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Abstract
The ideal tensile test in transition metal disilicides MoSi2 and WSi2 with a C11b structure is simulated by ab
initio electronic structure calculations using the full-potential linearized augmented plane wave method. The
theoretical tensile strength for [001] loading is determined for both disilicides and compared with that of
other materials. A full relaxation of all external and one internal structural parameter is performed, and the
influence of each relaxation process on energetics and strength of materials studied is investigated. Differences
in the behavior of various interatomic bonds including tension-compression asymmetry are analyzed and
their origin in connection with the changes of the internal structural parameter is traced. For comparison, the
response of bonds in MoSi and CoSi with B2 structure to the [001] loading is also studied.
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The ideal tensile test in transition metal disilicides MoSi2 and WSi2 with a C11b structure is simulated byab
initio electronic structure calculations using the full-potential linearized augmented plane wave method. The
theoretical tensile strength for@001# loading is determined for both disilicides and compared with that of other
materials. A full relaxation of all external and one internal structural parameter is performed, and the influence
of each relaxation process on energetics and strength of materials studied is investigated. Differences in the
behavior of various interatomic bonds including tension-compression asymmetry are analyzed and their origin
in connection with the changes of the internal structural parameter is traced. For comparison, the response of
bonds in MoSi and CoSi with B2 structure to the@001# loading is also studied.

DOI: 10.1103/PhysRevB.68.184101 PACS number~s!: 61.50.Ks, 71.20.Be, 61.66.Dk, 62.20.Dc

I. INTRODUCTION

The strength of plastically deformable materials is usually
controlled by the nucleation and motion of dislocations,
while in brittle materials fracture habitually initiates at flaws
that concentrate stresses. Hence, the theoretical tensile
strength, corresponding to the fracture of an ideal, defect free
crystal, has rarely been attained. The only materials in which
it was approached in the past are whiskers of very pure met-
als and silicon1–5 that are practically dislocation free. How-
ever, recent developments in material engineering, such as
the production of defect-free thin films and the advancement
of various nanostructured materials, have stimulated interest
in studies of the ideal strength which in these materials may
control both the onset of fracture and the dislocation nucle-
ation, as demonstrated by nanoindentation experiments~see
e. g., Refs. 6–10!. Theoretically, the ideal strength can be
investigated usingab initio electronic structure methods
based on the density functional theory. First calculations
have been made without relaxations of the dimensions of a
loaded crystal in the directions perpendicular to the loading
axis11 or for unrelaxed shear.12,13 Relaxed calculations have
been performed for TiC,14,15 tungsten,16–18 copper,19–22

NiAl, 19,23 aluminum,24,20–22 b-SiC,25 diamond,26,27 Si,27,28

Ge,27 TiN and HfC,15 iron,29–31 Mo and Nb,32 and
b-Si3N4.33 Some calculations have been done for nanowires
@amorphous Si~Ref. 34! and MoSe nanowires35#, grain
boundaries36–38 and interfaces.39 The calculations of ideal
tensile strength for Al,40 AlN,40,41 b-Si3N4,42 c-Si3N4,43 and
an amorphous Si nanowire34 were performed without a re-
laxation of the dimensions of loaded crystal in the directions
perpendicular to the loading axis, i.e., no Poisson contraction
was allowed.

In 1997,ab initio calculations of theoretical strength un-
der isotropic triaxial~hydrostatic! tension~i.e., negative hy-
drostatic pressure! also appeared.44–49 As the symmetry of
the structure does not change during this deformation, sim-
pler ab initio approaches may be applied.

Tables summarizingab initio values of theoretical tensile

strengths for various materials are given in Refs. 31 and
50–52, Ref. 51 also includesab initio values of shear
strengths and some semiempirical results. An extensive re-
view of semiempirical andab initio calculated values of
uniaxial and isotropic triaxial tensile strengths as well as of
shear strengths calculated up to 1999 can be found in Ref.
53.

In this paper we investigate the ideal tensile strength of
transition-metal~TM! disilicides with C11b structure, spe-
cifically MoSi2 and WSi2, by simulating the tensile test of
corresponding ideal crystals employing anab initio elec-
tronic structure method. A brief account of these results has
already been given in Ref. 54. MoSi2 and WSi2 are a prom-
ising basis for a new generation of high-temperature materi-
als since at these temperatures they combine the ductility and
thermal conductivity of metals with high strength, a high
melting temperature, corrosion, and a creep resistance of the
ceramics.55–58 The largest impediment is the low ductility
and/or toughness at ambient temperatures when these mate-
rials can be loaded close to their ideal strength for some
orientations of the loading axes.59–65 Thus the onset of dis-
location nucleation may be controlled by the ideal strength
and its orientation dependence.

