
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3056 56MARK COBB AND D. A. DRABOLD
Comparing the total and partial static structure factors
our liquid and glass models reveals a general trend of t
mal broadening in all of the liquid peaks~Fig. 2!. An ap-
proximate length scale of 2p/Q can be determined for th
first three peaks at 0.93, 2.08, and 3.48 Å21, thus the peaks
are associated with IRO ('6.0 Å!, next-nearest-neighbor
and nearest-neighbor correlations, respectively. The
three peaks of theSab(Q)’s decrease by about 10–15 % an
the general trend of thermal broadening continues into
peaks at higher values ofQ. The decrease in intensity i
consistent with the neutron-scattering results of Ref. 3. T
exception is the FSDP ofSSeSe(Q) which remains un-
changed. These results suggest that the covalent netwo
well formed in the liquid and that the IRO has almost co
pletely emerged several hundred degrees above the

FIG. 1. The total static structure factors for liquid~solid line!
and glass~dashed line! models.

FIG. 2. The average partial static structure factors for liq
model.
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transition temperature. The insensitivity of theSSeSe(Q)
FSDP to temperature lends further support to this view. T
SSeSe(Q) FDSP must depend on correlations between Se
are part of Ge~Se1/2) 4 tetrahedra within a well formed net
work of such tetrahedra.

B. Pair-distribution functions, angle distribution functions,
and ring statistics

Partial pair-distribution functions~PDF’s!, angle distribu-
tions, and ring statistics are used to determine the topol
of our model. We find that our partial pair-distribution fun
tions ~Fig. 3! are in good agreement with those of Ref.
obtained from neutron-scattering data. In particular the fr
tion of homopolar~or ‘‘wrong’’ ! bonds is in very good
agreement with the experimentalgSeSe(r ) and gGeGe(r ) re-
sults, therefore it is possible to obtain a good estimate of
chemical disorder inl -GeSe2. Mössbauer experiments, usin
Sn and Te as Ge and Se probes, respectively, have sh
that Ge and Se wrong bonds exist ing-GeSe2 ~Refs. 17,18!.
The fraction of Ge atoms not tetrahedrally coordinated by
atoms was determined to be about 16% in these experime
but the fraction of Se wrong bonds has not yet been de
mined from Mössbauer measurements. The angle distri
tions~Fig. 4! and ring statistics~Table I! provide information
about the Ge~Se1/2) 4 tetrahedra and the configurations th
form. This kind of three-dimensional information can on
be obtained from a microscopic model such as ours an
essential to understanding the network topology of the liq
and glass.

From thegSeSe(r ) distribution we find that the averag
Se-Se bond length is about 2.43 Å and the average n

FIG. 3. The average partial pair-correlation functions for liqu
model.
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nearest-neighbor distance is about 3.8 Å. The fraction of
with wrong bonds is about 24%. About 18% of these are p
of dimers and 6% are part of trimers. The fraction of onefo
Se atoms is around 15% and the fraction of threefold
atoms is around 23%. The next-nearest-neighbor peak ca
associated with correlations between Se atoms which sha
Ge atom and correlations between Se atoms on neighbo
tetrahedra which do not share a Ge atom. We find that
average number of next-nearest Se neighbors is about 1
@with a cutoff near the appropriate minimum ingSeSe(r ) at
4.9 Å# which is very close to the value of 10.35 obtained
Ref. 5. The peak around 7.0 Å is an indication of the IRO
our model. It is apparent from Fig. 4 that the Se-Se-B (B
being a Se or Ge atom! have their central peaks aroun
101° which is quite close to the Se-Se-Se angle of 103
trigonal selenium~Ref. 19!. The Ge-Se-Se peak around 6
is due to threefold rings. The number of Ge-Se-Se angles
then about 78° increased by about a factor of 3 in the liq
and the peak around 60° has increased by about 50% ov
value in the glass.

ThegGeSe(r ) distribution gives an average bond length
2.37 Å which is close to the experimental result of 2.42
The average number of Se neighbors is around 3.60~for a
cutoff of 2.86 Å!. This coordination number is quite close
the experimental value of 3.63 obtained in Ref. 5. The fr
tion of undercoordinated Ge atoms is 16%, of overcoor
nated Ge atoms is 8%, and of Ge in Ge~Se1/2) 4 tetrahedra is
about 58%. The peak around 5.6 Å is further evidence
IRO in our model. The Ge-Se-Ge angle distribution has t
main peaks around 80° and 100° which correspond, res
tively, to edge and corner sharing tetrahedral configuratio
From the Se-Ge-Se angle distribution it is apparent that
average tetrahedral angle is about 109°, the ideal tetrahe
angle.

