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High-pressure Raman and x-ray diffraxtion (XRD) measurements of a defect clathrate BagGey;[J3
have been carried out at room temperature up to 40 GPa. Three vibrational modes associated with
guest Ba atoms were observed in the low-frequency region, and the structureless spectrum due to Ge
vacancies was found in the framework vibrational region. The Raman spectra shows a
pressure-induced phase transition at 8 GPa, which is due to the structural distortion through the
three-bonded Ge atoms and to the change in the guest-host electronic interaction. Both Raman
spectra and XRD patterns present the evidence for the amorphization of BagGe,; around 30-40
GPa. The isostructural phase transition often present in intercalated silicon clathrates and associated
with a large volume reduction was not observed for BagGe,; up to 40 GPa. The pressure dependence
of the lattice constant (a) normalized by a, at 1 bar (a/a,) shows the continuous decrease with
pressure until amorphization. From the good coincidence of this curve between BagGe,; and BagSiyg
at pressures above 15 GPa, we propose that the isostructural phase transition found for BagSiyg at 15
GPa may be originated from a defect-induced transformation to BagSiss[ 13 with the help of their
theoretical equation of state by the first-principles calculations. © 2007 American Institute of
Physics. [DOI: 10.1063/1.2713354]

I. INTRODUCTION

Group-1V clathrates are open-structured Si, Ge, and Sn
cagelike compounds, which have received considerable at-
tention over the past few years."2 In these clathrates with
nanoscale cages forming 3D (three-dimensional) networks,
alkali and alkaline-earth guest atoms are encapsulated in the
cages of the host framework which is formed by tetrahe-
drally bonded group-IV atoms comprised of two or three
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different polyhedra.3 An exciting property of clathrate com-
pounds is that they provide an opportunity to systematically
alter material-properties by changing the guest atoms or by
replacing some of the framework atoms with metallic spe-
cies. In these clathrates, the electron-phonon and electron-
electron couplings between the guest and the host are key
points to understand their characteristic properties such as
superconductivity,“f9 wide band-gap,lo’11 high thermoelectric
power [due to the behavior of phonon-glass and electron-
crystal (PGEC)],'*" and pressure stability.*'* These cou-
plings can be explored in part by the study of high-pressure
Raman scattering through their vibrational properties of both
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BagGeysds

FIG. 1. Crystal structure of type-I BagGe,sL]; clathrate. There are large and
small Ge cages containing the guest Ba atoms. Solid cubes at the 6¢ sites
indicate the missing atoms showing the spiral substructure of the Ge vacan-
cies along the <100> direction (Refs. 21-23).

guest atoms inside the cages and the host framework,'>'®
and by the x-ray diffraction (XRD) experiment through their
structural properties of the host framework and the position
of guest atoms in the cages under high pressures.3’19’20

BagGe,; is characterized as a defect clathrate of type-I
structure with three missing Ge atoms in the covalent Ge
framework, where the vacancies (CJ) of BagGey;[]5 (space
group la3d, a=21.3 A) show a full ordering. This ordered
crystal structure can be considered as a derivative of an
“ideal” BagGey clathrate type-I structure (Pm3n, a’=a/2) in
which three Ge vacancies (per formula unit) are allowed to
order in a cubic superstructure with a doubled unit cell pa-
rameter ([J at the 24c¢ site of space group la3d, which cor-
responds to half the 6¢ sites in the usual parent type-I clath-
rate). In the resulting Ge framework, each vacancy is
surrounded by four three-bonded Ge species and arranged
around 4, fourfold screw axes to form chiral helices along
the <100> direction as shown in Fig. 1.2

The interesting properties of type-I silicon clathrates are
three pressure-induced phase transitions,3 which were stud-
ied by Raman scatteringlsf18 and XRD experiments,3’l9’20
and theoretical calculations.'*** The first transition at 6 to 7
GPa is caused by the displacement of the guest atoms in the
large Siyy cages. The second transition observed at the pres-
sure range of 15-35 GPa is characterized by a large reduc-
tion of cell volume. The mechanism of the isostructural
phase transition is not still understood and remains
unclear.'*?° The last transition at a pressure range above 32
GPa is an irreversible amorphization.llg’zo

