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Germanium diselenide GeSe, is studied in situ at the pressure
range 2—-6 GPa using angle-dispersive X-ray diffraction in a
large volume Paris—Edinburgh cell. The structure at 2 GPa and
698 K, solved with direct methods in the 14 space group
(@a=5.50733) A, c=9.9374(8) A, Z=4), is three dimensional
with all the GeSe, tetrahedra sharing their corners. Anomalous
lattice expansion along the ¢ axis with increasing pressure and
pressure-induced structural variations are explained by aniso-
tropic lattice distortions due to cooperative tiltings of the rigid
GeSe4 lll'litS. © 2000 Academic Press

INTRODUCTION

Amorphous and crystalline phases of silicon and germa-
nium dioxides have been thoroughly studied over several
decades because of their importance for understanding both
natural and technological systems. The phase diagrams and
the kinetics of the phase transitions in SiO, have been
determined with several experimental and theoretical
methods (1). On the other hand, the high-pressure behavior
of tetrahedral amorphous and crystalline dichalcogenide
phases (MeX,; Me: Si, Ge; X: S, Se) is less known and
understood. The long-range ordering of their crystal struc-
tures depends on the connectivity of the M X, tetrahedra.
The edge sharing reduces the cross-linking between the
tetrahedra, and at ambient pressures SiS, and SiSe, have
a one-dimentional structure (Ibam) with edge-sharing SiX,
units only (2). The connectivity of the GeX, units in GeS,
and GeSe, at atmospheric conditions is quite unique, and
50% of the tetrahedra are connected via corners into chains
while the other half form Ge, X g double units sharing edges.
Such a connectivity scheme leads to a layered structure
(P24/c) (3).

As inferred from the quenched products obtained
through high-pressure and high-temperature syntheses,
there is a tendency for disulfides and dichalcogenides to

adopt the three-dimensional (I42d) (4-7) or two-dimen-
sional Hgl, (P4,/nmc) (5,6) structure at high pressures. Both
types have a common Me, X, unit consisting of four cor-
ner-sharing tetrahedra. Linking this unit could give either
the two-dimensional (P4,/nmc) or the three-dimensional
(I42d) lattice (8). In addition to tetrahedral modifications, an
octahedral Cdl,-type structure (P3ml), already taken by
SiTe, at atmospheric pressure (9), was proposed to be stable
for GeS, and GeSe, above 6 GPa (6). High-pressure experi-
ments carried out in situ show that GeS, and GeSe, become
amorphous above about 7 GPa at room temperature (10).
This may indicate that either they fail to transform to
a different structure (e.g., the Cdl, structure with sixfold
coordinated Me atoms) or that the low-pressure modifica-
tions are unstable with regards to their liquid states (1,10).
Additionally, a discontinuous semiconductor-to-metal
transition in glassy GeSe, is observed in the pressure range
where its crystalline counterpart amorphizes (11).

In this study we are interested in in situ high-pressure and
high-temperature behavior of three-dimensional GeSe,,
with all the tetrahedra sharing their corners only. We de-
scribe all procedures used to obtain angle-dispersive X-ray
diffraction data in a large-volume Paris-Edinburgh cell.
Further, we show that the data are suitable for a structural
analysis with direct methods, complemented with full Riet-
veld refinements of the measured patterns. The three-dimen-
sional structure of GeSe, could serve as a prototype for
a tetrahedral framework of the germanium disulfide and
diselenide glasses (12). For this reason, the experimental
approaches in a large volume Paris-Edinburgh cell present-
ed here could be extended to study high-pressure and high-
temperature structural properties of dichalcogenide glasses
through computational modeling of disordered networks.

EXPERIMENTAL

The sample of GeSe, was prepared by heating stoichio-
metric amounts of high-purity elements (Goodfellow, UK;
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99.999% Se and 99.999% Ge) at 1173 K for 48 h in an
evacuated and sealed silica glass ampoule. The product was
ground and anncaled at 923 K for 6 weeks to ensure its
crystallinity. It was examined by powder X-ray diffraction
at room temperature, using a Guinier-Hagg technique
(CrKo, radiation, Si as an internal standard), and was found
to have the monoclinic layered structure (P2;/c) (3). No
impurities could be detected with X-ray diffraction or with
scanning electron and optical microscopies.

