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Short- and intermediate-range structure of liquid GeSe2
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First-principles molecular dynamics simulations are carried out to study the structural properties of liquid
GeSe2. We use a generalized gradient approximation for the exchange and correlation energy, which we find to
improve significantly upon the local density approximation in describing both the short- and the intermediate-
range structure. A very good agreement with experiment is obtained for the total neutron structure factor over
the entire range of momentum transfer. In particular, the first sharp diffraction peak~FSDP! is well reproduced.
We carry out a detailed comparison between partial structure factors and partial pair correlations in theory and
experiment to assess the quality of our simulation model. The short-range and intermediate-range structure are
well described overall. However, residual differences between theory and experiment, such as the absence of a
FSDP in the concentration-concentration structure factor, appear and are traced back to the Ge-Ge correlations.
An analysis of the bonding configurations indicates that liquid GeSe2 is a defective network consisting of
predominant Ge-centered tetrahedral units, but Ge- and Se-centered triads and homopolar bonds occur in
non-negligible amounts. The number of Ge—Ge homopolar bonds and of ordered fourfold rings compare
favorably with experimental estimates. Chemical disorder manifests through an important percentage of Se-
rich odd-membered rings. We characterized the intermediate-range order by studying the relation between
real-space distances and the FSDP. We found that this feature appears when correlations beyond 5 Å are
accounted for. The evaluation of bond lifetimes reflect the higher stability of Ge—Se bonds with respect to
homopolar bonds, consistent with the predominance of tetrahedral units.

DOI: 10.1103/PhysRevB.64.144205 PACS number~s!: 61.25.Em, 61.20.Ja, 71.15.Pd
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I. INTRODUCTION

Two contiguous length scales describe the amount of
sidual structural organization in a topologically disorder
system.1 On the one hand, short-range order~SRO! refers to
correlations existing between nearest neighbors and
common feature of most noncrystalline materials. On
other hand, intermediate-~also termed medium! range order
~IRO! is defined as the level of structural organization
volving distances significantly longer than nearest-neigh
bonds.1 Network-forming liquids and glasses of stoichiom
etry AX2 (A5Si, Ge;X5O, S, Se! exhibit IRO through the
appearance of a first sharp diffraction peak~FSDP! in the
total neutron structure factor. This signature lies at a value
the momentum transferk which typically corresponds to hal
the momentum transfer of the principal diffraction peak.2–4

Disordered GeSe2 systems have often been selected
good prototypes to gain insight into the microscopic origin
the IRO.5–11 From the structural point of view, this intere
stems from two kinds of early observations. At variance w
the case of SiO2, the chemical order in amorphous GeS2
was found to be broken, as proved by the finite concentra
of Ge—Ge and Se—Se homopolar bonds.7,8 These results
have been confirmed very recently by further experimen
work.12,13 Moreover, in neutron diffraction experiments o
liquid and glassy GeSe2, the FSDP was found to persist i
the liquid with an intensity comparable to that of the gla
indicating that the IRO is preserved on melting.14

Molecular dynamics simulations based on classical in
0163-1829/2001/64~14!/144205~12!/$20.00 64 1442
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atomic potentials were first employed to address key iss
such as the nature of the network connectivity in terms
corner-sharing and edge-sharing tetrahedra and the exte
structural correlations in glassy and liquid GeSe2.15,16 The
use of these potentials gave a structure for liquid GeSe2 de-
void of homopolar bonds and a relative number of corn
and edge-sharing tetrahedra sensitively dependent on
consideration of three-body terms. These simulations w
nevertheless able to reproduce satisfactorily the total neu
diffraction data, including the FSDP. By relying on a simp
fied model consisting of charged hard spheres, Iyeto
Vashishta, and Kalia concluded that the FSDP in the to
structure factor arises from of a combination of steric a
charge effects, which ensure the establishment of a reg
network of tetrahedra.17 Moreover, these authors suggest
the absence of the FSDP in the charge-charge structure fa
Szz to be a generic property of any binary AX2 disordered
system.18 On the experimental side, Penfold and Salm
questioned the validity of these assertions by carrying ou
full partial-structure-factor analysis on liquid GeSe2 with the
method of isotopic substitution in neutron diffraction.19 The
partial pair correlation functions of liquid GeSe2 were found
to be consistent with the presence of Ge—Ge and Se—Se
bonds which disrupt the chemical order of the network str
ture. In particular, a FSDP appeared in the Bhatia-Thornto20

~BT! concentration-concentration structure factorScc , indi-
cating concentration fluctuations over intermediate-ran
distances. This result is in marked contrast with the pred
tions of the classical molecular dynamics models,15–18 pro-
©2001 The American Physical Society05-1
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vided theSzz andScc structure factors are considered equiv
lent, as would be the case for a liquid with purely ion
species.

In previous work, we showed that the total structure fac
of liquid GeSe2 obtained within a density functional ap
proach accurately reproduces neutron diffraction data.21 In
particular, we demonstrated a relation between the degre
ionicity and the establishment of the IRO.22 In this paper, we
present a detailed description of the structural and dynam
properties of liquid GeSe2. To this end, we here rely on
new set of extended first-principles molecular dynam
simulations using two different functionals for the exchan
and correlation energy. First, we demonstrate the reliab
of our model simulation by performing a close comparis
with experimental data in reciprocal and real space. In p
ticular, we found that the partial structure factors and p
correlation functions obtained within a generalized gradi
approximation~GGA! significantly improve upon those ob
tained within the local density approximation~LDA !. We
then provide a detailed picture of the short- and intermedi
range structure. The structure of the liquid is characterize
terms of average coordination numbers, bond angle distr
tions, and ring statistics. Furthermore, we specifically
dress the IRO by establishing a relationship between
FSDP and the range of distances which account for its
pearance. The dynamical behavior of the liquid is stud
through the calculation of the diffusion coefficients and t
bond lifetimes.

