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Nanostructured orthorhombic FeSb2 was formed along with an amorphous phase, by mechanical

alloying from a mixture of Fe and Sb powders. The influence of pressure on the structural and optical

properties of the material was investigated by X-ray diffraction (XRD) and Raman spectroscopy (RS) up

to 28.2 and 45.2 GPa, respectively. The volume fraction of the amorphous phase increased with

increasing pressure. For pressures above 14.3 GPa, a tetragonal FeSb2 phase was also observed. For the

orthorhombic FeSb2 phase, the pressure dependence of the volume fitted to a Birch–Murnaghan

equation of state gave a bulk modulus B0¼75.573.2 GPa, and its derivative B00¼7.270.7. For the

orthorhombic FeSb2 phase, the Raman active A2
g mode was observed up to 28.3 GPa, while the B2

1g mode

was not for pressures larger than 14 GPa. For pressures above 21 GPa, the Raman active A1g mode of a

tetragonal FeSb2 phase was observed.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

FeSb2 is a narrow gap semiconductor that has attracted attention
because of its unusual magnetic properties (paramagnetic to dia-
magnetic crossover at about 100 K), thermoelectric properties (colos-
sal Seebeck coefficient S at 10 K and the largest power factor S2s ever
reported) [1], and transport properties (a metal-to-semiconductor
transition at about 40 K) [2].

Under ambient conditions, FeSb2 crystallizes in an ortho-
rhombic structure (S.G. Pnnm, Z¼2), with Fe atoms at the 2a
(0,0,0) Wyckoff position and Sb atoms at the 4g (x,y,0) position,
with x¼0.1885 and y¼0.3561. Each Fe atom in a deformed
octahedral environment and octahedra share edges along the
c-axis [3]. Fig. 1 shows the conventional unit cell for FeSb2. The
angles [Sb(10)–Fe(7)–Sb(11)] and [Sb(10)–Fe(7)–Sb(12)] are sup-
plementary, with values of 91.641 and 88.361, respectively. The
interatomic distances Sb(10)–Sb(11) and Sb(10)–Sb(12) are
3.712 Å and 3.607 Å, respectively, while the Fe(7)–Sb(2), Fe(7)–
Sb(3), Fe(7)–Sb(11) and Fe(7)–Sb(12) distances are 2.601 Å and
Fe(7)–Sb(6) and Fe(7)–Sb(10) distances are 2.575 Å.

The influence of pressure on bulk FeSb2 was studied by
Petrovic et al. [4] for pressures up to 7.14 GPa and no structural
changes were observed. On the other hand, Wu et al. [5], using
ll rights reserved.
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ab initio calculations, predicted a transformation of the orthor-
hombic phase into a tetragonal structure (CuAl2 structure type)
at 38 GPa.

It has been suggested in the literature that the thermoelectric
conversion efficiency of a material can be improved by reducing the
crystallite size to nanometric dimensions (o100 nm). For some
years, our research has been focused on nanostructured materials
because of their unique properties and, more recently, we studied
the influence of high pressure on nanostructured materials, espe-
cially those with thermoelectric applications [6–10].

From the structural point of view, nanostructured materials
have two components: one crystalline, made of crystallites with
nanometric dimensions (o1000 Å), with the same structure
as the bulk counterparts, and another interfacial, made of differ-
ent types of defects (grain boundaries, interphase boundaries,
dislocations, etc.). The number of atoms in both components is
similar, causing a strong dependence of the properties on the
atomic arrangements present in the interfacial component [11].
Nanostructured materials have been produced by different tech-
niques, including mechanical alloying (MA). Suryanarayana’s
paper [12] gives a good review of the MA technique, while the
physical mechanisms involved are described in Refs. [13–16].

A stoichiometric FeSb2 mixture was subjected to the MA tech-
nique for 32 h, which resulted in a nanostructured orthorhombic
FeSb2 phase, an amorphous phase, and a small amount of unreacted
Sb. The effect of high pressure on the resulting material was
investigated by X-ray diffraction (XRD) and Raman spectroscopy
(RS); the results obtained are reported in the following sections.
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Fig. 1. Conventional unit cell of FeSb2. The angles Sb(10)–Fe(7), Sb(12) and

Sb(10)–Fe(7)–Sb(11) are supplementary.
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2. Experimental procedure

A 1:2 mixture of Fe (Aldrich, purity 99.999%) and Sb (Alfa
Aesar, purity 99.999%) was sealed together with several steel balls
of 11.0 mm in diameter in a cylindrical steel vial under argon
atmosphere. The ball-to-powder weight ratio was 7:1. The vial
was mounted on an SPEX mixer/mill, model 8000. The tempera-
ture was kept close to room temperature by a ventilation system.
After 32 h of milling, the XRD pattern showed an excellent
agreement with that given in the ICSD Database (code 41727)
[3] for the orthorhombic FeSb2 phase. An amorphous phase was
also observed, along with a small amount of unreacted Sb.

