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Structure of Covalently Bonded Glass-Forming Melts: A Full
Partial-Structure-Factor Analysis of Liquid GeSe2

Ian T. Penfold and Philip S. Salmon
School of Physics, University of East Anglia, Norwich NR4 7TJ, United Kingdom
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The first full partial-structure-factor analysis of molten GeSe2 is made using the method of isotopic
substitution in neutron diAraction. It is shown that the melt comprises roughly equal numbers of edge-
and corner-sharing tetrahedra which give rise to a highly connected or network liquid. Concentration
fluctuations extend over distances characteristic of the intermediate-range order, contrary to the results
obtained from recently developed eA'ective potentials for covalently bonded glass-forming melts. The
problem as to whether or not GeSe2 forms a chemically ordered continuous random network is exam-
ined.

PACS numbers: 61.25.Em, 61.12.—q, 61.42.+h

In this Letter we address the problem of the structure
of covalently bonded glasses and the melts from which

they are formed by investigating molten GeSe2 using the
method of isotopic substitution in neutron diffraction.
The GeSe2 system has been widely studied and may be
regarded as a generic glass-forming binary material. In
particular, there are two features of its structure that are
typical of many covalently bonded disordered materials.
The first is the occurrence of a first sharp diffraction peak
(FSDP) in the total structure factor F(k) measured by
diff'raction methods which, unlike the other peaks, does
not decrease in height as the glassy material is melted
[1]. The second is the appearance in Raman spectra of a
companion mode Ai to the symmetrical breathing mode
A~ that is associated with Ge(Se~t2)4 tetrahedra [2]. In
GeSe2, at least, the 2] mode survives the melting transi-
tion [3].

How these features arise from the structure of the ma-
terial remains a subject of controversy [4,5]. This results
from the intrinsic di%culties of working with disordered
systems and the nature of existing structural information.
Conventional diAraction experiments, for example, yield
only the F(k) functions [1], while extended x-ray-ab-
sorption fine-structure experiments give information that
is limited to short-range correlations [6]. The anomalous
x-ray scattering method has been applied to glassy GeSe2
[7] but the extraction of the full set of partial structure
factors, S,p(k), was not possible and the range of scatter-
ing vectors was restricted to 0.5~k~10 A '. Molec-
ular-dynamics simulations of the molten and glassy states
have also been made [8], but these calculations are limit-
ed by the accuracy of the eAective potentials that are
used and by the extent of existing experimental informa-
tion used for comparison with the simulation results.

In view of the importance of GeSe2 as a model for
glass-forming covalently bonded network liquids and the
recent measurement of the coherent scattering lengths of
the Ge isotopes we have made a full S,p(k) analysis of
molten GeSeq at 784 ~ 3'C (mp of 742+'2'C) using the
neutron-diffraction method [9]. The object is to enable a

better test of the physics of this system by providing ex-
perimental partial pair-distribution functions g, ts(r) that

contain information on both the short- and intermediate-
range order (IRO). A central question regarding models
for GeSeq [4,5] is the extent to which its molten and
glassy states retain a memory of the crystal structure.

The F(k) function for molten GeSez measured by the
neutron-diff'raction method is given by

F(k) =cd,bo, [So,o, (k) —1]

+2co,cs,ho, bs, [So,s, (k ) —1]

+cs.b s, [Ss,s, (k ) —1],

where c and b are, respectively, the atomic fraction and
coherent scattering length of species a and the (Faber-
Ziman) S,p(k) are related to the g, tt(r) through the usu-
al expressions [9]. The weighting factors of the S,p(k) in

the equation for F(k) can be changed by isotope enrich-
ment. Hence diffraction experiments on three samples
that are identical in every respect, except their isotopic
composition, will give three F(k) functions which can
then be solved to reveal the individual S,p(k). In the
present case these samples were Ge Seq giving tvF(k),
where Ã denotes the natural isotopic abundance,

Ge Se2 giving tv F(k ), and Ge Se2 giving 76F(k ).
The coherent scattering lengths were b( Ge) =8.189(3)
fm, b( Ge) =9.93(10) fm, b( Ge) =5.20(4) fm,
b( Se) =7.970(9) fm, b( Se) =12.04(10) fm, and a
measure of the conditioning of the set of simultaneous
equations used to obtain the S,p(k) is given by the deter-
minant of the normalized weighting-factor matrix ~A~„
= —0.01 [9]. The diffraction experiments were made us-

ing the 04B instrument at the Institut Laue-Langevin,
Grenoble, and are described elsewhere [10].