We find the average Ge-Ge bond length of our mode
be about 2.48 Å. The fraction of Ge atoms with homopo

FIG. 4. The average angle distributions for liquid model.
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bonds is 26 with 24% of these in ethane dimers and the o
2% in trimers. The second peak at 3.6 Å is the result of e
and corner sharing tetrahedra; Ge atoms which share on
atom are corner sharing and Ge atoms which share two
atoms are edge sharing. The corner sharing tetrahedra
responsible for most of the second peak’s intensity. We fi
that the edge sharing tetrahedra account for the shou
around 3.08 Å. The ratio of edge to corner sharing tetra
dral configurations is around 50% which is consistent w
the experimental results of Ref. 5. In addition the avera
number of next-nearest neighbors is 3.40~for a cutoff of 4.4
Å! which is close to the value of 3.36 obtained in Ref. 5. T
presence of IRO is seen again in the peak structure betw
5.0 and 8.0 Å. The Ge-Ge-Se angle distribution has a p
around 109° and is quite similar to the Se-Ge-Se angle
tribution. The Ge-Ge-Ge trimers form tetrahedronlike ang
as well with a peak at 119°. It appears that the strongsp3

bonding hybridization of the Ge atoms creates tetrahedr
like angle distributions.

The ring statistics in Table I show that fourfold and si
fold rings are about twice as numerous as other types of r
of order less then 10. Because short- and intermediate-ra
ordering effects dominate inl -GeSe2 the fourfold and six-
fold rings appear to be the dominant ring structures of
model. The fourfold rings are all formed from edge shari
tetrahedra and about 86% of the sixfold rings contain th
Se atoms which suggests that they are formed from co
sharing tetrahedra. Because of chemical disorder it is p
sible to form sixfold rings which have Se-Se and Ge-
bonds. The fivefold rings can only exist when there is che
cal disorder. In our previous study of the glass~Ref. 2! we
found all of the fourfold rings were formed from edge sha
ing tetrahedra and that 82% of the sixfold rings are form
from corner sharing tetrahedra. These results indicate tha
majority of sixfold rings in the liquid are chemically ordere
The average number of fourfold and sixfold rings only diff
from their values in the glass by about 20%. There ar
number of highly strained threefold rings formed from co
ner sharing tetrahedra and Se-Ge-Se angles on individua
rahedra. The very small angles in the Se-Ge-Se, Ge-Se
Se-Se-Ge, and Se-Ge-Ge angle distributions can be as
ated with these threefold rings.

C. The role of fourfold and sixfold rings in determining
the intermediate range order

The IRO of the liquid and glass phases of GeSe2 can
clearly be seen in the total static structure factor and
partial pair-distribution functions. In addition it has been o
served in theoretical studies of the glass that there is a st
correlation between the fraction of edge sharing tetrahe
~fourfold rings! and the intensity of the FSDP~Refs. 2,20!.
As the fraction of edge sharing tetrahedra approaches a v
of about 40% the FSDP reaches its maximum intensity~Ref.
TABLE I. Average ring statistics. Average number ofn-order rings,n53 throughn512.

Ring size 3 4 5 6 7 8 9 10 11 12
Number of rings 10 23 11 20 6 13 9 15 25 35
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2!. Unfortunately this information provides only a vague id
about how the IRO manifests itself within the network top
ogy.

Ordering on a length scale of about 6.0 Å in a covale
network implies that there are structures or density fluct
tions of a similar length scale. The high-temperature form
crystalline GeSe2 provides a useful model for understandin
IRO correlations which might exist in liquid and glass
GeSe2. In the high-temperature crystal phase of GeSe2 in-
terlayer and intralayer atomic correlations involving fourfo
and sixfold rings determine the IRO~Ref. 7!. The work of
Fischer-Colbrie and Fuoss7 demonstrates that a spherical
symmetric model based on the high-temperature form
c-GeSe2 is able to reproduce the experimentalS(Q) of
g-GeSe2 to a great extent. This strongly suggests that
crystal and the glass have very similar short-range
intermediate-range order at least in a spherically symme
sense. The structural properties of our model indicate th
high degree of short- and intermediate-range order exist
the liquid near the melting point of the crystal. This sugge
as well that the IRO which exists in the liquid and the gla
is similar to that of the crystal. Therefore we would like
determine if the fourfold and sixfold rings~taken as point
objects! in the liquid and glass are ordered on a length sc
of about 6 Å. The simplest way to do this is to determine
partial S(Q)’s for fourfold ~4-4!, sixfold ~6-6!, and fourfold
and sixfold~4-6! ring correlations within our liquid and glas
models.

In order to determine the 4-4, 6-6, and 4-6 ring corre
tions, the center of mass of each fourfold and sixfold fo
ring in our model was determined. We then calculated par
ring S(Q)’s, treating the CM’s as a set of point particles. T
S44(Q), S66(Q), andS46(Q) for our liquid and glass model
are shown in Fig. 5. The main peak in all of these struct
factors is around 1.0 Å21 which indicates that the fourfold
and sixfold rings display very strong IRO correlations
about 6.0 Å. This is direct evidence of IRO in the corre
tions of fourfold and sixfold ring structures in liquid an
glassy GeSe2.

