PHYSICAL REVIEW B

VOLUME 29, NUMBER 9

1 MAY 1984

Temperature dependence of the structure factor of GeS, glass
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We have measured the temperature dependence of the first two peaks in the structure factor of
GeS; glass. The first peak shows an increase in intensity between 300 and 523 K. The second-peak
intensity is practically independent of T in this range. This anomalous behavior is similar to that
found in As,;Se; and As,S;_, glasses which also appear to have a short-range order corresponding

to layers.

One expects in general that as the temperature of a
solid is raised it will become more disordered. An excep-
tion to this of course is if the sample can anneal while it is
at the elevated temperatures, in which case one would find
an irreversible change in the structure. When the sample
is recooled to its initial temperature it will no longer have
its original structure but will show increased short-range
order. It therefore came as a great surprise when it was
discovered! that certain glasses showed the opposite ef-
fect, namely that certain components of the short-range
order reversibly increased upon raising the temperature.
Because it was reversible, this was clearly not an anneal-
ing effect.

In those experiments, x-ray diffraction measurements as
a function of temperature showed that the intensity of the
first small peak in the structure factor of glassy As,Se; in-
creased with temperature rather than decreased. The first
peak was located at wave vector k, =127 A-! This

change in Sr(k, ) occurred over the entire temperature

range measured: 50<7 <460 K. Since the glass tran-
stion temperature T, for As;Se; is 460 K the sample
would soften and flow at higher temperatures. In a subse-
quent series of experiments? on As,S;_, glasses it was
possible to perform x-ray diffraction measurements from
room temperature to temperatures considerably above the
glass transition temperature. In those studies it was also
found that the intensity of the first peak in the structure
factor increased with temperature while the other peaks
decreased. This behavior was observed both above and
below the glass transition temperature. It was also found
in the As,S;_, glasses that the rate of increase in the
first-peak intensity scaled inversely with the value of T,
for the alloy. That is, a universal curve for all x was ob-
tained if Sy(k, )/ST (kp,) was plotted versus T'/Ty.

The crystal structures for both As,Se; and As,S; are
identical. They are layered materials with each layer con-
sisting of linked, 12-membered rings of alternating As and
S(Se) atoms. The forces between adjacent layers are very
weak compared to those within each layer. The first peak
in the glass structure factor has often been interpreted®>
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as being due to short-range order in the amorphous state
which is similar to the layering observed in the crystal.
This is plausible since the Bragg peak associated with the
interlayer spacing in the crystal is very close to kFl’ the

position of this first peak in the glass. If this interpreta-
tion of the peak is correct, the fact that this peak increases
upon raising the temperature while the others do not,
could imply that the layer structure in the glass is becom-
ing more ordered. This remarkable result according to
this structural model thus relies on the fact that the sam-
ple has a short-range layered structure. Although other
structural models have been proposed for these glasses,®
interpretation of these results in terms of layering appears
the most natural.

The question naturally arises whether this phenomenon,
an increase in the first peak in Sr(k) with temperature,
will be observed for all glasses which have a layered struc-
ture as their crystalline counterpart or whether it is partic-
ular to the As,Se; structure. For that reason we have
studied the glass GeS,. Crystalline GeS, also has a lay-
ered structure,” but the structure within each layer is dif-
ferent from that within each As,Se; layer. Germanium
has a higher coordination number than arsenic and there
is a larger percentage of sulfur atoms in GeS, than there
is in AS2S3.

We have performed both x-ray diffraction and neutron
diffraction on samples of GeS, glass. The samples were
made in a quartz ampoule by heating elements of
99.999% purity under a vacuum of 10~° Torr to 1223 K.
It was held at this temperature in a rocking furnace for 24
h. The liquid was then quickly quenched in water. For
the x-ray work, chips of the bulk glass were polished and
etched until they were about 50 um thick and were then
held between two squares of 7.5-um Kapton film. These
samples were oriented for x-ray transmission. Cu Ka x-
rays (A=1.5418 A) were used. The temperature was
varied by flowing heated nitrogen gas past the sample.
The temperature was stable to +5 K. In measuring the
peak intensity as a function of temperature care was taken
to account for the shift in the peak due to thermal expan-
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FIG. 1. Static structure factor for GeS, glass as measured by neutron diffraction.

sion. For the neutron work, the sample was placed in a
vanadium container. The diffraction was done at the Ar-
gonne National Laboratory Intense Pulsed Neutron
Source. Time-of-flight techniques were used to measure
the diffraction. Measurements were also made of the
empty vanadium can in order to perform the background
subtraction and of a vanadium rod in order to measure
the parameters of the neutron beam.®

In Fig. 1 we show the static structure factor, S3p g (k),
for GeS, glass as obtained from the neutron-diffraction
measurements. Although we have obtained the structure
factor out to a much larger wave vector (k=160 A,
we have only shown it out to 24 A-l Ata larger wave
vector we find only a flat structure factor with no oscilla-
tions. From this data we find that the first peak occurs at
ky =1.04 A ~' and the second peak at k, ,=2.12 AL

whlch is in agreement with the measurements of Rowland
et al.’

