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We have investigated the optical properties of NbSi2 experimentally and theoretically. The reflectivity and
ellipsometry measurements were performed on single crystals with two light polarizations. From these the
optical conductivity and the complex dielectric function were obtained from 0 to about 6 eV. The measured
optical functions were compared with those calculated using local density functional theory and the linear
muffin-tin orbital method. The calculated electronic structure is analyzed using orbital projected densities of
states~DOS! and the optical functions are interpreted in terms of interband transitions. We, furthermore,
compare the calculated DOS with previously measured x-ray photoemission spectra and bremsstrahlung iso-
chromat spectra. We calculated some soft x-ray emission spectra and compared them with experiments. We
find generally excellent agreement between theory and all experiments.@S0163-1829~96!05323-4#

I. INTRODUCTION

The current interest in transition-metal silicides~TMS! is
due to their high-temperature stability, resistance to degrada-
tion, and high electrical conductivity, which make them
suited as Schottky barriers, Ohmic contacts, and interface
diffusion barriers in microelectronic devices.1 In the last few
years, extensive work on the electronic structure and physi-
cal properties of TMS has been performed.2–6

Some physical properties of NbSi2 have been studied pre-
viously. The thermal expansion of the TMS in the groups
IV–VII, which includes NbSi2 , have been investigated from
room temperature to about 1500 K by x-ray powder-
diffraction technique.7 The electronic structure of various
TMS has been studied in Ref. 8 by x-ray photoemission
spectroscopy~XPS! and bremsstrahlung isochromat spec-
troscopy~BIS!. The measurements were interpreted in terms
of calculated density of states~DOS! and XPS and BIS ma-
trix elements. The soft x-ray emission~SXE! spectrum of
NbSi2 was measured in Refs. 9 and 10. The transport prop-
erties in some single-crystalline disilicides, such as TiSi2 ,
VSi 2 , NbSi2 , etc. were studied in Ref. 11. The low-
temperature specific heat of TiSi2 , VSi2 , NbSi2 were re-
ported in Ref. 12. The resistivity and the magnetoresistance
of these three compounds were studied in Refs. 13 and 14.

In this paper we present the optical spectra of NbSi2 @the
reflectivity R(v), the conductivity s(v), and the real
«1(v), and imaginary«2(v) parts of the dielectric function#,
obtained by reflectivity and ellipsometric measurements. We
compare these with first-principles local density functional15

~LDA ! calculations using the linear muffin-tin orbital
~LMTO! method in atomic-spheres approximation
~LMTO-ASA!.16–18 The structures in the optical functions
are interpreted in terms of interband transitions. We compare

the calculated density of states with previous XPS and BIS
measurements. We have finally calculated some SXE spectra
and compare them with available experiments.

We find good detailed agreement between all these ex-
periments and the calculated electronic structure, which leads
us to the conclusion that the LDA gives a consistent picture
of the electronic structure in NbSi2 .

II. EXPERIMENTS

A. Sample preparation and measurements

Single crystals of NbSi2 were grown at the Laboratory
des Materiaux et du Genie Physique in Grenoble using a
modified Czochralski pulling technique from a levitated melt
in a cold copper crucible~Hukin type!. Details of the process
are described elsewhere.19

Single-crystalline rods with a length of about 4 cm were
obtained; from these rods, oriented slices were cut and then
polished in order to obtain optically flat and shiny surfaces of
about 1 cm2.

Reflectivity (R) at near normal incidence with polarized
light was measured over the spectral range from about 5 to 6
eV with two different spectrometers: a Fourier transform
spectrometer model Bruker IFS 113v for the infrared@with
grid polarizer on polyethylene and KRS5 for far infrared
~FIR! and mid infrared~MIR!, respectively# and a double
monochromator spectrophotometer model Varian CARY 5
~with Polaroid polarizers! from 0.4 eV to the ultraviolet. The
R spectra were taken using as a reference a gold and an
aluminum mirror in the infrared and in the visible-UV parts
of the spectrum, respectively. The relativeR values were
then normalized to the absolute reflectivity of the mirrors.
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Moreover, spectroscopic ellipsometric~SE! measure-
ments were performed in the energy range 1.4–5 eV with an
instrument Sopra ESG4 at an incidence angle of 70°.