During the simulation of the tensile test, complete relax-
ations of both external and internal parameters are allowed.
The theoretical tensile strengths of MoSi2 and WSi2 are de-
termined for the@001# loading axis and results are compared
with those obtained for other materials. The behavior of in-
teratomic bonds during the tensile loading is analyzed. This
analysis reveals two types of TM-Si bonds, ‘‘strong’’ and
‘‘weak,’’ and a tension-compression asymmetry of Si-Si
bonds. Since the results for WSi2 and MoSi2 are very similar,
we only discuss MoSi2 in detail.

II. METHODOLOGY

Up to now, most of the calculations of the theoretical
strength of materials have been based on empirical potentials
with their parameters adjusted to experimental data for the
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equilibrium ground state~for a review see, e.g., Ref. 66 and
references therein; ideal shear strengths for all basic cubic
structures calculated by means of semiempirical potentials
may be found in Ref. 67!. However, such empirical ap-
proaches may not be valid for materials loaded close to their
theoretical strength limits.

In contrast, this is not a problem forab initio electronic
structure calculations that start from the fundamental quan-
tum theory. The only input is the atomic numbers of the
constituent atoms and, usually, some structural information.
This approach is reliable even for highly nonequilibrium
states.

In our modeling of the tensile test we start by determining
the structure and total energy of the material in the ground
state, in our case the C11b structure~Fig. 1!. This is done by
finding the total energy as a function of lattice parameters,a
and c, and of the internal structural parameterD defined in
Fig. 1.68,69 Then, in the second step, we apply an elongation
along the loading axis~in the @001# direction in the present
case! by a fixed amount«3 that is equivalent to application
of a certain tensile stresss3. The C11b structure is body-
centered tetragonal and keeps its tetragonal symmetry during
uniaxial loading along the@001# axis; this axis is denoted as
3. For each value of«3, we minimize the total energy by
fully relaxing the stressess15s2 in the directions perpen-
dicular to the axis 3 as well as the internal degree of free-
dom,D. The stresss3 is given by

s35
2

c0a2

dE

d«3
, ~1!

whereE is the total energy per formula unit@i.e., one transi-
tion metal atom and two Si atoms#, c0 is the ground-state
value of the lattice parameter in the@001# direction, anda is
the lattice parameter in@100# and @010# directions. The in-
flexion point in the dependence of the total energy on«3
corresponds to the maximum of the tensile stress; if some
other instability ~soft phonon modes, etc.! does not occur

prior to reaching the inflexion point, it then corresponds to
the theoretical tensile strength,s th .

In this study, we utilized the full-potential linearized aug-
mented plane wave~FLAPW! method.70 The electronic
structure calculations were performed self-consistently
within the local density approximation~LDA !.

When simulating the tensile test, crystal lattices are se-
verely distorted and some atoms may move very close to-
gether. Therefore, the muffin-tin radii must be sufficiently
small to guarantee non-overlapping of the muffin-tin spheres
at every stage of the test. We used muffin-tin radii equal to
2.3 a.u. for transition metal atoms and 2.1 a.u. for silicon.
These were kept constant in all calculations presented here.
The product of muffin-tin radius and the maximum recipro-
cal space vector,RMTkmax, was equal to 10, the maximuml
value for the waves inside the atomic sphere,l max, and the
largest reciprocal vectorG in the Fourier expansion of the
charge,Gmax, were set to 12 and 15, respectively. The num-
ber ofk points in the first Brillouin zone was equal to 2000.

III. RESULTS AND DISCUSSION

We first discuss the ground-state properties of MoSi2 and
WSi2. The values of the lattice parameters,a andc, the in-
ternal parameter,D, and the ratio of the calculated equilib-
rium ground-state and the experimental atomic volume,
Veq /Vexpt, are summarized and compared with the available
experimental data69 in Table I. The overall agreement is very
good; small deviations of lattice parameters~smaller than
1%! are acceptable for the LDA calculations.

In Fig. 2, we display the dependences on«3 of ~i! the total
energyE @Fig. 2~a!#, ~ii ! the internal parameterD @Fig. 2~b!#,
~iii ! the tensile stresss3 @Fig. 2~c!#, ~iv! the normalized
atomic volumeV/Veq @Fig. 2~d!#, and~v! lengths of six dif-
ferent types of interatomic bonds between the constituent
atoms in MoSi2 @Fig. 2~e!#; the symbols are explained in the
figure caption and in Fig. 2~f!. The strain«3 for which the
tensile stress reaches maximum is clearly seen in Fig. 2~c!; it
is marked by thin vertical lines in Figs. 2~a!–2~d!. The inter-
val of tensile loading is extended so as to include also states
beyond the first inflexion point at the energy vs«3 curve.

