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Abstract. The change in topology with increasing temperature of liquid Ge@®es studied by

using neutron diffraction to measure the Bhatia—Thornton number—number partial structure factor,
Snvn (Q), whereQ is the scattering vector. As the temperature is raised from 800 to°T1f¢ere

is a broadening but little other change in the peaks describing the local coordination environment.
There is, however, a collapse of the intermediate range atomic ordering of the network associated
with the Ge—Ge correlations as manifest by a substantial reduction in the height of the first sharp
diffraction peak and a shift in its position from 0.99(1) to 1.05(t}}AThe changes in the structure

with increasing temperature mimic those observed as the composition of liqui¢ Ge®anged

to the GeSe stoichiometry by the addition of germanium. The significance of the results for recent
Car—Parinello typab-initio molecular dynamics simulations is briefly discussed.

1. Introduction

The object of this paper is to investigate the change in topology with increasing temperature of
the liquid semiconductor Gegby using neutron diffraction to measure the Bhatia—Thornton
(1970) number—number partial structure fact, (Q), where Q is the magnitude of the
scattering vector. The Gegsystem was chosen for investigation since it is a much-studied
proto-typical glass former for which there is evidence in the liquid state of a breakdown
in the network structure and an eventual semiconductor—metal transition with increasing
temperature (Andreest al 1976). For example, the conductivity gap in the liquid decreases
from 1.4 eV at 750C to about zero at 107& while the electrical conductivity rises from
0.05to 1002~ cm™! (Okadaet al 1996). Accompanying these changes isrameasein the
mass density with temperature (Ruska and Thurn 1976) and a reduction in the viscosity that is
much more rapid than for other Ge—Se liquids (Glazov and Situlina 1969, Laat@iE1977).
Another glass forming binary network melt that shows a semiconductor—metal transition with
increasing temperature is £8g (Hosokawaet al 1991, 1992, Tamurat al 1992, Shimojo
et al1999).

The total structure factor$y (Q), for many binary glasses and their corresponding liquids
display a characteristic three-peak structure fetr @r; < 10 (Wrightet al1985), where is
the nearest-neighbour distance, the origin of which can be trac&g\t6Q) (Salmon 1992).
Information on the topology of these systems is thereby provided since the corresponding
partial pair distribution functiogy v () describes the sites of the nuclei but does not distinguish
between them. The first of these three peak$i(Q), which is a prominent feature in liquid
and glassy GeSdsee e.g. Susmagt al 1990, Fischer-Colbrie and Fuoss 1990, Penfold and
Salmon 1991, 1992), is the so-called first sharp diffraction peak (FSDP). It is a signature that
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the bonding takes a significant directional character and gives information on the intermediate
range atomic ordering (Salmon 1992, 1994). The present experiments onviékBerefore
give information on the melt topology at both short and intermediate length scales.

2. Theory

In a neutron diffraction study of a binary Ge—Se compound, the coherent scattered intensity
can be represented by the total structure factor

Sr(Q) = [Swn(Q) — 1] + A[{Scc(Q)/cGecse} — 1] + BSnc(Q) 1)
wherec, andb,, denote the atomic fraction and coherent scattering length of chemical species
o, Ab = bg, — bse, (b) = (cGebge + Csebse), A = cgecse Ab?/(b)? and B = 2Ab/(b). In
equation (1Syn(Q), Scc(Q) andSyc(Q) are the Bhatia—Thornton (1970) number—number,
concentration—concentration and number—concentration partial structure factors respectively.
The total pair distribution function follows from the Fourier transform relation

1 o .
Gr(r) = 27r2—nor/(; dOSr(Q)Qsin(Qr) = [gnn(r) — 1] + Agcc () + cgeCse Bgnc (1)
(2

whereng is the atomic number density. In terms of the partial pair distribution functions,
gap(r), for the Ge and Se atomic species,

