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Electronic structure, phonons, and electron-phonon interaction in Mo;Si
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The structural, elastic, electronic, dynamical, and superconducting properties of cubic A15 Mo3Si have been
investigated in detail by employing an ab initio pseudopotential method and a linear-response scheme within
a generalized gradient approximation. In agreement with previous theoretical and experimental studies, it has
been found that the Mo 4d states mainly contribute to the density of states very close to the Fermi level. The
calculated phonon-dispersion relations for this material accord very well with the experimental data available
along the principal symmetry directions. Our results show that the electron-phonon interaction in this material
is much weaker than the corresponding interaction in other A15 materials, due the lower density of states at the
Fermi level. The electron-phonon coupling parameter is found to be 0.453 and the superconducting critical
temperature is estimated to be 1.27 K, in good agreement with the experimental value of 1.3 K.
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I. INTRODUCTION

The Mo-Si (molybdenum silicide) system has attracted a
great deal of attention in the past 20 years since this system
is of interest as high-reflectance x-ray optical elements,'™
gates, and interconnections in very large scale integrated
circuits*7 and high-temperature structural materials.3-'4
Consequently, the structural, elastic, electronic, and vibra-
tional properties of this system have studied by several
groups. In particular, the phonon-dispersion curves and the
phonon density of states of Mo3Si have been measured by
inelastic neutron spectroscopy.'? The electronic structure of
this material has been investigated using a valence-band
x-ray photoelectron spectroscopy.'® Nanoindentation tech-
niques have been used to determine the elastic constants of
Mo3Si.17 In addition to this experimental work, measure-
ments of the elastic constants for this material have also been
reported in the Ph.D. thesis of Biragoni.!® On the theoretical
side, full-potential muffin-tin orbital calculations (FP-
LMTO) (Ref. 19) were reported for the bulk properties and
density of states in MosSi. This method was also used by Ma
et al.® for obtaining electronic and elastic properties of
MosSi. The tight-binding study of thermal expansion for
MosSi was also presented in the work of Ma et al.”’ Re-
cently, the heats of formation of stable and metastable phase
of Mo-Si system were studied using the density-functional
theory within a generalized gradient approximation (GGA).?!

Although considerable progress has been made in
experimental> description of the vibrational properties of
MosSi, no ab initio results are available for the phonon spec-
trum and density of states. It is well known that a wide
variety of physical properties of solids depend on their pho-
non properties, such as specific heats, thermal expansion, and
heat conduction. Also, electron-phonon interaction plays an
important role in determining the resistivity of metals and
superconductivity. Thus, in view of the technological impor-
tance of this material, its static, elastic, electronic, and vibra-
tional properties should be known clearly.

The aim of the present work is to investigate the struc-
tural, elastic, electronic, dynamical, and superconducting
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PACS number(s): 74.25.Kc, 63.20.kd, 63.20.dk, 71.15.Mb

properties of cubic MosSi by employing the plane-wave
pseudopotential method, the density-functional theory, and a
linear-response technique.???* The calculated structural pa-
rameters are compared with previous theoretical calculations
and available experimental results. The peaks in the elec-
tronic density of states are compared with the corresponding
peaks in the experimental work by Pankhurst et al.'® The
phonon-dispersion relations and the superconducting critical
temperature are favorably compared with the experimental
results obtained by Christensen et al.'?
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FIG. 1. (a) The A15 structure of MosSi. (b) Calculated total
energies as a function of lattice constant in the cubic MosSi.
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TABLE I. Structural parameters for MosSi. The present results are compared with previous experimental

and theoretical calculations.

a B Ci Ci Cyy
Source (A) (Mbar) B’ (Mbar) (Mbar) (Mbar)
This work 4.937 2.295 5.620 4.3852 1.251 1.064
Experimental (Ref. 11) 4.890
LDA (Ref. 19) 4.840 2.534
LDA+LMH (Ref. 19) 4866 2456
FP-LMTO (Ref. 20) 5.390 1.470 1.180
Experimental (Ref. 17) 5.05*=0.35 0.80%=0.60 1.30£0.15
Experimental (Ref. 18) 2.410 4.490 1.370 1.130

II. DETAILS OF CALCULATIONS

The calculations are performed by employing the plane-
wave pseudopotential method within the framework of the
density-functional theory and a linear-response scheme,?>??
using the computing package QUANTUM ESPRESSO.”® The
electron-electron exchange-correlation interaction is de-
scribed in the generalized gradient approximation using a
functional proposed by Perdew and Wang, often referred to
as PW91.24-26 To describe the electron-ion interaction, we
have used ultrasoft pseudopotentials>’ for Mo and Si. The
electronic wave functions were expanded in plane waves up
to a maximal cutoff energy of 60 Ry. Self-consistent solu-
tions of the Kohn-Sham equations were obtained by employ-
ing a set of Monkhorst-Pack special k points within the irre-
ducible part of the Brillouin zone (IBZ). Since the crystal
structure is metallic, convergence is reached using 176 spe-
cial k points in the IBZ of the simple-cubic lattice.

