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The optical properties of CrSiz, both in polycrystalline and single-crystal form, were investigated
between 0.01 and 5 eV. The dielectric functions were determined by different methods: Kramers-
Kronig transformations of the near-normal reflectivity over the whole spectral range; direct mea-
surement by spectroscopic ellipsometry from 1.4 to 5 eV; numerical inversion of the reflectance from
two films with different thickness. The main difference between thin-film and single-crystal data
is the presence, in the latter, of a strong free-carrier response, preventing the determination of the
intrinsic absorption edge (interband optical gap). Moreover, the optical properties of CrSi; were
calculated within the local-density approximation using the semirelativistic linear-muffin-tin-orbital
method. The band structure, the l-projected densities of states, the complex dielectric function, and
the optical reflectivity were obtained in the energy range from 0 to 5 eV. The theoretical calculations

are compared with the experimental data.

I. INTRODUCTION

Transition-metal silicides (TMS) have been intensively
studied, from both fundamental and applied points of
view, due to their important applications in very large
integrated-circuit technology as metallic materials for
gate electrodes and interconnections.! Only four TMS,
i.e., CrSi,, B-FeSiz, MnSi,, and ReSi;, were found to be
semiconductors, with energy gaps in the 0.1-0.9-eV en-
ergy range.! The main applicative interest of these semi-
conductors is connected (i) with a large thermoelectric
power, usable in the thermoelectric conversion, and (ii)
with their potential application as optoelectronic devices
(infrared detectors and sources, electro-optic intercon-
nects, etc.). Moreover, it is known that they can grow
epitaxially to a certain extent on silicon,? so that they
have some suitable characteristics in comparison with
polycrystalline materials.

CrSiy has the lowest growth temperature and is the
most widely studied and characterized semiconducting
silicide. Nevertheless, only recently optical studies on
well-characterized CrSip thin films have provided con-
vincing evidence for the semiconducting character. These
measurements have shown that CrSi; exhibits an indirect
band gap of about 0.35 eV.3

The optical spectra of solids contain a wealth of in-
formation about their electronic structure, but for com-
pounds with complex crystal structure it is very diffi-
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cult to interpret the measured optical properties without
knowledge of their energy-band structure.

The previous energy-band calculations of CrSiy were
based on the extended-Huckel-theory.? This semi-
empirical approach predicts semimetallic properties as a
result of a slight band overlap (~0.1 eV) near the M
point in the Brillouin zone (BZ).

On the other hand, recent results of linear augmented-
plane-wave band calculations (LAPW) (Refs. 5 and 6)
for hexagonal CrSiy, carried out using the local-density
approximation (LDA) to density-functional theory,” con-
firm that this compound is an indirect-gap semiconduc-
tor. The calculated indirect gap of 0.30 eV is in excellent
agreement with the measured optical value of 0.35 eV.
This agreement of the calculated LDA band gap with
the experimental value may suggest that the well-known
“band-gap” problem® is less severe in CrSiy than in typ-
ical tetrahedral s-p bonded semiconductors due to the
similarity of Cr 3d orbital characteristics of the states on
both sides of the gap. Also, it was shown® that the calcu-
lated gap is very sensitive to the local Cr-Si coordination
geometry. The energy gap varies by 0.1 eV for Si position
changes of 0.01c.

The results for the electronic structure and opti-
cal properties of CrSiz obtained from self-consistent
augmented-spherical-wave (ASW) calculations have been
presented in Ref. 9. The ASW basis set included 4s, 4p,
and 3d orbitals on Cr, and 3s, 3p, and 3d orbitals on
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Si. The calculated indirect and direct gaps are 0.21 and
0.39 eV, respectively. The real €; (w) and imaginary e (w)
parts of the dielectric function, as well as the absorption
coefficient, were calculated, but a comparison between
the theory and the experiment was made only for the
absorption coefficient in the small energy region between
0.1 and 0.9 eV.

The aim of the present work is a direct comparison
of the measured optical properties of CrSiy [reflectivity
R(w), €1(w) and e2(w)] with the calculated optical spec-
tra, in the more extended region from 0.01 to 5 eV. The
theoretical spectra were obtained from the electronic en-
ergy bands and wave functions using the LDA.!® The
interpretation of the e2(w) in terms of the interband tran-
sitions and an investigation of the optical anisotropy are
also presented.