The results were obtained for light polarized parallel (i)
and perpendicular (') to the crystallographicc axis. A small
discrepancy of a few percent betweenR values obtained by
photometry and those obtained by ellipsometry was probably
due to the higher sensitivity of the reflectance to the scatter-
ing of light by macroscopic roughness of the surface with
respect to the ellipsometry, which measures only relative in-
tensities. The curves were then corrected at the highest ener-
gies by a small rigid shift in order to fit the ellipsometric
results.

In the SE range,«1 and «2 were derived directly by in-
verting the ellipsometric functions tan(c) and cos(D). For
energies lower than 1.4 eV,«1 and «2 were obtained by
Kramers-Kronig transform of the reflectivity data. For ener-
gies higher than 5 eV, we assumedR constant up to about 10
eV, and then decreasing asv2s, with s;5. This ensured that
«̃ coincided with the ellipsometrically measured functions to
within 0.5% from 1.4 to 5 eV.

At energies below 5 meV an extrapolation was obtained
by the Hagens-Rubens relationR512A2v/psdc, where
the dc conductivitysdc was taken from the experiments of
Guizzettiet al.20

B. Processing experimental data

The experimental reflectivities show metallic behavior for
both polarizations, with high values at the lowest energies.
The upper energy limit of this region is indicated by the
cut-off of R at about 0.7 eV, corresponding, in principle, to
the free carrier plasma resonance screened by the interband
transitions. The latter dominate the second spectral region
above 0.7 eV, where several structures appear.

Small bumps or smooth shoulders due to interband tran-
sitions are, however, present at low energies forEic.

As far as the intraband optical properties are concerned,
we analyzed the FIR response by including a Drude term in
the complex dielectric function

«̃ ~v!5«1~v!1 i«2~v!5 «̃ interband~v!2
vp
2

v~v1 i /t!
,

~1!

wherevp5(4pNe2/m* )1/2 is the plasma frequency of the
free carriers, with densityN and effective massm* . t is the
scattering time related to the dc conductivity by 4
psdc5vp

2t. Due to the contribution from interband transi-
tions, which extends down to the lowest energies,«̃ interband
cannot be considered constant even in this part of spectrum.
The decomposition of the measured spectra into interband
and intraband contributions is therefore quite difficult.

Using Eq.~1! and the experimentally determinedsdc,
20

we fitted the experimental reflectivity with the plasma fre-
quency as a free parameter. By the fit«̃ was deconvoluted
into a Drude term and an interband term and the Kramers-
Kronig consistency of the interband part was verified. The
best fit for both polarizations yielded the values
vpi52.3660.1 eV andvp'51.8560.1 eV. The relatively
large error associated with these values is due to the very

high sensitivity of Kramers-Kronig analysis~and of the de-
composition procedure! to the absolute value of the FIR re-
flectivity.

The ratio of plasma frequencies (vpi /vp')
2; 1.6 is in

good agreement with the ratio of the resistivities at room
temperature.20 This ratio depends essentially on the effective
masses along the two crystallographic directions.

In a model of one parabolic conduction band the two
plasma frequencies can be expressed asvpi

2 54pe2n/mi*
andvp'

2 54pe2n/m'
* . Within the same model the measured

electronic contribution to the specific heat
g5(kB

2/3\2)m'
* kFi 5 3.4 mJ/~mol K2),12 where kF is the

Fermi vector. From the three relations above one can obtain
an estimate of the carrier densityn5kFi

3 (m'
* /mi* )/

3p254.7331021 cm23, and the effective masses
mi*51.16me andm'

*51.86me .

