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Raman spectroscopic study of the pressure-induced coordination change in GeO2 glass
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Raman spectra of Ge02 glass are recorded in situ as a function of pressure to 56 GPa at room
temperature. Under initial compression to 6 GPa the main 419-cm Raman band shifts to higher
frequency and broadens with a gradual loss of intensity. These spectral changes are consistent with
an increase in distortion of Ge04 tetrahedra and a decrease in the intertetrahedral bond angle with
pressure. Between 6 and 13 GPa (the pressure range of the reported fourfold- to sixfold-
coordination change of Ge in germania glass) the main Raman band broadens, and the scattering in-

tensity is dramatically reduced with little shift in peak frequency. This pressure interval is also
marked with the appearance and growth of a broad low-frequency band near 240 cm '. The in-
ferred pressure-induced coordination change occurs without the formation of nonbridging oxygens.
Above 13 GPa no further major structural changes are indicated by the Raman data taken with
pressures up to 56 GPa. On decompression the back transformation of octahedral Ge to tetrahedral
coordination is complete but exhibits a large hysteresis. The Raman data indicate that the high-
coordinate germanium species are retained down to pressures of at least 2.3 GPa. In samples
decompressed from high pressures, the intensity of the 520-cm ' "defect" band is considerably
enhanced relative to that in normal germania glass, consistent with an increase in three-membered-
ring population. It is proposed that a large component of this increase in three-membered rings is a
result of the reversion of "'0 species to tetrahedra-bridging "0 species under decompression.

I. INTRODUCTION

The relationship between the structural and physical
properties of the technologically and geologically impor-
tant tetrahedral oxides has been the subject of much fun-
damental interest. Structural models based on an open
three-dimensional network of corner-shared tetrahedra
have been used to explain many of the unusual and in-
teresting physical properties of the liquid and amorphous
states of these systems. Anomalous waterlike behavior,
such as the density maximum with temperature in the su-
percooled liquid and glass states of silica, ' has been ex-
plained through the competition between the high ener-
getic stability and the low configurational entropy of the
open tetrahedral framework.

Disruption of the tetrahedral framework has a pro-
found effect on the physical properties of these network
liquids and glasses. Under chemical substitution, such as
addition of alkali or alkaline-earth oxides to silica, the
tetrahedral framework can be broken by replacement of
network linkages with less directional bonds, resulting in
an increase in configurational entropy and a correspond-
ing reduction in the liquid-state viscosity. Destabiliza-
tion of the tetrahedral network can also occur through
coordination changes of network cations as observed
upon addition of alkali oxides to germania.

The eA'ect of pressure on the tetrahedral framework
structure of amorphous silicates and germanates is analo-
gous to that of chemical substitution. Pressure-induced
disruption of the tetrahedral network structure, either
through modifications of the medium-range order or
through coordination changes, is manifested in the anom-

alous physical properties of many silicates and ger-
manates. These include the increase in compressibili-
ty"' and thermal expansivity' of silica glass with pres-
sure, the decrease in the liquid-state viscosity of silica and
germania with increasing pressure, ' ' and the irrever-
sible densification of their glasses upon pressure cy-

ng 12, 14, 17—21

While coordination changes of network cations may be
a significant mechanism of pressure-induced tetrahedral
network destabilization in MO2-type oxides, direct i'n situ
verification of pressure-induced coordination changes has
been dificult to confirm in these liquids and glasses. This
is in contrast to the well-characterized tetrahedral to oc-
tahedral coordination transformations observed in the
crystalline analogs of these materials at high pressures.
Coordination changes have also been proposed as the un-
derlying mechanism of the solid-state amorphization of
several tetrahedral based crystals under extreme super-
pressing. It is thus plausible that similar coordination
changes occur in the liquid and amorphous phases of
MO2-type oxides at high pressures.

