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Abstract

The vibrational dynamics of elemental solids that form incommensurate host—guest structures are of fundamental interest. High-pressure
Raman scattering has been used to examine the vibrational spectrum of the group-V element Sb up to 33 GPa. A, and E; phonons of the
ambient pressure thombohedral A7 phase display a marked decrease with pressure, i.e., prior to the transition to the tetragonal host—guest Sb-II
phase at 8.6 GPa, via the monoclinic host-guest Sb-IV phase. The Raman spectrum of the incommensurate host-guest Sb-II phase, has five bands
between 80 cm™! and 200 cm™! that increase with pressure. For the bee structure stable above 28 GPa, we observe one weak disorder-induced

band that increases with pressure.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The recent discovery of incommensurate host—guest
structures in elemental metals under pressure has demonstrated
unexpected structural complexity in compressed solids, and has
challenged theories of condensed matter [1]. First found in the
group-1II elements Ba and Sr [1,2], the host—guest structure is
also shown to form at high pressures in the group-I elements
Rb [3] and K [4], the group-V elements Bi, Sb and As [5-8],
and most recently in the transition metal Sc [9]. This structure
is composed of a host, and an interpenetrating guest component
that is incommensurate with the host along one axis. Several
interesting phenomena have been observed in these elemental
host—guest structures since their discovery in 1999, including
atomic modulation of the host and guest components [6—
8], incommensurate-to-incommensurate phase transitions [7,8],
and ‘melting’ of guest chains [10]. An effect of site ordering
has been studied on Bi—Sb binary alloys [11], which showed
the formation of a site-disordered incommensurate host—guest
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structure. First-principles calculations have been performed
on the host—guest structures of group II and V elements
using a commensurate approximant structure to describe their
electronic structure [12—14].

The host—guest structures found in the elements are metallic,
and some of these are reported to be superconductors with
relatively high critical temperatures (7. of 5.0 K for Ba-
IV at 13 GPa, 7.0 K for Bi-IIl at 3.7 GPa, 3.6 K for Sb-
IT at 8.5 GPa [15-18]). The coupling of electrons to the
low frequency phonon modes found theoretically in the Ba-
IV approximant [12] might be responsible for the dramatic
increase in Tc in the host—guest phase. The lattice dynamics
of these complex structures have not been studied either
theoretically or experimentally. On the other hand, recent
Raman scattering studies of elemental metals (e.g., Refs. [19-
21]) have demonstrated the power of vibrational spectroscopy
for studying phase transitions and their complementarity
to diffraction experiments. The peculiarities of host—guest
structures such as incommensurability and modulation may be
better understood by studying their vibrational spectra.

Group-V element antimony shows a rich transition sequence
transforming from the ambient pressure Sb-I phase with a
rhombohedral A7 structure, common to As, Sb and Bi, to a
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Fig. 1. The Raman spectra of Sb to 33 GPa. The numbers next to the spectra indicate pressure values in GPa. Red coloured spectra correspond to the Sb-I phase,
black — to a mixture of Sb-I and Sb-IV, blue — Sb-II, and green — to Sb-III. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

monoclinic incommensurate host—guest Sb-IV phase at pres-
sure of 8.0 GPa, which then transforms at 8.6 GPa to a tetrago-
nal incommensurate host—guest Sb-1I phase [6—8]. This finally
transforms to the body-centered cubic (bcc) Sb-III phase at
28 GPa [22], an ultimate high-pressure structure for As, Sb, and
Bi. There is only limited knowledge of the high-pressure behav-
ior of lattice vibrations in Sb-I, and apparently no Raman data
have been reported to date for any of the high-pressure phases
of Sb. Here we report the measurements of the vibrational prop-
erties of Sb, including its incommensurate host—guest struc-
tures [23], up to 33 GPa using Raman spectroscopy.

2. Experimental methods

The experiments were performed on polycrystalline samples
of Sb (99.999% purity) loaded in a Mao-Bell piston-cylinder
diamond anvil cell. A custom-built high-pressure Raman set-
up at the Geophysical Laboratory was used [24]. The Raman
spectra were excited with the 514.5 nm line of an Ar-ion
laser. The Raman spectra were analyzed by a single-stage
spectrograph with a multichannel CCD detector. No pressure
transmitting medium was used. Thus, the sample was in direct
contact with the culet of a diamond anvil, forming a surface
with high optical quality that improves the coupling of the
laser beam with the material under pressure. The pressure was
determined by the ruby fluorescence method.

