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Abstract. The partial structure factors and pair distribution functions for liquid GeSe at 727(2) ◦C
were measured by using the method of isotopic substitution in neutron diffraction. The results show
that the liquid retains little memory of the high-temperature crystalline phase of GeSe. On melting,
there is a reduction in the Ge–Se coordination number from 6 to 3.2(2) and both Ge–Ge and
Se–Se homopolar bonds become features of the molten state with contact distances of 2.36(2) and
2.34(2) Å and coordination numbers of 0.8(1) and 0.22(3) respectively. The results are discussed
by reference to the structures of molten CuSe and CuBr, which contain electronegative species of
the same or similar size. The structure is also compared with that of the glass-forming network
melt GeSe2 and it is found that, unlike the latter, there is no strong indication of intermediate-range
atomic ordering as manifest by a prominent first sharp diffraction peak in one of the measured
partial structure factors.

1. Introduction

The object of this paper is to present the full set of partial structure factors and pair distribution
functions for the liquid semiconductor GeSe. Motivation for the study of this system stems,
in part, from the observation that the nature of the bonding in liquid GexSe1−x (0 6 x 6 1)
compounds changes from metallic to covalent asx is decreased from unity (see e.g. Salmon
and Liu 1994). Also, it becomes possible to form bulk-quenched glasses over a wide range
of composition, namely 0.43 > x > 0 (Troncet al 1973, Azoulayet al 1975). In order to
understand this evolution in the bonding, the appearance of a glass forming region, and to test,
for example, molecular dynamics results (Vashishtaet al 1989a, b, Cobb and Drabold 1997,
Massobrioet al 1998, 1999, Hayeet al 1998), maximum information on the pair distribution
functions is required. Furthermore, this knowledge is necessary to help explain the change in
the local order of GeSe on melting wherein the coordination number of Ge changes from six to
about four (Salmon and Liu 1994, Petriet al1999). Ge and Se have close atomic numbers and
sizes and for natural isotopic abundances their coherent neutron scattering lengths are similar.
It is not therefore possible to resolve the local coordination environments of Ge and Se by
using conventional neutron or x-ray diffraction methods to measure total structure factors or
by using the x-ray absorption fine structure technique.

Molten GeSe is a semiconductor with an electrical conductivityσ ≈ 40 �−1 cm−1

just above its melting point and positive temperature coefficient dσ/dT (Ruska and Thurn
1976, Okadaet al1996). Thermopower measurements are consistent with p-type conductivity
(Okadaet al 1996) while the sign of the Hall coefficient is reported to change from positive to
negative on melting (Glazovet al1987). An interpretation of the Hall coefficient in disordered
materials is however problematic (Cusack 1987).
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In the first part of this paper the results for the structure of molten GeSe are presented and
the local coordination environments of the atomic species are compared with those in both the
low and high temperature forms of the GeSe crystal structure. Next, the structure is discussed
by reference to that of the molten AX materials CuSe (Barnes and Enderby 1988) and CuBr
(Allen and Howe 1992, Saitoet al 1997, Pusztai and McGreevy 1998) where A and X denote
the electropositive and electronegative species respectively. These three AX systems have the
same or similarly sized anions and structural information on CuSe and CuBr is also available
at the partial pair-distribution function level. Finally, the structure of liquid GeSe is compared
with that of the glass-forming network melt GeSe2 (Penfold and Salmon 1990, 1991, 1992).

2. Theory

Consider three samplesNGeNSe,70GeNSe and73Ge76Se, whereN denotes the natural isotopic
abundance, that are identical in every respect except for their isotopic compositions. In
a neutron diffraction experiment on these samples, the coherent scattered intensity can be
represented by the total structure factorsN

NF(Q),
70
N F(Q) and73

76F(Q) respectively where in
matrix notation( N
NF(Q)
70
N F(Q)
73
76F(Q)

)
=
( 0.1675(8) 0.3262(9) 0.1588(4)

0.250(5) 0.399(4) 0.1588(4)
0.065(1) 0.311(4) 0.372(6)

)(
SGeGe(Q)− 1
SGeSe(Q)− 1
SSeSe(Q)− 1

)
. (1)

In this equation the weighting coefficients are quoted in units of barns and were calculated
using bound coherent scattering lengths ofb(NGe) = 8.185(20) fm, b(70Ge) = 10.0(1) fm,
b(73Ge) = 5.09(4) fm, b(NSe) = 7.970(9) fm and b(76Se) = 12.2(1) fm. The latter
correspond to the isotopic enrichments used in the neutron diffraction experiment (see section 3)
while the scattering lengths and cross sections were taken from Sears (1992). The so-called
Faber–Ziman partial structure factors,Sαβ(Q), are obtained from inversion of equation (1) to
give (