III. STRUCTURE AND COMPUTATION DETAILS

NbSi2 crystallizes in the hexagonalC40 structure with
the space groupP6222(D6

4) and three NbSi2 formula units
per primitive cell. It is nonsymmorphic with nonprimitive
translationst5(0,0,c/3) and (0,0,2c/3), which interchange
individual NbSi2 layers. The arrangement of the individual
atoms is illustrated in Fig. 1~a!. The hexagonal Brillouin
zone~BZ! is shown in Fig. 1~b!, where the symmetry points
and lines are labeled in accordance with the standard nota-
tion of Ref. 21. Although theD6 point group contains only
half of the full-hexagonalD6h symmetry operations, the en-
ergy bandsEn

k exhibit full-hexagonal symmetry as a result of
time-reversal symmetry.22 The lattice constants are
a54.819 Å andc56.592 Å .23

We have performed first-principles self-consistent
~LDA !15 calculations of the electronic structure using the
LMTO-ASA method, including the so-called combined cor-
rection term.16–18A detailed description of the LMTO-ASA
method, including its application to the electronic structure
of compounds, has been given elsewhere.24,25We shall there-
fore only give some details of the calculations here. The
calculations were semirelativistic, i.e., all relativistic effects
were taken into account except for the spin-orbit coupling.
The angular momentum expansion of the basis functions in-
cluded l53 for niobium andl52 for silicon. The Nbf or-
bitals have a minor effect on the energy bandsEn

k , however,
it is necessary to include them because usually thed→ f
oscillator strength is much larger than that for thep→d or
s→p transitions. Thek integrated functions were evaluated
by the tetrahedron method26 on a grid of 1183k points in the
irreducible part of the BZ@Fig. 1~b!#. From the energy bands
and the LMTO eigenvectors, we calculated the total and or-
bital ~l! projected DOS, the optical functions (R, s, «1 , and
«2), and some SXE spectra.

IV. ENERGY BANDS AND DENSITY OF STATES

The energy band structure of NbSi2 , shown in Fig. 2, is
rather complicated. It may, however, be understood from the
total and partial DOS’s presented in Fig. 3. The occupied
part of the band structure can be divided into two regions
separated by a pseudogap at about 6 eV below the Fermi
energy. The bands in the lowest region have mostly Sis
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character with some amount of Nbsp character mixed in.
The highest region can be characterized as a bonding com-
bination of Nb d and Si p states with some Nbp states
mixed in. This complex is separated from the antibonding

states by a second pseudogap around the Fermi level. There
is a fair amount of Nbsp states and Sis states mixed into the
antibonding states.

In Fig. 4 our calculated DOS are compared with the ex-
perimental XPS and BIS spectra of Speieret al.8 The calcu-
lated DOS were broadened to account for finite-lifetime ef-
fects and experimental resolution. The measured spectra may
be seen to be described fairly well by our LDA calculations.
The calculated DOS is smaller than the XPS at the bottom of
the valence band, which has dominantly Sis character. This
may be due to matrix element effects, which are neglected
when comparing DOS with XPS.

V. CALCULATED OPTICAL PROPERTIES AND
COMPARISON WITH EXPERIMENTAL DATA

The linear response of a system to an external electromag-
netic field in the long-wavelength limit is determined by the
imaginary part,«2(v), of the complex dielectric function«̃
@Eq. ~1!#. We have calculated the dielectric function for fre-
quencies well above those of the phonons and therefore only
considered electronic excitations. We used the random phase
approximation and neglected local-field and finite lifetime
effects.27 The dielectric function is a tensor. By an appropri-
ate choice of the principal axes we can, however, diagonalize
it, which allows us to consider only the diagonal matrix ele-
ments«̃nn(v) with n5x,y,z. The interband contribution to
the imaginary part of the dielectric function is given by

FIG. 1. Primitive unit cell for the hexagonalC40 structure of
NbSi2 . Large spheres correspond to Nb atoms and small spheres
correspond to silicon atoms.~b! The Brillouin zone for hexagonal
NbSi2 .