SN (F) = €2,8GeGe(r) + €3,85050(r) + 20GoCse8Gese (1) (32)
gcc(r) = cGeCsel8GeGe(r) + gsese(r) — 28Gese ()] (3b)
gNC(r) = CGe8GeGe(r) — Cse8sese(r) + (Cse — CGe)8Gese(T) (30)

and the mean number of particles of typeontained in a volume defined by two concentric
spheres of radit; andr;, centred on a particle of type is given by

b = 4mnocg / ] Vzga;s (r) dr. (4)
The functionsSy v (Q) andgyy (r) are given directly by equations (1) and (2) if the scattering
lengths of the atomic species are equal. Sha;;ééi, = CSeﬁgj it then follows that the average
coordination number, irrespective of the species type, is given by

n= 47Tno/ ' rlgnn (r) Or = cgo (RS +1ee) + cs, (5 +15¢). (5)
For a binary Ge—Se system comprising elements of natural isotopic abundance the neutron
scattering lengths are comparablégt = 8.18520) fm andbs. = 7.970(9) fm (Sears 1992).
In the case of GeSéhe weighting coefficients are then calculated tadbe: 1.6(3) x 1074
and B = 0.054(5) such thatSyy(Q) accounts for 95% of(Q) i.e. the contribution from
the other partial structure factors can, to first order, be neglected.

3. Experiment

Glassy GeSgsamples were prepared by loading Ge (99.9999%, Aldrich) and Se (99.999%,
Johnson Matthey) into silica ampoules of 5 mm internal diameter and 1 mm wall thicknessin 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 pressar@®® Torr, purged three times
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with helium gas and aftexx48 h they were sealed. Next, the ampoules were loaded into a
rocking furnace, slowly heated at€ min~! to 1000°C where they were left for 48 h, slowly
cooled to 850C and finally quenched in an ice/salt-water mixturezat-5°C. The resultant

GeSe glass was then transferred to a cylindrical silica tube of 7 mm internal diameter and

1 mm wall thickness and sealed at room temperature under argon gas (99.998%) at a pressure
of 0.41 atm ready for the diffraction experiment.

The neutron diffraction experiment was performed using the LAD instrument at the ISIS
pulsed neutron source, Rutherford Appleton Laboratory. The complete experiment comprised
the measurement of the diffraction patterns for the sample in its container in a cylindrical
vanadium furnace, the empty container in the furnace, the empty furnace and a vanadium rod
of 8.31(4) mm diameter in the furnace for normalization purposes. A thin vanadium sheath was
used to conserve the shape of the silica cells at high temperatures. The data analysis was made
using the ATLAS suite of programs (Sopetral 1989) and the nuclear cross-sections were
taken from Sears (1992). The sample was measured at temperatures of 800(3), 1000(3) and
1100(3yC where the number densities are 0.0312(2), 0.0317(2) and 0.0322¢RAiska
and Thurn 1976) respectively. The corresponding argon gas over-pressure was estimated to
be 1.56 atm, 1.82 atm and 1.94 atm respectively, assuming a negligible solubility of argon in
the liquid. The melting point of Ge$és at 742(2yC (Ipseret al 1982).

LAD comprises 14 groups of detectors at scattering anglessof:10, +-20, +35, +60,

490 and+150C corresponding to instrumental resolution functionsd/ Q) of 11%, 6%,

2.8%, 1.7%, 1.2%, 0.8% and 0.5% respectively. The f#halD) functions were constructed

by merging all those diffraction patterns from the different groups that showed good agreement.
It was checked that the resultant functidfyg Q) tend to the correct higl@ limit, obey the

usual sum rule relation and that there is good overall agreement betwees;€aohand the
back-Fourier transform of the correspondiig () after the unphysical low-oscillations are

set to their calculated 7 (0) limit (Salmon and Benmore 1992).