The total energy has a parabolic dependence on«3 around
the minimum; it then increases with increasing elongation
almost linearly in the neighborhood of the first inflexion
point @where the tensile stress reaches its maximum—Fig.
2~c!#, and then it attains a maximum. Beyond the point«3
'0.51, corresponding to a shallow local minimum~this
metastable structure is discussed below!, the total energy
again increases. As it must, the corresponding stresss3 van-

FIG. 1. C11b structure with the internal parameterD defined as
a small deviation from the ideal value of 1/3, and a characteristic
substructure, a bipyramid formed by four Mo atoms and two Si
atoms. Note that the unit cell of the C11b structure can also be
derived by stacking up three body-centered tetragonal cells along
the @001# direction, compressed along the long-period axis (c axis!.
The central cell exhibiting B2-like occupation is indicated by
dashed lines.

TABLE I. Ground-state lattice parameters of MoSi2 and WSi2.

a c D Veq /Vexpt

MoSi2 FLAPW 6.004 14.689 0.0017 0.974
MoSi2 expt. ~Ref. 69! 6.051 14.836 0.0019 1.000
WSi2 FLAPW 6.020 14.721 0.0013 0.975
WSi2 expt. ~Ref. 69! 6.068 14.870 0.0014 1.000
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ishes in all three energy extrema~i.e., at the global minimum
at the ground state, a local maximum at«3'0.35, and a
shallow local minimum at«3'0.51) and is even negative in
the region between the local maximum on the total energy
dependence and the metastable structure. Between the inflex-
ion points at«3'0.22 and 0.43, the material is unstable.

The internal parameterD @Fig. 2~b!# increases with in-
creasing«3, except very close to the ground state where it is
almost constant. It reaches its maximum of about 0.030 for
«3'0.35, which is a relatively high value when compared
with the ground state. Then it rapidly decreases and becomes
again nearly equal to the ground-state value in the vicinity of
the metastable structure. Beyond this point it increases again
with increasing elongation. Its full relaxation during the ten-
sile test is vital, as it allows the interatomic bonds to adjust to
their proper lengths. The relative atomic volumeV/Veq ex-
hibits a behavior very similar to the internal parameterD
@Fig. 2~d!#.

Figure 2~e! shows the dependence of six interatomic bond
lengths on«3 during the tensile test simulation; the numbers
of atoms in the first five coordination spheres are given in
Table II. Let us first discuss the region accessible, at least in
principle, by a tensile test~i.e., prior to reaching the first

inflexion point at the total energy vs«3 dependence!. It was
proposed in Ref. 69 that the Mo-Si bonds along the@001#
direction@Mo-Si i , asterisks in Fig. 2~e!# are weaker than the
Mo-Si bonds in other directions@Mo-Si u\, full circles in
Fig. 2~e!#. In contrast, it was argued that the Si-Si bonds
along the@001# direction@Si-Si i , open triangles in Fig. 2~e!#
are stronger than those in other directions@Si-Si u\, open
circles in Fig. 2~e!#. Our calculations confirm this assertion
regarding the Mo-Si bonds. In the C11b structure, four Mo
atoms in the~001! plane form a square of sidea which con-
stitutes the basis of a bipyramid completed by two Si atoms
above and below the center of this square. It appears that
atoms forming these bipyramids try to keep together during
extension in the@001# direction ~see Fig. 1!. That is, the
edges of the bipyramid are the Mo-Siu\ bonds@full circles in
Fig. 2~e!#, the length of which is nearly constant during load-
ing, even when the theoretical tensile strength has been ex-
ceeded. In agreement with Ref. 69, these bonds can be de-
noted as ‘‘strong’’ bonds relative to ‘‘weak’’ Mo-Sii bonds.

