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Ab initio study of the ideal tensile strength and mechanical stability of transition-metal disilicides
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The ideal tensile test in transition metal disilicides Mo&nd WS} with a C1}, structure is simulated bgb
initio electronic structure calculations using the full-potential linearized augmented plane wave method. The
theoretical tensile strength f§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 tf@01] loading is also studied.
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[. INTRODUCTION strengths for various materials are given in Refs. 31 and
50-52, Ref. 51 also includeab initio values of shear

The strength of plastically deformable materials is usuallystrengths and some semiempirical results. An extensive re-
controlled by the nucleation and motion of dislocations,view of semiempirical andab initio calculated values of
while in brittle materials fracture habitually initiates at flaws Uniaxial and isotropic triaxial tensile strengths as well as of
that concentrate stresses. Hence, the theoretical tensif@ear strengths calculated up to 1999 can be found in Ref.
strength, corresponding to the fracture of an ideal, defect free3-
crystal, has rarely been attained. The only materials in which In this paper we investigate the ideal tensile strength of
it was approached in the past are whiskers of very pure metransition-metal(TM) disilicides with C1}, structure, spe-
als and silicoh™ that are practically dislocation free. How- cifically MoSi, and WS}, by simulating the tensile test of
ever, recent developments in material engineering, such @rresponding ideal crystals employing ab initio elec-
the production of defect-free thin films and the advancementronic structure method. A brief account of these results has
of various nanostructured materials, have stimulated interegiready been given in Ref. 54. MgSind WS} are a prom-
in studies of the ideal strength which in these materials maysing basis for a new generation of high-temperature materi-
control both the onset of fracture and the dislocation nucleals since at these temperatures they combine the ductility and
ation, as demonstrated by nanoindentation experimeets thermal conductivity of metals with high strength, a high
e. g., Refs. 6—10 Theoretically, the ideal strength can be melting temperature, corrosion, and a creep resistance of the
investigated usingab initio electronic structure methods ceramics® >® The largest impediment is the low ductility
based on the density functional theory. First calculation@nd/or toughness at ambient temperatures when these mate-
have been made without relaxations of the dimensions of #als can be loaded close to their ideal strength for some
loaded crystal in the directions perpendicular to the loadingrientations of the loading axé%:* Thus the onset of dis-
axis'! or for unrelaxed sheadf'® Relaxed calculations have location nucleation may be controlled by the ideal strength
been performed for TigH1o ’[ungstenl,ﬁ_18 coppe 19-22 and its orientation dependence.

NiAl, 1223 aluminum?2420-22 g_siC % diamond28-2’ S 2728 During the simulation of the tensile test, complete relax-
Ge?” TiN and HfC!® iron?2' Mo and Nb3 and ations of both external and internal parameters are allowed.
B-SizN,. 33 Some calculations have been done for nanowired he theoretical tensile strengths of Mg&ind WS are de-
[amorphous Si(Ref. 39 and MoSe nanowirds], grain termined for thg001] loading axis and results are compared
boundarie®—38 and interfaced® The calculations of ideal With those obtained for other materials. The behavior of in-
tensile strength for Af° AIN, 494! B8-Si;N,, %% c-SkN,,**and  teratomic bonds during the tensile loading is analyzed. This
an amorphous Si nanowifewere performed without a re- analysis reveals two types of TM-Si bonds, “strong” and
laxation of the dimensions of loaded crystal in the directions'weak,” and a tension-compression asymmetry of Si-Si
perpendicular to the loading axis, i.e., no Poisson contractioRonds. Since the results for W&ind MoS;} are very similar,
was allowed. we only discuss MoS3iin detail.

In 1997, ab initio calculations of theoretical strength un-
der isotropic triaxial(hydrostati¢ tension(i.e., negative hy-
drostatic pressujealso appearetf~*° As the symmetry of
the structure does not change during this deformation, sim- Up to now, most of the calculations of the theoretical
pler ab initio approaches may be applied. strength of materials have been based on empirical potentials

Tables summarizingb initio values of theoretical tensile with their parameters adjusted to experimental data for the
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TABLE |. Ground-state lattice parameters of M@&nd WSj.

