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ABSTRACT: The binary skutterudite CoP3 has a large void at
the body-centered site of each cubic unit cell and is, therefore,
called a nonfilled skutterudite. We investigated its room-tem-
perature compression behavior up to 40.4 GPa in helium and

argon using a diamond-anvil cell. High-pressure in situ X-ray

diffraction and Raman scattering measurements found no phase
transition and a stable cubic structure up to the maximum
pressure in both media. A fitting of the present pressure—

volume data to the third-order Birch—Murnaghan equation of
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state yields a zero-pressure bulk modulus K, of 147(3) GPa [pressure derivative K,' of 4.4(2)] and 171(5) GPa [where K’ =4.2(4)]
in helium and argon, respectively. The Gruneisen parameter was determined to be 1.4 from the Raman scattering measurements.
Thus, CoP; is stiffer than other binary skutterudites and could therefore be used as a host cage to accommodate large atoms under

high pressure without structural collapse.

1. INTRODUCTION

Skutterudite structures (CoAs;-type) belonging to the space
group Im3 consist of corner-shared TX4 octahedra (T = transi-
tion metal and X = pnictogen), leaving a large void at the body-
centered site of the cubic unit cell.'~* Such a void could accom-
modate a large atom to afford a filled skutterudite with the
general formula MT, X, Owing to the loose bond between
the M atom and TX (i.e., rattling effect®), filled skutterudites are
quite attractive for their potential applications as functional
thermoelectric materials.

Under high pressure, the nonbonding atoms are efficiently
inserted into the voids of a binary skutterudite, making the high-
pressure technique a powerful tool to synthesize novel skutter-
udite compounds. Takizawa et al.” successfully synthesized Si-,
Ge-, Sn-, and Pb-filled CoSb; using a large-volume press at a
pressure of 5 GPa. From a different viewpoint, the structural
stability of binary skutterudites under high pressure is an
interesting and important issue in terms of not only the role of
the host cage to accommodate large atoms or molecules but
also gaining an understanding of the fundamentals behind
the stability of open-structured compounds. Therefore, sev-
eral high-pressure studies have been conducted on binary
skutterudites.® '

Recently, an irreversible high-pressure phase transition was
observed in TSb; (T = Co, Rh, or Ir) at a pressure greater than
20 GPa at room temperature.'"'> This novel phase transition
in a binary skutterudite was interpreted as being the result of a
pressure-induced self-insertion reaction in which the antimony
atoms of the framework invade the body-centered site (2a site).
However, this transition was observed only for the antimonides,
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and it is unclear whether such a self-insertion reaction can occur
irrespective of the composition.

CoP; crystallizes with the skutterudite structure under ambi-
ent conditions™"? and exhibits a smaller unit cell volume than
CoSb, given that phosphorus has a smaller atomic radius than
antimony. In addition, it also exhibits higher electrical conduc-
tivity than TSb; (T = Co or Ir)."*" 'S Shirotani et al.” examined
the structural stability of CoP; using a diamond-anvil cell (DAC)
and synchrotron radiation and reported that CoP; was structur-
ally stable up to 7 GPa at room temperature in a pressure medium
of a methanol—ethanol mixture. However, the reported phase
transition in TSb; occurred above 20 GPa, and so further
experiments at higher pressures are needed for CoP;.

In the present study, to further widen and deepen our under-
standing of the phase transition and stability of binary skutter-
udites, we carried out compression experiments on CoP; up to
40.4 GPa at room temperature using a DAC. The high-pressure
behavior of CoP; was examined by high-pressure in situ
X-ray diffraction (XRD) and Raman scattering measurements.
The compression experiments were carried out under quasi-
hydrostatic conditions by using a noble gas as the pressure medium.
To the best of our knowledge, there have been no reports on
studies that used noble gases as pressure media for binary
skutterudite compounds. The use of noble gases afforded reliable
data because the solid noble gases are very soft owing to van der
Waals binding even after solidification under high pressures and
reduce the deviatoric stress in the sample chamber.'®'” In this
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Figure 1. (a) SEM image of CoP; single crystals obtained by a tin-flux
method at ambient pressure. (b) Photograph of a sample chamber filled
with a helium pressure medium at around 1 GPa. The scale bar
corresponds to 100 #m.

paper, we discuss the high-pressure behavior of CoP3, including
the possibility of noble-gas-filled CoPs.