The Si-Si i bonds, defining the height of the bipyramid,
elongate under tension@open triangles in Fig. 2~e!# but not as
easily as the ‘‘weak’’ Mo-Sii bonds. This is governed by the
relaxation of the internal parameterD. In the case of the

FIG. 2. Variations of the total energyE per
formula unit~a!, internal parameterD ~b!, tensile
stresss3 ~c!, and volume relative to the equilib-
rium volumeV/Veq ~d! during the simulation of
the tensile test in MoSi2. HereE0 is the ground-
state energy and«3 is the strain in the@001# di-
rection. The position of the inflexion point in the
energy dependence and the maximum of the ten-
sile stress are denoted by a thin vertical line. The
figure ~e! shows the behavior of the length of
various atomic bonds during the tensile test;
some bonds are identified in~f!. The Si atoms are
represented by small circles and Mo atoms by
large ones. The bond length between the pairs of
Mo-Mo and Si-Si atoms in the@100# and @010#
directions, corresponding to the lattice parameter
perpendicular to the direction of loading, is de-
noted as Si-Si' @diamonds in~e!#, and the bond
length between Mo-Mo and Si-Si atoms in the
@110# direction is denoted as Si-Si5 @crosses
in ~e!#.
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Si-Si i bonds, their length is influenced by both relaxation
processes, i.e., by the decrease of the lattice parametera
@diamonds in Fig. 2~e!# and increase of the internal parameter
D @Fig. 2~c!#. However, up to«3'0.22, the Si-Siu\ bonds
@open circles in Fig. 2~e!# are extended approximately in the
same way as the Si-Sii bonds and, therefore, it is not pos-
sible to introduce the notion of ‘‘strong’’ and ‘‘weak’’ Si-Si
bonds.

The behavior of Si-Si bonds is somewhat different under
compression. The length of the Si-Siu\ bonds remains nearly
constant whereas the length of the Si-Sii bonds changes
significantly, similarly as does the length of the Mo-Sii
bonds@Fig. 2~e!#.

There are also Si-Si and Mo-Mo bonds in the@100# and
@010# directions. Their length is equal to the lattice parameter
a. They are denoted as Si-Si' and marked as open dia-
monds in Fig. 2~e!. In the equilibrium ground state, these
bonds are much longer than all the other bonds discussed
above. However, during loading their length monotonously
decreases. Two regions with a slower decrease can be distin-
guished@Fig. 2~e!#; they are separated by a region of a more
rapid decrease corresponding to the transition between the
local maximum and minimum on the total energy vs«3
curve. In the metastable state («3'0.51), the Si-Si' and
Mo-Mo ' bonds are the most important since they are the

shortest bonds in this structure.
There are also Si-Si and Mo-Mo bonds in the@110# direc-

tions @Fig. 2~e!#. They are denoted as Si-Si5 and marked as
crosses in Fig. 2~e!. Their length is equal toaA2. In the
neighborhood of the metastable state, their length is essen-
tially the same as the length of the Mo-Sii and Si-Si i
bonds.

The tendency ofD to increase up to«3'0.35 is in agree-
ment with the interpretation of recent experimental tensile
test data.71 The situation in an ideal crystal of WSi2 is similar
to that of MoSi2.

Figure 3 shows the behavior of Poisson ratiou«1 /«3u. It
oscillates around the value of about 0.16 before reaching the
first inflexion point at the dependence of the total energy vs
«3. Then, a strong increase in the region corresponding to the
rapid change of the lattice parametera @equal to the length of
the Si-Si' bonds, Fig. 2~e!# may be observed. It is followed
by a slower decrease. For small«3 (,0.05), the numerical
errors are bigger than for larger values of«3.

The theoretical tensile strengths,s th , of MoSi2 and WSi2
together with the values for some other materials are sum-
marized in Table III. The strengths as normalized by the
Young modulusE001 for the@001# loading at low strains, i.e.,
s th /E001, are also given. The theoretical tensile strengths for

TABLE II. Numbers of atoms in the first five coordination spheres in MoSi2. The rows of the table clearly
demonstrate the differences between the coordination of Mo and Si atoms caused by the fact that the
coordinates of Mo atoms are fully determined by the symmetry of the body-centered C11b structure and the
internal degree of freedom~parameterD) affects only the positions of the Si atoms. As a consequence of
more symmetric surroundings of the Mo atoms, the corresponding coordination spheres contain, in general,
a higher number of atoms of the same kind than the coordination spheres of the Si atoms. The neighbors of
the Si atoms are divided into more numerous and less occupied coordination spheres differing in chemical
composition and with diameters slightly modified by the internal parameterD. In the case of Si atoms, the
information about the number and kind of atoms in the coordination spheres is accompanied by the symbols
used in Fig. 2~e! for corresponding interatomic bond lengths.