II. EXPERIMENTAL AND COMPUTATIONAL
DETAILS

A. Experiment

We used polycrystalline samples grown by two differ-
ent methods. (i) Amorphous thin films of Cr-Si alloys
(AL) were prepared by coevaporation of Cr and Si in a
double electron-gun evaporation system. Typical depo-
sition rates were 0.6 nm/sec for Cr and 1 nm/sec for Si.
The background pressure during evaporation was 2x20~7
Torr. (ii) Amorphous Si film, 200-400 nm thick, and Cr
film, 50-100 nm thick, were evaporated consecutively at
rates of 2.5 and 5 nm/sec, respectively, forming a bilayer
Si/Cr sample (BL). The background pressure was main-
tained at 4x10~7 Torr. The thickness ratio of Cr and Si
was chosen to be —;— in order to form stoichiometric CrSis
films.

Both the AL and BL films were deposited at room
temperature on oxidized single-crystal Si wafers, in order
to perform resistivity and Hall voltage measurements too.
The samples were then annealed at 900°C for 1 h in
high vacuum (4x10~7 Torr) to obtain crystallization. To
reduce the intake of impurities upon heat treatment, the
surface of the films was covered with a clean outgassed
quartz wafer during the furnace annealing,.

The phase identification and the extent of recrystalliza-
tion were determined by glancing incidence x-ray diffrac-
tion using a Seema-Bohlin diffractometer: complete crys-
tallization was found. Rutherford backscattering spec-
troscopy (RBS) with a 2-MeV “He* ion beam was used
for depth composition analysis and for determining the
film thickness (with an uncertainty of +10 nm). Finally,
Auger electron spectroscopy showed that the oxygen and
carbon levels in the films were below the detection limit
(0.1%).

From the measurements, on the same samples, of the
electrical resistivity p and the Hall coefficient Ry ver-
sus the temperature T it was found!! that CrSi, is a
p-type semiconductor with an energy gap of the order of
0.27+£0.01 eV and a room-temperature hole concentra-
tion p ranging from 4 to 7x10'° cm—3.

The single-crystal sample was grown by chemical trans-
port reactions.
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Near-normal incidence reflectance (R) measurements
at room temperature have been performed in the energy
range from 0.01 to 0.5 eV by a Fourier transform spec-
trometer Bruker IFS 113v, with an instrumental reso-
lution of 0.5 meV and with a gold mirror as reference.
Between 0.5 and 6 eV the CrSi; reflectance has been
measured with a Perkin Elmer 330 spectrophotometer.
An Al mirror, whose absolute reflectivity was previously
measured, was used as reference. In the overlapping spec-
tral regions, the reflectivity values obtained by different
spectrometers agreed within the limits of experimental
uncertainty.

Moreover, the optical response from 1.4 to 4.9 eV was
studied by directly measuring the refraction index n and
the extinction coefficient k with an ellipsometer Sopra
MOSS ES4G. The R spectrum derived from ellipsometric
data showed good agreement with the directly measured
reflectivity in the range of energies where the spectra
overlap.

B. Computational details

CrSi; crystallizes in the hexagonal C40 structure with
three CrSi, formula units per unit cell. The arrangement
of the individual atoms in the primitive cell is shown
in Fig. 1(a). The space group for this C40 structure is
P6,22 (D§), which is nonsymmorphic, containing non-
primitive translations (7 = ¢/3 and 2¢/3) which inter-
change individual CrSi, layers. The corresponding BZ is
shown in Fig. 1(b), where the symmetry points and lines
are labeled in accordance with the standard notations of
Ref. 12. The lattice constants are a=4.431 and ¢=6.364
A.13,14

A detailed description of the linear-muffin-tin-orbital
(LMTO) method, and the atomic-spheres-approximation
(ASA), which we have used, including its applica-
tion to the electronic structure of compounds, is given
elsewere.1516 The present calculations were carried out
in a semirelativistic approach and with basis functions
including angular momenta up to /=3 for chromium and
=2 for silicon. The inclusion of the Cr f orbitals (which
were not included in Ref. 9) does not influence the energy
dispersion curves EX, but the f states are very impor-
tant for the calculated optical properties because usually
the d — f oscillator strengths are much larger than the
p — d and s — p ones. The “frozen-core” approximation
was adopted and the core charge densities were evaluated
from the solutions of the Dirac equation for free atoms.

Exchange and correlation contributions to both atomic
and crystalline potentials have been included through
the density-functional description in the LDA of Barth-
Hedin.!0 The k-integrated functions have been evaluated
by the tetrahedron method!” on a grid of 196 k points in
the irreducible part of the Brillouin zone (BZ).

