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Monochromatic high-energy x-ray diffraction measurements employing microfocusing optics were per-
formed on glassy GeSe2 in a diamond anvil cell at pressures up to 9.3 GPa. In addition, the method of isotopic
substitution in neutron diffraction was applied to samples that had been densified by 4% via pressurization to
10 GPa in a multianvil device and subsequently recovered to ambient conditions. The results reveal a steady
increase with pressure of the average coordination number of Ge from 4.0�2� under ambient conditions to
4.5�2� at 9.3 GPa. With increasing pressure, the first sharp diffraction peak in the measured diffraction patterns
at �1.0 Å−1 decreases in intensity and almost disappears while the amplitude of the peaks beyond the nearest
neighbor in the measured total pair distribution functions gradually increases. Equation of state measurements
show a gradual density increase of 33% from ambient pressure to 8.5 GPa which is in good agreement with
molecular dynamics simulations. The results are consistent with the occurrence of two densification processes
for glassy GeSe2, namely, a conversion from edge-sharing to corner-sharing tetrahedra and a gradual increase
in the average local coordination number with increasing density.
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I. INTRODUCTION

GeSe2 is an archetypal network glass that has long been
the subject of both experimental and theoretical interest.
Early diffraction experiments1,2 and molecular dynamics
simulations3,4 led to a description of the glass structure in
terms of Ge�Se4�1/2 tetrahedra that share both edges and cor-
ners, to give a distribution of rings containing predominantly
three, six, seven, or eight Ge atoms. However, unlike oxide
glasses, the GeSe2 network contains a significant number of
“wrong” or homopolar bonds that enable a greater variety of
local packing arrangements.5,6 The local structural motifs ar-
range to form ordering on an intermediate scale which mani-
fests itself by the appearance of a so-called first sharp dif-
fraction peak �FSDP� in the measured structure factor at a
scattering vector Q1�1.0 Å−1.7 In addition to this ordering,
which has a periodicity �2� /Q1, extended range ordering in
real space has recently been found, which is associated with
the principal peak at Q�2 Å−1 and which extends to dis-
tances well beyond the intermediate range.8,9

On melting GeSe2, an increase in temperature is first ac-
companied by an increase in the density.10 Neutron diffrac-
tion experiments show a breakdown of the associated inter-
mediate range order, as signified by the disappearance of the
FSDP,11,12 and molecular dynamics simulations point to an
accompanying increase in the number of homopolar bonds.13

X-ray diffraction experiments on the liquid also show a
breakdown of the intermediate-range order with increasing
pressure and have led to the suggestion that GeSe2 undergoes

a �first-order� liquid-liquid transition at high pressures in
which there is a change from a two-dimensional �2D� net-
work to a three-dimensional �3D� networklike fluid.14 We
have therefore been motivated to perform neutron and x-ray
diffraction experiments to investigate the effect of pressure
on the structure of glassy GeSe2. This material is more co-
valent than its oxide counterpart, GeO2, e.g., the ionicity of
the Ge-Se and Ge-O bonds on the Pauling electronegativity
scale is 7% and 40%, respectively. Glassy GeSe2 might
therefore be expected to exhibit quite different behavior from
GeO2, which transforms from a tetrahedral to an octahedral
glass with the application of pressure.15,16

Raman scattering experiments on glassy GeSe2 show little
change in the frequency of modes due to corner-shared
Ge�Se4�1/2 tetrahedral units with increasing pressure until
�3 GPa after which the modes show a steady increase in
frequency.17 The measured scattering strength ratio of the
modes indicates a steady increase in the ratio of corner- to
edge-sharing tetrahedra with increasing pressure up until
�3 GPa after which the ratio remains approximately con-
stant. Raman spectroscopy data for permanently densified
GeSe2 glass, subjected to a pressure of 10 GPa and recov-
ered to ambient conditions, also show a conversion from
edge- to corner-sharing tetrahedra, which indicates signifi-
cant changes in the distribution of ring structures within the
glassy network.18 In situ electrical resistivity measurements
on glassy GeSe2 by Prasad et al.19,20 show a discontinuity at
7 GPa, which was attributed to a transition from glassy semi-
conductor to crystalline metal, the phases being determined
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by x-ray diffraction experiments on the starting and recov-
ered samples. By contrast, recent ab initio molecular dynam-
ics simulations predict that GeSe2 will remain in an amor-
phous state up to 75 GPa.21 Between ambient pressure and
13 GPa, the simulations show that the amount of chemical
disorder, as represented by Ge-Ge and Se-Se homopolar
bonds, is reduced, and the topological disorder of the net-
work increases. At higher pressures, there is gradual forma-
tion of an amorphous metallic state which is associated with
a local coordination change of both the Ge and Se atoms and
an increase in the number of homopolar bonds. Temperature
is also known to have a large influence on structure in this
system: Shimada and Dachille22 have synthesized three dif-
ferent crystalline polymorphs by subjecting glassy GeSe2 to
temperatures between 300 and 600 °C and pressures up to
8 GPa over the course of 1 to 2 days.

