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We present a study of the structural, electronic, vibrational, and elastic properties of the orthorhombic NiSi
structure by means of the density-functional theory and the density-functional perturbative theory, with the
Perdew-Burke-Ernzerhof generalized gradient approximation of the exchange-correlation functional, within its
spin-polarized version. The optimized lattice parameters, the formation energy, and vibrational properties are
found in agreement with experimental data. We show that NiSi is not ferromagnetic, with a low density of
states at the Fermi level. Elastic constants have been calculated by means of three different approaches for
comparison. In the first two, the calculated energy E is fitted as a function of the deformation, atomic positions
are either relaxed or not relaxed during the simulations. Atomic relaxations are shown to modify significantly
elastic constants. In the third approach we have related acoustic velocities to elastic constants. NiSi is shown
to be highly anisotropic. In particular the linear bulk modulus along b axis is much larger than along other
axes. Polycrystalline elastic properties and Debye temperature have been also evaluated for a complete de-

scription of elastic properties.
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I. INTRODUCTION

NiSi has attracted a lot of attention recently because it is
used as a contact material in advanced electron devices.!
Indeed it exhibits a low resistivity of about 10 u{}/cm at
room temperature.> NiSi crystallizes in the orthorhombic,
MnP-type structure (noted 0-NiSi) and its few known physi-
cal properties appear to be highly anisotropic. This is the
case of thermal expansion where one of the three principal
components (along the b axis) of the thermal expansion ten-
sor is negative.? The elastic constants are not known and one
may wonder whether NiSi is a highly elastically anisotropic
material. This may bear important consequences on, on one
hand, the mechanical behavior of NiSi polycrystalline thin
films, and on the other hand, the stresses that arise in silicon
as a consequence of silicide formation.* These stresses have
a strong influence on the mobility of charge carriers in
silicon.’ This study is aimed at calculating the elastic con-
stants of NiSi from first principles. The first part is devoted
to the methodology of elastic constants calculation including
both numerical methods and basics of elasticity. The ob-
tained results are then described and discussed. Their conse-
quences on the mechanics of NiSi layers are highlighted.

II. METHODOLOGY
A. Computational details

The ground states of the undeformed 0-NiSi and reference
systems (Ni-fcc and silicon diamond phases) have been op-
timized by means of the computational implementation of
the density-functional theory (DFT) vasp (Ref. 6) and
QUANTUM-ESPRESSO (Ref. 7) packages for comparison.
We have used projected-augmented wave (PAW)
pseudopotentials®  with  vASP  and ultrasoft  (US)
pseudopotentials’ according to a modified Rappe-Rabe-
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Kaxiras-Joannopoulos scheme following the method of Ref.
10 for the ESPRESSO package (noted in the following PAW
and US simulations, respectively). The Perdew-Burke-
Ernzerhof (Ref. 11) generalized gradient approximation of
the exchange-correlation energy has been used within its
spin-polarized version.

The Brillouin zones have been sampled by a 15X 15
X 15 Monkhorst and Pack grid'? for nickel and silicon and
8 X8 X8 for NiSi for structure optimizations. The 500 eV
and 40 Ryd energy cutoff for VASP and ESPRESSO packages,
respectively, have been employed. To optimize lattice param-
eters, the conjugate gradient method have been employed
with VASP, while the equilibrated structure for ESPRESSO
simulations was calculated using the first-principles imple-
mentation of a variable cell-shape damped molecular
dynamics."3

For the calculation of the electronic density of states and
the formation energy, we have adopted a finest tetrahedron
30X 30X30 (15X 15X 15 for NiSi) grid with a higher en-
ergy cutoff (600 eV and 50 Ryd).

B. Elastic constants

For small strains (€), Hooke’s law applies and the elastic
energy E can be approximated by a quadratic function of the
strain components:

6
ExV,> —Ciee;, (1)

i,j=

where Cj; are the elastic constants, V, is the equilibrium
volume of the unit cell, and e ; is the components of the strain
tensor (€) which can be related to the deformation tensor D
by
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TABLE I. Components of the strain tensor, elements not given are zero. The first parts are the components
for cubic systems, and the second are the nine relations for orthorhombic systems [u=(1-6%)""3].