In this paper, we present the high-pressure Raman and
XRD experiments of BagGe,;[1; in order to study character-
istic properties of the defect germanium clathrate at room
temperature up to 40 GPa, and to investigate the mechanism
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of isostructural phase transition observed in type-I silicon
clathrates. Raman spectrum of BagGey; at 1 bar is different
from that expected for an ideal BagGe,q by considering the
Raman spectra of Ba88i46,15 SrgGa16Ge3o,25 and BagGa,sGe;
clathrate526; the structureless spectra due to Ge vacancies
were observed in the framework vibrational region. The iso-
structural phase transition with the large volume reduction
was not observed for BagGeys at pressures up to 40 GPa. By
comparing the pressure dependence of the lattice constant of
BagGe,; with those of typical BagSiyg and with the calculated
cell volumes of a “virtual” BagSiys[ 13 having three Si de-
fects, we propose one model to the mechanism of the isos-
tructural phase transition generally observed in type-I silicon
clathrates. The pressure dependence of bulk moduli for
BagGe,s, BagSisg, BagSiys, cubic-diamond Si (d-Si), and
d—Ge are investigated in connection with the isostructural
phase transition.

Il. EXPERIMENTAL

BagGe,; samples were prepared using an arc furnace;
germanium (Katayama Chemical 99.999%), and barium
(Katayama Chemical 99%) were mixed in an atomic ratio of
8:43, and arc-melted under argon atmosphere.21 High-
pressure experiments were carried out by using a diamond
anvil cell (DAC) with a metal gasket.

The hole of the tungsten-metal gasket serving as the
sample chamber was set to about 100 wm in diameter and
50 pum in thickness. A single-phase sample of 40 um in size
was placed into the chamber of the DAC and loaded with a
ruby chip for pressure measurements. For fine Raman mea-
surements of BagGe,s; which shows very weak Raman sig-
nals, we used the dense argon as the pressure-transmitting
medium that is free from Raman signals.ls_]&zs_27 Raman
spectra were measured with a triple polychromator and a
charge-coupled device (CCD) detector. The 532 nm line of a
solid laser (Coherent Verdi2W) with its intensities of less
than 10 mW was used for the excitation. The resolution of
the Raman spectra was about 1 cm™'.

To make the powder XRD measurements, the synthe-
sized BagGe,s was ground to fine powder, and the powder
was pressed into a small pellet by the diamond anvils prior to
the setting of the gasket. The small BagGe,; pellet and a ruby
chip were then placed into the sample chamber and prepared
in the same manner as that for Raman measurements. The
pressure media used for the XRD experiments were dense
argon and helium. Synchrotron powder XRD measurements
were carried out with an imaging plate detector installed at
the BLIOXU beam line of the SPring-8. The wavelength of
the incident x-ray used was 0.041 36 nm. Typical exposure
times were 10 min.

lll. RESULTS AND DISCUSSION

A. Raman scattering at ambient pressure and
temperature

Figure 2 shows a Raman spectrum of BagGe,; at ambi-
ent pressure and temperature, and those of germanium- and
silicon-clathrates for comparison. The Raman frequency for
BagSiye at the top of Fig. 2(b) was scaled by the square root
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FIG. 2. (a) Raman spectra of the defect clathrate BagGe,s, ternary clathrates
BagGa, 4Gey, (Ref. 26) and SrgGa,;Ges, (Ref. 25) at 1 bar, and (b) the
BagSiyg (Ref. 15) at 1 bar and p=15.8 GPa. The numbering of the peaks on
the BagGey; and BagSiyg spectra indicate Raman peak wavenumbers. The
Raman frequency at the top of BagSi,g is scaled by the square root of atomic
mass ratio of Si to Ge, 1/1.61.

