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Observation of a Pressure-Induced First-Order Polyamorphic Transition
in a Chalcogenide Glass at Ambient Temperature

S. Sen,' S. Gaudio,” B. G. Aitken,” and C.E. Lesher”
lDepartment of Chemical Engineering and Materials Science, University of California, Davis, California 95616, USA
“Department of Geology, University of California, Davis, California 95616, USA

3Glass Research Division, SP-FR-05-1, Corning Incorporated, Corning, New York 14831, USA
(Received 22 April 2006; published 14 July 2006)

An apparently first-order polyamorphic transition has been observed with increasing pressure at
ambient temperature in a molecular glass of composition Ge,sASsi25S4625. Raman spectroscopic
measurements on pressure-quenched samples and in situ x-ray diffraction measurements indicate that
this transition corresponds to a collapse of the ambient-pressure molecular phase to a high-pressure
network phase. The high-pressure phase first appears at a pressure of ~8-9 GPa and the transformation
becomes complete at ~14-15 GPa. Calorimetric measurements indicate that the low- and high-pressure
phases are thermodynamically distinct and that they coexist in the transition range.
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The effects of pressure and temperature on glass struc-
ture are intimately related to a fundamental and currently
highly debated issue in materials physics—which is
whether, similar to crystalline polymorphs, structurally
and thermodynamically distinct phases of the same com-
position exist also in the case of glasses and liquids. Such a
phenomenon has been termed polyamorphism in the lit-
erature [1]. Strong experimental and/or theoretical evi-
dence of polyamorphic transition has been observed or
its presence has been suggested in elemental liquids such
as S, Se, Te, P, C, and Si, in open tetrahedral networks such
as H,O, Si0O,, BeF,, and GeSe,, as well as in complex
binary liquids such as Y,05-Al,O5 [1-17]. Relatively
sharp semiconductor-to-metal transitions in chalcogenide
liquids as a function of pressure are well known and have
originally been proposed to correspond to polyamorphic
transitions in the liquid state [17]. However, it has since
been realized that such property changes are in fact driven
by percolation rather than by first-order structural and
thermodynamic phase transitions [1]. Moreover, polya-
morphic transitions are expected to be terminated by criti-
cal points that are typically located below the liquidus
[1,18,19].

The two most well-studied and convincing cases of
polyamorphism in literature pertain to the transitions be-
tween low- and high-density phases in phosphorus in the
stable liquid state and in H,O in the supercooled liquid
state [3,7,12—14]. In these cases of experimentally ob-
served polyamorphic phase transitions, the slope of the
coexistence line in P-T space is negative due to the fact
that the high-density phase has higher entropy compared to
the low-density phase. The increase in entropy at high
pressure is related to the fact that the low-density phase,
which is molecular in nature, changes to a polymerized
network structure at high pressure. In the case of H,O
in situ neutron diffraction measurements indicate a struc-
tural transformation from a low-density form with an open,
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hydrogen-bonded tetrahedral ‘“molecular” structure to a
high-density network with interpenetrating tetrahedra with
increasing pressure [13,14]. However, it remains contro-
versial as to whether this structural transformation is con-
tinuous or is truly first order in nature, characterized by the
coexistence of the low- and high-density phases in the
transformation region [20]. In the case of liquid phospho-
rus, x-ray diffraction and molecular dynamics simulation
studies indicate that the low-pressure structure of the liquid
consists of P, molecules, which transforms into a poly-
meric form with increasing pressure [3,21,22]. However,
recent studies on phosphorus have conclusively demon-
strated that, although the observed transition is first order in
nature, it is not a true polyamorphic transition between two
liquids but is in fact between a liquid and a dense fluid
phase [7]. Thus, unequivocal experimental evidence of the
existence of both structurally and thermodynamically dis-
tinct liquid or glassy phases of the same composition
would be extremely valuable in understanding the funda-
mental nature of the phenomenon of polyamorphism.
Unfortunately, such studies have been lacking in the litera-
ture due to experimental difficulties, and the existence of
first-order structural phase transitions between two struc-
turally and thermodynamically distinct amorphous phases
has remained a strongly debated issue. Since density is the
only relevant order parameter for phase transitions in clas-
sical glasses and liquids, an important question that natu-
rally arises is whether polyamorphism is necessarily
associated with a topological transformation of the struc-
ture. If that is indeed the case, then sharp structural tran-
sitions may be observed in glasses or liquids where the
low- and high-density phases correspond to low- (e.g.,
molecular) and high-dimensional (e.g., network) struc-
tures, respectively.

