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Optical and loss spectra of SiC polytypes fromab initio calculations

B. Adolph, K. Tenelsen, V. I. Gavrilenko, and F. Bechstedt
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Frequency-dependent dielectric functions are calculated for the hexagonal polytypes 2H, 4H, and 6H as
well as the cubic modification 3C of silicon carbide. The calculations are based on theab initio
pseudopotential-plane-wave method and random-phase approximation. We find a remarkable redistribution of
the optical absorption and related spectra as reflectivity and energy loss due to the variation of the crystal
structure and polarization direction. The relation of spectra and underlying electronic structures as well as the
influence of nonlocality and quasiparticle effects are discussed. The numerical results are compared with
experimental data available.@S0163-1829~97!00103-3#
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I. INTRODUCTION

Silicon carbide~SiC! occurs in about 200 polytypes.1 The
two most extreme polytypes are zinc blende (3C) with pure
cubic (C) stacking of the Si-C double layers in the@111#
direction and wurtzite (2H) with pure hexagonal stacking i
the @0001# direction. The other hexagonal (H) and rhombo-
hedral (R) polytypes,nH andnR, represent combinations o
these stacking sequences with a periodicity ofn double lay-
ers in the stacking direction.2 It is well known that the poly-
typism is of strong influence on the physical and chemi
properties. For example, the energy gaps and the locatio
the conduction-band minima ink space vary with the crysta
structure~cf. Ref. 3 and references therein!. With a change of
the indirect energy gap of about 1 eV between the 3C and
2H polytypes,4,5 SiC represents an extraordinary example
the polytype influence on the electronic structure.

Optical spectroscopy should make visible the dras
changes in the electronic properties with the polytype. R
cent advances in crystal growth of SiC have allowed
study of the optical properties of different polytypes. A sy
tematic investigation of the vacuum-ultraviolet reflectivi
has been presented for 3C, 4H, 6H, and 15R crystals.6 Pre-
vious reports of reflectivity,7 electroreflectivity,8 and spectro-
scopic ellipsometry9 were mainly restricted to the zin
blende polytype, 3C-SiC. Recent calculations6 of the reflec-
tivity within the linear-muffin-tin-orbital method and th
atomic-sphere approximation need a calibration of the ab
lute reflectivity to compare with the experimental data. A
sorption spectra have been calculated usingab initio pseudo-
potentials but neglect the effect of their nonlocal contribut
to the optical transition operator.10 In the past simplified
physical descriptions such as the empirical pseudopote
method and the orthogonalized-plane wave method h
been applied to 3C-SiC ~Refs. 11,12! and 2H-SiC.12

In this work we calculate the optical and dielectric pro
erties of the hexagonal 2H-, 4H-, and 6H-SiC polytypes and
compare them with those for cubic 3C-SiC. Theab initio
calculations start from the atomic and electronic structu
obtained within the density-functional theory~DFT! and
local-density approximation~LDA !. The influence of nonlo-
cality and quasiparticle effects is discussed. We present
frequency dependence of the dielectric tensors as well a
reflectivity and energy-loss functions. By means of the ba
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structures we give explanations for the shifts and splittings
peak structures in the dielectric functions with the polytyp
Furthermore, we compare our results with the experime
data.

II. METHOD

In order to examine the optical and energy-loss proper
of SiC polytypes we have first calculated the imaginary pa
of the elements of the second-rank dielectric tensor«ab(v)
in the optical limit,13

Im«ab~v!5
8p2e2\2

V (
c,v

(
k

^ckuvauvk&^ckuvbuvk&*

@«c~k!2«v~k!#2

3d@«c~k!2«v~k!2\v#. ~1!