In the present work we have used a microfocused high-
energy x-ray beam, of vertical dimension �30 �m, together
with a diamond anvil cell, to perform in situ high-pressure
x-ray diffraction experiments.23 Combined with an image
plate detector system, relatively high-quality structure factors
can be reliably measured over a wide scattering vector range
of �0.5 to 17 Å−1 in approximately 1 h per pressure point
up to a maximum pressure of 9.3 GPa. To help elucidate the
mechanism behind the collapse of the tetrahedral network,
neutron diffraction studies using the isotopic substitution
method24 have also been employed to extract detailed struc-
tural information from very small GeSe2 samples that have
been pressurized and recovered to ambient conditions. Our
results show that GeSe2 remains amorphous up to at least
9.3 GPa, in conflict with the results of Prasad et al.,19,20 and
that structural changes take place by a combination of con-
version from edge- to corner-sharing Ge�Se4�1/2 tetrahedral
units and an increase in the local coordination number.

II. THEORY

The quantity extracted in a neutron diffraction experiment
is the total structure factor SN�Q� which is given by

SN�Q� =
1

�b�2�
�,�

c�c�b�b�S���Q� , �1�

where c� and b� are the atomic fraction and coherent scat-
tering length of chemical species � and S���Q� denotes the
so-called Faber-Ziman partial structure factor.25 The total
bound coherent scattering length of the sample is given by
�b�=��c�b�. The analogous pseudonuclear x-ray total struc-
ture factor SX�Q� is obtained by replacing b� by f��Q� in Eq.
�1�, where f��Q� represents the Q-dependent atomic form
factor of chemical species �.26,27 The term “pseudonuclear”
is used as it is assumed that the electron density of each atom
is spherical and concentric with the nucleus in order to de-
duce the nuclear positions.

For an x-ray diffraction experiment the weighting factors
of the S���Q� are very similar since the atomic numbers are
Z�Ge�=32 and Z�Se�=34. In the case of a neutron diffraction
experiment on a sample with natural isotopic abundances of
the elements, natGenatSe2, the weighting factors of the S���Q�

are also very similar since the coherent neutron scattering
lengths are b�natGe�=8.185�20� fm and b�natSe�=7.970�9�
fm.28 Hence both SN�Q� and SX�Q� closely approximate the
Bhatia-Thornton29 number-number partial structure, factor
SNN

BT �Q�, which describes the topology of the system,30–32 i.e.,

nat
natSN�Q� = 0.115�1�SGeGe�Q� + 0.437�6�SSeSe�Q�

+ 0.448�3�SGeSe�Q� , �2�

where nat
natSN�Q��SNN

BT �Q��SX�Q�. The measured neutron
and x-ray total structure factors SN�Q� and SX�Q� are related
to the corresponding total pair distribution functions GN�r�
and GX�r� via Fourier transformation.7

More detailed structural information can be obtained by
applying the method of isotopic substitution in neutron
diffraction.5,6,24 By measuring the diffraction patterns for
samples that are identical in every respect, except that sele-
nium of natural isotopic abundance, natSe, is replaced by se-
lenium enriched with the 76Se isotope having a scattering
length b�76Se�=12.2�1� fm, a direct subtraction of the total
structure factors will eliminate the Ge-Ge correlations to give
the first-order difference function

�SN
Se�Q� �

�nat
76 b�2

nat
76 S�Q� − �nat

natb�2
nat
natS�Q�

�nat
76 b�2 − �nat

natb�2

= 0.286�2�SGeSe�Q� + 0.713�8�SSeSe�Q� , �3�

where �nat
76 b� and �nat

natb� denote the total bound coherent scat-
tering lengths of the natGenatSe2 and natGe76Se2 samples, re-
spectively. Similarly, the Se-Se correlations can be elimi-
nated by forming the first-order difference function

�SN
Ge�Q� �

	2.344�nat
natb�2

nat
natS�Q�
 − �nat

76 b�2
nat
76 S�Q�

�2.344�nat
natb�2� − �nat

76 b�2

= 0.702�2�SGeSe�Q� + 0.298�8�SGeGe�Q� . �4�

In real space, the first-order difference functions �GN
Se�r� and

�GN
Ge�r� are obtained from Eqs. �3� and �4�, respectively, by

replacing the S���Q� with the corresponding partial pair dis-
tribution functions g���r�.

III. EXPERIMENT

GeSe2 glasses were synthesized from high-purity ele-
ments �Ge 99.9999%, Se 99.999%, Aldrich Chemicals Ltd.�
at the Université du Littoral, France using established
methods.33 The elements were placed in thin-walled silica
tubes of 8 mm inner diameter and sealed at a residual pres-
sure below �10−4 Torr. The silica tubes were previously
cleaned using a K2CrO4-H2SO4 mixture, thoroughly washed
with hot distilled water, rinsed with demineralized high-
purity water and dried at 150 °C. The physically adsorbed
water and gases were removed under vacuum at 950 °C be-
fore using the tubes for glass synthesis. The melts were pe-
riodically stirred at 950 °C over a 48 h period. The tempera-
ture was decreased to �800 °C and the melts were
equilibrated at that temperature for a further 24 h before
quenching into water. The isotopically enriched sample
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natGe76Se2 of mass �269 mg was made from 76Se of 99.8%
enrichment �Cambridge Isotopes Ltd.�.