A diamond anvil cell (DAC) with an opening that allowed probing
up to 2y¼281 was used [17]. A small amount of FeSb2 powder was
compacted between diamonds to a final thickness of approximately
15 mm. A small chip of this preparation, about 80 mm in diameter,
was loaded into a stainless-steel gasket hole of 150 mm diameter.
Neon gas was used as a pressure-transmitting medium. The pres-
sure was determined by the fluorescence shift of a ruby sphere
loaded in the sample chamber [18]. The quasi-hydrostatic condi-
tions were controlled throughout the experiments by monitoring
the separation and width of R1 and R2 lines. In situ XRD patterns as a
function of pressure were acquired at the XRD1 station of the
ELETTRA synchrotron radiation facility. This diffraction beamline is
designed to provide a monochromatized, high-flux, tunable X-ray
source in the spectral range from 4 to 25 keV [19]. The study was
performed using a wavelength of 0.68881 Å (E¼18,002.06 eV). The
detector was a 345-mm imaging plate from MarResearch. The
sample-to-detector distance was calibrated using diffraction data
from Si powder loaded in the diamond anvil cell. The XRD data were
collected at 0.7, 2.2, 3.7, 5.3, 6.6, 8.1, 9.7, 12.6, 14.3, 15.6, 17.6, 19.1,
21.0, 23.3 and 28.2 GPa. An exposure time of 10 min was used for all
measurements. The two-dimensional diffraction patterns were con-
verted to intensity versus 2y using the fit2D software [20] and
analyzed by the Rietveld method [21] using the GSAS package [22].
For the Raman measurements, a particle of approximately
50�60�20 mm3 was loaded in the DAC. The Raman spectra and
ruby luminescence were recorded in the backscattering geometry
by means of a Jobin-Yvon T64000 Raman triple spectrometer and
a multichannel CCD detector. An excitation line of l¼514.5 nm of
an Ar laser was used for excitation and focused down to 5 mm
with a power of about 20 mW at the entrance of the DAC. With
increasing pressure, Raman spectra were collected at 1.3, 5.3, 7.5,
9.6, 12.7, 14.0, 21.0, 24.9, 28.3, 32.4, 36.9, 42.7 and 45.2 GPa. With
decreasing pressure, Raman spectra were collected at 0.4, 9.3, 15.3,
22.9, 36.7 and 40.8 GPa. An exposure time of 120 min was used for
all measurements. The Raman frequencies were determined from a
fit of the peaks to a Lorentzian profile. The frequency accuracy was
better than 1 cm�1.
3. Results and discussion

3.1. Characterization of the as-milled powder

The XRD pattern for 32 h of milling showed an excellent
agreement with that given in the ICSD Database (code 41727)
[3] for orthorhombic FeSb2 (S.G. Pnnm, Z¼2). The diffraction
peaks of elemental Sb were also seen, indicating that a small
content of elemental Sb remained unreacted. From the Rietveld
analysis, a volume fraction of 7% Sb was obtained.

The structural stability of the as-milled powder was investi-
gated by performing two sequential differential scanning calori-
metry measurements. The first measurement showed an intense
exothermic peak located at about 338 1C, which was associated
with crystallization of an amorphous phase, while in the second
measurement this peak was absent. This result showed that,
besides the FeSb2 phase, an amorphous phase was also formed.

The mean size of the crystallites of the FeSb2 phase was estimated
using the Scherrer formula [23]. For this, the full-width at half-
maximum (FWHM) b in radians and 2y values of the most intense
peaks obtained from the Rietveld refinement of measured XRD
pattern were used, and a value of 245 Å was obtained.

The volume fractions of crystalline (FeSb2 and Sb) and inter-
facial/amorphous components forming the microstructure were
estimated. For this, the measured XRD pattern was normalized to
electrons unit using a procedure described in Refs. [24,25], and
values of E63% and 37% were estimated, respectively.

Heat treatments on the as-milled samples were performed at
250 1C and 400 1C. Rietveld analysis of XRD patterns for annealed
samples showed formation of Fe3O4 as well as decomposition of
FeSb2. The structural, optical, thermal, and photoacoustic proper-
ties of the as-milled and annealed powder at room conditions
were studied and the results will be published elsewhere.

