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We have investigated the optical properties of Nb&kperimentally 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 experini&0t63-182806)05323-4

I. INTRODUCTION the calculated density of states with previous XPS and BIS
measurements. We have finally calculated some SXE spectra
The current interest in transition-metal silicid@dS) is  and compare them with available experiments.

due to their high-temperature stability, resistance to degrada- We find good detailed agreement between all these ex-
tion, and high electrical conductivity, which make them periments and the calculated electronic structure, which leads
suited as Schottky barriers, Ohmic contacts, and interfacas to the conclusion that the LDA gives a consistent picture
diffusion barriers in microelectronic devicé#n the last few  of the electronic structure in Nbgi
years, extensive work on the electronic structure and physi-
cal properties of TMS has been perfornfefl.

_ Some physical properties qf NbsShave been .studied pre- Il. EXPERIMENTS
viously. The thermal expansion of the TMS in the groups _
IV=VII, which includes NbS}, have been investigated from A. Sample preparation and measurements

room temperature fo about 1500 K by x-ray powder- gingle crystals of NbSi were grown at the Laboratory
diffraction techniqué. The electronic structure of various des Materiaux et du Genie Physique in Grenoble using a

TMS has bee)?Pztudieéj ti)n Ref. 8ht|)y x-ray ?\hOtoemiSSior}nodified Czochralski pulling technique from a levitated melt
SPEctroscopy(XPS) and bremsstra ung isochromat Spec-, 5 ¢q|q copper crucibléHukin type). Details of the process
troscopy(BIS). The measurements were interpreted in termsare described elsewhet®
of calculated density of statd®OS) and XPS and BIS ma- . X T

trix elements. The soft x-ray emissidSXE) spectrum of Single-crystalline rods with a length of about 4 cm were

NbSi, was measured in Refs. 9 and 10. The transport prop(_)btalned; from these rods, oriented slices were cut and then

erties in some single-crystalline disilicides, such as JjSi polished in order to obtain optically flat and shiny surfaces of
VSi,, NbSi,, etc. were studied in Ref. 11. The low- aPoutl cn? o _ _
temperature specific heat of TiSi VSi,, NbSi, were re- Reflectivity (R) at near normal incidence with polarized
ported in Ref. 12. The resistivity and the magnetoresistanchght was measured over the spectral range from about 5 to 6
of these three compounds were studied in Refs. 13 and 14eV with two different spectrometers: a Fourier transform
In this paper we present the optical spectra of Nif@ie ~ SPectrometer model Bruker IFS 113v for the infrafedth
reflectivity R(w), the conductivity o(w), and the real grid polarizer on polyethylene and KRS5 for far infrared
1(w), and imaginary ,(w) parts of the dielectric functign ~ (FIR) and mid infrared(MIR), respectively and a double
obtained by reflectivity and ellipsometric measurements. Wénonochromator spectrophotometer model Varian CARY 5
compare these with first-principles local density functidnal (with Polaroid polarizersfrom 0.4 eV to the ultraviolet. The
(LDA) calculations using the linear muffin-tin orbital R spectra were taken using as a reference a gold and an
(LMTO) method in atomic-spheres approximation aluminum mirror in the infrared and in the visible-UV parts
(LMTO-ASA).1%-18 The structures in the optical functions of the spectrum, respectively. The relatiRe values were
are interpreted in terms of interband transitions. We comparthen normalized to the absolute reflectivity of the mirrors.
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Moreover, spectroscopic ellipsometri(SE) measure- high sensitivity of Kramers-Kronig analysiand of the de-
ments were performed in the energy range 1.4-5 eV with asomposition procedujeo the absolute value of the FIR re-
instrument Sopra ESG4 at an incidence angle of 70°. flectivity.