A cubic crystal has three independent elastic constants:
Cy1, Cyp, and Cyy. The straightforward manner of obtaining
these constants is to calculate the total-energy difference be-
tween an unstrained medium and a distorted medium at con-
stant volume. We have used the volume-conserving tetrago-
nal and monoclinic strains for C;;—C;, and Cyy,
respectively.?®2?° In order to obtain C,; and C;, separately,
the relationship between these elastic constants and bulk
modulus

1
Bzg(cll‘i'zclz) (1)
is also used. The calculations of the elastic constants require
a very high degree of precision because the energy differ-
ences involved are on the order of less than 1 mRy. This
circumstance requires the use of a fine k-points mesh. With
our choice of a (18X 18X 18) k-points grid the energy per
atom was converged to 1 mRy or better in all cases. More-
over, the positions of atoms were relaxed during the volume-
conserving tetragonal and monoclinic strain calculations.

Within the linear-response scheme, second-order deriva-
tives of the total energy were calculated to obtain the dy-
namical matrix. A static linear response of the valance elec-
trons was considered in terms of the variation in the external
potential corresponding to periodic displacements of the at-
oms in the unit cell. The screening of the electronic system in

response to the displacement of the atoms was taken into
account in a self-consistent manner. Integration up to the
Fermi surface is done with the smearing technique with the
broadening parameter 0=0.015 Ry. For the Brillouin-zone
integration we use the 8 X 8 X 8 Monkhorst-Pack k mesh in
the irreducible part of the Brillouin zone. We have calculated
dynamical matrices at an uniform 4 X4 X4 grid q points in
the IBZ. Dynamical matrices at arbitrary wave vectors can be
obtained by means of a Fourier deconvolution on this mesh.

We have also calculated the electron-phonon interaction
parameter in MosSi. The calculation of electron-phonon
mass-enhancement parameter A is explained clearly in sev-
eral previous works.*** The value of \ leads us to calculate
some parameters related to superconductivity. In general,
(@") can be given as30-3234

(o) = iE Ngjol- )
Q

The transition temperature 7~ can be calculated from the
Allen-Dynes modification of the McMillan formula3?31:34

1.04(1+\) )

T A= (1+0.62))
where u* is the Coulomb pseudopotential, which describes
the repulsive interaction between electrons. The values of

A3)

=~ ?

Energy (eV)

)
TS

R

FIG. 2. The calculated electronic band structure for MosSi.
Fermi level is set at 0 eV.
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III. RESULTS

A. Structural, elastic, and electronic properties

MosSi has the A15 structure such as Cr3Si, Cr;O, NbsAl,
TizSn, and TizAu. Its crystal structure belongs to the space

group Pm3n with Pearson symbol of cP8, and is shown in
Fig. 1(a). There are eight atoms per unit cell, whose coordi-
nates are

76 = (0.00,0.00,0.00),
76 = (0.50,0.50,0.50),
o = (0.25,0.00,0.50),
Ty = (0.75,0.00,0.50),

Tyt = (0.50,0.25,0.00),
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FIG. 3. The calculated total and partial electron density of states
for MosSi. The Fermi level is set at 0 eV.

this parameter vary between 0.12 and 0.16 in the
literature.>*36 Thus, the effects of varying this parameter on
the transition temperature T~ are studied in this work. The
logarithmically averaged frequency wy, is expressed as

1
Wy, = XE )\qj In (,()qj (4)
qj

Using T thus obtained, we calculate the gap energy (2A)
which is needed to break up a Cooper pair, from the relation

Tyt = (0.00,0.50,0.75).