FIG. 2. Self-consistent energy band structure of NbSi2 along
some symmetry lines in the Brillouin zone shown in Fig. 1.

FIG. 3. Self-consistent total density of statesN(E) and Nbs,
p, d and Sis andp partial densities of states. Units are states/~cell
eV! or states/~atom eV!.
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nn~v!5

8p2e2

m2v2 (
nÞn8

unocc
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uPnn8

n
~k!u2

3d~En
k2En8

k
2\v!

d3k

~2p!3
, ~2!

where Pnn8
n (k) is the projection of the momentum matrix

elementsPnn8(k) along then direction of the electric fieldE.
En
k are the one-electron energies.
After having evaluated~2!, we calculate the interband

contribution to the real part of the dielectric function
«1(v) from the Kramers-Kronig relation:

«1~v!511
2

p
PE «2~v8!v8dv8

v822v2 , ~3!

where P stands for the principal value. Finally, we add the
intraband contribution to obtain the total complex dielectric
function. We neglect this contribution to«2(v) according to
the perfect crystal approximation~the defects and lattice os-
cillations are absent!. The intraband contribution to«1(v) is
given by

«1
nn~v! intra512

~vp
nn!2

v2
, ~4!

where the squared plasma frequency is given by

~vp
nn!25S e

p\ D 2(
n
E
BZ
d3k@]En

k/]kn#2d~En
k2Ef !. ~5!

We also calculated the optical conductivity and the reflec-
tivity R(v) using Eqs.~2!–~5! and the following relations:

s~v!5
v

4p
«2~v! ~6!

and

R~v!5UA«̃21

A«̃11
U2. ~7!

We first calculate directly the imaginary part of dielectric
function~2! in a wide energy range from 0 to 16 eV. The real
part of the dielectric function and the other optical functions
were then calculated using the formulas presented above.
The calculated values of the plasma frequencies are

vpi53.96 eV andvp'53.04 eV, which are somewhat larger
than those previously extracted by Drude analysis~2.36
60.1 and 1.8560.1 eV, respectively!. The anisotropy in the
plasma frequency gives rise to anisotropy of the optical prop-
erties in the infrared region. Figure 5 shows the optical con-
ductivity of NbSi2 for the two light polarizationsEic and
E'c in the energy range from 0 to 8 eV. There are six
maxima ins(v), each of which originates from the same
interband transitions for both polarizations. The difference in
intensity for the two polarizations is due to the transition
matrix element. A large anisotropy of the optical conductiv-
ity is found below about 2 eV. The strong peak~1! for the
E'c polarization at 0.4 eV originates from the superposition
of two high-intensity partial contributions from the 19→20
and 20→21 interband transitions, i.e., transitions from just
below the Fermi energy to just above it.

The 19→20 interband transitions take place in the vicin-
ity of the symmetry pointM and the symmetry directions
M2K andG2K and the 20→21 interband transitions take
place around theG2M symmetry direction. The same peak
may be seen for the other polarization,Eic, but due to op-
tical transition matrix elements the intensity is 5 times
weaker. The second peak, which may be seen for theEic
polarization at 1.6 eV, is due to 19→22 interband transitions
~i.e., transitions from just below the Fermi energy to about
1.5 eV above it! around theM2K and G2K symmetry
directions. The corresponding interband transitions for the
E'c polarization is 8 times weaker and hardly visible in the
figure. The shoulder at 1.2 eV in theE'c polarization can be
explained by 18→21 interband transitions, i.e., transitions
from about 1 eV below the Fermi energy to just above it. The
double peak, number three, comes from the 19→22,23,24
interband transitions~from just below the Fermi energy to

FIG. 4. Comparison between the calculated
broadened DOS~full line! and the experimental
XPS and BIS spectra from Ref. 8~crosses! for
NbSi2 .