The results were obtained for light polarized parallgl ( The ratio of plasma frequencieso}g”/a)pl)2~ 1.6 is in
and perpendicularl() to the crystallographic axis. Asmall good agreement with the ratio of the resistivities at room
discrepancy of a few percent betweRrvalues obtained by temperaturé® This ratio depends essentially on the effective
photometry and those obtained by ellipsometry was probablynasses along the two crystallographic directions.
due to the higher sensitivity of the reflectance to the scatter- In a model of one parabolic conduction band the two
ing of light by macroscopic roughness of the surface withplasma frequencies can be expressedwéghrezn/mﬁ‘
respect to the ellipsometry, which measures only relative inandw"'lJl =4me’n/m¥ . Within the same model the measured
tensities. The curves were then corrected at the highest enastectronic  contribution  to  the  specific heat
gies by a small rigid shift in order to fit the ellipsometric = (k2/3#2)m* kej = 3.4 mJ(mol K2),22 wherek is the
results. Fermi vector. From the three relations above one can obtain

In the SE rangeg; ande, were derived directly by in- 50 estimate of the carrier densithké“(mj/mﬁ*)/
verting the ellipsometric functions ta#j and cosf). For  3-2_4 73«1 cm=3 and the effective masses

Energies Iowe_r than 1.4 e\, and g, were obtained by mﬁ*zl.l&ne and m* = 1.86m,.
ramers-Kronig transform of the reflectivity data. For ener-
gies higher than 5 eV, we assumiaonstant up to about 10
eV, and then decreasing as °, with s~5. This ensured that
e coincided with the ellipsometrically measured functions to  NbSi, crystallizes in the hexagon&40 structure with
within 0.5% from 1.4 to 5 eV. the space grou;§>6222(Dg) and three NbSi formula units

At energies below 5 meV an extrapolation was obtainedper primitive cell. It is nonsymmorphic with nonprimitive
by the Hagens-Rubens relatidR=1- y2w/moy4, where translationsr=(0,0,c/3) and (0,0,2/3), which interchange
the dc conductivityoy. was taken from the experiments of individual NbSi, layers. The arrangement of the individual
Guizzettiet al?° atoms is illustrated in Fig. (8). The hexagonal Brillouin
zone(BZ) is shown in Fig. 1b), where the symmetry points
and lines are labeled in accordance with the standard nota-
) o ) ) tion of Ref. 21. Although thé4 point group contains only

The experimental reflectivities show metallic behavior for it of the full-hexagonaD., symmetry operations, the en-
both polarizations, with high values at the lowest energiesergy bandfﬁ exhibit full-hexagonal symmetry as a result of

The upper energy limit of this region is indicated by the ;o _raversal symmetd? The lattice constants are
cut-off of R at about 0.7 eV, corresponding, in principle, to a=4.819 A andc=6.592 A 23

the free carrier plasma resonance screened by the interband We
transitions. The latter dominate the second spectral region_DA)ls calculations of the electronic structure using the

above 0.7 eV, where several structures appear. LMTO-ASA method, including the so-called combined cor-
. _Small bumps or smooth shoulders due -to interband tranzo tion termtt-18 A detailed description of the LMTO-ASA
sitions are, however, present at low energiestfe. method, including its application to the electronic structure

As far as the intraband optical properties are concerne_q)f compounds, has been given elsewH&&We shall there-
we analyzed the FIR response by including a Drude term ig,re only give some details of the calculations here. The
the complex dielectric function calculations were semirelativistic, i.e., all relativistic effects

) were taken into account except for the spin-orbit coupling.
@p The angular momentum expansion of the basis functions in-
o(wt+ilr)’ cludedl =3 for niobium and =2 for silicon. The Nbf or-
(1) hbitals have a minor effect on the energy bafi{s however,
B 12 it is necessary to include them because usually ahef
where w,=(47Ne?/m*)'? is the plasma frequ*ency of the qgcillator strength is much larger than that for fhe-d or
free carriers, with densitll and effective masm”. 7isthe g transitions. Thek integrated functions were evaluated
scattering time related to the dc conductivity by 4y he tetrahedron meth#ton a grid of 118% points in the
mog=wp7. Due to the contribution from interband transi- jrequcible part of the BZFig. 1(b)]. From the energy bands
tions, which extends down to the lowest energ€gemand  and the LMTO eigenvectors, we calculated the total and or-
cannot be considered constant even in this part of spectrurgjtg| (| projected DOS, the optical functionR( o, £, and
The decomposition of the measured spectra into interbangz), and some SXE spectra.

and intraband contributions is therefore quite difficult.