Our paper is organized as follows. In Sec. II we descr
our simulation method and provide technical details. Sec
is devoted to a comparison between experimental and t
retical partial structure factors and pair correlation functio
In particular, we compare the results obtained within
GGA and LDA schemes. Section IV is divided into thre
parts. In the first part, an analysis of the atomic configu
tions is given in terms of average coordination numbers
bond angle distributions. We then focus on the statistics
rings. In the last part of this section, we determine the ra
of interatomic distances which account for the appearanc
the FSDP in the structure factors. Results on dynamical p
erties, including diffusion coefficients and bond lifetimes, a
given in Sec. V. The paper concludes with Sec. VI.

II. THEORETICAL MODEL

Our simulations were performed at constant volume o
system consisting of 120 atoms~40 Ge and 80 Se!. We used
a periodically repeated cubic cell of size 15.7 Å, correspo
ing to the experimental density of the liquid atT51050 K.
This system size is sufficiently large to cover the region
wave vectors in which the FSDP occurs. The smallest w
vector compatible with our supercell iskmin50.4 Å21, sig-
nificantly smaller than the FSDP wave vectorkFSDP
51 Å21 ~Ref. 19!. The region of wave vectors in which th
FSDP appears is described by as much as eight disc
wavevectors compatible with the periodicity of our superc

The electronic structure was described within dens
functional theory~DFT! and evolved self-consistently durin
the motion.23 We considered two distinct approximations f
14420
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the treatment of the exchange and correlation energy.
first approximation was the LDA, for which we used th
results by Ceperley and Alder,24 as interpolated by Perdew
and Zunger25 The second one was the GGA introduced
Perdewet al.26 Valence electrons were treated explicitly,
conjunction with norm-conserving pseudopotentials to
count for core-valence interactions. The LDA pseudopot
tials were taken from Ref. 27, while the GGA ones we
generated as in Ref. 28.

The wave functions were expanded at theG point of the
supercell on a plane-wave basis set defined by an en
cutoff Ec . In a first series of simulations, described in Re
21 and Ref. 22,Ec was taken equal to 10 Ry. We tested th
choice on the Ge-Se dimer, finding bond lengths (d054.06
bohrs, for both the LDA and GGA! and vibrational frequen-
cies (v5392 cm21 in the LDA, v5405 cm21 in the
GGA!, reproducing the experimental data29 to within at most
1% and 4%, respectively. These dimer properties were fo
to be essentially converged forEc510 Ry. In fact, increasing
the cutoff Ec to 20 Ry led to negligible changes (d054.08
bohrs andv5392 cm21 in the GGA!. In this paper, we
nevertheless adopt a cutoff ofEc520 Ry for both the LDA
and GGA simulations, because we found that this higher c
off has the effect of moderately enhancing the ionicity of t
system, thereby slightly improving the agreement with t
experimental partial structure factors.30

The last configurations of the fully equilibrated traject

FIG. 1. Faber-Ziman partial structure factors for liquid GeS2:
GGA calculations~solid line!, LDA calculations~dotted line!, and
experiment~dots with error bars! ~Ref. 19!. SGeGe

LDA (k), SGeSe
LDA (k),

andSSeSe
LDA(k) have been shifted down by 2, 1, and 1, respective
5-2
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TABLE I. Positions~p! and heights~h! of the first maximum M1, first minimum m1, and second ma
mum M2 in the Faber-Ziman and Bhatia-Thornton partial structure factors. Positions are given in Å.
absence of a signature, clearly discernible from the statistical noise, no data are reported. Error bars
standard deviations from the mean for subaverages of 2 ps and 1 ps for the GGA and LDA simul
respectively. The experimental results~expt! are taken from Refs. 19,37, and 38.

p-M1 h-M1 p-m1 h-m1 p-M2 h-M2

SGeGe
LDA (k) - - - - 2.04 1.7260.10

SGeGe
GGA (k) 1.13 1.2660.28 1.27 20.1360.06 1.88 1.8560.20

SGeGe
expt (k) 0.98 2.6060.53 1.45 20.5060.41 2.20 1.9860.51

SGeSe
LDA (k) - - 1.70 20.1260.08 2.86 1.4060.06

SGeSe
GGA(k) 1.13 1.5360.06 2.00 20.3360.10 3.00 1.4460.02

SGeSe
expt (k) 1.00 1.1060.16 1.95 20.1460.21 3.05 1.6860.22

SSeSe
LDA(k) - - - - 2.00 1.8560.10

SSeSe
GGA(k) - - - - 2.00 2.1760.14

SSeSe
expt(k) 0.95 0.0460.07 1.15 20.1260.06 2.05 2.4360.07

SNN
LDA(k) 0.90 0.4860.04 1.39 0.3560.04 2.26 1.1360.10

SNN
GGA(k) 1.13 0.8160.06 1.50 0.4260.02 2.04 1.0660.03

SNN
expt(k) 1.00 0.7660.14 1.35 0.4060.17 2.00 1.1360.19

SNC
LDA(k) 0.90 0.1360.01 2.0 20.1460.02 3.07 0.0660.01

SNC
GGA(k) 1.13 0.2160.02 2.0 20.2260.03 2.92 0.0760.01

SNC
expt(k) 1.00 0.2760.05 2.0 20.2760.07 2.70 0.0960.08

SCC
LDA(k) - - - - 2.00 0.3960.02

SCC
GGA(k) - - - - 2.04 0.4160.01

SCC
expt(k) 0.95 0.2560.04 1.45 0.0960.04 2.05 0.4560.05
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ries obtained in Refs. 21 and 22 for liquid GeSe2 with Ec
510 Ry within the LDA and GGA schemes were taken
initial sets of coordinates for the simulations withEc520 Ry.
We used a fictitious electron mass ofm055000 a.u.~i.e., in
units ofmea0

2, whereme is the electronic mass anda0 is the
Bohr radius! and a time step ofdt50.54 fs to integrate the
equations of motion. To permit the use of such a large ti
step, we adopted the preconditioning scheme in Ref. 31 w
a preconditioning cutoff ofEp53 Ry. Temperature control is
implemented for both ionic and electronic degrees of fr
dom by using Nose´-Hoover thermostats.32,33 We carried out
simulations atT5(1040610) K over time periods of 9 ps
and 21 ps for the LDA and GGA, respectively. When taki
statistical averages, the initial segments of 1 ps for eac
the two runs were discarded. The simulations were p
formed using for norm-conserving pseudopotentials the c
puter program described in Refs. 34 and 35.