The linear response of a system to an external elec-
tromagnetic field with small wave vector is determined
by the imaginary part e2(w) of the dielectric function
é(w) = €1(w) + iea(w). We have calculated the dielectric
function for frequencies well above those of the phonons
and therefore considered only electronic excitations. For
these we used the random-phase approximation and ne-
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FIG.1. (a)Primitive unit cell for hexagonal C40 structure
of CrSiz. Large spheres correspond to Cr atoms, small spheres
correspond to silicon atoms. (b) The corresponding Brillouin
zone.

glected local-field and finite lifetime effects.® The dielec-
tric function is a tensor but by an appropriate choice of
the principal axes we could diagonalize it and restrict our
considerations to the diagonal matrix elements & (w),
with v = z,y, 2. The interband contribution to ez(w) is
given by

, 872e2 unocc occ
() = S [, P9

m2w2
d3k
k
x8(EX — EX, — hw )(2 R
ey
where P%_, (k) is the projection of the momentum matrix

elements (MME) P, (k) along the v direction of the
electric field E. E¥ are the one-electron energies.

After having evaluated (1) we calculated the interband
contribution to the real part of dielectric function €; (w)
from the Kramers-Kronig (KK) relation:

€2 (w')w'dw’
2

a(w) =1+ P/ : (2)

where P stands for principal value. Finally, we obtained
the total complex dielectric function by adding the in-
traband contribution. We neglected this contribution to
€2(w) according to the perfect crystal approximation (the
defects and lattice oscillations are absent). The intra-
band contribution to €;(w) is given by

(wuu)Q
611”/(“J)Iin|:ra, =1- Zz , (3)

where the squared plasma frequency is given by

7= () T [, (56)

5(E,‘; —Ep)d®k.  (4)

We calculated the refraction index n(w), the extinction
coefficient k(w), and the reflectivity R(w) using Eqgs. (1)—
(4) and the following relations:

Véw), (5)

A(w) = n(w) + tk(w) =

Vi@ -1/
VEw)+1

R(w) = (6)

III. RESULTS

A. Optical response of CrSi,

The reflectance R of the CrSis polycrystalline films
was measured for different thicknesses. No substantial
difference was found between samples of type AL and
BL. The data for two different thicknesses (150 and 197
nm) are presented in Fig. 2 in the energy range from 0.06
to 1.2 eV (at energies higher than 1.2 eV the reflectances
tend to coincide). The SiO2 thicknesses were 750 and
500 nm, respectively. It should be noted that the peak
in R near 0.13 eV in both spectra is due to a vibrational
absorption in SiOs.

We observe that interference fringes appear; their spac-
ing decreases for increasing film thickness: this gives
direct evidence that CrSiy is transparent (or partially
transparent) in the spectral region examined. Our previ-
ous work on the far-infrared response of CrSiz (Ref. 19)
showed that between 100 and 700 cm~! (0.0124 and
0.0868 eV, respectively) it is fully transparent, except for
five strong peaks both in the reflectance and transmit-
tance spectra, attributed to IR-active vibrational modes.
No free-carrier behavior was detected down to 100 cm™?!
We may therefore infer that CrSi; is a narrow-gap semi-
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FIG. 2. Reflectance of CrSi; thin films with different
thicknesses d in the energy region from 0.06 to 1.2 eV. The
full hine is the reflectivity of CrSiz single crystal.

conductor, in agreement with electrical transport mea-
surements.

Bost and Mahan3 measured the optical functions of
CrSi, polycrystalline films between 0.1 and 0.8 eV. They
observed a strong increase in the reflectance and a strong
decrease in the transmittance at the lowest energies. On
the basis of the absorption coefficient analysis they ar-
gued that this was due to free-carrier absorption. In con-
trast to this, our measurements provide direct evidence
that the transparency region extends down to 0.01 eV,
with no trace of free-carrier contribution to the optical
response. This may be attributed to a better quality of
our films.