Ill. STRUCTURE AND COMPUTATION DETAILS

B. Processing experimental data

have performed first-principles self-consistent

E(w) =g1(w)t+iey(w) :’ginterban({w) -

; ; ; 20
Using Eq.(1) and the experimentally determined, IV. ENERGY BANDS AND DENSITY OF STATES
we fitted the experimental reflectivity with the plasma fre-
quency as a free parameter. By theditvas deconvoluted The energy band structure of NBSishown in Fig. 2, is

into a Drude term and an interband term and the Kramersrather complicated. It may, however, be understood from the
Kronig consistency of the interband part was verified. Thetotal and partial DOS’s presented in Fig. 3. The occupied
best fit for both polarizations vyielded the valuespart of the band structure can be divided into two regions
wp=2.36+0.1 eV andw,, =1.85+0.1 eV. The relatively separated by a pseudogap at about 6 eV below the Fermi
large error associated with these values is due to the vergnergy. The bands in the lowest region have mostls Si
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FIG. 3. Self-consistent total density of stafd$éE) and Nbs,
p, d and Sis andp partial densities of states. Units are stgtes!
[1070] eV) or stategatom e\).
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FIG. 1. Primitive unit cell for the hexagona40 structure of ~ States by a second pseudogap around the Fermi level. There

NbSi,. Large spheres correspond to Nb atoms and small spherd§ @ fair amount of Nks p states and S states mixed into the

correspond to silicon atomgb) The Brillouin zone for hexagonal ~antibonding states. _
NbSi,. In Fig. 4 our calculated DOS are compared with the ex-

perimental XPS and BIS spectra of Speitral® The calcu-
character with some amount of Nip character mixed in. lated DOS were broadened to account for finite-lifetime ef-

The highest region can be characterized as a bonding corfgcts and experimental resolution. The measured spectra may
bination of Nbd and Sip states with some Nip states be seen to be described fairly well by our LDA calculations.
mixed in. This complex is separated from the antibondingThe calculated DOS is smaller than the XPS at the bottom of

the valence band, which has dominantlysSiharacter. This
may be due to matrix element effects, which are neglected
NbSi2 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 partg,(w), of the complex dielectric function
[Eqg. (1)]. We have calculated the dielectric function for fre-
guencies well above those of the phonons and therefore only

=
/ considered electronic excitations. We used the random phase

T — ]
> approximation and neglected local-field and finite lifetime

1o effects?’ The dielectric function is a tensor. By an appropri-
r A ate choice of the principal axes we can, however, diagonalize
it, which allows us to consider only the diagonal matrix ele-
FIG. 2. Self-consistent energy band structure of Nb8long ~ mentse””(w) with »=X,y,z. The interband contribution to
some symmetry lines in the Brillouin zone shown in Fig. 1. the imaginary part of the dielectric function is given by
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FIG. 4. Comparison between the calculated
broadened DO%full line) and the experimental
XPS and BIS spectra from Ref. @rosse for

Intensity (arbitrary units)

NbSi, .
0 5 10 15
ENERGY ( eV)
8 qr2@2noce occ , wp =3.96 eV andw,, =3.04 eV, which are somewhat larger
e3"(w)=—— > > | P (k)2 than those previously extracted by Drude analy€s36
@ nsn’ 0 JBZ +0.1 and 1.85:0.1 eV, respectively The anisotropy in the

dsk plasma frequency gives rise to anisotropy of the optical prop-
X 5(Eﬁ— Eﬁ,—hw)?, (2 erties in the infrared region. Figure 5 shows the optical con-

