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Abstract

We present results of first-principles local-density-functional calculations of the structural and elastic properties of MosSis.
Among the three different structures (DS,,,, D8g, and D8)), the D8, structure (referred to as the T1 phase) has the greatest binding
with a high heat of formation of —3.8 eV/formula unit. The bonding in MosSi; is found to have pronounced covalent components,
characterized by the planar Mo—Si—-Mo triangular bonding units on the (001) plane and by the unusually short Mo—Mo bonds
directly along the c-axis. The calculated six elastic constants of the DS, structure are in excellent agreement with the experimental
values. While the bonding in the (001) basal plane is stronger than the bonding along the [001] direction (i.e. C;;+ Cj»> C33 and
Ces > Ca4), the crystal anharmonicity is found to be higher along the [001] direction. The implication of our results on the aniso-
tropy of thermal expansion coefficients is briefly discussed. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Transition metal silicides constitute a unique class of
intermetallic alloys for ultrahigh-temperature applica-
tion [1]. Among the compounds of molybdenum sili-
cides, MoSi, has been the most studied phase in the last
several decades. Recently, due to advancements in the
processing of materials, there is a growing interest in
MosSi; based alloys, because of their high strength and
excellent creep resistance at high temperature (above
1400°C) [1-3]. Good oxidation resistance can also be
achieved by additions of boron to MosSi; [3,4]. Unfor-
tunately, similar to most high-temperature inter-
metallics, these 5-3 silicides are too brittle at ambient
temperature to be used as structural engineering mate-
rials. At present, only limited scientific effort has been
focused on understanding (and improving) their brittle
fracture behavior.

The 5-3 transition metal silicides have complex
crystal structures. The binary MosSis is stabilized in a
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body-centered tetragonal structure of space group 14/
mcm with the W;Sis-type structure (D8, structure, c.f.
Fig. 1). A competing structure often observed in 5-3 sili-
cides is the hexagonal structure. This hexagonal structure
has a space group of P6;/mcm with the MnsSis-type
structure (D8g structure). With the addition of boron in
Mo-Si, a ternary T2 (MosSiB,) phase is observed to form
in the microstructures. The T2 phase has the 14/mcm space
group with the CrsBs-type structure (or DS, structure).

Recently, the lattice parameters, elastic constants and
thermal expansion coefficients of MosSi; have been
measured by Chu et al. [5]. In collaboration with this
effort, in this paper we report the results of first-princi-
ples calculations of the phase stability, bonding
mechanism, and elastic properties of binary MosSi; by
the local-density-functional (LDF) approach. We find
that the heat of formation is high, and the bonding is
characterized by pronounced multi-centered covalent
components in this alloy. We also briefly discuss the
physical origin underlying the observed anisotropy in
the thermal expansion coefficients along the [100] and
[001] directions. In Section 2, a description on the theo-
retical methods is given. Results and discussion are
given in Section 3.
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{a) side view

(b) top view

Fig. 1. The crystal structure of the WsSis-type DS, structure. The larger darker atoms are Si atoms and the smaller lighter atoms are transition

metal atoms.

2. Theoretical approach

We used the full-potential linearized augmented
plane-wave (FLAPW) method [6] to solve the LDF
equations. There is no shape approximation to the
potential and charge density in this method. In this
investigation angular momentum components up to
/=8 and approximately 70 plane waves per atom were
used for expansion of the wave functions. The semi-core
4p states of Mo are treated in two different ways: (1) as
core states, and (2) as valence states but at a separate
‘window’ from the valence 4d, 5s and 5p states. We find
these two models, however, give nearly identical results
for the lattice parameters and elastic constants. The
atomic positions are relaxed by calculating Hellmann—
Feynman forces acting on the atoms.

A mixed-basis pseudopotential method [7] within the
local density approximation was also used to investigate
the phase stability. The pseudopotential method allows
a more accurate treatment for the semi-core 4p states by
directly incorporating them as the valence states. The
use of two independent electronic band structure meth-
ods in this investigation also offers a measurement of
the numerical precision of our calculations.