3. Results and discussion
3.1. Ambient pressure Sb-I1 phase

Our Raman spectra of the ambient pressure Sb-1 phase with
the A7 structure showed two peaks at 114 cm™! and 151 cm™!,
in agreement with Refs. [25-28]. With increasing pressure, both

modes of Sb-I were observed to decrease in frequency, as can be
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Fig. 2. Pressure dependence of Raman frequencies for Sb. Open symbols
denote data collected on pressure increase, and solid symbols — data on
pressure decrease. Vertical dashed lines show phase transition pressures.

seen in Fig. 1. The total relative shift for each mode is —16% at
7.2 GPa. The pressure dependence of the two mode frequencies
in the A7 phase is shown in Fig. 2, together with the frequencies
of the high-pressure phases. The mode-Griineisen parameters
obtained from fitting the data are given in Table 1.

The A7 structure of Sb-I is rhombohedral (space group
R3m), with six atoms per hexagonal unit cell occupying the 6¢
position (Fig. 3(a)). The structure is a rhombohedral distortion
of a simple cubic structure, which forms layers of atoms stacked
along the hexagonal axis. This distortion is known to decrease
with pressure, with the structure approaching a simple cubic
arrangement. The group-theory analysis shows that there are
two Raman active modes for the A7 structure, the A ¢ mode at
150 cm~! and a two-fold degenerated E; mode at 115 cm™!
(Ref. [25]). For phonons propagating along the hexagonal axis
(i.e., perpendicular to the layer), the A, mode belongs to a
pure longitudinal motion of the atom planes, while the £, mode
corresponds to the transverse motion.
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Fig. 3. (a) Crystal structure of Sb-I (hexagonal setting). The shortest Sb—Sb distances are shown by thick lines, outlining puckered atomic layers stacked along the
hexagonal c-axis. (b) Host-guest structure of Sb-II and Sb-IV shown in projection down the c-axis, with host atoms shown using light and dark grey symbols, and
guest atoms shown using black symbols. Insets show a perspective view of the guest structure of Sb-II (i) and Sb-IV (ii) on the same scale, with the monoclinic
angle (~93°) indicated for the Sb-IV guest. (c) Crystal structure of the body-centered cubic Sb-III.

Table 1
Observed mode frequencies and average mode Griineisen parameter for each
mode for the Sb-I and Sb-II phases

Sb-1
Mode Eg Alg
wo (em™1) 115 150
7 —1.28 —1.29
Sb-II

Mode 1 2 3 4 5

o (em~1)at 12.3 GPa 88 125 135 147 168
v 1.24 1.80 2.06 3.05 2.17

The average mode Griineisen parameter y is calculated as y =
—(Aw/wy)/(AV ]/ V,), where w is the measured frequency and V is the atomic
volume taken from Refs. [7,8].

The Raman scattering experiments on the A7 structure in
Bi, Sb, and As at moderate pressures up to 0.7 GPa, have
shown that both modes soften with increasing pressure [26].
The Raman studies over the entire stability pressure range of
the A7 phase in the lighter group-V element As have shown
a 17% and 30% decrease in frequency for the Ay, and E,
modes, respectively [29]. This observed frequency decrease
with pressure agreed with the behavior predicted for the A,
mode on the basis of total energy calculations [30]. Our present
data on the Raman frequencies of Sb-I show phonon softening
over its whole stability range, and confirm the common trend of
phonon softening outlined in previous high-pressure studies for
Bi, Sb, and As [26,29].

This pressure-induced zone-center phonon softening in the
A7 phase of Bi, Sb, and As is connected with the reduction
of the Peierls-like distortion in its layered structure, leading
to a semimetal-to-metal transition as well as an increase in
electron—phonon coupling and phonon softening. The decrease
in the mode frequencies with pressure in this phase appears
to reflect the decrease of the intra-layer force constants with
pressure, while the increase in sound velocities under pressure
in these phases relates to an increase in the inter-layer force
constants [26].

3.2. Incommensurate host—guest phases Sb-1V and Sb-I1

Above 7.2 GPa, the Raman spectra show the appearance of
additional lines, corresponding to the Sb-IV phase in a mixture
with the Sb-I phase. The spectra are difficult to analyze because

of the peaks overlap. A single Sb-II phase is observed above
9.0 GPa, and is characterized by five bands, at 88, 125, 135,
147,168 cm™! at 12.3 GPa, the 147 cm™~! band being the most
intense one (Figs. 1 and 2). The frequencies of all the bands
increase with pressure; notably the most intense peak shows
a very large shift relative to the rest of the peaks. The mode
Griineisen parameters are given in Table 1.