For the experiments on permanently densified samples,
approximately 1 g of the natGe76Se2 glass and 240 mg of the
natGe76Se2 glass were wrapped in vanadium foil and com-
pressed to 10.0�4� GPa in a multianvil device at the high-
pressure laboratory, Arizona State University.18 The mass
densities of the normal and recovered glasses were measured
by immersion in toluene using the Archimedes method and
were found to be 4.23�4� and 4.40�4� g cm−3, respectively,
i.e., the pressurized glass was 4% denser than the as-prepared
sample.

High-energy x-ray diffraction measurements were made
on the as-prepared and recovered 4% densified natGenatSe2
and natGe76Se2 glasses using the 11-ID-C beamline at the
Advanced Photon Source �APS�, Argonne National Labora-
tory �ANL�, with an incident beam of energy 115 keV.15,34

Neutron diffraction experiments were also made on the same
densified glasses using the glass, liquid, and amorphous ma-
terials diffractometer �GLAD�, at ANL.35

The in situ high-pressure x-ray diffraction measurements
were conducted on beamline 1-ID at the APS, using a cryo-
genically cooled bent double-Laue monochromator23 with an
incident beam of area of 50�50 �m2 and high incident
beam energy of 80.0 keV. Pressure was applied to the
sample using a Merrill-Bassett-type diamond anvil cell
�DAC� with Be diamond anvil supports, allowing reliable
diffraction patterns to be taken in a large solid angle up to a
maximum scattering angle 2� of 28° or Q�21 Å−1. The
DAC was fitted with 600 �m culet anvils �type I� of length
1.2 mm and a stainless steel gasket �250 �m in thickness�
was preindented to 120 �m. A sample chamber, 200 �m in
diameter, was drilled into the preindented gasket by using a
microelectrodischarge machining technique, creating a cavity
of �3�10−3 mm3, which housed the glassy GeSe2. Two
ruby crystals, each of volume about 1000 �m3, were placed
in the sample container to determine the pressure using the
ruby fluorescence technique,36 to within an accuracy of
±10%.

The in situ equation of state of amorphous GeSe2 was
measured as a function of pressure up to 8.5 GPa using a
diamond anvil cell at room temperature. A flat piece of glass
with an area of approximately 5500 �m2 and thickness of
less than 20 �m was surrounded by a 4:1 methanol:ethanol
mixture to transmit pressure under hydrostatic conditions up
to 8.5 GPa. Careful consideration was used in choosing
small ruby pieces and thin GeSe2 samples to avoid bridging
between the diamonds. Digital images of the sample loaded
in the diamond cell were taken with an 8-megapixel camera
�Sony DSC-F828� mounted on a microscope �Olympus
BH-2� equipped with a 20� objective �Mitutoyo�. By inte-
grating the pixels in these digital images, it was possible to
measure the change in area of a GeSe2 sample during com-
pression and calculate the densification by relating the
change in volume to the change in area via the equation
V /V0= �A /A0���A /A0� where V and V0 refer to the final and
initial volumes and A and A0 refer to the final and initial
areas, respectively.37,38

IV. RESULTS

A. Glass density

The measured volume change of glassy GeSe2 as a func-
tion of pressure, P, is shown in Fig. 1 and is compared to the
volume change predicted by computer simulation.21 The ex-
perimental data were fitted by using a third-order isothermal
Birch-Murnaghan equation of state39

P =
3B0

2
�
 V

V0
�−7/3

− 
 V

V0
�−5/3�

��1 +
3

4
�B1 − 4��
 V

V0
�−2/3

− 1�� , �5�

where the isothermal bulk modulus B0=14.22�1.81� GPa and
the first pressure derivative B1=2.63�0.51� at 298 K.

B. High-energy x-ray diffraction experiments on
densified GeSe2 glass

The 4% densified natGenatSe2 and natGe76Se2 samples were
investigated using high-energy x-ray diffraction with a point
Ge detector. Corrections were made for the geometry, detec-
tor dead time, and polarization, and the measured photon
intensity was normalized to the sum of the atomic form fac-
tors and Compton scattering as described elsewhere.40 As
shown in Fig. 2, there was a negligible difference between
the SX�Q� functions measured for the 4% densified
natGenatSe2 and natGe76Se2 glasses. However, by comparison
with the normal density glass, the FSDP shifts from Q1
=0.99�1� to 1.04�2� Å−1 and undergoes a 36% reduction in
peak height as measured after subtracting a linear baseline.
Beyond the FSDP, the other features are quite similar except
that the peak positions up to 10 Å−1 shift to higher Q by
�0.05 Å−1 without change of intensity. Since the FSDP in
the normal density glass arises mainly from Ge-Ge
correlations,5,6 pressure appears to result in changes in the
packing of the tetrahedral units and associated ring statistics.