We have calculated the total energy at a number of lattice
constants around the experimental value. The fitting of the
calculated total-energy values to the Murnaghan equation of
state is shown in Fig. 1(b). From this fit, we can obtain the
equilibrium lattice constant (a), bulk modulus (B) and the
pressure derivative of the bulk modulus (B'). The obtained
equilibrium parameters (a, B, and B’) are given in Table I,
which also contains results of previous theoretical calcula-
tions as well as the experimental data. The elastic constants
at the zero pressure are also listed in this table. All the cal-
culated results accord with other theoretical calculations and
available experimental data, implying the validity of the
present work. In particular, compared with the experimental
value!! of 4.890 A, we find a 0.96% overestimation for the
lattice constant of the cubic MosSi. The overestimation of
the equilibrium lattice constant is a common feature with
GGA calculations. Due to this overestimation, our calcula-
tions underestimate the bulk modulus of this material com-
pared to its experimental value of 2.410 Mbar. The calcu-
lated elastic constants in Table I satisfy the mechanical
stability conditions®’ in a cubic crystal, such as C,;—=C),
>0, C;; >0, Cyyu>0, C;{+2C,>0, and C;, <B<C(y;. Our
results for the elastic constants are in good agreement with
the experimental findings.'”'8 The maximum difference be-
tween our calculations and experimental results has been
found for Cy,. Our calculated value for this elastic constant
deviates from its experimental value'® of 1.370 Mbar within
9%. It is important to note that this difference is within typi-
cal experimental error margin.'”!3
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FIG. 4. Phonon dispersion curves and density of states for Mo3Si. Open circles present the presently calculated results while the filled

squares show the experimental data from Ref. 15.

The calculated electronic structure along several high-
symmetry directions of the simple-cubic Brillouin zone is
displayed in Fig. 2. In this figure, the Fermi level is set to O
eV. There are many bands crossing the Fermi level, suggest-
ing that Mo;Si shows metallic conductivity. Moreover, the
energy bands around the Fermi energy are mainly derived
from the 4d states of Mo atoms, indicating that these states
dominate the conductivity of this material although d elec-
trons are generally considered as less efficient conductors. In
order to analyze the chemical bonding in the cubic MosSi,
we show the total and partial density of states for this mate-
rial in Fig. 3. The peak at —8.9 eV is derived from Si 3s
states with small contribution from the Mo 4d states. It is
important to note that a similar observation has made in the
theoretical as well as experimental work of Pankhurst et al.'®
The peaks between —7 and 0 eV are dominated by hybridized
Mo 4d and Si 3p states. Therefore, this material appears to
have a covalent feature. The peaks above the Fermi level are
mainly due to the Mo 4d states.

B. Phonons and electron-phonon interaction

In Fig. 4, the calculated phonon-dispersion curves are
shown along several high-symmetry directions in the Bril-
louin zone. The total phonon density of states is shown on
the right-hand side of this figure. The experimental phonon-
dispersion data'® are indicated by filled squares. The pres-
ently calculated phonon spectrum agrees well with the ex-
perimental data,'> except for a small deviation for the highest
optical phonon branch along the I'-X direction. The com-
puted transverse and longitudinal-acoustic (TA and LA)
branches along the main symmetry directions of [100], [110],
and [111] behave normally in the long-wave limit with steep
slopes. This behavior leads us to calculate the elastics con-
stants of Mo3Si from the slopes of the acoustic branches in
the phonon spectrum.® Along the [100] direction, the veloci-

ties of TA and LA branches are obtained to be 3337 m/s and
7226 m/s, respectively. These values leads us to calculate the
elastic constants of C;; and Cyy for Mo;Si. Finally, C}, can
be obtained by using these values and the velocity of LA
phonon branch along the [110] direction (V;,=6782 m/s).
As a result, the values of Cy;, C},, and C,, are found to be
4.551, 1.525, and 0.971 Mbar. These values are comparable
with our volume-conserving ab initio results as well as the
experimental data'”!® in Table 1. Figure 4 reveals that
optical-phonon branches in MosSi are distributed almost
continuously from 4 to 10 THz. The optic branches between
4 and 8 THz are quite dispersive along the main symmetry
directions [100], [110], and [111]. However, the optical
branches above 9 THz show less dispersion and thus there is
a large peak in the phonon density of states at 9.5 THz. We
have observed an overlap of the acoustic and optical-phonon
branches so that there is no visible gap in the phonon density
of states. It can be seen from the critical assessment of this
figure that there are three regions of importance in the den-
sity of states: (i) below 7.00 THz, (ii) 7.00-8.80 THz, and
(iii) 8.80 THz onward. The peaks in the first and second
regions are dominated by the vibrations of Mo and Si atoms.
However, the peaks in the third region are mostly due to the
vibrations of Si atoms with a small contribution from Mo
vibrations. This is essentially due to the smaller mass of Si
atoms. The zone-center phonon modes are of special impor-
tance in the lattice dynamics of solids since they can be
detected by various experimental methods.