In order to determine the six elastic constants of the
tetragonal D8, structure, a set of six independent total-
energy calculations are performed. The lattice is
deformed uniformly in six different ways, and for each
of them we calculate the total energy as a function of
strains (up to 2-3%). The new lattice axes «; are related
to the original ones g; by d; = (1 + &;)a;, where

€1 66/2 65/2
sj=1es/2 e e4/2
es/2 es/2 e3

is the strain tensor, and e; are the strain components.
The strain energy, U, is related to the elastic constants
C; by

U= CijC"jEj/Z

The elastic constants Cj; are then obtained from the
curvature of the total energy—strain curves.

3. Results and discussion
3.1. Phase stability

We start by considering two possible structures for
binary MosSiy: D8,,, and D8y structures. The stacking
sequence of layers along the c-axis can be viewed as
repeated ABAC. .. stacking for both structures. The A-
layer has a more open atomic environment (i.e. lower
atomic packing density), which links together with the
more close-packed B- and C-layers through the transi-
tion metal-silicon bonds. On the other hand, there is a
direct coupling between A-layers, since the interatomic
distance between atoms on adjacent A-layers is very
short. The atomic arrangement of B-layer and C-layer
are related by a 180° rotation about the c-axis for the
D& structure, and by reflections through planes contain-
ing the fourfold axis for the D8, structure. For both
structures, we minimize the total energies with respect to
both unit cell volume and ¢/a ratio. The heat of formation
is then given by E(MosSiz)—5E(Mo)—3E(Si) per formula
unit, where E(MosSi3), E(Mo) and E(Si) are the total
energies of MosSi3, bulk Mo and bulk Si, respectively.

Calculations using both FLAPW and pseudopoten-
tial methods show that the ground state structure of
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binary MosSis is, indeed, the WsSiz-type DS, structure
(usually referred to as the T1 phase). The calculated
heats of formation are nearly identical (to within 0.1 eV/
formula unit) for both methods, indicating the precision
of our calculations. The heat of formation for the D8,
structure is high (—3.8 eV/formula unit), which suggests
the existence of strong bonds in this compound. The
difference in the heats of formation between the D8,
and D8y structures is found to be considerable (i.e.
about 0.7 eV/formula unit). It is thus not surprising
that, in this case, the D8 structure can only be stabilized
by interstitial alloying additions (for example, carbon;
and is usually referred to as a Nowotny phase) [8], since
the D8y structure is able to provide column-like holes to
accommodate interstitial impurities.

The calculated lattice parameters of the D8, struc-
ture (¢=9.59 A and ¢=4.85 A) are smaller than the
experimental values, recently measured by Chu et al. [5],
by about 1% (which is a common error inherent in the
LDF calculation). It is worth mentioning that both D8,
and D8y structures are characterized by a very narrow
interlayer spacing along the c-axis. In the D8, structure,
the shortest distance between Mo atoms on adjacent A
layers along the c-axis is about 2.42 A, in contrast to the
first nearest neighbor distance of 2.72 A in bulk bee-
Mo. On the other hand, the Si—-Mo distances are nearly
constant (i.e. about 2.55 A), indicating that the Si-Mo
bonding is dominant. For the D8g structure, the calcu-
lated lattice parameters are a=7.29 A and ¢=5.0 A,
which corresponds to a Mo—Mo distance of 2.5 A along
the c-axis. (Similarly, we have examined TisSi; stabi-
lized in the D8z structure. In this case, the shortest dis-
tance between Ti atoms is about 2.54 A, which is much
shorter than the Ti-Ti distance of 2.89 A in bulk hep-
Ti.)