FIG. 1. Pressure-volume equation of state for amorphous GeSe2.
Experimental compression in a hydrostatic medium, a 4:1 metha-
nol:ethanol mixture �solid circles�; experimental decompression
from 8.55 GPa �open triangles�; simulation data �open squares�
�Ref. 21�; third-order isothermal Birch-Murnaghan equation of state
fit to the experimental compression data �solid curve�.
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C. Neutron diffraction experiments on densified
GeSe2 glass

A relatively small volume of 4% densified natGe76Se2
sample was used for the neutron diffraction measurements
��60 mm3 compared to typical neutron diffraction samples
of a few cm3 in size� together with a larger volume of 4%
densified natGenatSe2 sample ��250 mm3 made by combin-
ing four separately compressed samples�. Corrections were
made using standard analysis methods41 for the container
scattering, attenuation and multiple and inelastic scattering.
Careful attention was paid to the background and attenuation
corrections, especially for the natGe76Se2 sample which has
a large absorption cross section associated with 76Se,
�abs�

76Se�=85�7� barn at an incident neutron wavelength of
1.798 Å.28 In the analysis of the data, both the number den-
sity and sample volume were systematically adjusted to en-
sure that the background and vanadium can scattering were
properly subtracted such that the diffraction patterns mea-
sured for the different detector groups, which cover different
angular ranges, overlap at all Q values including the low-Q
region. However, by comparing each measured total neutron
structure factor SN�Q� with the Fourier backtransform of the
corresponding GN�r� once the unphysical low-r oscillations
below rmin=2.0 Å are set to zero, significant slopes are ob-
served 	see Fig. 3�a�
. These slopes may result from geo-
metrical effects42 that arise from normalizing the scattering
from the small cubic-shaped samples to the scattering from a
cylindrical vanadium rod and, in the case of the natGe76Se2
sample, from a lack of knowledge of the wavelength depen-
dence of the cross section of 76Se.43

The first-order difference function with the Ge-Ge partial
structure factor removed, �SN

Se�Q�, is shown in Fig. 3�b� for
the normal density and 4% densified glasses. The main effect
of pressure results in a significant reduction in height of the
peaks at Q=2.04�7� and 3.52�2� Å−1. However, as shown by
the comparison of Fig. 2, changes at these Q values are not
observed between the SX�Q� functions measured for the nor-
mal density and densified samples. We therefore conclude
that the observed decreases in the Se-related partial structure
factors at Q�2 and 3.5 Å−1 upon densification are offset by

a change in the Ge-related partial structure factors. This is
supported by the first-order difference function �SN

Ge�Q� with
the Se-Se partial structure factor removed 	see Fig. 3�c�
.
The dip at Q=2.04�7� Å−1 in �SN

Ge�Q� for the normal density
glass becomes a peak for the densified glass and there is a
strong increase in the intensity of the peak at Q=3.5 Å−1 for
the compressed glass.

The corresponding pair distribution functions �GN
Se�r� and

�GN
Ge�r� are shown in Fig. 4. The first peak in �GN

Se�r�
�Ge-Ge correlations removed� at r1=2.34�1� Å for the nor-

FIG. 2. Comparison between the structure factors measured us-
ing high-energy x rays, SX�Q�, for normal density GeSe2 glass
�taken from Ref. 18� and 4% densified GeSe2 glass. Also shown is
the difference between the SX�Q� functions measured for the 4%
densified natGe76Se2 and natGenatSe2 glassy samples.

FIG. 3. �a� The total structure factors measured using neutron
diffraction for 4% densified natGe76Se2 glass �upper data sets� and
4% densified natGenatSe2 glass �lower data sets�. The open circles
with error bars give the measured data points and the solid curves
give the Fourier backtransforms of the corresponding total pair dis-
tribution function GN�r� after the low-r oscillations below 2 Å are
set to the GN�r=0� limit. The first-order difference function with �b�
the Ge-Ge partial structure factor and �c� the Se-Se partial structure
factor removed. The upper solid curves show the results for glassy
GeSe2 at normal density �Refs. 5 and 6� and the lower curves with
error bars show the results for 4% densified glassy GeSe2. In �b�
and �c� the difference functions for the densified glass were ob-
tained from the solid curves in �a� and, for clarity of presentation,
the functions are shown with a binning of �Q=0.025 Å−1 for Q
	5 Å−1 and �Q=0.05 Å−1 for Q
5 Å−1.
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mal density glass can be attributed primarily to Ge-Se bonds
�centered at 2.36 Å� but also has a contribution from Se-Se
bonds at 2.32 Å.5,6 This first peak shifts to a higher value of
2.37�1� Å on densification. Similarly, the first peak in
�GN

Ge�r� �Se-Se correlations removed� at r1=2.35�1� Å for
the normal density glass can also be attributed primarily to
Ge-Se bonds together with some homopolar Ge-Ge bonds at
2.42 Å. This peak also shifts to a higher value of 2.37�1� Å
in the 4% densified glass. Both observations are consistent
with a pressure-induced elongation of the main Ge-Se bond
length, a pressure-dependent effect that is also found for the
Ge-O bond in glassy GeO2.15

In the case of �GN
Se�r�, the dominant contribution to the

second peak at 3.85 Å for the normal density glass arises
from Se-Se correlations5,6 and the broadening of this peak
for the densified glass is consistent with a pressure-induced
distortion of the Ge�Se4�1/2 tetrahedra. The measured partial
pair distribution functions for the normal density glass show
a small peak at r�3.0 Å which is attributed to the Ge-Ge
distance between edge-sharing tetrahedra as well as to the
possible presence of Ge-Se defects.5,6 These features are
not, however, discernible in the measured difference func-
tions for the densified glass. In the case of �GN

Ge�r�, the
second peak that is dominated by Ge-Ge correlations be-
tween corner-sharing tetrahedral centers5,6 shifts from

3.63�1� to 3.77�2� Å in the densified glass, indicating an in-
crease in the average Ge-Se-Ge angle between Ge�Se4�1/2

tetrahedra from 98.3° �See Refs. 5 and 6� to approximately
105°.