SGeGe(Q)− 1
SGeSe(Q)− 1
SSeSe(Q)− 1

)
=
(−45.3 33.0 5.3

37.9 −23.8 −6.0
−23.7 14.1 6.8

)( N
NF(Q)
70
N F(Q)
73
76F(Q)

)
. (2)

A measure of the conditioning of this matrix is provided by its normalized determinant
|An| = −0.02 (Edwardset al 1975). The partial structure factors are related to the partial pair
distribution functions,gαβ(r), through

gαβ(r) = 1 +
1

2π2rn0

∫ ∞
0
Q[Sαβ(Q)− 1] sin(Qr) dQ (3)

whereQ is the magnitude of the scattering vector andn0 is the atomic number density. The
mean number of particles of typeβ contained in a volume defined by two concentric spheres
of radii ri andrj , centred on a particle of typeα, is given by

n̄βα = 4πn0cβ

∫ rj

ri

r2gαβ(r) dr. (4)

3. Experimental procedure

The isotopes, supplied by Europa Scientific UK, were freshly separated and immediately sealed
under vacuum in glass ampoules for transportation to our laboratory. The GeSe samples were
prepared by loading into silica ampoulesNGe (99.9999%, Aldrich),70Ge (99.8%70Ge, 0.2%
72Ge) or73Ge (98%73Ge, 0.3%70Ge, 0.8%72Ge, 0.8%74Ge, 0.1%76Ge) together withNSe
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(99.999%, Johnson Matthey) or76Se (99.75%76Se, 0.2%74Se, 0.05%77Se) in a high purity
argon-filled glove box (≈1 ppm oxygen,<10 ppm water). The ampoules had been cleaned
using chromic acid prior to etching with a 40% solution of hydrofluoric acid. The sample-filled
ampoules were then evacuated to a pressure of≈10−5 Torr, purged three times with helium
gas, and after≈48 h they were sealed. Each ampoule was itself subsequently sealed under
vacuum in a larger silica container to ensure that if the inner silica cell cracked during the
cooling phase of the subsequent heat treatment the sample would remain pure. The double-
walled ampoules were loaded into a rocking furnace, slowly heated to 800◦C where they were
left for ≈43 h, and cooled at 1◦C min−1 to room temperature. The crystalline GeSe samples
were then transferred to matched cylindrical silica tubes of 5 mm internal diameter and 1 mm
wall thickness and sealed under vacuum ready for the neutron diffraction experiments. The
latter were made using the D4B instrument at the Institut Laue–Langevin, Grenoble with an
incident wavelength of 0.7051 Å.

The complete diffraction experiment comprised the measurement of the scattering
intensities at 727(2) ◦C for the samples contained in silica cells placed within a cylindrical
vanadium heater; an empty silica cell in the heater and the empty heater. Each diffraction
pattern was built up by making repeated scans of the detectors over the available range of
scattering angles. No deviation was observed between scans, apart from the expected statistical
variations (Jalet al1990). The diffraction pattern for a cadmium bar of diameter 5 mm placed
in the heater was also measured at room temperature for making the low-angle background
correction (Bertagnolliet al 1976). The diffraction pattern for a vanadium rod of diameter
6 mm was used for the data normalization. The data analysis procedure followed that described
elsewhere (Salmon 1988) and the liquid temperature was the same as that chosen previously
(Salmon and Liu 1994). At this temperature the number density is 0.0387(2) Å−3 (Ruska
and Thurn 1976) and the liquid forms a single homogeneous phase: the measured diffraction
patterns show no small angle scattering and electrical conductivity (Okadaet al 1996) and
sound velocity (Tsuchiya 1990) experiments show no evidence of phase separation.

4. Results

The measured total structure factors are shown in figure 1 together with the Fourier back-
transforms of the corresponding real-space functions obtained after setting the unphysical low-r

oscillations for each function to their calculated limiting value. The good overall agreement
between the data and back-transform at allQ-values indicates that the data correction procedure
has been properly undertaken (Salmon and Benmore 1992). In figure 2 theSαβ(Q), obtained
by direct inversion of these total structure factors using equation (2), are shown by the error
bars and cubic spline fits to theseSαβ(Q) are shown by the solid curves. The corresponding
gαβ(r) are given in figure 3 as broken and full curves respectively. The measured partial
structure factors fully satisfy the sum rules and inequality relations given by Edwardset al
(1975). They givegαβ(r) that oscillate about the correct low-r limit and there is no trace of a
peak at the Si–O bond length of 1.6 Å, which would arise from an incorrect silica container
correction (Barneset al 1997). A summary of the mean atomic distances and coordination
numbers obtained from thegαβ(r) is given in table 1.