of an atomic mass ratio of Si to Ge, (Mg/Mg)"?
=(28.1/72.6)'>=1/1.61. The BagGe,; ambient spectrum is
different from another clathrate, i.e., the structureless feature
(weak Raman scattering intensity) in the framework vibra-
tion around 150—300 cm™'. On the contrary, the spectral
shape of BagGey; at the low-frequency below 150 cm™! is
found to be very similar to that of BagSiss below 200 cm™" at
ambient pressure. Three low-frequency peaks of BagGeys
(39, 46, and 68 cm™') can be assigned to the vibrational
modes originating from the motion of guest Ba atoms.'>"®
Here, the space group /a3d of BagGe,; predicts nine Raman-
active modes of Ba related vibrations; 2A,,+3E,+4T),,.
However, we cannot unambiguously make the mode assign-
ments because of relatively broad bands containing more
than one Raman mode. Furthermore, BagGe,; specimen is
not a single crystal, therefore, we cannot make the
symmetry-specific polarization measurement at present. For
BagSiye the low-frequency peaks at 49, 60, and 89 cm™! had
been assigned to the vibrations associated mainly with the
guest Ba atoms inside the host Si cages.ls’l&24 The theoreti-
cal investigations24 suggested that their Raman modes are
possibly mixed with Si lattice vibrations. Therefore, the same
situations will be expected for the BagGe,; spectra. For ter-
nary compounds of SrgGaIGGe3025 and BagGa16Ge3o,26 we
can confirm, below 75 cm™!, the rattling vibrations assigned
to the motion of guest Sr and Ba atoms, respectively.
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FIG. 3. Raman spectra of BagGey; at various pressures up to 38.3 GPa and
room temperature. Solid circles and open squares indicate new signals ap-
peared through the phase transition at 8 GPa. Open triangles show the soft-
ening mode with pressure. Around 30-40 GPa, BagGe4; becomes gradually
amorphous.

As reported for Si clathr.’ates,‘g’ls_18 we know the lowest

frequency framework vibration showing the softening with
pressure, which is the benchmark of the Si clathrates and
also of cubic-diamond Si,*® having tetrahedral bonds. A peak
at 153 cm™' of BagSis in Fig. 2(b) was assigned to this
framework mode. From the similar spectra of BagGe,; and
BagSiyg at the low-frequency region, we expect a strong peak
at 107 cm™! of BagGey; to be this softening mode. However,
this framework vibration did not show the softening with
pressure as shown later. A weak signal at 80 cm™! of BagGey;
turned out to be the case of this softening mode. These ob-
servations of two Raman modes at 107 and 80 cm™" are con-
sistent with the theoretical calculation” of Raman spectra
(frequency and intensity) for the ideal type-I Geyq clathrate
without guest atoms; intense peak at 89 cm™! (T,) and me-
dium peak at 67 cm™! (E ). It should be noted from Fig. 2(a)
that BagGe,; shows very weak Raman signals at a high-
frequency vibrational region above 150 cm™!, contrary to the
Raman spectra of vacancyless SrgGa16Ge3025 and
BagG2116Ge30,26 and the theoretical calculation of Ge46.29
Therefore, the structureless feature of the Raman spectra is
due to the three Ge vacancies ((]) in BagGey;[J5. It is noted
that our previous result of Ba8$i4615 at p=15.8 GPa in Fig.
2(b) also showed the structureless spectrum in the framework
vibrational region. This similarity is investigated in Sec.
I D.

B. Raman scattering at high pressures

Raman spectra of BagGey; at various pressures up to
38 GPa are shown in Fig. 3. We can find the remarkable
spectral changes; the appearance of new Raman bands
around 130-180 cm™' at 8 GPa and the disappearance of
Raman bands around 30-38 GPa. By analyzing overlapped
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FIG. 4. Pressure dependence of Raman frequency shifts of BagGe,; at room
temperature. Open circles show the weak Raman peaks, and open triangles
indicate the softening mode. A pressure-induced phase transition exists at
about 8 GPa, and the amorphization gradually occurs around 30-40 GPa.

spectra, we can plot the pressure dependence of the Raman
frequency as shown in Fig. 4. The soft mode of BagGe,; can
be seen around 80 cm™! (see open triangles in Figs. 3 and 4),
which was described in the previous section. The weak pres-
sure dependence of the soft-mode frequency may be because
the peak frequency is affected by the anti-crossing due to the
mode-resonance between 80 cm™! soft mode and 68 cm™! vi-
brational peak. This softening is similar to the case of Si
clathrates and d—Si, and is concerned with the softening of
TA (X) mode observed for d—Ge.>*?

