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The type-I clathrate Rbg (5Si4q with partly empty cage sites has been studied up to 36 GPa using Raman
spectroscopy, synchrotron x-ray diffraction in diamond-anvil cells, and ab initio total-energy and lattice-
dynamics calculations. A first phase transition is observed at 131 GPa and a “volume collapse” transition
within the clathrate structure is then observed at 24 =1 GPa. Pressure-induced amorphization into a high-
density amorphous (HDA) state occurs above P=33*=1 GPa. The HDA form transforms into a low-density
amorphous polymorph during decompression. During the compression study using angle dispersive synchro-
tron x-ray diffraction techniques we measured bulk modulus parameters for rocksalt-structured TaO, included
adventitiously in the clathrate sample [K(y=293(3) GPa and K,=5.4(3)].

DOI: 10.1103/PhysRevB.79.184101

I. INTRODUCTION

Since the first syntheses of alkali-doped Si and Ge “semi-
conductor clathrate” phases by the metastable thermal de-
composition of Zintl compounds such as NaSi or NaGe
(Refs. 1-3) or by direct reaction between the elements,* there
has been increasing interest in this unusual family of solid-
state materials.>® Analogous clathrate structures are now
known to occur with group 13-15 elements, halogens, chal-
cogenides, transition-metal atoms substituting for Si or Ge
on framework sites, and various alkali or alkaline-earth at-
oms, halogens, chalcogenides, transition metals, and lan-
thanides occupying “guest” sites.>” The semiconductor
clathrates correspond to open framework structures formed
by assemblage of T, T4, or T,g polyhedral cages, where
T=Si, Ge etc. atoms are in slightly distorted tetrahedral co-
ordination with sp® bonding. The cages are fully or partly
filled with guest atoms. Clathrate materials have received
considerable attention because of their unusual and poten-
tially useful electronic,® optical,’ mechanical,'® and
thermoelectric!! properties or as electron emitters'? between
others. Depending upon the degree of guest atom filling vs
framework site occupancy, they exhibit electrical behavior
ranging from semiconducting to metallic. Between others,
clathrates in the systems (Na;_,Ba,)sSiys and (Ba;_,Sr,)gSise
are superconducting with 7. between 4 and 8 K.!3-'> The
relationship between the electronic and vibrational properties
of the framework vs guest atom sublattices is of particular
interest giving rise to unique thermoelectric behavior.

We will adopt here the basic clathrate structure descrip-
tion based on three clathrate types which map on to struc-
tures formed by the H,O-based clathrate hydrates.'® More
complete classifications have been also proposed to describe
symmetry variations in ternary group-14 clathrates.!” The

type-I clathrate (space group Pm3n) contains two Sis, and
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six Siy, polyhedral cages and it provides a total of eight (two
small and six large) occupancy sites for guest atoms. That
gives rise to compositions such as NagSi,e if all guest sites
are filled or RbgSiyq if only the larger sites are occupied.
These compounds are metallic because of the contribution
from the alkali atom electrons to the conduction band.'

There have been many studies of high-pressure transfor-
mations among the stable and metastable polymorphs of el-
emental Si.'° The diamond-structured polymorph of silicon
transforms into the metallic 8-Sn structured polymorph with
the atoms in distorted octahedral coordination at 10.5 GPa,2°
followed by further transitions into dense metallic phases
with the atoms in higher coordination at higher pressures.”!
A guest-free variety of the type-1I clathrate Sijs¢ has been
prepared that constitutes a low-density allotrope of the ele-
ment and that is metastable relative to the diamond structure
at ambient pressure.>*?? Based on the projected intersection
of free-energy (G) curves, it was initially predicted that Si;s¢
would transform into the -Sn structure at a lowered pres-
sure (P~3—4 GPa) compared to the diamond phase.® How-
ever, that result was not observed experimentally probably
due to kinetic effects associated with Si-Si bond breaking
and a direct transition to the 8-Sn polymorph was observed
at P~8—10 GPa using energy-dispersive synchrotron x-ray
diffraction in a diamond-anvil cell.??* A recent study using
Raman spectroscopy has found that the situation is more
complex and that at least one intermediate metastable phase
is formed during the compression and collapse of the clath-
rate structure.?’

Several studies have addressed the high-pressure behavior
of clathrates with filled guest cages. NagSiyq apparently un-
dergoes pressure-induced decomposition above P=14 GPa,
where characteristic peaks of the metallic hexagonal struc-
ture of Si begin to appear in the x-ray diffraction pattern.>2°
However, type-I clathrates with larger guest atoms

©2009 The American Physical Society
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[Kgsi46,27’28 BaSSi46,29’30 and Igsi4412 (Refs. 5 and 31)] €X-
hibit an unusual “volume collapse” transition in this pressure
range while apparently retaining the same cubic clathrate
crystal structure, followed by pressure-induced amorphiza-
tion at higher pressure. That behavior and its dependence on
the cage site occupancy are not well understood.

The clathrate compound Rbg 15Si4 is a particularly inter-
esting case for study because the six Si,, cages are filled with
the large Rb guest atoms (occupancy=0.952), but the occu-
pancy of the smaller Siy, cages is substantially smaller than
unity (occupancy=0.218).% It therefore constitutes a useful
case to examine the different roles played by filling the two
types of nanocages in determining the stability, mechanical
properties, and pressure behavior of type-I clathrates. Here
we use a combination of experimental (synchrotron angle-
dispersive x-ray diffraction and Raman scattering) and ab
initio calculation approaches to study the high-pressure be-
havior of the type-I clathrate Rbg |5Sis.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

The synthesis and characterization of Rbg 15Sis were de-
scribed previously and here we used samples obtained from
that study.’ The Rbg ;sSiss Was synthesized from mixtures of
elemental Rb and Si at 666 °C in a Ta capsule and sealed
inside a steel bomb for 24 h. Excess alkali was removed
from the silicide by evaporation at 250 °C under a vacuum
of ~107> Torr. The silicon clathrate sample was then ob-
tained by evaporating the alkali atoms between 425 and
475 °C at a pressure of ~107® Torr. Prior to carrying out
high-pressure experiments, the sample was stored in a glove
box (<10 ppm O,/H,0) at room temperature. Aliquots
were removed from the sample for loading into diamond-
anvil cells or to be carried to the synchrotron.