4. Results

The measuredyy (Q), as obtained from equation (1) by assumihg= B = 0, are shown in

figure 1. As the temperature is increased the height of the FSDP decreases markedly and its
positionQ1 moves from 0.99(1) to 1.05(1) A& via 1.02(1) A L. Atthe same time its full-width

at half-maximumA Q1, as measured on making the peak symmetrical by reflecting itglow-

part aboutQ, increases from 0.43(1) to 0.51(1) Avia 0.50(1) A 1. Furthermore, the third

peak becomes smaller relative to the second and the @igkeillations become increasingly
damped, consistent with a broadening of the distribution of nearest neighbours in real space.
Similar trends with increasing temperature have also been observed for ligaEdsAsm

Table 1. Parameters describingy v (Q) for molten GeSgand GeSe wher@, (¢ = 1, 2, 3, 4)
gives the position of peak. The data for GeSeat 784°C and GeSe at 72T are taken from
Penfold and Salmon (1991) and Petrial (1999a) respectively.

Svn(Q1)/ Snn(Q3)/ Snn(Qa)/
System T(°C) Q2(A™Y) 01/02 0Q3/02 Q4/Q2 Syn(Q2) Swn(Q2) Swn(Q2)  Swn(Q2)

GeSe  784(3) 2.02(2) 049 175 280  1.14(1) 067 1.24 1.00
800(3) 2.03(1) 049  1.73 281  1.10(1) 063 1.24 1.03
1000(3) 2.13(1) 048  1.64 266  1.07(1) 047 1.18 1.04
1100(3) 2.22(1) 047 157 258  1.10(1) 0.38 1.09 0.99

GeSe  727(2) 2.23(1) 053 157 251  1.32(1) 0.19 0.98 0.86
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Figure 1. The measuredyy(Q) = S7(Q) + 1 for liquid GeSe at 800, 1000 and 110 as
obtained from equation (1) by assumidg= B = 0. The bars represent the statistical errors on
the data points and the solid curves are the smooshgd Q) obtained by using a cubic spline

fit to those data points. The chained curve superimposed on the lower data sei\give®) for
molten GeSgat 784°C (Penfold and Salmon 1991) and the dashed curve superimposed on the
upper data set give$y v (Q) for molten GeSe at 72°CC (Petriet al 1999a).

x-ray diffraction experiments (Hosokawéal 1992). A summary of the parameters describing
the Sy (Q) functions for molten GeSés given in table 1.

The correspondingyy (r) are shown in figure 2 and the parameters describing the first
and second nearest neighbours are given in table 2r Tdredz values are in accord with those
measured for Gegén the temperature range from 800 to @by Maruyameet al (1996).

It is found that although there is a notable broadening of the first two peaks with increasing
temperature, neither their position nor the average coordination nuintieange within the
experimental error.
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Figure 2. The measuregyy (r) for liquid GeSe at 800, 1000 and 110@ as obtained by
Fourier transforming the smoothég v (Q) given by the solid curves in figure 1. The unphysical
low-r oscillations about thgy y (0) limits are shown by the broken curves. The chained curve
superimposed on the lower data set giygs () for molten GeSgat 784°C (Penfold and Salmon
1991) and the dashed curve superimposed on the upper data seigives for molten GeSe at
727°C (Petriet al 1999a).

Table 2. Interatomic distances and coordination numbers for molten GaSd GeSe where,
andr give the positions of the first and second peakg\in (r). The data for GeSeat 784°C and
GeSe at 727C are taken from Penfold and Salmon (1991) and ¢t (1999a) respectively.

System T(°C) r1 (A) rp/r1 n Integration range (A)

GeSe  784(3) 2.38(2) 1.609 2.8(1) 2.02(1)-2.95(1)
800(3) 2.38(2) 1.605 2.7(1) 1.90(1)-2.95(2)

1000(3) 2.40(2) 1596 2.7(1) 1.90(1)-3.01(2)

1100(3) 2.40(2) 1.608 2.6(1) 2.09(1)-3.01(2)

GeSe  727(2) 252(2) 1452 3.5(3) 2.09(2)-3.04(2)