Figure 4 shows the total structure factors decomposed into the Bhatia–Thornton (1970)
partial structure factorsSBTij (Q). In this formalismSBTNN(Q), S

BT
NC(Q) andSBTCC (Q) denote

the number–number, number–concentration and concentration–concentration partial structure
factors respectively. The Fourier transform ofSBTNN(Q) is denoted bygBTNN(r) and describes the
sites of the scattering nuclei but does not distinguish between the different chemical species
occupying those sites. It is therefore measured directly if the bound coherent scattering lengths
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Figure 1. The measured total structure factorsNNF(Q),
70
N F(Q) and 73

76F(Q) for molten GeSe
at 727(2) ◦C. The bars represent the statistical errors on the data points and the solid curves are
the Fourier back-transforms of the corresponding real-space functions obtained after setting the
unphysical low-r oscillations for each function to their calculated limiting value.

Table 1. Interatomic distances and coordination numbers in liquid GeSe at 727(2) ◦C.

First peak Integration Second peak Integration
gαβ(r) position (Å) n̄

β
α range (Å) position (Å) n̄

β
α range (Å)

gGeGe(r) 2.36(2) 0.8(1) 1.96–2.91 3.81(2) 7.4(3) 2.91–4.85
gGeSe(r) 2.54(2) 3.2(2) 2.15–3.10≈ 3.5a 2.1(2)a 3.10–3.93a

gSeSe(r) 2.34(2) 0.22(3) 1.90–2.64 3.76(2) 8.6(3) 3.01–4.85

a Corresponds to the first shoulder ingGeSe(r).

of the nuclei are equal. This is almost the case for theNGeNSe measurement and henceSBTNN(Q)
is known to good precision.

5. Discussion

5.1. Comparison with the high- and low-temperature crystal structures of GeSe

The low-temperature form of crystalline GeSe, LT-GeSe, has a distorted NaCl-type structure
in which each chemical species makes six bonds, three weaker than the other three, to unlike
chemical species to form a double-layer structure (Okazaki 1958, Kannewurfet al1960, Dutta
and Jeffrey 1965, Hulliger 1976). At 651(5) ◦C it undergoes a structural phase transition to the
high-temperature phase, HT-GeSe, which has a normal NaCl-type structure (Wiedemeier and
Siemers 1975, Petriet al 1999) before melting at 675(2) ◦C (Ipseret al 1982). The fractional
volume change(V ′ −V )/V is 0.5% for the solid–solid phase transition and 9% for the melting
transition (Ruska and Thurn 1976, Wiedemeier and Siemers 1975), whereV ′ andV denote
the volumes for temperatures just above and below the transition of interest.
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Figure 2. The experimental partial structure factorsSGeGe(Q), SGeSe(Q) andSSeSe(Q) for molten
GeSe at 727(2) ◦C. The bars represent the statistical errors on the data points and the solid curves
are the smoothedSαβ(Q) obtained by using a cubic spline fit to the data points.

In the liquidgGeSe(r) has a first peak at 2.54(2) Å and a shoulder at≈3.5 Å. The first
peak gives a Ge–Se coordination number of 3.2(2) which increases to 5.3(3) if the shoulder
extending from 3.10 Å to 3.93 Å is included in the integration range. HT-GeSe comprises Ge
centred octahedra with six Ge–Se bonds at 2.87 Å (Wiedemeier and Siemers 1975) while in
LT-GeSe each Ge has one Se at 2.56 Å and two Se at 2.59 Å followed by two Se at 3.32 Å
and one Se at 3.37 Å (Dutta and Jeffrey 1965). On melting, the octahedra of HT-GeSe are
therefore disrupted and the first-nearest-neighbour Ge–Se correlations in the melt resemble
those in LT-GeSe.