High-pressure in situ synchrotron x-ray diffraction experi-
ments were carried out using a He gas membrane-driven
diamond-anvil cell with diamonds having a culet size of
350 wm. Samples were loaded using nitrogen as a pressure-
transmitting medium and the pressures were determined us-
ing the ruby fluorescence method.?? Pressure was increased
by steps of 1-2 GPa and the system was left to equilibrate
for 15-30 min at each pressure.

Synchrotron radiation measurements were performed at
the European Synchrotron Radiation Facility (ID9A) via
angle-dispersive diffraction techniques using monochromatic
radiation (A=0.412475 A). Diffraction patterns were col-
lected using image plate detection. The sample-to-detector
distance and the image plate orientation angles were cali-
brated using a crystalline Si standard. The two-dimensional
diffraction images were analyzed using the FIT2D software,
yielding one-dimensional intensity vs diffraction angle 26
patterns.??

High-pressure Raman-scattering experiments were carried
out using a cylindrical diamond-anvil cell with low-
fluorescence diamonds having a culet size of 200 wm. Pure
polycrystalline Rbg ;5Sis was loaded into a 90 wm hole
drilled in a Re gasket. The pressure-transmitting medium ar-
gon was cryogenically loaded as a fluid into the cell and used
as a nearly hydrostatic medium during pressurization experi-
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ments. Several ruby chips were distributed throughout the
sample chamber and the pressures were determined using the
ruby fluorescence method.’?> A nonhydrostatic pressurization
experiment was also carried out without any pressure-
transmitting medium using the same experimental configura-
tion.

Raman spectra were obtained using a home-built high-
throughput optical system based on Kaiser optical notch fil-
ters and an Acton 300i spectrograph with sensitive charge
coupled device (CCD) detection.?* Spectra were excited us-
ing 514.5 nm radiation from an air-cooled Ar* laser. The
beam was focused on to the sample using a Mitutoyo 50X
objective with beam diameter ~2 um at the sample. The
backscattered light was collected using the same lens.

Total energy and lattice dynamics calculations were car-
ried out within the framework of density-functional theory
(DFT) (Ref. 35) and the pseudopotential method using the
Vienna ab initio simulation package (VASP) of which a de-
tailed description of the methodology can be found in Ref.
36 and references therein. The exchange and correlation en-
ergies were initially formulated within the generalized gradi-
ent  approximation  (GGA)  according to  the
Perdew-Burke-Ernzerhof*”  (PBE)  prescription.  The
projector-augmented wave (PAW) scheme®® was adopted and
the semicore 4s electrons of Rb were dealt with explicitly in
the calculations. The set of plane waves used extended up to
a kinetic-energy cutoff of 350 eV. This cutoff was required to
treat the atoms within the PAW scheme to ensure highly
converged results. The Monkhorst-Pack®® grid used for
Brillouin-zone integrations ensured highly converged results
(to about 1 meV per formula unit). We tested different
meshes for the Rb,Si g analyzed structures. At each selected
volume, the structures were fully relaxed to their equilibrium
configuration through the calculation of the forces on atoms
and the stress tensor (see Ref. 40). In the relaxed equilibrium
configuration, the forces are less than 0.002 eV/A and the
deviation of the stress tensor from a diagonal hydrostatic
form is less than 1 kbar (0.1 GPa). The highly converged
results for the forces are required for the calculation of the
dynamical matrix using the direct force-constant approach
(or supercell method).*! The construction of the dynamical
matrix at the I' point is particularly simple and involves
separate calculations of the forces in which a fixed displace-
ment from the equilibrium configuration of the atoms within
the primitive unit cell is considered. Symmetry aids in the
computations by reducing the number of such independent
distortions and the amount of computational effort required.
Diagonalization of the dynamical matrix provides both the
frequencies of the normal modes and their polarization vec-
tors. It allows us to identify the irreducible representation
and the character of the phonon modes at the zone center.

III. RESULTS
A. X-ray diffraction

The x-ray diffraction pattern of the Rbg 5Siye clathrate
compound at ambient pressure is shown in Fig. 1. The main
peaks can be assigned and indexed unambiguously as the

clathrate type-I structure (space group: Pm3n, No. 223). Us-
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FIG. 1. (Color online) X-ray diffraction pattern including Ri-
etveld refinement of the sample at room pressure in the diamond-
anvil cell. Three phases are present: the type-I clathrate Rbg ;5Si4q
(Pm3n), the € phase of TaN (P62m), and TaO with rocksalt struc-
ture (Fm3m).

ing Rietveld refinement, the cell parameter was 10.286(1) A
and the occupancy of the Si,, cages by Rb atoms was found
to be 24%, in agreement with the previous determination.’
However, we also observed a series of additional peaks in
our diffraction pattern that were due to small amounts of (a)
e-TaN [space group: P6-2m, No. 189 with cell parameters
a=5.1938(2) A and ¢=2.9101(2) A (Ref. 42)] and (b) TaO
with the rocksalt structure [space group: Fm-3m, No. 225
with cell parameter a=4.4484(2) A]. These impurity phases
were introduced adventitiously during grinding the samples
for synchrotron diffraction experiments in the diamond-anvil
cell: the agate mortar had previously been used to grind
samples of the ultrahard material e-TaN: some grains re-
mained embedded in the mortar and partly oxidized in air to
give TaO; both phases were then transferred into our clath-
rate sample. From Rietveld analysis we estimate the e-TaN
and TaO concentrations in mass as 5.8(2)% and 8.4(2)%,
respectively. The presence of these phases in our sample did
not affect the interpretation of the synchrotron x-ray results
on the Rbg 5Siye clathrate sample: in fact, they provided a
useful internal standard for the analysis of linewidths and
relative intensities of clathrate features in our high-pressure
x-ray diffraction measurements. In addition, our data allowed
us to obtain a value for the compressibility of TaO.