III. COMPARISON BETWEEN EXPERIMENT
AND THEORY

A. Structure factors

The total neutron structure factors calculated withEc
520 Ry do not differ significantly from those reporte
previously22,30 and are not reproduced here. Besides a sli
displacement of the FSDP towards largerk values, an overall
very good agreement is found between the experimental
structure factor14 and the theoretical one obtained within th
GGA. At variance, the LDA total structure factor features
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much worse agreement, and, in particular, no FSDP appe
Therefore, in the following of this subsection, we first u
the GGA results in the comparison between theory and
periment. For completeness, we then discuss the differe
which arise within the LDA.

In Fig. 1, we display calculated and experimen
Faber-Ziman36 ~FZ! partial structure factors. Relevant pea
positions and heights are given in Table I. The experimen
partial structure factorSGeGe

expt (k) shows a very prominen
FSDP, a lower second maximum, and two minima in t
interval 1.5 Å21,k,4 Å21 having close depths. The the
oretical SGeGe

GGA (k) compares favorably to the experiment
SGeGe

expt (k) but is less structured and shows a smaller FS
As in the total structure factor, the FSDP is displaced
larger k values by 0.15 Å21. In the interval 1.5 Å21,k
,3 Å21, the theoreticalSGeGe

GGA (k) is found to be slightly
shifted towards smaller wave vectors with respect to the
perimental curve. Calculated averages of the FSDP heigh
time periods of 2 ps are found to be strongly time depend
leading to a theoretical error bar as large as 20%. Howe
despite these fluctuations, the height of the theoretical FS
remains clearly below the experimental value.

The theoretical Ge-Se structure factorSGeSe
GGA(k) repro-

duces accurately the data of Ref. 19 fork.2 Å21, but for
lower k values a small overall displacement is observed.
though the deviation is less striking than for Ge-Ge corre
tions, the theoretical FSDP in the Ge-Se structure facto
found to overestimate the experimental FSDP. Among
three Faber-Ziman structure factors, the best agreement
5-3



th
a

e
n

n

ic

-
G

e

the

ale

cy to

ur
s
-
lso

tor
t
ical

eo-

c-
he
to a
hile
ctor,
to
n-

nts
he
h
the

ma

in
,

n
ri-
rs
in

s
lues
he
iq-

,
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experiment is found for the Se-Se structure factorSSeSe
GGA(k).

In particular, this partial structure factor reproduces well
small signature found at the position of the FSDP, the m
peak, and the adjacent minimum.

In Fig. 2, we further analyze the comparison betwe
theory and experiment by considering the Bhatia-Thornto20

partial structure factorsSNN(k) ~number-number!, SNC(k)
~number-concentration!, and SCC(k) ~concentration-
concentration!. These can be obtained by linear combinatio
of the FZ structure factors.36 In terms of the Bhatia-Thornton
structure factors, the total neutron structure factorST(k)
reads

ST~k!5SNN~k!1A@SCC~k!/cGecSe21#1BSNC~k!, ~1!

where A5cGecSeDb2/^b&2, B52Db/^b&, Db5bGe2bSe,
and ^b&5cGebGe1cSebSe, ca and ba denoting the atomic
fraction and the coherent scattering length of the chem
speciesa (bGe58.185 fm, bSe57.97 fm!.19 This leads to
coefficientsA and B equal to 1.631024 and 0.053, respec
tively. Due to the close values of the scattering lengths of
and Se and the limited range of variation ofSNC(k) and
SCC(k) @ uSNC(k)u,0.2, SCC(k),0.5; see Fig. 2#, SNN(k)
turns out to be a very good approximation forST(k), i.e.,
uST(k)-SNN(k)u,0.015. The significance of th

FIG. 2. The Bhatia-Thornton partial structure factors~Ref. 20!
for liquid GeSe2: GGA calculations~solid line!, LDA calculations
~dotted line!, and experiment~dots with error bars! ~Ref. 37!
SNN

LDA(k), SNC
LDA(k), and SCC

LDA(k) have been shifted down by 0.5
0.4, and 0.2, respectively.
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concentration-concentration structure factorSCC(k) can be
appreciated by considering the relation

SCC~k!5cGecSe„11cGecSe$@SGeGe~k!2SGeSe~k!#

1@SSeSe~k!2SGeSe~k!#%…. ~2!

This equality shows that a peak at a given wave vector in
SCC(k) stems from the sensitivity of a given atom~Ge or Se!
to the chemical nature of its neighbors on the length sc
associated to that specific value ofk. On the contrary, the
absence of a peak corresponds to an equivalent tenden
homo- or heteropolar neighbors.

Consistently as found for the total structure factor, o
calculatedSNN

GGA(k) lies almost entirely within the error bar
of the measuredSNN

expt(k), the only notable difference con
cerning the position of the FSDP, as mentioned above. A
the number-concentration structure factorSNC

expt(k) is well re-
produced by the theoreticalSNC

GGA(k), with small differences
confined to the FSDP region. The theoreticalSCC

GGA(k) agrees
closely with the concentration-concentration structure fac
SCC

expt(k) for k.1.5 Å21. However, the very prominen
FSDP observed experimentally is absent in the theoret
SCC

GGA(k).
Overall, the comparison between experimental and th

retical partial structure factors is very good fork values char-
acteristic of short-range properties (k.2 Å!. However, de-
spite the good agreement in the total structure factor,21 the
distribution of the FSDP weights in the partial structure fa
tors is found to be different in theory and experiment. In t
FZ scheme, this difference is manifest in the Ge-Ge and,
lesser extent, in the Ge-Se partial structure factors. W
these discrepancies compensate in the total structure fa
they concur to give an important deviation with respect
experiment at the FSDP position of the BT concentratio
concentration structure factor, according to Eq.~2!.

