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The thermoelectric material CoSb3, with skutterudite structure, was subjected to high pressures using a
diamond anvil cell up to 40 GPa. Above 20 GPa this compound undergoes an irreversible isosymmetric
transition to a phase that, upon pressure release, exhibits a volume greater than that of pristine CoSb3. Experi-
mental evidences are shown that allow us to interpret this anomalous behavior as a kind of pressure-induced
insertion reaction.
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Filled skutterudite compounds have been considered as
potential candidates for thermoelectric applications.1–4 These
cubic compounds �space group Im3� have a general formula
�MX3, where M is a d-group metal �e.g., Co, Fe, Ir, Rh,
occupying site 8c� and X= P, As, or Sb �site 24g�. The sym-
bol � represents a vacancy �site 2a, situated in a cage
formed by the atoms in the 8c and 24g sites—see Fig. 1�,
which can be empty �as in the binary skutterudites� or par-
tially occupied by rare-earth ions and other electropositive
elements such as Na, K, or Ba. Rare-earth filled skutterudites
are a physical realization of the electron crystal and phonon
glass concept.1,5 In fact, the rare-earth ions inside the over-
sized cages in the skutterudite framework rattle around the
equilibrium positions, incoherently scattering phonons and
thus reducing the lattice thermal conductivity of the filled
skutterudites. Owing to this reduced thermal conductivity,
the thermoelectric figure-of-merit �ZT� for filled skutteru-
dites such as LaFe3CoSb12 reaches values near one, for tem-
peratures around 800 K.6It has been argued that a ZT of
about 3 would be necessary in order to make thermoelectric
refrigeration competitive with today’s technology.7,8 Nowa-
days, semiconductor nanostructures and thin-film superlat-
tices with ZT�2 at room temperature are state-of-art ther-
moelectric materials.8–10

Because of their relatively open structures, skutterudite
compounds are expected to exhibit interesting behavior un-
der high pressure. Despite that, the literature on the high
pressure phase stability of skutterudite compounds is rela-
tively scarce.11–13 In a previous work we have determined the
isothermal equations of state for two skutterudites, namely
CoSb3 and LaFe3CoSb12.

11 No phase transition was observed
for CoSb3 and LaFe3CoSb12 up to 20 GPa and also for IrSb3
up to 42 GPa.11–13 The general conclusion from these earlier
studies is that, despite their open structures, the binary skut-
terudites are quite stable under high pressure. However, in
this paper, we will show that above 20 GPa cobalt anti-
monide undergoes an irreversible transition to another phase,
isosymmetric to CoSb3, with a volume at ambient pressure
greater than that of pristine CoSb3. A similar result was ob-
tained with samples submitted simultaneously to high pres-
sure and high temperatures. This anomalous behavior, to the
best of our knowledge never observed before, can be inter-
preted as a pressure-induced self-insertion reaction of cobalt

antimonide, in which antimony atoms from the compound
framework partially fill the 2a site.

The sample of CoSb3 used in this work was prepared
according to the synthesis procedure described in detail by
Sales et al.5 The x-ray powder diffraction pattern of the syn-
thesis product revealed no contaminant phase. Pristine CoSb3
is also compositionally homogeneous, as could be verified by
energy-dispersive electron microprobe analysis. The lattice
parameter at room pressure �a0=9.036�5� Å� compares well
with the values reported in literature.14 A series of high pres-
sure energy dispersive x-ray diffraction spectra �EDXRD�
was obtained in the pressure range up to 40 GPa using a
diamond anvil cell �DAC�.15 The samples of CoSb3 were
contained into a 250 �m diameter hole drilled in a tungsten
gasket, along with a small ruby chip as a pressure gauge.16

We have used a mixture of methanol-ethanol-water �16:3:1�
as pressure transmitting medium. Energy dispersive x-ray
diffraction �EDXRD� experiments were performed with
an intrinsic germanium detector, fixed at 2�=14° �Ed
=50.87 keV Å�, using radiation from a tungsten x-ray tube
operating at 45 kV and 20 mA. Peak positions in the ruby
fluorescence and in the EDXRD spectra were determined by
fitting Gaussian profiles to the peaks using the XRDA
program.17 Some representative EDXRD spectra are shown
in Fig. 2. No appreciable change in the EDXRD spectra that
could suggest any departure from cubic symmetry was ob-
served within this pressure range. Figure 3 shows the relative
volume of cobalt antimonide versus pressure, obtained from
several high pressure experiments carried out with different
samples, both at increasing and decreasing pressures. As pre-
viously reported,11 nothing unusual was observed while the
maximum pressure remained below 20 GPa. A fitting of the
Birch-Murnaghan equation-of-state �BM-EOS� to the data
shown in Fig. 3 up to 20 GPa yields a bulk modulus at zero
pressure B0=93�6� GPa and a bulk modulus pressure deriva-
tive B0�=5�1�, in good agreement with previous results.11,12

Above 20 GPa, upon increasing pressure, the volume reduc-
tion with pressure becomes less pronounced, perhaps due to
the increasingly nonhydrostaticity of the pressure medium,
and the fitting of a single BM-EOS to the whole data set
yields unreasonable results �B0=50�16� GPa and B0�
=23�10��. It is noteworthy that, upon pressure release from
above 20 GPa, a hysteresis was observed in which the unit
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cell volume becomes greater than that observed at increasing
pressure. This effect is irreversible, and the sample recovered
at room conditions exhibits a volume about 2.5% greater
than that of pristine CoSb3.