Angle-dispersive X-ray diffraction experiments were car-
ried out on the ID30 beamline at the European Synchrotron
Radiation Facility. Wavelength selection (0.20215 and
0.26473 A) and removal of higher-order harmonics were
done using a bent Si mirror and Si (11 1) monochromator.
The beam was collimated to 50 x 50 um? by two sets of
tungsten carbide slits. Pressures up to 6 GPa and temper-
atures up to 1123 K were generated using a large-volume
Paris-Edinburgh press adapted for X-ray diffraction (13).
Samples of powdered GeSe,, 2 mm in height and 0.5 mm in
diameter, were put into hexagonal boron nitride (h-BN)
cylinders serving as pressure calibrants and located inside
high-resistivity graphite furnaces. Such sample assemblies
were embedded in “X-ray transparent” boron-epoxy gas-
kets, compressed between two tungsten carbide anvils. Tem-
peratures were read with thermocouples located in a contact
with the samples. The entire setup of the cell was interfaced
with an image plate detector for rapid collection of in situ
X-ray powder diffraction data (14). For each pressure-tem-
perature data point, three images were taken: (a) a first one
with the beam passing through the sample, h-BN, and
graphite cylinders; (b) a second one with the beam passing
through the h-BN and graphite cylinders but not the
sample; (c) a third one with the beam passing through the
graphite cylinder only. Each two-dimensional image was
corrected for spatial distortions and converted to an inten-
sity vs 260 diffractogram (a resolution of 0.01°) using the
Fit2D software package (15). Subsequently, the same soft-
ware was used to subtract diffractograms (a) and (b) and
diffractograms (b) and (c) in order to minimize the impurity
effects in the patterns of the sample and h-BN, respectively.
The resulting sample patterns were a subject of further
structural analysis, while from the latter ones the h-BN unit
cell volumes were extracted to determine the pressures in-
side the sample assemblies (16). The precision of the temper-
ature and pressure measurements was +2K and
+0.1 GPa (relative to the h-BN calibration in Ref. (16)),
respectively.

RESULTS AND DISCUSSION

When layered GeSe, (P2;/c) is compressed to above
2 GPa at temperatures higher than 650 K, there occurs
a new phase whose X-ray patterns are similar to the ones of
the 142d polymorphs in GeS, and GeSe, quenched to
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atmospheric conditions from high-pressure and high-tem-
perature syntheses (4-7). A close inspection of the X-ray
data reveals that the diffractograms collected at the temper-
ature range 600-700 K at pressures 2-6 GPa have admix-
tures of both phases (Fig. 1), indicating a presence of kinetic
effects associated with this transformation. The melting tem-
perature of this new phase is pressure dependent and occurs
at 950, 1053, and 1089 K at pressures of 2, 4, and 6 GPa,
respectively.

The X-ray pattern collected in situ at 2 GPa and 698 K
(Fig. 1) can be indexed (17) on an I centered tetragonal cell
(hkl, h+k+1=2n) with the unit cell dimensions
a = 5.5073(3) A and ¢ = 9.9374(8) A. However, the system-
atic extinction condition 00/, [ = 2n violates the symmetry of
the 142d space group (I = 4n) (18). Based on symmetry
arguments, the space group I4(Z = 4) was chosen for fur-
ther consideration, as it is a maximal nonisomorphic sub-
group of the 142d space group (18). The structure solution
was carried out with direct methods for powder diffraction
data (19). A full profile fitting and peak decomposition were
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FIG. 1. Selected X-an patterns of GeSe, as a function of temperature
at 2 GPa (1 = 0.20215 A).
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FIG. 2. Observed, calculated, and difference XRD profiles for GeSe, (I4, Z = 4) at 2 GPa and 698 K. Vertical markers indicate Bragg reflections

(4 =0.20215 A).

performed with a Le Bail method to extract the structure
factor moduli |[F|>. A final solution was obtained from
a Fourier least-squares procedure. The estimated R(F?)
discrepancy factor between the observed and calculated
structure factor moduli (without final Rietveld refinements)
was 14.4%. The structure is comprised of two symmetry
nonequivalent sets of corner-connected GeSe, tetrahedra
(Fig. 2) with the Ge atoms at the 2a (0.5, 0.5, 0.0) and 2¢ (0.5,
0.0, 0.25) special positions and the Se atoms placed at the 8g
general position (0.752, 0.252, 0.126). The details of a Riet-
veld refinement (20) and final crystal data are given in
Fig. 3 and Tables 1 and 2. In addition to the atomic
fractional coordinates and isotropic thermal parameters,
the following parameters were allowed to vary during the
refinement: 10 background variables of the Chebyshev poly-
nomial, GW and GY variables of the default profile function
for constant wavelength diffraction, two cell parameters,
a zero point, an overall scale factor—a total of 16 histogram
variables.