The peak around 1.0 Å in our ringS(Q)’s implies that
atoms which are part of these rings should contribute sign
cantly to the FSDP of the liquid and glassS(Q). In order to
demonstrate this we have eliminated correlations betw
atoms in fourfold rings@Fig. 6~a!#, sixfold rings@Fig. 6~b!#,
and all of the correlations between 4-4, 6-6, and 4-6 r
atoms@Fig. 6~c!# within a range of 4.6 to 9 Å in the total
S(Q) of our glass model~Fig. 1!. The range over which
correlations were eliminated was determined from theQ val-
ues at which the FSDP begins and ends. The resulting
S(Q)’s no longer have an FSDP, although the when the fo
fold ring correlations are eliminated a slight shoulder p
sists. This is consistent with our ring correlation functio
which indicate that 4-6 and 6-6 ring correlations should
more intense then the 4-4 ring correlations. When all
correlations are eliminated the effect is more intense then
elimination of just the 4-4 and 6-6 ring correlations togeth
indicating that the 4-6 correlations are an important part
the FSDP as well. As an additional test of this approach
eliminated the correlations of the fivefold ring atoms w
themselves~Fig. 7! and found that the FSDP was stillprese
One might expect this since fivefold rings would not exist
t
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FIG. 5. Ring static structure factors for 216 atom liquid~dashed
line! and glass~solid line! models.

FIG. 6. The total static structure factor for 216 atom glass mo
with all the 4.6–9.0 Å~a! correlations between atoms in fourfol
rings eliminated,~b! correlations between atoms in sixfold ring
eliminated, and~c! correlations between fourfold, sixfold, and fou
fold and sixfold rings eliminated.
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a chemically ordered sample ofg-GeSe2 and thus canno
possibly be the structural origin of the FSDP. This is furth
evidence that the fourfold and sixfold rings are a crucial p
of the IRO. It should be pointed out that we do not exam
the elimination of correlations between chemical spec
since the FSDP is present in Se-Se, Ge-Se, and Ge-Ge
relations~Fig. 2!.

All of these results taken together suggest that fourf
and sixfold rings play an important role in the IRO of th
liquid and the glass and that the IRO is similar to that
crystalline GeSe2. There could be other IRO correlations b
because the fourfold and sixfold ring atoms account for 6
of all the atoms in the glass model they are probably
dominant form of IRO. Because of chemical disorder a
coordination defects about 25% of the atoms in the gl
model do not take part in fourfold, fivefold, or sixfold ring
but it is unlikely that correlations between these atoms wo
play a significant role in the IRO. In a well annealed sam
of g-GeSe2 such defects would not exist to any great exte
and the dominant tetrahedral configurations would be fo
fold and sixfold rings. The IRO of liquid and glass GeS2
has been characterized through fourfold and sixfold ring c
relations.

The IRO of the ring correlations also suggests an exp
nation for the glass-forming ability of GeSe2. Structural
similarities in the short- and intermediate-range order of
crystal, liquid, and glass could explain why GeSe2 is such a
good glass-forming material~Ref. 21!. A good glass-forming
material can be bulk quenched as opposed to evapora
deposited to form a disordered network. These two meth
of forming glasses have very different time scales and th
fore allow different amounts of structural disorder as t
glass forms. The good glass-forming ability of GeSe2 indi-
cates that the glass shares some topological similarities
the crystal which allow both the glass and the crystal
emerge from the liquid state. These topological similarit
would have to be rather general since the glass does not
the two-dimensional layer structure of the crystal and yet s
constrains the short and IRO of the glass to be like that of
crystal in three dimensions. The short-range order is alm

FIG. 7. The total static structure factor for 216 atom glass mo
with all the 4.6–9.0 Å correlations between atoms in fivefold rin
eliminated~solid line! and the total static structure factor of the 21
atom glass model~dashed line!.
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identical in the crystal and the glass and because of the f
fold and sixfold ring correlations the crystal and the gla
would have very similar IRO topological constraints. The
similarities could make it easier to form the glass from t
liquid because less structuraldisorderwould have to be pre-
served~or created! when the liquid is quenched to the gla
state.

Evidence that short- and intermediate-range order si
larities between the crystal, liquid, and glass affect the gla
forming ability of Ge-Se alloys can be found in compariso
between GeSe2 and GeSe. Germanium selenide is the on
other Ge-Se alloy which forms a crystal but it is a very po
glass former. The structural properties of GeSe are quite
ferent from GeSe2 in that the liquid and glass states ha
very weak FSDP’s~and thus much less IRO! and the crystal
and glass states are structurally quite different even in t
short-range order. The short-range order of the lo
temperature crystal phase of GeSe is closer to that
l -GeSe than that ofg-GeSe~Refs. 22,23!. All of these facts
suggest that the glass-forming ability of GeSe and GeSe2 is
determined by the similarity of the short- and intermedia
range order of their liquid, glass, and crystal phases. Exp
mental work by Salmon and Liu~Ref. 22! shows quite
clearly that the IRO of GeySe12y liquid alloys decrease a
y increases from 0.33 to 1. They find that the FSDP
l -GeSe is almost gone and in order to create glassy G
very fast methods such as sputtering or evaporation dep
tion must be used. This data shows a strong connection
tween the short- and intermediate-range order of the crys
liquid, and glass phases of GeSe and GeSe2 and their glass-
forming ability. It also supports our view that the crysta
liquid, and glass phases of GeSe2 have very similar
intermediate-range order determined to a great extent
fourfold and sixfold rings.