3.2. High pressure XRD measurements

Figs. 2 and 3 show in situ synchrotron XRD patterns of the
nanostructured as-milled powder up to the highest pressure used
(28.2 GPa). No XRD measurements were performed for decreasing
pressure. The XRD pattern measured at 0.7 GPa showed an
excellent agreement with that given in the ICSD Database (code
41727) [3] for the orthorhombic FeSb2 phase (S.G. Pnnm, Z¼2).
Diffraction peaks corresponding to the elemental Sb (marked with
symbol ‘‘n’’ in Fig. 2) were also observed. With increasing pressure,
all the diffraction peaks shifted toward higher 2y values and the
peaks between 2y¼13.51 and 161 became well separated. The peaks
of elemental Sb were observed only up to 9.7 GPa. Neon gas was
used as pressure-transmitting medium, and, according to the
literature, it crystallizes in a f.c.c structure at about 10 GPa [26].
Thus, the peak seen at about 2y¼19.71 on the XRD pattern at
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Fig. 2. XRD patterns measured with increasing pressure up to 9.7 GPa for

nanostructured orthorhombic FeSb2 powder. The diffraction peaks of elemental

Sb are marked with the asterisk (n) symbol, while that from the gasket is identified

by the G letter.

12 14 16 18 20 22 24 26

17.6 GPa

N

28.2 GPa

23.3 GPa

21.0 GPa

19.1 GPa

15.6 GPa

14.3 GPa

12.6 GPa

In
te

ns
ity

 (a
rb

. u
ni

ts
)

2� (degrees)

G

N

N

Fig. 3. XRD patterns measured with increasing pressure from 12.6 to 28.2 GPa for

the nanostructured orthorhombic FeSb2 powder. The diffraction peaks from the

gasket and from neon are identified by the G and N letters, respectively.
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Fig. 4. Estimated XRD scattering for the amorphous phase for several pressures.
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14.3 GPa was indexed to the (1 1 1) plane of cubic neon. This peak is
marked with the letter N in Fig. 3. With increasing pressure, other
peaks corresponding to solid neon are observed. The peak seen at
about 2y¼20.81 (marked with the letter G) on the XRD pattern at
9.7 GPa is attributed to the gasket, since is was observed after
removing the sample. It is also seen on the patterns at 14.3, 15.6,
17.6 and 19.1 GPa.

In Figs. 2 and 3, between 2y¼13.51 and 171, there is a halo of an
amorphous phase. Visually, one can see that its volume fraction
increases with increasing pressure, reaching the maximum intensity
at about 23.3 GPa. In another study performed on this same powder,
whose results are mentioned in Section 3.1, an amorphous phase
was also observed and investigated. In the present study, the
evolution of amorphous phase with increasing pressure was inves-
tigated. For this, the software DATLAB code [27] was used to estimate
its volume fraction at 6.6, 14.3, 23.3 and 28.2 GPa, and the result is
shown in Fig. 4. This figure shows that the intensity of the halo is
maximum at 23.3 GPa, indicating that the volume fraction of the
amorphous phase increases with increasing pressure up to this
pressure. When the pressure is increased to 28.2 GPa, the intensity
of the halo decreases, suggesting that a new high pressure phase is
formed. The diffuse scattering increases for angles larger than
2y¼181. This increase is attributed to the Fe Ka and/or Kb fluores-
cence generated during the measurements, since the photon energy
was 18,002.06 eV and the Fe K-edge was 7112 eV. The effect of
pressure on the local atomic structure, i.e., on the average intera-
tomic distance of the first neighbors, was evaluated using the
Ehrenfest relation r¼ l=Esin y [28], where the structure dependent
constant E was taken to be 1.671, y is the half-angle of main
diffraction halo and l is the wavelength used in the experiments.
For the pressures of 6.6, 14.3, 23.3 and 28.2 GPa, average interatomic
distances of 3.20, 3.12, 3.05 and 2.95 Å were obtained, respectively.
These values decrease with increasing pressure, as expected, and are
compatible with the interatomic distances for Fe–Sb alloys, since the
atomic radii of Fe and Sb are 1.24 and 1.82 Å, respectively [29].

