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Abstract

The phonon properties of CoSb; have been investigated by Raman scattering spectroscopy

and lattice dynamics calculations. Sixteen out of eighteen Raman active modes predicted by
factor-group analysis are experimentally observed and assigned. The calculated and measured
phonon energies at the I point are in very good agreement. The temperature dependence of

the Ay symmetry modes is well represented by phonon—phonon interactions without
contribution from any other phonon or electron related interactions.

(Some figures may appear in colour only in the online journal)

1. Introduction

Transition metal dipnictides are of great technological and
fundamental importance due to their unusual transport,
thermoelectric, and magnetic properties as well as their
strength and durability (dinitrides). This class of compounds
can have pyrite, marcasite or arsenopyrite type structures [1,
2]. So far, only the phonon properties of marcasite and pyrite
type structures have been studied [3-5].

CoSb; is a semiconductor with arsenopyrite type crystal
structure [6, 7]. This compound undergoes a phase transition
at 377°C from the arsenopyrite to marcasite type structure
(isostructural to FeSby) [8, 9]. Recent study of Fe;_,Co,Sbs
(0 <x < 1) alloys [10] revealed a very rich phase diagram that
offers the opportunity to study the evolution of conductivity
and magnetic ground states in the Kondo-like semiconductor
FeSb, by Co alloying. It is shown that phonons might play an
important role in the physical properties of the Fe;_,Co,Sb;
marcasite phase [11, 12]. Since the electronic structure of
CoSb; should be very similar to FeSb; [2], the investigation
of CoSb, may provide a better understanding of the properties
of FeSb,. By alloying with Co, the strong electron—phonon
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interaction in FeSb, is significantly reduced [13]. At about
x = 0.5 this compound undergoes a structural phase transition
to the arsenopyrite phase of CoSby [10]. Although, CoSb;
is generally accepted as the prototype for a considerable
number of binary transition metal pnictides [14, 15], its
phonon properties are unknown. In a paper dealing with
Raman scattering of the Fe(Co)Sby system, unpolarized
Raman spectra of CoSb, were published without any analysis
or mode assignment [16].

In this paper, we report polarized Raman scattering
spectra measured on differently oriented CoSb, single-crystal
samples at various temperatures. The zone-center optical
modes were classified by a factor-group analysis and their
energies were obtained using first-principle lattice dynamics
calculations. We have obtained very good agreement of our
calculated energies with the experimentally observed Raman
active modes. We have also analyzed the change of energy
by lowering the temperature for the most intense Ay Raman
active modes.

2. Experiment

Single crystals of CoSb, were grown using the high-
temperature flux method. Sample structure and composition
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Table 1. Raman tensors for monoclinic crystal structure and selection rules for the (110) plane of CoSbs single crystal together with

Raman mode energies (in cm™") of CoSb, single crystal.

Raman tensors

Selection rules for the (110) plane of CoSb,

(c,0) — A

ad0 00e g
Ay = (d b 0) <0 Of) (Le,o) — A +B,
00 ¢ ef O (Le, Lo) — Ag +Bg
Raman active modes Infrared active modes

Symmetry  Exp. Calculations ~ Symmetry  Exp. Calculations ~ Symmetry  Calculations  Symmetry  Calculations

A} 638  68.7 B! 809 705 Al 99.7 B! 1333

A; 937 917 B; 9.1 989 Aq 108.3 B} 144.2

A} 102.5  104.1 B} 109.7  111.5 Al 142.7 B} 166.6

A} 136.5 1415 Bj 1344 1403 Al 167.4 B? 174.4

A3 1539 1543 B; 179.6  187.6 A 174.6 B; 214.6

AS 168.0 171.8 BS 187.3  190.5 Ad 205.5 BJ 235.9

Al 2212 2203 B] 217.6  221.8 Al 224.8 B] 249.4

A} 239.6 2383 B} 235.5 A3 265.7

AY 256.6 2535 B; 252.6

were determined by analyzing the powder x-ray diffraction
data on CoSb; single crystals collected using a Rigaku
Miniflex diffractometer with Cu Ko radiation. The Raman
scattering measurements were performed using a Jobin Yvon
T64000 Raman system in micro-Raman configuration. The
514.5 nm line of an Art/Kr™ mixed gas laser was used as
the excitation source. Focusing of the laser beam was realized
with a long distance microscope objective (magnification
50x). We have found that a laser power level of 0.02 mW
on the sample is sufficient to obtain a Raman signal and,
except for the signal to noise ratio, no changes of the
spectra were observed as a consequence of laser heating by
further lowering the laser power. The corresponding excitation
power density was less then 0.1 kW cm~2. Low temperature
measurements were performed between 80 and 300 K using a
KONTI CryoVac cryostat with a 0.5 mm thick window.

3. Results and discussion

CoSb, crystallizes in the monoclinic structure of the P2y /c
(Cgh) space group. The unit cell parameters are a =
0.65051(6) nm, b = 0.63833(5) nm, ¢ = 0.654 10(6) nm,
B =117.65(1)° and Z = 4 [9]. All atoms are in (4e) Wyckoff
positions [14]. Factor-group analysis yields a normal mode
distribution at the center of the Brillouin zone:

Icosb, = 9Ag +9Bg + 9A, + 9B,.

