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Abstract

Metastable high-pressure transformations in germanium nitride (a- and b-Ge3N4 polymorphs) have been studied by energy- and
angle-dispersive synchrotron X-ray diffraction at high pressures in a diamond anvil cell. Between P=22 and 25GPa, the phenacite-

structured b-Ge3N4 phase (P63/m) undergoes a 7% reduction in unit-cell volume. The densification is primarily concerned with the

a-axis parameter, in a plane normal to the hexagonal c-axis. Based on results of previous LDA calculations and Raman

spectroscopic studies, we propose that the structural collapse is due to transformation into a new metastable polymorph (d-Ge3N4)
that has a unit-cell symmetry based upon P3, that is related to the low-pressure b-Ge3N4 phase by concerted displacements of N
atoms away from special symmetry sites in the plane normal to the c-axis. No such transformation occurs for a-Ge3N4, due to the
different stacking of linked GeN4 layers. All three polymorphs (a-, b- and d-Ge3N4) are based on tetrahedrally coordinated Ge
atoms, unlike the spinel-structured g-Ge3N4 phase, that contains octahedrally coordinated Ge

4+. Experimentally determined bulk

modulus values for a-Ge3N4 (K0=165(10) GPa, K0
0=3.7(4)) and b-Ge3N4 (K0=185(7) GPa, K0

0=4.4(5)) are in excellent agreement
with theoretical predictions. The bulk modulus for the new d-Ge3N4 polymorph is only determined above the b2d transition
pressure (P=24GPa); K=161(20) GPa, assuming K0=4. Above 45GPa, both a- and d-Ge3N4 polymorphs become amorphous, as
determined by X-ray diffraction and Raman scattering.

r 2003 Published by Elsevier Inc.
1. Introduction

There has been renewed interest in studies of the
polymorphism in Si and Ge nitrides since the discovery
of new dense phases formed under high-pressure–high-
temperature conditions [1–3]. Si3N4 and Ge3N4 show
identical polymorphism at low pressure. Each com-
pound gives rise to a trigonal a-phase (P63, with Z=4)
(Fig. 1a). This is considered to be a high-temperature
form that exists metastably at ambient conditions, that
may contain intrinsic defects or even chemical impurities
[4,5]. The b-polymorph (P63/m; Z=2), that is consid-
ered to be the thermodynamically stable form at low
temperatures, has a structure related to that of phenacite
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(BeSi2O4) or willemite (Zn2SiO4) (Fig. 1b). Recently, a
new dense spinel-structured polymorph that is stabilized
at high pressure (P410–15GPa) has been described
for both nitrides (g-Si3N4, g-Ge3N4) [1–3]. A new spinel-
structured binary nitride Sn3N4 has also been described
recently, following chemical synthesis at low pressure
[6]. In the case of Si and Ge nitrides, the g-phase
is obtained by heating the a- or b-forms to T41000–
1500K at high pressure, or by reacting the elements
(Ge, Si) with N2 under high P–T conditions. In all cases,
the new spinel-structured forms are recovered metasta-
bly to ambient conditions upon decompression, and
they reveal interesting and potentially useful material
properties of high hardness and wide optical bandgaps
[7,8]. Powdered forms of the new materials can be
obtained in large quantities via shock wave synthesis [9].
Recent work has now shown that new oxynitride
‘‘SiAlON’’ spinels can be formed by high P–T treatment
of b0 Si6�zAlzOzN8�z materials [10], and also that new
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Fig. 1. (a) Projections of the structure of a-Ge3N4 and (b) b-Ge3N4. The small spheres represent the N atoms and the large spheres represent the Ge
atoms. In each case, the bottom drawing is a projection along the c-axis, and the top drawing is perpendicular to c. The structures of the a- and the b-
phases are related as follows: In the b-phase the layers of GeN4 tetrahedra are connected by three-coordinated N atoms within the plane and form a
stacking along with c-axis with a two-layer repeat pattern (i.e., A–B). The a-phase has the same layer pattern, but subsequent layers are rotated by
180�, resulting in a four-layer repeat (i.e., A–B–A0–B0). The channels that are present along the c-axis in the b-Ge3N4 structure are thus absent in
a-Ge3N4. All the N atoms in b-Ge3N4 are in planar triangular coordination to Ge; however, in the a-phase, the N atoms are slightly moved out of
the plane of the triangle.
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mixed-metal ternary nitride spinels like GeSi2N4 can
exist. This compound is unusual, in that the ‘‘smaller’’
Si4+ cations occupy the octahedral sites, and ‘‘larger’’
Ge4+ ions are tetrahedrally coordinated [11,12]. This
result can be understood by local bond valence
systematics around the anion (N3�) sites within the
structure [12].
The a- and b-forms of Si3N4 and Ge3N4 contain

tetrahedrally coordinated Si and Ge, and the nitrogen
atoms occupy trigonal planar or near-planar three-
coordinated sites. The new high-density spinel structures
contain Si and Ge in both octahedral and tetrahedral
coordination to nitrogen, and the N atoms are four-
coordinated. g-Ge3N4 is the only solid state compound
to date that contains Ge in octahedral coordination to
nitrogen: g-Si3N4 is only the second example of an SiN6-
containing material, along with the newly synthesised
compound Ce16Si15O6N32 [13].
Here we have investigated the polymorphism that

occurs in b-Ge3N4 during metastable compression at
ambient temperature, using a combination of energy-
dispersive (ED) and high-resolution angle-dispersive
(AD) X-ray diffraction of powdered materials. Experi-
ments were carried out at the US National Synchrotron
Light Source (Brookhaven, Long Island), at the super-
conducting wiggler beamline X-17C, and at Daresbury
SRS (superconducting wiggler station 9.1). The angular
X-ray diffraction studies of the compression pathway
were initiated following a recent ab initio (LDA)
calculation of the metastable phase relations [14], and
a study of room temperature compression mechanisms
in b-Ge3N4 by Raman scattering spectroscopy [15].
Our initial studies of this material was motivated by