Herein the Bloch eigenfunctionunk& belonging to a band
indexn (n5c conduction bands,n5v valence bands! and a
wave vectork in the first Brillouin zone~BZ! is related to a
Kohn-Sham eigenvalue«n(k) of the DFT-LDA. V denotes
the crystal volume. The velocity operatorv in the optical
transition matrix elements is defined by the commutator
single-particle Hamiltonian and space operator. Its repla
ment by the momentum operatorp/m leads to the neglect o
the influence of the nonlocal contributions due to the non
cal pseudopotentials. For a detailed discussion the read
referred to Ref. 13, where the effect is discussed for cu
semiconductors. The neglect of the nonlocality effects
creases the average oscillator strength by 15%. A sim
overestimation arises for the dielectric constants and the l
frequency reflectivity spectra. The collective plasmon pe
in the energy loss spectra is shifted to higher energies
about 2 . . . 3 eV. Forthat reason all calculations are pe
formed including nonlocal contributions. The real parts
the components of the dielectric tensor Re«ab(v) are calcu-
lated from expression~1! by means of a Kramers-Kronig
transformation. Then the reflectivity and energy loss funct
follow using Fresnel’s formula for normal light incidence o
definition. Expression~1! is taken within the independent
particle approximation. Local-field effects have been n
glected. Consequently, the exchange-correlation kernel
to the partial treatment of these effects in the DFT-LDA ba
structure does not influence the spectrum.
1422 © 1997 The American Physical Society
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55 1423OPTICAL AND LOSS SPECTRA OF SiC POLYTYPES . . .
FIG. 1. Density of states~a! and joint density
of states~b! for the 2H, 4H, 6H, and 3C poly-
types. The inset shows the lower edge of condu
tion bands. The energy zero in~a! corresponds to
the tails of the pseudopotentials.
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A crucial point in the calculations concern thek-space
integration. We use a linear tetrahedron method,14 based on
364 ~231, 135, 231! k points in the 1

12 irreducible wedge of
the BZ for 2H (4H, 6H, 3C) SiC. The density of the
chosen meshes relates approximately to the magnitude o
corresponding BZ. In hexagonal Cartesian coordinates
dielectric tensor is diagonal with the nonzero elements«xx ,
«yy , and«zz. The k-space integration for the two indepe
dent components«' and« uu may be restricted by construc
ing invariants«'5 1

2(«xx1«yy) and« uu5«zz with respect to
the point-group operations. The subscripts' and uu denote
the direction of the electric-field vector of the incident lig
measured with respect to thec axis of the crystal. Through
out this paper the cubic 3C structure is treated within a hex
agonal unit cell to make a direct comparison with the ot
polytypes possible. However, we average over the differ
Cartesian directions to avoid the small unphysical variati
in the optical constants. In the band summation, 24~48, 72,
36! conduction bands are included to get well-converged
sults for 2H (4H, 6H, 3C). The convergence with re
spect to the number of conduction bands is in particula
critical point for the calculation of the loss spectra, the m
peaks of which occur at higher energies.

The underlying electronic structure is calculated with
the DFT-LDA.15 The electron-ion interaction is treated b
norm-conserving,ab initio pseudopotentials of the Bachele
Hamann-Schlu¨ter type16 in the fully separable Kleinman
he
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r
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Bylander form.17 The electron wave functions are expand
in terms of plane waves up to an energy cutoff of 34 Ry. T
restriction to the low cutoff arises from the use of soften
carbon pseudopotentials.18 The lattice constants and the in
dependent atomic coordinates are taken from total-ene
minimization.2 When quasiparticle corrections are discuss
we refer to the recent calculation of the quasiparticle ba
structures for 2H, 4H, 6H, and 3C ~Ref. 3! and the
method of their inclusion in the optical functions describ
in Ref. 13.

III. RESULTS

Before discussing the effect of the optical transition m
trix elements, we consider the single-particle density
states@Fig. 1~a!# and the joint density of states@Fig. 1~b!#.
Since the wave-vector dispersion of the quasiparticle cor
tions is not too big,3 the DFT-LDA data presented in Fig.
reflect the effect of the polytypism correctly, only the ene
gies have to be shifted. The principal behavior of the den
of states as well as the joint density of states is very sim
for the four polytypes considered. The two peaks below
ionic gap exhibit a different behavior with the numbern of
Si-C bilayers in the unit cell. Whereas that at higher ene
around27 eV is rather independent of the polytype, th
low-energy peak around28 eV is broadened with rising
numbern. We relate this fact to the folding effect parallel t



e:
lar

1424 55ADOLPH, TENELSEN, GAVRILENKO, AND BECHSTEDT
FIG. 2. Real~a! and imaginary~b! part of the
dielectric tensor versus photon energy. Solid lin
parallel component; dashed line: perpendicu
component.
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thec axis. It causes an opposite variation of the band cur
ture along theLM andHK lines in the hexagonal BZ.3,18