Cubic systems

e e e3 ey es e E(5)
8 8 5 0 0 0 9B,V,5/2
) 0 0 0 0 0 V,Ci1 8212
0 0 0 28 28 28 6VyCas6”
Orthorhombic systems
e 2 e3 ey es e E(6)
k) 0 0 0 0 0 V,Cy 812
0 k) 0 0 0 0 V,Cy 812
0 0 ) 0 0 0 V,C336%12
0 0 0 268 0 0 2V,Cpud
0 0 0 0 268 0 2V,Cs5
0 0 0 0 0 28 2V,Cee
u(1+6)—1 u(1-9)-1 u—1 0 0 0 V,(Cy1+Cpn=2C15) 8°/2
u(1+8)-1 u—1 u(1-8)-1 0 0 0 V,(Cy1+C33-2Cy3) 822
u-1 u(l1+8)-1 u(1-8)-1 0 0 0 V,(Cap+Cy3—2Ca3) 812
2e; eg es (DFPT) (Ref. 15) [ESPRESSO (Ref. 7) simulations] and re-
e=D-T==| ¢ 2¢, e, 2) lated acoustic slopes—sound velocities—and elast'{c con-
stants. We have employed the same method as described by
es ey 2es Every'® to calculate the diagonal elements of the elastic ma-

in conventional elastic theory notation (I represents the iden-
tity matrix).

1. Cubic crystals

For cubic crystals, there are three independent elastic con-
stants, namely, C;;, Cy,, and Cyy. Furthermore, the bulk
modulus B, and tetragonal shear constant C’ are related to
C;, and Cyy, ie., By=(C,;+2C},)/3 (in the Voigt notation)
and C'=(C;|-C,)/2, respectively. Cyy is related to the
trigonal shear constant. These constants may be determined
by a polynomial fitting of the calculated energy E as a func-
tion of the deformation related to the strains presented in
Table 1.

2. Orthorhombic crystals

For orthorhombic crystals, there are nine independent
elastic constants, namely, C;;, Cs, Cz3, Cyy, Cs5, C6, Cya,
Ci3, and Cy3. We need then nine different (strains) relations
to determine these.

To evaluate elastic constants in an orthorhombic system,
we have used three different techniques. The first two meth-
ods use deformations as proposed by Ravindran'# (see Table
I). We have applied deformations with atomic relaxations or
without atomic relaxations. The 15X 15X 15 grids with 500
eV (PAW simulations) or 40 Ryd (US) energy cutoffs have
been used for these methods.

In the third method, we have calculated vibrational prop-
erties by means of the density-functional perturbative theory

trix (Cj;;). Along the [100], [010], and [001] directions, we

.. . .10l [~ - . [100]
can _deduce six independent relations: v; "=V Cy,/p, vy

= \’C]éé,/p, U[QIOO]: \““’CSS/p’ U£310]= \J”C44/p, Ug010]= \r'C22/p, and
uEOOl =vCx3/p, where v; and v, correspond, respectively, to
the longitudinal and transverse acoustic sound velocities.
However, for the nondiagonal terms (Cy,, C3, and C,3) the
relations are more difficult to be calculated due to the non-

orthonormality of the vectors of the unit cell.

C. Crystal structure

NiSi has a simple orthorhombic primitive cell belonging
to the Pnma, No. 62 (0P8 Pearson symbol) space group. The
orthorhombic unit cell contains four nickel and four silicon
atoms (see Fig. 1). The optimized crystallographic atomic
positions are reported in Table II. Nickel atoms have six first
silicon neighbors forming a strongly distorted octahedron,
and silicon atoms have six first neighbors (nickel atoms)
forming a distorted trigonal prism.

III. RESULTS AND DISCUSSION
A. Structural and cohesive properties

We have used silicon diamond and ferromagnetic Ni fcc
phases as reference states. The lattice parameters, the mag-
netism, and the bulk modulus have been reported in Table
III. The ground states of these systems are found in satisfac-
tory agreement with literature.