Our calculation gives the following atomic positions
(in Cartesian coordinates) for Mo and Si in the unit cell
of the D8, structure: two Si at (0,0,1/4) and (1/2,1/2,1/
4), two Mo atoms at (0,1/2,1/4) and (1/2,1/2,1/4), four
Si atoms at +(x,1/2+x,0) and £(1/2+ x,—x,0) with
x=0.168, and eight Mo atoms at +(x,y,0), £(—y,x,0),
+(x,—y,1/2), and =*(y,x,1/2) with x=0.076 and
y=0.226. The calculated atomic positions are in good
agreement with those from X-ray diffraction measure-
ments [9].

The pseudopotential method was used to calculate
the heat of formation for the DS, structure of binary
MosSi;. Lattice parameters of a=6.39 A and ¢c=11.22
A are obtained, and a heat of formation of 2.6 eV. It
shows that, in the absence of boron additions, the DS;
structure of MosSiz has a higher energy than both the
DS, and D8g structures.

To investigate the electronic structure underlying the
calculated structural stability, in Fig. 2 we show the
calculated electron density-of-states (DOS) for both the
D8, and D8g structures. The Mo-Si bonding states are

fully occupied with the center of the band located at
about 4 eV below the Fermi level. The states near the
Fermi level are dominated by Mo d-states. While these
two DOS profiles bear a lot of resemblance, a major
difference exists in the location of the Fermi level. The
Fermi level in the D8, structure is located at a local
minimum in the electron density-of-states. It is generally
believe that a reduction in DOS at the Fermi level con-
tributes to the stability of a given structure. This can be
easily understood in the case of covalently-bonded
materials where a Fermi level gap in the DOS is
obviously a stabilizing effect. It corresponds to the
situation where all bonding electronic states are occu-
pied and all the non-bonding states are empty. In the
intermetallic compounds discussed here, even though a
full gap does not exit, the reduction in DOS at the
Fermi level is still believed to have some stabilizing
effect. From Fig. 2, we can clearly see that the Fermi
level of the D8 structure is located away from the local
minimum in the DOS profile, and this explains the large
energy difference between the DS, and D8z structures.

20 -

m

D8 " Structure
15

LA B I

10

PR

o Lot NN

Density-of-states (states/eV)

2 0

14 12 10 8 6 4
Energy (eV)

20

— E

> F

o i D8 , Structure

2 15 1

g i

2 i

§ 10 -

8

9

o

@ 5

2

2

o o 1L IR PR RN R R

a

-14 12 -10 8 6 4 2 0 2
Energy (eV)

Fig. 2. Electron density-of-states for MosSi; in D8, and D8y struc-
tures. Ef is the position of Fermi level.
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3.2. Bonding charge density

To understand the bonding behavior involving the
microscopic charge transfer and the formation of
directional bonds (which is one of the characteristics of
silicides), we have examined the bonding (or deforma-
tion) charge density. The bonding charge density is the
difference between the charge density in the crystal and
the superposition of neutral Mo and Si atomic charge
densities at the lattice sites. This is the electronic density
which can be measured experimentally by electron dif-
fraction microscopy.

Following the notations introduced in the last section
for the layer stacking along the c-axis, we present in
Fig. 3 the bonding charge density for the DS, structure
on (a) the B- or C-layer (i.e. (001) plane) and (b) the
(100) plane intersecting Mo and Si atoms on the A-layers.
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Fig. 3. Bonding charge density on (a) the (001) plane, and (b) the
(100) plane of MosSi3 with the DS, structure. Symbols x and + in (a)
denote the positions of out-of-plane Mo and Si atoms, respectively.
The vertical direction in (b) is the c-axis. The red (purple) colors
denote regions of increased (decreased) electronic density as the atoms
are brought together to form a crystal (see text for details). The
increase of electronic density in (a) is centered in the interstitial region
shared among Mo-Si-Mo atoms (i.e. multi-centered covalent bond-
ing). There also exists a covalent bonding between Mo atoms on
adjacent A-layers.

wm &

These plots show the depletion of electronic density at
the lattice sites (denoted by purple color) together with
a significant increase of electronic density in the inter-
stitial region (denoted by red and yellow colors). In
Fig. 3, the regions where the increased electronic density
is larger than 1.0x 1072 electrons/(a.u.)® are emphasized
by red color. The maximum of the increased density in
the interstitial region is considerable, which has a value
about 1.8x1072 electrons/(a.u.)>.