The intensity of the two most pronounced peaks at23.5 and
2.1 eV in the region of the upper valence bands monoto
cally follow the hexagonality of the structures.2 Strong con-
tributions to these peaks also arise from theLM line. The
most drastic change in the conduction-band region occ
near the onset of the density of states. Its steepness
several eV again follows the hexagonality of the polytyp
The particular shape of the onset however depends on
number of bilayers and therefore on the folding effect
already has been pointed out by Leeet al.10 The conse-
quences can be clearly seen in the joint density of sta
Their low-energy tails increase with decreasing hexago
ity. Consequently, the direct energy gap is the smalles
3C-SiC ~3.0 eV!. The values for the other polytypes 6H,
4H, and 2H are 3.2, 3.5, and 3.9 eV. This direct gap
located at theM point in the hexagonal BZ.

Figure 2 shows the frequency dependence and the an
ropy of the dielectric function for the four polytypes und
consideration. The small anisotropy effect in the 3C case due
to the representation in a hexagonal cell and the use
correspondingk-point set for the BZ integration is not plot
ted. Rather the tensor components have been averaged
spectra clearly show the interplay of matrix-element a
density-of-states effects. This is more pronounced in the c
of the imaginary parts. The parallel components are m
strongly influenced by the polytypism than the perpendicu
-
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components. This finding relates to the atomic struct
which is in each bilayer essentially the same but differs d
to the different stacking of the Si-C layers parallel to thec
axis. The pronounced first peak of 3C around a photon en
ergy of 7 eV with a shoulder at about 6.5 eV splits up in
three ~two! peaks for 2H (4H), while the peak intensities
decrease remarkably. The tendency for the second pea
the 3C spectrum around 8.5 eV does not exhibit such a cl
behavior. It however shows the same tendency as the
peak to shift to lower energies and to be broadened. T
holds especially for 6H, where practically no pronounce
peak structure exists any more. As a consequence of
band-structure folding only the small shoulders at the lo
and high-energy sides are mentionable. In general, the f
ing effect seems to induce an effective smearing out of
peak structures as follows from the comparison of the spe
from 3C and 2H over 4H to 6H. It is therefore mainly
related to the period of the translational symmetry inc-axis
direction, but not to the relative number of twisted bond
i.e., the hexagonality of the polytype.

The spectral behavior of the imaginary part of the perp
dicular tensor components in Fig. 2~b! with hexagonality and
cell size, i.e., folding, is in contrast to that of the paral
components. In general, for all polytypes two major pea
are observed with some fine structure. The energetical
tance of the two-peak maxima vary with 1.5 . . . 2.0 eVonly
a little with the polytype. However, the double structure
redshifted for 3C and 2H against its position for 4H and
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55 1425OPTICAL AND LOSS SPECTRA OF SiC POLYTYPES . . .
FIG. 3. Division of the spectra for Im
« uu/'(v) ~solid line! into contributions related to
transitions between groups ofn upper valence
bands andn lower conduction bands in a poly
type with 2n atoms in the unit cell. Thin solid
line: v4n→c1n, dotted line:v4n→c2n, short-
dashed line:v3n→c1n, and long-dashed line
v3n→c2n. ~a! Parallel component,~b! perpen-
dicular component.
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6H. The polytypes with more atoms in the unit cell, 6H and
4H, give again a rise to more broadened features and
rather similar again.