In Fig. 2 we show selected diffraction patterns as a func-
tion of pressure. The TaN and TaO peaks are marked. The
unit-cell parameters for all three phases were obtained at
each pressure by LeBail refinements using the FULLPROF
software,* allowing us to determine relative volume V/V,
values. A plot of V/V,, as a function of pressure for Rbg 15Sisg
is shown in Fig. 3 using 32 peaks for Rbg ;5Si44 to carry out
the global LeBail refinement. A change in slope is clearly
observed at 24 =1 GPa marking the presence of a “volume
collapse” transition as previously observed for K-, Ba-, and
I-containing clathrates.>?’3! As noted for the other clath-
rates, there are no obvious changes in the number or relative
intensities of peaks in the x-ray diffraction pattern and none
of the peaks exhibit any splitting, so it is proposed that the
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FIG. 2. (Color online) Selected x-ray diffraction patterns with
increasing pressure. The peaks due to the e-TaN phase and TaO are
identified with asterisks and open circles, respectively. At pressure
higher than 33 GPa the diffraction peaks from the clathrate
Rbg 155146 disappear and are replaced by a broad amorphous signal
indicating the occurrence of pressure-induced amorphization. The
additional peaks are due to crystalline TaN and TaO. An estimated
background line is drawn to show the likely amorphous contribu-
tion to the x-ray scattering at high pressure. Inset: intensity ratio
between the (320) clathrate peak and the (200) TaO peak used as a
standard. A small decrease of this ratio is observed between ambient
pressure and 10 GPa followed by a sudden decrease of the
Rbg 155146 peak intensity with a complete disappearance by 33 GPa
that indicates amorphization of the clathrate structure.

transition is “homothetic” or isostructural. At 29 =1 GPa, an
abrupt decrease in intensity of the Rbg 5Siyq Bragg peaks is
observed, relative to the TaO features that provide a useful
internal intensity standard (Fig. 2 inset). By 33+ 1 GPa, the
clathrate peaks have completely disappeared and are re-
placed by a broad amorphous scattering feature, indicating
that pressure-induced amorphization has occurred (Fig. 2).
There is no evidence for the appearance of any high-pressure
metallic Si or Rb phases so we conclude that the amorphous
material has Rbg |5Sis composition.

X-ray diffraction patterns obtained during decompression
are shown in Fig. 4. There is no evidence for recrystallization
and an amorphous form of Rbg ;5Si4g is recovered to approxi-
mately ambient pressure. During decompression, the main
amorphous diffraction feature shifts approximately linearly
to lower 26 values (i.e., larger d spacing). We could not carry
out any more detailed analysis of the amorphous scattering
as done in Ref. 44 because of the scattering contribution of
the N, pressurization medium, the presence of strong Bragg
diffraction from the TaN/TaO impurity/standards, and the
lack of proper background pattern recorded during the ex-
periment.

The V/V, data for Rbg5Si4s upon compression in the
low-pressure range 0.1-24 GPa were initially fitted using a
third-order Birch-Murnaghan equation of state model to ob-
tain the bulk modulus K and its pressure derivative K, for
the clathrate phase. The values obtained by this procedure
were K,=59(1) GPa and K,=7.2(2), respectively. Fre-
quently, few details of the fitting procedure are given and the
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FIG. 3. (a) V/V, plot for Rbg5Sis as a function of pressure
(points) along with a third-order Birch-Murnaghan equation of state
fitted to the data with K,=61.4(7) GPa and K;=6.7(2) (solid line).
The K, and K, values were obtained from a reduced variable (F-f)
plot. (b) Plot of the normalized pressure (F) as a function of the
Eulerian strain variable (f) for Rbg ;5Sise.

value of K(’J assumed or fitted is not quoted. Because V(P)
constitutes a nonlinear relation, it is not always easy to de-
sign a goodness of fit criterion and to choose the best set of
Ko, K|, and V,, parameters. The alternative fitting procedure
used here involves transformation of the V(P) data to the
normalized or reduced stress-strain variables F and f (Fig.
5).*> The Eulerian strain parameter (f) and the normalized
pressure F are defined by

-2/3
0 R

F=P[3f(1+2/)>]". (2)
This formalism yields the second-order finite strain equation

F=K[1-1.54-K)f]. 3)
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FIG. 4. Selected x-ray diffraction patterns during decompres-
sion. The broad feature under the crystalline peaks of TaN and TaO
are due to the amorphous Rb-Si alloy obtained at pressure higher
than 33 GPa. Dashed lines and solid lines are guides for the eyes,
emphasizing the background and the amorphous halo, respectively.

We can then conduct a linear fit to the resulting F-f plot.
In that case, well accepted goodness of fit criteria can be
applied to the linear fit and likely vs unlikely ranges of val-
ues for K|, can be readily tested against the data within its
error bars. K, and K|, were then obtained as the intercept as
f—0 and the slope of the F-f plot, respectively. This proce-
dure yielded final values of Ky=61.4(7) GPa and K|
=6.7(2) for a measured V,=1088.4 A3,

We also took the opportunity to determine K, and K, for
TaO that has not yet been reported in the literature. Using an
F-f plot, the values K,=293(3) GPa and K;=5.4(3) were
obtained for a measured V,, of 88.0(2) A3.