FIG. 5. The calculated optical conductivity of NbSi2 .
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about 2 eV above it! for both polarizations. The most intense
4th maximum in theEic polarization at 4 eV is formed by
the 12,13→25; 15,16→23; 16→24 and 18→27 interband
transitions ~from about 2 eV below the Fermi energy to
about 2 eV above it! in an extended part of the BZ. The
largest contribution comes from transitions between the 16th
and the 23rd energy bands. The 5th double peak is formed
from the 13,14→25,26; 14→28 and 18→28 interband tran-
sitions ~from about 2 eV below the Fermi energy to about 3
eV above it! for both polarizations. The maximum number 6
is formed by 14,15→30 and 15→31 interband transitions,
from about 2 eV below the Fermi energy to about 4 eV
above it.

In Figs. 6 and 7 we compare the calculated optical con-
ductivity s(v), the reflectivityR(v), «1(v), and «2(v)
with the experiments for the parallel and perpendicular po-
larization, respectively. As may be seen, theory and experi-
ment agree in detail with each other for both polarizations.

We shall first discuss the results for the parallel polariza-
tion. In «2 , the first peak shows up as a small kink in the
experiments. Ins this peak becomes a shoulder, which in the
experiments is hidden by the upturn ofs for small energies.
The calculated peaks 2 to 4 are nicely seen at exactly the
same energies in the measured«2 ands. Peak number 6 is
clearly seen in the experiments but the position of this as
well as the edge slightly above it, is situated about 1 eV

lower in the experimental curves. The reason for this may be
that the final states for the transitions~band 30 and 31! are
high above the Fermi energy and the reference energies for
the linear expansion~the En’s! in the LMTO calculations
were chosen at the center of gravity of the occupied bands. If
the En’s had been chosen higher for the unoccupied states,
the energies of these would have been lower.17 Peak number
5 is not clearly seen in the experiments. This may be because
it is hidden by the tail of the very strong 4th peak. Peaks 2 to
4 and 6 are also clearly present in the measured reflectivity.

For the perpendicular polarization, the strong 1st peak is
very pronounced in the conductivity and the shoulder at
about 1.2 eV is seen in both«2 ands. The rest of the peaks
are present in both functions. Since peak 4 is very weak for
this polarization, peak 5 shows up clearly. As in the parallel
polarization, all structures are found at the same energies in
theory and experiments, except for the 6th peak and the high-
energy edge. Again, better agreement for the latter could
have been obtained by choosing the LMTO reference ener-
gies for the final states at higher energies. The same good
agreement between theory and experiments is found for the
reflectivity and for this even the very low energy 1st peak
may be seen clearly.

It should be mentioned that the anisotropy of the optical
functions in NbSi2 in the energy range from 1 to 5 eV is not
as strong as in WSi2 ~Ref. 2! and PdSi2 ~Ref. 3!.

FIG. 6. Comparison between the experimental~circles! and cal-
culated~solid line! optical conductivitys(v), reflectivity R, real
part «1(v), and imaginary part«2(v) of the dielectric function of
NbSi2 for Eic.

FIG. 7. Comparison between the experimental~circles or thick
line! and calculated~solid line! optical conductivitys(v), optical
reflectivity R, real part«1(v), and imaginary part«2(v) of the
dielectric function of NbSi2 for E'c.
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VI. SOFT X-RAY EMISSION SPECTRA

X-ray emission spectroscopy is one of the most efficient
tools for studying the electronic structure of solids. In this
experiment the energy distribution of emitted photons, cre-
ated by valence electron – core hole combination, is mea-
sured. The experiment is therefore probing the symmetry
~via the transition matrix elements! and the energy distribu-
tion of the valence states. Direct comparison between our
one-electron theory and an experiment is, however, compli-
cated by the finite width of the core hole due to many-body
effects and the experimental resolution.