The unpolarized reflectance R of the single-crystal
sample is also shown in Fig. 2, in the energy range be-
tween 0.01 and 1.2 eV. Figure 3 presents R of both poly-
crystalline and single-crystal samples in a wide energy
range up to 5 eV. The single-crystal spectrum exhibits
metallic character at the lowest energies: R starts from
~90% at 0.01 eV, then it rapidly decreases with increas-
ing energy, reaching a minimum near 0.15 eV. At higher
energies R rises again, showing two shoulders near 0.5
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=
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FIG. 3. Reflectivity of CrSi; single crystal and film
(d=197 nm) in the wide energy range from 0.01 to 5 eV.
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and 1.1 eV. The low-energy behavior may be ascribed to a
high-impurity concentration, determining the strong free-
carrier response. In fact, we observed that the impurity-
related optical response also reduces the intensity of the
far-infrared vibrational peaks substantially, when mea-
surements on the polycrystalline samples were carried
out.!® In the case of single crystals, these peaks appear
as much less pronounced structures superimposed on a
broad Drude-like high-reflectivity plateau.

We start from the analysis of the interference fringes
region in polycrystalline CrSi;. Due to the multilayer
structure of the samples (CrSiz2/SiO2/Si) it was nec-
essary to account for the contributions of the different
interfaces to the multireflection process. First, we tried
to solve numerically the equations in n and k giving the
reflectance for two different CrSi; thicknesses. A simple
method to obtain the reflectance of a multilayer system is
the “matrix method,”?? which gives a recurrence relation
between the incident electric field and the field reflected
by a system of N films (for an application to silicide films,
see Ref. 21).

The back surface of substrates used for the R measure-
ments was rough enough to scatter light coming from the
CrSi22/SiO2 system in all directions, so that we can con-
sider the Si film as an infinite substrate. Moreover, the
thickness of each layer was known from RBS, and the op-
tical functions of amorphous SiO5 and crystalline Si were
taken from the literature.?223

The two equations R(n,k,d;) = Rexpt(di), where d;
(=1,2) is the silicide thickness and Rexpt is the mea-
sured reflectance, cannot be solved analytically. Several
graphical methods have been proposed. In the best one a
small number of contour graphs is used for a rough esti-
mate of the initial values of n and k which are then used
as the starting values in a computer search routine.?425
We expanded R to first order in n and k, and we ob-
tained a system of two linear equations, using two dif-
ferent thicknesses. Then, the solutions were found by an
iterative method using the values of n and k estimated
by a graphical method as tentative initial values.

It should, however, be kept in mind that this procedure
is based on the assumption of having an ideal geometrical
and structural multilayer, i.e., the interfaces are consid-
ered sharp, flat, and parallel, and each layer is assumed
homogeneous, with a well-defined complex refractive in-
dex. These assumptions are not fulfilled in real samples,
where structural imperfections, such as nonplanarity of
the interfaces, and transition regions of not-well-defined
composition, are present. As a consequence, the numeri-
cal treatment may lead to unphysical results and anoma-
lous dispersions in n and k. To avoid this we imposed
the restriction that (i) the nonphysical singularities men-
tioned above were rejected and (ii) n and k satisfied the
Kramers-Kronig relations. We also checked the influence
of the silicide and the SiO5 thickness on the interference
spacings. We found that within the experimental uncer-
tainty the thicknesses which reproduce the experimental
fringes well were in agreement with those measured by
RBS.

In Fig. 4 we present the resulting optical functions for
polycrystalline CrSi;. Between 1.4 and 5 eV (the strong
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FIG. 4. Real part n and imaginary part k of the com-
plex refractive index of CrSiz both in single crystalline and
polycrystalline (thin-film) forms.

absorption region) the curves were obtained directly by
ellipsometry, because the CrSi; film can be considered as
bulk in this spectral region. The refraction index starts
from a high value (~ 5.7) at the lowest energies, then ex-
hibits a broad maximum near 0.5 eV and a second peak
at 0.98 eV; beyond 2 eV n is nearly constant. The extinc-
tion coefficient starts increasing from zero near 0.36 eV,
reaching a maximum at 0.67 eV. It is worth noting that
for energies lower than 0.36 €V the accurate quantitative
evaluation of k is limited by the intrinsic uncertainty of
our indirect method. A stronger maximum appears at 1.2
eV, followed by a region of high k values with no appre-
ciable structure. A comparison with the n and k curves
obtained by Bost and Mahan® in the energy range from
0.1 to 0.8 eV is interesting. They found a broad maxi-
mum for n, and a continuous increase of k with increasing
energy. Our results, on the contrary, clearly indicate that
the decreasing of n towards the minimum near 0.74 eV is
connected with the k structure at 0.67 eV. We emphasize
that this behavior is the only one which satisfies the KK
relations.