For the NiSi orthorhombic system, our optimized struc-
tures (at 0 K) are in good agreement with experimental lat-
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FIG. 1. (Color online) Schematic representation of the NiSi
orthorhombic unit cell: in blue: nickel atoms, and in red: silicon
atoms.

tice parameters a,, b,, and c,. Discrepancies of less than 1%
are evidenced in comparison with Wilson’s” measurements at
300 K, with a volume of the unit cell which is larger than the
experimental value. When comparing with values measured
on supported thin films*!® the presence of residual stresses
makes the comparison less reliable.

The formation energy has been evaluated to be around
—500 meV/atom. This value is consistent with measured or
assessed values [=—447 meV/atom (Refs. 20 and 21)]. One
notes that US and PAW simulations give the same lattice
parameters and formation energy. The magnetism of o-NiSi
has been investigated too. It is found to be nonferromagnetic,
in agreement with experimental findings.>

The electronic band structure (eBS) and density of states
have been also evaluated (Fig. 2). The ¢BS has been plotted
along high-symmetry points of the first Brillouin zone repre-
sented in Fig. 3. Our results and Boulet simulations'” are
found in excellent agreement.

It is interesting to note that despite the presence of a clus-
ter of bands in the band structure of NiSi, only two degen-

TABLE II. Crystallographic positions of nickel and silicon at-
oms in the unit cell. We report our optimized and Boulet (Ref. 17)
atomic positions (US and PAW for ESPRESSO and VASP simulations,
respectively).

oP8

Atom X y Z
Ay X 0.25 b4
A, —x 0.75 -2
Aj 0.5-x 0.75 0.5+z
Ay 0.5+x 0.25 0.5-z
Ni® x=0.006;z=0.184

Si® x=0.170;z=0.580

Ni (PAW) x=0.008;z=0.189

Si (PAW) x=0.179;z=0.584

Ni (US) x=0.008;z=0.188

Si (US) x=0.179;z=0.584

4Reference 17.
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erate bands cross the Fermi level in most of the symmetry
directions. As a consequence, the density of states at the
Fermi level is very small: 2.16 states/eV/unit cell, again in
agreement with Boulet!” calculations and with low-
temperature specific-heat measurements (2.98).

The projected states on atomic orbitals have been ana-
lyzed, and the results are reported in Fig. 2. At the Fermi
level, d-states of nickel and sp-states of silicon are hybrid-
ized. This may be explained by the local environment of
silicon (six first neighbors). This result is compatible with a
recent study of the electronic states of NiSi.??

B. Vibrational properties

We have calculated the lattice dynamical properties by
means of the DFPT (ESPRESSO packages’) with which the
dynamical matrices at any q point can be directly computed.
We have calculated interatomic force constants (IFC) by
Fourier transformation of the dynamical matrices on a 2
X4 X2 g-mesh with a 10X 10 X 10 k-mesh and 30 Ryd cut-
off energy to compute the full phonon dispersions. The vi-
brational density of states has been then calculated on a 30
X 30X 30 tetrahedron grid (plotted Fig. 4). To verify the ac-
curacy of our simulations, we have calculated directly fre-
quencies at different q points (X, Y, and Z) with a large
k-mesh (15X 15X 15) and cut-off energy (40 Ryd), without
significant differences (less 5%). Results have been reported
Fig. 4 (dots).

The main experimental results are Raman spectra mea-
sured by Zhao et al.>> From a symmetry analysis, only “ger-
ade” modes could be Raman active (4, and B,). We have
summarized our results in Table IV and compared them to
experimental data. One can notice that simulations are in
very good agreement with experiments. We have analyzed
the vibrational projected density of states. At high frequen-
cies (250—400 cm™'), the main contribution is associated to
silicon atoms, while the main contribution of nickel is at low
frequencies.?*

From the vibrational density of states, we have also com-
puted the free energy and the heat capacity (see Fig. 5):

- _éq,»_>2
v k%<sinh(§q,v) - 9

where &, ,=fiw, ,/2kgT. These results allow us to calculate
the Debye temperature (see Sec. III F).