An exact relationship of electronic transitions and pea
occurring in the absorption spectrum is given for 3C-SiC in
Ref. 13. Because of the larger number of bands such a
tailed analysis is more complicated for the hexagonal po
types and less helpful in the present stage of investigati
A preliminary discussion has been given in Ref. 11. As
striking feature we find for all hexagonal polytypes an e
hanced absorption on the low-energy side of the spectr
the case of light polarization parallel to thec axis in agree-
ment with Hemstreetet al.11 and Leeet al.10 In the 2H this
enhancement arises mainly from the transitionsG6v→G1c
and K2v→K2c around 5.1 and 6.1 eV in DFT-LDA. In
4H-SiC the peak at about 5.8 eV is much higher in t
parallel case. It relates to transitions asG6v→G1c ~5.55 eV!,
K2v→K2c ~5.75 eV!, H3v→H3c ~5.68 eV!, and
A5,6v→A1,3c ~5.91 eV!. The pronounced tail with the steplik
onset of the parallel 6H spectrum around 4 eV may be trace
back toL1,2,3,4v→L1,3c transitions.

10 For parallel polarization
theL4v→L1c transition has an oscillator strength that is by
factor 4 larger than the oscillator strengths forL4v→L3c and
L3v→L1c in the perpendicular case. Below this energy
about 4 eV the optical responses for the other polyty
2H, 3C, and 4H are practically zero. This clearly reflects th
behavior of the joint density of states.
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A comparison of the analysis of contributions of certa
optical transitions to the optical absorption is reasonable
ter summarizing the transitions into groups. Omitting t
spin degeneracy, four valence bands have to be consider
the 3C case with two atoms per unit cell. According to th
folding picture we consider groups ofn bands for thenH
structures. Such an analysis is represented in Fig. 3. We
that the low-energy tail and the lowest peaks are mainly
lated to transition between the 4n uppermost valence band
into the 1n lowermost conduction bands, where the gro
numbers 1, 2, 3, and 4 are energetically ordered. This find
holds especially for the parallel component of the dielec
tensor indicating the strongpz-orbital character of the uppe
valence bands. In the lower 3n group of valence bandsp
orbitals in the plane perpendicular to thec axis dominate. In
the perpendicular case the transitions between the lowen
valence bands and the lowest 1n conduction bands plays a
important role, especially for higher hexagonality. The hig
energy peak structures are dominated by transitions betw
the highest 4n valence bands and the second group 2n of
conduction bands. The transitions between 3n valence bands
and 2n conduction bands occur at the high-energy sides
the spectra.

The most important trends with the crystal structure in
spectra of the real parts of the dielectric tensor follow alrea
by discussing the low-frequency limitv→0, i.e., the tensor
of electronic dielectric constants«`

uu/'5Re« uu/'(0). The in-
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1426 55ADOLPH, TENELSEN, GAVRILENKO, AND BECHSTEDT
clusion of the nonlocal contributions to the optical transiti
operator in the calculation brings the dielectric constants
ready close to the experimental values. The overestima
of about 15% . . . 20% isremarkably reduced.13 A further
reduction results if local-field effects are included.19 In Table
I the corresponding values are compared with those fr
other calculations20,21or experiments.22,23 Independent of the
complexity of the calculation or the experiment the para
dielectric constant is larger than the perpendicular one fo
hexagonal polytypes. The splitting between the two ten
components seems to increase with rising hexagonality.
same trend we find for the absolute values of the com
nents. They increase with decreasing hexagonality, whe
the values of the parallel components differ much larger t
the perpendicular ones. A word of caution is necessary c
cerning the accuracy of the DFT-LDA calculations. In o
treatment«`

uu/' is derived as Re« uu/' ~0! from a Kramers-
Kronig transformation of Im« uu/'(v). The other DFT-LDA
predictions estimate«`

uu/' directly by means of a specia
point technique21 or from the density-functional perturbatio
theory.20 Nevertheless, there is also a wide spread of exp
mental data. In the 6H case one finds besides«`

uu 56.68
~6.55! and«`

'56.52 ~6.50! from Ref. 22~Ref. 23! also val-
ues«`

uu 56.49 ~8.18! and «`
'56.17 ~5.16! depending on the

fitting procedure.24 Further work is needed here. For the a
plication of different SiC polytypes in optical waveguide
e.g., of 3C and 4H or 6H, the differences in the refractiv
index numbers should be clarified.