T a c A Veq!Vexpt
MoSi, FLAPW 6.004 14.689 0.0017 0.974

MoSi, expt.(Ref. 69 6.051 14.836 0.0019 1.000

- WSi, FLAPW 6.020 14.721 0.0013 0.975

WSi, expt. (Ref. 69 6.068 14.870 0.0014 1.000

/
-~
bipyramid

prior to reaching the inflexion point, it then corresponds to
_ _ i the theoretical tensile strengthr,y, .

FIG. 1. C1}, structure with the internal parametérdefined as 5 thig study, we utilized the full-potential linearized aug-
a small deviation from the ideal value of 1/3, and a characterlstl%ented plane waveFLAPW) method™® The electronic

Ztu:;téuﬁfti’ tia?'rt’g;am:ﬂ :;Tg? tﬁg g;tmit::gn;znag?séwseS'structure calculations were performed self-consistently
) within the local density approximatiofi. DA).

derived by stacking up three body-centered tetragonal cells along When simulating the tensile test, crystal lattices are se-

the[001] direction, compressed along the long-period axigxis). .

The central cell exhibiting B2-like occupation is indicated by verely distorted and some ‘?tOT“S m"fl.y move very (?Iqse to-

dashed lines. 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.

structures calculated by means of semiempirical potentialul:hese were kept constant in_aII calculations presenteql here.
The product of muffin-tin radius and the maximum recipro-

may be found in Ref. 67 However, such empirical ap- cal space vectoR.-k was equal 1o 10. the maximuim
proaches may not be valid for materials loaded close to theif P “MTEmaxs qual. ’
theoretical strength limits value for the waves inside the atomic sphéfg,,, and the

In contrast, this is not a problem fab initio electronic largest reciprocal vecto& in the Fourier expansion of the

structure calculations that start from the fundamental quangharge’GmaX' were set to 12 and 15, respectively. The num-

tum theory. The only input is the atomic numbers of theber ofk points in the first Brillouin zone was equal to 2000.
constituent atoms and, usually, some structural information.
This approach is reliable even for highly nonequilibrium lIl. RESULTS AND DISCUSSION
states.

In our modeling of the tensile test we start by determining We first discuss the ground-state properties of Maid
the structure and total energy of the material in the groundVSi,. The values of the lattice parameteasandc, the in-
state, in our case the Clstructure(Fig. 1). This is done by ternal parameter), and the ratio of the calculated equilib-
finding the total energy as a function of lattice parameters, rium ground-state and the experimental atomic volume,
andc, and of the internal structural parametierdefined in ~ Veq/Vexpt, @re summarized and compared with the available
Fig. 15859 Then, in the second step, we apply an elongatiorexperimental dafd in Table I. The overall agreement is very
along the loading axigin the [001] direction in the present good; small deviations of lattice parametémsnaller than
case by a fixed amount that is equivalent to application 1%) are acceptable for the LDA calculations.
of a certain tensile stress;. The C1], structure is body- In Fig. 2, we display the dependencessqof (i) the total
centered tetragonal and keeps its tetragonal symmetry durirepergyE [Fig. 2@)], (i) the internal parameteX [Fig. 2(b)],
uniaxial loading along thg001] axis; this axis is denoted as (iii) the tensile stressrz [Fig. 2(c)], (iv) the normalized
3. For each value o3, we minimize the total energy by atomic volumeV/V,q [Fig. 2d)], and(v) lengths of six dif-
fully relaxing the stresses;= o, in the directions perpen- ferent types of interatomic bonds between the constituent
dicular to the axis 3 as well as the internal degree of freeatoms in MoSj [Fig. 2(e)]; the symbols are explained in the
dom, A. The stressr; is given by figure caption and in Fig. (®). The straine; for which the

tensile stress reaches maximum is clearly seen in Fay; 2
is marked by thin vertical lines in Figs(@-2(d). The inter-

2 dE . S X
= (1)  val of tensile loading is extended so as to include also states

Coa? des beyond the first inflexion point at the energy ag curve.