In order to understand the increase in the volume fraction of
amorphous phase with increasing pressure, the pressure depen-
dence of the mean size of the crystallites was estimated using the
Scherrer formula [23]. For this, the XRD patterns were refined and
simulated through the Rietveld method [21,22]. From the refine-
ment, the full-width at half-maximum (FWHM) b in radians and
2y values of the most intense peak for FeSb2 were used. Fig. 5
shows the mean size of the crystallites for several pressures. The
solid line is only a guide to the eye. From this figure, one can see
that the FeSb2 phase produced by the MA technique is nanos-
tructured. With increasing the pressure up to 0.7 GPa, the volume
fraction of FeSb2 increases, and this can be explained by the
following argument: the increase in pressure first promotes a
reduction of the interfacial component through partial elimina-
tion of the several types of defects. In addition, atoms located near
the boundaries of the crystallites are incorporated, promoting
their growth. Also, strains present in the crystalline component
are eliminated. All these processes improve the crystallinity of the
nanostructured FeSb2 phase, leaving it energetically more stable.
Increasing pressure further, an initial fast decrease up to 5.3 GPa, a
smooth decrease up to 12.6 GPa, a maximum at around 14.3 GPa,
and a fast decrease thereafter can be observed. These results show
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that, with increasing pressure, decomposition of the FeSb2 phase
occurs. Thus, the increase of the volume fraction of the amorphous
phase with increasing pressure seen in Fig. 4 can be associated with
decomposition of the FeSb2 phase and/or elimination of the inter-
facial component.

The XRD patterns displayed in Figs. 2 and 3 for the orthorhombic
FeSb2 phase were refined, and the structural parameters are
summarized in Table 1. To illustrate the quality of the refinements,
the experimental and simulated XRD patterns at 0.7 GPa are shown
in Fig. 6.

The pressure dependence of the lattice parameters is shown in
Fig. 7, where one can see two regions denoted as I and II: Up to
9.7 GPa (region I), the lattice parameters a–c follow a second degree
polynomial, while for higher pressures (region II) they follow a
linear polynomial as showed by the fits (solid lines). Individual
lattice parameter compressibilities bi

0¼�(1/i)(qi/qP)T (i¼a,b,c) were
calculated, and the results were ba

0¼0.00330(9) GPa�1, bb
0¼0.00490
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Fig. 5. Mean crystallite size of orthorhombic FeSb2 phase for increasing applied

pressures.

Table 1
Orthorhombic FeSb2 high pressure refinements: lattice parameters, volume, Fe atom at

distances Fe–Sb and angle Fe–Sb–Fe.

P (GPa) 0.7 2.2 3.7 5.3

a (Å) 5.8193 5.7898 5.7610 5.744

b (Å) 6.5323 6.4878 6.4498 6.423

c (Å) 3.2008 3.1698 3.1418 3.123

V (Å3) 121.67(3) 119.06(7) 116.74(0) 115.2

Sb (x) 0.1878(3) 0.1909(7) 0.1894(8) 0.186

Sb (y) 0.3565(8) 0.3591(7) 0.3564(2) 0.354

Fe–Sb x 2 (Å) 2.5729(2) 2.5582(6) 2.5447(8) 2.518

Fe–Sb x 4 (Å) 2.5957(2) 2.5791(6) 2.5544(7) 2.559

Fe–Sb–Fe (1) 128.60(2) 128.48(3) 128.89(7) 128.9

P (GPa) 14.3 15.6 17.6 19.1

a (Å) 5.6564 5.6501 5.6234 5.607

b (Å) 6.2990 6.2841 6.2708 6.247

c (Å) 3.0392 3.0334 3.0191 3.010

V (Å3) 108.28(5) 107.70(3) 106.46(3) 105.4

Sb (x) 0.1946(1) 0.1947(1) 0.1827(2) 0.195

Sb (y) 0.3504(3) 0.3509(5) 0.3548(5) 0.349

Fe–Sb x 2 (Å) 2.4664(2) 2.4648(2) 2.4506(4) 2.444

Fe–Sb x 4 (Å) 2.4862(2) 2.4804(5) 2.5082(9) 2.462

Fe–Sb–Fe (1) 130.48(6) 130.40(4) 128.88(7) 130.6
(5) GPa�1 and bc
0¼0.00706(6) GPa�1 for region I and ba

0¼0.00153
(4) GPa�1, bb

0¼0.00159(2) GPa�1 and bc
0¼0.00199(9) GPa�1 for

region II. In both regions, the c-axis is more compressive than the
a- and b-axis. The calculated values for region I agree well with
those reported in Ref. [4] for a maximum pressure of 7.14 GPa.