In the case of the LDA, the agreement with experime
for the partial structure factors is only qualitative over t
entirek range~Fig. 1!. The most remarkable difference wit
respect to the GGA results is the absence of a FSDP in
SGeGe

LDA (k) structure factor. Overall, theSGeGe
LDA (k) is less struc-

tured than its GGA counterpart, showing shallower maxi
and minima and a very flat trend fork.3 Å21. A similar
pattern is observed forSGeSe

LDA (k) andSSeSe
LDA(k), where heights

and depths of the features are severely underestimated.
Figure 2 also gives the BT structure factors calculated

the LDA. The theoreticalSNN
LDA(k) does not show a FSDP

consistent with the total structure factor,22 of which it gives
an accurate representation@see Eq.~1!#. At higher k values,
SNN

LDA(k) yields flatter peaks in between 2 Å21 and 4 Å21

and, for k.4 Å21, less pronounced oscillations tha
SNN

GGA(k), in marked contrast with the corresponding expe
mental structure factor. Similarly, the LDA structure facto
SNC

LDA(k) andSCC
LDA(k) are found to be less structured than

the GGA. The sizable shoulder exhibited inSNN
LDA(k), close

to the FSDP location atk,0.9 Å21, should not be taken a
an indication of the presence of a FSDP. Indeed, the va
of SNN

LDA(k) assumed in this region are consistent with t
total structure factor measured by neutron diffraction for l
5-4
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SHORT- AND INTERMEDIATE-RANGE STRUCTURE OF . . . PHYSICAL REVIEW B 64 144205
uid GeSe2 at high temperatures,39 where the FSDP vanishes
Recent first-principles molecular dynamics simulatio
which successfully modeled this behavior, showed a c
comitant collapse of intermediate-range order.40

Recently, Cobb and Drabold modeled liquid GeSe2 within
a non-self-consistent electronic structure scheme base
the LDA and on the use of a minimal basis set.41 Overall,
their results are consistent with experiment. However
FSDP arises in the total structure factor, at variance with
fully self-consistent LDA results. Given the relation betwe
ionicity and the FSDP,22 this suggests that the approxim
tions inherent in the calculations of Ref. 41 artificially e
hance the ionic character of the bonding compared to a c
verged LDA calculation.

In summary, the LDA appears inadequate to account
short- and intermediate-range order in liquid GeSe2. The
GGA improves upon the LDA description and brings t
calculated structure factors into much better agreement
the experimental ones. However, small differences rem
between experiment and theory when one focuses on
height of the FSDP in the partial structure factors. Most str
ing is the absence of the FSDP in theSCC

GGA(k), which is
closely related to an underestimation of the height of
FSDP in the Ge-Ge structure factor.

B. Pair correlation functions

Partial pair correlation functionsgab(r ) and their experi-
mental counterparts19,38 are shown in Fig. 3. Peak position
and number of neighbors within given integration ranges
displayed in Table II. A first maximum indicative of homopo
lar bonds is clearly distinguishable in the experimen
gGeGe

expt (r ), followed by a main peak and a deep minimu
showing distinct shells of neighbors. This trend is not ac
rately reproduced by the theoreticalgGeGe

GGA (r ), which is char-
acterized by the absence of a clear first maximum, a la
distance for homopolar bonds, a broader main peak, an
much less pronounced first minimum. By consequence,
theoretical Ge-Ge coordination numbernGeGe calculated
over distances corresponding to the first experimental p
(0,r ,2.6 Å! underestimates the experimental value. T
Ge-Se pair correlation functiongGeSe

expt (r ) is characterized by
a prominent main peak and a deep minimum. This beha
is well reproduced in the theoreticalgGeSe

GGA(r ), though the
maximum and the minimum are found to be less p
nounced. At higher distances, the theoreticalgGeSe

GGA(r ) shows
less structure than the experimental curve, with a flat sec
maximum atr 55.5 Å. The first-neighbor Ge-Se coordin
tion numbersnGeSe derived from the experiment and from
the simulation compare satisfactorily. In the case of Se
correlations, the theoreticalgSeSe

GGA(r ) follows closely the ex-
perimentalgSeSe

expt(r ) for r .3 Å. Although the first peak is
sharper than in experiment, thegSeSe

GGA(r ) yields an accurate
value for the first-neighbor coordination numbernSeSe. Con-
sidering the results obtained in the LDA, we observe
following. On the one hand, the overall shape of the th
LDA partial correlation functions is remarkably similar t
the GGA ones. On the other hand, the LDA curves show
14420
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higher number of homopolar neighbors and are gener
less structured than in the GGA.

We obtain partial (nGe , nSe) and average~n! coordination
numbers from the first-neighbor coordination numbe

FIG. 3. Partial pair correlation functions for liquid GeSe2: GGA
calculations~thick line!, LDA calculations~dotted line!, and experi-
mental data~solid line! ~Refs. 19 and 38!.

TABLE II. First ~FPP! and second~SPP! peak positions in ex-
perimental~Refs. 19 and 38! and theoreticalgab(r ). The integration
ranges corresponding to the coordination numbersnab andnab8 are
022.6 Å, 2.624.2 Å for gGeGe(r ), 023.1 Å, 3.124.5 Å for
gGeSe(r ), and 022.7 Å, 2.724.8 Å for gSeSe(r ). Error bars are the
standard deviations from the mean for subaverages of 2 ps~GGA!
and 1 ps~LDA !.

gab(r ) FPP~Å! nab SPP~Å! nab8

gGeGe
LDA (r ) 2.760.1 0.0860.01 3.6560.10 2.8960.06

gGeGe
GGA (r ) 2.760.1 0.0460.01 3.7460.05 2.7460.06

gGeGe
expt (r ) 2.3360.03 0.2560.10 3.5960.02 2.960.3

gGeSe
LDA (r ) 2.4560.10 3.6860.01 5.7060.02 4.3260.06

gGeSe
GGA(r ) 2.4160.10 3.7660.01 5.6060.01 3.7260.03

gGeSe
expt (r ) 2.4260.02 3.560.2 4.1560.10 4.060.3

gSeSe
LDA(r ) 2.3660.07 0.5660.02 3.8260.05 8.960.06

gSeSe
GGA(r ) 2.3460.02 0.3760.01 3.8460.02 9.2860.04

gSeSe
expt(r ) 2.3060.02 0.2360.05 3.7560.02 9.660.3
5-5
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nGeGe, nGeSe, and nSeSe given in Table II. The resulting
theoretical values are compared to experimental data in T
III. Overall, the GGA partial and average coordination nu
bers reproduce well the experimental results. The coord
tion numbersnSe and n obtained in the LDA compare les
favorably: this discrepancy can be traced back tonSeSe. We
note that the good agreement between theory and experi
found fornGe is somewhat fortuitous, because it results fro
the compensation of the calculatednGeGe and nGeSe, par-
ticularly for the LDA.