The I4 variant is a slight distortion of the I42d one,
originating from small displacements of the Se atoms at
their sites in the y and z directions. In the ideal 142d case, the
y and z atomic coordinates for the symmetry-equivalent Se
atoms are fixed at 0.25 and 0.125 (the 8d Wyckoff site),
respectively. Any displacement, however minute, of the
atoms lead to lowered symmetry of the lattice (e.g., a super-
structure with Z > 4) and nonequivalency of the Ge and/or
Se atoms. The Se atom displacements in the y and z direc-
tions, as determined with direct methods in the I4 space
group, are indeed small, Ay = 0.002 and Az = 0.001 in rela-
tive atomic fractional coordinates. The full Rietveld refine-

ment of such a starting model does not change the overall
topology, and the respective coordinates do not converge to
0.25 and 0.125. In fact, the relative displacements increase to
about Ay = 0.01 and Az = 0.003 (Table 2), resulting in an
angular deformation of the Ge,Se, unit consisting of four
corner-sharing tetrahedra (8). The structure solution for the
142d space group was verified for the pattern collected at
2 GPa and 698 K with direct methods, as reported above.
The final R(F?) factor for the lattice with the nondistorted
Ge,Seqo unit and the Ge and Se atoms at the 4a (0.5, 0.0,
0.25) and 84 (0.759, 0.25, 0.125) sites, respectively, was 17.3%
(no Rietveld refinement), i.c., higher than the one for the 14
space group. It should be added that similar considerations
are already reported for the case of PON phosphorus oxy-
nitride, for which either I4 (Z = 4) (21) or P4 (Z = 4) (22)
structures are discussed as occuring through distortions of
the I42d (Z = 4) aristotype found in SiO, crystobalite.

Figure 4 shows the pressure dependence of the lattice
parameters at a constant temperature of 741 K. It is striking
that the lattice anomalously expands along the ¢ axis up to
about 5 GPa. At higher pressures, the compressibility along
the ¢ direction changes, suggesting a structural transforma-
tion as discussed below. The Birch-Murnaghan equation of
state, with the first pressure derivative of the bulk modulus
fixed to 4.0 (K = 4.0), was used for fitting the pressure
dependence of the unit cell volume between 2 and 4.5 GPa
(T = 741 K). The extracted unit cell volume (V) and iso-
thermal bulk modulus (K), both at zero pressure, are 315.7
(0.8) A3 and 46.56 (1.84) GPa, respectively. Accordingly, the
extrapolated density to zero pressure at 741 K is
p = 4.85 g/cm?.
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FIG. 3. Comparison of the GeSe, structures in the I4 (left) and P4 (right) space groups. Different shading of the tetrahedra indicates symmetry

nonequivalent GeSe, units.

Largely anisotropic compressibilities and an anomalous
structure expansion along certain lattice axes are not un-
usual for low-dimensional solids at high pressures. In the
case of three-dimensional compounds, the anisotropic com-
pressibilities could be associated with different degrees of
flexibility in their framework built up of rigid polyhedral
units. For such solids, compression occurs by coordinated
tilting of the polyhedra, rather than by shortening of chem-
ical bonds (23). Figure 5 shows the pressure dependencies of
Ge(1)-Se and Ge(2)-Se distances and the Ge(1)-Se-Ge(2)

TABLE 1
Lattice Parameters and Rietveld Refinement Statistics for GeSe,
(I4, Z=4) at 2 GPa and 698 K

a (A) 5.5073(3)
¢ (A) 9.9374(8)
Volume (A3) 301.41(4)
Density (g/cm?) 5.08

7 (&) 0.20215
20 range (°) 1.01-11.18
Number of observations 88

Ry 48

R, 3.4
R(F?) 6.8

Ve 1.56

intertetrahedral angle inferred from full Rietveld refine-
ments (the same strategy as before) of the X-ray patterns
collected between 2 and 4.5 GPa at constant temperature
T =741 K (20). While the bond lengths do not change
within the estimated errors, the Ge(1)-Se-Ge(2) angle de-
creases by about 2° in this pressure range. This observation
suggest that the compressibility of three-dimensional GeSe,
is dominated by rotations of rigid tetrahedra. A close exam-
ination of this structure (Tables 1 and 2, Fig. 2) shows
that the cooperative tiltings associated with diminishing