room-temperature compression experiments carried out
on b-Ge3N4, that showed a loss of diffraction intensity
above P=17–22GPa (Fig. 2a). That observation led to
the subsequent high-pressure–high-temperature synth-
esis of g-Ge3N4 spinel [3,16]. That result was confirmed
by laboratory high P–T synthesis of g-Ge3N4 using a
multi-anvil device, followed by Rietveld analysis of
high-resolution laboratory-based X-ray powder diffrac-
tion data [3]. In a later ED synchrotron run, we found
that diffraction peaks from metastably compressed
b-Ge3N4 could be followed to P=40GPa, although
the character of the pattern changed above P=20GPa
(Fig. 2b) [3]. Here, we analyze the variation in unit-cell
parameters obtained from these ED synchrotron runs,
along with new AD diffraction data. The V(P) plots
reveal a large density decrease (5–7%) occurring at
P=20–24GPa, consistent with the occurrence of a
phase transition in metastably compressed b-Ge3N4,
that is also indicated by ab initio calculations and
Raman spectroscopy [14,15].
Following our initial experimental observations,

Dong et al. [14] performed ab initio density functional
calculations within the LDA to examine the polymorph-
ism that might occur within b-Ge3N4 compressed at
low T. They concluded that metastable phase
transitions should be expected within the pressure range
P=20–30GPa, involving N atom displacements away
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Fig. 2. (a) Energy dispersive X-ray diffraction patterns of b-Ge3N4 during compression, collected at Brookhaven NSLS (X-17C). The diffraction
angle was 15� (2y). The intense sharp peaks near 10 keV correspond to Ge fluorescence lines: they have been removed from all but the 22GPa
spectrum for clarity, but they appear unchanged in all spectra. The small peak marked ‘‘d’’ is due to the diamond anvils. (b) ED XRD patterns of b-
Ge3N4 upon compression. These data were collected during a subsequent visit to Brookhaven NSLS (X-17C) [3]. The diffraction angle was 2y ¼ 12�:
Here, crystalline diffraction patterns could be obtained up to 40GPa, although the peaks became broadened at high pressure.

E. Soignard et al. / Journal of Solid State Chemistry 177 (2004) 299–311 301
from special symmetry positions within the P63/m
structure. The results were first analyzed in terms of
displacement patterns considering all unit cells in phase;
i.e., G point (q=0) instabilities. Two second-order phase
transitions were predicted to occur, at 20 and 28GPa,
that reduced the symmetry first from P63/m to P%6; and
then to P3 (Fig. 3). The E(V) curve showed inflection
points at these pressures. We recently studied the
metastable transitions in b-Ge3N4 by Raman scattering
spectroscopy. The data confirm that a phase transition
occurs at P=20GPa. The number of peaks observed at
pressures above the transition greatly exceeds that
expected for the P%6 structure, but they correspond
generally to those predicted for the P3 structure. We
concluded that the P63/m-P3 transition had occurred
directly in a first-order manner, bypassing the predicted
intermediate P%6 phase. In the theoretical study, it had
already been recognized that the P63/m-P3 transition
could occur directly via a first-order process, at a
predicted transition pressure PtrB23GPa, because the
calculated energy barrier for the first order b2d
transition was small, on the order of 0.01 eV/atom
(10.6 kJ/mol) (Fig. 3). The transition pressure corre-
sponds to the common tangent between the minima on
the calculated E(V) curve. We have termed the new
‘‘post-phenacite’’ phase d-Ge3N4, to distinguish it from
previously known a-, b- and g-polymorphs [15].
In the present work, we have continued our investiga-

tion of the metastable compressional behavior of both
b- and a-Ge3N4 polymorphs, using synchrotron X-ray
diffraction techniques in the diamond anvil cell, using
three different pressure-transmitting media (He, Ar and
4 : 1 methanol–ethanol mixtures). We report analyses
of the ED data to obtain unit-cell volumes for pure
b-Ge3N4, and to demonstrate the onset of the phase
transition. The AD technique gives much higher
resolution than energy-dispersive studies, so that accu-
rate cell parameters can be determined as a function of
pressure through the transition. We carried out the AD
study using a mixture of a- and b-Ge3N4 phases,
allowing their compressional behavior to be compared.
The behavior of the b-Ge3N4 polymorph in the mixture
is calibrated against the refined data for the pure phase
obtained in our previous runs, and is shown to be
identical. The AD XRD method permits the diffraction
features from the a- and b-Ge3N4 phases to be clearly
identified and distinguished within the sample, so that
their cell parameters can be refined independently. The
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Fig. 4. X-ray diffraction pattern of the germanium nitride starting

material used in the AD study, taken at the SRS 9.1 beamline station

outside the DAC. The sample consisted of a 2 : 1 mixture of a-Ge3N4
and b-Ge3N4. Peaks for the two phases are indexed in the pattern.