IV. VIBRATIONAL PROPERTIES

The vibrational density of states~VDOS! g(v) of a liquid
can be obtained from the Fourier transform of the veloc
autocorrelation function

C~ t !5
^V~0!•V~ t !&

^V~0!•V~0!&
, ~1!

^V~0!•V~ t !&5
1

3N(
i

N

(
j

3

Vi j ~0!Vi j ~ t !, ~2!

g~v!5
2

pE0

T

C~ t !cos~vt !W~ t !dt. ~3!

The values ofN andT are the number of atoms and the tot
simulation time, respectively. The summations in Eq.~2! are
over the total number of atoms and the three component
each atom’s velocity. We use a standard Blackman wind

W~ t !50.4210.5cosS pt

T D10.08cosS 2pt

T D ~4!

for W(t) ~Ref. 24!. The spectral resolution of the Fourie
transform depends on how much time series data can
generated. We were able to generate continuous 3.5 ps

l
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3060 56MARK COBB AND D. A. DRABOLD
trajectories with a time step of 3.5 fs. This simulation pr
vided us with a VDOS that has a spectral resolution of 0
meV. The fine structure of the Fourier transform also d
pends on the window function used. We found that
Blackman window gave the best results over the entire sp
tral range of our VDOS.

It is apparent from the experimental Raman-scattering
sults of Magna and Lannin~Ref. 8! that the liquid VDOS is
similar to that of the glass. The Raman results indicate
the liquid and glass are quite similar below 19 meV, th
there is a weakening of theA1c ~26.5 meV! peak, and that
there is a significant reduction in the intensity of the hig
frequency band. Our VDOS~Fig. 8! has the same qualitativ
features as the experimental results, particularly the wea
ing of the A1c peak relative to theA1 ~24.8 meV!. Our
VDOS has more structure then the experimental data in
vicinity of the A1c and perhaps the shoulder peak at 26
meV and the peak at 28.3 meV should be interpreted as
total A1c band. The high-frequency band has two main pe
at 32.3 and 35.7 meV and there is a significant decreas
liquid VDOS intensity relative to the glass VDOS beginnin
around 32 meV in agreement with experiment.

Although it is impossible to determine harmonic modes
the liquid VDOS it is possible to make inferences based
the normal modes of the glass VDOS. In our previous pa
~Ref. 2! we found that the low-frequency modes were ve
extended modes which involved the motion of tetrahed
units. We were able to determine that theA1 andA1c bands
of the glass involved tetrahedral breathing and the motion
Se atoms joining edge sharing tetrahedra, respectively~Ref.
25!. The third main peak of the glass VDOS contained ma
modes which involvedF2-type motion of tetrahedra~Ref.
26!. The similarities in the structure of the liquid and th
glass suggests that the underlying dynamics of the three m
liquid VDOS bands are essentially the same as those in
glass. The decrease in the spectral intensity of the hig
frequency band could be attributed to a loss of network
gidity required for such complex intratetrahedral motio
The same argument could be made too for the weakenin
the A1c peak. These types of coherent motion require a r
sonably rigid network. This would also explain why the i
tensities of the low-frequency band and theA1 peak do not
decrease in the liquid. These types of dynamics require o

FIG. 8. The vibrational density of states for liquid model.
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individual tetrahedral units, but do not require a high deg
of network rigidity. In particular theA1 breathing modes
have a high degree of spherical symmetry which make th
very insensitive to thermal effects, while theA1c and F2
modes are highly planar in there motions which must sur
make them more sensitive to network distortions.

The self-diffusion constant ofl -GeSe2 can be determined
from the zero-frequency value ofg(v) using the standard
expression~Ref. 27!

D5~1/3!E
0

`

^V~0!•V~ t !&W~ t !dt. ~5!

The diffusion constant obtained fromg(0) has a value of
1.631025 cm2/s. The low value ofD indicates that the sys
tem is near the melting temperature of the crystal. We a
found thatg(0) was quite insensitive to the type of windo
function used. The mean-squared atomic displacement~Fig.
9! provides an alternate approach for obtaining the value
D. It can be seen from Fig. 9 that the system is in a diffus
state beyondt51000 fs. Assuming the Einstein relation fo
self-diffusion holds beyondt51000 fs~Ref. 27!

^„r ~ t !2r ~0!…2&56Dt. ~6!

Fitting the diffusive part of Fig. 9 with a straight line w
obtain a value of 1.031025 cm2/s for D. Both of these
approaches for obtainingD suffer from the short time scale
of our model and perhaps give an upper and lower bound
the actual value ofD. Although our total simulation time is
relatively short~3.5 ps! the VDOS appears to be in reaso
able agreement with the experimental data and the me
squared atomic displacement curve is essentially linear
the latter two thirds of the simulation. Both of these resu
indicate that our liquid model reached a state of equilibriu
early in the simulation and that the simulation time was s
ficiently long enough to properly model the dynamics
l -GeSe2.