TABLE 2
Rietveld Refined Atoomic Coordinates for the Se Atoms,
Interatomic Distances (A), and angles (°) for GeSe, (I4, Z=4)
at 2 GPa and 698 K

X (Se: 8g) 0.7662(12)
¥ (Se: 8g) 0.260(5)

z (Se: 89) 0.1282(12)
Ge(1)-Se 2.349(18)
Se-Ge(1)-Se 107.1(4)
Se-Ge(1)-Se’ 114.3(8)
Ge(2)-Se 2.380(17)
Se-Ge(2)-Se 104.99(32)
Se-Ge(2)-Se’ 118.9(7)

Ge(1)-Se-Ge(2) 103.28(24)
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FIG. 4. Pressure dependence of lattice parameters in GeSe, at 741 K.

intertetrahedral angles occur perpendicular to the ¢ axis
through an angular deformation of the Ge,Se o unit con-
sisting of four corner-sharing tetrahedra (8). As a result, the
Se-Se distances along the ¢ axis increase, leading to an
anomalously stretched lattice in this direction. On the other
hand, an enhancement of Se-Se repulsions perpendicular to
this axis with increasing pressure could eventually account
for the bulk lattice deformation and a transformation of the
lattice at about 5 GPa. Our observation of the pressure-
induced lattice expansion along the ¢ axis in three-dimen-
sional GeSe, implies an interesting possibility of a negative
thermal expansion in this material. This issue, along with
the structure modeling and thermal behavior of GeSe,
liquids generated at high pressures, is a subject of our
current research and will be presented later.

The data given in Fig. 4 suggest that the transformation
at about 5 GPa occurs without a significant (if any) volume
change. Indexing (17) of the pattern at 6 GPa and 773 K
(Fig. 6) can be done on a primitive tetragonal lattice,
a =5.3389(4) A and ¢ = 10.0361(11) A. An analysis of this
pattern and its intensity distribution reveal that the struc-
ture is related to the one with 14 symmetry. From this, we
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derive the space group P4 (Z = 4) as the one describing the
structure of GeSe, under these conditions, since the 14 space
group is its minimal nonisomorphic supergroup (18). Based
on relations for the 142d, I4, and P4 symmetries, we find
three Ge atoms at the special positions 1a (0.0, 0.0, 0.0), 1d
0.5, 0.5, 0.5), and 2g (0.0, 0.5, 0.25) and two sets of non-
equivalent Se atoms at the 4h general sites (x, y, z) (Fig. 3).
The details of the final Rietveld refinement (20), with the
same strategy as before, are shown in Fig. 6 and Tables
3 and 4. As seen in Table 4, the symmetry lowering is mainly
due to the Se atom displacements from the ideal positions
(in the I42d space group) along the y axis. In the ideal case,
each relative difference between the respective y and
z atomic coordinates for the two nonequivalent Se atoms
should be equal to 0.5. While the Az parameter equal
to 0.4993 is close to 0.5 within the estimated standard
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FIG. 5. Pressure dependence of interatomic distances and angles for
GeSe, (I4, Z = 4) at 741 K. Open and solid symbols in the plot of distances
versus pressure stand for the Ge(1)-Se and Ge(2)-Se bond lengths, respec-
tively.
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FIG. 6. Observed, calculated, and difference XRD profiles for GeSe, (P4, Z = 4) at 6 GPa and 773 K. Vertical markers indicate Bragg reflections
(4 =0.26473 A). In the inset, a part of the pattern is shown with Miller indices for the peaks.

deviations, the Ay = 0.556 exceeds the combined errors in
the atomic coordinate refinements. Unfortunately, our
measurements were limited to the pressure range up to
6 GPa, so, based on the present data, it is not possible to
infer whether the anomalous expansion of the I4 lattice,
with a subsequent symmetry descent to the P4 one, can be
discussed as a prelude to a phase transition into another
denser, possibly sixfold coordinated, phase. One of the
examples for such a four-to-six transformation in the com-
pounds with MeX, stoichiometry is the crystobalite —
stishovite transition in SiO, (1). Earlier high-pressure ex-
periments carried out in situ show that GeSe, becomes
amorphous above about 7 GPa at room temperature (10).
This may indicate either that it fails to transform to a differ-