PF
C (= -T—>
o(T) o

C. Elastic constants of the crystal

As a test, we have calculated elastic constants for the two
reference states. Our results are found in agreement with
experimental values.'® For the silicon diamond phase, how-
ever, Cyy is found too large. It has been shown (see in par-
ticular Ref. 25) that internal atomic relaxations can strongly
modify and improve elastic constants in some cases. Letting
the crystal relax at each straining step yields a corrected
value, Cyyu=76 GPa, in much better agreement with experi-
mental data (79 GPa). It appears thus very important to take
into account atomic relaxations.
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TABLE III. The calculated and experimental lattice parameters (in A), volume per atom (in A3/at.),
formation energies E, per atom (in meV/at.), and magnetic moments (in ).

a, b, c, Vv Ef Mmp
Si-d (expt.?) 5.43 20.09
Si-d (PAW) 5.47 20.45 0
Si-d (US) 5.47 20.45 0
Ni-fce (expt.?) 3.51 10.81 0.62
Ni-fcc (PAW) 3.52 10.90 0 0.63
Ni-fce (US) 3.52 10.90 0 0.63
NiSi (expt.?) 5.333 3.259 5.665 12.31 —447°¢
NiSi (expt.9) 5.233 3.258 5.659 12.06
NiSi (expt.®) 5.177 3.325 5.616 12.08
NiSi (PAW) 5.179 3.365 5.613 12.22 —496 0.00
NiSi (US) 5.165 3.378 5.621 12.26 -503 0.00
NiSi (theor’) 5.154 3.343 5.590 12.04 0.00

4Reference 18.
PReference 19.
“Reference 20.
dReference 4.
“Reference 3.
fReference 17.

We have then adopted three approaches to calculate elas-
tic constants for NiSi: in the first approach, we have fixed
atomic positions, and in the second one, for each deforma-
tion & applied to the system, atomic positions have been
relaxed (label “relaxed” in the following, only computed
with the VASP package). In the third we deduce C;; from
slopes of the phonon dispersion curves around I'. The results
of our simulations have been summarized in Table V. In this
table we have given the result of the fit of the last three
deformations (D4, Dg, and Dy), which correspond to a com-
bination of different elastic constants. These combinations
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FIG. 2. Electronic band structure and density of states of NiSi.
The Fermi level has been put at the zero energy.

are related to criteria of mechanical stability. In the o-NiSi
case, all are found positive.

In the first simulations, where atomic positions are not
relaxed, one can notice that VASP and ESPRESSO packages
produce identical values of elastic constants. The bulk modu-
lus has been evaluated either directly from the Murnaghan
equations®® or from elastic constants calculated previously:

The same value is found: 168 GPa to be compared with
175 GPa. These results are good tests of the accuracy of our
simulations. In the following, we focus our analysis only on
PAW simulations.

Ak
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k
X

FIG. 3. Schematic representation of the high-symmetry points in
the first Brillouin zone for orthorhombic systems.
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FIG. 4. Vibrational band structure and the total density of states
associated (line). We have plotted the projected density of states on
nickel and silicon atoms.

In a second step the influence of atomic relaxations on
elastic constants has been evaluated. It is clear that, as for
silicon diamond phase, elastic constants are strongly modi-
fied. The influence of relaxation ranges from +18% to —18%.
In general, we note a decrease in the elastic constants except
for two elastic constants C;, and C,3. These results are con-
firmed by elastic constants determined from phonon disper-
sion curves. In these calculations, atoms are not clamped.
These results could be fruitfully compared with the relaxed
simulations.

D. Elastic properties for polycrystalline aggregates

In the particular case of randomly oriented polycrystals,
one may evaluate aggregate average elastic properties based
on additional hypotheses such as isostress named as Reuss or
isostrain named as Voigt states (subscripted, respectively, V
and R in the following). For orthorhombic crystals, the shear
modulus (G) and the bulk modulus (B) are given for each
approximation by Eq. (4) and by

1
Gy= E[Cu +Cn+ Cyi3—(Cia+ Ci3+ Cyy)]
3
+ E(C44 + Css+ Ceg).s (5)

TABLE IV. Symmetry and frequencies (in cm™!) in g=T".