As mentioned before, the Mo5Si cubic phase belongs to

the Pm3n space group and the OZ point-group symmetries.
Consequently, the zone-center atomic vibrations in this sys-
tem can be decomposed as

ol 1 2 2
r=1,+ Tio+ T+ Tog+ A+ Eg+T1, + T,

with the A, E, and T modes being singly, doubly, and triply
degenerate, respectively. The vibrations of Mo atoms create
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FIG. 5. Eigenvector representations of zone-center optical pho-
non modes in Mo3Si.

the T4, 154, Ay, and E, phonon modes. For these phonon
modes, Si atoms do not move. The lowest optical-phonon
mode is due to the vibrations of atoms of both type with the
maximum contribution coming from Mo atoms, as can be
seen from Fig. 5. The T;u phonon mode also includes atomic
vibrations from atoms of both type in the unit cell. Finally,
the higher frequency modes 72, and 73, are mainly pictured
by the vibrations of the lighter Si atoms.

The calculated Eliashberg spectral function is compared
with the calculated phonon density of states in Fig. 6. This

PHYSICAL REVIEW B 82, 214510 (2010)
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FIG. 6. A comparison of the phonon density of states (dashed
lines) and Eliashberg spectral function a?F(w) (solid lines).

figure indicates that the shape of the spectral function is quite
similar to that of the density of states. From this spectral
function, the electron-phonon mass-enhancement parameter
\ is calculated to be 0.453. Taking typical values u* as 0.12,
0.13, 0.14, 0.15, and 0.16, T is determined to be 2.04 K,
1.63 K, 1.27 K, 0.97 K, and 0.72 K, respectively. All these
values are within an acceptable range of the experimental
value of 1.3 K.1° Using the value of \, we have calculated
other superconducting parameters, which are listed in Table
II. Unfortunately, there are no experimental or theoretical
results to compare our results. It is important to note that the
Tc value for MosSi is significantly lower than the corre-
sponding values*® for NbsSn (T-=18 K), Nb;Al (T,
=18.6 K), NbsGa (7T-=20.3 K), V;Si (T-=17.3 K), and
V3Ga (T-=23.0 K). All these materials crystallize in the
A1S5 structure. We strongly believe that the reason for the
smaller T for MosSi can be linked to its lower density of
states at the Fermi level [N(E)=4.15 states/eV], which, in
turn, results in lower electron-phonon coupling parameter. In
Table III, we have listed the electron-phonon coupling pa-
rameter (\) as well as the density of states at the Fermi level
[N(Ep)] for different A15 materials.*® This table clearly
shows that the values of N and T, for MosSi are much
smaller than the corresponding values for other A15 materi-
als due to its lower N(Eg) value. It should be pointed out
here that the results of 7 reported in Table III are subject to
change for noncubic crystal phases of MosSi. This is because
the elastic stability condition Cy;—C;,>0 is not guaranteed
to hold for noncubic phases. In fact, the onset of the elastic
instability upon a tetragonal distortion has recently been re-
ported in V5Si above T

TABLE II. Superconducting parameters for Mo3Si. Our 7T value is compared with its experimental

value.

(0) <w2> 12 @y Tc 2A
Source ) N (K) (K) (K) (K) (meV)
This work 0.14 0.453 127.87 191.67 379.92 1.27 0.388
Experimental (Ref. 15) 1.30
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TABLE III. The N(Ej) (states/eV), N and T (K) values for MosSi. The values of these parameters for

other A15 materials are taken from Ref. 36.

Parameter Mo3Si Nbs;Sn NbsAl Nbs;Ga V3Si V;Ga
N(Ef) (states/eV) 4.15 11.66 14.65 14.10 14.72 19.61
N 0.45 1.22 2.14 1.92 1.18 1.48
T (K) 1.27 12.6 14.8 22.5 18.4 23.0

IV. SUMMARY

In this work, we have presented a detailed theoretical
analysis of the structural, elastic and electronic properties for
cubic MosSi by using the generalized gradient approxima-
tion of the density-functional theory and ab initio pseudopo-
tentials. Our results are in good agreement with experimental
and previous theoretical results for lattice constant, bulk
modulus, and second-order elastic constants. The electronic
structure calculations clearly reveal the metallic nature of
this material. The computed peaks and their origin in the
electronic density of states are in good agreement with pre-
vious theoretical and experimental results.

The calculated phonon-dispersion relations for this mate-
rial fit very well with the available experimental data. The
polarizations of zone-center phonon modes are presented and

discussed in detail. From the Eliashberg spectra function, the
total electron-phonon coupling parameter (\) is found to be
0.453. Using this value for A, together with the choice w*
=0.14 for the Coulomb pseudopotential, the transition tem-
perature of this material is calculated to be 1.27 K, which
compares very well with its experimental value of 1.3 K. A
comparison of the calculated N and T values for several A15
materials shows us that the electron-phonon interaction is
comparatively much weaker in cubic Mo;Si. This is due to
its lower electronic density of states at the Fermi level.
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