The measured far-infrared reflectance of CrSi; films
reaches ~ 40% at 0.01 eV.19 As a check, we calculated
R by the matrix method, using the reasonable values
n ~ 5.7 and k = 0 for the silicide optical constants (see
Fig. 4). We obtained R ~ 30%. No appreciable vari-
ation was obtained by modifying n in order to account
for the low-energy contribution of the far-infrared vibra-
tional peaks. To explain this discrepancy, we recall that
the Drude dielectric function €jn¢rs of a free-carrier gas is
given by

(/.)2

g(w)intra = €0 — m, (7)
where €., is the high-frequency dielectric constant, wy
is the free-carrier plasma frequency, and ~ is a damping
parameter, related to the scattering time 7 by v = 1/7.
We calculated the optical response of the CrSi; free-
carrier gas by Eq. (7), considering that (i) typical scat-
tering times for silicides range from 1014 to 5x1071° sec
(Ref. 26); (ii) the effective mass of the CrSi; free carriers
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(holes) has been evaluated to be ~ m, (where me is the
electron mass); (iii) electrical transport measurements on
our polycrystalline samples!! give p ~4x10® cm™3. We
found that the far-infrared reflectivity of the free-electron
gas tends to increase at the lowest energies by increas-
ing the scattering time. Therefore, we can conclude that
the measured reflectance at 100 cm™? is higher than the
reflectance calculated by assuming CrSi; as totally trans-
parent because at this energy the free-carrier tail begins
to appear.

In Fig. 4 we also show n and k for the single-crystal
sample, as obtained by Kramers-Kronig analysis of R.
In principle, the integrals involved in the KK transforma-
tions require the knowledge of R over a very large photon
energy range. In our case, it should be noticed that (i)
at low energy R saturates toward 100%; (ii) we know di-
rectly the complex refractive index from 1.4 to 4.9 eV by
ellipsometry. Therefore we extrapolated the reflectivity
beyond the highest experimental energy wo with a tail
R(w) = R(wo)(wo/w)*. The value of s was determined so
that the n and k values from KK in the spectral range
covered by the ellipsometer reproduce almost exactly the
ellipsometric data (the largest discrepancy is 4%). We
also calculated the complex dielectric function, and we
analyzed the low-energy response in order to estimate the
impurity concentration n;. The plasma frequency w, was
determined from the slope of 1/|e1| vs w? [see Eq. (7)].
We obtained n; ranging from 1.25x10%° to 5x10%° cm™3
for m = 0.5m, and m=2m,., respectively.

To assure major completeness, we examined the re-
flectivity of CrSi, in the far-infrared region (reported in
Ref. 19) in order to obtain the optical functions n and k
in the wave-number range from 200 cm~?! (0.0248 eV) to
400 cm~! (0.0496 €V). As previously, the samples were
modeled by a two-layer system (CrSiz/SiO3) on silicon.
We fitted the strong vibrational peaks in R by the matrix
method. The dielectric function of the CrSiy top layer
was constructed with the aid of five Lorentz oscillators,
by the expression

5 w2
EW) = €0+ ) —5—5——, (®)
* ; wt, —w?—inw

where wp, i, wp,i, and ; represent the energy position,
the plasma energy, and the damping of the ith oscillator,
respectively. The best-fit values of the parameters re-
sulted in €,,=30; wo =230, 252, 296, 352, and 370 cm™ 1
wp,i=448, 943, 545, 1182, and 768 cm™Y; v;=6.7, 9.6,
7.51, 7, and 24.8 cm™!, respectively. We also calculated
the transmission spectra of our multilayer system, and
good agreement with the experimental spectra of Ref. 19
was found. The calculated n and k of CrSiz are shown
in Fig. 5.

B. Energy bands and densities of states

The calculated band structure of CrSiz (Fig. 6) is in
good agreement with the LAPW (Refs. 5 and 6) and
ASW (Ref. 9) calculations. Although the space group
for the C40 structure is D§, which contains only half
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Wave number (cm™)

FIG. 5. Real part n and imaginary part k of the complex
refractive index of CrSiz thin film in the far-infrared region,
where five strong vibrational peaks appear in R (see Ref. 19).

of the full-hexagonal Dg), symmetry operations, Fig. 6
shows the energy bands in the irreducible part of the BZ
corresponding to the Dg point group, which is possible
due to the time-reversal symmetry.2