The most important variations of the real part of the
electric function@Fig. 2~a!# occur in the energy range be
tween 6.0 and 9.0 eV. According to the double-peak str
ture in Im«(v) for 3C the corresponding real part exhibits
clear two-oscillator behavior with three energy zeros. T
character mainly disappears for 6H and 4H but remains in a
weakened form for 2H. Consequently, we conclude again
remarkable influence of the size of the unit cell and the
companying folded band structure, whereas the hexagon
has less influence. Due to the folding of the bands ink space
parallel to thec axis, there is a tendency for flattening th
spectral features. In the energy range7 . . . 8 eV thestrongest
anisotropies of the order of Re@« uu(v)2«'(v)#>10 occur.
They are mainly caused by the strong variation of the opt
matrix elements. For the transitions into higher conduct
bands nearG that contribute significantly, the induced dipo

TABLE I. Tensor of electronic dielectric constants for differe
polytypes of SiC.~* denotes that the values are calculated includ
local-field effects.!

Polytype 2H 4H 6H 3C
hexagonality 100% 50% 33% 0%

«`
uu «`

' «`
uu «`

' «`
uu «`

' «`

This work 8.02 7.64 7.61 7.54 7.49 7.48 7.3
Ref. 20 7.28 6.88 7.17 6.95 7.24 7.02 7.0
Ref. 21 7.32 6.91 7.20 6.96 7.24 7.00 6.9
Ref. 21* 6.69 6.38 6.65 6.47 6.70 6.53 6.33
Ref. 22 6.84 6.51 6.78 6.56 6.68 6.52 6.5
Ref. 23 6.70 6.50 6.55 6.50 6.38
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parallel to thec axis is much stronger than the perpendicu
one.

The calculated real and imaginary parts of the dielec
tensor allow the calculation of important optical constan
The reflectivity spectra plotted in Fig. 4 are derived using
Fresnel formula for normal incidence assuming an orien
tion of the crystal surface parallel or perpendicular to t
optical axis. Some tendencies described already for the
electric functions occur in a less pronounced form. Fo
polarization with the electric field in the plane perpendicu
to the c axis the polytype-induced reflectivity changes a
smaller than for the opposite polarization. This could be
consequence of the fact that for that light polarization
optical response is less sensitive to the stacking of the S
bilayers. An oscillatorlike reflectivity behavior with a pea
and a subsequent dip can be observed for the extreme c
3C and 2H around photon energies of about 7 eV. For t
4H and 6H polytypes with intermediate hexagonalities b
more extended unit cells this principal spectral shape
rather washed out as a consequence of the folding of
band structure inc direction. The folding effect also explain
the appearance of several smaller structures in the reflect
spectra in the energy interval between 5.5 and 9.5 eV. Ab
photon energies of 10 eV the influence of both the polyty
ism and the anisotropy is almost vanishing~except concern-
ing the absolute values!. The influence of the different aver
aged gaps disappears and the Drude behavior begin
develop.

In Fig. 5 the normal-incidence reflectivity calculated f
light polarization in the plane perpendicular to thec axis is

g

FIG. 4. Normal-incidence reflectivity for different polytypes an
electric-field polarization parallel~solid line! and perpendicular
~dotted line! to thec axis.
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55 1427OPTICAL AND LOSS SPECTRA OF SiC POLYTYPES . . .
compared with experimental spectra.6,7 To account for the
excitation aspect not included in the DFT-LDA electron
structure the theoretical curves are shifted to higher ener
by a constant value of 0.75 eV. The different aspects of s
a scissors-operator approximation to remove the under
mation of the gaps in DFT-LDA have been discussed i
previous paper.13 The important point is that the value of th
scissors operator is smaller than the quasiparticle shifts
culated for the various transitions.3 It nearly approaches hal
of the quasiparticle shift calculated for the indirect fund
mental gaps. This fact seems to be general considering
cal gaps in contrast to the case where these gaps are de
from photoemission and inverse photoemission.13,21We be-
lieve that the need for reduction is a consequence of
electron-hole interaction~excitonic effects! omitted in the
theoretical description but present in experiment. The m
sured principal spectral features are reproduced by
theory. This holds in particular for the peak close to 8 eV
the considered polytypes. It correlates with the high-ene
peak in Im«'(v) @cf. Fig. 2~b!# and the first dip around 7.5
eV in Re«'(v) @cf. Fig. 2~a!#. This peak is most pronounce
in the case of the 3C polytype and is somewhat smeared o
for the hexagonal crystals 6H and 4H. The absolute values
of the reflectivity are slightly overestimated compared w
the experimental data given in Ref. 6 but not with first me
surements of Wheeler.7 In the low-energy part we trace th
discrepancy back to the overestimation of the high-freque
dielectric constant. Moreover, no lifetime and other~e.g.,
instrumental! broadening effects are included in the theore
cal approach. The tendency for the overestimation of