20.04,«3,0 1st 2nd 3rd 4th 5th

Mo 2 Si 8 Si 4 Mo 8 Si 8 Mo
Si 1 Si (¹) 1 Mo (*) 4 Mo (d) 4 Si (s) 4 Si (L)
0,«3,0.15 1st 2nd 3rd 4th 5th

Mo 8 Si 2 Si 4 Mo 8 Si 4 Mo
Si 4 Mo (d) 4 Si (s) 1 Si (¹) 1 Mo (*) 4 Si (L)
0.15,«3,0.18 1st 2nd 3rd 4th 5th

Mo 8 Si 4 Mo 2 Si 4 Mo 8 Si
Si 4 Mo (d) 4 Si (s) 1 Si (¹) 4 Si (L) 1 Mo (*)
0.18,«3,0.29 1st 2nd 3rd 4th 5th

Mo 8 Si 4 Mo 2 Si 4 Mo 8 Si
Si 4 Mo (d) 1 Si (¹) 4 Si (s) 4 Si (L) 1 Mo (*)
0.29,«3,0.35 1st 2nd 3rd 4th 5th

Mo 8 Si 4 Mo 2 Si 4 Mo 8 Si
Si 4 Mo (d) 1 Si (¹) 4 Si (L) 4 Si (s) 1 Mo (*)
0.35,«3,0.51 1st 2nd 3rd 4th 5th

Mo 8 Si 4 Mo 2 Si 4 Mo 8 Si
Si 4 Mo (d) 4 Si (s) 4 Si (L) 1 Si (¹) 1 Mo (*)
0.51,«3,0.66 1st 2nd 3rd 4th 5th

Mo 4 Mo 4 Si 4 Si 4 Mo 2 Si
Si 4 Si (L) 4 Mo (d) 4 Si (s) 4 Si (1) 1 Mo (¹)
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transition metal disilicides studied~37 and 38 GPa for MoSi2
and WSi2, respectively! are comparable with the other val-
ues in Table III. Unfortunately, to the best of our knowledge,
there are no measurements of ideal tensile strength of MoSi2
and WSi2 and, therefore, we are not able to compare our
results with experimental data.

It may be seen from Table III that for Fe, Nb, Mo, and W
the normalized strengths are not very different from the
value of 0.08 which may be expected from the sinusoidal
fitting of the energy-strain curve.30,51 That is, for the bcc
metals, the tensile test corresponds to the relaxed Bain’s path
connecting the bcc and fcc structures and the parameters of
the sinusoid are determined by the Young modulusE001 at
low strains~curvature! and by the structural energy differ-
ence between the relaxed fcc and bcc structures, set at the
strain corresponding to the relaxed fcc structure~this struc-
tural energy difference is roughly proportional toE001, simi-
larly as the tetragonal shear modulusC8 is linearly related to
the unrelaxed structural energy difference between the bcc
and fcc structures72!. The extremum of the total energy for
the fcc structure is dictated by the symmetry.73,74,16,30When
performing uniaxial tensile deformation along the@001# axis

of the other materials shown in Table III, no higher-
symmetry structure is encountered along the tensile part of
the deformation path and, therefore, it is not surprising that
the values ofs th /E001 are considerably different from 0.08
in many cases. From this point of view, it is rather astonish-
ing that s th /E00150.078, 0.079, and 0.092 for MoSi2 ,
WSi2, and TiC, respectively. In the light of the present
knowledge, we consider this fact as an accidental coinci-
dence.

Up to «;0.46, where the metastable structure occurs, the
shortest five interatomic bond lengths are also equal to the
radii of corresponding first five coordination spheres of Si
atom~also see Table II!. Figure 2~e! clearly demonstrates the
changes in their dimensions during tensile loading. For in-
stance, for 0,«3&0.15 @see Figs. 2~e! and 2~f!# each Si
atom has four Mo atoms in the first coordination sphere, four
Si atoms in the second coordination sphere, one Si atom in
the third coordination sphere, one Mo atom in the fourth
coordination sphere, and four Si atoms in the fifth coordina-
tion sphere. At zero deformation, the first four coordination
spheres have nearly the same radii. Therefore, we can state
that in the ground-state structure each Si atoms has ten near-
est neighbors. However, at«3'0.15, four Si atoms in the
fifth coordination sphere interchange with one Mo atom in
the fourth coordination sphere. Subsequently, at«3'0.18
one Si atom from the third coordination sphere interchanges
with four Si atoms from the second sphere. As the loading
continues, four Si atoms from the~originally! fifth coordina-
tion sphere interchange with those in the~originally! second
sphere («3'0.29). In the vicinity of the local maximum on
the total energy dependence,«3'0.35, an abrupt change in
the radii of the~originally! second and~originally! third co-
ordination spheres appears. This is again connected with
their interchange. Then, in the region of 0.35&«3&0.43, the
lengths of the Si-Siu\ and Si-Si' ~originally the second and
fifth coordination spheres! nearly coincide.