TABLE 3
Lattice Parameters and Rietveld Refinement Statistics for GeSe,
(P4, Z=4) at 6 GPa and 773K

a (A) 5.3389(4)
¢ (&) 10.0361(11)
Volume (A3) 286.07(4)
Density (g/cm?) 5.35

2 (A) 0.26473
20 range (°) 1.01-11.78
Number of observations 85

Ry, 44

R, 33

R(F?) 11.1

i 2.0

ent structure or that the crystalline modification is unstable
with regards to its liquid state (1, 10).

The transformation from the two- to the three-dimen-
sional structure in GeSe, above 2 GPa is sluggish due to

TABLE 4
Rietveld Refined Atomic Coordinates for the Se Atoms, In-
teratomic Distances (A), and angles (°) for GeSe, (P4, Z = 4) at
6 GPa and 773 K

x [Se(1): 4h] 0.2739(21)
y [Se(1): 4h] 0.2340(13) {025}
z [Se(1): 4h] 0.1280(25) {0.125}
x [Se(2): 4h] 0.7711(20)

v [Se(2): 4k] 0.7700(14) {0.75)
z [Se(2): 4h] 0.6273(32) {0.625}
Ge(1)-Se(1) 231(5)

Ge(3)-Se(1) 2.38(4)

Ge(2)-Se(2) 2.41(4)

Ge(2)-Se(3) 2.26(4)

Se(1)-Ge(1)-Se(1) 108.0(6)

Se(1)-Ge(1)-Se(ly 112.50(13)

Se(2)-Ge(2)-Se(2) 106.40(10)

Se(1)-Ge(3)-Se(1) 118.00(11)

Se(1)-Ge(3)-Se(2) 103.5(7)

Se(1)-Ge(3)-Se(2Y 109.1(9)

Se(2)-Ge(2)-Se(2) 115.90(21)

Se(2)-Ge(3)-Se(2) 114.10(23)

Ge(1)-Se(1)-Ge(3) 102.7(4)

Ge(2)-Se(2)-Ge(3) 103.2(4)

Note. The numbers in curly brackets are the coordinates derived from

the ideal structure in the 142d space group.
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kinetic effects associated with breaking of double edge-
sharing Ge,Seg tetrahedra. Our study shows that the struc-
tural variations in three-dimensional GeSe, studied in situ
at high pressures and high temperatures can be explained by
anisotropic lattice distortions due to the cooperative tiltings
of rigid GeSe, tetrahedra. It is worth noticing that such
a three-dimensional structure of GeSe, (Fig. 3) could serve
as one of the prototypes for a tetrahedral framework of the
germanium disulfide and diselenide glasses (12). Compres-
sion of the glasses at 573 K revealed the presense of two
recoverable amorphous compounds for which X-ray diffrac-
tion patterns, as measured at atmospheric pressure, were
significantly different from the ones for the samples pre-
pared at ambient conditions (5). It is quite likely then that
possible structural transitions in the glassy framework of the
germanium dichalcogenides (if any) at high pressures and
high temperatures, including an anomalous compressibility
and thermal expansion, could be similar to the ones in
crystalline GeSe,. In analogy to crystalline polymorphism,
this behavior in a glass would be called an “amorphous
polymorphism” (24). At atmospheric pressure, the two-di-
mensional polymorph of GeSe, melts at 1025 K. Our pre-
liminary data on GeSe, liquids show that the triple point,
involving the 2-D and 3-D crystalline phases and the liquid
state, is found at about 0.8 GPa and 770 K. Further work is
underway to investigate possible “2-D” to “3-D” structural
transitions in liquids generated at high pressures, which
might lead to the two-liquid behavior of molten GeSe, in
the vicinity of the triple point. As shown here, angle-disper-
sive X-ray diffraction data taken at high pressure and high
temperature utilizing a large-volume Paris-Edinburgh cell
and third generation synchrotron radiation can be studied
with classical direct methods, complemented with a Rietveld
refinement of the measured diffractograms. This encourages
efforts to investigate the structure of amorphous com-
pounds under extreme conditions using similar data collec-
tion techniques.
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