2. EXPERIMENTAL SECTION

A single crystal of CoP; was prepared by the tin-flux method at
ambient pressure.'® This sample was treated with hydrochloric acid to
remove the tin, and the obtained products were characterized by
scanning electron microscopy together with energy-dispersive spectros-
copy (SEM/EDS) and XRD measurements. As shown in the SEM image
in Figure 1a, the obtained products exhibited well-habited crystals with
sizes on the order of several tens of micrometers. EDS analysis indicated
a Co/P composition ratio of 1:2.99 and no detectable amount of tin.
This indicates the absence of ternary compounds containing cobalt,
phosphorus, and tin. The XRD pattern of the powdered sample indi-
cated CoP; with a very small amount of CoP, which was also detected by
EDS analysis at the edges of the CoP; crystals. The measured lattice
parameter of CoP; was 7.7079(5) A, which is consistent with the
previously reported value.>>"? In this study, the CoP content was much
lower, and, therefore, we crushed these single crystals into a powder for
use as the starting material for the high-pressure experiments.

High-pressure experiments were carried out using a DAC with a culet
size of 450 um. A rhenium gasket was precompressed to a thickness of
approximately 100 ¢m, and a sample chamber with a diameter of 150 #m
was prepared using a Q-switched YAG laser. The powdered CoP3 was
carefully placed at the center of the sample hole along with a ruby marker,
in order to avoid contact with the gasket. Then, the sample chamber was
filled with high-purity helium (>99.99%) or argon (>99.99%) using a
modified high-pressure gas loading system.'® A photograph of the sample
chamber immediately after gas loading (~1 GPa) is shown in Figure 1b.
Two runs were made in the present study: Run 1 used helium and Mo Ko
(A = 07107 A) radiation from an X-ray source operated at 54 kV and
50 mA at the Institute for Solid State Physics, University of Tokyo, Tokyo,
Japan. Run 2 used argon and X-rays from the PF-BL13A synchrotron
facility (4 = 0.4263 A) at KEK, Tsukuba, Japan. The incident X-rays were
directed parallel to the compression axis. The diffracted X-rays were
collected using an imaging plate, and the two-dimensional images obtained
were integrated into a conventional one-dimensional pattern using the
WinPIP code.'® Unit cell parameters were calculated by the least-squares
methods using purpose-built software. A ruby fluorescence method was
adopted to determine the pressure, and the same scale was used in both
runs.”® Ruby fluorescence spectra were measured before and after the XRD
measurements. In order to evaluate the bulk modulus, the obtained
pressure—volume data were fitted to the Birch—Murnaghan equation of
state (B—M EOS) as follows:

P = ZRl(V/%0) 7" = (Vo) L+ (K = 9/ V) - 1))

where P, V;, and V denote the pressure, the volume at ambient pressure,
and the volume at pressure P, respectively. Ky and K,,’ are the zero-pressure
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Figure 2. XRD profiles of CoP; in helium (a) and argon (b) at high
pressures and release of noble gases. Diffraction peaks corresponding to
CoP; are labeled with Miller indices. The halo observed in the low-260
region in part a might be from the beam stopper or relate to helium.

bulk modulus and its pressure derivative, respectively. If Ky is fixed to 4.0,
the second-order B—M EOS is obtained.

In run 1, Raman scattering measurements were also carried out during
decompression from the highest pressure to ambient pressure at room
temperature. An argon-ion laser (4 = 514.5 nm, 100 mW) was used as
the excitation source and focused to a spot of diameter 20 ym at the
sample position through the diamond anvil. The Raman scattering light
was dispersed using a grating spectrometer and detected using a liquid-
N,-cooled charge-coupled device detector. To obtain a high signal-to-
noise ratio, the Raman spectrum was recorded over an exposure time of
S's, and then a total of 20—100 spectra were accumulated after the
background was subtracted from each spectrum.