The total energy has a parabolic dependencestaround
whereE is the total energy per formula udite., one transi- the minimum; it then increases with increasing elongation
tion metal atom and two Si atofisc, is the ground-state almost linearly in the neighborhood of the first inflexion
value of the lattice parameter in th@01] direction, andais  point [where the tensile stress reaches its maximum—Fig.
the lattice parameter ifl00] and [010] directions. The in-  2(c)], and then it attains a maximum. Beyond the paint
flexion point in the dependence of the total energysan ~0.51, corresponding to a shallow local minimu(this
corresponds to the maximum of the tensile stress; if somenetastable structure is discussed bélothe total energy
other instability (soft phonon modes, ejcdoes not occur again increases. As it must, the corresponding sirgssn-

equilibrium ground statéfor a review see, e.g., Ref. 66 and
references therein; ideal shear strengths for all basic cub

03

184101-2



AB INITIO STUDY OF IDEAL TENSILE STRENGTH . .. PHYSICAL REVIEW B58, 184101 (2003

L ]
250 @ 0.025 (0) N §
3 g g .
=20t S . 0.020 | o .
3 . -
~ 150 N 1 Joomst . .
<5 'Y e
I 10t , . 0.010 | e o
. * ° o
R o . . j
0.5 S 1 0.005 - LI . T FIG. 2. Variations of the total energ§ per
YL L . L 0 "'.’ L ) L formula unit(a), internal parameteh (b), tensile
0 0.2 0.4 0.6 0 0.2 0.4 0.6 stresso; (c), and volume relative to the equilib-
€3 €3 rium volumeV/V, (d) during the simulation of
: : , : , , , the tensile test in Mo$i HereE, is the ground-
(d) state energy and; is the strain in th¢001] di-
m (c) | 1.20 s 1 rection. The position of the inflexion point in the
— .."'-gq"" 115 ..' i energy dependence and the maximum of the ten-
c 20f e 1 .F o e o sile stress are denoted by a thin vertical line. The
S : . f' S 1101 ..‘ : . o® figure (e) shows the behavior of the length of
€ 0r—s . o o : '.,o" various atomic bonds during the tensile test;
. : o’ 1.05 . : ¢ i some bonds are identified {f). The Si atoms are
=20 . : 1 100 & § i represented by small circles and Mo atoms by
: . : large ones. The bond length between the pairs of
T 05 04 06 095 0 02 04 06 Mo-Mo and Si-Si atoms in th¢100] and [010]
€3 &3 directions, corresponding to the lattice parameter
perpendicular to the direction of loading, is de-
9.0 ) noted as Si-Si. [diamonds in(e)], and the bond
*j“&rwﬂ length between Mo-Mo and Si-Si atoms in the
B ool DA [110] direction is denoted as Si-St [crosses
370 -Si in (e)].
g
6.01 TR0 C0OKMb D
5.0

ishes in all three energy extrerfiae., at the global minimum inflexion point at the total energy \s; dependende It was

at the ground state, a local maximum &3~0.35, and a proposed in Ref. 69 that the Mo-Si bonds along 81|
shallow local minimum at3~0.51) and is even negative in direction[Mo-Si||, asterisks in Fig. @)] are weaker than the
the region between the local maximum on the total energMo-Si bonds in other directiongMo-Si |\, full circles in
dependence and the metastable structure. Between the infleiig. 2(e)]. In contrast, it was argued that the Si-Si bonds
ion points ate;~0.22 and 0.43, the material is unstable.  along the[001] direction[Si-Si||, open triangles in Fig.(®)]

The internal parametet [Fig. 2(b)] increases with in- are stronger than those in other directid®-Si |\, open
creasings 3, except very close to the ground state where it iscircles in Fig. 2e)]. Our calculations confirm this assertion
almost constant. It reaches its maximum of about 0.030 foregarding the Mo-Si bonds. In the Gl&tructure, four Mo
£3~0.35, which is a relatively high value when comparedatoms in thg(001) plane form a square of sidewhich con-
with the ground state. Then it rapidly decreases and becomestitutes the basis of a bipyramid completed by two Si atoms
again nearly equal to the ground-state value in the vicinity oabove and below the center of this square. It appears that
the metastable structure. Beyond this point it increases agaatoms forming these bipyramids try to keep together during
with increasing elongation. Its full relaxation during the ten-extension in thg001] direction (see Fig. 1L That is, the
sile test is vital, as it allows the interatomic bonds to adjust toedges of the bipyramid are the Mo4{Sibonds[full circles in
their proper lengths. The relative atomic voluMgV.q ex-  Fig. 2(e)], the length of which is nearly constant during load-
hibits a behavior very similar to the internal paramefer ing, even when the theoretical tensile strength has been ex-
[Fig. 2(d)]. ceeded. In agreement with Ref. 69, these bonds can be de-