The presence of e-TaN and TaO as internal standards pre-
sents within the sample, neither of which undergo any phase
transitions throughout the pressure range studied, permitted
us to make a more detailed analysis of the x-ray diffraction
peak widths and intensities of Rbg5Si4 clathrate during
pressurization, as well as discriminating between changes in-
trinsic to the clathrate structure and possible effects due to
the sample environment. The three most intense Bragg peaks
of Rbyg 15Sise [(222), (320), and (321)] are situated at 26 val-
ues of 7.96°(1), 8.29°(1), and 8.60° (1), respectively, at am-
bient pressure. The shape of each peak was fitted using a
pseudo-Voigt function. In Fig. 5(a) we show the changes in d
spacings of these peaks between 0-20 GPa. The slopes can
be fitted as two linear regimes with an apparent change of
slope at P~ 13 GPa. At first glance, one could argue that
this is not surprising as a nonlinear variation of the d spac-
ings with pressure is expected. However, carrying out a re-
duced variable F-f analysis for the three reveals a possible
discontinuity at P~ 13 GPa that is reflected in the behavior
of the (320) and (321) reflections [Figs. 5(c) and 5(d)]. That
result is corroborated by the Raman-scattering data presented
below that reveal a change in the spectra occurring at this
pressure. We then compare the width of the clathrate peaks
normalized to that of the most intense peak of TaO (Fig. 6).
There is an initial broadening of the clathrate peaks with
initial pressurization (that cannot be due to any nonhydro-
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FIG. 5. (a) Change in d spacing for (320), (321), and (222) clathrate reflections with increasing pressure. Two regimes are distinguished
with a transition occurring at around 13 GPa. (b) Linearized F-f plot based on the data obtained for the (222) peak. (c) F-f plot from the

(320) peak data. (d) F-f from the (321) peak data.

static conditions developing within the sample) up to P
~12 GPa. Then there is a dramatic increase in the peak
width for all three reflections, peaking at P~ 13 GPa, before
returning to the width obtained just before the transition.
This significant broadening around 12—13 GPa may be due to
the coexistence of two phases with very close cell param-
eters. This coexistence would exist on a narrow pressure
range, either because of the first-order character of the tran-
sition or due to the pressure gradient in the volume probed
by the x-ray beam. Further pressurization results in a slight
decrease in peak width for the (222) and (321) reflections, up
to the point of amorphization (P~30 GPa). It is interesting
that the “volume collapse” transition observed in the V(P)
plot at P~24 GPa is not accompanied by any observable
change in the peak widths of the principal clathrate reflec-
tions calibrated using this method. Based on the linewidth
observations and also the Raman spectroscopy results de-
scribed below, we suggest that some structural transforma-
tion occurs within the Rbg 5Sise clathrate structure at P
~ 13 GPa. These detailed changes are not readily visible on
the V/V, plot (Fig. 4). However, they represent a sudden
change to some dy; values for the clathrate that are not ob-
viously expressed in all of the reflections. We have carried
out a detailed examination of the stress-strain relations in the
clathrate using F-f relations, first for the three principal re-
flections then for all 32 peaks used in the global Le Bail
refinement, and we can detect a significant change in slope at

the transition point (Fig. 5). We have fitted the F-f relations
below and above the transition with two linear regions to
estimate K, and K, (Table I). We find that the transition at 13
GPa is associated with a slight (7.5%) decrease in K, and a
20% increase in K(’); i.e., the clathrate structural modification
above the transition range is mechanically “softened” in that
it is more compressible and its compressibility changes more
rapidly with pressure.

At pressures above the volume collapse (P>24 GPa),
data were analyzed using a third-order Birch-Murnaghan
equation of state. The fitted values obtained are V|,
=1241(80) A3, K,=48(18), and K}=2.8(5).

In conclusion, our angle-dispersive synchrotron x-ray dif-
fraction studies and subsequent analysis of the data indicate
that Rbg 5Siye undergoes two phase transformations at P
~13 GPa and P=24*1 GPa. Both are apparently isostruc-
tural transformations in the sense that no additional reflec-
tions or peak splittings are observed to indicate a deviation

from the Pm3m cubic clathrate structure. However, a slight
distortion of the cubic structure cannot be discarded. The
different pressure behaviors of the (222), (320), and (321) d
spacings observed in Fig. 5 are not expected to occur in a
strictly cubic structure. The first “transition” at ~13 GPa is
associated with a marked broadening in the principal (222),
(320), and (321) reflections over a narrow pressure range and
it corresponds to an abrupt change in the K and K|, values of
the clathrate crystal. The second transition is associated with
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FIG. 6. TaO is used as an internal standard to estimate intrinsic broadening of the clathrate peak. Ratio of the width of selected Rbg 15Sis6
reflections with respect to the width of the TaO (222) peak: (a) Rbg ;5Sise (320), (b) Rbg 5Sise (222), and (c) Rbg 15Sise (321).

an abrupt change to a more negative slope in the V(P) rela-
tion and it seems to correspond to the “volume collapse”
transition previously described for KgSiys, BagSise, and
ISiz4l, clathrates.’

Finally, pressure-induced amorphization (PIA) occurs at
33+ 1 GPa, when the V/V, value has attained ~0.77 (i.e.,
V~838 A%). The sample does not show evidence of crystal-
lization into any of the stable or metastable high-pressure
phases of Si (or to produce elemental Rb) at high pressure
following PIA or during decompression to ambient condi-

TABLE 1. K, and K, values obtained from a reduced variable
(F-f) plot analysis for the (222), (320), and (321) reflections and
from the global LeBail refinement of lattice parameters and unit-
cell volume. Two regimes were considered: the low-pressure regime
up to 13 GPa and the high-pressure regime from 13 to 24 GPa.

Low pressure (0-13 GPa) High pressure (13-24 GPa)

K, K} K, K}
(GPa) (GPa) (GPa) (GPa)
(222) 61.4(6) 6.5(6) 60.3(8) 6.9(4)
(320) 63.8(5) 5.8(6) 56.5(9) 8.0(5)
(321) 64.7(3) 5.7(3) 60.0(6) 7.1(3)
Global 64.0(9) 5.709) 60(1) 7.0(7)

tions (Fig. 3). We could not carry out any quantitative analy-
sis of the amorphous x-ray diffraction patterns, but the main
amorphous diffraction feature was observed to shift to lower
20 values as the pressure was released. We investigated the
detailed behavior of the amorphous Rbyg ;5514 material pro-
duced via PIA during decompression using Raman spectros-
copy, described in Sec. III B.