FIG. 5. Comparison of the calculated reflectivity versus pho
energy~solid line! with experimental data~Ref. 6: dotted line, Ref.
7: dashed line! for normal incidence and light polarization in th
plane perpendicular to thec axis.
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reflectivity in the high-energy region is not only a cons
quence of the limited accuracy of the theoretical and num
cal treatment. The sample quality, the surface treatment,
sample size, and technical difficulties of handling t
vacuum UV radiation may influence the reflectivity spec
and therefore contribute to the discrepancy.

The knowledge of the complex dielectric tensors also
lows the prediction of the frequency dependence of the
refractive indexn. The spectra for light polarization paralle
and perpendicular to thec axis of the polytypes are plotted i
Fig. 6 versus the wavelength of the light in vacuum. In
wide range from the infrared to the blue spectral region
refractive index n represents the behavior of the hig
frequency dielectric constant. The light polarized parallel
the c axis is more refracted than that with perpendicu
polarization. This anisotropy of the hexagonal crystals
creases with the numbern of Si-C bilayers in the unit cell.
On average a nonlinear behavior versus the hexagonali
observed, indicating at least two opposite effects with ris
hexagonality. In the ultraviolet range, for wavelengths bel
250 nm, strong peaks already discussed in the case o
absorption spectra@Fig. 2~b!# and reflectivity~Fig. 4! appear.
For 4H and 6H these peaks are slightly enhanced and
come more pronounced than in the other spectra. Below
nm the Drude behavior of the valence electrons starts to
velop. A nearly isotropic refractive index occurs with pra
tically the same values for all polytypes. The quality of o
calculations is indicated by the good agreement betw
theoretical and experimental refractive index in the case
3C-SiC. The measurements are performed by means of s

n FIG. 6. Refractive index versus wavelength for light polariz
tion parallel ~solid line! and perpendicular~dotted line! to the c
axis. The inset shows the long-wavelength region. Dot-dashed
experimental data~Ref. 25!.
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FIG. 7. Energy-loss function for transmission~a! and reflection~b! calculated from the parallel~solid line! and perpendicular~dotted line!
components of the dielectric tensor.
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troscopic ellipsometry for high-quality CVD layers.25

Figures 7~a! and 7~b! represent energy-loss spectra for t
scattering of low-energy electrons and light atoms. They
calculated according to2Im@1/« uu/'(v)# for particle trans-
mission and2Im@1/„« uu/'(v)11…# for particle reflection and
different orientations of the crystal with respect to the p
ticle beam. Considering the energy loss functions around
main peak, i.e., for energies in the vicinity of the bulk
surface plasma frequency, where the collective action of
electrons dominates, we find the polytypism at least of
same importance as in the case of the optical properties
the transmission case intensities of the functions deri
from the parallel components of the dielectric tensor
nearly independent of the polytype, whereas the energe
positions of the parallel loss functions vary remarkably
about 1.5 eV. This variation shows again a parabolic beh
ior with the hexagonality. On the other hand, the positions
the main peaks of the loss functions derived from the p
pendicular components coincide quite well. The latter o
differ only by about 0.3 eV, although an exact fixing of th
peak maximum of the plasma peaks is not possible. We s
gest using in the parallel situation the position of the m
plasmon loss for the polytype identification by means
electron-energy-loss spectroscopy~EELS!.

