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Revisiting pressure-induced phase transition in silicon clathrates using Ge substitution
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BagSizoGe; and BagSinGey; have been studied at high pressure using x-ray diffraction and x-ray absorption
spectroscopy (XAS) at the Ge K edge. In BagSi3gGe;, a transition is observed similar to the one in BagSiye,
apparently isostructural. However, the XAS data analysis shows that the transformation is related to the off-
centering of the Ba atoms. A theoretical model based on a Landau potential suggests that this transition is second
order, with a symmetry-breaking mechanism related to the Ba displacement probably initiated by the vacancy
creation or local distortion predicted theoretically. This analysis gives a coherent picture of the phase transition

mechanism. In the case of BagSi;gGe;7, such phase transition is not observed as the Ba atoms appear already

off-center at ambient pressure.
DOI: 10.1103/PhysRevB.93.134103

I. INTRODUCTION

The first synthesis of the materials that became known as
semiconductor clathrates or group-IV clathrates were reported
either as a result of partial thermal decomposition of Zintl
phase compounds such as NaSi or KGe [1-3] or by direct
reaction between the elements [4]. There has been ongoing
interest in this unusual family of solid state materials because
of their unique structures and optical, electronic, and thermal
properties that may have technological significance [5-7].

Several studies have addressed the high pressure behavior
of type-I clathrates with filled guest cages to explore the
field stability. NagSise apparently undergoes pressure-induced
decomposition above P = 14 GPa, when characteristic peaks
of the metallic hexagonal structure of Si begin to appear in the
x-ray diffraction (XRD) pattern [5,8,9]. A different behavior
is observed for larger sized guest atoms such as BagSisg
[5,8,10-14], KgSise [15,16], ISiaqals [5,17], and RbgSise [18].
Actually, type-I clathrates with larger guest atoms exhibit an
unusual volume collapse transition while apparently retaining
the same cubic clathrate crystal structure followed by pressure-
induced amorphization at higher pressure. This behavior and
its dependence on the cage site occupancy are still not fully
understood. Moreover, the apparently isostructural character
of the phase transition is particularly interesting as only a few
compounds exhibit such transitions.

More specifically in the case of BagSise, the set of experi-
mental results can be summarized as follows. A low-pressure
transformation (3—4 GPa) has recently been proposed based on
reverse Monte Carlo modeling using powder diffraction data
and resistivity measurements [13]. These conclusions were
used to tentatively reinterpret changes in Raman spectroscopy
measurements at high pressure [14]. It is suggested that this
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transition is related to changes in the electronic state of Ba
atoms in the large cage.

At around 7 GPa, Kume et al. observed a change in the
Raman spectra [14]. The main change was the attenuation
of a low-energy phonon mode attributed to the Ba@Siyy
coupling with the host lattice. X-ray absorption experiments,
more precisely x-ray absorption near edge structure (XANES)
data at the Ba Ly edge, indicate a change of hybridization
of the Ba Sd-electrons at 5 GPa that were associated with
this low-pressure transition [10]. The XRD during hydrostatic
compression [He as the pressure-transmitting medium (PTM)]
reveals that some thermal parameters change their behavior
around 7 GPa. Below this pressure, the thermal parameters of
Ba(Wyckoff site 6d), Si(24k), and Si(6¢) decrease, whereas
above 7 GPa, they increase [11]. Using an analysis based on
the Rietveld and maximum-entropy method [12], Tse et al.
derived the pressure-induced evolutions of the electron density
distribution. They showed that Ba(6d), Si(24k), and Si(6¢)
atomic positions become disordered above 9 GPa. In addition,
this paper concluded that a pressure-induced electronic change
happens at 7 GPa; a conclusion further supported by reverse
Monte Carlo calculations and resistivity measurements under
pressure [13].

The most striking event at higher pressure is the presence
of an apparently isostructural phase transition with a drastic
change of the compressibility. The transition pressure is in the
range of 13—16 GPa, depending on the hydrostatic conditions.
The XANES measurements suggest a modification of the
Ba-Si hybridization or the creation of a more disordered
environment around Ba atoms during this transition [5]. The
XRD experiments and reverse Monte Carlo modeling analysis
agree on the conclusion that this transition is associated with
some disordering in the Si framework [11,13]. A possible
electron topological transition has been proposed as the driving
force for this transformation [13]. At higher pressure, the
disordering is completed as a pressure-induced amorphization
occurs (at P ~ 40 GPa for BagSiye).