Vibrational spectroscopy, although an indirect
structural probe, has provided some of the only in situ
data on the structural properties of MO2-type oxide
glasses as a function of pressure. Reversible changes in
the infrared absorption spectra of SiO2 glass above 20
GPa have been interpreted to indicate a silicon coordina-
tion change. The Raman spectra of silica and alkalisili-
cate glasses display similar trends at high pressure that
may be consistent with a silicon coordination change in
silicate glasses above 30 GPa. However, the lack of
experimental data and theoretical calculations on high-
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pressure crystal and amorphous phases of M02-type ox-
ides precludes assignment of the Raman bands in terms
of structural features.

Amorphous germanium dioxide (g-Ge02) is an espe-
cially useful model for investigating pressure-induced
structural changes in tetrahedral oxide glasses and
melts. Germania is isotypic with silica and exhibits
similar pressure dependences of physical proper-
ties. ' '~' ' ' Pressure-induced structural changes in ger-
mania are believed to be similar to those that occur in sil-
ica under pressure, but are expected to occur at consider-
ably lower pressures. This is evidenced by the thermo-
dynamic stability of both the IV-coordinate a-quartz and
VI-coordinate rutile forms of crystalline G-e02 at ambient
pressure, ' whereas Si02 is thermodynamically stable
only in IV-coordinate polymorphs at ambient pressure.

Recently, the first direct evidence of a pressure-induced
coordination change in a tetrahedral oxide was reported
in an in si(u x-ray-absorption study of g-Ge02 at room
temperature in a diamond anvil cell. The x-ray data in-
dicated an increase in the Ge—0 bond length consistent
with a fourfold- to sixfold-Ge-coordination change under
compression at pressures between 6.6 and 12 GPa. Two
distinct Ge coordination sites were indicated in the tran-
sition region rather than a progressive evolution of the
coordination number of a Ge site. Under decompression
the coordination transition displayed a large hysteresis
before complete reversion back to tetrahedrally coordi-
nated Ge below 2 GPa.

The present study utilizes Raman spectroscopy to
study the deformation mechanisms and vibrational prop-
erties of germania glass in situ at 298 K to pressures up to
56 GPa in a diamond anvil cell. The recently reported
extended x-ray-absorption fine-structure (EXAFS) study
of g-Ge02 (Ref. 30) provides an excellent calibration for
the interpretation of the high-pressure Raman data of g-
Ge02 and analogous M02-type systems.

II. EXPERIMENT

Germanium dioxide glass was prepared from
electronic-grade powdered hexagonal Ge02 (Penn Rare
Metals Div. ) by heating in air at 1400'C for 30 min in a
platinum crucible, followed by air quenching to room
temperature. High-pressure experiments were performed
at 298 K in a gasketed piston-cylinder-type diamond an-
vil cell ' employing low-fluorescence type-I diamonds.
The gasket was formed from a 250-pm-thick rhenium
foil, first preindented, then laser drilled to create a sample
chamber approximately 200 pm in diameter and 50 pm
deep. Several small ( ( 10 pm) ruby chips, used as a pres-
sure indicator, were scattered across the culet face of one
of the diamonds. Pressure was determined by the cali-
brated pressure shift in the ruby 8, Auorescence line.

Reported Raman spectra are from GeOz glass samples
loaded directly into the sample chamber without a
pressure-transmitting medium. Standard alcohol
pressure-transmitting solvents were avoided as g-GeOz
has been reported to react under pressure with a
methanol-ethanol mixture. Reported spectral changes

were reproduced using argon as a pressure-transmitting
medium, although the low-frequency area of the weak g-
GeOz Raman signal was obscured at elevated pressures
by an increase in the low-frequency scattering of the pres-
sure medium.