Figure Ze) shows the dependence of six interatomic bondnoted as “strong” bonds relative to “weak” Mo-Sji bonds.
lengths one 5 during the tensile test simulation; the numbers  The Si-Si| bonds, defining the height of the bipyramid,
of atoms in the first five coordination spheres are given inelongate under tensigopen triangles in Fig.(®)] but not as
Table II. Let us first discuss the region accessible, at least ieasily as the “weak” Mo-S|| bonds. This is governed by the
principle, by a tensile testi.e., prior to reaching the first relaxation of the internal parametér. In the case of the
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TABLE II. Numbers of atoms in the first five coordination spheres in Mo$he 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-centergdstddture and the
internal degree of freedorfparameterA) 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 paranetdn 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. 2e) for corresponding interatomic bond lengths.

—0.04<£3<0 1t 2nd 31d 4t 5
Mo 2 Si 8 Si 4 Mo 8 Si 8 Mo
Si 1Si (V) 1 Mo (*) 4 Mo (@) 4 Si (O) 4.Si(0)
0<e3<0.15 i 2nd 31 4 5
Mo 8 Si 2 Si 4 Mo 8 Si 4 Mo
Si 4 Mo (@) 4 Si (O) 1Si (V) 1 Mo (*) 4.Si(0)
0.15<£5<0.18 i 2nd 3 4th 5
Mo 8 Si 4 Mo 2 Si 4 Mo 8 Si
Si 4 Mo (@) 4 Si (O) 1Si (V) 4.Si(0) 1 Mo (*)
0.18<£3<0.29 i 2nd 31d 4t 5
Mo 8 Si 4 Mo 2 Si 4 Mo 8 Si
Si 4 Mo (@) 1Si (V) 4 Si (O) 4.Si(0) 1 Mo (*)
0.29<£;<0.35 i 2nd 31d 4 5
Mo 8 Si 4 Mo 2 Si 4 Mo 8 Si
Si 4 Mo (@) 1 Si (V) 4.Si(0) 4 Si (O) 1 Mo (*)
0.35<&5<0.51 i 2nd 31 4th 5th
Mo 8 Si 4 Mo 2 Si 4 Mo 8 Si
Si 4 Mo (@) 4 Si (O) 4.Si(0) 1Si (V) 1 Mo (*)
0.51<£3;<0.66 i 2nd 31 4t 5
Mo 4 Mo 4 Si 4 Si 4 Mo 2 Si
Si 4.Si () 4 Mo (@) 4 Si (O) 4 Si (+) 1 Mo (V)

Si-Si || bonds, their length is influenced by both relaxationshortest bonds in this structure.

processes, i.e., by the decrease of the lattice paramaeter There are also Si-Si and Mo-Mo bonds in fi4.0] direc-
[diamonds in Fig. @)] and increase of the internal parametertions[Fig. 2(€)]. They are denoted as Si-Si and marked as

A [Fig. 20)]. However, up tae3~0.22, the Si-Si\ bonds  crosses in Fig. @). Their length is equal t@\2. In the
[open circles in Fig. @)] are extended approximately in the npeighborhood of the metastable state, their length is essen-

same way as the Si-$ibonds and, therefore, it is not pos- ja|ly the same as the length of the Mo-fiand Si-Si|
sible to introduce the notion of “strong” and “weak” Si-Si  |,5ngs.

bonds.

. o . . The tendency oA to increase up te;~0.35 is in agree-
The behavior of Si-Si bonds is somewhat different underment with the interpretation of recent experimental tensile

compression. The length of the Si{Sibonds remains nearly 1 . . . s
constant whereas the length of the SifSbonds changes tﬁstthi?ti‘. I\';P;;snuatlon in an ideal crystal of WSis similar

significantly, similarly as does the length of the Mo-Si . . . .
bonds[Fig. 2e)]. Figure 3 shows the behavior of Poisson ratg/es|. It

There are aiso Si-Si and Mo-Mo bonds in fH®0] and oscillates around the value of about 0.16 before reaching the