In summary, in the majority of silicon clathrates, the
high-pressure evolution consists in minor and subtle structural
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modifications at low-pressure prior to an apparently isostruc-
tural phase transition followed by a pressure-induced amor-
phization.

To discriminate between the proposed mechanisms of these
phase transitions or to provide a new explanation, information
related to short-range order is required. This is the main pur-
pose of the present paper, i.e., to obtain structural information
on the Si network using x-ray absorption spectroscopy (XAS)
techniques. However, the transmission of the high-pressure
cell at the Si K edge (E ~ 2keV) is extremely weak due to the
strong absorption of the diamond anvils used to generate high
pressure. To overcome this difficulty, our strategy was to work
on Si/Ge-based clathrates Bag(Si,Ge)4s at the Ge K-edge that
is accessible even in a high-pressure configuration. We chose
two different stoichiometries, BagSizoGe; and BagSigGey7,
having very low and quite high degree of Ge/Si substitution,
respectively. It is worth noting at this point that at low
substitution degree, the presence of germanium atoms will
not affect the phase transition features, as detailed below.

This paper is organized as follows. After a description
of the synthesis and characterization of samples at ambient
conditions, high-pressure experiments will be presented and
discussed. First, we focus on XRD and extended x-ray
absorption fine structure (EXAFS) results on BagSizoGe;. A
model based on the Landau theory of phase transitions is
proposed to determine the pertinent order parameter, and then
the mechanism involved in the transition is discussed. Then,
the experimental results on BagSigGej7; will be shown, and
the absence of volume collapse transition discussed.

II. EXPERIMENTAL

BagSizgGe; and BagSioGej; samples were obtained by
high-pressure synthesis. A stoichiometric mixture of BaSi,,
BaGe,, Si, and Ge was treated at 3 GPa and 1073 K during
an hour. The XRD patterns of the product were obtained
using a Bruker D8 Advance diffractometer at the 1.54 A
wavelength. Rietveld refinements using the GSAS software
[19] were performed to analyze the structure. BagSi3oGe; and
BagSiygGe 7 belong to the type-I clathrate structure, described
by a space group Pm-3n (No. 223) with a cell parameter
a= 10.35(1)A and a = 10.43(1)‘&, respectively. Ge atoms
are incorporated into the Si network and are all located on 24k
sites, in agreement with previous results [20] (Fig. 1).

High-pressure in situ synchrotron experiments up to 30 GPa
were carried out using a He gas membrane-driven diamond-
anvil cell with diamonds having a culet size of 350 um. In two
separate experiments, BagSizgGe; and BagSigGej; samples
were loaded into a 150 um hole drilled in a Re gasket and
homogenously mixed with silicon oil, which was used as
the PTM. The homogenous mixture of the sample and the
PTM is essential for the quality of the x-ray absorption signal.
The quantity proportion between the sample and PTM was
adjusted for each sample to optimize the x-ray absorption
edge amplitude and hence the signal to noise ratio of the
EXAFS oscillations. The pressures were determined using the
ruby fluorescence method. X-ray absorption measurements as
function of pressure were carried out on the ID24 beamline
at the European Synchrotron Radiation Facility [21,22]. A
silicon (222) curved crystal x-ray polychromator [23] was
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FIG. 1. Clathrate type-I structure. For both compositions studied
here (BagSizgGe; and BagSi,oGe7), the Ge atoms are in 24k position.
The structure is then made of mixed Si/Ge cages.

allowed to select an energy span of ~500 eV around the Ge
K-edge (11.1 keV) while focusing the beam on the sample
with a full width at half maximum (FWHM) of ~20 um. The
transmitted beam was detected with a charge-coupled device
(CCD) position-sensitive detector placed after the sample. The
diamond anvil cell was oriented in the beam to eliminate
diffraction glitches originated by the diamond single crystal
diffraction.