A small portion of cobalt antimonide previously submit-
ted to 35 GPa in the DAC was taken for an ex situ analysis
by angle-dispersive x-ray diffraction in the XDP beamline at
D10B in the Laboratório Nacional de Luz Síncrotron
�LNLS� �Campinas, Brazil�.18 In this experiment, synchro-
tron radiation was monochromatized by a double-bounce
Si�111� monochromator. The sample, mounted on the tip of a
capillary tube, was attached to a goniometer head with four
adjustable axes on a Huber 4+2 circle diffractometer. The
wavelength ��=1.3791�5� Å� was determined from the
analysis of the Bragg peaks from a sample of silicon stan-
dard �NIST SRM640c�. Due to the very small amount of

sample available for analysis, a �002� highly oriented pyroli-
tic graphite analyzer was employed to have a better signal-
to-noise ratio. Even so, only the profile of the three more
intense peaks could be measured within the available beam
time. As can be seen in Fig. 4, the 310, 312, and 420 �not
shown� peak profiles indicate that this sample actually has
two phases. From the peak positions and assuming cubic
symmetry, the lattice parameter of the phase with small
width Bragg peaks �a0=9.033�2� Å� is the same as CoSb3

pristine, while the second phase has a0=9.062�2� Å. From
now on we will refer to the high pressure phase of cobalt
antimonide as CoSb3

*.
Pressure-induced volume increase has been previously

FIG. 1. �Color online� Schematic representation of the CoSb3

crystal structure, showing the tridimensional arrangement of CoSb6

octahedra �above� and the cage formed by the Co and Sb atoms
around the 2a site �below�. Cobalt, antimony, and the vacancy at the
2a site are represented by red, blue, and green spheres, respectively.

FIG. 2. Some representative energy-dispersive x-ray diffraction
spectra of CoSb3 in a DAC at �a� 2.7�1� GPa, �b� 39.7�3� GPa, and
�c� 1.8�1� GPa �this last at decreasing pressure�. The Miller index of
the Bragg peaks and other major features are labeled in the spectra.

FIG. 3. �Color online� Pressure dependence of the relative vol-
ume for cobalt antimonide. Open and solid symbols refer to increas-
ing and decreasing pressure runs, respectively. Solid and dashed
lines represent the fitting of a BM-EOS to data below 20 GPa and
to the whole set of data acquired upon pressure increase, respec-
tively. The dotted line is plotted to guide the eye through the data
obtained upon decreasing pressure from above 20 GPa. The solid
hexagon at P=0 represents the relative volume of a sample previ-
ously submitted to 35 GPa, as measured at ambient conditions in
the LNLS.
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observed as the result of the insertion of molecules from the
pressure transmitting medium �see, e.g., Refs. 19–21 and ref-
erences therein�. As a necessary condition, the host com-
pound should possess channels with a diameter large enough
to allow the diffusion of some component from the pressure
medium, and this is not the case for cobalt antimonide. How-
ever, the hypothesis of volume increase due to the insertion
of a chemical species can still stand if we consider the pos-
sibility of insertion into the cages of atoms from the CoSb3
framework itself.

Any insertion reaction involves diffusion processes and its
rate can be increased at higher temperatures. Accordingly, in
principle CoSb3

* could be prepared at lower pressures and
temperatures above ambient. To test this hypothesis, high
pressure and high temperature experiments were conducted
on a toroidal high pressure cell.22,23 In these experiments, a
cylindrical sample of CoSb3 �3 mm diameter and 5 mm
high� was enclosed into a hexagonal boron nitride capsule to
ensure quasi-hydrostatic conditions. Heating was provided
by a graphite furnace. The pressure on the sample was cali-
brated against the fixed points of bismuth and ytterbium23

and temperature was determined from the electrical power
supplied to the graphite furnace, as previously calibrated
against temperature as measured by a Pt-Pt 13% Rh thermo-
couple. Two samples of CoSb3 were submitted to 7.7 GPa
and then heated to 550 °C and 300 °C, respectively, for fif-
teen minutes, after which they were brought to ambient tem-
perature and finally pressure was released. Cobalt anti-
monide decomposes partially at 7.7 GPa when heated to
550 °C and, to a minor proportion, at 300 °C. As can be
seen in Fig. 5, the XRD pattern of the sample submitted to
7.7 GPa and 550 °C exhibits the same set of Bragg peaks as
that of pristine CoSb3. These peaks, however, appear
doubled and displaced toward lower angles �see the inset in
Fig. 5�a��. The same phenomenon observed at high pressure
and room temperature in the DAC seems to be occurring also
at lower pressures and higher temperatures. In fact, the set of
displaced Bragg peaks shown in Fig. 5�b� was indexed in the
same way as the parent cubic cobalt antimonide, yielding
lattice parameters of 9.1372�3� Å and 9.0721�6� Å, both
larger than that of pristine CoSb3. All these suggests we are
observing here the same phase produced in the DAC. Fur-

FIG. 4. Synchrotron radiation XRD profiles at room conditions of the Bragg peaks 310 and 312 for a sample of CoSb3 previously
submitted to 35 GPa in a DAC. Experimental data �open circles� and the fitted sum of two Gaussian profiles �full line� plus a linear
background �dotted line�.