The bonding characteristic on the more close-packed
(001) plane is found to be dominantly covalent [c.f. Fig.
3(a)]. There is a pronounced planar triangular bonding
among Mo-Si-Mo atoms. These planar triangular
bonding units are then linked together in the (110)
directions through the bonding of in-plane Si atoms and
out-of-plane Mo atoms [with the projected positions
marked by x symbols in Fig. 3(a)].

We have also examined the bonding characteristics of
interlayer coupling along the c-axis [c.f. Fig. 3(b)]. We
do not find noticeable directional bonds between Si
atoms on adjacent A-layers, and between Si atoms on
the A-layer with Mo atoms on the B-layer (or C-layer).
On the other hand, the covalent bonding between Mo
atoms on adjacent A-layers along the c-axis is obvious.
These Mo atoms are coupled together with Si atoms on
the B-layer (and C-layer) to form a muti-centered bond.
This multi-center covalent bond is characterized by a
very short Mo—Mo bond length.

Thus, the built-up electronic densities in MosSi; with
the DS, structure are mostly planar and localized on
the more close-packed (001) plane (i.e. B- and C-layers).
These multi-centered bonds, however, involve both in-
plane and out-of-plane bonding components. The in-plane
bonding is dominated by the planar Mo-Si-Mo trian-
gular bond. On the other hand, the interlayer coupling
has a covalent Mo—Mo bonding component with unu-
sually short bond length.

3.3. Elastic properties

To determine six elastic constants, we need six rela-
tions, which can be obtained by considering the follow-
ing strain tensors: (i) e;=e,=e and e;=(1+e)2—1,
that is, tetragonal distortion at a fixed volume; (ii)
e1=ey=¢; (ili) e3=¢; (iv) eg=¢; (V) es=es=e; and (vi)
e;=—ey=e, where the unspecified strain components
are zero for each of these cases. Therefore, six relations (i)
U= (Cii + Cia+2C33 —4C3)e?, (i) U = (Cii+ Cpo)é?,
(iii) U = 1/2C33€%, (iv) U = 1/2Cgse?, (V) U = Cyye?, and
(vi) U= (C1; — C1p)e* are obtained for the distortion
energies. We calculated the total energies according to
the above six kinds of lattice distortions and fitted the
calculated values to third-order polynomials to get the
elastic constants.

At the theoretical lattice parameters of the DS,
structure, we obtain C;;=487 GPa, Ci»=175 GPa,
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C33:420 GPa, C13:145 GPa, C44:120 GPEI, and
Ce6= 160 GPa. Other than C,, and Cj3, the calculated
elastic constants at the theoretical volume are larger
than the experimental values, measured by Chu et al. [5]
by about 10%. This discrepancy is mostly due to the
error in the calculated lattice constant. That is, in addi-
tion to having a higher energy density, the effect of
crystal anharmonicity also gives rise to larger elastic
constants at a smaller volume. We have subsequently
calculated the elastic constants at the measured lattice
constants. Indeed, we find excellent agreement between
theory and experiment if the calculations are done at the
measured lattice constants. The calculated elastic con-
stants together with the measured values are summar-
ized in Table 1.

The calculated (and measured) elastic constants are
consistent with the fact that the bonding in the (001)
plane is stronger than the bonding along the [001]
direction. This is evident with the following relations:
C1+ Cia> Cs3 and Cgg> Cyy. The former indicates that
the elastic tensile modulus is higher on the (001) plane
than along the c-axis. The latter suggests that the
[100](001) shear is easier than the [100](010) shear (i.e.
for the (001) layers, the shear of interlayer bonds is
easier than the shear of intralayer bonds). It is also
interesting to note that the shear anisotropy ratio A4,
defined as

A =2Ce/(C11 — C12)

is nearly equal to one (4=0.98), indicating that the
shear elastic properties of the (001) plane are nearly
independent of shear directions.