V. ELECTRONIC PROPERTIES

In this last section we examine the electronic properties
liquid GeSe2. The electronic and optical properties o
g-GeSe2 ~photoluminescence, light-induced electron-sp

FIG. 9. The mean-square displacement of atoms in liquid mo
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resonance, photoinduced structural changes! have been stud
ied quite extensively through experiments, but little progr
has been made on theoretical interpretations of these re
since the works of Kastner, Street, and Mott in the 197
~Refs. 28–30!. Two of the most important unresolved que
tions are the origin of the light-induced ESR~LESR! signal
and the electronic states responsible for photoluminesce
in g-GeSe2. Photoluminescence and optical absorption
periments indicate that there are a significant number
states near the middle ofg-GeSe2’s optical gap ~Refs.
11,31!. It is believed that defect states, created as a resu
optical excitations, produce the ESR signal but the detail
these defects are still not well understood. In addition t
distinct LESR signals have been identified and it is believ
that they are the result of Ge and Se coordination defe
respectively. This is in contradiction with our earlier studi
of g-GeSe2 ~Refs. 1,2! in which we found that there were n
states in the optical gap despite the large number of topol
cal defects in our models. It should be noted that the
served LESR spin density ('1015–1017 cm23) implies that
we would need a glass model with about 106 atoms to see
even one such defect~Refs. 10,11!. A key finding of this
work is that transient defect states pass through the liq
optical gap, similar phenomena may well occur~rarely! in
the glass. Another important observation involving the asy
metric broadening of the valence- and conduction-ba
edges sheds new light on the issue of midgap states as
The midgap states of our liquid model give us an opportun
to understand in a more fundamental way than previou
possible the photoluminescence and the LESR observe
g-GeSe2.

Microcanonical molecular dynamics were performed
our model to obtain average values of various physical qu
tities. The electronic density of states~EDOS! in Fig. 10 was
obtained from such an average. The positions of the first f
peaks below the Fermi level are listed in Table II. We fi
that there is little change in the positions of these four pe
relative to our results for the glass. The intensities of the fi
three peaks have decreased~relative to the glass! and theB
peak intensity is unchanged. Because theB peak is associ-
ated with Ges states one would expect it to be less sensit
to thermal effects. The Ges states are less sensitive to bo

FIG. 10. The electronic density of states for liquid~solid line!
and glass~dashed line! models.
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angle distortions because of their spherical symmetry. T
average total electronic localization and the average Ge
Se electronic localization are plotted in Fig. 11~for more
details on the electronic localization see Ref. 2!. We find that
the lowest two peaks of the EDOS, which are associated w
Se and Ges states, are localized on Se and Ge atoms,
spectively. The localization of the valence-band peak is qu
low but it increases near the optical gap. This is to be
pected since the valence band is primarily associated with
sp3 and Sep bonding states. The valence-band edge is
sociated with Se lone pair states and as see from Fig. 11
localization is essentially on Se atoms. There is a sm
amount of localization on undercoordinated Ge atoms at
valence-band edge as well. The two main peaks of the c
duction band appear to be associated with Se and Ge
bonding states, respectively.

In Fig. 12 the time evolution of the local-density
approximation~LDA ! electronic eigenvalues is plotted ne
the optical gap. Plotting the rms of the thermal fluctuation
each eigenvalue with the average localization of each eig
value ~Fig. 13! reveals that there is essentially a linear re
tionship between the thermal fluctuations of an eigenva
and its localization. This means that an essentially st
property~the localization of the LDA electronic eigenvalue!
of the liquid is linearly proportional to a dynamical proper
~the rms time fluctuation of the LDA eigenvalues! of the
liquid. The only part of the EDOS which does not follow th
trend is the peak around211 eV. In our glass model thes
states were associated with Se atoms which were overc
dinated and/or had homopolar bonds. These bonding c
figurations, as we will discuss further, appear to have b
affected significantly by thermal distortions. This could a
count for the discrepancy in the RMS of these eigenvalu
In general though the degree of localization determines
sensitivity of an eigenvalue to thermal rearrangements of

TABLE II. The positions of theA1, A2, A3, andB peaks of the
electronic density of states for our liquid model.

~eV! A1 A2 A3 B
Theory 21.4 22.5 24.5 27.0

FIG. 11. The total average localization of the electronic eig
values and the average localization of the electronic eigenvalue
Ge and Se atoms.
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3062 56MARK COBB AND D. A. DRABOLD
network topology. As the localization of an eigenvalue
creases changes in the local network topology affect it t
much greater extent, and as the eigenvalue becomes
delocalized thermal affects are averaged out and the fluc
tions of the eigenvalue decrease. This is clearly an exam
of the interaction between the electronic and ionic dynam
or in other words an electron-phonon interaction. Similar
havior has been observed by Draboldet al. in an ab initio
study ofa-Si ~Ref. 9!.