The volume as a function of pressure V(P) obtained from
the Rietveld refinement for the orthorhombic FeSb2 phase
(see Table 1) was fitted to a Birch–Murnaghan equation of state
(BM EOS) [30]:

P¼
3

2
B0X5
ðX2
�1Þ 1þ

3

4
ðB00�4ÞðX2

�1Þ

� �
ð1Þ

where X¼(V0/V)1/3. The value V0¼122.27 Å3 was obtained from
the Rietveld refinement of XRD pattern measured at ambient
2a site at (0,0,0), coordinates x and y of the Sb atom at 4g site at (x,y,0), interatomic
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Fig. 6. XRD pattern of the orthorhombic FeSb2 phase at 0.7 GPa (open circles).

Other colored solid lines represent the Rietveld simulations. The bottom line is the

residual intensity. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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conditions. The fitting procedure yielded B0¼75.573.2 GPa and
B00¼7.270.7, as shown in Fig. 8. For bulk FeSb2, Petrovic et al. [4]
reported the values B0¼84(3) GPa and B00¼5(1), and their data
are also shown in Fig. 8 (open stars), while Wu et al. [5] reported
the values B0¼94 GPa, B00¼4.9 and B0¼68 GPa, B00¼5.9 for FeSb2

crystallized in Pnnm and I4/mcm structures, respectively. Accord-
ing to Fecht [31], the bulk modulus B0 for nanometric metals
decreases with increasing volume fraction of the interfacial
component. Thus, the difference between B0 values obtained in
this study and those reported in Refs. [4,5] can be due to the fact
that our sample is nanostructured.

The influence of pressure on the angles [Sb(10)–Fe(7)–Sb(11)]
and [Sb(10)–Fe(7)–Sb(12)] as well as on the interatomic distances
Sb(10)–Sb(11), Sb(10)–Sb(12), Fe(7)–Sb(10) and Fe(7)–Sb(12) was
also investigated and is shown in Figs. 9 and 10, respectively. The
interatomic distances are associated with the Raman active
modes of FeSb2 that will be discussed later. For this, the refined
structural parameters listed in Table 1 were used together with
the Crystal Office 98 Software [32] to build a 3D structure. From
Fig. 9, one can see the angles [Sb(10)–Fe(7)–Sb(12)] and [Sb(10)–
Fe(7)–Sb(11)] show a minimum and a maximum, respectively, at
12.6 GPa. The interatomic distances Sb(10)–Sb(12) and Fe(7)–
Sb(10) display a minimum at 12.6 GPa, while Fe(7)–Sb(12) shows
a maximum at this pressure. The minimum and maximum occur
in a pressure close to 14.3 GPa, where the mean size of the
crystallites displays a maximum (see Fig. 5). These results suggest
a significant structural change at about 14.3 GPa.

Under ambient conditions, TiSb2, VSb2, MnSn2, CoSn2 and FeSn2

crystallize in the CuAl2 structure type [3]. Using first-principle
calculations based on the density functional theory within the
generalized gradient approximation, Wu et al. [5] predicted a FeSb2

orthorhombic–tetragonal (CuAl2 structure-type) phase transition at
38 GPa. In another study, Takizawa et al. [33] reported the formation
of a high pressure CrSb2 phase, crystallized in a CuAl2 structure-type,
at a temperature of 500 1C and pressures above 5.5 GPa. Based on
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Fig. 12. XRD patterns of nanostructured FeSb2 powder measured at 14.3 GPa

(open circles) and simulated using the orthorhombic and tetragonal FeSb2 phases

(red solid line) and the orthorhombic FeSb2 phase (blue solid line) only. Residual

intensities (bottom line) are also shown. The refined structural parameters are

listed in Table 2. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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these results, we examined the formation of a new FeSb2 phase with
the CuAl2 structure-type at about 14.3 GPa. For this, the structural
data for the high pressure CrSb2 phase, together with the classical
relationship among interplanar distances, Muller indexes, lattice
parameters and the Bragg law [23] were used. The diffraction peaks
located at about 2y¼14.961 and 18.311, represented by shoulders on
the XRD pattern measured at 14.3 GPa, were indexed to the (2 1 1)
and (3 1 0) planes, respectively, for calculated lattice parameters
a¼6.8441 Å and c¼5.2563 Å. In order to compare a possible
formation of a new high pressure FeSb2 phase with the CuAl2
structure-type, Fig. 11 shows the XRD pattern measured at
14.3 GPa with the XRD pattern given in ICSD Database (code
42521) [3] for the tetragonal VSb2 phase, using the lattice para-
meters obtained above. The XRD pattern of VSb2 was multiplied by
an arbitrary factor to facilitate the comparison.