Our results in real space confirm that the GGA provide
better description of liquid GeSe2 than the LDA. The theo-
retical pair correlation functionsgGeSe

GGA(r ) and gSeSe
GGA(r ) are

found to be consistent with the corresponding experime
ones.19 However, our model yields a broader distribution
Ge—Ge bond lengths, which on average are longer by
much as 15% with respect to experimental values~see Table
II !. Longer interatomic Ge—Ge distances and less structur
Ge-Ge pair correlation functions were recently also obtai
for liquid GeSe within the same first-principles framewo
used here.42 We note that such longer Ge—Ge bond lengths
are characteristic of the metallic liquid Ge. For this syste
first-principles calculations correctly reproduce the expe
mental bond lengths ~theory,43,44 2.63–2.75 Å;
experiment,45,46 2.66–2.75 Å!. This suggests that the GG
overestimates the metallic character in liquid GeSe2 and
GeSe.

Throughout our work, we assumed that the composit
of liquid GeSe2 is homogeneous on nanoscale distanc
However, it should be noted that this assumption has rece
been challenged by Boolchand and Bresser.13 By associating
the connectivity of the network to the dependence of
glass transition temperature onx in GexSe12x binary glasses,
these authors interpreted the observed trends in terms of
dence for the growth of a minority Ge-rich Ge2(Se1/2)6

phase, a phase separated on the nanoscale from the ma
Se-rich Ge(Se1/2)4 phase.13 Such a model is consistent wit
the observation of homopolar bonds in Mo¨ssbauer,7,8,13

Raman,6,9,10,13and diffraction measurements.12,19However, it
is, at present, not yet clear whether this interpretation m
also offer a natural explanation for structural properties
volving intermediate-range order, such as the observatio

TABLE III. Experimental and theoretical values for the parti
coordination numbersnGe and nSe and the average coordinatio
numbern of liquid GeSe2 at T51040 K. The coordination number
nGe andnSe are given bynGeGe1nGeSe, andnSeSe1nSeGe, respec-
tively ~see the values reported in Table II fornGeGe, nGeSe, and
nSeSe, wherenGeSe52nSeGe). The average coordination numbern
is equal tocGe(nGeGe1nGeSe)1cSe(nSeSe1nSeGe). Error bars are
the standard deviations of the mean for subaverages of 2 ps.

nGe nSe n

LDA 3.7660.02 2.4060.02 2.8560.02
GGA 3.8060.02 2.2560.02 2.7760.02
Ref. 38 3.7560.3 1.9860.15 2.5760.20
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a FSDP in the concentration-concentration struct
factor19,37 or the detailed shape of the Ge-Ge partial corre
tion function.19,38

IV. STRUCTURAL PROPERTIES

All the results presented hereafter refer to the calculati
performed within the GGA scheme.

A. Coordination numbers and bond angle distributions

We definedna( l ) as the average number of atoms of sp
ciesa l-fold coordinated~Table IV!, wherea are Ge or Se
atoms. We here used a cutoff distance of 3 Å, which cor
sponds to the first minimum in the Ge— Se pair correlation
function and describes well the first shell of neighbors a

TABLE IV. Average numberna( l ) ~boldface characters, ex
pressed as a percentage! of atoms of speciesa (a5Ge, Se! l-fold
coordinated at a distance of 3 Å. For each value ofna( l ), we give
the identity and the number of the Ge and Se neighbors. Note
0.45% of the Ge atoms have a coordinationl 56 ~not reported in
the table!. In the lower part of the table, we also give the avera
number of dimers, trimers, tetramers, and pentamers. Atoms
considered bonded when their separation is smaller than 3 Å.
tistical errors do not exceed 2%.

Ge l 51 0.20 l 52 5.26
Ge - Ge2 -
Se 0.20 GeSe 0.09

Se2 5.17

l 53 22.37 l 54 60.88 l 55 10.83
Ge3 - Ge4 - Ge5 -
Ge2Se - Ge3Se - Ge4Se -
GeSe2 2.61 Ge2Se2 0.10 Ge3Se2 -
Se3 19.76 GeSe3 6.95 Ge2Se3 0.36

Se4 53.83 GeSe4 5.89
Se5 4.58

Se l 51 2.28 l 52 70.30
Se 0.55 Se2 2.83
Ge 1.73 SeGe 21.90

Ge2 45.57

l 53 25.27 l 54 2.13 l 55 0.04
Se3 0.32 Se4 0.01 Se5 -
Se2Ge 3.25 Se3Ge 0.09 Se4Ge -
SeGe2 8.58 Se2Ge2 0.59 Se3Ge2 0.01
Ge3 13.12 SeGe3 1.04 Se2Ge3 0.02

Ge4 0.40 SeGe4 0.01
Ge5 -

dimers trimers tetramers pentamer
Ge 2.9 0.3
Se 8.9 3.1 0.9 0.2
5-6
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for Ge— Ge and Se— Se correlations. In Table IV, we als
report the population of homopolarn-mers of Ge and Se
atoms.

The percentage of fourfold-coordinated Ge atoms is cl
to 61%. Among the Ge atoms,; 54% form GeSe4 tetrahe-
dra and ;7% are found in Ge— GeSe3 units with one
Ge— Ge homopolar bond. Threefold-coordinated Ge ato
occur in non-negligible amounts~22.4%!, yielding Ge— Se3
~19.8 %! and Ge— GeSe2 ~2.6%! units. Fivefold-coordinated
Ge atoms~10.8%! are also present, distributed in close pr
portions among Ge— GeSe4 and Ge— Se5 units. In the case
of Ge, the percentage of atoms forming homopolar bo
~16.5%! is in good agreement with experimental estima
for amorphous GeSe2.8,12

The Se atoms show a pronounced preference for two
bonding~70.3%!, under the form of Se— SeGe~21.9%! and
Se— Ge2 ~45.6%! units. As much as 25% of the Se atom
are threefold coordinated, as shown by the occurrence
Se— SeGe2 ~8.6%! and Se— Ge3 ~13.1%! units. Homopolar
bonding involves as much as 32% of the Se atoms, wh
form on average;9 dimers and;3 trimers in our model.