The energy-band structure of CrSiy is very compli-
cated. It builds from the 15 Cr 3d states and the 24
Si 3s,3p orbitals and extends over an energy range of
about 25 eV, with low-lying bands having predominant
Si 3s,3p character, which then gradually switches to Cr 3d
character near Er.5® An energy gap separates the high-
est filled valence-band states at symmetry point L (band
number n = 21) from the lowest empty conduction band
at M (n = 22). Our calculated value for the indirect
energy gap, Egap=0.38 eV, and the lowest-energy direct
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transition at L, Eg4;;=0.47 eV, are slightly larger than
those calculated with the LAPW method (EXAFW=0.30

V, EXAPW=0.45 eVg VSRef 6) and somewhat larger than
the ASW values (EASW=0.21 eV, E{SW=0.39 ¢V).% The
discrepancy may either be due to the spherical averag-
ing of the potentials in the LMTO and ASW methods,
which is not performed in the LAPW method, or to the
different exchange-correlation (XC) potentials used in the
three calculations. In the LAPW calculations the Wigner
interpolation formula® was used. In Ref. 9 no information
about the XC potential was given and in our calculations
we used the Barth-Hedin XC potential.!® The ratio of the
atomic-sphere radii of Cr and Si, r = R¢,/Rsi, was 1.1
in our calculations and 1.2 in Ref. 9.

The total and partial densities of states (DOS’s) are
presented in Fig. 7. The total spectrum contains the
contribution from all nine atoms of the unit cell. The
s electrons of silicon are located near the bottom of the
valence band, whereas the p states of silicon in the oc-
cupied part of the valence band are strongly hybridized
with the d states of chromium. The conduction band
consists of the d states of chromium mixed with the sil-
icon p states. The f states of chromium and d states of
silicon are mainly situated far above the Fermi level.

Figure 8 shows the energy-band structure of CrSi; on
an expanded energy scale near the energy gap.

C. Calculated optical properties
and comparison with experiment

In our theoretical investigation we calculated directly
the imaginary part of dielectric function by Eq. (1) in

12 o

Energy (eV)

-12

r M K

r A L I A

FIG. 6. Self-consistent energy-band structure of CrSiz along some symmetry lines in the Brillouin zone shown in Fig. 1.
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the wide energy range from 0 to 17 eV. The real part of
the dielectric function and the reflectivity were calculated
using the formulas presented above.

The ez(w) can be interpreted in terms of interband
transitions. Figure 9 shows the calculated e3(w) of CrSi,
for two different light polarizations E || c and E L c in

(S

1
e
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g 0 ]
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= - A
o N
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-

2 l -

r M K r A L A
FIG. 8. Self-consistent energy-band structure of CrSiz

along the high-symmetry directions near the energy gap.

maxima in ex(w) in the energy range from 0 to 3 eV. All
these peaks are formed from the same interband transi-
tions for both polarizations. The difference in intensity
for the two polarizations is due to the transition matrix
element. We inferred from the partial densities of states
that the interband transitions below 5 eV are due to the
excitations of d electrons of chromium and p electrons of
silicon to the conduction band. The latter has primarily
d character of Cr with a small admixture of the p and f
states of Cr and p and d states of Si. The experimentally
obtained optical transitions begin at about 0.36 eV. This
value is in good agreement with the calculated indirect
energy gap Fga.p,=0.38 eV.

We shall now give a detailed description of the main
maxima of ex(w) (Fig. 9) in terms of the contribut-
ing interband transitions. According to the present re-
sults, the lowest direct transitions (0.47 €V) occur at the
L point and involve states with L3 (valence-band) and
L; (conduction-band) symmetry. The first maximum
at about 1 eV is due to interband transitions along the
M-K symmetry direction between two nearly parallel en-
ergy bands—the 21st valence band and the conduction
band, which has number 23 at the M point and number
22 at the K point due to the band crossing in this di-
rection. The 21st valence band has the orbital character
Cr(z,yz, zy, % — y?, 322 — r2) and Si(s, y, 2, 322 — 72, z2)
at the M point and Cr(z,y,zz,yz,zy,22 — y?) and
Si(z,y,32% — r2) at the K point. The character of the
23rd band is Cr(s, 32% — r?, 22 — y?, 2y, x2) and Si(z) at
the M point and the 22nd band is Cr(z, z2,yz, zy, x> —
y?,322 — r2) and Si(z,y, 2) at the K point. The 21—22
transitions have the contributions from the following ma-
trix elements: (z|z|32% — r2), (z|z|s), (z|z|zz) on the Cr
site and (s|z|2), (322—72|z|z), (zz|z|z) on the Si at the M
point and (z|z|z2), (z|y|zy), (z|z|z® —y?), (z|z|322 —r?),



46 THEORY AND EXPERIMENT ON THE OPTICAL PROPERTIES. ..

(ylzly2), (ylzlzy), (ylylz® —y?), (yly|32% —r?), (zz|2|z),
(zyjaly), (&> —y?lale) on Cr, (322—12|z|a), (325—r2lyly),
(322 — r2|2|z) on the Si site at the K point. Therefore,
this maximum is manifested for both polarizations.