The intensity distribution is given by28,29

I ~v!5
a3v

2p (
nk

z^Ccueiq–r•A–puCnk& z2d~\v2Ec1En
k!,

~8!

wherea5e2/\c'1/137 is the fine-structure constant;Cc ,
Cnk andEc , En

k are the wave functions and energies of the
core and valence states, respectively;p is the electron mo-
mentum operator;q is the wave vector of a photon with the
polarization vectorA. In the dipole approximation the x-ray
emission intensity averaged over the polarizations of the
emitted photon is given by

I ~v!}v(
nk

z^Ccz¹uCnk& z2d~\v2Ec1En
k!. ~9!

Using an angular momentum expansion forCc and Cnk ,
Eq. ~9! can be reduced to the simple form28,29

I l~E!5w@ f l ,l21~E!Nl21~E!1 f l ,l11~E!Nl11~E!#, ~10!

whereNl(E) is the l projected DOS andf l ,l 8(E) is an effec-
tive dipole matrix element.28–30Therefore, the intensity dis-
tribution factorizes into partial DOS’s modulated by transi-
tion probabilities.

Some theoretical@using Eq.~10! above# and experimental
x-ray emission spectra of NbSi2 are compared in Fig. 8. The
calculated spectra have been broadened to mimic the finite
width of the core levels and the experimental resolution. The
Nb L III emission spectrum is determined by thed→2p3/2 and
s→2p3/2 transitions. The contribution from thes states is
only about 2%. The NbL III emission spectrum is smooth and
slightly asymmetric. The lack of fine structure is due to a
considerable width of the 2p core level, which smears out all
the peaks in the partiald DOS. There is, however, a structure
around24.5 eV in the theoretical curve corresponding to a
shoulder in thed DOS ~Fig. 3!. The corresponding structure
is seen clearly in the theoretical and experimental XPS spec-
trum ~Fig. 4!.

The NbMV emission spectrum is mostly determined by
p→3d5/2 transitions. The contribution from thef states is
only about 2%. There are four structures in the theoretical
spectrum~1–4! and three in the experiments~3–5!. The
structures 3 and 4 are reproduced well in the calculations
although the intensity of the third structure is somewhat
smaller. The theoretical curve has two low-energy structures
~1 and 2!, which are not observed experimentally. The shape
of experimentalMV spectrum is distorted by a strong inner
line M z (M IV,V→M II,III ), which is superimposed on the
low-energy part. The experimentally observed fifth structure,

occurring above the Fermi energy, is associated with the
M IV emission spectrum (p→3d3/2 transitions!.

The best agreement between theory and experiment is ob-
tained for the SiK spectrum, which is dominated byp→s
transitions. The two strong structures in the Sip DOS ~Fig.
3! at 25 and22 eV appear as two clear peaks in the XSE
spectrum.

The Si L III spectrum consists of four structures, labeled
1–4 in Fig. 8, and they are due to the transitionss→2p3/2
andd→2p3/2. The structures 1 and 2 are predominant tran-
sitions from thes states, while the 3rd and 4th structures are
mixeds andd transitions. Structure 1 has three peaks in the
calculated spectrum, of which only two are seen in the ex-
periments. The second structure is not clearly seen in the
experiments, but the 3rd and 4th peaks agree well in theory
and experiments.

VII. CONCLUSION

We have presented reflectivity and ellipsometry measure-
ments on high-quality single crystals and LDA calculations
with the LMTO method of the reflectivity, the optical con-
ductivity, and the complex dielectric function of hexagonal

FIG. 8. Comparison between the experimental~dots! and the
theoretical~full line! SXE spectra of NbSi2 . The experiments are
from Ref. 9.
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NbSi2 in a wide energy range and for light polarizations
parallel and perpendicular to the crystallographicc axis. We
found excellent agreement between measurements and the
LDA theory. We have explained the structures in the mea-
sured spectra in terms of interband transitions. We found
some anisotropy in the optical functions below 2 eV and
between 4 and 5 eV, the spectra were, however, much more
isotropic than the spectra from other transition metal sili-
cides. We have, furthermore, compared our DOS with XPS
and BIS measurements and the calculated soft x-ray emis-
sion spectra with previous measurements and found that they
agree very well.
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