Raman scattering was excited in the sample by the
488-nm line of a Coherent (90-5) Ar+ ion laser. The laser
beam was focused to a 30 pm spot on the sample. The
Raman signal was collected using a 135' scattering
geometry through a long working distance 50X Mitutoyo
microscope objective in a modified Olympus (BH-2)
petrographic microscope. A spatial filter, placed at an in-
termediate image plane in the collection optics, was used
to reduce contamination of the Raman signal from dia-
mond fluorescence. The Raman scattering data were col-
lected with an Instruments S.A. triple spectrometer
(S3000) coupled with both a Princeton Instruments
intensified diode array detector (IY-750) for multichannel
detection and a photomultiplier tube for scanning mode
detection. The spectrometer entrance slit was set at 100
pm giving a spectral resolution of approximately 10
cm '. A polarization analyzer was used at the entrance
of the spectrometer, and all reported spectra were ob-
tained in a HH scattering geometry.

III. RESUI.TS AND DISCUSSIQN

A. Ambient structure of GeO2 glass

The ambient structure of normal Ge02 glass has been
investigated with a variety of experimental techniques in-
cluding x-ray diffraction, neutron diffraction,
EXAFS, '" ' and vibrational spectroscopy. ' '

The structural short-range order of g-Ge02 closely
resembles the o.-quartz configuration of crystalline Ge02.
Each germanium is bonded to four oxygen atoms in a
tetrahedral framework arrangement, with each oxygen
coordinated to two germaniums, similar to the
tetrahedral arrangement in"g-Si02. Reported nearest-
neighbor atomic distances vary with measurement tech-
nique but are in general agreement with the mean Ge—0
bond distance of 1.739 A, Ge-Ge nearest distance of
3.185 A, and O-O nearest distance of 2.836 A given by
Desa and Wright. The Ge04 tetrahedra in germania
glass are more distorted than the analogous Si04 tetrahe-
dra in silica glass. The longer Ge—0 bond length, rela-
tive to the much shorter 1.62-A Si—0 bond length,
produces less steric crowding of oxygens around the cen-
tral cation. Distortion in the Ge04 tetrahedra is mani-
fested by a large variation (104'—115 ) and bimodal dis-
tribution in the 0—Ge—O dihedral bond angle, rather
than a variation in Ge—O bond length. ' In compar-
ison, the dihedral bond angle of Si04 tetrahedra in silica
glass is more tightly constrained (108'—111 ).

The medium-range order of g-Ge02 is commonly de-
scribed as an open three-dimensional tetrahedral frame-
work. The most widely accepted theoretical model used
to describe the nature of this framework is the continu-
ous random network (CRN) of corner-shared tetrahedra
as first proposed by Zachariasen ' for M02-type glasses.
Disorder is introduced into the glass by a continuous dis-
tribution of Ge—0—Ge intertetrahedral angles and tor-
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tiona1 angles, i.e., relative rotations of neighboring
tetrahedra. The average Ge—0—Ge intertetrahedral an-
gle of 133' (Refs. 35, 40, and 48) is tighter with a nar-
rower distribution (approximately 10') (Refs. 36 and 42)
compared with the average 144' and 120 —180
intertetrahedral-angle distribution found in g-Si02.
Cation-cation nonbonded repulsions have been invoked
to account for the intertetrahedral-angle differences in
MO2-type compounds. The longer Ge—0 bond
length, relative to the Si—0 bond length, allows for a
tighter intertetrahedral angle in g-Ge02 before nonbond-
ed cation contact.

An alternative to the CRN model for describing
tetrahedral oxide glass structure is the cluster, or micro-
crystalline model ~ In this model the glass is built
from an array of microcrystals. Disorder is introduced
by broken chemical bond order at cluster edges, suggest-
ing a large density of dangling or reconstructed bonds on
internal surfaces of the clusters. Others have suggested
models for the structure of g-Ge02 intermediate between
the CRN and microcrystalline extremes. '' '