FIG. 5. X-ray powder diffraction patterns at room conditions of
�a� CoSb3 pristine and �b� CoSb3 after pressed to 7.7 GPa and
550 °C. Dots indicate the raw data points and the solid line is the
refined profile. Intensities were normalized with respect to the am-
plitude of the �most intense� 312 Bragg peak. The tick marks indi-
cate the expected positions of Bragg peaks from �a� CoSb3 and, in
�b�, from top to bottom, CoSb3

* �phases 1 and 2�, CoSb2, antimony,
and hBN. The inset in �a� shows two peaks of pristine CoSb3 �bot-
tom� and the corresponding peaks in the pattern from the sample
treated at 7.7 GPa and 550 °C, which appear doubled and displaced
toward lower angles. The inset in �b� shows the intensity reduction
of 110, 200, 211, and 220 Bragg peaks upon Sb insertion at high
pressure and high temperature.
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thermore, the Rietveld analysis of the XRD powder pattern
shown in Fig. 5�b� reveals that this pattern can be modeled
with two phases isosymmetric to CoSb3 �plus CoSb2, anti-
mony, and a small contamination of hexagonal boron nitride,
hBN�.24,25 In other words, the transition CoSb3→CoSb3

* does
not lead to any observable lowering of symmetry and thus
there is no ambiguity in the indexing of the peaks in the high
pressure EDXRD spectra and, consequently, in the calcula-
tion of the unit cell volume.

One possible mechanism behind the irreversible pressure-
induced volume increase of CoSb3 involves a two step pro-
cess: Decomposition of cobalt antimonide according to
CoSb3→CoSb2+Sb, followed by diffusion and insertion of
antimony into a nearby cage, CoSb3+Sb→CoSb3

*. In fact,
CoSb2 is observed in the XRD patterns shown in Fig. 5.
However, the proportion of CoSb2 to CoSb3

* in the samples
processed at 550 °C and 300 °C is very different, effectively
ruling out this decomposition/insertion mechanism. Further-
more, no sign of the most intense peak of CoSb2 could be
found in the XRD analysis conducted in the LNLS with the
sample of CoSb3 previously processed at 35 GPa and room
temperature.

We thus propose that all experimental findings reported in
this paper can be interpreted in terms of a pressure-induced
insertion reaction. According to this, above 20 GPa, at room
temperature �and at lower pressures and higher tempera-
tures�, some atom of the skutterudite framework �most prob-
ably antimony� collapses into the cage, occupying the 2a
site. Hence the CoSb3

* phase formed at high pressures can be
identified as SbxCoSb3−x, with x�0.25. Besides the increase
of the unit cell volume, the striking reduction of the intensity
of 110, 200, 211, and 220 Bragg peaks, shown in the inset in
Fig. 5�b�, also gives support to the hypothesis of pressure-
induced insertion of antimony. In fact, under the assumption
that CoSb3

* is isosymmetric to CoSb3, there is no alternative
way to explain this intensity reduction but to assume that
some atom �and, particularly, antimony� partially occupies

the 2a site in the CoSb3
* structure.26 The greater volume of

the phase recovered upon pressure release should be the re-
sult of the chemical pressure exerted by the antimony in-
serted into the cages of the skutterudite framework. The cal-
culated density for the sample recovered from 7.7 GPa and
550 °C, 7.64 g cm−3�estimated by supposing that the high
pressure phase of CoSb3 is actually SbxCoSb3−x, and taking
into account the sample’s composition as determined by
Rietveld analysis of the x-ray powder diffraction pattern�,
agrees very well with the experimental value of
7.6�2� g cm−3, thus giving further support to the hypothesis
of pressure-induced insertion reaction. Despite the lack of
the same direct experimental evidence of antimony insertion,
it seems reasonable to admit we are observing essentially the
same phenomenon in the experiments carried out in a DAC.

The analysis of data shown in Fig. 3 suggests that the
transition CoSb3→SbxCoSb3−x takes place with no volume
discontinuity. The increase of entropy following partial oc-
cupancy of the 2a site �concomitant with the creation of
vacancies in the CoSb3 framework� should be part of the
driven force behind this transition. SbxCoSb3−x remains
metastable at ambient pressure and converts back �exother-
mically� to CoSb3 by heating to 250 °C.

To conclude, taken as a whole, the experimental findings
reported in this paper give support to the conclusion that
cobalt antimonide exhibits a self-insertion reaction at el-
evated pressures. A more detailed description of the micro-
scopic mechanism behind this transition, as well as the ef-
fects of such insertion reaction on the transport properties of
cobalt antimonide, should be subjects of further studies.
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