It is interesting to note that for pressures between 14.3 and
24.3 GPa, the volume fraction of the tetragonal FeSb2 does not
increase, while the volume fraction of amorphous phase increases.
This suggests that, in this pressure range, the enthalpy of formation
of the amorphous phase is less than that of the tetragonal FeSb2

phase. On the other hand, as shown in Fig. 4, for pressures above
23.3 GPa, the volume fraction of amorphous phase decreases. This
suggests that for pressures higher than 23.3 GPa, the enthalpy of
formation of the tetragonal FeSb2 phase is less than that of the
amorphous phase. Unfortunately, the XRD patterns were measured
up to 28.2 GPa only. However, as will be seen later, the RS spectra
measured for pressures higher than 21 GPa show that a new FeSb2

phase is emerging.
The XRD pattern measured for pressures equal to and higher

than 14.3 GPa were simulated by the Rietveld method [21,22],
considering only the orthorhombic FeSb2 phase and its coexis-
tence with a tetragonal FeSb2 phase. However, for pressures
higher than 21 GPa, the peaks corresponding to the tetragonal
FeSb2 phase are apparently less intense. A possible explanation
for this is the following: with increasing pressure, the intensity of
the halo of amorphous phase decreases, suggesting its decom-
position or transformation into a new high pressure phase. If a
transformation occurred, the diffraction peaks belonging to the
new phase should appear and this is not observed. This suggests
that the amorphous phase decomposes into a mixture of Fe and
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Fig. 11. XRD patterns for the nanostructured FeSb2 powder measured at 14.3 GPa

(top curve) and for the tetragonal VSb2 phase using the calculated lattice

parameters given in the text (bottom curve).
Sb atoms, in which the crystals of the high pressure tetragonal
FeSb2 phase are embedded, making its observation difficult. In
order to illustrate the quality of simulations, Fig. 12 shows the
simulated XRD pattern at 14.3 GPa. From this figure, one can see
that the measured XRD pattern (open circles) is better reproduced
by considering the coexistence of two phases, as shown in insets
I1 and I2. The simulation considering only the orthorhombic
FeSb2 phase was not able to reproduce the shoulders at about
2y¼14.961 and 18.311. The refined structural parameters for the
tetragonal FeSb2 phase are summarized in Table 2. Neon gas was
used as pressure-transmitting medium. According to the litera-
ture, it crystallizes in a f.c.c structure at about 10 GPa [26]. In
Fig. 3, at 14.3 GPa, the two diffraction peaks at about 2y¼19.71
and 22.81 were indexed to (1 1 1) and (2 0 0) planes of cubic neon
(N). The latter peak is better visible for pressures higher than
15.6 GPa. The cubic neon phase was taken into account for the
XRD simulations.

3.3. Raman measurements under pressure

Fig. 13 shows the RS spectra with increasing pressure for
nanostructured FeSb2, while Fig. 14 displays the RS spectra with
decreasing pressure. A comparison between these figures shows
clearly the presence of new FeSb2 phase. This phase is well
isolated in Fig. 14 for pressures between 36.7 and 40.8 GPa. With
decreasing pressure, it transforms into the orthorhombic FeSb2

phase. Detailed analysis of RS spectra of the high pressure FeSb2

phase will be done later.
As shown in Sections 3.1 and 3.2, the microstructure of the

as-milled powder is formed by elemental rhombohedral Sb,
orthorhombic FeSb2 and an amorphous phase. At ambient condi-
tions, the elemental rhombohedral Sb has the Raman active
modes EgE110 cm�1 and A1gE150 cm�1. The effect of high
pressure on these Raman active modes has been widely studied
[34,35]. It was reported that, with increasing pressure up to the
first phase transition (E6 GPa), the Raman modes shift to smaller
wave numbers. In Fig. 13, the Raman active modes of Sb are
identified with an asterisk (n). With increasing pressure, the same



Table 2
Tetragonal FeSb2 high pressure refinements: lattice parameters, volume, Fe atom at 4a site at (0,0,1/4), coordinates x and y of the Sb atom at 8h site at (x,y,0).