A feature of both the CRN and microcrystalline mod-
els is the probability of closed rings of atoms in the struc-
tures of g-GeO2 and g-SiOz. ' ' However, a
difference in the ring statistics of g-GeO2 and g-Si02 is

expected. This is a reAection of the tighter distribution of
intertetrahedral angles in g-Ge02 which precludes the de-
gree of ring irregularity found in g-Si02. In the CRN
model, the g-Ge02 network is dominated by rings com-
posed of six germaniums bridged by oxygens (six-
membered rings). A relatively large population of
three-membered rings is probable due to the favorable
130.5 angle of this ring structure compared with the
average g-Ge02 intertetrahedral angle of 133. ' In
contrast to the planar three-membered rings predicted for
g-Si02, many of the Ge02 three-membered rings
may be nonplanar based on molecular cluster calcula-
tions and a preliminary g-GeOz random network mod-
el. In the microcrystalline model, six-membered rings
dominate in both the g-GeOz and g-SiOz networks, but
the small ring formation found in the CRN mode1 is
discounted.

B. Ambient Raman spectrum of GeO2 glass

Ge and Si and the tighter configurational constraints in
the GeOz glass network.

The ambient Raman spectrum of Ge02 glass is shown
in Fig. 1. The dominant feature in the Raman spectrum
is a strong, polarized band centered at 419 cm '. This
band has been assigned to the symmetric stretching (SS)
of bridging oxygens in a line bisecting the Ge—O—Ge
plane' ' in predominantly six-membered rings, '
equivalent to the strong 437-cm ' band of g-SiOz. ' '

The 419-cm ' band of g-GeO2 has a much sharper band-
width than the 437-cm band of g-SiOz, indicative of the
tighter distribution of intertetrahedral angles in g-GeO2.

The broad high-frequency shoulder of the main Raman
band contains a feature near 520 cm '. The intensity of
this band is enhanced in neutron irradiated samples and
is thought to be analogous to the same structural unit
represented by the 606-cm ' "defect" band in g-
Si02. ' However, the structural origin of the 520-
cm ' band is still debated. One interpretation assigns
this band to broken-bond or other-bond defects in the
network, ' ' although Ge-Ge and 0-O defects are un-
likely. Phillips suggests the 520-cm ' band is a ring
mode in the microcystalline model, arising from a rear-
rangement of cluster surfaces which could create rings of
unspecified size by intercluster cross linking. Galeener
and co-workers ' assign this band to three-membered
rings embedded in a CRN, consistent with both the
sharpness of the deconvoluted 520-cm ' band and the
pure oxygen breathing motion of a highly symmetric unit
inferred by its isotope shift. Regardless of the exact ori-
gin, the intensity of the 520-cm ' band may be used as a
reAection of the amount of Raman active defects in g-
Ge02.

Two other bands have been resolved from the high-

Ge02
atm

Interpretations of the Raman bands of Ge02 glass have
progressively developed by exploiting a variety of experi-
mental techniques including isotopic substitution, neu-
tron bombardment, alkali substitution, ' ' ' Si02 sub-
stitution, ' and OH substitution. ' Vibrational dy-
namics calculations based on the CRN model have also
aided the correlation between structural vibrations and
Raman active modes. ' Comparisons with the
much studied ambient g-SiO2 Raman spec-
trum '" ' ' ' ' have also been important in the inter-
pretation of the g-Ge02 Raman spectrum. Many features
of the two spectra are analogous, refiecting the similarity
of the structures of g-GeOz and g-SiO2. Differences in
the frequency shift and bandwidth of equivalent modes
are largely a consequence of the mass difference between
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FICx. 1. HH Raman spectrum of CxeO& glass taken at ambient

conditions.
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frequency shoulder of the main Raman band of g-Ge02 at
about 566 and 595 cm '. These bands have been respec-
tively assigned to transverse optical (TO) and longitudinal
optical (LO) vibrational modes involving significant
motion of both Ge and O. ' These bands are the
mass-shifted equivalent to the TO-LO pair in the 800-
cm ' mode of g-SiO2.