Angular dispersive XRD patterns were also obtained at each
pressure point. For this, the beam was monochromatized (A =
1.12A) by placing a slit after the polychromator. Diffraction
patterns were collected using image plate detection, which
was inserted in the optical path between the sample and the
CCD detector. The sample-to-detector distance and the image
plate orientation angles were calibrated using a crystalline
LaBg standard. The two-dimensional diffraction images were
analyzed using the Fit2D software, yielding one-dimensional
intensity versus diffraction angle 26 patterns [24]. The quality
of obtained XRD following the above described protocol was
not enough to carry out the Rietveld refinement, and only the
Le Bail refinement was performed.

The pressure evolution of the local structure of the Ge atoms
was investigated by EXAFS experiments at the Ge K edge
(11.1 keV). Data analysis includes the ab initio calculation
of the atomic scattering amplitude and phase shift for each
scattering path using the FEFF code [25] and the fit with the
structural model using FEFFIT [26].

III. RESULTS AND DISCUSSION

A. B33Si39Ge7
1. XRD data

Figure 2 shows the relative volume V(P)/V, as a function
of pressure for BagSizoGe;. A change in slope is clearly
observed at 14 £ 1 GPa, marking the presence of a volume
collapse transition as previously observed for K-, Ba-, Rb-,
and I-containing silicon clathrates (see Ref. [5] and references
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FIG. 2. V/V, plot for BagSizgGe; as a function of pressure
(points) along with a two-order Birch-Murnaghan equation of state
fitted to the data with Ky = 119(5) GPa and K, = 4 (fixed) (solid
line). A Viponncous 18 the difference between the calculated equation
of state and the experimental data points. V /V}, plot of BagSiss from
Ref. [5] is also shown for comparison.

therein). There is no sign of amorphization at the highest
pressure attained in the present paper, i.e., 30.8 GPa. Above
the transition pressure, in the limit of our data quality, there
is no obvious change in the number or relative intensities
of peaks in the XRD pattern, and none of the peaks exhibit
any splitting, therefore denoting the apparent isostructural
character of the transition in agreement with previous results
for other clathrates [5].

The V(P)/V, data obtained for BagSiss from Ref. [5] are
also plotted in Fig. 2. The general evolution is identical, i.e., a
low-pressure structure that transforms at around 14 GPa to a
softer second phase. Therefore, the presence of a low amount
of Ge in the host structure does not seem to affect the phase
transition mechanism.

The V (P)/V, data for BagSizoGe; upon compression in the
pressure range 0.1-14 GPa were fitted using a second-order
Birch-Murnaghan equation of state model to obtain the bulk
modulus Ky for the clathrate phase. The values obtained by
this procedure were Ky = 119(5)GPa for a fixed value of
Ky = 4. The data quality is not sufficient to obtain reliable
information by using a F-f plot as in Rbg 155146 [18]. However,
this plot (not shown) supports the assumption of Ky ~ 4. The
compressibility of the BagSizgGe; is therefore around 25%
smaller than in its silicon counterpart [Ky = 93(5), Ky = 3.6
(fixed) for BagSise]. It is then important to note that the Si
substitution by Ge greatly increases the mechanical properties
of the clathrate. This result appears as surprising as it has
been shown that in sp3-bonded covalent systems with diamond
or zinc-blend structure, the bulk modulus scales with d 3,
with d being the covalent interatomic distance [27]. This
law applies in Si;_,Ge, diamond structure alloys where the
ambient pressure bulk modulus varies linearly between the two
extreme compositions going from 98(Si) to 75(Ge) GPa [28].
The ambient pressure cell parameter of BagSisg (10.328 IOA) is
smaller than BagSizoGe; (10.35 A), and the same arguments
would lead to a bulk modulus reduction by Ge substitution in
opposition with our observations.
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Several hypotheses may be invoked. First, as mentioned,
in BagSizgGe; the Ge substitution takes place only in the
24k sites, i.e., only in the pentagonal cycles either of the
Sipo or the Sipy cages. We could then speculate that at
moderate Ge substitution, the effect of Ge substitution on the
electronic frustration introduced by the pentagonal cycles [29],
which does not exist in the diamond structure, would have a
predominant effect on the cohesive properties of clathrates.
Second, bulk modulus is affected by the presence of defects. It
is usual to observe only a partial filling of the cages, leading to
a nonstoichiometric compound with Ba vacancies. However,
calculations of bulk modulus in Ba, Si4¢ and Rb, Sise (x = 2 to
8) show a variation of at most 10%. Another defect to consider
is Si vacancies that have a direct impact on the network
mechanical properties. For instance, in crystalline diamond
silicon, the introduction of defects induces a decrease of the
elastic constants [30]. It may be that syntheses of pure and
mixed silicon clathrates do not generate the same amount of Si
vacancies leading to a dispersion of the bulk modulus values.