Further information on the network topology can
gained via the distribution of the Se— Ge— Se,
Ge— Ge— Se, Ge— Se— Ge, and Se— Se— Ge bond
angles, which are shown in Fig. 4. These distributions h
been calculated by including neighbors separated by
than 3 Å. The Se— Ge— Se bond distribution is highly sym
metric with a maximum at 103° and an average angle eq
to 106°. Despite the occurrence of a variety of bonding c
figurations, these values lie close to the tetrahedral an

FIG. 4. Bond-angle distributions Se— Ge— Se~top, solid line!,
Ge— Ge— Se ~top, dashed-dotted line!, Ge— Se— Ge ~bottom,
solid line!, and Se— Se— Ge ~bottom, dash-dotted line!. Inset:
Ge— Se— Ge bond angle distributions obtained by consider
separately Ge atoms belonging to edge-sharing~thick! and corner-
sharing~thin! configurations.
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The Ge— Ge— Se distribution shows two components.
prominent peak is observed for angles close to 60°, indic
ing the presence of threefold rings. The second compon
corresponds to a broad distribution at higher angles in
interval 80° –120°. Because this component is found to
broader than the Se— Ge— Se bond distribution, we infer
that the occurrence of a Ge—Ge bond as part of Ge-centere
motifs increases the angular flexibility of these subunits.

The Ge— Se— Ge bond distribution is characterized by
flat maximum extending from 80° to 100°, which can b
interpreted in terms of two type of configurations.16 The
shoulder on the left side of this interval arises from edg
sharing tetrahedra, i.e., Ge-centered subunits which hav
common two Se atoms. The remaining part of the main p
then results from corner-sharing tetrahedra, which share o
a single Se atom. Such a decomposition is confirmed by
plot shown in the inset of Fig. 4~b!, where the Ge— Se— Ge
distributions corresponding to edge- and corner-sharing
rahedra are shown separately. The Se— Se— Ge bond distri-
bution shows two peaks. One of the peaks is centere
angles in between 50° and 60°, and results from the oc
rence of Se— Se bonds in triangular motifs. The other pe
occurs at;100°, indicating corner-sharing-like rather tha
edge-sharing-like connections. We infer that Se— Se bonds
are unlikely to be found in fourfold rings.

B. Ring statistics

Several molecular dynamics studies have determi
rings statistics in amorphous and liquid GeSe2.15,41 Our dis-
tribution of rings is given in Table V. We used the countin
algorithm based on the shortest-path criterion proposed
Franzblau.47,48Fourfold rings are the most likely to form, bu
they coexist with a substantial amount of threefold, fivefo
and sixfold rings. We note that for a given even-membe
ring, the configuration with an equal number of Ge and
atoms is always favored. In the case of odd-membered ri
a clear preference for Se-rich rings is observed, consiste
with the occurrence of a large number of Se— Se homopolar
bonds.

TABLE V. Distribution of rings in liquid GeSe2. NR is the total
number of rings of a given size. NR(n) is the number of rings
having n Ge atoms (n51, . . . ,7 Ge!. We also give the average
number of Ge atoms (NGe) found in a ring of a given size. Statis
tical errors do not exceed 5%.

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

NR 5.1 11.6 6.6 5.4 2.6 2.9 1.3 2.6 2.3 3.
NR~1 Ge! 2.2 0.4
NR~2 Ge! 2.9 11.1 4.7 0.6 0.2
NR~3 Ge! 0.1 1.9 4.8 2.0 0.8 0.1 0.1
NR~4 Ge! 0.4 2.1 0.9 0.5 0.4 0.1
NR~5 Ge! 0.3 2.0 1.6 0.9
NR~6 Ge! 0.3 2.0
NR~7 Ge! 0.1

NGe 7.7 18.1 14.5 14.5 7.7 10.3 5.1 11.7 11.0. 16
5-7
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Since some of the atoms could belong to more than
ring of a given size, we separately provide in Table V av
age numbers of Ge atoms as distributed among the diffe
rings. For instance, we found that 45% and 36% of the
atoms are found in fourfold and fivefold rings, respective
The percentage of Ge atoms found in edge sharing confi
rations is in very good agreement with the experimental
timate (; 50%).19 The Ge atoms can further be subdivid
in classes of Ge(n) atoms which differ by the numbern of
fourfold rings to which they belong. For instance, the Ge~2!
atoms characterize the bonding in crystalline SiSe2,49 where
all the tetrahedra are edge-sharing. Another example is
high-temperature crystalline polymorph of GeSe2 which fea-
tures an equal number of corner-sharing Ge~0! and edge
sharing Ge~1! sites.50 From this subdivision we deduce tha
considering all Ge atoms, 55% do not belong to fourfo
rings, 36% belong to a single fourfold ring, and 9% belong
two fourfold rings.