Other features of the ambient Raman spectrum of g-
Ge02 include two weak depolarized high-frequency
bands at 857 and 973 cm '. These have been respectively
assigned to the TO and LO asymmetric stretching (AS)
modes of bridging oxygens, analogous to the 1060- and
1190-cm ' bands in g-Si02. ' A low-frequency feature
near 344 cm ', observed in the Raman spectrum of g-
Ge02, has no analogous band in g-SiOz. From isotopic
substitution studies, the mode associated with this band
has predominantly Ge motion with very little 0
motion, but its specific structural origin is still un-
known.

Significantly missing from the g-Ge02 spectrum are
any of the strong, polarized, high-frequency nonbridging
oxygen SS bands observed near 800—900 cm ' in alkali
germanates, ' ' ' inferring the absence of nonbridging
oxygens in the structure of normal g-Ge02. ' ' '

C. Compression of GeO& glass

modes that have a relatively large Raman cross section.
The intensity of the main Raman band would thus be sen-
sitive to the disruption of symmetry around the bridging
oxy gens caused by the pressure-induced decrease in
short-range order.

While tetrahedral distortion may be the dominant
mechanism for g-GeOz in this pressure regime, there is
also a measurable decrease in the Ge-Ge nearest-neighbor
distance. This decrease further constrains the magni-
tude and distribution of Ge—0—Ge intertetrahedral an-
gles, resulting in some increase in medium-range order.
This observation is consistent with the positive frequency
shift of the main Raman band and negative frequency
shift of the high-frequency bands in g-Ge02 as seen in g-

24, 75

There are some important differences in the low-
pressure deformation mechanisms of g-GeOz and that in-
dicated for g-Si02. ' ' In g-SiOz the intial ((8

g-Ge02
Corn pression

Figure 2 shows the i'n situ Raman spectra of Ge02
glass as a function of pressure to approximately 13 GPa,
taken at ambient temperature under increasing compres-
sion. With initial compression up to 5.6 GPa the main
419-cm ' Raman band rapidly shifts to higher frequency,
broadens, and gradually loses intensity. There is no
significant intensity change in the 520-cm defect band.
The high-frequency 857- and 973-cm ' bands show a
slight negative frequency shift, and the low-frequency
344-cm band is retained with a slight positive frequen-
cy shift. These observations are consistent with earlier in
situ high-pressure g-GeOz Raman data, except that no
large increase in the Rayleigh tail, attributed to increas-
ing disorder in the glass, was observed. Raman frequency
shifts in this low-pressure region are also qualitatively
similar to those observed in samples of g-Ge02 that have
been densified by neutron irradiation.

A compression mechanism for g-GeOz in the pressure
range from 1 atm to 5.6 GPa, consistent with the ob-
served Raman data and also consistent with in situ EX-
AFS, and neutron and x-ray diffraction studies of g-
GeO2 and o.-quartz GeOz under compression, ' ' is
one dominated by a continuous increase in tetrahedral
distortion accompanied by a small decrease in the inter-
tetrahedral Ge—O—Ge bond angle. In this model, in-
creasing compression distorts the GeO4 tetrahedra by
further increasing the bimodal distribution of the 0—
Ge—O dihedral angles.

The gradual intensity loss of the main SS Raman band
is consistent with tetrahedral distortion. The main Ra-
man band in g-GeOz occurs at a minimum in the neutron
vibrational density of states. The SS mode, belonging to
the totally symmetric representation of the local point-
group symmetry, is thus associated with a few vibrational
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FIG. 2. In situ HH Raman spectra of GeO~ glass as a func-

tion of pressure under increasing compression to 13 GPa.