In Fig. 2 we show the results for the temperature
dependence of the intensity of the first two peaks in
S7(k). This was determined from our x-ray measure-
ments. The temperature is varied between 300 and 523 K
above which temperature the Kapton film deteriorates.
We see in Fig. 2(a) that similar results are obtained for the
first peak of the GeS, glass as were found for the As,Se;
and the As,S;_, glasses. The first-peak intensity in-
creases with increasing temperature. It was checked that
this is not an annealing effect since it is reversible upon
raising and lowering 7. As shown in Fig. 2(b), the inten-
sity of the second peak is almost independent of tempera-
ture over the range of temperature which we studied. The
temperature dependence of the Kapton film was also mea-
sured at the same wave vector as the two peaks in the
glass. When the effect of the scattering from the Kapton
film is subtracted from the data it slightly increases the
temperature dependence of the first peak.

Although glassy GeS, behaves in a qualitatively similar
manner to the other glasses studied earlier, the effect is
much smaller. The first-peak intensity only increases by
3% wupon heating from room temperature to 523 K

whereas the first-peak intensity of As,S; increases by ap-
proximately 7% over the same temperature range. We
note, however, that the glass transition temperature for
GeS, is'® 763 K and is thus much higher than it is for the
As,S;_, glasses. In those glasses a universal curve could
be made if S7(k,) and T were scaled by their values at T,
for each value of x [i.e., plot Sy(k, )/ST (ky) vs T/T, ].

Thus if T, were large the change in ST(k ) with tempera-
ture would be small. This is consistent with the results on
GCSZ.

In conclusion we have found that the first peak in the
structure factor of GeS, glass behaves in a qualitatively
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FIG. 2. (a) Temperature dependence of the intensity of the

first peak in the structure factor for GeS, glass. (b) Tempera-
ture dependence of the intensity of the second peak in the struc-
ture factor for GeS, glass. The temperature dependence of both
peaks was measured by x-ray diffraction.
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similar manner to the first peak in the glasses previously
studied, As,S; and As,S;_,. The intensity of the peak in-
creases reversibly with temperature. GeS, crystal, al-
though layered, does not have the same structure within a
layer as does the As,Se; or As,S; crystals. Thus it would
appear that the phenomenon of an increase with tempera-
ture of Sr(k, ) in glasses is more general than previously
realized in that many different structures show the same
behavior. As long as there is some remnant of layering in
the short-range order of the glass this phenomenon ap-
pears to persist.

We would like to thank R. T. Hitterman and M. H.
Mueller for help with taking the neutron data and D. L.
Price and W. S. Howells for help in analyzing that data.
We also thank R. Zallen for useful discussions. This
work was supported in part by National Science Founda-
tion (NSF) Grant No. DMR82-01182 at the University of
Chicago and the Department of Energy at Argonne Na-
tional Laboratory. Chin Lin benefited from a grant from
the Center for Far Eastern Studies and the Exchange Pro-
gram between the University of Chicago and Peking
University. S.R.N. benefited from support from the
Sloan Foundation.

*Permanent address: Department of Physics, Peking University,

Beijing, China.
Present address: Department of Chemistry, Purdue Universi-

ty, West Lafayette, IN 47907.

IL. E. Busse and S. R. Nagel, Phys. Rev. Lett. 47, 1848 (1981).

2L. E. Busse (unpublished).

3A. L. Renninger and B. L. Averbach, Acta Crystallogr. Sect. B
29, 1583 (1973).

4A. J. Leadbetter and A. J. Apling, J. Non-Cryst. Solids 15, 250
(1974).

5J. C. Phillips, J. Non-Cryst. Solids 43, 37 (1981); J. A. Arono-
vitz, J. R. Banavar, M. A. Marcus, and J. C. Phillips, Phys.

Rev. B 28, 4454 (1983).

6A. L. Renninger and B. L. Averbach, Phys. Rev. B 8, 1507
(1973).

7G. Dittmar and H. Schafer, Acta Crystallogr. Sect. B 31, 2060
(1975); 32, 1188 (1976).

8D. L. Price (unpublished); W. S. Howells and D. L. Price (un-
published).

9S. C. Rowland, S. Narasimham, and A. Bienenstock, J. Appl.
Phys. 43, 2741 (1972).

10y. Kawamoto and S. Tsuchihashi, J. Am. Ceram. Soc. 54,
131 (1971).