C. Real-space correlations and the FSDP

We here focus on the range of real-space correlati
which are responsible for the appearance of the FSDP. F
given partial pair correlation functiongab(r ), this range can
be determined by truncatinggab(r ) at decreasing distance
r c and by monitoring the behavior of the correspondi
Fourier-transformed structure factorSab(k). These two
quantities are related as follows:

Sab~k!5114pr E
0

r c
r 2@gab~r !21#

sinkr

kr
dr, ~3!

wherer is the atomic number density. Correlations exce
ing the size of the supercell~cubic cell of sideL515.7 Å!
are obtained by taking into account the periodic characte
our model system. In practice, we replicate our periodic c
by one unit in three directions up to a system contain
3240 atoms~27 times more atoms than the original one!.
This size allows us to calculate the pair correlation functio
up to distances as larger max533 Å. We first verified that the
structure factorSGeGe(k) obtained by using Eq.~3! with r c
5r max is very close to the result of the direct calculation ink
space shown in Fig. 1. This comparison is shown in F
5~a!. Upon reducing the integration range a sizable reduc
of the FSDP height begins to manifest. However, a w
defined peak still persists at the FSDP location whenr c ex-
tends up to 10.5 Å@Fig. 5~b!#. This r c is smaller thanA2L/2,
a value for which reliable statistics can be gathered for d
tances between independent atoms in a cubic supercell.51 For
shorter truncation radii@r c56 Å, Fig. 5~c!#, only a residual
bump remains at the FSDP location, and, for the even sho
r c55 Å @Fig. 5~d!#, any residual feature disappears. In an
ogy with a similar study performed on a classical molecu
dynamics model of liquid GeSe2,16 we conclude that the
FSDP in theSGeGe(k) structure factor is mainly due to cor
relations beyond 5 Å.

We carried out the same analysis as a function ofr c for
the total neutron structure factorST(k). The results are given
in Fig. 6. Direct and Fourier-transformedST(k) are in very
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good agreement over the entirek range whenr c5r max. The
Fourier-transformed structure factor is more noisy than
direct one in the low-k region. However, the FSDP is we
reproduced@Fig. 6~a!#. The FSDP remains clearly discernib
for r c510.5 Å @Fig. 6~b!#, and, although less prominent, fo
r c56 Å @Fig. 6~c!#. Further reduction of the truncation rang
to r c55 Å @Fig. 6~d!# drastically flattens the feature atk
51 Å21, which turns into a shoulder located in between
Å21 and 1.5 Å21. The similar behavior observed in Fig.
and Fig. 6 is consistent with the fact that the FSDP is mos
due to Ge— Ge correlations. However, the persistence o
shoulder inST(k) in Fig. 6~d!, which is not observed in the
correspondingSGeGe(k) @Fig. 5~d!#, proves that the FSDP
also carries contributions from Ge— Se and, to a much
smaller extent, Se-Se correlations~Fig. 1!.

We here showed that, for finiteL, the direct calculation of
the FSDP in reciprocal space is different than obtained us
the Fourier transform of the pair correlation function limite
to distances between independent atoms in the supercell@Fig.
5~b!#. For simulations with sufficiently large supercells (L
→`) the two calculation schemes are equivalent. Howev
for finite L, the above results show that the convergence
the FSDP height withL can be different. In the absence of
complete investigation as a function ofL, which is beyond
the scope of the present study, it is difficult to assess wh
of the two schemes shows a faster convergence. Howev
should be emphasized that direct calculations in recipro
space often produced structure factors in very good ag
ment with experiment.21,51–60

FIG. 5. Ge— Ge partial structure factors for liquid GeSe2 ~solid
lines! obtained by Fourier integration of the calculated partial p
correlation functiongGeGe(r ) within given integration ranges 0
2r c : ~a! r c533 Å, ~b! r c510.5 Å, ~c! r c56 Å, and~d! r c55 Å.
The dotted line corresponds to the partial structure factor dire
calculated ink space.
5-8
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V. DYNAMICAL PROPERTIES

The calculated statistical average of the time-depend
quantity

Da~ t !5
1

6tNa
K (

i 51

Na

u r ia~ t !2r ia~0!u2L ~4!

for both speciesa, Ge and Se, is shown in Fig. 7. In Eq.~4!,
r ia(t) is the coordinate of thei th particle at timet andNa is
the number of particles of the speciesa. Plateau values o
Da(t) are attained after 5–6 ps and yield diffusion coe
cients of DGe5(2.260.2)31025 cm2/s and DSe5(2.2
60.2)31025 cm2/s. Error bars are those ofDa(t) for t
54 ps and have been attributed by taking subaverage
trajectories of 5 ps each. Equal diffusivity for the two spec
in liquid GeSe2 contrasts the results obtained for liquid Ge
at about the same temperature. For this system, diffu
coefficients of DGe5(2.860.3)31025 cm2/s and DSe
5(2.060.3)31025 cm2/s were obtained, which indicat
that in GeSe the Ge atoms are more mobile than the
ones.42 This behavior can be rationalized by noting that,
the nonstoichiometric GeSe, the increase of homop
Ge— Ge bonds weakens the network allowing the Ge ato
to migrate more easily.42

In the inset of Fig. 7, we show the average bond lifetim
of Ge— Ge, Se— Se, and Ge— Se pairs, as calculated fo
varying cutoff distancesdc , in the range of first-neighbo
distances. In principle, one could simply define this quan
as the average time during which a bond is shorter tha

FIG. 6. Total neutron structure factor for liquid GeSe2 ~solid
lines! obtained by Fourier integration of the calculated partial p
correlation functionsgGeGe(r ), gGeSe(r ), andgSeSe(r ) within given
integration ranges 02r c : ~a! r c533 Å, ~b! r c510.5 Å, ~c! r c56
Å, and~d! r c55 Å. The dotted line corresponds to the total neutr
structure factor directly calculated ink space.
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given dc . However, in such a procedure, a bond would
considered broken for any temporary fluctuation of the int
atomic distance beyond the cutoff radiusdc . Therefore, we
here adopted a different procedure in which a bond is c
sidered broken when its interatomic distance remains la
thandc for a time period longer than a given residence tim
t res .61 We took a value of 0.7 ps fort res using a typical
frequency in the vibrational spectrum of amorphous GeS2
(n540 meV!.62 Interestingly, this choice coincides with th
alternative estimate which could be derived using the
proximate width of the first-neighbor peak in the pair corr
lation functions~1 Å! and the value of the diffusion coeffi
cient.