Homopolar Ge–Ge and Se–Se bonds occur in the liquid as represented by the low-r peaks
in gGeGe(r) andgSeSe(r). These peaks are considered to be real since their removal, by setting
them equal to the limiting value ofgαβ(r) = 0, leads to a detrimental agreement between the
correspondingSαβ(Q) and the Fourier back-transform of the resultantgαβ(r). Furthermore,
the peak positions represent reasonable bonding distances. For example, the Ge–Ge bonds
appear in the liquid at a distance 2.36(2) Å that is intermediate between 2.33(3) Å estimated
for molten GeSe2 (Penfold and Salmon 1991) and 2.45–2.47 Å observed in crystalline or
amorphous Ge (Etheringtonet al 1982, Dalbaet al 1995). Also, the Se–Se bond length
of 2.34(2) Å is comparable to that found in liquid and amorphous Se (see e.g. Hohl and
Jones 1991). Moreover, the Ge–Ge homopolar bonding coordination number of 0.8(1) and
the Ge–Se first-nearest-neighbour coordination number of 3.2(2) are fully consistent with the
results obtained from a previously reported first-order difference experiment on liquid GeSe
(Petri et al 1999). This is significant since several types of systematic error are reduced or
essentially eliminated in first-order difference experiments (see e.g. Salmonet al 1998).

In HT-GeSe, Ge has 12 nearest-neighbour Ge at 4.05 Å (Wiedemeier and Siemers 1975)
while in LT-GeSe these 12 nearest-neighbour Ge are distributed between 3.40 and 4.73 Å (Dutta



7056 I Petri et al

0 2 4 6 8 10
Distance, r [Å]

−3

−1

1

3

5

P
ar

tia
l P

ai
r 

D
is

tr
ib

ut
io

n 
F

un
ct

io
n,

 g
αβ

(r
) gGeGe(r) + 3.5

gSeSe(r) − 2

gGeSe(r)

Figure 3. Thegαβ(r) for molten GeSe at 727(2) ◦C obtained from theSαβ(Q) shown in figure 2.
The solid curves are the Fourier transforms of the smoothedSαβ(Q) given by the solid curves in
figure 2 and the broken curves are the Fourier transforms of the unsmoothedSαβ(Q) given by the
error bars in figure 2.

and Jeffrey 1965). On melting, the Ge–Ge coordination environment in HT-GeSe is therefore
disrupted to give an average of 0.8(1) Ge–Ge homopolar contacts together with 7.4(3) Ge–Ge
next-nearest neighbours distributed between 2.91 and 4.85 Å. Furthermore, in HT-GeSe, Se
has 12 nearest-neighbour Se at 4.05 Å (Wiedemeier and Siemers 1975) while in LT-GeSe there
are ten nearest-neighbour Se distributed between 3.68 and 4.40 Å and two further Se at 5.74 Å
(Dutta and Jeffrey 1965). Again, the Se–Se coordination environment in HT-GeSe is disrupted
on melting to give an average of 0.22(3) Se–Se homopolar contacts together with 8.6(3) Se–Se
next-nearest neighbours distributed between 3.01 and 4.85 Å.

Overall, the liquid retains little memory of the HT-GeSe solid phase. Furthermore,
although both the first-nearest-neighbour Ge–Se distance and coordination number in the melt
are comparable to those in LT-GeSe, Ge is not 3+3 coordinated to Se but is fourfold coordinated
to 3.2(2) Se and 0.8(1) Ge. The 9% volume change on melting is therefore accompanied by a
collapse of the local cubic close packing associated with HT-GeSe.

5.2. Comparison with the structure of molten CuSe and CuBr

It is instructive to compare the structure of liquid GeSe with that of the AX liquids CuSe (Barnes
and Enderby 1988) and CuBr (Allen and Howe 1992, Saitoet al 1997, Pusztai and McGreevy
1998) for which partial structure factors are also available. All three systems contain the same
or similarly sized electronegative species (X= Se or Br) but have somewhat different physical
characteristics. For example, CuSe melts at≈525◦C from a structure wherein two thirds of
the Se form pairs, with a characteristic bond length of 2.28 Å (Berry 1954), to give a molten
semiconductor with a high electrical conductivity of 1240(20) �−1 cm−1 at 540◦C (Barnes
and Enderby 1988). By comparison, CuBr melts at 488◦C from a high-temperature superionic
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Figure 4. The experimental Bhatia–Thornton partial structure factorsSBTNN (Q), S
BT
NC(Q) and

SBTCC (Q) for molten GeSe at 727(2) ◦C (solid curves) and molten GeSe2 at 784(3) ◦C (broken
curves). The atomic fractions of Ge and Se are denoted bycGe andcSe respectively.

phase, comprising mobile Cu+ ions in a bcc lattice of Br− ions (Boyce and Huberman 1979),
to give a liquid with an electrical conductivity of 2.5�−1 cm−1 at 498◦C (Janzet al 1968).