For the high-pressure phase, depending on the analysis
(Murnaghan equation of state or F-f plot), K, lies between
64 and 71 GPa with a value of K’ significantly different from
4.0, indicating an important softening of the high-pressure
structure. The reduced hydrostaticity of the PTM certainly
affects the absolute values of the bulk modulus in that pressure
domain, not enough, however, to explain the reduction by a
factor of almost two, which should be then considered as a
reliable result.

2. EXAFS data

Rietveld refinement of XRD patterns at ambient conditions,
in the space group Pm-3n, indicates that the germanium atoms
are positioned preferably on the 24k sites. Therefore, a given
germanium atom is included into a tetrahedron, and its first
neighbors are (i) a Si atom in a 6¢ position, (ii) two Si atoms
on the 16i sites, and (iii) either a Si or a Ge atom on the 24£ sites
(Fig. 1). The three Si atoms in 6¢ and 16i can be considered
as equidistant from the Ge central atom. This defines a first
diffusion path. The neighboring atom on the 24k position,
which is either a Si or Ge atom, defines a second diffusion path.
The next main contributions in the EXAFS signal come from
the Ba atoms in the cages. Two diffusion paths are then defined:
one between Ge(24k) and Ba(6d) and the other one between
Ge(24k) and Ba(2a). However, to minimize the number of
fitted parameters both Ge-Ba paths are set as interdependent,
i.e., related by a scaling factor. The main implication of this
methodology is that any independent shift of Ba atoms in
the sites 2a or 6d will be inaccessible. The EXAFS signal at
each pressure was fitted using two parameters: the variation
of the interatomic distances and the mean square relative
displacement (MSRD) factor for each defined diffusion path.
A selection of x-ray absorption spectra (EXAFS signal) is
shown along with the corresponding fits at different pressures
in Fig. 3.

From this analysis, the structural information was extracted
(Fig. 4). All the path lengths (between Si/Ge and Ge and
between Ba and Ge atoms) are reduced in agreement with the
cell contraction obtained by XRD up to the transition pressure
(~14 GPa). Above this pressure, we observe a deviation of the
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FIG. 3. Extracted EXAFS oscillations at the Ge K-edge together
with the obtained fit at different pressures for BagSizoGe;.
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FIG. 4. Atomic distances (as a function of pressure) extracted
from EXAFS analysis compared with the same parameters extracted
from Rietveld refinements (XRD) and considering a totally isostruc-
tural compression. (a) Ba-Ge distance. Adyogel 1S the spontaneous
distance variation linked to the volume collapse transition and
calculated in a strict isostructural assumption; Adpesurea 1S the
spontaneous distance variation extracted from EXAFS data. (b)
Ge-Ge(24k) or Ge-Si(24k) distance. (c) Ge-Si(16i) or Ge-Si(6¢)
distances