3. RESULTS AND DISCUSSION

Parts a and b of Figure 2 show examples of the present XRD
profiles for CoP; compressed in helium and argon up to a
pressure of approximately 40 GPa at room temperature, respec-
tively. The diffraction peaks could be assigned to the crystalline
phases CoP3, CoP, argon, and rhenium (the gasket material). No
additional peaks were observed up to the highest pressure in both
runs, although the diffraction intensity changed owing to grain
rotation caused by deformation of the sample chamber in run 1
and a gradual broadening and weakening of the diffraction peaks
in run 2. In Figure 3a, the present data are plotted together with
the results of a previous high-pressure experiment” in which
CoP; was compressed in a methanol—ethanol mixture up to a
pressure of 7 GPa at room temperature. The compression curve
was extrapolated to higher pressures by using the B—M EOS with
Ko = 152(4) GPa and K, = 1(1) (solid line in Figure 3). As
clearly seen from Figure 3a, the pressure—volume curves are
consistent with the compression and decompression processes. In
addition, no anomalous compression behaviors such as reversible
unit cell expansion”** or a self-insertion reaction'"'> were ob-
served in either pressure media. The XRD measurements indicate
that CoP; remained structurally stable and no phase transition
occurred. However, in argon, CoP3 showed greater broadening of
diffraction peaks and less compressibility than in helium. This
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Figure 3. (a) Pressure—volume data for CoP; compressed in helium
and argon up to a pressure of approximately 40 GPa at room tempera-
ture. Circles and diamonds indicate data obtained using helium and
argon pressure media, respectively. Solid and open symbols represent
the data obtained for compression (denoted as part c) and decompres-
sion (denoted as part d), respectively. The dot and dot-dashed lines
indicate the equation of state for the present CoP; using helium and
argon pressure media, respectively. The solid line indicates the extra-
polation of the compression curve reported by Shirotani et al.” The
Eulerian strain f dependence of F is shown in part b. Circles and
diamonds correspond to the use of helium and argon, respectively.

might be due to several factors such as the stiffness of solid argon™
and the location of ruby. Therefore, we limit the discussion of the
compression behavior to the results obtained in helium (run 1).

The present pressure—volume data below 10 GPa are in good
agreement with the results obtained by Shirotani et al.,” whereas
those above 10 GPa exhibit much less compressibility than the
extrapolation using the EOS. Shirotani et al. obtained a K value
of 152(4) GPaand a K value of 1(1) from the third-order B—M
EOS fitting to their pressure—volume data for pressures up to
7 GPa. However, it should be noted that experimental data over a
wide pressure range are required when Ky is evaluated in a
compression experiment. To evaluate K, and K/, we examined
the normalized pressure (F) as a function of the Eulerian strain
(f) defined as follows:

f=1v/ve) P =1))2

= P/[3f(2f +1)°?] = 1+3( Ky —4)f + ...

As shown in Figure 3b, the F—f plot exhibits a small positive
slope. Therefore, K,/ was obtained with a fitting to the third-
order B—M EOS, which yields a K, value of 147(3) GPa [K, =
4.4(2)] and 171(5) GPa [Ky' = 4.2(4)] in helium and argon,
respectively. Furthermore, the second-order B—M EOS fitting
was also made for comparison, which yields a K, value of
151.9(6) GPa [Ky' = 4.0 (fixed)] and 172(1) GPa [K = 4.0
(fixed)] in helium and argon, respectively. The K, value obtained
with the third-order B—M EOS fitting is lower than the value

Table 1. Summary of K, and K,/ for Binary Skutterudites
Determined by High-Pressure Experiments®

PM a (A) K, (GPa) Ky pressure range

CoP; He 7.7079(S)  147(3)  44(2) P < 40 GPa’
CoP;  Ar 7.7079(5)  171(5)  42(4) P < 40 GPa’
CoP; He 7.7079(5)  151.9(6)  4.0(fixed) P < 40 GPa®
CoP;  Ar 7.7079(5)  172(1)  4.0(fixed) P < 40 GPa®
CoP; M-E 7.7064 152(4)  1(1) P <7 GPa?