5. Discussion

The Syn(Q) function measured by a full partial structure factor analysis of liquid GeSe
at 784(3yC (Penfold and Salmon 1991, Salmon 1992) is compared in figure 1 with that at
800°C derived from the present work. The overall profiles of the functions are comparable,
the sharper peaks at 782 corresponding to a lower liquid temperature. The limitations
of the approximatiod = B = 0 in equation (1) can be seen in figure 2 whexg, (r) at
784°C is compared with the approximage v (r) at 800°C. The latter is found to be higher
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in the regions around the first peak at 2.38(2) A and the first minimum at 2.95(2) A and lower

in the region around the second peak at 3.82(2) A. These discrepancies can be ascribed to
the finite value ofB in equation (2) which gives an additional contributionGg (r)from

gnc(r) and hence, through equatiorcf3additional positive contributions frogy.s.(r) and
gcece(r) and negative contributions frogy.s.(r). The discrepancies in figure 2 can thereby

be rationalized since the strongest real-space features are the first main peaks @,

8GeGe(r) and gs.s.(r) at 2.42(2),~3.3 and 3.80(2) A respectively (Penfold and Salmon
1991). Notwithstanding, there is a good overall level of agreement between the measured
and estimategyy () functions which demonstrates that the approximatloa- B = 0 is

good to first order.

If it is assumed that the first peak in each of tie(r) functions comprises Ge—-Se
correlations alone, then mean coordination numigfs of 3.9(1), 4.0(2) and 3.9(2) are
obtained for 800, 1000 and 1100 respectively. These coordination numbers indicate that
Ge(Seg)2)4 tetrahedra remain the dominant structural motifs at all three temperatures. They
are, however, larger than the valﬁé‘r’e = 3.6(3) obtained from the measured;s.(r) for
liquid GeSe at 784°C, which is consistent with the presence of homopolar bonds (Penfold
and Salmon 1991). There is no evidence for an increase in the coordination number from
four to six with increasing temperature and density, in contrast to earlier deductions based on
several of the physico-chemical properties of GeBRiska and Thurn 1976).

Rather, the density increase with temperature results from a breakdown of the intermediate
range atomic ordering of the network melt as manifest by the changes in the FSDP. This
feature has a dominant contribution from the Ge—Ge correlations (Penfold and Salmon 1991)
and the shift of its position to highap-values implies a reduction in the periodicity 20,
of the corresponding density fluctuations. The decrease in its height implies a reduction in
the magnitude of these fluctuations and the increase in its width implies a diminution in the
coherence length from2/ AQ; = 14.6(3) A at 800°C to 12.4(3) A at 1100C (Salmon
1994). Thus, although the changes in height and position of the FSDP are comparatively
small between the glass at low temperature and the liquid above its melting point (Susman
et al 1988, 1990), substantial changes are clearly apparent as the liquid temperature is raised.

The observed trend in the shapesgf (Q) andgy y (r) for liquid GeSe with increasing
temperature strongly mimics that observed in the liquid phase as germanium is addedso GeSe
to form GeSe (Salmon and Liu 1994). For example, the FSDP disappears with increasing
germanium content, the second pealSjfy (Q) becomes comparable in height to the third
peak and the first peak gy y (r) undergoes a strong reduction in height. To help illustrate this
point, the measureflyy (Q) andgyy (r) functions for liquid GeSe at 727(2L (Petriet al
1999a) are compared with those for Gea€1100°C in figures 1 and 2 respectively. The
similarity is not, however, anticipated to result from a significant loss of selenium from the
melt in the present work. For example, by considering the GeSmple at 1100C to be a
system of two non-interacting liquids in equilibrium with_S#imers in the gas phase, a ratio
of 1 Ge:1.95 Se is estimated for the melt by using the vapour pressures for pure Ge and Se
(Weast 1986). The actual stoichiometry is anticipated to be closer to 1 Ge:2 Se owing to the
Ge-Se bonding and the use of an argon gas over-pressure.