[010] directions. Their length is equal to the lattice parameteffiSt inflexion point at the dependence of the total energy vs
a. They are denoted as Si-Si and marked as open dia- 83..Then, a strong mcre@semthe region corresponding to the
monds in Fig. 2e). In the equilibrium ground state, these rapid change of the lattice paramesdrequal to the length of
bonds are much longer than all the other bonds discussdfie Si-SiL bonds, Fig. 2e)] may be observed. Itis followed
above. However, during loading their length monotonouslyby & slower decrease. For smal (<0.05), the numerical
decreases. Two regions with a slower decrease can be distifrors are bigger than for larger valueseqf

guished Fig. 2(e)]; they are separated by a region of a more The theoretical tensile strengths,,, of MoSi, and WS}
rapid decrease corresponding to the transition between thegether with the values for some other materials are sum-
local maximum and minimum on the total energy ¥  marized in Table Ill. The strengths as normalized by the
curve. In the metastable states(0.51), the Si-SiL and  Young modulusE g, for the[001] loading at low strains, i.e.,
Mo-Mo L bonds are the most important since they are ther,,/Eqy,, are also given. The theoretical tensile strengths for
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' ' ' of the other materials shown in Table Ill, no higher-
symmetry structure is encountered along the tensile part of
0.3r 1 the deformation path and, therefore, it is not surprising that
q the values ofo,/Eqg; are considerably different from 0.08
A 02t i in many cases. From this point of view, it is rather astonish-

ing that oy,/Eg=0.078, 0.079, and 0.092 for MaoSi
WSi,, and TiC, respectively. In the light of the present

0-1r | knowledge, we consider this fact as an accidental coinci-
dence.
0— : : ‘ Up to e~0.46, where the metastable structure occurs, the

0 0.2 04 06

e shortest five interatomic bond lengths are also equal to the

radii of corresponding first five coordination spheres of Si
FIG. 3. The behavior of the Poisson ratio during the simulationatom (also see Table )1 Figure Ze) clearly demonstrates the
of the tensile test in MoSi changes in their dimensions during tensile loading. For in-
stance, for &<e3<0.15 [see Figs. &) and Zf)] each Si
transition metal disilicides studig@7 and 38 GPa for MoSi  atom has four Mo atoms in the first coordination sphere, four
and WS}, respectively are comparable with the other val- Si atoms in the second coordination sphere, one Si atom in
ues in Table Ill. Unfortunately, to the best of our knowledge,the third coordination sphere, one Mo atom in the fourth
there are no measurements of ideal tensile strength of MoStcoordination sphere, and four Si atoms in the fifth coordina-
and WS} and, therefore, we are not able to compare oution sphere. At zero deformation, the first four coordination
results with experimental data. spheres have nearly the same radii. Therefore, we can state
It may be seen from Table Il that for Fe, Nb, Mo, and W that in the ground-state structure each Si atoms has ten near-
the normalized strengths are not very different from theest neighbors. However, at;~0.15, four Si atoms in the
value of 0.08 which may be expected from the sinusoidafifth coordination sphere interchange with one Mo atom in
fitting of the energy-strain curv&:®! That is, for the bcc the fourth coordination sphere. Subsequently,cgt0.18
metals, the tensile test corresponds to the relaxed Bain’s patine Si atom from the third coordination sphere interchanges
connecting the bcc and fcc structures and the parameters wafith four Si atoms from the second sphere. As the loading
the sinusoid are determined by the Young moduigs; at  continues, four Si atoms from theriginally) fifth coordina-
low strains(curvature and by the structural energy differ- tion sphere interchange with those in tfwgiginally) second
ence between the relaxed fcc and bcc structures, set at tlsphere £5~0.29). In the vicinity of the local maximum on
strain corresponding to the relaxed fcc struct(irés struc-  the total energy dependencg,~0.35, an abrupt change in
tural energy difference is roughly proportionalEgy,, simi-  the radii of the(originally) second andoriginally) third co-
larly as the tetragonal shear modulDsis linearly related to  ordination spheres appears. This is again connected with
the unrelaxed structural energy difference between the bcaheir interchange. Then, in the region of 085;<0.43, the
and fcc structured). The extremum of the total energy for lengths of the Si-Si\ and Si-SiL (originally the second and
the fcc structure is dictated by the symméftty*1®3%When  fifth coordination spherésiearly coincide.
performing uniaxial tensile deformation along ff@91] axis The most interesting interchange takes place in the neigh-
borhood of the metastable structure;€0.51), where Si
TABLE IlI. Theoretical tensile strengths,, of MoSi, and WS;,  atoms[originally in the fifth coordination sphere, diamonds
compared with those of other materiai,, is the Young modulus  in Fig. 2(€)] penetrate into the first coordination sphere and