In this Letter we report experimental evidence suggest-
ing a relatively abrupt pressure-induced structural and
thermodynamic transition at ambient temperature in a
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glass of composition Ge,sAss;25S4605. The glass was
synthesized by melting a mixture of the constituent ele-
ments (=99.9995% purity, metals basis) in an evacuated
(107® Torr) fused silica ampoule and subsequently
quenching the ampoule in cold water. The small amount
of Ge doping is necessary in stabilizing this As-rich sulfide
glass from devitrification. This particular glass was chosen
since previous studies have shown that its structure is
unique, consisting mainly of isolated As;S; molecules
[23—-25]. Such an open low-dimensional structure with
weak intermolecular bonding results in a low glass tran-
sition temperature with the onset of 7, at ~302 K. These
molecules in the corresponding As,S; crystal phase consist
of a 3-membered As; ring surmounted by an AsS3 pyramid
with each S atom being bonded to an As atom in the As;
ring that is directly below it (Fig. 1). Isothermal compres-
sion of powdered samples of this glass was performed at
pressures ranging from 3.0 to 14.4 GPa, at ambient tem-
perature, in a 6—8 multianvil apparatus at the UC-Davis
high-pressure laboratory. The glass powders were placed
within a graphite capsule inside an 8 mm truncated edge
length, castable MgO-ceramic octahedron. The samples
were equilibrated at the desired pressure for 4 to 8 h before
quenching at a rate of 1 to 4 GPa per hour.

Raman spectroscopy was used for structural character-
ization of the glass samples quenched from various pres-
sures using a Fourier-transform Raman spectrometer
(Bruker RFS100-S). A Nd:YAG laser operating at a wave-
length of 1064 nm and a power level of 15 to 20 mW was
used as the excitation source. Differential scanning calo-
rimetry (DSC) experiments were performed on the same
samples with a scanning calorimeter (Netzsch DSC 404) to
measure the variation in 7, as a function of pressure.
Energy-dispersive x-ray scattering measurements were
carried out in situ at pressures of up to 15 GPa using a

FIG. 1. Ball-and-stick model of the structure of an As;S;
molecule. The large and small spheres represent As and S atoms,
respectively.

diamond-anvil cell (DAC) at a superconducting wiggler
beam line (X17C) of the National Synchrotron Light
Source at Brookhaven National Laboratory. A methanol-
ethanol mixture was used as a pressure-transmitting me-
dium and pressure was measured using ruby fluorescence.
The x-ray beam was collimated to a spot size of ~20 to
30 um to reduce background scattering from the steel
gasket surrounding the sample as well as from other parts
of the DAC. Ideally, for structure determination of glasses
and liquids, energy-dispersive scattering data should be
collected over a wide range of scattering angles 26 to cover
a large region of reciprocal space, i.e., Q values (Q =
44rsinf/A). Unfortunately, the geometry of the DAC,
background diffraction, and the beam line instrumentation
configuration did not allow data collection significantly
beyond 26 = 12° (Q =8 A~1). However, as shown be-
low, data over this relatively small Q range turned out to be
sufficient to track the dramatic changes in position and
intensity of the first sharp diffraction peak (FSDP) as a
function of pressure.

The Raman spectra of the Ge,sAss;2554605 glasses
quenched from various pressures are shown in Fig. 2.
The most intense band in the Raman spectrum at ambient
pressure is centered at ~273 cm™!, corresponding to the
breathing mode of the basal As; ring in the As,S; molecule
[23-25]. In addition, there are other sharp bands at 180,
200, 220, and 357 cm ™! that can also be assigned to vibra-
tional modes of the As;S; molecule [26]. On increasing
pressure the Raman spectra of the quenched samples do not
change significantly up to 7.3 GPa (Fig. 2). With further
increase in pressure the Raman spectra of the quenched
glasses show marked changes. The most pronounced
change is an abrupt drop in the relative intensity of the
sharp bands at 180, 200, 220, and 273 cm™! corresponding
to the As,S; molecular entities. For example, at 9.8 GPa
the relative intensity of the 273 cm ™! peak is nearly halved
and it virtually disappears on increasing the pressure to
144 GPa (Fig. 2, inset). Concomitantly the band at
~235 cm™! broadens and its relative intensity increases
sharply with increasing pressure (Fig. 2). This band has
been assigned to As-As stretching in the network by Ewen
and Owen, on the basis of their resonance Raman experi-
ments [27]. Besides these major changes, the bands near
~375 and 330 cm ™!, which have been assigned to sym-
metric stretching of AsS; pyramids in As sulfide glasses
[23-25], also broaden and their relative intensities increase
with rising pressure in this range.