B. Raman spectroscopy

The expected Raman-active modes for the clathrate type-I
structure are predicted using symmetry analysis. 54 atoms
located within the primitive unit cell corresponding to space
group Pm3n (i.e., OZ) give rise to 162 zone-center (k=0)
vibrational modes. Those that are predicted to be Raman
active are

FRaman = 3A1g + 8Eg + 9T2g.

Two Raman-active modes of symmetry E, and T, are ex-
pected to occur at low frequency (<200 cm™'), mainly in-
volving the encapsulated Rb atoms in the large (6d) guest
sites.*=4 These modes are uncoupled from the framework
vibrations and they are thought to play an important role in
determining the anomalously low lattice thermal conductiv-
ity of the clathrate structures.’>>! The remaining modes are
associated with Si-Si stretching and bending vibrations of the
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FIG. 7. Raman spectrum of Rbg ;5Siss measured at 1 atm and
room temperature.

clathrate framework. The Raman spectrum at ambient condi-
tions (Fig. 7) is in good agreement with those previously
reported for analogous type-I clathrates (i.e., KgSisg and
BagSiyg).2® Usually, most of Raman bands are broad. In some
cases, these broad bands may contain unresolved Raman
lines and less Raman bands than expected are observed. In
the case of Rbg 155146, Our experimentally accessible spectral
range is situated above 120 cm™' and all the observed modes
are assumed to be related to the Si framework. Using the
calculated frequency by ab initio simulations as a starting
model for the Lorentzian line-shape analysis, we obtained a
good agreement (within 5%) with the calculations (Table II).

PHYSICAL REVIEW B 79, 184101 (2009)

The Raman spectrum recorded by Fang et al.*’ for the
fully filled clathrate NagSiyg is quite different from the spec-
trum for Rbg 5514 at ambient pressure. The sharp low-
frequency peaks all occur at lower wave number (
<150 cm™!) and the strong massif near 370 cm™! is absent.
It is not yet clear why this is the case. The Raman spectrum
of BagSiyg clathrate obtained at ambient pressure is generally
similar to those of KgSiyq and Rbg ;5Si46, but with most of the
modes shifted to lower wave number. The linewidths and
relative intensities of the Raman modes observed for the me-
tallic type-I clathrates are obviously affected by electron-
phonon coupling and also by the presence of guest site va-
cancies (or other crystal defects) that may eliminate k=0
selection rules.*” The high-frequency modes due to Si-Si
stretching along with some deformation vibrations of the
clathrate framework are generally broadened compared to
the low-frequency modes that are mainly associated with
guest atom vibrations. We do not yet have a precise under-
standing of the factors governing the line shape, width, and
relative Raman intensities of high- vs low-frequency modes
in these semiconductor/metallic clathrate compounds and
their relationship to order/disorder phenomena among the
framework and guest atom sites and details of the electronic
structure.

1. Quasihydrostatic compression

During the first series of Raman experiments, argon was
used as the pressure-transmitting medium to provide a quasi-
hydrostatic compression. Figure 8 shows Raman spectra of

TABLE II. Experimental and calculated zone-center Raman peak positions and their pressure derivative
for Rbg 15Sis6. The experimentally accessible spectral range is situated above 120 cm™!. Some peaks could

not be determined under high-pressure conditions.

Mode symmetry Frequency (calculated) Frequency (measured) (Jv/dP) (calculated) (Jv/dP) (measured)

Ty, 72.5 Not accessible 1.7 Not accessible
E, 89.6 Not accessible 2.3 Not accessible
Ty, 122.7 126.0 0.9 0.3(1)

E, 138.0 141.3 2.3 0.4(1)

T, 155.7 164.4 -0.2 —-0.9(1)

Ty, 178.7 186.3 -1.0 -1.2(1)

E, 203.9 207.2 3.8 Not determined
E, 259.1 268.0 6.1 Not determined
Ty, 286.4 294.9 5.5 3.1(4)

Ajg 314.7 320.7 5.2 3.7(5)

E, 333.1 337.2 10.0 12(2)

Ajg 344.3 353.7 11.7 Not determined
E, 369.2 361.1 8.5 Not determined
Ty, 374.8 371.6 7.3 Not determined
E, 393.8 384.5 8.3 Not determined
E, 399.9 398.3 7.5 Not determined
Ty, 403.9 413.3 6.6 Not determined
T, 415.9 431.7 7.3 5.4(2)

Al 423.6 434.3 7.9 4.7(2)

T, 438.5 457.7 6.2 Not determined
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FIG. 8. Raman spectra of Rbg5Si4¢ during quasihydrostatic
compression (using argon as pressure-transmitting medium).

Rbg 155146 at selected pressures up to 36 GPa and the pressure
dependencies of the Raman frequencies are shown in Fig. 9.
During the compression experiments, only nine Raman
peaks observed at ambient pressure could be significantly
followed.

Between ambient pressure and 9.2 GPa, all the high-
frequency peaks (>300 cm™') shift to higher wave number
with increasing pressure. However, the most intense Raman
mode initially at 186 cm™ shifts to lower frequency, as does
the weak shoulder at 164 cm™', indicating some softening of
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FIG. 9. Raman frequencies of Rbg 155144 plotted as a function of
pressure (for quasihydrostatic compression). Lines are drawn as vi-
sual aids. Open symbols: Raman frequency of the most intense peak
under nonhydrostatic compression.
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these vibrational modes The other low-frequency modes
stiffen slightly with pressure, but much less that the high-
frequency vibrations. Similar observations were made for
BagSiye and KgSiyg type-I clathrates.”®?° Kume et al.?® noted
an analogy with softening in low-lying TA modes at the
Brillouin-zone boundary in diamond-structured Si that may
be related to the clathrate behavior and could be intrinsic to
the sp3-bonded tetrahedral lattice. Our ab initio simulations
reproduced this behavior in excellent agreement with the ex-
perimental results (Table II).