A (R) 150 194 214 286 330 351
A, (D 0 163 214 271 285 374
B, (R) 193 219 251 312 330 397
B, () 0 0 182 290 316 377
Expt.® 195 214 258 294 332 362

4Reference 23.
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FIG. 5. Heat capacity and free energy in kJ/mol.

1 1
— = [4(S)1 + Sx + S33) + 3(Sas + Ss5+ See)
Ge 15
—4(S1+ 813+ 5x3)], (6)
1
B_=S11+522+S33+2(S12+S13+523), (7)
R

where S is the compliance matrix and C is the elastic con-
stant matrix related by S=C™'.

The calculated values are given in Table VII. Reuss and
Voigt approximations produce equivalent results when
atomic positions are not relaxed. On the contrary for relaxed
simulations, we can see that shear modulus is smaller in
Reuss approximation than in Voigt approximation.

The average of the Voigt and the Reuss bounds are con-
sidered to be the best theoretical polycrystalline elastic
modulus (Hill’s approximation). They are given by

Gy= %(Gv"' Gg) (8)
and
By=3(By+Bg). 9)

Using energy considerations, Hill showed that the Voigt
and Reuss equations represent upper and lower limits of re-
alistic polycrystalline constants and has recommended that a
practical estimate of the bulk and shear moduli should be the
arithmetic means of the extremes. The isotropic bulk and
shear moduli for the NiSi polycrystals have been reported in
Table V.

To complete the physical elastic properties we have com-
puted the polycrystalline elastic modulus (E) and the Pois-
son’s ratio (v) from the Hill’s values using the relationships,

:M (10)
SBH+ GH,
3By -2Gy

YT 0GBy +Gy) (1

Using these relations the calculated bulk modulus B, shear
modulus G, Young’s modulus E, and Poisson’s ratio v are
summarized in Table VI. Elastic moduli with relaxations are
smaller than without relaxations. In general the large value of
shear moduli is an indication of the more pronounced direc-
tional bonding between atoms. The calculated shear moduli
from relaxed and nonrelaxed single-crystal elastic constants
are larger than that of most of the intermetallic compounds.
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TABLE V. Elastic constants (given in GPa), shear constants, and the bulk modulus B, (in GPa). For the silicon diamond phase, we report
C,y4 from simulations taking into account atomic relaxations (labeled as ™).

Si (d) Ni (fcc) NiSi (ortho)
PAW
Expt.? PAW US Expt.? PAW US Relaxed A (%) US DFTP
Ci 166 154 152 250 274 271 283 272 +4 285 275
Cy 248 222 +10 244 205
Css 281 229 +18 278 269
Cyy 79 98/76* 99 131 130 127 123 106 +14 124 113
Css 139 128 +8 137 125
Ces 127 126 +0 126 124
Cyy 64 58 56 150 160 155 147 166 -13 148
Cis 112 94 +16 11
Cos 126 149 18 124
Ci1+Cn-2C)s 238 161 +32 234
C11+C33-2C3 340 314 +7 341
Cort C33-2Ca3 278 152 +45 274
Bﬁ/lum' 99 90 88 186 198 194 168
c’ 51 48 48 50 57 58

4Reference 18.

Poisson’s ratio ¥ measures the stability of a crystal against
shear. Its small value indicates that 0-NiSi is relatively stable
against shear.

Pugh?’ proposed the ratio of bulk to shear modulus of
polycrystalline phases, B/G as an indication of ductile vs
brittle characters. Indeed one may argue that the shear modu-
lus G represents the resistance to plastic deformation, while
the bulk modulus B represents the resistance to fracture. A
high B/G value indicates a thus tendency for ductility, while
a low value indicates a tendency for brittleness. The critical
value which separates ductile and brittle materials has been
evaluated to be equal to 1.75. It is interesting to notice that in
nonrelaxed simulations B/ G =1.75, the critical value, while
it is found greater (2.42) with relaxation. This result suggests
that 0-NiSi is more prone to ductility.