P (GPa) 14.3 15.6 17.6 19.1 21 23.3 28.2

a (Å) 6.8441 6.8315 6.8227 6.8032 6.7985 6.7761 6.7210

c (Å) 5.2563 5.2328 5.1902 5.1569 5.1310 5.1120 5.0723

V (Å3) 246.21(4) 244.21(1) 241.59(9) 238.67(9) 237.15(2) 234.72(0) 229.13(0)

Sb (x) 0.1233(1) 0.1350(2) 0.1350(1) 0.1349(1) 0.1558(8) 0.1677(2) 0.1739(0)

Sb (y) 0.6233(1) 0.6350(2) 0.6350(1) 0.6349(1) 0.6558(8) 0.6677(2) 0.6739(0)
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Fig. 13. Raman spectra measured with increasing pressure up to 45.2 GPa for the

nanostructured orthorhombic FeSb2 powder. The excitation wavelength was

l¼514.5 nm. Raman active modes from unreacted antimony are marked with

the asterisk (n) symbol. The red and green full lines represent the deconvolution

process (see text). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 14. Raman spectra measured with decreasing pressure for the nanostructured

orthorhombic FeSb2 powder. The excitation wavelength was l¼514.5 nm.
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behavior mentioned in the literature is observed, and for pres-
sures higher than 5.3 GPa they are no longer observed, suggesting
that the elemental Sb was incorporated to FeSb2 and/or the
amorphous phase. With decreasing pressure, the Raman active
modes of Sb are not recovered.

The normal modes of orthorhombic FeSb2 at the G point of the
Brillouin zone are classified according to the irreducible repre-
sentations of this point group [36]:

G¼ 2Agþ2B1gþB2gþB3gþB1uþ3B2uþ3B3u ð2Þ

where g and u denote Raman active and infrared modes,
respectively.

Lazarevic et al. [36] reported the Raman spectrum of the ortho-
rhombic FeSb2 phase at room temperature, and the wave numbers

are A1
g¼146.8 cm�1, A2

g¼161.2 cm�1, B1
1g¼173.3 cm�1, B2

1g¼184.3

cm�1, B2g¼89.4 cm�1 and B3g¼95.6 cm�1. The wave number
values for the IR modes are also given in Ref. [36]. The peaks
centered at about 163 and 187 cm�1 on the Raman spectrum

measured at 1.3 GPa seen in Fig. 13 were attributed to the A2
g and

B2
1g modes, respectively. With increasing pressure, the B2

1g mode

shifts to higher wave numbers, and for pressures higher than

14.0 GPa, it is no longer observed. With increasing pressure, the A2
g

mode shifts to higher wave numbers, becomes enlarged and less
intense. On the other hand, at about 21 GPa, a new Raman active
mode at about 233.4 cm�1 emerges, becoming sharper and intense
for higher pressures. This indicates the growth of a new FeSb2

phase. With decreasing pressure up to 36.7 GPa, only the Raman
active modes belonging to the new high pressure FeSb2 phase are
observed. For smaller pressures, it transforms into the orthorhom-
bic FeSb2 structure.

At ambient conditions, the angle [Sb(10)–Fe(7)–Sb(12)] is smaller
than the [Sb(10)–Fe(7)–Sb(11)] angle (see Fig. 1). Therefore, the
interatomic distance Sb(10)–Sb(12) is smaller than the Sb(10)–Sb
(11) distance. The interatomic distance Fe(7)–Sb(10) is smaller
than the Fe(7)–Sb(12) distance. Fig. 9 shows that, with increasing
pressure, the angle [Sb(10)–Fe(7)–Sb(12)] shows a minimum and a
maximum at 12.6 and 21 GPa, respectively. The opposite is observed
for the angle [Sb(10)–Fe(7)–Sb(11)]. Fig. 10 shows that, at 12.6 GPa,
the interatomic distance Fe(7)–Sb(10) displays a minimum and the
Fe(7)–Sb(12) distance displays a maximum. Physically, the bond
Fe(7)–Sb(10) becomes stronger and Fe(7)–Sb(12) becomes weaker.
Topologically, a significant deformation of the already deformed
octahedral is promoted. In addition, the interatomic distance Sb
(10)–Sb(12) shows a minimum at 12.6 GPa, indicating that the
balance of the attractive and repulsive terms of the bond favors
the cohesion energy. A combination of all these facts seems to be
responsible for the increase in the structural stability of FeSb2

observed at about 14.3 GPa as shown in Fig. 5. The presence of
defective chemical bonds as well as the breaking of some of these
bonds seem to be responsible for the enlargement and the loss of
intensity observed in the Raman active modes displayed in Fig. 13;
decomposition of the FeSb2 phase seen in Fig. 5, the increase of the
volume fraction of the amorphous phase; and the nucleation of the
tetragonal FeSb2 phase, which did not grow due to the presence of
amorphous phase, as suggested by the Rietveld analysis of the XRD
patterns measured for pressures higher than 14.3 GPa.
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The XRD patterns for pressures between 14.3 and 28.2 GPa
show the presence of the tetragonal and orthorhombic FeSb2

phases. Fig. 13 shows that for pressures higher than 21.0 GPa a
new phase starts to form and, as shown in Fig. 14, the volume
fraction of this phase is larger for pressures above 22.9 GPa. At
ambient conditions, the compounds TiSb2, VSb2, MnSn2, CoSn2,
FeSn2 crystallize in a CuAl2 structure-type (symmetry D18