The pronounced decrease in the intensity of the sharp
molecular peaks at 180, 200, 220, and 273 cm~! and the
concomitant increase in the intensity of the broad ‘“‘net-
work” peaks at 235 and 330-375 cm ™! clearly indicate a
relatively rapid molecular-to-network structural transfor-
mation of the glass at pressures above ~8 to 9 GPa. A
small amount of intensity from the molecular peak at
273 cm™! is still observable in the Raman spectrum of
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FIG. 2 (color online). Raman spectra of the Ge, sASs| 2554625
glass quenched from various pressures. All spectra were nor-
malized to the intensity of the peak at ~352 cm™!. The inset
shows the variation in the relative intensity of the peak at
~273 em™! in these spectra, above a smoothly varying local
background. The error bars for the intensity are within the size of
the symbols.

the sample quenched from 14.4 GPa. However, the trans-
formation is probably complete at such a pressure, since
the high-pressure—high-density structure is not likely to be
entirely quenchable at atmospheric pressure. The Raman
spectra of these pressure-quenched samples are found to
remain unchanged even several months after quenching.
This result indicates that the T, of the high-density phase
must be significantly higher than the ambient temperature,
thus making the structural relaxation rate extremely slow.
Experimental evidence corroborating this hypothesis
comes from DSC measurements which show the existence
of two separate T, with onset temperatures at ~302 and
331 K corresponding to the low- and high-density phases,
respectively, in glass samples quenched from an intermedi-
ate pressure 9.1 GPa (Fig. 3). The ratio of these two
endothermic signals at low and high temperatures is found
to decrease with increasing pressure and becomes nearly
zero at the highest pressure of 14.4 GPa (Fig. 3). The T,
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FIG. 3 (color online). DSC traces of Ge,sAss;25S4605 glass
quenched from various pressures. A heating rate of 30 K/ min
was used in all cases. The sample masses used for DSC experi-
ments were 30 mg for the as-made glass and 15 mg each for the
glasses quenched from 9.1 and 14.4 GPa. The arrows pointing
upward and downward represent the T, onset temperatures for
the low- and high-density glassy phases, respectively. Only the
low temperature range (273-393 K) is shown here to emphasize
the glass transition behavior. At higher temperatures all glasses
show crystallization exotherms at 423 K and melting endotherms
at 498 K.

onset temperature for the endothermic signal at higher
temperature is also found to shift slightly from 331 to
~338 K at the highest pressure of 14.4 GPa (Fig. 3).
This result provides clear evidence of the coexistence of
the low- and high-density glassy phases with lower and
higher T,, respectively, in samples quenched from inter-
mediate pressures. Such coexistence of structurally and
thermodynamically distinct phases is characteristic of a
classic first-order phase transition.

The pressure dependence of the x-ray diffraction pat-
terns for this glass is shown in Fig. 4. The diffraction
pattern at ambient pressure displays an unusually strong
FSDP at 1.2 A™! corresponding to a strong intermediate-
range order in this glass which is to be expected in a
structure predominantly consisting of well-defined mole-
cules [28]. The corresponding characteristic length scale
d~2m/Q=52A may correspond to intermolecular
separation distances in the glass structure. As pressure is
increased, both the FSDP and the second peak at ~2.2 A1
move to larger Q values. Such changes are partly due to the
densification of the glass structure at higher pressures since
(V/VO)'V3 ~(d/dy) ~ Qy/Q, where the subscript 0 for
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FIG. 4 (color online). Pressure dependence of the x-ray dif-
fraction patterns for Ge, sAss; 2554625 glass at ambient tempera-
ture. The sharp spikes in these patterns correspond to
unavoidable diffraction peaks from the background including
those from the gasket material inside the diamond-anvil cell.

volume V, real-space distance d, and wave vector Q cor-
respond to values at ambient pressure (Fig. 4) [28]. The
magnitude of the change in Q due to densification could
not be estimated at this stage since the bulk compressibility
of this glass is unknown. However, the most remarkable
change in these diffraction patterns as a function of pres-
sure is shown by the intensity of the FSDP, which remains
nearly unchanged up to at least 5 GPa and then drops by a
factor of 4 at 8 GPa and almost completely disappears at
15 GPa (Fig. 4). Such a dramatic decrease in the intensity
of the FSDP at high pressures points toward a complete
collapse of the strong intermediate-range order in the glass
structure resulting from a molecular-to-network structural
transition at ambient temperature. Unfortunately, the qual-
ity of the energy-dispersive diffraction data presented here
is not sufficient for further processing and detailed struc-
tural analyses of the glass as a function of pressure. In situ
angle-dispersive x-ray diffraction studies at high pressure
are currently underway at the Advanced Photon Source at
Argonne National Laboratory to address this issue.