for the [001] loading. the Si atoms from the sixth coordination sphere interchange
with the Mo atoms from théoriginally) fourth coordination
Material Structure oy, (GP3 oy /Egos Ref. sphere and Si atoms from tlteriginally) third coordination
MoSi, C11, 37 0.078 this work sphere. Here Mo-Si\ bond lengths are equal to the lattice
WSi, C1y, 38 0.079 this work  parametera and the Si-Si| bond lengths are equal ®\2
Fe A2 12.7 0.089 2931 [Fig. 2(e)]. These configurations cannot be reached via ten-
14.2 0.100 30 sile loading(as there is a region of instability between the
Nb A2 13.1 0.079 32 first and second inflexion point on the dependence of the
Mo A2 28.8 0.078 32 total energy vs3), but may be stabilized in the regions of
W A2 28.9 0.069 16 extended defects such as grain boundaries or dislocdfions.
205 0.071 18 The most important difference between the ground-state
Cu Al 33 0.455 19 and metastable structures is found in the bond directions and
Al Al 12.1 0.170 24 the coordination numbers.lln tf;elground state, each Si atom
diamond Al 205 0.214 26 has four Sllne|glhbolrs at-5,+ E,ngA'], four Mo nelgr11—
Tic B1 44 0.092 14 bors at[*+3,£5,—5+A], one Si neighbor af{0,0,—3
NiIAl B2 46 0.527 19,23 +2A], and one Mo neighbor 410,05+ A]. The length of
B-SiC B3(30) 101 0.321 25 these bonds is nearly the same, so that we have ten nearest

neighbors, five Si atoms and five Mo atoms. On the other
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hand, each Mo atom has in the ground state eight Si neigh (y) Si Si
bors at[+3,+3,+(s—A)] and two Si neighbors dt0,0,
+(34+A)].

In the metastable structure, each Si atom has the sam
four Si neighborg + 3,+ 3,2+ 2A] and four Mo neighbors o8
at[+3,+%,—t+A], but, in addition, also four Si neighbors 06
at[+1,0,0] and[0,+=1,0]. Mo atoms have, similarly as in %4 [
the ground-state structure, eight Si neighborg ag,+ 3, 02
+(X=A)], but also four Mo atoms at=1,0,0] and [0, °r
+1,0]. 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 C11, unit cell corresponding to the ground-state (®) S Si
structure may be considered to be derived by the stacking 0, /s
three tetragonally compressed bcc-like unit cells along the
[001] direction; the bcce-like cell at the center has occupation |
mimicking the B2 structurésee Fig. 1 During the tensile g
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-paxhibits 02
a local maximum. The other two cells do not manifest any , |
higher symmetry. The above mentioned connection betweetr
the total energy maximum and the symmetry of the central P
B2-like cell was found only in the case of a fully relaxed o ) T
tensile test simulation highlighting the nonlinear synergism = . :
of both relaxation processes involved. The occurrence of € =
fcc-like arrangement of atoms corresponding to the local
minimum on the dependence of the total energy y$meta- FIG. 4. The electron density in th@01) plane containing Si
stable stateis found independently of the relaxations that areatoms in the ground state) and the metastable state). The
allowed. This fact may be crucial for understanding thedifference in the shape of electron density around the Si atoms and
chemistry of bonds in the materials studied. The difference ighat in the center among the atoms clearly illustrates the changes in
the electron density between the ground-state and metastai¢ Position of atoms forming the first coordination sphere.
structure is illustrated in Fig. 4.

Figure 4a) shows the electron density between the Sisymmetry of the tetragonal body-centered structure. To ana-
atoms in the001) atomic layer for the ground state, and Fig. lyze the influence of various relaxation processes three other
4(b) as for the metastable structure. In the ground state, theariants of the tensile test with loading along {{@91] di-