A comparison of average elastic properties of NiSi (Gy
=79 GPa, By=170 GPa, E=205 GPa, and v=0.30) with
those of isostructural PtSi (G5=80 GPa, By=198 GPa, E
=211 GPa, and v=0.32) shows that these two compounds
share very similar average elastic properties. As shown in the
next paragraph, this similarity is lost when it comes to the
anisotropy in elastic moduli.

E. Quantification of the anisotropy in elastic constants

To quantify the anisotropy of elastic properties in 0-NiSi,
we have employed different criteria.

Essentially all known crystals are elastically anisotropic,
and a proper description of such an anisotropic behavior has,
therefore, an important implication in engineering science as
well as in crystal physics. The shear anisotropic factors pro-
vide a measure of the degree of anisotropy in the bonding
between atoms in different planes. The shear anisotropic fac-
tor for the {100}({010},{001}) shear planes between the (011)
and (010) ((101), {001), and (110}, {010), respectively) di-
rections are

_ L (12)
1= bl
Cii+C33-2C3
A= _ 4Cs (13)
Co+ C33—2Cy
4C
3 0 (14)

- Ci1+Cp-2Cy,

TABLE VI. Isotropic value of shear and bulk moduli (in GPa) using the approximations of Voigt, Reuss, and Hill (noted V, R, and H
respectively). The Young modulus (in GPa), the Poisson’s ratio v, and the bulk modulus (in GPa) along crystallographic axes a, b, ¢ (see
appendix of Ref. 14) are also given. We give for comparison results for PtSi (Ref. 25).

GR GV GH BR BV BH E 14 Ba Bh Bc
Not relaxed 95 106 101 175 175 175 254 0.26 587 493 506
Relaxed 65 93 79 168 171 170 205 0.30 486 957 352
PtSi (relaxed?) 77 82 80 198 198 198 211 0.32 572 575 639

4Reference 25.
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TABLE VII. Anisotropy in shear elastic factor (A; with i=1,2,3), anisotropy in directional bulk modu-
lus (Ap Ap), and anisotropy in compressibility and shear moduli (Ap and Ag in %).

Ay A Aj Ap, Ap, Ap Ag
Not relaxed 1.45 2.00 2.13 1.19 1.03 0.1 5.5
Relaxed 1.35 3.37 3.13 0.51 0.37 1.0 17.7

The shear anisotropic factors are summarized in Table
VII. In the case of isotropic crystals, the factors A;, A,, and
Az must be one, while any value smaller or greater than unity
is a measure of the degree of elastic anisotropy possessed by
the crystal. It is interesting to note that relaxed simulations
shear anisotropic factors show a higher degree of anisotropy
than nonrelaxed simulations.

Chung and Buessem?® introduced another concept of per-
cent elastic anisotropy for noncubic systems which is a mea-
sure of elastic anisotropy possessed by the crystal under con-
sideration. The percentage anisotropy in compressibility and
shear moduli are defined, respectively, by Ag=(By
—Br)/(By+Bg) and Ag;=(Gy—Gg)/(Gy+Gg). A value of
zero (Bgr=By) is associated to isotropic elastic constants,
while a value of 100% is associated to the largest possible
anisotropy. With those values of anisotropy, relaxed simula-
tions indicate that 0-NiSi is anisotropic (=18%).

We have calculated the Young modulus along different
directions in Table VIIIL PtSi values from? are also reported
for comparison. PtSi is isostructural with NiSi. The ratio be-
tween the Young moduli along [111] and along [010] is 3.7
for NiSi, while it is 1.5 in PtSi. The same ratio in cubic
copper, which is known to be a highly elastically anisotropic
material, yields 2.9. Figure 6 is a three-dimensional (3D)
representation of the anisotropy in Young’s moduli for NiSi
and PtSi.

The large elastic anisotropy of NiSi that we evidence here
has important consequences for the mechanical properties of
NiSi thin films. Indeed it is known that such films are
strongly textured.?’ Moreover the anisotropy in elastic con-
stants together with the anisotropy in thermal expansion co-
efficients may yield huge grain-to-grain stress variations in
polycrystal films.