The monoclinic host—guest structure of the Sb-IV phase has
a 4D space group I'2/c(a0y)00, where the host has 12/c
symmetry and 8 atoms in the unit cell occupying the 8f
positions and the guest has 72/m symmetry and two atoms
occupying the 2a position [7,8] (Fig. 3(b)). The tetragonal
host—guest structure of the Sb-II phase has a 4D space group
I'4/mcm(00y)0000, where the host has a 14/mcm symmetry
with atoms occupying the 84 position, and the guest has
14/mmm symmetry with two atoms occupying 2a position [7,
8] (Fig. 3(b)). The monoclinic host (/2/c) with atoms in the
8 f position without guest atoms would give three A, modes
and three B, modes. The tetragonal host (/4/mcm) with atoms
in the 8/ position without guest atoms would give one A1, one
Big, one Byg and one E, mode. A guest structure (/2/m or
14/mmm) with two atoms in the body-centered unit cell would
not have Raman-active modes.

A group theoretical analysis is not yet available for
these monoclinic and tetragonal host—guest structures. The
Raman spectra of the incommensurately modulated structures
(not host—guest) are now routinely characterized using
procedures derived by Janssen et al. [31,32], where the normal
modes are characterized by the irreducible representations
of the superspace group. The Raman spectral analysis
of “intergrowth” or host-guest structures would require
an additional development of this analysis, which to our
knowledge is not yet available. On the other hand, the high-
quality Raman data obtained in the present work for the
host—guest phase of Sb could be used in the future to test the
application of such an analysis.

The tetragonal incommensurate host—guest structure of Sb-1I
is therefore expected to give a rich Raman spectrum, with four
modes if only host cell atoms are taken into account. Presence
of an additional fifth mode could be explained as originating
from the modulation of the host and guest components. Large
displasive modulation of the host and guest atoms were reported
for Sb-II and 1V, causing shifts of atoms up to 0.3 A from their
ideal positions [7,8].
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The peculiar larger pressure shift of the most intense
147 cm~! Raman mode of Sb-II in comparison with the
rest of the modes could be possibly connected with the
pressure dependence of the modulation vector in the host—guest
structure. The modulation vector g, defined as a ratio of the
c-axis parameters of the host and the guest components (g =
cH/cc), is incommensurate (irrational) and changes smoothly
with pressure. In Sb-II, its value decreases from 1.311 at
10.2 GPa down to 1.305 at 25.6 GPa [8]. This pressure shift
of the modulation vector appears to affect the pressure shift of
the Raman modes.

3.3. High-pressure bce Sb-I11 phase

At about 28 GPa, the five bands of the Sb-1I phase disappear,
and a broad band near 207 cm™~! at 33.1 GPa is observed. This
change is coincident with the transformation to Sb-III, which
has the bce structure (Figs. 1 and 2). The broad Raman band in
this phase is likely to arise from disorder-induced scattering,
thus reflecting a maximum in the phonon density of states.
The band moves to higher frequencies with pressure. The bcc
structure (Fig. 3(c)) with only one atom in the primitive unit cell
does not have any Raman-active modes. The pressure shifts of
the Raman bands of the Sb-I, II and III phases are reversible
upon decreasing the pressure, as shown in Figs. 1 and 2.

4. Conclusions

The frequencies of the Raman-active A, and E; zone-
center phonons of the ambient pressure phase of antimony
(Sb-1) decrease by about 16% with increasing pressure over
the phase stability pressure range up to 8.3 GPa. The mode
softening is comparable with that reported for the same
phase in the lighter group-V element As. Also, for the first
time we observed and reported the five Raman-active modes
for the metallic high-pressure Sb-II phase, which has an
incommensurate host—guest structure and is stable between
8 and 28 GPa. The hardening of the modes with pressure
could be connected with the previously observed decrease of
the superconducting temperature within the Sb-II phase [18].
Upon the transformation of Sb-II to Sb-III at 28 GPa, the first-
order Raman excitations disappear, with only weak and broad
disorder-induced scattering observed, consistent with the bcc
structure of the phase.
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