Si atoms have the first nearest neighbor§3ai] directions rection and, with the different relaxation processes allowed,
and the electron density is concentrated in these directiongave been simulated and comparégboth the volume and
leading to(with the Si-Si|| bond the local maximum of the the internal parametex were kept constant and equal to the
electron density in the center among the atoms. In the meta/alues corresponding to the equilibrium ground state
stable state, on the other hand, the bond between the Si &V/V¢q=1, A=0.0017),(ii) the volume relaxation was per-
oms in the[001] direction is broken and the first nearest mitted while the internal parameter was keptAa+0.0017,
neighbors are in thEL00] and[010] directions[see the pro- and (iii) the volume was kept constan?{V.,=1) and the
file of electron density in Fig. @)]. As a result, the electron internal parameteA was relaxed.

density has a minimum between the Si atoms. A comparison of the theoretical tensile strength and the

Another important feature is the fact that the metastablgosition of the first inflexion point obtained for different
structure does not exhibit a pseudogap at the Fermi level e@mulations performed for different relaxation processes is
does the ground-state structuiéigs. 5a) and Fb)]. This  presented in Table IV. As expected, it is seen that the largest
effect is largely due to the increase of the Mo density ofstrength(at the lowests;) is obtained when no relaxations
states. The corresponding states make an important contribare allowed, whereas the lowest stren@ththe largest ;) is
tion to the total energy of the metastable structure. found when both the volume antl are relaxed. The local

In all calculations performed till now, we relaxed, for ev- maxima on the total energy vs the; dependence have
ery value of the straimg, both the perpendicular dimensions nearly the same relative ener@yith respect to the equilib-
of the crystal(or, equivalently, its volumeand the parameter rium state but, again, when more relaxation is allowed, they
A. The relaxation of the internal parameterenables the Si  correspond to a larger elongati¢fable 1V). It may be seen
atoms to move in the direction of loading, whereas thethat when relaxations are allowed, the total energy vssthe
atomic positions in the Mo sublattice are dictated only by thedependence is not so steep and the first derivative of the

n (e/AN3)

I

i W‘;‘";;. g
e
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energy with respect to the elongatieg, important for the same positions as in B2 structure compressed in[@0d]
tensile strength evaluatidsee Eq.(1)], is smaller, thus re- direction, it may be instructive to investigate the tetragonal
ducing the value of the theoretical tensile strength. Resultdeformation of CoSi and MoSi in the B2 structure.

for WSi, are essentially the same as for MaSi In Fig. 6, we display the total energy of CoFiig. 6(a)]

It is remarkable that the length of the Mo-Si bond is  and MoSi[Fig. 6(b)] in a high-symmetry crystal structure B2
nearly constant in the whole interval ef studied(i.e., upto  as a function of elongation; during the simulation of the
£5~0.65), even if the volume and internal parameteis  tensile loading iM001] direction. The corresponding bond-
relaxed[Fig. 2(e)]. To the best of our knowledge, there is lengths are shown in Figs(@ (CoSj and d) for MoSi.
only one previous case exhibiting constant bond length as a The TM-Si bond, oriented along tfj&11] direction in the
response to loading. Moromt al.”® found that the pseudo- B2 structure, correspondalso with respect to the direction
morphic phases of FeS{C1 structurg and CoSi and NiSi of loading to the strong Mo-Sj\ bond in the[331] direction
(B2 structure soften dramatically under compressive biaxialin MoSi, with a C11, structure. Also its length in the B2
strain induced by epitaxy on @00 substrate. These mate- structure{l e (4.92,4.96) a.U.is very similar to the length of
rials could be deformed from a cube to a tetragonally shapethe strong Mo-Si|\ bond in MoSj with the lengthl|
body (up to 10% in the basal plahavithout any cost of <(4.88,4.95) a.u. A very similar constant behavior of TM-Si
energy. This supersoft effect is reflected by zero strain enbond in B2 structure was found for both CoSi and Mpstie
ergy, constant volume, constant bond enerdigsfined in  Figs. §c) and Gd)]. In contrast to this qualitative agreement
Ref. 76 as well as a constant TM-Si bond strength andin the bond-length behavior the nearly constant total energy
length during the deformation. As the volume of the materialprofile in wide range of deformation was observed only in
during such deformation is nearly constant, the material mayhe case of CoSi.
be regarded as an ideal incompressible liquid. As the atoms A nearly constant volume was found for Co@iut not
of the central bcc-like cell in the Cllstructure have the for MoSi) in quite broad range of deformatioms;e

TABLE IV. Theoretical tensile strengtt,, for MoSi,, the positions of the first inflexion poimﬁ;‘ and the
first maximumeJ'® at the total energy vs the; dependence for different relaxation processes. The total
energy differences between the first energy maximum and ground Efat&<E;) per formula unitf.u.) are

also given.