distance measured by EXAFS with respect to the one obtained
by XRD. In the analysis of the XRD data, we kept the position
of the atoms fixed, and we deduced the distance contraction
according to an assumed homothetic volume contraction.
Above ~14 GPa, results show that the Ba-Ge distance obtained
by EXAFS does not follow the homothetic transformation
[Fig. 4(a)] but, surprisingly, remains almost constant up to
the highest pressure reached in the experiment, i.e., 30.8 GPa.
Between 14 and 20 GPa, the intratetrahedral bond lengths
(Ge-Si and Ge-Ge) contraction remains homothetic [Figs. 4(b)
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FIG. 5. Pressure-induced variation of the Ge K-edge x-ray ab-
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and 4(c)]. Therefore, one can suppose that the plateau in the
evolution of the Ba-Ge length is mainly due to a shift of
the Ba atom out of the cage center and away from the Ge
atoms, leading to a shortening of Ba-Si distances. Such effect
has already been reported from Rietveld refinement on the
BagSiye sample where bond length shortening was observed
for the majority of the Ba-Si distances [12]. This deviation in
the bond length contraction is associated with a change in the
energy onset of the Ge K -edge with pressure showing a sudden
decrease around 12—-14 GPa (Fig. 5). In addition, the MSRD
factor associated to the Ge-Ba path decreases at P ~ 14 GPa,
whereas the ones for Ge-Si or Ge-Ge paths do not show any
visible deviation (Fig. 6). These features suggest a change in
the electronic structure and in the coupling between Ba and Ge
atoms concomitant with the displacement of the Ba atoms.
At higher pressure (starting at P ~ 20 GPa), a deviation
from the homothetic contraction is observed for all the Ge-Si
distances [Figs. 4(b) and 4(c)]. Such an effect suggests that
the bond contraction reaches a limit and that the tetrahedra
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FIG. 6. Variation of MSRD factors extracted from EXAFS signal
for the different paths. The errors bars are shown only for the Ge-Ba
path but are similar for all paths.
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undergo some distortion (torsion or flattening) to adapt to the
compression. The existence of a critical distance to explain the
variation of the transition pressures in the case of isostructural
transformation of pure silicon clathrates has already been
mentioned by San Miguel et al. [9].

3. Phase transition mechanism

According to the XRD data obtained on BagSizoGey, the
volume collapse of the clathrate structure starts at ~14 GPa.
Let us now discuss the correlations between this sudden
decrease of the cell volume with the pressure-induced changes
at the atomic scale. Up to 14-15 GPa, the pressure-induced
variation of the interatomic distances deduced by XAS is in
good agreement with the homothetic reduction of the cell
volume deduced by XRD. Neither hybridization nor any
displacement of the barium atoms is observed up to this
pressure.

At pressures ~14 GPa, corresponding to the volume col-
lapse transition pressure, the barium atoms show a dis-
placement towards Si atoms and come closer to the cages.
The Ba MSRD factor obtained with the EXAFS analysis
shows a sudden decrease. These conclusions are apparently
in contradiction with the Rietveld analysis on XRD data that
usually show an increase of the Debye-Waller parameter for Ba
atoms in BagSiyg [11] or BaysSijgp, a type-111 clathrate that also
shows a pressure-induced volume collapse [31]. This seeming
paradox can be understood by the following considerations.

(1) The Ba displacement is incoherent, meaning that the
direction of displacement is independent in each cage. The
potential felt by the Ba atoms is quasispherical as the Siyy and
Siy4 cages are nearly regular polyhedra. The isotropic potential
is confirmed by the fact that the Ba atoms sit at the center
of the cages. Pressure application leads to a Ba-Si coupling
and results in a Ba displacement towards Si atoms. This local
symmetry breaking is statically distributed over the different
Si positions. At the mesoscale, this displacement is averaged
and then appears as isotropic when considering several cages.

(2) In the XRD data analysis, the Ba displacements are
not included in the structural refinement as the transition is
apparently isostructural. The Ba positions are considered fixed.
The Debye-Waller factor, which is a free parameter, represents
this incoherent displacement.

A similar situation is also met in type-II clathrate where
XRD indicates that the Na atoms sit at the center of the cages
whereas EXAFS data contradicts this central position [32].
Therefore, from the local point of view (at the scale of the
unit cell), the pressure-induced transition is not isostructural
as the Ba displacement breaks the symmetry. The coincidence
between the volume variation at ~14 GPa and the off-centering
of the Ba atoms would indicate that the microscopic mecha-
nism associated with the so-called volume collapse transition
is the Ba displacement. We propose an analysis based on the
Landau theory of phase transitions to check this assumption.

The choice of the Landau potential is delicate. First, it
has been proposed that the transition is isostructural and of
second-order type [5]. These two features are incompatible
as an isostructural phase transition cannot be second order.
Second, the isostructural character is strongly questioned by
the present results obtained by EXAFS experiments. The
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symmetry-breaking mechanism due to the Ba displacement
in a given cell is averaged on several cells as totally
symmetric.