The energy shoulder at ~0.78 eV comes from the
21—22 interband transitions in the vicinity of the M and
H points. The most intensive maximum at 1.5 eV is due
to 20—22,23 and 21—24 interband transitions along the
M-K symmetry direction. The main contribution comes
from the 21—24 interband transitions in the vicinity of
the K point and the symmetry directions K — T’ and
K — M close to the K point. The difference in in-
tensity for the two polarizations is due to the transition
matrix elements. The 24th energy band has the orbital
character Cr(z,y, 2,322 — 12, yz, z2) and Si(s, z,y, 2, 22 —
y2,322 — r2) at the K point and the contribution to the
21—24 interband transitions comes from the matrix el-
ements (z(z|322 — r?), (z|z|z2), (ylyl32% — r2), (y|z|yz),
(z2l|z|z), (z2lz|2), (Y2|2lY), (Y2lY|2), (zYly|z), (TY|2|Y),
(z? — y?lz|z), (z® — y2lyly) on Cr and (z|z[s), (ylyls),
(322 —r2|z|z), (322 —r2|yly), (32%—12|2|2), (z|z|2® —4?),
(ylylz® — y?), (z[z|32% — r?), (yly|32%> — r*) on the Si
site. It can be seen that the optical transitions with the
(i|z,y|f) matrix elements prevail over the (i|z|f) tran-
sitions. A numerical estimate shows that the intensity
of the 21—24 transitions is seven times weaker for the
E || ¢ polarization than for the E L ¢ polarization. The
third maximum comes from the superposition of 18—22,
19—23, 20—24, and 21— 25,26 interband transitions.
This maximum also has predominantly (i|z,y|f) char-
acter. The double peak at ~2.1-2.2 eV is due to the
18—23, 19—24, and 20—25 interband transitions. The
fine-structure number 5, which has the same size for both
polarizations, is formed by several interband transitions:
17—23,24; 18—24; 19—25; 20—26, and 21—27. The last
broad 6th maximum is also formed by multiband transi-
tions in a broad area of k space (14—22,23; 16—23,24;
17— 24; 18—25; 19—26; 20—27; and 21—28 interband
transitions).

We shall now compare the theoretical results with the
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FIG. 10. Comparison between the experimental (full line)
and the theoretical (dotted line) reflectivity curves of CrSis.
The experimental reflectivity was obtained from n and k for
the film shown in Fig. 4.
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FIG. 11. Comparison between the experimental (full line)

and the calculated (dotted line) imaginary part ez of the di-
electric function of CrSiz. The calculated curve was shifted
by 0.4 €V to lower energies.

experimental data. The anisotropy of the optical prop-
erties of CrSiy is not large, therefore we compare only
the calculated optical properties for E L ¢ (Figs. 10-12).
The unpolarized reflectivity R(w) of the polycrystalline
sample is shown in Fig. 10 (as the transparence region is
concerned, R has been obtained from the n and k values
of Fig. 4). The experimental spectrum has two struc-
tures near 0.5 and 1.1 eV. The theoretical spectrum also
has two shoulders, but their positions are displaced with
respect to the experimental ones.

The same situation happens in the case of the imagi-
nary and real parts of the dielectric function. The spec-
trum of ez(w) in the film has two maxima at ~0.6 and
1.1 eV. The corresponding theoretical values are equal to
~1.0 and 1.5 eV. Although the theoretically estimated
energy gap in CrSi is in agreement with the experimen-
tal value (Etheor=0.38 eV, ESXE <0.36 eV), the theory
overestimates the energy of the interband transitions be-
yond the gap. Figure 11 shows the ez(w) experimental
spectra for the film samples in comparison with the the-

50 T T T T

40 experiment

€,(0)

Energy (eV)