Relaxation None A VIVgq VIVgqtA
on(GPa) 54 53 43 37
e 0.17+0.02 0.170.02 0.26-0.04 0.22:0.04
EMa—E, (eV/f.u) 2.46 2.45 2.45 2.44
El 0.33 0.33 0.36 0.37
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(—0.05,0.14). As a consequence, the Poisson ratio reachgsound state and the total energy of MoSi as a function of
an extremely high value equal to0=0.485(1/2 corresponds tetragonal deformation exhibits a minimum for the B2 con-
to exactly constant volumeln the case of MoSi the value of figuration.
0.41 lies close to the upper limit of the range 0.28-0.42 The density of states at the Fermi level shows a local
typical for most materials. maximum for the equilibrium B2 structure for both CoSi and
During the tensile test simulation in MgSithe central MoSi [see Figs. ) and 7d)]. For CoSi another maximum
tetragonally deformed B2-like cellFig. 1), compressed in was found for the elongation ef;~0.10, close to the states
the [001] direction in the ground state, reaches exactly thecorresponding to a local maximum for both the total energy
B2 proportions at3~0.35 corresponding to the local maxi- [Fig. 6(@] and volumegFig. 7(a)].
mum of the total energjsee Fig. 2a)]. In contrast to this, in From the above comparison one may conclude that the
the case of MoSi, the B2CsC) structure represents the origin of the constant TM-Si bond-length discussed above in
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1.02 ° 1.02 °
° °
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[ T J
1 0®°°°° o0 1 o®
§ o. o* § o®
0.98 e 0.98
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0.96[ ® 0.96 FIG. 7. Variation of volumeV/ measured with
respect to the equilibrium volume of the B2 phase
0847 0 01 0.2 0.84 — 7 0 01 02 Vo during the tensile test simulation in Co@)
&3 €3 and MoSi(b) as a function ofe;. (¢) and (d)
6 6 show for the corresponding dependence of the
(c) ] (d) density of state¢$DOS) at the Fermi energ of
5 5 materials studied with B2 structuf€oSi(c) and
- .
@m 4 & g MoSi (d)].
7] [ J %]
S 3 2 3 °
[ N ] ° [} ®
2 ... ° 2 ® ® ° e ®
°
1| eee®® coe® 1
00 0 0.1 0.2 004 0 0.1 0.2
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MoSi, MoSk, and CoSi may be dependent on the crystal For comparison, the response of bonds to[0®l] load-
structure and the TM constituent. The main qualitative dif-ing in MoSi and CoSi with B2(CsC) structure was also
ference is that the constant bond length in the case of MoSitudied. The behavior of TM-Si bonds in these materials,
and MoS} is not accompanied by a nearly constant totalthough qualitatively similar as in Mogiand WS, is in the
energy profile and, consequently, by supersoft properties. case of CoSi accompanied by a nearly constant total energy
during the[001] loading. This supersoft behavior, reported
IV. CONCLUSIONS up to now for biaxial strains in some TM silicidé$was
found here under uniaxial loading conditions. Our results
We simulated the tensile test in ideal crystals of MoSi suggest that the origin of the nearly constant TM-Si bond

and WS} loaded along the[001] axis by using first- length discussed in this paper may be specific to each mate-
principles full potential electronic structure calculations.rial.

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- This research was supported by the Grant Agency of the
rials. The effect of two different relaxation processes on theCzech Republic (Project No. 202/03/1351 the Grant
total energy and interatomic bonds was studied in detail andgency of the Academy of Sciences of the Czech Republic
a metastable state was found. The analysis of bond lengtii®roject No. IAA104130% and by the U.S. Department of
variation under uniaxial stress shows that it is possible t&Energy, Basic Energy Science€Grant No. DE-FGO02-
distinguish “strong” and “weak” TM-Si bonds. The behav- 98ER45702 A part of this study has been performed in the
ior of Si-Si bonds is more complex and exhibits a tensionframework of the COST Project No. OC 523.90. The use of
compression asymmetry connected with the relaxation of théhe computer facility at the MetaCenter of the Masaryk Uni-
internal parameter of C1Xktructure that favors a cooperative versity, Brno, and at the Boston University Scientific Com-
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