43 RAMAN SPECTROSCOPIC STUDY OF THE PRESSURE-. . . 2359

GPa) compression mechanism is thought to be dominated
by a decrease in the average value and variation of inter-
tetrahedral angle distribution with negligible tetrahedral
distortion. Thus, initial compression in g-Si02 could be
accommodated by tightening the average intertetrahedral
angle to a value approaching the ambient g-GeOz inter-
tetrahedral angle. This collapse of the open ring struc-
ture is rejected by the decrease in bandwidth of the main
Raman band of g-SiOz under compression up to 8 GPa.

Tetrahedral distortion becomes an important deforrna-
tion mechanism in g-Si02 only at a pressure high enough
to have rotated the tetrahedra to positions creating
strained cation-cation repulsions as is nearly the case
with ambient g-Ge02. Indeed, the Raman spectrum of
g-SiOz at g GPa (Ref. 24) qualitatively resembles the am-

bient spectrum of g-Ge02. With increasing compression
above 8 GPa up to approximately 30 GPa, the Raman
spectra of g-Si02 follow a pattern similar to compression
of g-GeOz up to 5.6 GPa. By analogy with the g-Ge02
Raman spectra this may indicate increasing tetrahedral
distortion in g-Si02 above 8 GPa. The higher pressures
may reQect the difficulty in distorting the more rigid Si04
tetrahedra compared to the more easily distorted Ge04
tetrahedra.

A change in the compression mechanism in g-GeOz is
suggested by the Raman data above 5.6 GPa. Between
5.6 and 13 GPa the main Raman band broadens with lit-
tle shift in peak frequency. In addition, while not evident
in the scaled spectra of Fig. 2, the main Raman band un-
dergoes a marked, near tenfold decrease in intensity over
this pressure range, falling to approximately the same
height as its high-frequency shoulder. In this pressure
range, the high-frequency 857- and 973-cm ' bands
coalesce and the 344-cm ' band disappears. This pres-
sure regime is also marked by the appearance of a low-
frequency band not observed in previous high-pressure
Raman studies of g-Ge02. This broadband first appears
at approximately 240 cm ' and builds in intensity with
increasing pressure to 13 GPa. At 13 GPa the Raman
spectrum of g-Ge02 is characterized by three broad but
distinct bands at approximately 275, 550, and 890 cm

The pressure range of 5.6—13 GPa also matches the
transition region of the transformation from fourfold to
sixfold Ge coordination observed in the in situ EXAFS
study of g-Ge02 by Itic et a/. Thus the changes in the
Raman spectrum can be expected to reAect the transfor-
mation from corner-shared tetrahedra to edge-shared oc-
tahedra. The observed changes in the g-Ge02 Raman
spectrum are in disagreement with previous predictions
that a coordination change would cause dramatic altera-
tions in the Raman spectrum, '"' including an expected
appearance of a high-frequency band near 700 cm
analogous to that found in the rutile Ge02 Raman spec-
trum. ' Instead, the coordination change in g-Ge02 is
marked by a change in the pressure derivative of the fre-
quency shift of the main Raman band, a strong broaden-
ing and weakening of this band, and the appearance of a
low-frequency band near 240 cm

Some similarities are observed in the behavior of the
Raman spectrum of g-Si02, but at much higher pres-

sures. " Above 30 GPa the main Raman band stops shift-
ing with pressure and dramatically loses intensity,
becoming undetectable above 40 GPa. A gradual coordi-
nation change in g-Si02 near this same general pressure
range has been inferred from in situ infrared spectra.
Comparisons with the g-Ge02 Raman spectra seem to
substantiate the spectroscopic evidence of a gradual coor-
dination change in g-Si02 at very high pressures.

Transformation of tetrahedrally coordinated germani-
um or silicon atoms to higher coordination states in the
fully polymerized glasses requires the involvement of
bridging oxygens, forming three-coordinate oxygen ( '0)
species. Proposed mechanisms for pressure-induced
coordination changes in MO2-type glasses have typically
required a breakdown of the network structure leading to
the formation of nonbridging oxygens as a prerequisite to
coordination changes. '"' However, the deformation
mechanism in g-GeO2 from 5.6 to 13 GPa does not ap-
pear to involve the formation of nonbridging oxygens.
This is evident by the lack of enhancement of Raman
bands in the high-frequency region as observed in alkali
substituted germanates. ' ' ' Rather, it appears the
gradual pressure-induced transformation of bridging "O
species to the higher-coordinate "'0 species occurs
without bond breaking.