Fig. 3. Diagram reconstructed from Dong et al. [14], showing the

binding energies of the b- and g (spinel)-forms of Ge3N4 as a function
of volume (on a per atom basis). The curve for b-Ge3N4 deviates from
the expected parabolic behavior due to the concerted displacement of

N atoms from their trigonal planar sites. In the original work it was

suggested that the polymorph should undergo a sequence of two

second-order phase transitions to cause the symmetry to change from

P63/m-P%6–P3. However, the P63/m-P3 transformation could also

occur via a first-order transition, at the common tangent to the minima

in the E(V) curve, to give a new high pressure d-Ge3N4 polymorph.
This is the case indicated by a recent Raman scattering study of the

phase transition [15]. The slope of the common tangent connecting the

two extrema generated by changes in curvature of the E(V) relation

gives a calculated value Ptheory=23GPa for the b2d transition

pressure [14].
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AD technique also permits to identify occasional
diffraction features that result from random crystallites
still present in samples at high pressure. The crystallites
are not part of the diffraction from the bulk of the
sample, although they are incorporated into the ED
XRD patterns. This discrimination is important in
studying the onset of amorphization in the Ge3N4
materials at very high pressure.
2. Experimental

The Ge3N4 samples used in the experiments were
originally obtained from Aldrichs (44,755-2) in
499.99% chemical purity. X-ray diffraction indicated
that a mixture of a- and b-Ge3N4 phases (approximately
1 : 2) was present (Fig. 4). That material was used for the
AD diffraction experiments carried out at SRS Dares-
bury. Samples of nearly pure b-Ge3N4 polymorph
(usually containing 1–3% of elemental Ge) for the
Brookhaven ED runs were obtained by treating the
mixture at 8GPa and 900�C in a multi-anvil device. For
all AD runs and one later series of ED runs, aliquots of
the germanium nitride samples were pressed into discs
(B2–3 mm thick, 40 mm across), and loaded into the
sample chambers of (a) Mao-Bell (Brookhaven runs) or
(b) cylindrical diamond anvil cells (Daresbury). In early
Brookhaven runs, the b-Ge3N4 sample was loaded as a
powder with sintered grains into the sample chamber of
the DAC. For the first series of ED runs, He was loaded
under pressure as a pressure medium, using the gas
loading apparatus at the Geophysical Laboratory
(Washington, DC). A second set of loadings were
carried out using 4 : 1 methanol : ethanol mixture. A
final series of ED experiments were carried out in Ar,
loaded cryogenically into the cell. Further details of the
DAC loading for the Brookhaven runs were described
previously [1–3]. For the Daresbury runs, the diamonds
had 300 mm culet diamonds. A 250 mm-thick tungsten
gasket was pre-indented to 30 mm. Tungsten was used as
a gasket material for its strong X-ray absorption, thus
minimizing the diffraction from the gasket that might
interfere with the sample diffraction pattern in the AD
experiment. Furthermore, tungsten is a bcc structured
metal that shows only a single strong diffraction line. In
most experiments, the sample signal was strong and no
signal from the gasket was observed (Figs. 5 and 6). At
higher pressures, the sample signal became much
weaker, but the gasket line did not interfere with the
diffraction pattern of the sample, in the region of
interest (Fig. 6).
The pressure medium used in the AD runs was a 4 : 1

methanol/ethanol mixture that remains fluid and pro-
vides a hydrostatic environment to approximately
10GPa. Although it solidifies above this pressure, it
remains much softer than the ceramic nitrides studied
here, so that non-hydrostatic effects induced by the
pressure medium are not expected to influence the
results. In our previous ED runs at Brookhaven, data
were collected using He, Ar, and 4 : 1 methanol/ethanol
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Fig. 5. A typical 2D angle-dispersive diffraction pattern obtained for

germanium nitride samples at high pressure in the DAC. The pattern

shown here was obtained at P=12GPa, where both a- and b-Ge3N4
are present as crystalline phases. The diffraction rings are due to both

polymorphs. The diffraction rings for the a-Ge3N4 phase are slightly
less ‘‘spotty’’, indicating that phase has a smaller grain size, and is

distributed homogeneously throughout the sample.

Fig. 6. Integrated 1-D X-ray diffraction patterns of germanium nitride

in the diamond anvil cell upon increasing pressure from room pressure

up to P=46GPa. The strong peak just above 12� is due to the tungsten
gasket. Up to P=32GPa, all peaks can be indexed to the crystalline a-
or b-/d- Ge3N4 polymorphs. The diffraction peaks of the crystalline
phases broaden with increasing pressure to finally show an amorphous

pattern at the highest pressures (see text and Fig. 9).
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mixture as pressure media. No systematic differences in
behavior of the samples or derived compressibility
values could be distinguished between data obtained
using different pressure media, or between ‘‘pure’’ and
‘‘mixed-phase’’ (b- + a-phase) samples.
Pressure was measured by ruby fluorescence, using

several grains distributed throughout the cell. The
pressure gradient within the medium never exceeded
10% of the average pressure, and was generally less than
5%, as determined by recording pressures from several
different ruby grains within the sample chamber, even at
the highest pressures. In fact, in such experiments on
polycrystalline samples, the main deviations from a
hydrostatic pressurization environment occur because of
grain–grain contacts. In a multi-phase assemblage, such
as that studied here, a phase transition occurring in one
phase can be detected in the mechanical response of the
other phase. In fact, the high resolution of the AD XRD
data permitted us to observe such subtle effects in the a-/
b-Ge3N4 mixture studied here, and this observation is
discussed within the text.
Angle-dispersive X-ray diffraction patterns were

obtained using monochromatic radiation ðl ¼
0:4654 ÅÞ at beamline 9.1 at the UK synchrotron
radiation source (SRS) at Daresbury. The X rays
incident on the sample were collimated and defined by
a 75 mm diameter pinhole placed in front of the cell.
Diffraction patterns were collected using an image plate
detector. Integration of the 2-D data was performed
using the software EDIPUS, that was made available to
us by R.J. Nelmes and M. McMahon (University of
Edinburgh). This software package was developed by
the Edinburgh group for integration of 2-D AD XRD
data sets, and it has been used extensively in their
many crystallographic studies of materials at high
pressure [17,18]. A typical 2-D data set for a polycrystal-
line sample taken within the cell is shown in Fig. 5. The
patterns were first corrected for the spatial distortion of
the image plate and image plate reader and then
integrated around the rings. The resulting 1-D spectra
were calibrated using the integrated pattern of a Zr foil
standard collected in the same conditions (Fig. 6).
The energy-dispersive data were obtained at the US