D. In situ high-pressure high-energy x-ray diffraction
experiments on GeSe2 glass

Drilled diamonds were used to minimize the amount of
anvil material in the beam and thereby the Compton scatter-
ing from the DAC. However, the DAC contributed many
single-crystal diamond peaks to the diffraction patterns, as
can be seen in the two-dimensional image from the Mar345
image-plate detector in Fig. 5, which also shows the single-
crystal ruby Bragg scattering from the pressure sensors. The
Bragg peaks, and the regions around them, were carefully
deleted from the image plate detector before the data were
reduced to intensity versus scattering angle using the pro-
gram FIT2D.44 The image plate was exposed for 35, 5 s inter-
vals to avoid saturation due to the Bragg peaks �the detector
readout took �90 s between exposures�. These runs were
averaged to improve the counting statistics. The integrated
data were processed to obtain reliable SX�Q� up to Q
�17 Å−1 by using the program45 PDFGETX in which standard
corrections were applied as well as those required for the
image plate geometry. The large number of pixels per solid
angle on the Mar345 image plate yield a small Q-space bin
width of �Q�0.005 Å−1 compared to �0.025 Å−1 for the
single-Ge-detector measurements. The background correc-
tion for the in situ high-pressure experiments was performed
by subtracting the intensity collected for the empty DAC at
zero applied pressure.23 Unlike our previous studies with a

FIG. 4. Comparison between the first-order difference pair dis-
tribution functions for normal density GeSe2 glass taken from Refs.
5 and 6 �solid curves� and for 4% densified GeSe2 glass �broken
curves�. Both structure factors were truncated at Qmax=15.9 Å−1

and Fourier-transformed into real space after the application of a
Lorch modification function M�Q�=sin��Q /Qmax� / ��Q /Qmax�,
which reduces Fourier-transform artifacts.

FIG. 5. Two-dimensional contour plot obtained from the
Mar345 image plate detector. The data are for glassy GeSe2 in a
DAC at 5.3 GPa measured using incident x rays of energy
80.047 keV. The bright spots are Bragg peaks from the single-
crystal diamonds and rubies while the diffuse rings show the dif-
fraction pattern for the GeSe2 glass.
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panoramic pressure cell,16 the background showed only
minimal changes with pressure and, therefore, no additional
correction was needed. Figure 6 compares the measured
x-ray intensities for the glass and diamond plus ruby sensors
in the DAC at high pressure and the empty DAC at ambient
pressure. The additional peaks in the range of 9–16 Å−1 that
are absent for empty DAC diffraction pattern arise from the
single-crystal ruby Bragg scattering.

The x-ray total structure factors SX�Q� for glassy GeSe2 at
pressures up to 9.3 GPa are shown in Fig. 7. The most dra-
matic changes with increasing pressure correspond to a de-
crease in intensity of the FSDP and an increase in intensity of
the principal peak at Q�2.0 Å−1. Between ambient pressure
and 9.3 GPa, the FSDP position shifts from 1.010�5�

to 1.225�5� Å−1, the second peak position shifts from
2.042�5� Å−1 to higher Q by 0.22 Å−1, and the intensity of
this peak increases by a factor of 1.46. The higher-Q-value
peaks, including most notably the double peak between 4.5
and 7.5 Å−1, are consistent with the appearance of well-
defined tetrahedral units.46,47 The weakening and gradual dis-
appearance of the high-Q shoulder at 6.92 Å−1 between am-
bient pressure and 9.3 GPa may therefore be related to a
reduction in the number of regular tetrahedral units. We note
that in glassy GeO2 under pressure, the double peak in the
range 5–10 Å−1 of the x-ray structure factor coalesces into a
single broad peak, once the pressure is above 6 GPa, and
there is a conversion from tetrahedral to five- and sixfold-
coordinated units.16

To highlight the changes that take place in the short- and
intermediate-range order of glassy GeSe2 with increasing
pressure, the pair distribution functions DX�r�=4��r	GX�r�
−1
, obtained by Fourier-transforming the SX�Q� functions
of Fig. 7, are shown in Fig. 8. The first peak at 2.364�5� Å at
ambient pressure, which has a predominant contribution
from Ge-Se correlations,5,6 shifts slightly to 2.376�5� Å as
the pressure is increased to 9.3 GPa �see Table I�. By com-
parison, in liquid GeSe2 the Ge-Se nearest-neighbor peak
shifts from 2.32 to 2.46 Å when the pressure is increased
from ambient to 5.1 GPa.14 The average Ge coordination
number, calculated assuming Ge-Se correlations alone, in-
creases from 4.0�2� to 4.2�2� between ambient pressure and
3.9 GPa, and increases further to 4.5�2� at 9.3 GPa �see
Table I�. Since GX�r� approximates the Bhatia-Thornton
number-number partial pair-distribution function gNN�r�, the
average coordination number irrespective of species type n̄
can also be readily deduced from12,31,32

FIG. 6. The raw intensity measured using high-energy x rays for
glassy GeSe2 in a diamond anvil cell at 5.3 GPa �upper curve� and
for the empty diamond anvil cell at ambient pressure �lower curve�.
The additional sharp peaks arise from single-crystal ruby and dia-
mond Bragg scattering, which can change in intensity as the cell is
rotated slightly. These are the bright spots in Fig. 5, which are
individually masked out in the analysis.