According to this representation, in the Raman scattering
experiment one can expect a total of 18 Raman active modes.
We have used the (110) plane of a CoSb, single crystal for
the Raman scattering measurements. The selection rules for
parallel and crossed polarization from the (110) plane are
summarized in table 1. The (c, ¢) configuration denotes that
the polarizer and analyzer polarization direction are parallel
to the c axis of the CoSb; crystal. In this case, only the Ay
symmetry modes can be observed. For other parallel (Lc, Lc)
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Figure 1. The room-temperature-polarized Raman spectra of
CoSb, single crystals in three polarization configurations. The
notation in parentheses indicates the polarization directions of the
incident and scattered light, respectively.

or crossed (Lc, ¢) polarization configurations both the A, and
B; symmetry modes can be observed.

The room-temperature-polarized Raman spectra of
CoSb; single crystals in all three polarization configurations
are presented in figure 1. The notations are those from table 1.
In the (c, ¢) polarization configuration eight Ay symmetry
modes are observed. In both the (Lc¢, ¢) and (Lc, Lc)
polarization configurations, besides the already observed A,
symmetry modes, five additional peaks were observed. These
peaks are assigned according to the selection rules given in
table 1, as the By symmetry modes. In addition, one can see
that in the (Lc, ¢) polarization configuration peaks at about
93, 135 and 221 cm™~! appear as asymmetric structure. These
two peak structures are well fitted with two Lorentzian profile
lines, as shown in figure 1. Since higher energy modes of these
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Figure 2. Atomic displacement patterns for the Raman active vibrational modes of CoSb,. The lengths of the arrows are proportional to the

square roots of the vibration amplitudes.

doublets have also been observed in the (c, ¢) configuration
(Ag symmetry modes), we have assigned the lower energy
modes as the By symmetry. Table 1 summarizes CoSb;
Raman mode symmetries and related energies.

The lattice dynamics of CoSby was calculated within
the framework of density functional perturbation theory
(DFPT), as implemented in the QUANTUM ESPRESSO [17]
package. We applied the plane-wave basis method with the
local density approximation (LDA), with the Perdew—Zunger
exchange—correlation functional. This approach was used to
calculate the ultra-soft pseudopotentials for cobalt (antimony)
taking into account 4s'3d%4p® (5s25p) valence electrons.

The calculation was performed using the experimentally
determined unit cell parameters. The Brillouin zone (BZ) was
sampled with an 8 x 8 x 8 Monkhorst—Pack k-space mesh.
The calculations start from previously calculated ground
state atomic and electronic configurations and continue with
self-consistent calculations of the charge response for each
different displacement. The calculated normal modes of the
Raman active phonons in the center of the BZ (I" point) are
given in figure 2.

On comparing our calculations with the experimental
Raman active phonons we found very good agreement.
Besides, we assigned the 153.9 cm~! mode as the A
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Figure 3. The (c, ¢) polarized Raman scattering spectra of CoSb,
measured at different temperatures.

symmetry one (Ag), although this mode did not appear in
the (c, ¢) polarization, but did in both (Lc, ¢) and (Lc, Lc)
polarizations. Although the calculations were performed at
zero temperature and the polarized Raman scattering spectra
were obtained at room temperature, we found that all sixteen
experimentally observed Raman active modes were in very
good agreement with the calculated phonon energies in the I
point. This is not surprising since the Raman active modes of
CoSb; have a very weak temperature dependence, as will be
discussed later. The calculated energies at the I point of the
infrared active modes are also presented in table 1.

The (c, ¢) polarized Raman scattering spectra of CoSby
single crystals (Ag symmetry modes) measured at different
temperatures are presented in figure 3. The temperature
dependences of the energies of the highest intensity Ag
modes of CoSb, are shown in figure 4. The influence of the
anharmonic effects on the Raman mode energy can be taken
into account via three-phonon processes [18],

2
Q(T):QO—C<1+m), (D

where € is the temperature independent contribution to
the Raman mode energy, C is the anharmonic constant
and x = hQ2y/2kgT. Equation (1) gives a rather good fit
(dashed lines in figure 4) of the experimental data, suggesting
the absence of any additional temperature dependent
couplings (i.e. electron—phonon interaction) in the 80-300 K
temperature range. By inspecting the fit parameters presented
in table 2, one can see that the temperature dependence of the
A, symmetry mode energy is completely driven by the weak
anharmonic effect.

4. Conclusion

By analyzing the Raman scattering spectra for different
polarization configurations, sixteen out of eighteen Raman
active modes predicted by factor-group analysis have been
successfully observed and assigned. The calculated phonon
energies at the I point are in very good agreement with the
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Figure 4. The energies of the highest intensity Ag modes of CoSb,
single crystals as a function of temperature.

Table 2. Best fitting parameters for the energy—temperature
dependence of the Ag symmetry mode using equation (1).

Symmetry Qo (cm_l) C (cm_1
Ag 141.76(13) 0.65(3)
AS 173.7(3) 0.82(8)
A] 231.0(5) 1.7(2)
Ag 247.3(4) 1.6(2)
Az 264.0(4) 1.7(2)

experimental data. We find that the temperature dependent
energy shift of the highest intensity Ay symmetry modes is
well represented by the anharmonic contribution.
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