Ravindran'* defined and calculated the linear bulk modu-
lus along the three directions a, b, c in orthorhombic TiSi,
system. In the same way we report them for NiSi in Table
VL If in nonrelaxed simulations no significant differences
between the bulk moduli along the three directions a, b, ¢
can be observed, with relaxed results the bulk modulus along
b direction is much higher than in other directions.

From this directional bulk modulus, Ravindran'# also de-
fined for orthorhombic system two new quantities, ABa and

TABLE VIII. Young’s modulus (in GPa) along different crystal-
lographic directions, comparison of NiSi and PtSi (from Ref. 25).

Eyno Ep0 Eogor Eyp
NiSi (relaxed) 146 78 127 289
PtSi (relaxed) 201 150 200 226

Ap, defined as the ratio between B, (B,) and B,,. A value of
1 indicates, for those quantities, elastic isotropy and any de-
parture from one corresponds to a degree of elastic aniso-
tropy. It is interesting again to notice that relaxed simulations
indicate a much larger anisotropy.

We show that relaxed simulations indicate a pronounced
elastic anisotropic system for 0-NiSi, in particular along the
b axis.

In conclusion, our calculations show that, at variance with
isostructural PtSi, NiSi is a highly elastically anisotropic ma-
terial. The ratio between the Young’s moduli along [111] and
[010] is 3.7, while the ratio between the bulk moduli along
[001] and [010] is 0.37. It is interesting to note that the same
trend is experimentally known to occur for thermal
expansion'® with PtSi being much less anisotropic than NiSi.

The elastic constants we have calculated here allow for
the calculation of stress and strain in a NiSi crystal under any
kind of loading using linear elasticity. NiSi films are, how-
ever, polycrystalline. It is thus necessary to include a grain
interaction model in order to rationalize experimental varia-
tions in interplanar spacings®® measured by x-ray diffraction
as a function of temperature. The fact that elastic constants
were unknown has inhibited such studies so far.

v

[001]

\<[o1 0]

[100]

PtSi NiSi
‘ [Oizwl c |
[100]
PtSi NiSi

FIG. 6. (Color online) 3D representation of the Young modulus
E (top) and Bulk modulus B (bottom), comparison of PtSi from Ref.
25 and NiSi.
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F. Debye temperature

We have estimated the Debye temperature (6p) from the
averaged sound velocity (v,,) using the following equation:

h( 3 )1/3
0,=— s 15
D= kp\amv,) Om (15)

where h and kg are, respectively, Planck’s and Boltzmann’s
constants and V, is the atomic volume. The average sound
velocity in polycrystalline systems, v,,, are evaluated by

1/ 2 1 -1/3
|2 Z24=)] 16
o 3(vtg+v?) (16)

where v, and v; are the mean longitudinal and transverse
sound velocities, which can be related by the shear and bulk
moduli from Navier’s equations:

3B+4G\'"” G\'"”
v =\ ————— and v,=|— . (17)
3p p

Results have been summarized in Table IX. The relaxed
Debye temperature is 528 K. In order to obtain an other
estimate of the Debye temperature from vibrational proper-
ties, we have fitted the specific heat presented above with the
Debye model. This fitting results in predicted values of
around 480 K. Those results are in reasonable agreement
with low-temperature specific-heat measurements®> which
yields a Debye temperature of 497 K.
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TABLE IX. Volumic density (in kg/m?), longitudinal, trans-
verse, and average sound velocities (in m/s), and Debye tempera-
ture (in Kelvin).

fp

p v, v, Uy (K)

Not relaxed 5877 7259 4145 4606 595
Relaxed 5877 6844 3666 4094 528

IV. CONCLUSION

We have presented first-principle calculations of the
0-NiSi ground state. The structural, electronic, vibrational,
and elastic properties have been calculated by means of the
DFT. The optimized lattice parameters reproduce perfectly
experimental data. NiSi is found to not reveal a ferromag-
netic behavior and to have a small density of states at the
Fermi level. The vibrational properties and in particular the
heat capacity are presented. From these results and from di-
rect calculations, we have evaluated single-crystal elastic
constants. NiSi is shown to exhibit a strong elastic aniso-
tropy; this bears important consequences for the mechanical
properties of textured NiSi thin films.
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