The measured F(k) functions were of high statistical
precision which enabled their direct solution to give the
S,p(k) illustrated in Fig. 1. In view of the systematic er-
rors that can accompany such a procedure it was ensured
that the data satisfy several self-consistency criteria. It
was checked that the S,p(k) satisfy the usual sum-rule
and inequality relations [9] and that the Ge partial struc-
ture factors can be reconstituted to give the diA'erence

function Ao, (k) =tv F(k) —tvF(k). This is important
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FIG. 1. The measured S,p(k) for liquid GeSez (dots) and the
ME fits (solid curves) corresponding to the dashed curves in

Fig. 2.

since several types of systematic error are reduced or
essentially eliminated when Ao, (k) is formed [10] and
the SG,ii(k) functions are the least well conditioned of the
set of three. The S,p(k) reveal, when weighted to recon-
struct the F(k) functions, that the major contribution to
the FSDP at k =0.98(2) A ' arises from So,G, (k).

The g,p(r) were obtained by direct Fourier transforma-
tion (FT) of the S,ii(k) and by a maximum-entropy
(ME) method [11] in which homopolar bonding was for-
bidden since the Ge-Se bond energy is relatively large.
They are compared in Fig. 2 (dotted and dashed curves)
with the structure of the high-temperature (HT) crystal-
line GeSez polymorph [12] which is the phase that coex-
ists with the liquid at the melting point. The discrepancy
between the FT and ME results does not substantially
aA'ect the following discussion wherein the average coor-
dination number np of species P around species a in the
range r

~

~ r ~ r2 is deduced from the g,p(r) through the
expression given in Ref. [10].

The first main peak in gs, s, (r) at 3.80(2) A shows a
broad distribution of Se-Se distances which is comparable
with the crystal structure. Its integration over the range
2.76~ r ~4.91 A gives n '=10.3(5) [13]. The first in-
tense peak in go, s, (r) at 2.42(2) A is followed by marked
IRO correlations extending to =12 A. Integration of
the first peak from 2.09 A to the first minimum gives
ng', =3.6(3) which, together with the ratio rG,s,/rs, s,
=0.635, supports the presence of distorted tetrahedra in
the melt (the ideal ratio for tetrahedral units is
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FIG. 2. The g,&(r) for liquid GeSe2 obtained from the data
of Fig. I by direct FT (dotted curves) and by the ME method.
In the latter, homopolar bonding was either forbidden (dashed
curves) or was allowed (solid curves) (see text). Vertical bars
show the positions, or horizontal arrows show the spread of posi-
tions, of neighbors in the HT crystalline phase of GeSe2, the ad-
jacent numerals are the corresponding coordination numbers.
Since the coordination environment of a Ge atom has a marked
dependence on whether it occupies an edge- or corner-sharing
(ES or CS) site the two cases have been distinguished for
gGese(r)»d gGeGe(r).

J3/8 =0.612). Furthermore, the edge-sharing (ES) Ge
crystal site has Se neighbors in the range 4.6 ~ r & 5.3 A,
whereas the corner-sharing (CS) Ge crystal site has Se
neighbors in the range 4.0~r S4.8 A. The peak in

go,s, (r) at =4.1 A is therefore attributed to predom-
inantly CS tetrahedra, while the one at =4.9 A arises
from the presence of both ES and CS tetrahedra. The
first main peak in go,o, (r) occurs in the range
2.7~r ~4.4 A and its integration gives n '=3.3(6).
The small value of the low-r limit in this integration is
consistent with the presence of ES tetrahedra in the melt,
and the nG,

' value indicates comparable numbers of ES
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Vashishta and co-workers did not find a FSDP in this
function from any of their calculations on GeSe2 [8(a)]
and attributed this to the absence of charge-density Auc-

tuations at distances corresponding to the IRO correla-
tions. Indeed, they regarded this feature as generic for
network glasses and melts [8(b)]. However, as demon-
strated in Fig. 3, S«(k) displays a FSDP at 0.96(2)
A. ' which is comparable in magnitude to the remaining
features and arises predominantly from the Ge-Ge IRO.
This is the first observation of a FSDP in S«(k) for a
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FIG. 3. Szz(k) for liquid GeSe2 derived from the measured

S,~(k) by the formula in the text. The vertical bars display the
statistical errors.