(2m) ductivity of NbSi, for the two light polarizationsE||c and

ELc in the energy range from 0 to 8 eV. There are six
maxima ino(w), 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 peél for the
E.L c polarization at 0.4 eV originates from the superposition
2 gr(w o' do’ of two high-intensity partial contributions from the 120
g1(w)=1+ ;Pf T (3 and 206-21 interband transitions, i.e., transitions from just
below the Fermi energy to just above it.
where P stands for the principal value. Finally, we add the The 19- 20 interband transitions take place in the vicin-
intraband contribution to obtain the total complex dielectricity of the symmetry pointM and the symmetry directions
function. We neglect this contribution tg(w) accordingto  M—K andI'—K and the 20-21 interband transitions take
the perfect crystal approximatidthe defects and lattice 0s- place around th& —M symmetry direction. The same peak
cillations are absentThe intraband contribution te,(w) is may be seen for the other polarizatidgjc, but due to op-
given by tical transition matrix elements the intensity is 5 times
weaker. The second peak, which may be seen forBie
4) polarization at 1.6 eV, is due to 1922 interband transitions
(i.e., transitions from just below the Fermi energy to about
here the squared plasma frequency is diven b 1.5 eV above it around theM —K and I'=K symmetry
w qu P quency 1S giv y directions. The corresponding interband transitions for the
EL c polarization is 8 times weaker and hardly visible in the
> f d3k[ JEK/9k"12S(EX—E;). (5)  figure. The shoulder at 1.2 eV in ti&t ¢ polarization can be
n JBZ explained by 18-21 interband transitions, i.e., transitions
. - from about 1 eV below the Fermi energy to just above it. The
tivil/)\//eR?Ij? S?:ﬁ;l?;gg (t;)e_gt:ﬁljCtﬁzdfgﬁg\\:\'lt%g?glgsiir:gﬂec double peak, number three, comes from the-12,23,24
' " interband transitiongfrom just below the Fermi energy to

o (K) is the projection of the momentum matrix
elements (k) along thev direction of the electric fieldt.
EX are the one-electron energies.

After having evaluated?2), we calculate the interband
contribution to the real part of the dielectric function
£,(w) from the Kramers-Kronig relation:

where P”

144 (ws
e1 (0)inra=1— w2

V)Z

2

(op =

w
=— 6
o(0)= 7—eo(w) (6) 1 ——
and L 2 FA
2
o 8 1
SR R ™ =
w)= =
Ve+1 s 4
s}
We first calculate directly the imaginary part of dielectric 0 0 5 ; p e

function (2) in a wide energy range from 0 to 16 eV. The real

part of the dielectric function and the other optical functions Energy (eV)

were then calculated using the formulas presented above.

The calculated values of the plasma frequencies are FIG. 5. The calculated optical conductivity of NBSi
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FIG. 6. Comparison between the experimeificaicles and cal-
culated(solid line) optical conductivityo(w), reflectivity R, real
parte;(w), and imaginary part,(w) of the dielectric function of
NbSi, for E||c.

FIG. 7. Comparison between the experimeritaicles or thick
line) and calculatedsolid line) optical conductivityo(w), optical
reflectivity R, real parte,(w), and imaginary part,(w) of the
dielectric function of NbSj for EL c.

about 2 eV above jtfor both polarizations. The most intense lower in the experimental curves. The reason for this may be
4th maximum in theE||c polarization at 4 eV is formed by that the final states for the transitioftsand 30 and 3Jlare
the 12,13-25; 15,16-23; 16—24 and 18-27 interband high above the Fermi energy and the reference energies for
transitions (from about 2 eV below the Fermi energy to the linear expansiorithe E,’s) in the LMTO calculations
about 2 eV above jtin an extended part of the BZ. The were chosen at the center of gravity of the occupied bands. If
largest contribution comes from transitions between the 16tlthe E,'s had been chosen higher for the unoccupied states,
and the 23rd energy bands. The 5th double peak is formethe energies of these would have been loWdreak number
from the 13,14-25,26; 1428 and 18- 28 interband tran- 5 is not clearly seen in the experiments. This may be because
sitions (from about 2 eV below the Fermi energy to about 3it is hidden by the tail of the very strong 4th peak. Peaks 2 to
eV above i} for both polarizations. The maximum number 6 4 and 6 are also clearly present in the measured reflectivity.
is formed by 14,15-30 and 15-31 interband transitions, For the perpendicular polarization, the strong 1st peak is
from about 2 eV below the Fermi energy to about 4 eVvery pronounced in the conductivity and the shoulder at
above it. about 1.2 eV is seen in bo#y ando. The rest of the peaks

In Figs. 6 and 7 we compare the calculated optical conare present in both functions. Since peak 4 is very weak for
ductivity o(w), the reflectivity R(w), £1(w), and e,(w) this polarization, peak 5 shows up clearly. As in the parallel
with the experiments for the parallel and perpendicular popolarization, all structures are found at the same energies in
larization, respectively. As may be seen, theory and experitheory and experiments, except for the 6th peak and the high-
ment agree in detail with each other for both polarizations. energy edge. Again, better agreement for the latter could