NSLS facility at Brookhaven, Long Island, at station
X-17C. The initial data sets were collected, using He or
4 : 1 MeOH/EtOH pressure medium, at a scattering angle
2y ¼ 15� (Fig. 2a). The third data set was collected at a
scattering angle 2y ¼ 12�, using an Ar pressure medium
(Fig. 2b) [3,19]. The ED data were fitted using the LeBail
extraction technique. The background due to Compton
scattering from the diamonds was subtracted manually,
then lattice parameters and peak shapes were refined [3].
In the LeBail extraction procedure, the structure is not
considered explicitly, but peaks are placed at each of the
diffracting energies and the peak intensity and shape are
fitted at that position. This allows lattice parameters to
be extracted with good precision when structural
information cannot easily be obtained, as is the case in
ED studies, and it eliminates the need for the arbitrary
removal of spurious peaks, because of the high degree
of redundancy of the fit for high-symmetry materials
(i.e., generally 415 peaks were reliably fit in the present
study, for only two lattice parameters (a and c), that were
combined to yield the volume).
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3. Results and discussion

The combined V(P) data for b-Ge3N4 from all data
sets are shown in Fig. 7. The first two ED runs were
performed in helium (9–14GPa) and in 4 : 1 methanol–
ethanol pressure media (0.5–26GPa). In the MeOH–
EtOH runs, no sharp peaks were observed above 17GPa
because of a combination of small sample size and low
density (the sample was not pressed into a pellet, but
used as sintered grains) and an extreme weakening of the
spectrum compared with the Compton background
(Fig. 2a). In a subsequent run using a pelletized sample
of pure b-Ge3N4 in an argon pressure medium,
diffraction peaks were observed up to 40GPa
(Fig. 2b). In that run, there was a rapid decrease in
volume (B5–7%) between P=22 and 23GPa (Fig. 7a).
The volume drop indicates the occurrence of a large
structural change in the material, and it is most likely
associated with a phase transition. Due to the weaken-
ing of the ED spectrum above 15–17GPa, coupled with
the possible presence of spurious reflections from
untransformed regions of the sample, the detailed
behavior of c and a parameters throughout the
transition could not be resolved from the data.
In order to study the phase transition in greater detail,

we performed the experiment using high-resolution
angular dispersive experiments (Figs. 5 and 6). Refined
V(P) values from the AD data set for b-Ge3N4 are
combined with the ED data in Fig. 7. Both the low-
pressure compressional data and the occurrence of a
phase transition associated with a 5–7% volume drop
between 22 and 24GPa were reproduced in both types
of experiment, using three different pressure-transmit-
ting media, for all samples.
Fig. 7. Unit-cell volumes of b-Ge3N4 as a function of pressure, using
data taken from a compilation of ED and AD runs, for three pressure-

transmitting media (He: triangles; MeOH/EtOH: circles—ED and

squares—AD; and Ar: inverted triangles), and for pure b-Ge3N4 (ED)
and ‘‘mixed phase’’ a=b-Ge3N4 (AD) samples. The solid line shows the
V(P) relation determined from fitting the data below the phase

transition region to a third-order Birch–Murnaghan equation of state.
The AD experiments were carried out for a mixture of
a- and b-Ge3N4. Because of the differences in space
group symmetry and lattice parameters between the two
structures, and also the high resolution of the AD
technique, peaks from the a- and b-phases were clearly
distinguished within both the 2-D and the integrated
1-D diffraction patterns (Figs. 4–6), and the lattice
parameters of the two phases could be fitted indepen-
dently. In particular, the fitting procedure systematically
rejected any peak overlap between both phases in order
to prevent any wrong assignments and resulting error in
the fit. Comparison of the b-Ge3N4 data between the
AD and ED studies allowed us to determine that no
changes in the V(P) behavior occurred because of
the mixed-phase nature of the sample. The AD study
of the mixed-phase sample allowed us to compare the
compressional behavior of a- and b-Ge3N4.
We begin with a discussion of a-Ge3N4. The variation

in the unit-cell volume of a-Ge3N4 as a function of
pressure is presented in Fig. 8. Below P=15GPa, the
V(P) data show a regular decrease that can be fitted
by a third-order Birch–Murnaghan equation of state.
To obtain values for the zero pressure bulk modulus
(K0) and its pressure derivative K0, we used normalized
pressure (F) and Eulerian strain ( f) variables defined by

f ¼ 1
2

V

Vo

� ��2=3
�1

" #

and

F ¼ P½3f ð1þ 2f Þ2:5
�1:

We excluded points above 15GPa from the fit, because
the V(P) relation behaves anomalously in this region
Fig. 8. Unit-cell volumes of a-Ge3N4 as a function of pressure, using
data taken from the AD runs, using the ‘‘mixed phase’’ a=b-Ge3N4
sample, in a 4 : 1 MeOH/EtOH pressure-transmitting medium. The

solid line shows the V(P) relation determined from fitting the data

below 15GPa to a third-order Birch–Murnaghan equation of state.