The appearance of the Raman spectrum is affected signifi-
cantly by increasing pressure. Important changes in the entire
spectrum are observed starting from 9.2 GPa but some of the
initial peaks can be followed to 13.0-15.2 GPa but already
show a strong attenuation above 9.2 GPa. Examining of the
dv/dP pressure variation of modes and their appearance and
disappearance, it seems that a likely phase transformation
occurs near 13 GPa, at the same pressure at which an anoma-
lous broadening in certain x-ray reflections and a mechanical
softening of the clathrate lattice are observed. By 18 GPa, an
entirely new Raman spectrum is recorded, indicating that a
change in the clathrate structural parameters affecting the
Raman selection rules has occurred. The soft mode initially
at 186 cm™! disappeared and others peaks are replaced by
broad bands.

As the pressure is increased, a new peak maximum is
identified on the low-frequency shoulder (at ~133 cm™)
that has a negative dv/dP dependence (Fig. 9). The high-
frequency band (~505 cm™!) exhibits a new peak at lower
wave number for P> 18 GPa (Fig. 8). These changes in the
Si-Si stretching vibrations indicate changes in the clathrate
crystal structure and the Raman selection rules occurring in
the 18-23 GPa range that are associated with the “volume
collapse transition” observed in the V(P) relations derived
from the synchrotron x-ray diffraction results.

The crystalline peaks are readily observed in the Raman
spectrum up to P~23 GPa and they can hardly be distin-
guished at P=27.3 GPa (Fig. 8) after the volume collapse
according to x-ray diffraction results. Above 31 GPa, the
Raman spectrum contains only two very broad and weak
bands at ~450 and ~160 cm™' that indicate an amorphous
structure. This is correlated with the pressure-induced amor-
phization event indicated by the x-ray diffraction results
(Fig. 2).

The amorphous Rbyg ;5546 Raman spectrum obtained at
36.0 GPa using argon as a pressure-transmitting medium
(Fig. 8) closely resembles that of the high-density (HDA)
metallic amorphous form of elemental Si that has atoms in
high (fivefold, sixfold) coordination. In amorphous HDA Si,
the spectra consist on a single broad feature between 200 and
700 cm™', with maximum near 400 c¢cm™'. This is similar to
the envelope of bands in the vibrational density of states
(VDOS) calculated for crystalline silicon with the S-Sn
structure at high pressure and presumably other high-density
polymorphs.3?3 Our results suggest that pressure destabili-
zation of the Rbg ;5Siys clathrate, following the volume col-
lapse transition within the clathrate structure, results in for-
mation of a high-density amorphous material with highly
coordinated Si atoms that could be structurally related to the
HDA form of elemental a-Si. During decompression, the
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FIG. 10. Raman spectra of Rbg ;5Siyq during decompression af-
ter quasihydrostatic compression to 36 GPa.

amorphous spectrum changes markedly below 8.7 GPa, with
the emergence of a broad feature in the Si-Si stretching re-
gion at higher wave number (~460 c¢cm-—1) that is more in-
tense than the previous band of the high-density amorphous
form (Fig. 10). The spectrum obtained at ambient conditions
resembles that of the tetrahedrally coordinated semiconduct-
ing low-density amorphous (LDA) polyamorph of a-Si
dominated by the tetrahedral Si-Si stretching vibration at
450 cm™' and a weaker angle-bending mode at around
300 cm™'. These features reflect a broadened version of the
VDOS of the crystalline semiconductor.>® Our results indi-
cate that the HDA form of Rbg ;5Siy6 produced by PIA from
the clathrate has undergone a back transformation into an
LDA polyamorphic form during decompression, analogous
to the behavior of HDA a-Si produced by PIA from nano-
crystalline porous-Si or from a-Si samples.’?>3

2. Nonhydrostatic compression

It is known that nonhydrostatic stresses can affect the na-
ture and pressure range of crystalline phase transitions or
favor pressure-induced amorphization.>*>> We submitted
Rbg 155146 to a highly nonhydrostatic stress regime by
squeezing it without any pressure-transmitting medium. Fig-
ure 11 shows the Raman spectra obtained with increasing
pressure up to 16.7 GPa. The Raman results during compres-
sion were comparable to those observed during the hydro-
static compression experiment (Figs. 8 and 11). We observed
an expected broadening of the Raman modes (particularly
between 250 and 450 cm™!). However, the spectrum at 10.5
GPa under nonhydrostatic pressure (Fig. 11) is similar to that
obtained at 9.2 GPa during hydrostatic compression (Fig. 8).
The pressure dependence of the most intense peak (at
186 cm™' at ambient pressure) is identical in both cases (Fig.
9). A gradual disappearance of the Raman lines characteristic
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FIG. 11. Raman spectra of Rbg 5Si4s during a nonhydrostatic
compression (no pressure-transmitting medium) to 16.7 GPa. Aster-
isk shows the initially most intense peak at around 190 cm™'.

of the low-pressure phase is observed between 11.6 and 15.1
GPa. The spectrum obtained at 16.7 GPa, the highest pres-
sure achieved in that run and that lies lower than the pressure
of amorphization, is similar to that obtained during hydro-
static compression at the same pressure. On decompression,
we observed a gradual crystal-crystal transformation (Fig.
12). The low-pressure spectra can be interpreted as a super-
position of the high-pressure polymorph and the initial low-
pressure spectrum, indicating that the crystal structure
changes occurring in the 13-18 GPa pressure range could
correspond to a first-order phase transition because both
phases appear to coexist in the decompressed sample.