In a first approach, we will treat the transition as apparently
isostructural, and we will discuss this approximation in a
second step. Isostructural transition can be described in terms
of the Landau theory of phase transitions. In this case, it has
been shown that the potential is [33]

@a, B3 B,

F=Fo+on+n+0, ey
where 7 is the order parameter associated to the transition.
When there is no breaking of the symmetry through the
phase transition, n should transform as the totally symmetric
irreducible representation of the group. The physical quantity
AV /V, appears as a good candidate for a macroscopic order
parameter, as it quantitatively changes through the transition
and it is compatible with the symmetry requirement. This
is similar to the density used as the order parameter for
the liquid-vapor transition, a very well-known isostructural
transition.

Minimization of F leads to two solutions:

(1) n =0, which corresponds to the low-pressure phase
(named hereafter phase I);

1/2

2) n= w, which corresponds to the high-

pressure phase (phase II).

The usual conditions on the different coefficients are B < 0
and B > 0[33]. The requirement on « is that it changes sign at
the transition and the usual simple expression @ = ao(P — P.)
is used, where P¢ is the pressure at which phase I becomes
unstable [34].

By definition, n = 0 in phase I, and one should extract
the physical quantity associated to the transition. Therefore,
taking AV /V; as the order parameter, one should subtract
the evolution related to the simple compression mechanism
unrelated to the phase transition. This treatment gives access
to the spontaneous deformation that appears at the transition
and that is associated with the volume change. In Fig. 7, we
show the pressure-induced evolution of the order parameter,
i.e., AVipontaneous = (AV /Vp) associated to the transition and
obtained by subtracting the value of AV/V, calculated by
the equation of state to the V(P) curve (Fig. 2). The
evolution of this quantity under pressure fits well with the
form of the expression predicted by the theory [a change
of (AV/Vp)uans as a square root of the pressure [34]]
(Fig. 7).

It has to be noted that the jump of the order parameter
expected for a first-order phase transition is hardly detectable
in practice, meaning that B is almost null in the Landau
potential. This leads to the following approximation for
Eq. (1),

~ @ 5 By

Fr~Fot+on"+ 7,
which is the typical potential for a second-order phase
transition. As a consequence, some authors have described
this isostructural phase transition as being second order
and associated with a displacive character. In this latter
case, the expression of the order parameter in phase II is
n= (‘Tf’)l/ 2. Therefore, to model the order parameter behav-
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corresponds to the normalized deviation of the Ba-Ge distance
reduction from linearity [Adeasurea; S€€ Fig. 4(a)].

ior, the assumption on the order of the phase transition does not
change the square root dependency with pressure. Pushing the
analysis further, itis strongly suggested that the transition is not
isostructural, at least in Ge-substituted clathrates. Therefore,
XRD experiments on pure silicon single crystals are now
required to determine the potentially new symmetry of the
high-pressure phase.

Despite this symmetry-breaking mechanism, A Vyontancous
remains apt to characterize the phase transition as a macro-
scopic order parameter.

The second step consists in relating this macroscopic
quantity to a microscopic physical quantity that would describe
the mechanism responsible for the phase transition. From the
analysis of BagSizgGe7, one may reasonably assume that the
off-center displacement of the Ba atoms is directly linked to
the apparently isostructural transition. The process is similar
to the one detailed above. From the data shown in Fig. 4(a),
we extracted a spontaneous displacement of the Ba atoms
[Admeasurea in Fig. 4(a)] by subtracting the pressure-induced
contraction of the Ba-Ge distance (fitted using a linear relation)
to the Ba-Ge distance variation obtained from the EXAFS
analysis.

The two a priori normalized order parameters (macro-
scopic: A Vgpontaneous; MIiCroscopic: Admeasurea) are plotted
together in Fig. 7. They have the same behavior, following
a square root law predicted by the theoretical analysis.

The phase transition is then characterized by a spontaneous
deformation that can be related, at the microscopic level,
to a displacement of the Ba atoms out of the cage centers.
Such a mechanism has already been proposed using ab initio
calculations [15] and is supported by experimental results
[14]. Our analysis does not allow us to determine whether
only one or both Ba atoms (2a and 6d) are implied in this
transition.