It is apparent from Fig. 10 that the liquid’s optical gap
much smaller~0.45 eV! then the optical gap of the glas
~1.72 eV! because the conduction band is broadened sig
cantly and it is also apparent that the broadening of the
lence and conduction bands is quite different. Comparing
broadening of the valence-band edge with the rms of its e
tronic eigenvalues@Fig. 13~b!# we find that thermal fluctua
tions are responsible for only about half of the total broa
ening of the valence band. The thermal fluctuations of
conduction-band-edge eigenvalues only account for appr
mately 1/3 of the total broadening of the conduction ba
These results suggest that the total broadening of the val

FIG. 12. The time evolution of the electronic eigenvalues~dot-
ted lines!. The Fermi level~solid line! is also plotted.

FIG. 13. ~a! The average localization of the liquid’s electron
eigenvalues and~b! the root mean square of the thermal fluctuatio
of the electronic eigenvalues in time.
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and conduction bands is due not only to thermal fluctuati
but intrinsic topological disorder as well. Electrical condu
tivity measurements~Ref. 32! reveal that the conductivity o
Ge-Se melts is much lower at compositions which eas
form glasses~such as GeSe2) suggesting that a covalent ne
work exists in these melts and that these compositions h
optical gaps of 1–2 eV at temperatures several hundred
grees above the glass transition temperature. This study
finds that the conductivity of good glass-forming Ge-Se
loys increases quite rapidly~by several orders of magnitude!
above 923 K indicating that the covalent network is brok
down to a much greater extent above this temperature.

The difference in the broadening of the valence and c
duction bands can be explained in part through the differ
chemistry associated with each band edge. In our ea
study~Ref. 2! we determined that the top of the valence ba
was associated with threefold Ge atoms, twofold Se ato
forming Se dimers, and onefold Se atoms. We also de
mined that the conduction-band edge was associated
threefold Se atoms to a large extent. The liquid’s valence
conduction bands are associated with the same kind of bo
ing configurations. In particular we find that the liquid
conduction-band edge is associated with threefold Se at
that have distortedA-Se-B angles~Se-Se-Ge angles,78°
and Ge-Se-Ge angles.140°) and/or stretched Se-Se an
Ge-Se bonds (.2.6 Å!. Overall there are not tremendou
differences between the angle distributions of the liquid a
the glass except for the number of distorted Se-Se-Ge an
,78° which increased by about a factor of 3 in the liqu
Another important difference between the liquid and t
glass is that stretched Se-Se bonds did not exist in our g
model. These facts suggest that threefold Se atoms in hi
stressed configurations are responsible for the broadenin
the conduction band.

It is of particular interest that the liquid has transient ele
tronic states in the middle of its optical gap. It is likely th
the midgap states in our liquid model and those obser
experimentally in the glass are a result of similar structu
configurations. It appears that in our liquid model the sp
ting between the nonbonding and antibonding Se states
been weakened in these topologically distorted threefold
configurations. In order to test this hypothesis we crea
artificially stretched threefold Se bonds in our glass mod
Using a conduction band state that was localized on athree-
fold Se atom we stretched a bond of this Se atom. As
stretching increased the conduction band state moved ac
the optical gap until it was just above the valence-band ed
The Fermi level in our glass model is located just above
valence-band edge. Stretching the bond~bond length 2.41 Å!
0.55 Å shifted the energy of the conduction-band st
21.4 eV ~or about 0.4 eV/Å!. Becauseg-GeSe2 has a rela-
tively low density it was possible to stretch bonds witho
forcing atoms to become unphysically close. The behavio
these artificial defect states is consistent with what we
serve in the liquid. The conduction-band states are m
more sensitive then the valence-band states to topolog
distortions because the formation of a threefold Se atom
volves the destruction of a lone pairp state in order to create
an additional bonding state. Thus one would expect th
threefold Se states to be more sensitive to topological dis
tions since the Se atom would prefer to be twofold coor
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nated with a lone pair state. The bonding configurations
sociated with the valence band are much less sensitiv
topological disorder since they do not involve the creation
destruction of lone pair states. In addition the conducti
band state moves towards the valence band because
becoming more like a lone pair state. The top of the valen
band edge is, as mentioned previously, associated with
lone pair states.

We observed four gap crossing events in our therm
simulation, for which the valence- or conduction-band e
ergy levels crossed the 0.45 eV optical gap. In each ev
either the valence band ascended into the optical gap o
conduction band descended into the optical gap as seen
Fig. 14 creating a transient midgap state. The energy le
then proceeded to cross the nearest level and sometimes
tinued to ascend or descend. The duration of each of th
four events was~in order of appearance in Fig. 14! 94.5, 49,
35, and 24.5 fs. It should be noted that a valence-band s
cannot cross the gap~and the Fermi level! unless a
conduction-band state has already come down so that
number of electrons is conserved. The Fermi distribut
function is smeared out near the Fermi level at finite te
peratures so that the valence and conduction bands can
be partially occupied in these level crossing events. T
smearing of the Fermi function allows the conduction ba
to descend while conserving the number of electrons. I
rather difficult to discern all these details from Fig. 14 but
we will discuss it is possible to track the energy eigensta

FIG. 14. Energy level crossing events~dotted lines! and the
Fermi level~solid line!.
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through the atoms which they localize on. The manner
which these midgap states are created is different from
perimental techniques of optically annealingg-GeSe2 but
the structural information they provide about the midg
states is still relevant.