ARTICLE IN PRESS
E. Soignard et al. / Journal of Solid State Chemistry 177 (2004) 299–311 305
(see below). The F–f plot is nearly a horizontal line,
indicating that K0 must lie close to 4 (note that the error
bars become larger to lower pressure, as the volume
approaches the Vo value that acts as the reference in
the normalised plot) (Fig. 10a). In a first estimate, we
assumed K0

0=4 (thus truncating the Birch–Murnaghan
EoS at second order): this yielded K0=163(2) GPa. A
least squares fit to the data set yielded K0=165(10) GPa,
for a fitted value of K0

0=3.7(4). These values are in
Table 1

Experimental and theoretical (LDA) bulk moduli (K) and pressure

derivatives (K0) for the a-, b-, g- and d-phases of germanium nitride

Phase Measured

K (GPa)

Measured

K0
Theoretical

K (GPa)11
Calculated K011

a-Ge3N4 165(10)a 3.7(4)a 178 2.1

b-Ge3N4 185(7) 4.4(5) 185 3.7

d-Ge3N4 161(20)b 4c — —

g-Ge3N4 296(4)2 4.0 240 4.5

aKo, Ko
0 at P=1atm.

bK at P=25GPa.
cAssumed value.

Fig. 9. AD (2-D) diffraction pattern of a Ge3N4 sample compressed to P=

amorphous rings, indicating ‘‘pressure-induced amorphization’’ has occurre

crystalline material. The strong sharp ring observed in the pattern is due to
excellent agreement with theoretical predictions [14]
(Table 1). Substantial broadening of the a-Ge3N4
diffraction peaks was observed above P=30GPa,
and the diffraction peaks of a-Ge3N4 can no longer
be distinguished from a broad amorphous above
PB35–40GPa (Figs. 6 and 9).
The V(P) data for a-Ge3N4 exhibit a slight ‘‘upward

bulge’’ in the 15–25GPa region, indicating volumes that
are slightly larger (1–2%) than the normal compressi-
bility trend. We can suggest several possible origins for
this feature. First, it could be thought to be due to
‘‘stiffening’’ of the methanol–ethanol pressure medium
above 10GPa. However, this is unlikely because the
onset of the ‘‘upturn’’ in V(P) occurs approximately
5GPa above the solidification of the pressure medium
(see also discussion below for b-Ge3N4). Second, a
structural transformation might occur within the a-
Ge3N4 phase, which could be analogous to the b2d
phase transition described for b-Ge3N4 (below).
However, the mechanical weakening and subsequent
‘‘hardening’’ visible in Fig. 8 bring the V(P) relation
back to the low pressure trend by 25GPa: also, the a/c
47GPa. Diffraction from the sample is now characterized by diffuse

d. Only weak spots indicate the presence of a few remaining grains of

the tungsten gasket.
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Fig. 10. Normalized pressure (F) versus Eulerian strain ( f) relations

for (a) a-Ge3N4; (b) b-Ge3N4; (c) d-Ge3N4. These fits permit estimation
of the bulk modulus (Ko, or K25 GPa, for d-Ge3N4), and its pressure
derivative (K0) for the Ge3N4 polymorphs (see Table 1).

Fig. 11. Calculated X-ray diffraction patterns of a-, b- (P63/m) and d-
Ge3N4 (P3) at 24–25GPa, compared with an observed pattern in the

same pressure range.
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ratio does not show the same behavior across the
transformation region as does that for b=d-Ge3N4 (see
also below). However, the observation of the anomalous
V(P) data indicate that the high-pressure behavior of
a-Ge3N4 might require further investigation. Our pre-
ferred interpretation is that the a-Ge3N4 sample is
sensitive to the b2d transition occurring within the
b-Ge3N4 sample, in which it is embedded as a minority
component. There is a 5–7% volume reduction asso-
ciated with the b=d phase transformation, along with an
onset of mechanical weakening within the b-Ge3N4
polymorph above P=15GPa. The a-Ge3N4 phase will
thus experience a reduction in external (pressure)
constraints, and may relax its volume to a larger value
than expected from the intrinsic compressibility relation.
When the first-order b2d transition is completed within
the ‘‘matrix’’ majority phase, the a-Ge3N4 polymorph
will again experience the full pressure from the external
pressurization medium, and its V(P) relation returns to
the low-pressure curve (Fig. 8).
The variations with pressure of the b-Ge3N4 cell

volume and lattice parameters are quite different to
those recorded for a-Ge3N4 (Figs. 7, 8). A previous
study by Raman spectroscopy clearly indicated that a
phase transition occurs within the sample at P=20–
22GPa, and that some mechanical weakening associated
with phonon mode broadening and loss of Raman
intensity may be present above P=15GPa [15]. This is
consistent with results of previous ab initio (LDA)
calculations, that indicate that a sequence of P63/m-P%6–
P3, or a direct first-order P63/m-P3 transition, might
occur in the 20–25GPa range. The Raman spectroscopic
results indicated that the latter possibility was more
likely, during ambient temperature compression [14,15].
The changes observed in the X-ray diffraction patterns
and the V(P) plots, from both the ED and AD XRD
studies, confirm the occurrence of a phase transition
that is associated with a 5–7% volume decrease, above
P=22GPa. There is a smooth decrease in the cell
volume up to P=15GPa, that permits the bulk modulus
of the low pressure b-Ge3N4 polymorph to be estimated.
A reduced variable F–f plot was constructed, as for a-
Ge3N4, using the determined V(P) data and the zero-
pressure volume V0 (Fig. 10b). The second-order Birch–
Murnaghan solution with K0=4 is shown as a hor-
izontal line on the plot. This assumption gave
K0=187(6)GPa. A third-order Birch–Murnaghan fit
gave K0=185(10)GPa, for a fitted K0