FIG. 7. The total structure factors for glassy GeSe2 at different
pressures measured using in situ high-energy x-ray diffraction. The
solid curves show the measured data and the dashed curves show
the Fourier backtransforms of the corresponding total pair distribu-
tion function GX�r� after the low-r oscillations below 2 Å are set to
the GX�r=0� limit. The small Bragg peaks in the high-pressure data
sets are due to residual scattering from the diamond anvils.

FIG. 8. The total pair distribution functions for glassy GeSe2 at
different pressures as measured by in situ high-energy x-ray diffrac-
tion. The curves were obtained by Fourier-transforming the total
structure factors of Fig. 7 after the data sets were truncated at
Qmax=17 Å−1 �no window modification function was applied�.
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4���
r1

r2

r2GX�r�dr � n̄ = cGe�n̄Ge
Ge + n̄Ge

Se � + cSe�n̄Se
Se + n̄Se

Ge� ,

�6�

where � is the atomic number density and n̄�
� is the mean

coordination number of chemical species � around � in a
volume defined by two concentric spheres of radii r1 and r2.
The results also show an increase in the coordination number
n̄ from 2.6�2� at ambient pressure to 2.8�2� at 3.9 GPa and a
further increase to 3.2�2� as the pressure is raised further to
9.3 GPa �see Table I�. Hence the observed increase in coor-
dination number is independent of the assignment of the first
peak in GX�r� to specific pair correlations. We note that to
calculate the coordination numbers we used a number den-
sity for the glass at 9.3 GPa which was obtained from an
extrapolation using a Birch-Murnaghan equation of state fit
to the compression data up to 8.5 GPa �see Fig. 1�.

At ambient pressure, the second peak in DX�r� at
3.90�1� Å has a large contribution from Se-Se correlations at
3.90 Å which overlap with a smaller contribution from
Ge-Ge correlations at 3.57 Å that arise predominantly from
the centers of corner-sharing tetrahedra.5,6 With the applica-
tion of pressures up to 9.3 GPa the second peak broadens
and shifts markedly to 3.62�2� Å. If Ge-Se and Se-Se dis-
tances rGeSe and rSeSe are identified with the first and second
peaks in DX�r�, respectively, the distance ratio rSeSe/rGeSe,

which is �8/3=1.633 for perfect tetrahedra, changes from
1.650 at ambient pressure �the measured5,6 partial pair distri-
bution functions give a ratio of 1.647� to 1.524 at 9.3 GPa.
The results are therefore consistent with a substantial distor-
tion and breakdown of the tetrahedra during compression.
The peak in DX�r� at 5.67�3� Å gradually shifts to 5.50�2� Å
and increases in intensity with increasing pressure, while the
peak at 7.35�4� Å moves inward to 6.95�4� Å at the highest
pressure with little change in intensity. The peaks at larger
distances increase in intensity as the pressure increases and
the peaks at 9.6 and �13.0 Å move inward to 8.8 and
�12 Å, respectively. Overall it can be seen from Fig. 8 that
the intermediate-range order in glassy GeSe2 becomes more
pronounced as the peaks sharpen with increasing pressure up
to 9.3 GPa, although the FSDP is significantly reduced �see

Fig. 7�. It is therefore plausible that this observation is asso-
ciated with the growth in intensity of the principal peak at
Q=2 Å−1 in SX�Q�.8

V. DISCUSSION

The results of this study have revealed several aspects of
network collapse in glassy GeSe2 under pressure. First,
GeSe2 remains glassy up to at least 9.3�0.9� GPa and the
pressure-volume equation of state is reasonably well de-
scribed by the previous simulation data of Durandurdu and
Drabold21 at least up to pressures of �6 GPa �see Fig. 1�. At
larger pressures, the larger discrepancies between the experi-
mental and computer simulation results may arise from limi-
tations associated with use of the Parrinello-Rahman method
in the molecular dynamics calculations.48 Second, the in situ
high-energy x-ray diffraction results show a large decrease in
the first sharp diffraction peak with increasing pressure and a
large growth of the principal peak. Changes in the real-space
distribution functions indicate a distortion of the tetrahedral
units and gradual formation of higher coordinate polyhedra
at higher pressures. Third, the isotopic neutron and high-
energy x-ray diffraction data on the recovered samples �den-
sified at 10 GPa� show that on decompression the Ge-Se
bond length remains elongated and, although the compacted
samples revert back to fourfold coordination, the tetrahedra
are distorted.