CoSb; M—E 9.0451 81(1) 6(1) P < 10 GPa*
CoSb; M-E 9.036(5)  932(6)  4.0(fixed) P < 20 GPa®
CoSb; M—E-W 9.036(5)  93(6) 5(1) P <20 GPd/

CoSb; M-E 9.0347 84 6.0(fixed) P <10 GPa®
RhSb; M—-E 9.2255 95 6.0(fixed) P <10 GPa®
IrSb; M-—E 9.2512(11)  136(5) 4.8(5) P < 42 GPa"
IrSb; M-E 9.2564 105 6.0(fixed) P <10 GPa®

“PM: pressure medium. He: helium. Ar: argon. M—E: methanolf
ethanol. M—E—W: methanol —ethanol—water mixture. ”This study
(third- orderB M EOS fitting). “ This study (second- orderB MEOS
fitting). “Shirotani et al,, 2004 *Kraemer et al, 2005. Kraemer
et al,, 2007. € Matsui et al,, 2010. " Trent et al., 2000.

reported by Shirotani et al. (K, = 152 GPa). This might be due to
the much larger value of K, (4.4) in this study than in theirs
(Ko’ = 1). Table 1 lists the values of K, and K, together with
those of other binary skutterudites.

Parts a and b of Figures 4 show the Raman spectra and
peak positions for CoP3 in helium during decompression from
40.4 GPa to ambient pressure at room temperature. To the best of
our knowledge, there have been no reports on the Raman spectrum
of CoP; under ambient pressure and the peaks have not yet been
identified. Skutterudite has a cubic structure belonging to the space
group Im3, with eight active Raman modes (I'y = 2A, + 2E, +
4T ) As shown in Figure 4, we have observed seven sharp peaks
(denoted as ;) between 250 and 650 cm ™' at 40.4 GPa, which
shifted smoothly toward lower wavenumbers during decompres-
sion, with no additional peaks appearing, although the intensity of
some peaks changed. In comparison with CoSbs, the Raman peaks
of CoP; appeared at higher wavenumbers.”*** This might be due to
the difference in the lattice parameter and pnictogen mass, as
suggested by the previous Raman scattering measurements on
filled RT,Sby, and RT,P;, (R = lanthanides; T = transition
metal).>® The lack of significant change in the Raman spectra is
consistent with the XRD results, which indicates that CoPj
remains stable up to about 40.4 GPa at room temperature.

The mode Griineisen parameter (y;) of CoP; can be calculated
from the pressure dependence of the Raman frequencies.”® ' A
small sample size is usually required for high-pressure experiments,
and it is difficult to measure the Gruneisen parameter by conven-
tional methods under high pressures. Alternatively, Raman scatter-
ing measurement is one of the most suitable, convenient, and
almost unique methods to obtain directly the vibration mode
frequencies of materials under high pressure. In most previous
studies using DAC combined with Raman spectroscopy, the mode
frequency was fitted to a linear function of pressure and the
derivative has been used to obtain 7/,026 2

Vio = KT,O/wi,O(awi/ap)T,o

where @, Krp, and P are the phonon frequency of mode i
isothermal bulk modulus and pressure, respectively. The subscript
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Figure 4. (a) Pressure evolution of Raman spectra of CoP; in helium
for decompression from 40.4 GPa to ambient pressure. Raman peaks
from CoPs, labeled as w; (i = 1—7). The unshifted peak indicated by an
asterisk corresponds to an impurity in the diamond or plasma line of
Ar". (b) Pressure dependence of w; (i = 1—7) up to 40.4 GPa.

zero corresponds to the zero-pressure condition. On the other
hand, in order to constrain Y from Raman data, a modified
procedure has been proposed recently by introducing the following
two relations and  was successfully obtained:***"

Yy, = —0@hw/dlnV),

Vi = Vi,o(V/VO)q

where V is the unit cell volume calculated from the EOS of CoP;
and q is the 10gar1thm1c volume derivative of y;. This approach
avoids some problems™ and is capable of resulting in an averaged
over the pressure range of the experiment. In addition, the Raman
frequencies of the present CoP; show a slight nonlinear pressure
dependence, and it causes difficulty in fitting the Raman data by a
linear function of pressure. Therefore, we have adopted this
procedure to obtain . The mode Griineisen parameter was origi-
nally defined as the volume dependence of the vibration mode
frequency of the lattice, and it is an important dimensionless num-
ber that describes the thermoelastic properties of materials.** 3¢
The vibration mode frequencies depend on the element mass,
bond strength, coordination environment, and so on. However, y
generally lies between 0.5 and 3 irrespective of the composition.**