4h) [3]. For
these compounds, the Raman active modes at the G point of the
Brillouin zone are classified according to the irreducible repre-
sentations of this point group [37]:

G¼ A1gþB1gþB2gþ2Eg ð3Þ

Armbruster et al. [37,38] reported the Raman spectra at room
conditions for the TiSb2 and VSb2 compounds, in form of powders
and single crystals. For TiSb2 powders, the wave numbers of
Raman active modes are A1g¼172 cm�1, B1g¼129 cm�1, B2g¼

180 cm�1, E1g¼83 cm�1 and E2g¼254 cm�1, while for VSb2

powders they are A1g¼166 cm�1, B1g¼116 cm�1, B2g¼176 cm�1,
E1g¼103 cm�1 and E2g¼229 cm�1. The A1g mode is the most
intense, while the B1g and Eg modes form a broad band. Assuming
that the new FeSb2 phase observed in Figs. 13 and 14 crystallizes
in a CuAl2 structure-type, it is possible to estimate the wave
number at ambient conditions for its most intense Raman active
A1g mode by fitting this Raman peak between 21 and 45.2 GPa to
a standard second order polynomial. The calculated value was
169 cm�1, which is in reasonable agreement with the results
reported in Refs. [37,38] for the tetragonal phase at ambient
conditions.

The pressure dependence of the wave number of the A2g mode
of the orthorhombic and of the A1g mode of the tetragonal FeSb2

phase was approximated by a standard second order polynomial
as shown in Fig. 15. The maxima of the modes were obtained by
deconvolution using the Lorentzian functions. Based on the XRD
patterns and the RS spectra recorded with increasing pressure,
the wave numbers for the orthorhombic phase up to 28.3 GPa and
for the tetragonal phase from 21.0 to 45.2 GPa are given by

$ðPÞA2
g ¼ 157:439þ2:507P�0:024P2

ðorthorhombic phaseÞ

$ðPÞA1g ¼ 169:062þ3:441P�0:021P2
ðtetragonal phaseÞ ð4Þ

The Grüneisen parameter g0 describes the effect of pressure on
the volume of the lattice, and consequently, on the phonons
frequencies. The zero-pressure mode Grüneisen parameters g0 were
0 5 10 15 20 25 30 35 40 45 50
140

160

180

200

220

240

260

280

A1
g

A2
g

W
av

e 
nu

m
be

r (
cm

-1
)

Pressure (GPa)

Fig. 15. Experimental pressure dependence of the Raman mode frequencies for

the orthorhombic (full circles) and tetragonal (full stars) FeSb2 phases.
determined using the equation [39,40]

g0 ¼
B0

o0

@o
@P

� �
P ¼ 0

ð5Þ

where B0 and $0 are the bulk modulus in GPa and the wave
number in cm�1 at zero pressure. From the XRD measurements, a
value of B0¼75.573.2 GPa for the orthorhombic FeSb2 phase was
obtained, while Wu et al. [5] reported B0¼68 GPa for the tetragonal
FeSb2 phase. Using B0 and $0 values in Eq. (5), the g0 values for the
A2

g and A1g modes are 1.17 and 1.38, respectively.
4. Conclusions

The structural and optical properties of nanostructured orthor-
hombic FeSb2 formed by the MA technique were studied for
several applied pressures, and the main conclusions are (1) the
XRD results show the presence of an orthorhombic FeSb2 phase
up to 28.2 GPa, (2) with increasing pressure, the orthorhombic
FeSb2 phase decomposes, promoting an increase in the volume
fraction of an amorphous phase up to 23.3 GPa. The latter also
decomposes at higher pressures, (3) for pressures higher than
14.3 GPa, the XRD patterns show a mixture of orthorhombic and
tetragonal FeSb2 phases, (4) for pressures above 21 GPa, the RS
spectra show the presence of a tetragonal FeSb2 phase. With
decreasing pressure down to 36.7 GPa, the Raman peaks seen on
the RS spectra are attributed to this high pressure phase. For
smaller pressures, it transforms into an orthorhombic FeSb2

phase, and (5) considering the RS spectra for the tetragonal TiSb2

and VSb2 powders, the most prominent Raman peak seen
between 21.0 and 45.2 GPa in Figs. 13 and 14 is attributed to
the Raman active A1g mode of a tetragonal phase.
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