IV. DISCUSSION

Our data for the bulk modulus of Rbg 5Siye allow us to
further examine the systematics of volume compressibility
among Si-framework clathrate-I phases.’ One of the striking
results of our study is that our value of K, for RbgSiyq
[61.4(7) GPa] appears to be much smaller than those re-
ported previously for KgSiss (865 GPa), BagSiyg
(935 GPa), IgSiyl, (95+5 GPa), or for (94 GPa) or the
hypothetical empty cage clathrate Siyg (87-88 GPa) studied
theoretically.’~%>7 We must first examine whether the large
apparent difference in bulk modulus values recorded for the
different clathrates reflect real differences in the elastic be-
havior or if they are due to the details of the various experi-
ments and fitting procedures used to obtain K, from the ex-
perimental or theoretical V(P) data. In all of the previous
studies, the nonlinear V(P) relation was fit directly using a
Murnaghan or Birch-Murnaghan equation of state with K
fixed at 3.6. A detailed analysis based on our data rules this
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FIG. 12. Raman spectra of Rbg 5Si4¢ during decompression af-
ter nonhydrostatic compression to 16.7 GPa. Asterisk shows the
initially most intense peak of the clathrate structure at around
190 cm™".

out as a viable possibility. If we had fixed K, at 3.6 in our
present study of Rbyg 155144 clathrate, we would have obtained
Ky=78(1) GPa, in better apparent agreement with the bulk
modulus values reported in previous studies on other type-I
clathrates. However, only larger values of K gave a satisfac-
tory fit to our data; this is especially apparent from consid-
ering the linearized F-f plot (Fig. 5; Table I). Recent
neutron-diffraction results obtained on BagSiys compressed
with an ethanol-methanol mixture gave K,=67(2) GPa and
K;=8(1),% in close agreement with our values for Rby ;5Sis.
ADb initio simulations on BagSiyg carried out in the present
study predict Ky=77 GPa and Kj=4.2 (Table III). Thus, it
appears that K, and K, are highly sensitive to the hydrosta-
ticity conditions. Our conclusion is that the compressibility
of Rbyg 155144 is larger than BagSiyg or other fully filled clath-

TABLE III. Systematic changes in cell parameter a,, the bulk
modulus (Kj), and its pressure derivative (K)) with the progressive
filling of the nanocages (x=0, 2, 6, and 8) in the type-1 clathrate
structure obtained from ab initio calculations.

ag Ko K,
Siye 10.2296 76.055 4.0886
Ba,Siyg 10.2781 77.59 4.0516
BagSiyg 10.3092 77.59 4.4531
BagSiyg 10.395 76.813 4.2288
Rb,Siyg 10.28 76.185 3.9799
RbgSisg 10.3335 74554 41928
RbgSis 10.4148 69.341 4.6828
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FIG. 13. Ab initio calculated systematic changes in the bulk
modulus (K;) and its pressure derivative (K;) as a function of the
cell parameter a, with progressive filling of the nanocages (x=0, 2,
6, and 8) in the type-I clathrate structure. In Ba,Sig, the effect on
Ky and K| is negligible. In Rb,Siys, as soon as the smaller Siy,
cages begin to be filled the structure begins to become mechanically
weaker.

rates, but to a lesser extent than originally thought by an
analysis of the data existing in the literature. We used ab
initio methods to calculate the cell parameter, the bulk modu-
lus Ky, and its derivative K|, for Ba,Siss and Rb,Siys with
varying metal cage site occupancies of x=0, 2, 6, and 8. The
results are summarized in Table III and Fig. 13. Filling the
cages with guest atoms increases the cell parameter by up to
1.6% and 1.8% for BagSisq and RbgSiye, respectively. The
mechanical properties are not strongly affected (less than
2-3 %) by cage occupancy except when the small Si,, cages
start to be filled with Rb atoms. The filling of all the Si,,
cages leads to a decrease of K, by 10% and an increase of K
by 15%. These results clearly show that the presence of Rb
atoms in the Si,, cages deteriorates the mechanical properties
of the clathrate. Therefore, the fact that 24% of the Si,, cages
are filled with Rb atoms in the sample studied here is cer-
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tainly the reason why the bulk modulus is slightly lower than
the values recorded for other type-I clathrates.

The analysis of individual peaks in the x-ray diffraction
patterns and Raman spectra indicate a phase transition occur-
ring at around 13 GPa. As it is shown in Fig. 2, in phase 1
(between ambient P and ~12 GPa), a progressive reduction
of the intensity of these peaks is observed (Fig. 2 inset).
These changes could be interpreted as a progressive intro-
duction of disorder into the structure. Disorder due to guest
atom displacement with respect to the center of the nano-
cages has in fact been observed to accompany Na intercala-
tion in clathrates at room pressure.”® Nevertheless, it has
been shown that such off-center guest displacement is not
compatible with large guest atoms such as Rb.%° Disordering
associated with compression of phase 1 should then involve
the Si framework. Such distortion of the nanocage frame-
work would be compatible with a loose on the cohesive en-
ergy and hence with a lowered value of K, observed at the
transition

Raman spectroscopy is a local probe with a short coher-
ence length and is more sensitive to static disorder than x-ray
diffraction as illustrated in relaxor materials for instance.®!
At pressure above 13 GPa, the Raman spectra show only
broad features. This suggests that a disordered displacement
of Si atoms without change of their average position (ac-
counted by x-ray diffraction) induces a relaxation of the Ra-
man selection rules. The nature of this transition and the
induced distortion requires more studies to understand its
role on the volume collapse.

Our data on the V(P) relations in Rbg 5S4 clathrate show
that a homothetic “volume collapse” transition occurs at 24
GPa, analogous to those previously observed for the type-I
clathrates BagSiys, KgSise, and I4Sigl,, but not for
NagSiye.>?’3! These anomalies in the V(P) relations most
likely correspond to an unusual type of symmetry-conserving
phase transition.> Various explanations for the transition have
been proposed, including the presence of electronic3®®? or
phonon instabilities,?® or possibly vacancy formation on the
framework silicon sublattice.®* X-ray absorption studies on
BagSisg show a discontinuity in the Ba K-edge position that
could indicate a change in electronic structure at the
transition.?® Tse et al.?’ suggested an interpretation in which
entire phonon branches associated with K guest atom dis-
placements become unstable in KgSiyg at the transition pres-
sure, resulting in positionally disordered form of the clath-
rate. Itaka has recently proposed a model in which vacancies
could occur on silicon framework sites to yield a defective
clathrate BagSiy3, analogous to the family of isomorphous
E3Gey; (E: electropositive element) materials in which where
there are always Ge vacancies.®® However, recent accurate
x-ray measurements performed on BagSiye in highly hydro-
static conditions did not detect the formation of any amor-
phous or crystalline high-pressure Si phases after the
collapse.®* Other recent results using a combined Rietveld
and maximum-entropy approach to analyze the x-ray diffrac-
tion data suggest that the volume collapse transition of
BagSiyg could be associated with s-p-d rehybridization of the
Si atoms at high pressure, leading to a weakening of the
Si-Si bonds and a collapse of the unit-cell volume without
changing the crystalline structure.%? In this interpretation of
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Tse et al.®? (and also proposed by San Miguel et al.’Y), the
volume collapse can be traced to an electronic topological
transition involving a substantial rearrangement of the va-
lence electron distribution accompanied by positional disor-
dering in the Si sites. The Si-Si bonding electrons are re-
moved from the bonding region leading to the weakening of
the Si-Si bonds, resulting in a displacive but isostructural
phase transition taking place with a large volume reduction.
The pressure at which the volume collapse occurs should be
controlled by the valence number of the cation. KgSisq and
Rbg 155146 clathrates containing alkali guest atoms exhibit the
volume collapse transition at 23 =3 and 24+ 1 GPa, respec-
tively, whereas BagSiys collapses at a significantly lower
pressure 13+2 GPa.