Next, we investigate the pressure-induced phase transi-
tion. It is found that two new peaks grow up at about 8 GPa
as indicated by solid circles in Fig. 3. At the same time, a
new band appeared at about 180 cm™' as shown by open
squares in Fig. 3. These spectral changes suggest the occur-
rence of the phase transition. As seen in the next section,
XRD experiments show no structural change around this
pressure range. Therefore, by considering the defect of the
BagGe,;L15 clathrate where there are three-bonded Ge atoms,
the appearance of the new peaks may be due to some local-
ized and random strains, i.e., structural distortions. This ef-
fect cannot be detected by XRD. A similar Raman spectral
change was observed at the same pressure range for
Ba24Si100,18 which also comprises of 32% three-bonded Si
atoms. Moreover, another additional interpretation of the Ra-
man spectral change can be made with a change in the elec-
tronic state. By the change in the guest-host interaction, the
electronic distribution will be affected, leading to the evolu-
tion of the relative intensities in Raman signals.3’20’24

At pressures around 30 GPa, Raman bands almost dis-
appeared as seen in Fig. 3. This can be understood as the
onset of pressure-induced amorphization in BagGeys. The
amorphization occurs gradually and partially around 30-40
GPa and it is completed at about 40 GPa. This feature is
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FIG. 5. Observed diffraction patterns of BagGe,; in the 26 range from 4° to
18° at high pressures up to 41 GPa, where the data up to 17.6 GPa were
taken for the first sample, and the data above 17.6 GPa for the second
sample. An inset is the enlargement of the lower diffraction angles at 1 bar.
Weak peaks indicated by open circles in the inset are corresponding to the
superlattice reflections (Ref. 23), which are due to the ordered arrangement
of Ge vacancies. An arrow indicates the diffraction peak from the diamond
phase of Ge in the minority phase. The XRD patterns of the sample gradu-
ally disappeared at pressures around 30-40 GPa and it was completed near
40 GPa as indicated by the marking, and there remain signals from the metal
gasket, pressure-transmitting Ar (*), and high pressure 8-Sn phase of Ge

(+).

strongly supported by the present XRD study described in
the next section. This value of 30-40 GPa is comparable
with the amorphization pressure of 40-49 GPa for
BagSize.

C. X-ray diffraction at high pressures

Figure 5 shows the observed diffraction patterns of
BagGey,; in the 26 range from 4° to 18° at high pressures up
to 41 GPa, where the data up to 17.6 GPa were taken for the
first sample, and the data above 17.6 GPa for the second
sample. These data were obtained with the argon pressure
medium. The experiments using a helium pressure medium
have been carried out for the third sample up to 16 GPa, but
there is no significant difference in between the results in the
cases of Ar and He pressure media. An inset in the figure is
the enlargement of the lower diffraction angles at 1 bar. An
arrow indicates the diffraction peak from Ge in the minority
phase. This XRD pattern of BagGe,; at atmospheric pressure
is very close to the recent result by Okamoto et al.” Weak
peaks indicated by open circles in the inset are corresponding
to the superlattice reflections, which are due to the ordered
arrangement of Ge vacancies, i.e., the doubled unit cell pa-
rameter of the usual type-I clathrate. Although these super-
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FIG. 6. (a) Pressure dependence of the normalized lattice constant (a/a)
for BagSiye as indicated by open squares and open circles (Refs. 14 and 20)
and for the present experimental BagGe,; by solid circles. Solid lines repre-
sent the fitted curves by using the Murnaghan’s equation of state. (b) Pres-
sure dependence of the experimental lattice constant for BagSisg as shown
by open squares and open circles (Refs. 14 and 20), and of the theoretical
lattice constants for BagSiss and BagSiys[; by the first-principles calcula-
tions. Vertical arrows indicate the isostructural phase transition point
(=15 GPa) in BagSiyg.

lattice reflections were observed under high pressures at
lower angles, we cannot make more investigations because
of their weak reflection signals. The intensity change in XRD
lines with pressure can be seen somewhere in Fig. 5, but they
are not showing the systematic and exact diffraction intensi-
ties, because the obtained diffraction rings for the sample
were spotty. It is difficult to discuss the evolution of atomic
positions using the intensity changes.