Figure 3 shows the composite Raman spectra of g-
GeOz under increasing compression to approximately 56
GPa. No further dramatic changes in the structure of
the glass between 13 and 56 GPa are inferred from the
spectra. There is a very gradual broadening and positive
frequency shift of the remaining three bands to approxi-
mately 350, 645, and 910 cm ' at 56 GPa. However,
these bands do persist to very high pressures, as opposed
to the Raman bands of g-SiOz which become indistinct
above 40 GPa.

Because of the reduced stray-light rejection in mul-
tichannel detection, the Raman signal was strongly con-
taminated by stray Rayleigh scattered light below 100
cm '. To examine the low-frequency region of g-GeOz
at high pressures more closely, spectra were obtained in a
single-channel scanning mode. Figure 4 shows scanning
data of g-GeOz taken at 32 GPa between 10 and 1250
cm '. At this pressure all the germaniums can be ex-
pected to be sixfold coordinated and all the oxygens
threefold coordinated. This high-pressure Raman spec-
trum contains the boson peak characteristic of glasses,
and Raman active modes near 330, 610, and 890 crn ' as
also observed in the multichannel spectra.

Some preliminary observations related to the origin of
the low-frequency Raman band of Ge02 glass at high
pressures can be presented. Bands at 205 and 285 cm
are observed in Ge-rich Ge02 glass. Originally inter-
preted as Ge—Ge bond vibrations, the "'O species would
also be expected in Ge-rich glass. Also containing a low-
frequency mode is the ambient Raman spectrum of rutile
GeO2, with a B,~ mode at 166 cm '. ' ' From lattice-
dynamical calculations this mode is associated with octa-
hedral librations. A low-frequency band is also ob-
served in the Raman spectrum of some highly substituted
alkali germanate glasses. ' ' ' Significantly, no low-
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frequency band is observed in either high-pressure or
alkali-substituted silica glass.

D. Decompression of GeO& glass

Most experimental information concerning the high-
pressure structural properties of silicate and germanate
glasses and liquids has been inferred from ambient pres-
sure data on samples quenched from high pressure.
Therefore it is of great interest to know the degree of re-
versibility of pressure-induced structural changes.

Figure 5 shows the Raman spectra of GeOz glass upon
decompression. The spectral changes strongly parallel
the EXAFS decompression results of Itic et al. The
high-pressure spectral features exhibit a large hysteresis

IOn

and are retained to at least 2.3 GPa. Below 2.3 GPa, the
spectrum dramatically snaps back to a form showing all
the general features of the original ambient spectrum.
The low-frequency band disappears, the 344-cm ' band
reappears, and the broad high-frequency band splits back
into separate TO and LO modes. The most dramatic
change, while not as evident in the scaled spectra, is the
large, sudden increase in intensity of the main Raman
band and its high-frequency shoulder. This implies that
the vibrational origin of these modes may be diA'erent at
low and high pressure. It is clear from the spectra that
the high-pressure structure is not quenched to ambient
pressure.

The strong enhancement of the 520-cm ' defect band
as g-GeO& is decompressed below 2.3 GPa implies an in-
crease in defect population. Significantly, this strong
enhancement is observed only upon decompression. The
enhancement of the 520-cm ' defect band on decompres-
sion is consistent with the formation of three-membered
rings. Network modification should favor smaller mem-
bered rings upon decompression as the '"0 species revert
back to bridging oxygens while still compacted.