A. Relation to Raman spectroscopy results

The in situ Raman spectroscopy results of Wang et al.17

show that the ratio of edge- to corner-sharing tetrahedra re-
duces from 34% at ambient pressure5,6 to �20% at �3 GPa,
and then remains essentially the same beyond 3 GPa. The
closer-packed arrangement of the GeSe2 network in the pres-
sure range 0–3 GPa is therefore associated with a conver-
sion from edge-sharing to corner-sharing tetrahedra. Raman
spectroscopy results on GeSe2 samples decompressed from
high pressure to ambient conditions support this change in
the connectivity of the tetrahedral units.18

B. Comparison with crystal structures

It is of interest to compare the structural changes under
pressure in GeSe2 glass with those found in the crystalline

TABLE I. Peak positions and coordination numbers for GeSe2 as a function of pressure.

Pressure
�GPa�

First peak
position Q1

�Å−1�

Second peak
position Q2

�Å−1�

Number
density �

�atoms Å−3�

First peak
position in D�r�

�Å�
Ratio

rSeSe/rGeSe

Average Ge
coordination

numbera

Mean
coordination

number n̄

0 1.010�5� 2.042�5� 0.0334�2� 2.364�5� 1.650�5� 3.98�20� 2.59�20�
10 �recovered to 0� 1.04�2� 2.06�2� 0.0347�2� 2.347�2� 1.621�2� 4.01�20� 2.61�20�

3.9 in situ 1.102�5� 2.131�5� 0.0422�2� 2.360�5� 1.636�5� 4.15�20� 2.76�20�
5.3 in situ 1.131�5� 2.151�5� 0.0444�2� 2.362�5� 1.559�5� 4.30�20� 2.90�20�
9.3 in situ 1.225�5� 2.262�5� 0.0509�2� 2.376�5� 1.524�5� 4.52�20� 3.16�20�
2D crystal 1.06b 0.0344 2.346 4.00

3D crystal 1.27b 0.0377 2.359 4.00

aAssuming only Ge-Se correlations under the first peak.
bTaking the first principal peak in the Ge-Ge partial structure factor.
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material. At ambient pressure, �-GeSe2 consists of layers
that comprise chains of corner-sharing Ge�Se4�1/2 tetrahedra
along the a axis that are linked by edge-sharing tetrahedra
along the b axis.49,50 Upon compression to 9 GPa at
573–1173 K, two phase transitions in crystalline �-GeSe2
have been observed.50 The first transition occurs at �3 GPa
and is associated with a transformation to a cristobalitelike
structure which comprises only corner-sharing tetrahedra,
i.e., there is a change from a 2D to a 3D type of structure.
The x-ray diffraction patterns of �-GeSe2 and cristobalitelike
GeSe2 show a shift in the first Bragg peak position from
1.06 to 1.27 Å−1 with a decrease in intensity,51 similar to the
shifts observed for the FSDP in glassy GeSe2 in the present
work �see Table I�. The second transformation of crystalline
GeSe2, which occurs in the range 5–7 GPa, is associated
with a change in the coordination number of the Ge atoms
from 4 to 6 and the resultant crystal has a distorted layered
structure analogous to CdI2. However, this high-pressure
phase is unstable and the full crystal structure has not yet
been determined.52 We note that the Ge-Se distance in the
Ge�Se1/2�4 tetrahedra of �-GeSe2 is 2.36 Å,49 and the Ge-Se
distance in the six-coordinated GeSe2 system is 2.87 Å.14

Pressure-induced phase transitions in crystalline GeSe2, in-
cluding the semiconductor-to-metal transition at high pres-
sure, have been investigated by ab initio methods.48,53

The isothermal bulk modulus B0=14.22�1.81� GPa and
first pressure derivative B1=2.63�0.51� measured for the
glassy phase of GeSe2 at 298 K compare with values of
11.5�2.2� GPa and 9.1�2.2� obtained from a third-order
Birch-Murnaghan fit to the x-ray diffraction data of Stølen et
al.54 for the �-GeSe2 crystalline phase at 573 K. The large
B1 value for the crystalline phase is expected from its aniso-
tropic layered structure and, if it is restricted to 4.0, a larger
value of B0=17.6�0.7� GPa is instead obtained from the
Birch-Murnaghan fit.54 The density under ambient conditions
of the glass, 4.23�4� g cm−3, is smaller than that of the �-
GeSe2 crystalline phase either at room temperature,
4.37 g cm−3,49 or at 573 K, 4.33 g cm−3.54 A smaller com-
pressibility and larger bulk modulus for the crystalline phase
is therefore anticipated.

C. Comparison with the structure of germanium dioxide

The structure of glassy GeO2 under pressure shows sev-
eral qualitative similarities to glassy GeSe2. For example,
neutron diffraction experiments show that with increasing
pressure the intensity of the FSDP decreases, the FSDP peak
position moves to larger Q values, and the nearest-neighbor
bond distance increases.16 However the mechanisms for den-
sification are quite different in each case. In GeO2 below
6 GPa, the cage structures formed by corner-sharing tetrahe-
dra collapse with increasing pressure, enabled by a rotation
of the tetrahedra around the Ge-O-Ge bond.15 This is fol-
lowed by a gradual coordination number change around Ge
from 4 to 6 over the pressure range 6–15 GPa, via a mixture
of four-, five-, and sixfold-coordinated species.16 By com-
parison, in GeSe2 glass there are edge-sharing tetrahedra that
convert to corner-sharing tetrahedra up to 3 GPa and, from
ambient pressure to 9.3 GPa, there is a steady increase in the

coordination number of Ge from 4.0�2� to 4.5�2�. The differ-
ences in the pressure-dependent properties of GeSe2 and
GeO2 can be attributed to the higher ionicity of the oxide
glass, where corner sharing is the only method of connecting
the tetrahedral units and the only way to pack the network
more efficiently, once the void space is taken up, is to in-
crease the coordination number. The ability of GeSe2 to form
homopolar Ge-Ge and Se-Se bonds and convert from edge-
to corner-shared tetrahedral motifs provides additional
mechanisms by which densification may occur.