From high-pressure data, we obtained the pressure de-
pendence of lattice constant (a). Figure 6(a) shows a/ag nor-
malized by the lattice constant a, at 1 bar. This normalized
lattice constant of BagGe,; decreases continuously with in-
creasing pressure up to 40 GPa (see solid circles). Therefore,
there exists no isostructural phase transition associated with
the dramatic volume reduction, in contrast to the case of
BagSiyg as shown by open squares and open circles in Fig.
6(a)."**° Here, solid lines in Fig. 6(a) represent the fitted
curves by using the Murnaghan’s equation of state (EOS). >
It is surprising that the normalized lattice constants of
BagSiyg above 15 GPa, i.e., above the isostructural phase
transition, show almost close values as those of BagGeg;.
This remarkable behavior is investigated in the next section.

In Fig. 5 we can see that the XRD patterns of the sample
gradually disappeared at pressures around 30-40 GPa and it
was completed near 40 GPa as indicated by marking, and
there remain only signals from the metal gasket, pressure-
transmitting Ar (marked with *),** and high pressure B-Sn
phase of the minority Ge (marked with +).% The weak sig-
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nals from the B-Sn phase of Ge are kept constant in intensity
and independent of the disappearance of XRD peaks of
BagGe,;. Therefore, the disappearance of XRD patterns evi-
dences the amorphization of BagGey; around 30-40 GPa,
which is consistent with the result of a high-pressure Raman
study mentioned in the previous section. It is noted that this
value of 30-40 GPa is comparable with 40-49 GPa of
BagSi,e determined by the XRD study.20

D. Isostructural phase transition of type-l clathrates:
Experimental and theoretical EOS, and bulk
modulus at high pressures

The isostructural phase transition characterized by an
important volume collapse without the structural change was
observed for BagSis, KgSise and ISSi4412.3’14’19’20 For
BagSiy San-Miguel et al.®® discussed its physical origin by
the change in electronic hybridization between Ba atoms and
the Si small cages. However, it is not conclusive, because
they only observed minor changes on the electronic structure
during the phase transition, using XRD and x-ray absorption
spectroscopy.20 Here, we propose another possible mecha-
nism for its phase transition from XRD and Raman results,
and by the theoretical calculations of EOS for BagSiyq and
Bagsi43.

In Fig. 6(a) we confirmed that the pressure dependence
of a/a, for BagGe,; shows almost the close value as that of
BagSiye at pressures after the isostructural phase transition.
This experimental result strongly indicates that BagSiyq may
transform to BagSiy3[1;, producing three Si vacancies at 15
GPa, even though the guest-host interactions are subtly dif-
ferent between Si- and Ge-clathrates. Therefore, we calcu-
lated the pressure dependence of the lattice constant (a), i.e.,
the EOS for BagSiyq and BagSiy; by using the first-principles
electronic state code, CASTEP 4.2 based on the plane-wave
basis set,*® the Vanderbilt-type ultrasoft pseudopotentials37
for electron-ion interaction, and GGA-PBE for exchange-
correlation interaction.™ The cut-off energy was set to 160
eV and the Brillouin zones were sampled with 2X2X?2
k-points. For BagSiys, the partially occupied Si (6¢) sites
with random configurations were further modeled by the or-
dered unit cell where six 6c¢ sites are occupied by three Si
atoms with maximum symmetry. As the result, the unit cell
for BagSiy; becomes trigonal with an R32 symmetry. After
geometric optimization, however, it was found that the unit
cell is close to the original Pm3n symmetry and may ap-
proximate random occupation very well. As seen in Fig.
6(b), the calculated lines of lattice constants as a function of
pressure for BagSiye and BagSiys show good agreement with
experimental values'*?" before and after the isostructural
phase transition, respectively. Therefore, we propose the im-
portant effect of three Si vacancies on the isostructural phase
transition at 15 GPa. Since this transition is revelrsible,15 the
lost Si atoms may be existing near its lattice points due to the
slow diffusion of Si atoms. As for the case of BagGeys, show-
ing no isostructural phase transition up to the amorphization
pressure of 40 GPa, we can imagine that the ideal BagGeyq
had already made the isostructural phase transition to
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FIG. 7. Pressure dependence of bulk moduli of BagGe,s, BagSiyg (experi-
ment and calculation), BagSiy; (calculation), cubic-diamond Si (d-Si), and
d—Ge. The vertical arrow indicates the isostructural phase transition point
(=15 GPa) in BagSiyg.