The Raman spectrum of the sample quenched from 56
GPa is compared to the ambient g-GeOz spectrum in Fig.
6. The quenched spectrum indicates some permanent
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FIG. 3. Composite plot of the in situ polarized Raman spec-
tra of GeO& glass as a function of pressure from ambient pres-
sure to approximately 56 GPa.

FIG. 4. Comparison of the HH Raman spectra of GeO~ glass
at ambient pressure and 32 GPa collected in single-channel
scanning mode.
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pressure-induced structural changes consistent with pre-
vious studies showing a permanent densification in the
glass upon decompression from high pressure. ' ' '

Both the main Raman band and the high-frequency
bands have retained some of their high-pressure frequen-
cy shifts, an indication that the glass has not fully relaxed
to its initial ambient state. The tetrahedra may retain
some of their higher density pressure-induced distortion,
while the enhanced 520-cm band is consistent with an
increase in the population of higher density three-
membered rings. Raman spectra of pressure quenched
Si02 (Ref. 24) and sodium tetrasilicate glasses show
similar residual frequency shifts and defect band
enhancement.

IV. SUMMARY

In the Raman data of g-Ge02 under initial compres-
sion to 5.6 GPa, the main 419-cm ' Raman band
displays a positive frequency shift and broadens with a

ci-Ge02
Decoder pression

gradual loss of intensity, consistent with increasing dis-
tortion of Ge04 tetrahedra accompanied by a small de-
crease in the average intertetrahedral angle. This is in
contrast to g-Si02 in which the decrease in inter-
tetrahedral angles dominates the initial compression
mechanism, with little tetrahedral distortion. ' '

However, the Raman spectra of g-Si02 from 8 to 30 GPa
(Ref. 24) qualitatively parallel the Raman spectra of g-
GeOz under initial compression, suggesting similar
compression mechanisms for g-Ge02 and g-SiOz in these
pressure ranges.

In accord with a recent EXAFS study, a pressure-
induced fourfold to sixfold Ge coordination change in g-
GeOz is inferred by the Raman spectra between 5.6 and
13 GPa. The coordination change is marked by a change
in the pressure derivative of the frequency shift of the
main Raman band. This is accompanied by a broaden-
ing, and a large intensity decrease in this band, and by
the gradual appearance of a new broadband near 240
cm '. The spectral changes are consistent with a cation
coordination change that occurs through the formation
of" 0 species with no bond breaking. Similar trends ob-
served in the Raman spectra of SiOz (Ref. 24) and sodium
tetrasilicate glasses at much higher pressures may indi-
cate a similar coordination change.
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FIG. 5. In situ HH Raman spectra of GeO& glass under
decompression.

FIG. 6. Comparison of HH Raman spectra of GeQ2 glass
quenched from 56 GPa with that of the normal unpressurized
glass.
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After the coordination change is complete by 13 GPa,
no further dramatic structural changes are inferred from
the Raman spectra up to 56 GPa. Three weak, broad-
bands are retained at very high pressures and continue to
gradually broaden and shift to higher frequency.

Upon decompression, the Raman spectra indicate that
the high-coordinate g-Ge02 structure is hysteretically re-
tained to at least 2.3 G Pa but, significantly, is not
quenched to ambient pressure. While the coordination
change is fully reversible, some permanent structural
modifications in the quenched sample are evident from
the Raman spectrum, consistent with a permanent
densification of the glass. This includes an increase in the
population of defects represented by the 520-cm ' defect
band. This is consistent with an increase in the popula-
tion of high-density three-membered rings as a result of
the reversion of "'0 species to bridging "0 species upon
decompression. Similar trends are observed in the Ra-

man spectra of SiO& (Ref. 24) and sodium tetrasilicate
glasses decompressed from high pressures.

These observations emphasize the utility of g-GeO2 as
a model for pressure-induced structural changes in
tetrahedral oxide glasses and stress the importance of in
situ studies to the understanding of these high-pressure
structures.
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