Table 2. Mode Gruneisen Parameters of CoP; and Other
Binary Skutterudites

i Wio (em™) Yio
1 306.27 0.978(9)
2 357.09 1.4(1)
3 363.92 1.54(1)
4 387.37 1.51(1)
S 406.8 1.54(1)
6 446.69 1.48(1)
7 468.13 1.49(1)
averaged 7,0 1.4(2)°
1.49(5)"
ref
CoP; y = 0.974°
CoSbs y = L111°
CoSb; y =0.952¢
IrSbs y = 1.42°

“ This study (usmg all data). ” This study (excluding i = 1). “ Shirotani
et al,, 2004. 9 Caillat et al., 1996. ¢ Slack and Tsoukala, 1994.

We fitted the Raman frequencies to the above formula and obtained
the mode Griineisen y (spectroscopic ys,) values ranging from
0.978(9) to 1.54(1) with respect to mode i (q was assumed to be
unity in the present study for the simplicity in the empirical law?).
The mode i = 1 might originate from the impurities because this
mode frequency exhibited a different volume dependence from that
of the others. Table 2 lists the obtained yg;, values together with y of
other binary skutterudites. In comparison, Shirotani et al.” reported
a y value of 0.974 for CoP5, calculated on the basis of the Debye
approximation using the bulk modulus and its pressure derivative
(Slater’s y*>**). We found Slater’s g for CoP; to be 2.0, which is
more than twice their value, by using a K, value of 147 GPa and a
Ky value of 4.4. The discrepancy in yg is obviously due to the
difference in K,,'. The present mode Griineisen parameter for CoP5
is larger than that reported for CoSb; but close to that reported for
IrSbs, which is stiffer than other antimonide skutterudites. There-
fore, the thermoelastic properties of CoP; might be similar to those
of the p-type semiconductor IrSb;.

In the present high-pressure in situ XRD and Raman scattering
measurements, no self-insertion reaction was observed in CoP5
up to 40.4 GPa at room temperature in noble gases. This indi-
cates that CoP; with the skutterudite structure is thermodyna-
mically stable up to 40.4 GPa at room temperature and does not
form P,CoP;_,. This behavior is in complete contrast to that of
TSbs, which transforms into Sb, TSb;_, above 20 GPa at room
temperature. In addition, it must be noted that the large struc-
tural void at the body-centered site of the cubic unit cell is
comparable in size to the atomic diameters of helium and argon.”’
Therefore, it should be taken into account that noble gases can
occupy the voids of CoP; under high pressure (i.e., noble-
gas-filled CoPs). Previous high-pressure studies on open-structured
materials found drastic unit cell expansion when the materials
were compressed together with noble gas or molecules in the
gigapascal pressure range.”"*” In contrast to these studies,
however, no significant expansion of the unit cell was observed
in CoP3 when it was compressed together with helium or argon.
However, the possibility of noble-gas-filled CoP; remains, espe-
cially for helium, because the atomic diameter of helium is much
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smaller than that of argon and the size of the voids in CoPs.
Noble-gas-filled skutterudites are interesting from the viewpoint
of phenomena such as the rattling effect, and thus further experi-
mentation using different approaches are required.

4. CONCLUSION

We studied the high-pressure behavior of CoP; in helium and
argon up to a pressure of 40.4 GPa at room temperature using a
DAC combined with high-pressure in situ XRD and Raman
scattering measurements. No phase transition was observed in
either pressure media, and the cubic structure of CoP3 was
maintained up to a pressure of 40.4 GPa at room temperature. A
fitting to the third-order B—M EOS yields K values of 147(3)
GPa [Ky =4.4(2)] and 171(5) GPa [Ky' =4.2(4)] in helium and
argon, respectively. The Gruneisen parameter of CoP; was
determined to be 1.4 from the Raman scattering measurements,
and this value is larger than that found in a previous study. CoP;
is stiffer than other binary skutterudites, making it promising for
use as a host cage that can accommodate large atoms or molec-
ules in its voids under very high pressure.
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