An important experimental observation relating to
the elastic properties is the anisotropy in the thermal
expansion along the [001] and [100] directions [5]. The
thermal expansion coefficient in the [001] direction is
observed to be more than twice of that in the [100]
direction. We have calculated the thermal expansion
coefficients. The calculated results for MosSiy together
with other Mo-Si alloys will be published elsewhere.
Here we will only briefly describe the physical origin for
the observed anisotropy in terms of the calculated elec-
tronic structure.

Table 1

Elastic constants (GPa) of MosSi3. The two sets of theoretical values
are calculated at the theoretical and experimental unit cell volumes,
respectively

Cl] C12 C33 C13 C44 C66

487 175 420 145 120 160
438 162 371 132 106 143
446 174 390 140 110 140

Theory (theoretical volume)
Theory (experimental volume)
Experiment®

a Ref. [5].

The thermal expansion coefficient depends not only
on the second-order elastic constants but also on crystal
anharmonicity. In the present case, since C;+ Cy, is
larger than Cs;3, the bonding in the (001) plane is more
elastically rigid than along the c-axis. On the other
hand, we can describe the anharmonic effects in the
vibrating lattice in terms of a Griineisen constant, y,
defined as

_ 81n9D
olnV

which gives the volume dependence of the Debye tem-
perature, 6p. We find that the anharmonicity is higher
in the [001] direction (yjpo; = 2.55) than in the [100]
direction (y[100) = 2.17). A stronger bonding in the (001)
plane together with a higher anharmonicity along the
[001] direction contribute to a higher thermal expansion
coefficient along the [001] direction than along the [100]
direction.

A major contribution to the anisotropy in anharmo-
nicity comes from the difference in the anharmonicity of
Cy44 along the [001] and [100] directions. We find that the
anharmonicity of Cyy is higher along the [001] direction.
It should be noted that, in the present case, the Cyy
shear does not significantly affect the Mo—Si—-Mo planar
bonding on the (001) plane. The Cy44 value pre-
dominantly manifests the elastic shear strength of inter-
layer coupling. As mentioned already, the structure of
MosSiz is characterized by a narrow (001) interlayer
spacing with a very short Mo—Mo bond directly along
the c-axis. This short Mo—Mo bond is coupled with the
Si atoms on the B- and C-layers to form a multi-cen-
tered covalent bond. The anharmonicity of Cy4 is cal-
culated to be higher with respect to the lattice expansion
along the [001] direction than along the [100] direction,
because an increase of the [001] lattice spacing is more
effective in reducing the bonding strength of this Mo—
Mo covalent bond and making the Cy4 shear easier.

4. Summary

We have presented results of first-principles calcula-
tions for the phase stability, bonding mechanism and
elastic properties of MosSi;. The bonding in MosSis is
dominated by the multi-centered covalent bonding
components. While the planar Mo—Si—-Mo bonding on
the (001) plane is dominant, covalent bonding between
Mo atoms at adjacent A-layers is important in inter-
layer coupling. The heat of formation for the D8,
structure is high (—3.8 eV/formula unit), which is 0.7 eV
lower than that of the competing D8¢ structure. The
stabilization of the D8, structure (T1 phase) is due to
the reduction in electron density-of-states at the Fermi
level. The calculated elastic constants for the DS,
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structure are in good agreement with experimental
measurement. Consistent with a stronger bonding in the
(001) plane than along the c-axis, we have the relations:
Ci1+C15p>C33 and Cgg> Cyy. The crystal anharmoni-
city is found to be larger along the [001] direction than
along the [100] direction, largely because the softening
of the shear Cy4 term with respect to lattice expansion is
more pronounced along the [001] direction.
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