0=4.4(5). These
values are again in excellent agreement with ab initio
calculations [14,20,21] (Table 1). Between 21 and
23GPa, there is a large (5–7%) drop in the volume,
that is not observed for the a-Ge3N4 phase (Figs. 7 and 8).
This volume drop occurs for both the ED data obtained
for the pure b-Ge3N4 phase, and in the AD runs on the
mixed a- and b-containing sample (Fig. 7). During a
recent Raman study of metastably compressed b-Ge3N4,
we observed a large number of new peaks appearing in the
spectrum above P=21GPa, that signalled a phase
transition occurring into a newly-described d-Ge3N4
polymorph [15]. From the observed Raman data com-
pared with predictions from our previous theoretical
studies, we concluded that the high-pressure phase had P3
symmetry, with a structure related to b-Ge3N4 by small
displacements of the N atoms [14,15]. We propose that the
volume drop observed for b-Ge3N4 here is associated with
the b2d phase transition.
The predicted X-ray diffraction pattern for the

d-Ge3N4 phase differs only slightly from that of b-
Ge3N4 (Fig. 11). The main difference is the increased
intensity of the (111) reflection, near 2y ¼ 11:4� (at
l ¼ 0:4654 Å). However, that peak coincides with a
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Fig. 12. Raman spectra of Ge3N4 at high pressure. The low-pressure

spectrum contains peaks mainly from the b- phases, but some features
from the a-phase are present, along with a peak near 300 cm�1 due to

elemental Ge (this disappears above 8–10GPa due to the Ge-I/II

transition) because of the very weak scattering from the metallic Ge-II.

The pattern at P=25GPa is quite different and contains many more

Raman peaks, due to the transformation into the d-Ge3N4 phase [15].
The pattern obtained at 48GPa indicates complete amorphization of

the sample, because of the broad bands observed in the spectrum. The

sharp crystalline features present at low wavenumber are attributed to

the high-pressure phase of elemental germanium (Ge-II), that was

present as an impurity within the starting material. The Ge-II lines

now appear strong, because of the broadening and weakening of the

amorphous Ge3N4 pattern.
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reflection from the a-Ge3N4 phase present within the
sample studied by angle-dispersive techniques (Fig. 11).
However, by 25GPa, the Raman spectra show clearly
that the b-Ge3N4 sample has transformed completely
into d-Ge3N4 (Fig. 12). The X-ray pattern then consists
of peaks from d-Ge3N4, most of which are common to
reflections of the pressure b-Ge3N4 phase, but one of
which coincides with a peak of a-Ge3N4, that coexists
with the d-Ge3N4 in the sample that does not undergo
any analogous phase transition (Fig. 11).
Just below the transition, beginning at P–15GPa, the

V(P) data for b-Ge3N4 show a slight upward deviation
from the compressibility curve. A similar effect was
observed for a-Ge3N4. This effect is not due to the
pressure medium, because it was observed in ED and
AD data for samples pressurized in MeOH/EtOH and in
argon, for pure b-Ge3N4 and the a–b mixture. The
difference with the a-Ge3N4 data is that here the data do
not return to the V(P) curve of the low-pressure phase,
following the transformation region. We propose that
this is associated with mechanical weakening within the
b-Ge3N4 sample premonitory to the b2d transition.
Although the b2d (P63/m-P3) phase transformation is
formally first order, it is closely linked to soft vibrational
modes within the b-Ge3N4 sample, that begin to be
manifested at lower pressure [14,15]. In the Raman
spectroscopic study, broadening and loss of intensity in
Raman peaks began to be observed at PB15GPa, well
below the transition [15]. This will result in a larger K0

than expected within the b-Ge3N4 phase.
As the b2d transition begins to occur, certain regions

of the sample will occupy a 5–7% smaller volume than
before. This will result in a positive volume relaxation in
surrounding regions, that correspond to untransformed
a- or b-Ge3N4. Once the transition is completed, above
P=24GPa, the V(P) relation of the a-Ge3N4 sample
returns to that observed at low pressure. The V(P)
relation of the other phase corresponds to that of the
d-Ge3N4 polymorph.
Using the data points between 24 and 37GPa, we

have fit the V(P) data using a second-order Birch–
Murnaghan EoS formalism, assuming K0=4, to obtain a
bulk modulus estimate for the d-Ge3N4 polymorph as
K=161(20)GPa (note: this is a bulk modulus referred to
a reference volume point at 24GPa, i.e., K24GPa, rather
than ‘‘K0’’) (Fig. 10c). It is not strictly correct to
extrapolate this value down to ambient pressure, nor to
extrapolate that for b-Ge3N4 up to above the b2d
transition; although the transition is first order in
nature, it is only slightly so, and mode softening that
affects the compressibility occurs within the two phases,
that cannot exist much above or below the transition
pressure [14,15]. We do note that the bulk modulus of
the high-pressure d-Ge3N4 phase is 15% smaller than
that of the low-pressure b-Ge3N4 phase, close to that of
the a-Ge3N4 polymorph. Usually, we expect high-
pressure, higher-density phases to have lower compres-
sibility than their low-pressure, low-density counter-
parts. However, the d-Ge3N4 form is derived from
b-Ge3N4 by relaxation of the N atom positions away
from their special positions within the phenacite
structure: this gives rise to additional degrees of freedom
for structural relaxation during compression, and it is
normal that the compressibility should be greater, and
similar to that of a-Ge3N4.
In order to record further crystallographic details and

better define the nature of the phase transition, we also
refined the a- and c-axis lattice parameters for the a-, b-,
and d-Ge3N4 polymorphs, from our high-resolution AD
data (Fig. 13). The a-Ge3N4 data show a monotonic
decrease with increasing pressure. The c(P) values do
show a small anomaly in the vicinity of the b2d
transformation; this can be analyzed as discussed above
for the V(P) relations. The data for b-Ge3N4 reveal
a 2.5% reduction in the a-axis parameter at the
transition pressure, that does not occur in the c