In summary, the Raman spectroscopic and x-ray diffrac-
tion measurements provide clear evidence of a relatively
sharp pressure-induced structural transition at ambient
temperature in a glass of composition Ge, 5ASs; 25546.25-
This transition corresponds to the transformation of the
ambient-pressure molecular phase with low 7T, (~302 K)
and strong intermediate-range order to a high-pressure

network phase with higher T, (~338 K). Calorimetric
measurements indicate that the low- and high-pressure
phases coexist in the transition range implying a first-order
phase transition. As discussed earlier, such “molecular-to-
network™ topological transitions have also been observed
in supercooled water and liquid P and may turn out to be
the hallmark of polyamorphic transitions in glass-forming
liquids.

The authors thank Dr. Jingzhu Hu at the beam line X17C
for providing valuable technical assistance with x-ray data
collection. The National Synchrotron Light Source is sup-
ported by the U.S. Department of Energy, Division of
Materials Sciences and Division of Chemical Sciences.
This work was supported by the National Science
Foundation under Grant No. DMR-0603933.

[1] P.F. McMillan, J. Mater. Chem. 14, 1506 (2004).
[2] P.H. Poole et al., Science 275, 322 (1997).
[3] Y. Katayama et al., Nature (London) 403, 170 (2000).
[4] M. Guthrie et al., Phys. Rev. Lett. 93, 115502 (2004).
[5] W.A. Crichton et al., Nature (London) 414, 622 (2001).
[6] S.K. Deb et al., Nature (London) 414, 528 (2001).
[71 G. Monaco et al., Phys. Rev. Lett. 90, 255701 (2003).
[8] S. Sen et al., Phys. Rev. Lett. 93, 125902 (2004).
[9]1 P.H. Poole et al., Phys. Rev. Lett. 79, 2281 (1997).
[10] M. Hemmati et al., J. Chem. Phys. 115, 6663 (2001).
[11] S. Sastry and C. A. Angell, Nat. Mater. 2, 739 (2003).
[12] P.G. Debenedetti and H.E. Stanley, Phys. Today 56,
No. 6, 40 (2003).
[13] S. Klotz et al., Phys. Rev. Lett. 94, 025506 (2005).
[14] A.K. Soper and M. A. Ricci, Phys. Rev. Lett. 84, 2881

(2000).

[15] C.A. Angell et al., Phys. Chem. Chem. Phys. 2, 1559
(2000).

[16] J.N. Glosli and F.H. Ree, Phys. Rev. Lett. 82, 4659
(1999).

[17] New Kinds of Phase Transitions: Transformations in
Disordered Substances, edited by V.V. Brazhkin, S.V.
Buldyrev, V.N. Ryzhov, and H.E. Stanley, NATO
Science Series II: Mathematics, Physics and Chemistry
Vol. 81 (Kluwer, Dordrecht, The Netherlands, 2002).

[18] E. Rapoport, J. Chem. Phys. 46, 2891 (1967).

[19] E.G. Ponyatovsky and O.I. Barkalov, Mater. Sci. Rep. 8,
147 (1992).

[20] C.A. Tulk et al., Science 297, 1320 (2002).

[21] T. Morishita, J. Non-Cryst. Solids 312-314, 22 (2002).

[22] Y. Senda et al., J. Non-Cryst. Solids 312-314, 80 (2002).

[23] B.G. Aitken, J. Non-Cryst. Solids 345-346, 1 (2004).

[24] B.G. Aitken and C. W. Ponader, J. Non-Cryst. Solids 274,
124 (2000).

[25] B.G. Aitken and C. W. Ponader, J. Non-Cryst. Solids 256—
257, 143 (1999).

[26] B.H. Christian et al., Inorg. Chem. 20, 3410 (1981).

[27] P.J.S. Ewen and A.E. Owen, J. Non-Cryst. Solids 35-36,
1191 (1980).

[28] C. Meade et al., Phys. Rev. Lett. 69, 1387 (1992).

025504-4