The next question addresses the reason for this displace-
ment. It could be related to a change of the potential where a
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second minimum appears. This could result from a change in
the hybridization between Ba and Si atoms, as suggested by
previous EXAFS data at the Ba Lyj; edge. A second scenario is
related to the vacancy creation, as suggested by numerical
simulations [35]. This latter paper indicates that above a
pressure onset, in agreement with the experimental data (P =
15 GPa), BagSiss_, (where typically n &~ 3) becomes more
stable than BagSise. Creating n vacancies in the Si framework
would lead to a softer material, as observed experimentally. In
addition, the disorder generated would explain the broadening
of the Raman spectra [14]. Finally, the anomalies observed
at the Ba Lpj-edge could be explained by an electronic
reorganization due to the creation of dangling bonds associated
with vacancies.

The stabilization of a defective structure is then consistent
with our model, and vacancy creation or a rehybridization
in the nanocages leading to a distortion may be the driving
force of the transition. Any of those phenomena would
result in a symmetry breaking mechanism leading to the Ba
displacement. The statistical distribution of the vacancies or
cage distortions would result in an incoherent Ba displacement.
This interpretation is strengthened by our observations on
BagSioGe7, which contains more germanium atoms in
substitution, as it will be detailed in the following section.

B. BasSingen
1. XRD data

Figure 8 shows a plot of V(P)/V} as a function of pressure
for BagSizoGe ;. Contrary to BagSi3oGe;, no apparent volume
collapse transition can be observed, at least to a pressure of
36 GPa. Within the error bars, no evident structural change
can be detected. This situation is similar to the germanium
clathrate BagGe43, which does not exhibit a pressure-induced
collapse [36].

The analysis of the V(P)/V, data using the second-order
Birch-Murnaghan equation of state model leads to Ky =
75(5) GPa. This value is much lower than the one obtained

5 10 15 20 25 30 35
Pressure (GPa)

0.70
0

FIG. 8. V/V, plot for BagSizoGey; as a function of pressure
(points) along with a third-order Birch-Murnaghan equation of state
fitted to the data with Ky = 107 (5) GPaand K’ = 1.7(2) (solid line).
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for BagSi3gGe; and for pure silicon clathrates. However, the
agreement with the experimental data is poor, especially in
the low-pressure range, and an F-f plot (not shown) suggests
that Ky" would be lower than 4. Using a third-order Birch-
Murnaghan equation of state, we found Ky = 107(5) GPa and
Ky = 1.7(2). Even though the value is difficult to extract,
it is clear that the compression behavior is different from
BagSizoGey, for which Ky’ = 4.0 and Ky = 119(5) GPa.

2. EXAFS data

The EXAFS data were analyzed in a first step considering
only the first coordination shell, i.e., the atoms belonging to the
tetrahedra described on Fig. 1. This step allows us to conclude
that the germanium atoms are grouped by pairs on the 24k sites.
The configuration with a silicon atom adjacent to a germanium
atom is not favored for this composition, in agreement with
our XRD Rietveld analysis and in agreement with the literature
[20].

The model used to fit the EXAFS data takes into account the
first and the second coordination shells around the germanium
atoms. The structural parameters are identical to the ones of
BagSi3oGe; except that no Ge(24k)-Si(24k) configuration has
been considered as Ge(24k)-Ge(24k) is favored.

A selection of EXAFS signals with increasing pressure is
shown in Fig. 9 along with the adjustment obtained using our
model. The pressure evolution of the different fitted parameters
is shown in Fig. 10. Since the first steps up in pressure,
one can notice that the Ba-Ge distance does not change in a
homothetic fashion [Fig. 10(a)]. Even though this behavior can
be interpreted as off-centering displacement of the Ba atoms,
no apparent volume change can be observed. A hypothesis
to explain these observations is that the introduction of Ge
atoms above a critical concentration modifies the potential
experienced by the Ba atoms and breaks the pseudospherical
symmetry, leading to a small off centering of Ba atoms even
at ambient pressure. Such spontaneous off centering of guest
atoms is regularly observed in ternary type-I clathrates [37].
This effect is then enhanced with pressure, leading to a larger
shift of the Ba atoms. The possibility of an initial off centering
of the Ba atoms may be investigated by different techniques
[37], and notably it will be tested by nuclear magnetic
resonance (NMR) [38] when a sufficient sample quantity will
be available. In addition, the absence of pressure-induced
volume collapse in BagGeys [36] raises the question about
a possible off centering in the pure germanium clathrate.