The calculated bond lifetimes of Ge— Ge pairs give val-
ues of about 1 ps, showing only a small increase for incre
ing bond lengthdc . This implies that the Ge— Ge bonds do
not show any proclivity for a specific bond length in th
investigated range ofdc . By contrast, the Ge— Se lifetimes
are much longer, ranging between 3 and 5 ps. The lon
lifetime is found for a value ofdc which corresponds well to
the position of the main peak in the Ge— Se pair correlation
function. Such a trend is consistent with the predomin
occurrence of GeSe4 tetrahedra.22 The Se— Se bonds are
also long living for cutoffsdc close to their typical bond
lengths (;2.5 Å!. The rapid decrease of the lifetimes fo
largerdc is indicative of little resistance to bond stretchin
Overall, this description shows that the bond lifetimes refl
the behavior of the respective pair correlation functio
These results point out the existence of a correlation betw
the predominant occurrence of tetrahedra, the establishm
of intermediate-range order, and the presence of maxim
the Ge— Se bond lifetime patterns. Indeed, no maxima a
found in the bond lifetimes of liquid GeSe, where IRO is n
observed.42

r

FIG. 7. Diffusion coefficients for Ge and Se atoms in liqu
GeSe2. Inset: bond lifetimes for Ge— Ge, Se— Se, and Ge— Se
pairs of atoms as a function of cutoff radius.
5-9
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VI. CONCLUSIONS

Disordered GeSe2 systems are interesting examples
random network structures in which the chemical order
broken by the occurrence of homopolar bonds. Indeed,
close electronegativities of Ge and Se give rise to bond
properties in which the ionic and covalent character interp
in a subtle way. For these reasons, liquid and glassy Ge2

have attracted particular attention as prototypes of defec
network-forming systems. In particular, the total neutr
structure factor shows a distinct first sharp diffraction pe
indicating the occurrence of intermediate-range order. In
work, we addressed the short-range and intermediate-ra
structure in liquid GeSe2 by performing extended molecula
dynamics simulations within density functional theory. W
adopted a first-principles approach in order to account in
unbiased way for the variety of bonding configurations o
curring in this liquid.

In the first part of our work, we performed a close com
parison between the results of our simulation and availa
experimental data. In particular, the comparison compri
the partial structure factors and the partial pair correlati
functions, for which detailed experimental results have b
obtained.19 Overall, the agreement with experiment is ve
good in consideration of the fact that the interatomic int
actions in the simulation did not rely on any empirical p
rameter taken from experiment. In particular, the the
gives good values for the partial and total coordination nu
bers and for the amount of homopolar bonds. In order
achieve this quality of agreement, it was necessary to re
to a generalized gradient approximation for the exchange
correlation energy. The comparison with experiment sho
that the local density approximation results in a struct
with an excessive amount of chemical disorder and homo
lar bonds. This strongly affects the intermediate-range or
as evidenced by the absence of a first sharp diffraction p
in the structure factor calculated in the local density appro
mation.

Despite the excellent agreement between the meas
total neutron structure factor and the one calculated in
generalized gradient approximation, our comparison of p
tial correlations revealed detailed differences between the
and experiment. The most striking of these differences c
cerns the first sharp diffraction peak in the concentrati
concentration structure factor, which clearly appears in
experiment but is absent in the theory. Our analysis sugg
that these limitations are confined to an insufficiently ac
rate description of Ge—Ge correlations. Indeed, inspectio
of the Ge—Ge partial structure factor reveals an undere
mation of the first sharp diffraction peak. While this unde
estimation does not affect the total neutron structure fa
because of compensation effects related to the other pa
structure factors, this discrepancy is magnified in
concentration-concentration structure factor. Moreover,
calculated Ge—Ge pair correlation function is less structure
than its experimental counterpart, with first-neighbor d
tances exceeding the experimental values by about 15%

The use of the generalized gradient approximation
proved upon the local density one, primarily because
14420
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former reproduced more accurately the ionic character in
bonding.22 This led to a structure with an increased chemi
order. It is conceivable that the residual differences betw
theory and experiment should be attributed to a yet insu
cient account of the ionic character in this system. A furth
increase of the ionicity would naturally lead to an enhan
ment of the chemical order with a concomitant increase
the height of the Ge—Ge first sharp diffraction peak. Thi
speculation is consistent with our finding of excessively la
Ge—Ge bond lengths, which are characteristic of meta
liquid Ge.43–46

In the second part of our work, we present an atomis
analysis, which provides insight into the detailed structu
properties of the liquid. We found that the Ge-centered te
hedra are the predominant coordination motifs and coe
with homopolar bonds. Furthermore, a considerable amo
of Ge- and Se-centered triads are also observed. These b
ing configurations are predicted neither by the continuo
random network model63 nor by its extensions which only
include homopolar bonds in addition.64 Overall, our results
show the establishment of a complex network structure
which the atoms form a variety of bonding configuratio
differing by both the number and type of nearest neighbo
These properties are further highlighted by the bond an
distributions and ring statistics. The amount of Ge ato
involved in fourfold rings ~45%!, which occur in edge-
sharing tetrahedra but also in other bonding motifs, is c
sistent with experimental estimates~50%!. Among these Ge
atoms, a minority~19%! belongs simultaneously to two four
fold rings, in configurations reminiscent of the crystallin
structure of SiSe2.49

We investigated the intermediate-range order by de
mining the relevant range of distances responsible for
appearance of the FSDP. To this end, we calculated the s
ture factors both directly in reciprocal space and through
Fourier transformation of the pair correlation functions. Th
study revealed that the first sharp diffraction peak res
from correlations at distances larger than 5 Å, support
previous theoretical results obtained with empirical int
atomic potentials.16 We showed that correlations between a
oms belonging to different replica in our periodic model co
tribute to the height of the first sharp diffraction peak. Thu
albeit the use of the periodic approximation, long-range c
relations well beyond the size of the supercell are effectiv
considered in the calculation of the first sharp diffracti
peak. This remark suggests that no contradiction exists
tween the reproducibility of first sharp diffraction peaks c
culated for relatively small supercells and the requirem
for an appropriate consideration of long-range correlation

Finally, our investigation concludes by addressing so
dynamical properties. In particular, by calculating bond lif
times, we showed that the most stable bond is the Ge— Se
one, consistently with the predominant appearance of Ge4
tetrahedra. While the Se— Se bond lifetimes are almost com
parable to the Ge— Se ones, the Ge— Ge ones are consid
erably shorter, indicating that Ge— Ge homopolar bonds ar
easily broken.
5-10
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