BagGe,; associated with the large volume reduction at nega-
tive pressures, by considering a hypothetical phase diagram
at both positive and negative pressures.

Moreover, our Raman results also support this model of
the defect-induced mechanism. In Fig. 2(b) we can see the
remarkable Raman spectral change of BagSisq above 15 GPa,
i.e., structureless feature in the framework vibrational
region.15 This spectrum is similar to the structureless spec-
trum of the defect clathrate BagGe,; at 1 bar in Fig. 2(a).

The bulk modulus is an important property of Si- and
Ge-clathrate.™'*** We investigate the pressure dependence of
the bulk modulus, B(p)=By+B'gp for BagGe,s;, BagSiy,
BagSiys3, cubic-diamond Si (d—Si), and d—Ge, where B is a
value at 1 bar, and B’ is its pressure derivative. The proce-
dures are as follows; by using experimental a/a(p,) of
BagGeys, BaSSi46,20 d-Si,>"*? and d—Ge,*"* and our calcu-
lated a/a(py) of BagSis and BagSiys, we fitted them to the
following Murnaghan’s equation of state:”!

a [ By+B'yp ]_1/(33'0) W)

a(po) | Bo+B'opo

where a(p,) is a lattice constant at pressure p,. By using
fitted parameters of B, and B, the bulk moduli B(p)(=B,
+B'yp) are presented against pressure in Fig. 7: For the
present BagGeys, Bp=52.8 GPa, and B’ ,=3.4 were estimated,
which are comparable with theoretical values of B,
=61.3 GPa and B’(;=4.8 for the ideal type-I Ge,q clathrate
without guest atoms.” Although d-Si and d—Ge show the
phase transition at pressures around 11 GPa, their B are ex-
trapolated linearly to higher pressures for comparison with
Si- and Ge-clathrates. It is emphasized that the B of BagSiyg
shows the abrupt change to the lower value at a pressure of
approximately 15 GPa, which become close to the values of
the defect clathrates BagGey; and the virtual BagSiy;. This
change of the pressure dependence of bulk moduli for their
clathrates also supports our model proposed for the mecha-
nism of the isostructural phase transition generally observed
in type-I silicon clathrates.
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IV. SUMMARY

High-pressure Raman and XRD measurements of the de-
fect clathrate BagGe,;[]; were carried out at room tempera-
ture of up to 40 GPa. Raman studies revealed that (1) three
vibrational peaks due to the motion of Ba atoms exist at 39,
46, and 68 cm™!, (2) structureless spectrum of BagGe,s, due
to the Ge vacancies, in the framework vibrational region,
which is similar to that of BagSiyg at pressures above the
isostructural phase transition (=15 GPa), (3) the phase tran-
sition at 8 GPa due to the structural distortion and to the
change in guest-host electronic interaction, (4) the irrevers-
ible amorphization around 30-40 GPa. XRD studies showed
that the lattice constant of BagGeys decreases continuously
with pressure up to 40 GPa where the irreversible amor-
phization occurs completely. There exists no isostructural
phase transition associated with the large volume reduction
up to 40 GPa, in contrast to some cases in type-I Si clath-
rates.

We propose the possible mechanism for the isostructural
phase transition observed for BagSiss at 15 GPa: It is the
defect-induced phase transition associated with the transfor-
mation from BagSisg to BagSiyz[15. By considering that the
pressure dependence of normalized lattice constants (a/ag)
of BagGe,; is a good coincident with that of BagSisg above
15 GPa, we calculated lattice constants of BagSiy and
BagSiy3, which agree surprisingly with the experimental
values™'*? before and after the isostructural phase transition
of BagSiye, respectively. Furthermore, structureless Raman
spectrum of BagGeys[]5 in the framework vibrational region
is similar to that of BagSiyq at pressures above 15 GPa, evi-
dencing the possibility of its transformation to BagSiys[ 5. At
last, the pressure dependence of bulk moduli for BagGeys,
BagSie, BagSiys, d—Si, and d—Ge were investigated in con-
nection with the isostructural phase transition.
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