dimension (Fig. 13b). This implies that the b2d
transition is associated with a contraction in the a-axis,
or in the plane normal to c, that is consistent with the
structural mechanism for the transformation suggested
by the atomic displacement patterns obtained from ab
initio calculations [14]. Both the a and c parameters
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Fig. 13. (a) a-Ge3N4 lattice parameters as a function of pressure. Both the a-axis (full squares) and the c-axis (full circles) parameters decrease

steadily as the pressure is increased. (b) b-Ge3N4 lattice parameter as a function of pressure, the a-axis (squares) shows a rapid decrease between 21

and 23GPa associated with the b2d transition, whereas the c-axis (full circles) decreases steadily with little change in this region as pressure increases;

(c) c/a ratio as a function of pressure for a-Ge3N4 (full squares) and b-Ge3N4 (full circles); the b-Ge3N4 c/a ratio data show a jump at the transition

pressure.
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exhibit a slight ‘‘upturn’’ between 15 and 25GPa, as has
been discussed previously for the V(P) data. To eliminate
such ‘‘global’’ effects, we have plotted the a/c ratios for
the a- and b-phases as a function of pressure through the
transition region (Fig. 13c). That for the a-Ge3N4
polymorph carries across the transition without change:
that for b-Ge3N4 jumps abruptly from 0.383 to 0.391 at
the b2d transition (i.e., B2% change), marking the
collapse in structural constraints normal to the c-axis.
The V(P) and unit-cell axis data for metastably

compressed b-Ge3N4 are consistent with the occurrence
of a b2d phase transition, as was recently observed by
Raman spectroscopy [15]. In our previous theoretical
study, it had been proposed that a sequence of second-
order displacive phase transitions driven by zone center
soft modes involving displacements of the N atoms
away from special symmetry sites could occur within the
structure, in a symmetry sequence P63/m-P%6 –P3 [14]. In
the experimental Raman scattering study, however, it
was concluded that the P63/m-P3 (i.e., b2d) transition
occurred directly, due to the number of peaks observed
above the phase transition pressure. The phase transi-
tion was thus determined to be first order in character,
because it was associated with greater than a single
order parameter. However, it is likely that vibrational
mode softening occurs within the b-Ge3N4 phase prior
to the phase transition, reminiscent of the underlying
second-order nature of the phase transition predicted at
q=0 and T=0K, that results in mechanical weakening
of the sample at pressures below the phase transition,
above P=12–15GPa. No soft vibrational modes were
observed in the Raman study, but these are expected to
be spectroscopically inactive [14]. In the Raman spectro-
scopic study, the characteristic peaks of the b-Ge3N4
phase did begin to broaden above 10–12GPa, indicating
the presence of dynamical disordering or mechanical
weakening within the sample, prior to the phase
transition at 20–22GPa [15].
The X-ray data are thus consistent with the occur-

rence of a first-order b2d phase transition in Ge3N4
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Fig. 14. V(P) diagram comparing the relative volumes of the b-, d- and
g-phases of Ge3N4. The units are given on a per atom basis in order to
allow a useful comparison between the volumes of phases with

different number of formula units per cell.
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upon compression. The V(P) jump is completed within
2–3GPa of the transition pressure, rather than spread
out over 8–10GPa, as would occur if two sequential
second-order displacive phase changes were present
instead. We conclude that the transition is first order
in nature, in agreement with the Raman scattering
study.
In the theoretical work, the soft modes were initially

investigated at the Brillouin zone centre (G point).
However, a previous calculation on related b-Si3N4
using empirically derived force constants had suggested
that mode instabilities might also occur away from q=0,
but parallel to the c-axis (i.e., along 00z) [22]. In
subsequent LDA calculations, Dong et al. showed that
no such ð00zÞmode softening occurred for b-Ge3N4 [14].
In our own Raman scattering study, most of the modes
observed at high pressure could be accounted for within
the P3 symmetry predicted for d-Ge3N4. However, a
family of additional weak peaks were observed in the
spectrum, that indicated the presence of a larger true
unit-cell than expected, within perhaps a ‘‘disordered’’
or ‘‘incommensurate’’ structure, involving condensation
of phonon modes away from the G point, or the
involvement of some order–disorder process during
pressurisation.
In the present study, we observed a large decrease in

the a-axis parameter of Ge3N4 at the b2d transition, but
not in the c-parameter (Fig. 13). This result indicates
that the b2d transition is associated with structural
collapse in the plane normal to c, associated with N
atom displacements in the a–b plane, as predicted by
theory. Before and after the transition the c/a ratio is
constant, indicating that a transition between structu-
rally distinct polymorphs has occurred, and the data
confirm that the transition occurs over a narrow
pressure range. The a-Ge3N4 phase, that was studied
simultaneously within the same pressure chamber, does
not show any such changes in the a and c parameters
over the same pressure range, indicating that the b2d
transition only occurs within the phenacite-structured
polymorph. This polymorph contains channel-like voids
extending parallel to the c-axis: these voids are absent
within the a-Ge3N4 polymorph (Fig. 1). It is the
presence of those voids that allows the N atoms to
move away from their initial symmetric positions in the
b-Ge3N4 structure [14]. In the a-phase, a similar set of
movements would require substantial bond breaking
and displacements of Ge and N atoms to occur,
although it is not impossible. This possibility should
be investigated further theoretically.
The diffraction peaks of both (a- and b=d-) Ge3N4