The structural origin of these band crossings was de
mined from the localization of the electronic eigenvalues
they passed through the optical gap. In each event betw
two and five atoms had significant localization and all
these atoms were nearest or next-nearest neighbors. We
able to isolate the common traits of these events thro
visualization and detailed analysis of how each atom’s bo
ing environment changed during the gap crossing. As
eigenvalues pass through the gap the bonding of the at
associated with each eigenvalue change from valence
conduction-band states or vice versa depending on wh
way the eigenvalue is moving. The bonding configurations
the atoms involved transform from valence-~conduction! to
conduction-~valence! band states, two examples of this b
ing a onefold Se becoming a twofold Se and a twofold
becoming a threefold Se~see Table III!. Some of the atoms
involved do not undergo a change in their bonding but
merely the nearest neighbors of atoms which are chang
their bonding configurations. In addition to the Se atoms,
electronic states localize on Ge atoms making or break
bonds with the Se atoms involved. These events are the
namic version of what we observed in the broadening of
conduction band and from them it can be concluded t
midgap states are generated by Se atoms which form w
bonds with their Se and Ge neighbors. They are not re
valence- or conduction-band states, but rather an interm
ate state between the two. A simple interpretation of th
events is that the lone pair states of the Se atoms are b
unoccupied~occupied! as the energy levels cross from th
valence~conduction! band to the conduction~valence! band.
When the lone pair states become unoccupied~occupied! an
antibonding state is created~destroyed! and a bonding state
is created~destroyed! as well. This interpretation is consis
tent with our explanation for the broadening of th
conduction-band edge and with the high percentage~78%! of
transient gap states which involve threefold Se.

Previous experimental work on glassy GeSe2’s electronic
and optical properties have focused on photoluminesce
optical absorption, LESR signals, dc conductivity, and ph
toconductivity. Optical excitations should induce the creat
of defect states in the valence and conduction bands as s
tural relaxations occur due to the displacement of charge
mber
es cross
in
TABLE III. When an electronic state crosses the optical gap we find that it is localized on a small nu
of neighboring atoms. Listed below are the localized structural changes we observe as electronic stat
from the valence~conduction! band to the conduction~valence! band. The neighbors of an atom are
parentheses. 3Se indicates that a Se neighbor is threefold coordinated.

Valence band→ Conduction band Conduction band→ Valence band

Se~Ge! → Se~Ge,Ge! Se~Ge,Ge! → Se~Ge!
Se~Ge,Ge! → Se~Ge,Ge,Ge! Se~Ge,Ge,Ge! → Se~Ge,Ge!
Se~Ge,Se! → Se~3Se,Se,Ge! Se~Se,Ge,Ge! → Se~Ge,Ge!

Se~3Se,Ge! → Se~Ge!
Ge~3Se,Se! → Ge~3Se,3Se,Se,Se! Ge~3Se,3Se,3Se,Se,Se! → Ge~3Se,3Se!
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3064 56MARK COBB AND D. A. DRABOLD
is impossible for us to make direct comparisons with exp
ment since we are not simulating dynamic optical inter
tions, although much can be inferred about the structu
details of such defects from our liquid results. Based on
perimental results it has been speculated that photolumi
cence and LESR ing-GeSe2 are the result of Se and G
dangling bonds~Refs. 10,11,30!. Our results strongly suppor
this view and give a much clearer picture of the exact str
tural nature of these dangling or stretched bond states
particular we can explain the prescence of Se and Ge LE
signals in terms of the states we observe moving through
optical gap. Wheng-GeSe2 is exposed to band-gap wave
length light Se and Ge ESR signals are produced. B
LESR signals are holelike which indicates that they are be
produced by neutral dangling bond states. Neither LESR
nal saturates but rather each reaches an equilibrium v
determined by the wavelength and intensity of the incid
light. When the light is turned off the system freezes into
equilibrium ESR value~Ref. 11!. The equilibration of the
ESR signal indicates that a dynamic process is creating
destroying these dangling bond states.

The different types of dangling bond configurations w
observe moving through the optical gap represent som
the different ESR neutral defects that could be created f
optical excitations. The stretched bond configurations
tailed in Table III indicate the different types of neutral d
fects that occur in our liquid model. Experimentally it
known thatlight-inducedESR does not occur in amorphou
Ge and Si suggesting that lone pair electrons are the me
nism through which optically induced defects occur in ch
cogenides. The lone pair electrons would be optically exc
into the conduction band resulting in the creation of def
states. These experimental results support our interpreta
of the midgap states observed in the liquid model.