The most interesting interchange takes place in the neigh-
borhood of the metastable structure («350.51), where Si
atoms@originally in the fifth coordination sphere, diamonds
in Fig. 2~e!# penetrate into the first coordination sphere and
the Si atoms from the sixth coordination sphere interchange
with the Mo atoms from the~originally! fourth coordination
sphere and Si atoms from the~originally! third coordination
sphere. Here Mo-Siu\ bond lengths are equal to the lattice
parametera and the Si-Sii bond lengths are equal toaA2
@Fig. 2~e!#. These configurations cannot be reached via ten-
sile loading~as there is a region of instability between the
first and second inflexion point on the dependence of the
total energy vs«3), but may be stabilized in the regions of
extended defects such as grain boundaries or dislocations.75

The most important difference between the ground-state
and metastable structures is found in the bond directions and
the coordination numbers. In the ground state, each Si atom
has four Si neighbors at@6 1

2 ,6 1
2 , 1

6 12D#, four Mo neigh-
bors at @6 1

2 ,6 1
2 ,2 1

6 1D#, one Si neighbor at@0,0,2 1
3

12D#, and one Mo neighbor at@0,0,13 1D#. The length of
these bonds is nearly the same, so that we have ten nearest
neighbors, five Si atoms and five Mo atoms. On the other

FIG. 3. The behavior of the Poisson ratio during the simulation
of the tensile test in MoSi2.

TABLE III. Theoretical tensile strengthss th of MoSi2 and WSi2
compared with those of other materials.E001 is the Young modulus
for the @001# loading.

Material Structure s th ~GPa! s th /E001 Ref.
MoSi2 C11b 37 0.078 this work
WSi2 C11b 38 0.079 this work
Fe A2 12.7 0.089 29,31

14.2 0.100 30

Nb A2 13.1 0.079 32

Mo A2 28.8 0.078 32

W A2 28.9 0.069 16

29.5 0.071 18

Cu A1 33 0.455 19

Al A1 12.1 0.170 24

diamond A4 225 0.214 26

TiC B1 44 0.092 14

NiAl B2 46 0.527 19,23

b-SiC B3 ~3C! 101 0.321 25
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hand, each Mo atom has in the ground state eight Si neigh-

bors at@6 1
2 ,6 1

2 ,6( 1
6 2D)# and two Si neighbors at@0,0,

6( 1
3 1D)#.
In the metastable structure, each Si atom has the same

four Si neighbors@6 1
2 ,6 1

2 , 1
6 12D# and four Mo neighbors

at @6 1
2 ,6 1

2 ,2 1
6 1D#, but, in addition, also four Si neighbors

at @61,0,0# and @0,61,0#. Mo atoms have, similarly as in
the ground-state structure, eight Si neighbors at@6 1

2 ,6 1
2 ,

6( 1
6 2D)#, but also four Mo atoms at@61,0,0# and @0,

61,0#. Again, the length of all these bonds is very similar,
so that the coordination number in this structure is 12. The
neighborhoods of both Si and Mo atoms are essentially fcc-
like.

The C11b unit cell corresponding to the ground-state
structure may be considered to be derived by the stacking of
three tetragonally compressed bcc-like unit cells along the
@001# direction; the bcc-like cell at the center has occupation
mimicking the B2 structure~see Fig. 1!. During the tensile
test simulation these three cells elongate in different ways.
When the cell in the middle approaches the ideal B2 cubic
lattice dimensions the total energy dependence on«3 exhibits
a local maximum. The other two cells do not manifest any
higher symmetry. The above mentioned connection between
the total energy maximum and the symmetry of the central
B2-like cell was found only in the case of a fully relaxed
tensile test simulation highlighting the nonlinear synergism
of both relaxation processes involved. The occurrence of a
fcc-like arrangement of atoms corresponding to the local
minimum on the dependence of the total energy vs«3 ~meta-
stable state! is found independently of the relaxations that are
allowed. This fact may be crucial for understanding the
chemistry of bonds in the materials studied. The difference in
the electron density between the ground-state and metastable
structure is illustrated in Fig. 4.

Figure 4~a! shows the electron density between the Si
atoms in the~001! atomic layer for the ground state, and Fig.
4~b! as for the metastable structure. In the ground state, the
Si atoms have the first nearest neighbors in@331# directions
and the electron density is concentrated in these directions
leading to~with the Si-Sii bond! the local maximum of the
electron density in the center among the atoms. In the meta-
stable state, on the other hand, the bond between the Si at-
oms in the@001# direction is broken and the first nearest
neighbors are in the@100# and@010# directions@see the pro-
file of electron density in Fig. 4~b!#. As a result, the electron
density has a minimum between the Si atoms.