It has been suggested by Benmore et al.47 that a plot of
dS /r1 vs Q1r1, where dS is the mean atomic spacing dS

3

= �6/��� and � is the atomic number density, can be used to
observe similarities between the intermediate-range order in
different types of glasses and liquids with increasing density.
In Fig. 9 we show this plot in order to compare the data for
GeSe2 and GeO2 as a function of pressure �density�. For
several systems that form tetrahedral networks, the trend
with increasing density is for the scaled FSDP position to
approach that expected for a dense random packing of hard
spheres.47 However, the curve for GeSe2 does not display
this behavior but instead runs roughly parallel to the curve
for GeO2. Also, for the liquid phase of GeSe2, a change in
the connectivity of the liquid from 2D to 3D with increasing
pressure has been reported.14 However, the curve for the
glassy phase of GeSe2 does not follow the curve for the
crystalline phase for which there is a transition from a 2D to
3D arrangement of Ge�Se4�1/2 tetrahedra with increasing
density. Further studies of GeSe2 are needed at higher pres-
sures to see if higher-density amorphous forms are achiev-
able �closer to the dense random packing limit� or whether
the glass immediately crystallizes. It would also be informa-

FIG. 9. The relationship between the first sharp diffraction peak
position Q1 and the mean atomic spacing dS deduced from dS

3

= �6/��� where � is the atomic number density. Both functions are
scaled by the nearest-neighbor bond distance r1, as obtained from
the first peak position in the measured pair distribution functions.
The results are compared for glassy GeSe2 �open triangles�, crys-
talline GeSe2 �solid triangles, see Table I�, and glassy GeO2 �solid
circles�. For reference, data points are also given for glassy SiO2 at
ambient pressure and for a dense random packing of hard spheres
Ref. 47. CS and ES refer to corner- and edge-sharing polyhedra,
respectively.
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tive to understand the changes in ring statistics during the
conversion from edge- to corner-sharing tetrahedra with in-
creasing density as this conversion presumably acts as a way
of introducing greater flexibility into the network, allowing
the ring structures to change and fill space. However, does
densification result from the rings becoming larger with in-
creasing pressure as suggested by Hobbs et al. for glassy
SiO2,55 or does it result from an increase in the number of
smaller rings, as proposed by Wright et al.56 for the case of
radiation-densified silica glass? Furthermore, what is the role
played by homopolar bonds? For example, the molecular dy-
namics simulations of Durandurdu and Drabold21 show that
homopolar bonds are present and that there is a significant
increase in their number at pressures above 12 GPa.

VI. CONCLUSIONS

The measured density of glassy GeSe2 increases smoothly
by 33% between ambient pressure and 8.5 GPa and the data
compare reasonably well with the ab initio molecular dy-
namics simulations of Durandurdu and Drabold.21 In situ
high-pressure x-ray diffraction studies show that GeSe2 is
still amorphous at 9.3 GPa, contrary to the earlier conclu-
sions of Prasad et al.19,20 which were based on an x-ray dif-
fraction analysis of recovered samples. The first sharp dif-
fraction peak in the measured total structure factor shows a
significant decrease in height to �31% of its original value
as the pressure is increased from ambient to 3.9 GPa, but
shows a much smaller change of 8% between 3.9 and
9.3 GPa. These changes are accompanied by a significant
increase in intensity of the principal peak at �2 Å−1 and an
increase in amplitude of the peaks beyond the nearest neigh-

bor in the total pair distribution functions. The average coor-
dination number of Ge increases approximately linearly from
4.0�2� at ambient pressure to 4.5�2� at 9.3 GPa and Raman
spectroscopy results show a pressure-induced conversion
from edge- to corner-sharing Ge�Se4�1/2 tetrahedra.17,18 The
diffraction results show that this conversion is accompanied
by an elongation of the mean Ge-Se bond length and a sub-
stantial distortion of the Ge�Se4�1/2 tetrahedra.

The diffraction and Raman spectroscopy results for glassy
GeSe2 are therefore consistent with the occurrence of two
densification processes, namely, �i� a conversion from edge-
to corner-sharing tetrahedra and �ii� a gradual increase in the
average local coordination number with increasing density.
Moreover, we observe in the total pair correlation functions
an increase in the intermediate-range order with increasing
pressure �up to 9.3 GPa� which is accompanied by a decrease
in intensity of the FSDP. Finally, the quality of the high-
pressure DAC diffraction data obtained by using microfo-
cused high-energy x-ray beams shows that this method pro-
vides a means of probing the structure of glasses and liquids
at extreme pressures.
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