and CS sites. This follows since in the crystalline state
each ES or CS Ge atom has, respectively, three or four
nearest-neighbor Ge atoms and there are equal numbers
of ES and CS sites giving nG,

' =3.5. gG,G, (r) also reveals
IRO correlations beyond =4.5 A and it is found, by
truncating gG, o,(r) at progressively lower rv-alues and
noting the eff'ect on the k-space data, that the FSDP in

both So,o,(k) and gF(k) arises from these correlations.
The present experimenta1 work lends support to several

aspects of the molecular-dynamics and integral-equation
calculations made by Vashishta and co-workers [8].
There are, however, significant diff'erences between exper-
iment and theory. For example, the use of eff'ective two-
body potentials for molten GeSe2 fails to predict the
correct position for the FSDP, seriously underestimates
the proportion of ES tetrahedra present in the melt (only
—5%), and does not give the correct no;. The introduc-
tion of three-body eff'ects helps to relieve some of these
problems, but major diff'erences still remain. This is most
readily seen by forming the concentration-concentration
structure factor S«(k) [14] which, to the extent that the
liquid can be regarded as comprising solely ionic species,
becomes the charge-charge structure factor Szz(k) with
the imposition of overall charge neutrality,

S«(k) —:1+cG,cs, [So,o,(k ) +Ss,s, (k ) —2SGes, (k )]
c Geese

=Szz(k) .

glass-forming network melt and its occurrence is related
to the chemical ordering of the Ge-Se network at dis-
tances characteristic of the IRO. The present results
therefore challenge the premise that "the absence of a
FSDP in Szz(k) is independent of the interaction poten
tial used to describe the system, or the particular detail
of the connectivity of the system, or the theoretical
scheme used to carry out the calculations" [8(b)].

In view of the controversy in the literature [4,5] be-
tween the diII'erent models for disordered GeSe2 the ME
method was again applied but with the restriction of only
heteropolar bonding lifted, i.e., the low-r cutoA distances
for gs, s, (r) and gG,G, (r) were decreased to those that ex-
ist in, respectively, liquid Se and amorphous Ge. The
like-atom g„(r) thus obtained (solid curves, Fig. 2) show
small peaks in the low rregi-on at distances comparable
to the Se-Se contact distance in liquid Se [2.30(2) A, cf.
2.35 A] and the Ge-Ge contact distance in amorphous Ge
[2.33(3) 4, cf. 2.46 A.]. The physical reality of these
features is supported, to some extent, by consideration of
the real-space representations of the F(k) and AG, (k)
functions since integration over the same r range as the
first main peak in gG, s, (r), assuming Ge-Se correlations
alone, gives slightly higher mean coordination numbers
[3.8(2) and 3.7(2)1. Our data therefore appear to be
consistent with the occurrence of Se-Se and Ge-Ge con-
tacts and within this framework might be taken as firm
evidence in support of the "outrigger-raft" model that has
been used to explain the FSDP and A~ mode in liquid
and glassy GeSe2 [4]. In this model the layers present in

the HT GeSe2 crystalline phase are fragmented and Se-
Se dimers form along the resultant "raft" edges. The
Se-rich rafts are then compensated by the occurrence of
Ge-Ge contacts, thought to be in the form of isolated or
polymerized Ge2Se3 units. We, however, reserve judge-
ment on this viewpoint since homopolar bonds will also
occur in a defected chemically ordered continuous ran-
dom network (COCRN) model in which well-defined lay-
ers need not be present.

A full resolution to this apparent dichotomy requires at
least a knowledge of bond-angle distributions; i.e., by how
much can the HT GeSez phase bond angles vary as the
temperature is raised through the melting point? Our re-
sults cannot be used to give this (three-dimensional) in-

formation directly since the g,p(r) are isotropic functions
and covalent forces are important [15]. A method such
as the Car-Parrinello approach to ab initio molecular-
dynamics simulations using density-functional theory
[16] is required. The present data will, however, provide
a framework for testing the efficacy of such calculations
and hence the relative importance of the (quasicrystal-
line) outrigger raft and COCRN models as extreme de-
scriptions of the melt and glass structure.

In summary, we present the first full experimental set
of S,p(k) for GeSe2 which is a covalently bonded liquid
that readily forms a glass by bulk-quenching methods.
The results demonstrate the need for a revision of the in-
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teratomic potentials that have been used for such systems
and provide a benchmark for future theoretical models.
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