Another important feature is the fact that the metastable
structure does not exhibit a pseudogap at the Fermi level as
does the ground-state structure@Figs. 5~a! and 5~b!#. This
effect is largely due to the increase of the Mo density of
states. The corresponding states make an important contribu-
tion to the total energy of the metastable structure.

In all calculations performed till now, we relaxed, for ev-
ery value of the strain«3, both the perpendicular dimensions
of the crystal~or, equivalently, its volume! and the parameter
D. The relaxation of the internal parameterD enables the Si
atoms to move in the direction of loading, whereas the
atomic positions in the Mo sublattice are dictated only by the

symmetry of the tetragonal body-centered structure. To ana-
lyze the influence of various relaxation processes three other
variants of the tensile test with loading along the@001# di-
rection and, with the different relaxation processes allowed,
have been simulated and compared:~i! both the volume and
the internal parameterD were kept constant and equal to the
values corresponding to the equilibrium ground state
(V/Veq51, D50.0017),~ii ! the volume relaxation was per-
mitted while the internal parameter was kept atD50.0017,
and ~iii ! the volume was kept constant (V/Veq51) and the
internal parameterD was relaxed.

A comparison of the theoretical tensile strength and the
position of the first inflexion point obtained for different
simulations performed for different relaxation processes is
presented in Table IV. As expected, it is seen that the largest
strength~at the lowest«3) is obtained when no relaxations
are allowed, whereas the lowest strength~at the largest«3) is
found when both the volume andD are relaxed. The local
maxima on the total energy vs the«3 dependence have
nearly the same relative energy~with respect to the equilib-
rium state! but, again, when more relaxation is allowed, they
correspond to a larger elongation~Table IV!. It may be seen
that when relaxations are allowed, the total energy vs the«3
dependence is not so steep and the first derivative of the

FIG. 4. The electron density in the~001! plane containing Si
atoms in the ground state~a! and the metastable state~b!. The
difference in the shape of electron density around the Si atoms and
that in the center among the atoms clearly illustrates the changes in
the position of atoms forming the first coordination sphere.
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energy with respect to the elongation«3, important for the
tensile strength evaluation@see Eq.~1!#, is smaller, thus re-
ducing the value of the theoretical tensile strength. Results
for WSi2 are essentially the same as for MoSi2.

It is remarkable that the length of the Mo-Siu\ bond is
nearly constant in the whole interval of«3 studied~i.e., up to
«3'0.65), even if the volume and internal parameterD is
relaxed@Fig. 2~e!#. To the best of our knowledge, there is
only one previous case exhibiting constant bond length as a
response to loading. Moroniet al.76 found that the pseudo-
morphic phases of FeSi2 ~C1 structure! and CoSi and NiSi
~B2 structure! soften dramatically under compressive biaxial
strain induced by epitaxy on a~100! substrate. These mate-
rials could be deformed from a cube to a tetragonally shaped
body ~up to 10% in the basal plane! without any cost of
energy. This supersoft effect is reflected by zero strain en-
ergy, constant volume, constant bond energies~defined in
Ref. 76! as well as a constant TM-Si bond strength and
length during the deformation. As the volume of the material
during such deformation is nearly constant, the material may
be regarded as an ideal incompressible liquid. As the atoms
of the central bcc-like cell in the C11b structure have the

same positions as in B2 structure compressed in the@001#
direction, it may be instructive to investigate the tetragonal
deformation of CoSi and MoSi in the B2 structure.

In Fig. 6, we display the total energy of CoSi@Fig. 6~a!#
and MoSi@Fig. 6~b!# in a high-symmetry crystal structure B2
as a function of elongation«3 during the simulation of the
tensile loading in@001# direction. The corresponding bond-
lengths are shown in Figs. 6~c! ~CoSi! and 6~d! for MoSi.

The TM-Si bond, oriented along the@111# direction in the
B2 structure, corresponds~also with respect to the direction
of loading! to the strong Mo-Siu\ bond in the@331# direction
in MoSi2 with a C11b structure. Also its length in the B2
structure@ l P(4.92,4.96) a.u.# is very similar to the length of
the strong Mo-Si u\ bond in MoSi2 with the length l
P(4.88,4.95) a.u. A very similar constant behavior of TM-Si
bond in B2 structure was found for both CoSi and MoSi@see
Figs. 6~c! and 6~d!#. In contrast to this qualitative agreement
in the bond-length behavior the nearly constant total energy
profile in wide range of deformation was observed only in
the case of CoSi.