From ambient pressure to ~9—10 GPa, the variation of the
interatomic distances in the tetrahedra (obtained by EXAFS)
evolves in agreement with the cell parameter reduction (ob-
tained by XRD) [Figs. 10(b) and 10(c)]. At about 10-12 GPa,
the Ge-Ge distance variation deviates from the homothetic
model and shows a plateau until 19-20 GPa, where it starts
to decrease again [Fig. 10(b)]. At pressure P ~ 10—12 GPa,
the Ge-Si distance stops decreasing and saturates at a value
slightly below 2.30 A [Fig. 10(c)].

As in the case of BagSizgGey, there exists a geometrical
limit to compression after which tetrahedra start to distort. This
distortion may be the driving force of the pressure-induced
amorphization usually observed at higher pressure when the
mechanical spinodal limit is reached [39]. In the case of
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FIG. 9. The EXAFS at the Ge K-edge at different pressures for
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BagSi3gGey, the distortioon starts WheP the Ge-Si and Ge-Ge
distances reach ~2.22 A and ~2.32 A, respectively (Fig. 4).
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FIG. 10. Atomic distances (as a function of pressure) extracted
from EXAFS analysis compared with the same parameters extracted
from the cell parameters (XRD) and considering a totally isostructural
compression. (a) Ba-Ge distance; (b) Ge-Ge(24k) distance; (c) Ge-
Si(16i) or Ge-Si(6¢) distances.

In BagSiGe;7, the distortion onset is at longer distance.
The distortion starts when the Ge-Si distance is ~2.33 A
and saturates at ~2.30 A (Fig. 10). For the Ge-Ge distance,
the distortion occurs when the distance reaches ~2.45 A, it
is stable during further compression until the transition, and
then it decreases and reaches ~2.37 A at the highest pressure
obtained in this paper.
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EXAFS

XRD

FIG. 11. EXAFS is a local probe. The data analysis shows a
displacement of the Ba atoms out of the center of the cages associated
with a decrease of the Debye-Waller factor. The XRD is an extended
probe and gives access to an averaged structure. The increase of the
Debye-Waller factor is related to the incoherent delocalization of the
Ba atoms from the cage centers.

IV. CONCLUSION

The so-called volume collapse transition has been observed
in many different silicon clathrate compounds. In the present
paper, thanks to the incorporation of a small quantity of
germanium atoms on the silicon network and by means of
x-ray absorption experiments at high pressure, we were able to
deepen our understanding of the local environmental evolution
leading to the pressure-induced phase transition.

The analysis of the XRD patterns and of the x-ray
absorption spectra at the Ge K-edge of BagSizoGe; show
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that the transition observed at high pressure is initiated by
the displacement of guest barium atoms. The driving force
of the transition is discussed. The appearance of vacancies
or local distortions stabilized under pressure would break
the quasispherical symmetry around the Ba atoms leading to
their displacements. The random distribution of such local
defects would explain the isotropic displacement and the
preservation of an apparently cubic symmetry at the length
scale probed by XRD, a technique that relies on long-range
structural coherence. With XRD, only the average structure is
observed with a Ba atom apparently sitting in the center of
the cages but with a more delocalized position indicated by
the increase of the Debye-Waller factor, as usually observed
in Rietveld refinements of XRD data [11]. Such a situation
can be understood on a simplified scheme, shown in Fig. 11.
This suggests that complementary techniques are required to
understand phase transition mechanisms. For instance, Fourier
maps differences from high quality data collected in the
collapsed phase (probably better by neutron diffraction) might
reveal off centering. Determining the off or on centering is
clearly a major issue in type-I clathrates even at ambient
pressure, and many contradictory conclusions are present in
the literature [37].
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