FIG. 12. Comparison between the experimental (full line)
and the calculated (dotted line) real part €; of the dielectric
function of CrSi2. The calculated curve was shifted by 0.4 eV
to lower energies.
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oretical data, which have been shifted by 0.4 eV to lower
energies [the calculated e3(w) in Ref. 9 has the maximum
at ~1.3 eV which is 0.2 eV lower than our value]. Also the
theoretical €1 (w), after a shift of 0.4 eV to lower energies,
is in rather good agreement with the experiment regard-
ing the position of the two main maxima (Fig. 12). There
is no simple explanation for this disagreement. One can
anticipate three sources of errors. (1) In our calculations
we used the self-consistent LMTO method in the ASA
approximation. The non-muffin-tin corrections to the
crystalline charge density and the potential which have
been neglected might be important. (2) The theoretical
data are compared with measurements on a CrSiy film.
A direct comparison with measurements on a bulk sam-
ple is problematic due to the presence of impurities in the
crystals, which leads to metallic behavior of the optical
properties in the infrared region. As was shown earlier,®
the calculated CrSiy band gap is extremely sensitive to
the near-neighbor coordination geometry and the long-
range stacking sequence of CrSi, layers. The energy gap
varies by ~0.1 eV for Si position changes of +0.01c. One
may expect similar sensitivity of the optical interband
transition energy passing from the film to the ideal bulk
(nondoped), due to subtle structural variations. (3) The
main reason for the discrepancy may well be the local-
density approximation. The formalism of the density-
functional theory (DFT) (Ref. 7) is in principle exact for
the ground-state properties (total energy, pressure, co-
hesive energy, etc.). However, even for the exact DFT
the one-particle spectrum of the noninteracting reference
system may differ from the spectrum of the actual one-
electron excitations (OEE) in a solid, obtained in the op-
tical measurements. The OEE spectrum, defined by the
poles of the one-particle Green function, is given by the
Dyson-type equation containing the self-energy operator
Yxe(r, 1, E) instead of the local exchange-correlation po-
tential Vic(r) in DFT. The self-energy operator is non-
local, i.e., it depends on both r and r/, and is also en-
ergy dependent. However, in metals the screening of the
exchange interaction makes X, more local (more short
range) and for a homogeneous electron gas the renormal-
ization of the spectrum in the vicinity of Er is strongly
suppressed, i.e., of the order of a few percent.?® There-
fore, the DFT spectrum in metals often turns out to be
very close to the OEE spectrum near Er. For the en-
ergies far above and below Ep, the DFT spectrum can
differ appreciably from the OEE spectrum. In particular,
the dependence of Y. on energy adds a complex part to
the one-electron energy, with the consequent damping of
the OEE spectrum, which is absent in DFT. The last ef-
fect can explain the discrepancy between the theoretically
calculated €3(w) and experimental data at w >3.5 eV. In
this region the theory predicts strong interband transi-
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tions (see Fig. 11 in this paper and Fig. 3 in Ref. 9), which
are absent in the experiment. This is confirmed both by
many-particle calculations (see Refs. 30-32) and by com-
parison with experimental data. The discrepancy is usu-
ally less than 10%. The situation is different in insulating
crystals. The DFT usually underestimates the dielectric
gap® while many-body perturbation theory gives quite
reasonable results for the gap.33—3%

In the present case, the DFT reproduces the energy
gap in CrSi; in excellent agreement with the experiment.
As discussed previously,®® the states around the gap have
predominantly Cr 3d character. Therefore, the state de-
pendence of the self-energy should be small within this
group of bands, and the band gap is accurately repre-
sented by the LDA potential.3® This condition is not ful-
filled for the rest of the energy bands originating from
the Cr states hybridized with Si 3s and 3p states. The
DFT cannot reproduce the energies of the optical inter-
band transitions beyond the gap. In the case of CrSi; the
DFT overestimates the interband transitions, although,
in most other cases, the DFT underestimates the dielec-
tric gap. There is, however, no rigorous theorem that
DFT always should underestimate the gap.

IV. CONCLUSIONS

In conclusion, the band-structure calculations and the
experimental data of the optical properties of CrSiz pro-
vide further evidence that CrSi, is an ordinary band-type
semiconductor with a small indirect energy gap. The
anisotropy of the optical properties of CrSi; is not large.
The calculated band gap is in good agreement with the
measured optical value. The calculated and measured
reflectance, ex(w) and €;(w), are in excellent agreement
after a downward shift of the calculated curves by 0.4
eV. The predicted strong interband transitions at 5 eV
are absent in the experiment.
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