A nearly constant volume was found for CoSi~but not
for MoSi! in quite broad range of deformation«3P

FIG. 5. Variation of density of states for Mo
and Si atoms in MoSi2 with C11b structure in the
ground state@~a! and ~b!# and in the metastable
structure@~c! and ~d!#. The position of the Fermi
energyEF is denoted by a dotted line.

TABLE IV. Theoretical tensile strengths th for MoSi2, the positions of the first inflexion point«3
th and the

first maximum«3
max at the total energy vs the«3 dependence for different relaxation processes. The total

energy differences between the first energy maximum and ground state (Emax2E0) per formula unit~f.u.! are
also given.

Relaxation None D V/Veq V/Veq1D

s th(GPa) 54 53 43 37
«3

th 0.1760.02 0.1760.02 0.2060.04 0.2260.04
Emax2E0 ~eV/f.u.! 2.46 2.45 2.45 2.44
«3

max 0.33 0.33 0.36 0.37
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(20.05,0.14). As a consequence, the Poisson ratio reaches
an extremely high value equal ton50.485~1/2 corresponds
to exactly constant volume!. In the case of MoSi the value of
0.41 lies close to the upper limit of the range 0.28–0.42
typical for most materials.

During the tensile test simulation in MoSi2, the central
tetragonally deformed B2-like cell~Fig. 1!, compressed in
the @001# direction in the ground state, reaches exactly the
B2 proportions at«3'0.35 corresponding to the local maxi-
mum of the total energy@see Fig. 2~a!#. In contrast to this, in
the case of MoSi, the B2~CsCl! structure represents the

ground state and the total energy of MoSi as a function of
tetragonal deformation exhibits a minimum for the B2 con-
figuration.

The density of states at the Fermi level shows a local
maximum for the equilibrium B2 structure for both CoSi and
MoSi @see Figs. 7~c! and 7~d!#. For CoSi another maximum
was found for the elongation of«3'0.10, close to the states
corresponding to a local maximum for both the total energy
@Fig. 6~a!# and volume@Fig. 7~a!#.

From the above comparison one may conclude that the
origin of the constant TM-Si bond-length discussed above in

FIG. 6. Variation of the total energyE per
formula unit measured with respect to the equi-
librium total energy of the B2 phaseE0 during
the tensile test simulation in CoSi~a! and MoSi
~b! as a function of«3. ~c! and ~d! show the be-
havior of the length of three atomic bonds within
the B2 structure for CoSi~c! and MoSi~d!.

FIG. 7. Variation of volumeV measured with
respect to the equilibrium volume of the B2 phase
V0 during the tensile test simulation in CoSi~a!
and MoSi ~b! as a function of«3. ~c! and ~d!
show for the corresponding dependence of the
density of states~DOS! at the Fermi energyEF of
materials studied with B2 structure@CoSi ~c! and
MoSi ~d!#.
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MoSi, MoSi2, and CoSi may be dependent on the crystal
structure and the TM constituent. The main qualitative dif-
ference is that the constant bond length in the case of MoSi
and MoSi2 is not accompanied by a nearly constant total
energy profile and, consequently, by supersoft properties.

IV. CONCLUSIONS

We simulated the tensile test in ideal crystals of MoSi2
and WSi2 loaded along the@001# axis by using first-
principles full potential electronic structure calculations.
These calculations demonstrate a similarity in the behavior
of the materials studied. We determined the values of theo-
retical tensile strengths of the materials studied and com-
pared them with those obtained theoretically for other mate-
rials. The effect of two different relaxation processes on the
total energy and interatomic bonds was studied in detail and
a metastable state was found. The analysis of bond lengths
variation under uniaxial stress shows that it is possible to
distinguish ‘‘strong’’ and ‘‘weak’’ TM-Si bonds. The behav-
ior of Si-Si bonds is more complex and exhibits a tension-
compression asymmetry connected with the relaxation of the
internal parameter of C11b structure that favors a cooperative
movement of Si atoms.

For comparison, the response of bonds to the@001# load-
ing in MoSi and CoSi with B2~CsCl! structure was also
studied. The behavior of TM-Si bonds in these materials,
though qualitatively similar as in MoSi2 and WSi2, is in the
case of CoSi accompanied by a nearly constant total energy
during the@001# loading. This supersoft behavior, reported
up to now for biaxial strains in some TM silicides,76 was
found here under uniaxial loading conditions. Our results
suggest that the origin of the nearly constant TM-Si bond
length discussed in this paper may be specific to each mate-
rial.
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