polymorphs become broadened and weakened above
P=24GPa (Fig. 6). This was also observed in our
previous ED studies (Fig. 2b) [3,19]. For example, the
distinctive (3 0 1) reflection of b=d-Ge3N4 near 14.5� 2y
ðl ¼ 0:4654 ÅÞ is no longer distinguished from the
background by the time the pressure has reached
31.5GPa (Fig. 6). These results indicate that disordering
occurs in the atomic positions within the high-pressure
phase. At very high pressures, only an ‘‘amorphous’’
diffraction pattern is observed in the 2-D and integrated
1-D patterns at 45.8GPa (Figs. 6, 10). This is consistent
with the broad amorphous bands observed in the
Raman spectrum at the same pressure (Fig. 12). It is
readily seen from the 2-D AD image (Fig. 10) that weak
crystalline peaks though to be present in the ED spectra
above 40GPa (Fig. 2b) result only from several small
crystallites present within the sample, and that most of
the sample is characterized by diffuse amorphous
diffraction rings. The results indicate that, above
35–40GPa, both a- and b-/d-Ge3N4 polymorphs have
become so disordered on an atomic scale that they have
lost all structural and vibrational coherence: i.e.,
‘‘pressure-induced amorphization’’ has occurred
[23,24]. This disorder cannot involve Ge or N diffusional
processes because of the low temperature; however,
local bonding rearrangements can occur, while the
atoms remain close to their original positions.
A mechanism for the amorphisation phenomenon is

suggested from the theoretical results. Dong et al. found
that five-fold coordinated Ge environments would
appear within the d-Ge3N4 structure at very high
densities, formed in a displacive manner via close
approach of three-coordinated bridging N atoms to
adjacent GeN4 tetrahedra [14]. By P=35GPa, the
volume of the d-Ge3N4 phase is tending toward that of
spinel-structured g-Ge3N4 (Fig. 14), although the
metastably compressed tetrahedrally coordinated poly-
morph has become highly metastable with respect to the
stable high-density spinel phase (Fig. 2). The spinel
polymorph contains 2/3 of its Ge atoms in octahedral
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coordination (GeN6 species) as well as 1/3 tetrahedrally
coordinated GeN4 groups, and its formation from the
low-pressure polymorphs involves a major structural
reorganization that involves a high activation energy
barrier (0.08 eV/atom: 85 kJ/mol) (Fig. 3). This is why
the tetrahedrally coordinated polymorphs can be
compressed metastably at ambient temperature. We
can understand the occurrence of Ge3N4 amorphization
in terms of development of local coordination instabil-
ities developed within the low-pressure structures at high
density. Formation of five-fold coordinated GeN5
groups (or, equivalently, formation of NGe4 polyhedra)
will result in lengthened and weakened Ge–N bonds,
lowering the energy barriers towards structural relaxa-
tion within the sample towards the more stable dense
form. However, the low (ambient) temperature of the
compression experiments precluded the nucleation and
growth of the stable high-pressure crystalline phase
(g-Ge3N4): the result is an amorphous form of Ge3N4.
Zerr has recently reported a new phase of Si3N4, that

appears upon metastable compression of b-Si3N4 at
ambient temperature, that he has termed the ‘‘d-Si3N4’’
polymorph, and has proposed is a ‘‘post-spinel’’
polymorph [25]. It is useful to examine the possible
connection between this new form of Si3N4, and the new
d-Ge3N4 polymorph described here. Zerr has proposed
that the new d-Si3N4 phase corresponds to a ‘‘post-
spinel’’ structure, that thus necessarily contains high-
coordinate Si atoms [2,26]. However, the Raman spectra
presented by Zerr for d-Si3N4 are similar in form to
those obtained in our recent study for the post-phenacite
phase d-Ge3N4. Examination of the published diffrac-
tion data indicates that all but two of the peaks could be
assigned to a Si3N4 polymorph with the d-Ge3N4
structure, that has a similar diffraction signature to the
b-Si3N4 phase (Fig. 11). We conclude that Zerr might in
fact observe the occurrence of a b2d polymorphic phase
transition in Si3N4, analogous to that described here for
Ge3N4. The new d-Si3N4 polymorph would then be
isostructural with d-Ge3N4, and it would thus corre-
spond to a ‘‘post-phenacite’’ rather than a ‘‘post-spinel’’
structure, and contain only four-coordinated Si atoms.
5. Conclusion

We have confirmed by analysis of energy-dispersive
and high-resolution angle-dispersive synchrotron X-ray
diffraction studies that b-Ge3N4 undergoes a metastable
phase transition at approximately 22GPa, into a new
polymorph termed ‘‘d-Ge3N4’’. The phase transition is
characterized by a reduction of approximately 5–7% in
the cell volume, and it is associated with a discontinuity
in the compressional behavior of the a-axis but not the
c-axis parameter. The results are consistent with
theoretical predictions by Dong [14] as well as with a
recent Raman spectroscopic study [15]. The transforma-
tion involves a first-order P63/m-P3 phase transition.
The high-pressure d-Ge3N4 polymorph is derived
structurally from b-Ge3N4, and the two are related by
small cooperative displacements of the N atoms. Both
phases contain Ge in tetrahedral coordination to
nitrogen. It is likely that a newly described d-Si3N4
polymorph is analogous to d-Ge3N4, based upon
comparison of the X-ray diffraction and Raman data
with those of Ge3N4. The b2d transition does not occur
for a-Ge3N4, because of the different crystal stacking
of GeN4-connected layers. However, both a- and
b=d-Ge3N4 exhibit pressure-induced amorphization at
P430–35GPa, because of Ge–N bond lengthening and
weakening associated with incipient formation of GeN5
(NGe4) species in the structures, lowering the activation
energy barriers to exploration of highly-coordinated
configurations.
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