It is well known that the LESR signal ing-GeSe2 can be
completely erased by annealing a sample around 400 K~Ref.
11!. Experiments also reveal that annealing ag-GeSe2
sample around 100 K will erase a light-induced Se ESR
nal but that a temperature of about 300 K is required to er
a light-induced Ge ESR signal. Based on our study
g-GeSe2 this effect would be consistent with a decrease
structural and chemical disorder. We observed significant
calization on Se dimers at the edge of the valence and
duction bands ing-GeSe2. In addition we also found local
ization on onefold Se and threefold Ge near edge of
valence band. Experimental results ong-GeSe2 evaporation
deposited thin films indicate that the optical gap increase
a result of annealing and that the chemical disorder of
thin films decreased after being annealed~Refs. 31,33,34!.
This suggests that the chemically ordered Ge-Se stretc
bonds anneal at higher temperatures. We also observe S
stretched bond states moving across the optical gap of
liquid indicating that such states could contribute to the
LESR signal.

Experimental photoluminescence data forg-GeSe2 sug-
gests that there is more than one type of optical transi
occurring. The photoluminescence peak has a full width
half maximum of about 0.3 eV and its position depends
the excitation energy~Ref. 11!. This is consistent with the
variety of energies at which we observe gap states in
optical gap of the liquid. Our results also suggest that
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observed pinning of the Fermi level~Ref. 31! is a result of
occupied~onefold and twofold Se! and unoccupied~three-
fold Se! dangling bond states near the middle of the opti
gap. In the actual glass these would presumably be intrin
defects formed during the glass transition.

VI. CONCLUSION

The structural, vibrational, and electronic properties
l -GeSe2 have been analyzed usingab initio molecular dy-
namics. We find that the average topology of our liqu
model is in excellent agreement with experimental results
evidenced by the total and partial static structure factors
well as the partial pair-distribution functions. In particul
the FSDP of the total static structure is in excellent agr
ment with experiment indicating that the IRO is well d
scribed by our model. The average bond lengths, numbe
nearest and next-nearest neighbors, percentage of w
bonds, and the ratio of edge to corner sharing tetrahedra
all in very good agreement with experiment as well.

We have introduced a method of characterizing the IR
of liquid and glassy GeSe2 using the fourfold and sixfold
ring structures which exist in liquid, glassy, and crystalli
GeSe2. Treating the fourfold and sixfold rings as point ob
jects we have shown that they exhibit IRO correlations sim
lar to ring correlations which exist in the high-temperatu
crystalline form of GeSe2. In addition we have shown tha
the atomistic correlations associated with these ring str
tures are an essential part of the static structure fact
FSDP. This data strongly suggests that the FSDP’s of liq
and glassy GeSe2 are a result of the IRO imposed by fou
fold and sixfold ring correlations.

The vibrational density of states of our liquid model is
very good qualitative agreement with Raman experime
We find that the intensity of the low-frequency peak is qu
similar to that of the glass and that the intensity of the hig
frequency peak is significantly reduced relative to its inte
sity in the glass. In addition the splitting of theA1 andA1c
peaks and the reduced intensity of theA1c peak in the middle
band are reproduced in agreement with experiment. We h
this calculation inspires someone to attempt neutr
scattering measurements of liquid GeSe2 which we could
then make direct comparisons with.

We find that the average EDOS of the liquid is qu
similar to the EDOS of the glass below the Fermi lev
Above the Fermi level we find that localized topological d
tortions result in a very significant broadening of the cond
tion band. Examining the time-dependent behavior of
electronic eigenvalues we find that the rms of their therm
fluctuations is linearly proportional to their average localiz
tion. This suggests to us that the more localized an eig
value is, the greater its sensitivity to thermal distortions
the local network topology.

From our observations of electronic eigenvalues cross
the optical gap of the liquid we find that a variety of bondin
configurations can produce these midgap states. This i
observation of these femtosecond gap crossing event
l -GeSe2. Recent advancements in femtosecond x-ray te
niques open up the possibility of studying structural chan
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occurring on the femtosecond time scale~Refs. 35,36!.
Therefore it may be possible in the near future to actua
observe the structural transformations responsible for th
gap states as well as measure changes in the electronic s
ture on the femtosecond scale. In addition these liquid
states have structural properties similar to gap states in
glass observed through LESR and photoluminescence m
surements. Our results suggest in agreement with experim
that Se lone pair states are the mechanism through w
states in the optical gap are created. The creation and
struction of lone pair states appears to correspond with
movement of eigenvalues across the optical gap which s
gests that a Se antibonding state is either being create
destroyed.

Overall we find that our liquid model is in very goo
i-

B
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nt
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or

agreement with experiment. It may in fact be in better agr
ment with experiment then our glass model. We believe t
occurs because it is unnecessary to quench the liquid. S
lating the quenching process with femtosecond scales m
the resulting glass model more disordered then the real g
~Ref. 2!. Nevertheless both models give very good descr
tions of the two disordered phases of GeSe2 and when used
together provide new and unexpected results.
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