A structural similarity between liquid Gegat high temperature and liquid GeSe at a
somewhat lower temperature might be anticipated on the basis of several of the physico-
chemical properties of these materials. For example, the electrical conductivitist@on—*
for GeSe at~1040°C and GeSe at700°C, the thermopower is 100V K ! for GeSe at
~1020°C and GeSe at700°C, and the conductivity gapis zero for Gea€1073C and GeSe
at 750°C (Okadaet al 1996). Also, the viscosity of Gegeapidly becomes comparable to that
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for GeSe with rising temperature (Glazov and Situlina 1969). Although the profies\ai)

for liquid GeSe at 727C and liquid GeSgat 1100°C are similar (figure 2), the structures are

not, however, identical, as shown, for example, by the nearest-neighbour distance which is 5%
larger at 2.52(2) A in liquid GeSe. Nevertheless, it would be interesting to perform diffraction
experiments on Gegat higher temperatures through the semiconductor to metal transition to
see ifSyy (Q) begins to resemble the structure factor for metallic liquid germanium (Salmon
and Liu 1994).

In a recent Car—Parinello typab initio molecular dynamics study of liquid GeSe
at ~747°C the results obtained by treating the electronic structure using two different
approximations within density functional theory, namely the local density approximation
(LDA) and the generalized gradient approximation (GGA), were considered (Massbhtio
1999). It was found that when compared with the LDA scheme, the GGA scheme gives rise
to an increase in the ionic character of the bonding. This leads to a reduction in the number
of homopolar bonds and the concomitant enhancement in the chemical ordering results in the
formation of more Ge(S&)4 tetrahedral units, which in turn leads to the establishment of
intermediate range atomic ordering as manifest by the appearance of an FSDP. Use of the
GGA functional was required to obtain best agreement with the structure measured for liquid
GeSe at 784°C (figure 3) and it was concluded that this scheme is crucial for describing the
structural ordering in disordered covalent systems (Masseb&ab1998, 1999). Notably, the
structure calculated for Gegat ~747°C using the LDA scheme bears a strong resemblance
to that measured for liquid Gegat the higher temperature of 1100 (figure 3) in addition
to that measured for liquid GeSe at 727 (Petriet al 1999a, b). It would therefore be
interesting to investigate the sensitivity to both temperature and concentration of the structures
simulated by using both the LDA and GGA schemes as it would appear that the Ge—Se binary
system offers a sensitive test-bed for the methods used in cafyémitio molecular dynamics
simulations.

Finally, liquid GeSe at 727C has a substantial number of homopolar bonds. Each Ge
has an average of 0.8(1) Ge at 2.36(2) A and 3.2(2) Se at 2.54(2) A while each Se has 0.22(3)
nearest-neighbouring Se at 2.34(2) A (Petral 1999a, b). Further, the structure of GeSe
simulated using the LDA has more homopolar bonds than that calculated using the GGA. The
similarity between the total structure factor measured for GaBELO0°C and those measured
for GeSe and calculated for GeSssing the LDA may therefore indicate that the number of
homopolar bonds in liquid GegSéncreases with temperature. Such an increase has already
been observed in liquid ASe; (Tamuraet al 1992, Shimojaet al 1999). The detailed structure
of bulk quenched Geg@nd AsSe; glasses should therefore depend on the temperature from
which the melt is quenched in addition to the quench rate.

6. Conclusions

As the temperature of liquid Gesés raised above its melting point to 1100, there is a
broadening in the distribution of nearest neighbours but their mean position and coordination
numberi do not change at the level g,y (). Instead, the accompanying increase in density
and decrease in viscosity result from a destruction of the intermediate range atomic ordering
associated with the Ge—Ge correlations as manifest by the reduction in intensity of the FSDP
and its shift in position to highap-values. The changes in the profilesSgfy (Q) andgy y (r)

for liquid GeSe with increasing temperature mimic those observed as the composition of
liquid GeSe is altered to the GeSe stoichiometry by the addition of germanium. The results
suggest that the binary Ge—Se system will offer further challenges to the methods used in
current Car—Parinello typab initio molecular dynamics simulations.
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