It has been also proposed that the collapse transition oc-
curs when the unit-cell volume attains a critical value.?® It
occurs for KgSiyg and BagSiyg clathrates when the unit-cell
volume attains 920—-930 A3.528 However, in the case of
Rbg 55146, the sharp drop in V(P) is only observed when the
unit-cell volume is 885-895 A3. However, it is worth noting
that the Rbg ;5Sisq unit-cell volume reaches 920-930 A3 in
the pressure range 10-15 GPa where a structural instability is
observed associated with elastic softening and changes in the
Raman spectra. Analogous elastic softening events and po-
tential evidence for a low-pressure structural transformation
has also been recorded for KgSiys and BagSiy at P
=6-7 GPa, when the volume attains 1010—1035 A3.5 For
Rbg 15Siy6, the lower pressure isostructural transformation
might also have the character of a first-order thermodynamic
transition because it appears to be associated with a large
hysteresis, as indicated by the Raman-scattering data (Fig.
11).

Complete amorphization is observed by x-ray diffraction
at higher pressure (33 GPa). The amorphization pressure oc-
curs in a similar pressure range to that recorded for KgSiyg
and BagSiyg (40+ 3 and 32 =3 GPa, respectively).

As in previous studies of various framework and other
materials, the PIA event can be interpreted as resulting from
a frustrated first-order transformation of the system or due to
an elastic instability.>’” An important additional question
arises in the case of the M,Siyq clathrates, in that they can
also exhibit compositional disproportionation into a high-
pressure dense form of Si and the alkali or alkaline-earth
metal element. This may be the case for NagSiyq clathrate,?
but instead KgSiye, BagSiyg, and Rbg 155144 appear to undergo
PIA while maintaining constant chemical composition. The
result is an amorphous alkali or alkaline-earth—silicon alloy.

The Raman data for Rbg5Sis indicate that the amor-
phous material produced is in a high-density form, similar to
the HDA metallic polyamorph of a-Si produced via PIA from
nanocrystalline porous-Si or by compressing the low-
pressure (LDA) amorphous semiconductor.**>%>33 It is worth
noting that the predominance of pentagonal rings in the
clathrate structure leads some authors to use clathrates as
crystalline prototypes of amorphous silicon or germanium.%
Recent works combining high-quality x-ray synchrotron
sources and molecular dynamics have been used to investi-
gate high-pressure amorphous structures.>>% In addition,
pressure-induced amorphization is commonly observed in
cagelike crystals. Greaves et al.®’~% described a relationship
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between temperature- and pressure-induced amorphization in
zeolites accompanied by high-low-density polyamorphic
transitions in the resulting amorphous phases. To the best of
our knowledge, only little is known about temperature phase
diagram of type-I clathrates. These compounds, similar to
zeolites, may be expressing similar behavior and further ex-
periments are needed. The observed transformation of high-
density amorphous Rbyg 15Sis to a low-density polyamorph
during decompression indicates that the HDA-LDA transi-
tion observed for elemental a-Si extends into the binary
Si-Rb  alloy system and presumably into other
semiconductor-metal alloy as, for example, in the Zintl phase
BaSi, where pressure-induced amorphization has been ob-
served to occur at around 13 GPa.”® This observation pro-
vides a useful link between studies of PIA and polyamor-
phism within various compound metalloid systems such as
Al-Ge, Ga-Sb, etc.”!

V. CONCLUSION

The type-I clathrate Rbg (55144 at high pressure has been
studied by angle-dispersive synchrotron x-ray diffraction,
Raman spectroscopy, and ab initio calculations. A phase tran-
sition has been observed around 13*1 GPa from rapid
changes occurring in the Raman spectrum and x-ray line-
widths, as well as the bulk modulus. A second volume-
contracting phase transition occurs around 24 *1 GPa,
shown by a sudden change in the V(P) relation. This transi-
tion may be associated with an electronic topological transi-
tion or a phonon instability, resulting in positional disorder-
ing of the framework Si atoms. Pressure-induced
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amorphization occurs at 33 =1 GPa. On decompression, the
Raman spectra show changes similar to those observed dur-
ing the high-density to low-density amorphous transforma-
tion in elemental amorphous Si. That result suggests that the
HDA-LDA polyamorphic transition extends into the Si-Rb
system, and the behavior may be general among amorphous
semiconductor-metal alloys that do not undergo composi-
tional phase separation.

In summary, the type-I clathrates have a deceptively
simple primitive cubic structure that can exhibit a range of
unexpected and as yet unexplained transformations during
compression, that involve abrupt changes in the cell volume,
elastic parameters and vibrational or electronic spectra while
maintaining the same average unit-cell symmetry. These
changes could arise due to phonon or electronic instabilities
involving the host and guest atom sublattices. It is important
to study these transitions, because they provide valuable in-
sights into the behavior of these endohedrally doped fully-
condensed “fullerane” structures, and they may provide tun-
ing parameters for developing important electronic and
thermoelectric or magnetic properties.
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