TheSαβ(Q) for the AX melts measured by neutron diffraction are compared in figure 5.
All of these liquids were studied using the instrument D4B set-up in the same configuration
and theSαβ(Q) therefore have the sameQ-space range and resolution function. It is found that
SAA(Q) andSAX(Q) become increasingly structured in the order from CuBr to CuSe via GeSe.
For example, whereas the A–A partial structure factor for CuBr is broad and featureless, that
for CuSe comprises well defined oscillations. The high-Q oscillations inSXX(Q) for CuBr
are more highly damped than for GeSe and CuSe. The correspondinggαβ(r) are compared in
figure 6 and the coordination numbers and interatomic separations are summarized in table 2.
In liquid GeSe and CuSe there is clear evidence for both A–A and Se–Se homopolar contacts
whereas in the solid state the only homopolar contacts are the Se–Se pairs in CuSe. By contrast,
there is no evidence for Br–Br contacts in molten CuBr although short Cu–Cu distances are
observed in both the liquid and high-temperature solid phases, in keeping with the relatively
high mobility of the Cu+ ions (Pusztai and McGreevy 1998). In summary, while short A–A
distances occur in all three liquids, these nearest-neighbour correlations are better resolved for
molten GeSe and CuSe where clearly defined short-ranged Se–Se correlations also occur.

5.3. Comparison with the structure of molten GeSe2

In a previous paper the evolution withx of the topology of the structure in molten GexSe1−x was
investigated by using neutron diffraction: sinceb(NGe) ≈ b(NSe) the measured total structure
factors giveSBTNN(Q) to a good approximation (Salmon and Liu 1994). It was pointed out that
the occurrence of a glass forming region with decreasingx is accompanied by the appearance
of a so-called first sharp diffraction peak (FSDP) inSBTNN(Q), i.e. with the development of a
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Figure 5. TheSαβ(Q) for liquid GeSe at 727◦C (solid curves), CuSe at 700◦C (dashed curves)
and CuBr at 515◦C (dot–dashed curves). The CuBr partial structure factors are taken from Pusztai
and McGreevy (1998).

Table 2. Coordination numbers and interatomic separations in the molten AX systems GeSe
(present work), CuSe (Barnes and Enderby 1988) and CuBr (see key). Therαβ denote the mean
peak positions in thegαβ(r).

Liquid rAA (Å) n̄AA rAX (Å) n̄XA rXX (Å) n̄XX

GeSe 2.36(2) 0.8(1) 2.54(2) 3.2(2) 2.34(2) 0.22(3)
3.81(2) 7.4(3) 3.76(2) 8.6(3)

CuSe 2.43(2) 0.6(3) 2.52(3) 5.6(3) 2.40(2) 0.6(3)
3.62(2) 10(2) 3.35(2) 10(2)

CuBra — — 2.43(2) 3.6(5) 3.89(1) 11.1(1)
CuBrb 2.56(2) 1.3(2) 2.39(2) 2.9(2) 4.01(2) 10.2(4)
CuBrc 3.0(1) — 2.37(2) 3.1 3.88(3) 11.4

From the work ofa Allen and Howe (1992),b Pusztai and McGreevy (1998) orc Saitoet al (1997).

second length scale associated with intermediate-range atomic correlations (see e.g. Salmon
1994). The comparison in figure 4 confirms this observation, i.e. atx = 0.5 there is a small
FSDP at 1.19(2) Å−1 in SBTNN(Q) that is not present atx = 0 and which develops to be a
more significant feature atx = 1/3. Moreover, although there is a clearly defined FSDP at
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Figure 6. Thegαβ(r) for liquid GeSe at 727◦C (solid curves), CuSe at 700◦C (dashed curves) and
CuBr at 515◦C (dot–dashed curves). The CuBr partial pair distribution functions are taken from
Pusztai and McGreevy (1998).

0.95(2) Å−1 in the measuredSBTCC (Q) for molten GeSe2 (Penfold and Salmon 1991, Salmon
1992), no such feature exists for molten GeSe. Overall, the absence in molten GeSe of any
strong fluctuations on the scale of the intermediate-range atomic correlations suggests that it
may be more amenable to study than GeSe2 by currentab initio molecular dynamics methods
(see e.g. Massobrioet al 1998, 1999).

6. Conclusions

The local ordering in liquid GeSe is significantly different to that of either its high- or low-
temperature crystalline forms. Homopolar Ge–Ge and Se–Se bonds are prominent features
in the molten state and there are qualitative similarities with the structure of the molten
semiconductor CuSe. By comparison, although short A–A distances occur in CuBr, the
distribution of these distances is broader and homopolar X–X correlations are not present. The
FSDP inSBTNN(Q) for molten GeSe is small relative to that for GeSe2 and there is no FSDP in
the other Bhatia–Thornton partial structure factors, i.e. the intermediate-range atomic ordering
is weaker than in the glass-forming network melt.
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