We shall first discuss the results for the parallel polariza-have been obtained by choosing the LMTO reference ener-
tion. In &,, the first peak shows up as a small kink in the gies for the final states at higher energies. The same good
experiments. I this peak becomes a shoulder, which in theagreement between theory and experiments is found for the
experiments is hidden by the upturn @ffor small energies. reflectivity and for this even the very low energy 1st peak
The calculated peaks 2 to 4 are nicely seen at exactly thaay be seen clearly.
same energies in the measuredand o. Peak number 6 is It should be mentioned that the anisotropy of the optical
clearly seen in the experiments but the position of this agunctions in NbS} in the energy range from 1 to 5 eV is not
well as the edge slightly above it, is situated about 1 eVas strong as in WSi(Ref. 2 and PdS;j (Ref. 3.
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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 elementand 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 B§2°

asa) .
(@)= 52 (&9 APl Pl Ec+ ES),
®

where a=e?/fc~1/137 is the fine-structure constaflt;,,

V¥, andE., Er‘j are the wave functions and energies of the
core and valence states, respectivglyis the electron mo-
mentum operator is the wave vector of a photon with the
polarization vectoA. In the dipole approximation the x-ray
emission intensity averaged over the polarizations of the
emitted photon is given by

X-ray emission intensity (arbitrary units)

l(w)ocwEk K VIV )Ro(ho—E+ES). (9

Using an angular momentum expansion B¢ and ¥, ,
Eq. (9) can be reduced to the simple foff?®

Energy (eV)

LW(E) =Wl 1 (BE)N|_1(B) + {1 1 2(E)N o (B) ], (10

whereN,(E) is thel projected DOS and, ;- (E) is an effec- FIG. 8. Comparison between the experimer(tidts and the
tive dipole matrix elemerﬁ§‘3oThereforé, the intensity dis- theoretical(full line) SXE spectra of NbSi. The experiments are
tribution factorizes into partial DOS’s modulated by transi- from Ref. 9.

tion probabilities.

Some theoreticglusing Eq.(10) abovd and experimental  qccyrring above the Fermi energy, is associated with the
x-ray emission spectra of Nbgare compared in Fig. 8. The M, emission spectrump(— 3ds, transitions.

calculated spectra have been broadened to mimic the finite The best agreement between theory and experiment is ob-
\II\IVIk?tLh 0;::g;gLesle;’gtlfu?:?StQZtSfﬁarérQ%ntx;o'm'g:a Th‘?ained for the SiK spectrum, which is dominated jy—s
i P y Par2 transitions. The two strong structures in thepSDOS (Fig.

s—2p3p, transitions. The contribution from the states is a B .
only about 2%. The Nlb,, emission spectrum is smooth and ii):ct:tru?nand 2 eV appear as two clear peaks in the XSE

slightly asymmetric. The lack of fine structure is due to a . .

considerable width of thef2core level, which smears outall  11€ SiLy spectrum consists of four structures, labeled

the peaks in the partid DOS. There is, however, a structure 1—4 in Fig. 8, and they are due to the transitiGns 2p

around—4.5 eV in the theoretical curve corresponding to a@ndd—2pg;,. The structures 1 and 2 are predominant tran-

shoulder in thed DOS (Fig. 3). The corresponding structure S|t_|ons from thes sta_lt_es, while the 3rd and 4th structure_s are

is seen clearly in the theoretical and experimental XPS spechixeds andd transitions. Structure 1 has three peaks in the

trum (Fig. 4). calgulated spectrum, of which only two are seen in thg ex-
The Nb M, emission spectrum is mostly determined by Periments. The second structure is not clearly seen in the

p—3ds/, transitions. The contribution from the states is €XPeriments, but the 3rd and 4th peaks agree well in theory

only about 2%. There are four structures in the theoretica®nd experiments.

spectrum(1-4) and three in the experiment8-5. The

structures 3 and 4 are reproduced well in the calculations

although the intensity of the third structure is somewhat VII. CONCLUSION

smaller. The theoretical curve has two low-energy structures

(1 and 2, which are not observed experimentally. The shape We have presented reflectivity and ellipsometry measure-

of experimentalM, spectrum is distorted by a strong inner ments on high-quality single crystals and LDA calculations

line My (M yy—My;), which is superimposed on the with the LMTO method of the reflectivity, the optical con-

low-energy part. The experimentally observed fifth structureductivity, and the complex dielectric function of hexagonal
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