The absolute position of the center of the plasma pea
overestimated due to the neglect of quasiparticle and lo
field effects. The value measured by means of EELS
3C-SiC amounts to 22.1 eV.26 We have to mention that th
shape and the position of the plasma peak dramatically
pends on the numerical details. Especially the converge
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with respect to the number of conduction bands is a cru
point. This is understandable from the fact that in the ran
of the plasma frequency both the real part and the imagin
part of the dielectric tensor become rather small. The t
small quantities have to be calculated with a high precis
for energies more than 20 eV above the valence-band m
mum. A further problem arises from the band-structure c
culation itself. It is expected27 to lead to an underestimate o
the oscillator strength for transitions into high-lying condu
tion bands. Nonlocality effects can by no means be omitt

In fact, the influence of the crystal structure on the lo
properties is not only clearly present for higher energies
the range of the band-to-band transitions at lower ener
we observe similar spectral features as already discusse
the case of the absorption. Practically the same features
observed in the loss functions in the reflection case@Fig.
7~b!#. However, due to the different background their inte
sity is lowered with respect to the transmission case@Fig.
7~a!#. The main peak in these loss spectra for transmissio
found close to the surface plasmon. Its energy indeed follo
the rulevpeff /A2 as expected from the definition. Howeve
we observe again a small overestimation by the theory.

IV. SUMMARY

In conclusion we have studied optical and dielectric pro
erties of different polytypes of SiC usingab initio calcula-
tions. We have examined the density of states, the freque
dependent dielectric tensors as well as related quantities
reflectivities and energy loss functions. Because of the s
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metry in the hexagonal crystal lattice the dielectric ten
possesses two independent components. The accompa
anisotropy depends on the stacking of the Si-C bilayers,
the hexagonality, and the sequence of this stacking, i.e.,
extent of the unit cell parallel to thec axis of the crystal.
Both effects influence the band structure and the optical t
sition matrix elements by changes of the third-neare
neighbor or more-distant-neighbor interactions or the fold
effect. Therefore, some spectral features vary monotonic
with the hexagonality and are most pronounced in the cas
the 2H polytype. Others are more important for the 4H and
6H crystals, which exhibit longer periods of the translation
symmetry inc-axis direction. Whereas details of the ba
structure, as the crystal-field splitting, as well as integ
quantities of the band structure, as the joint density of sta
follow a clear trend with the hexagonality of the polytyp
such a monotonic behavior is not observed in the case o
optical properties. Rather, there is a near parabolic beha
versus the hexagonality due to the interplay of relative nu
ber of twisted bonds and length of the unit cell. The cu
3C phase and the 2H wurtzite structure exhibit spectra quit
different from those of the 4H and 6H polytypes with an
intermediate hexagonality. This holds especially for spec
which are related to the component of the dielectric ten
parallel to thec axis of the hexagonal crystal. In the oppos
case, where the electric-field vector of the light vibrates p
-

s.
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allel to the plane of the bilayers the stacking is of min
influence.

A small overestimation of the absolute values holds
the dielectric constants calculated. Comparing the calcula
reflectivity with experimental curves we found a good agre
ment concerning the general features of the spectra, whe
the intensity is overestimated by the theory again. To
better agreement with experiment one should take into
count quasiparticle, local field, and, in particular, exciton
effects. For a wide wavelength range in the infrared a
visible spectral region we predict a higher light refraction f
the electric-field vector parallel to thec axis of the polytypes.
The energy loss spectra calculated react rather sensitive
the details of the numerical approaches, in particular to
number of conduction bands. The inclusion of quasiparti
and, especially, spatial nonlocal effects turned out to stron
influence the energetical positions of the loss spectra, lea
to better agreement between theory and experiment.
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18P. Käckell, B. Wenzien, and F. Bechstedt, Phys. Rev. B50,
10 761~1994!.

19V.I. Gavrilenko and F. Bechstedt, Phys. Rev. B~to be published!.
20K. Karch, F. Bechstedt, P. Pavone, and D. Strauch, Phys. Re

53, 13 400 ~1996!; K. Karch, P. Pavone, W. Wellenhofer, D
Strauch, and R. Ro¨sler, ibid. 53, 6071~1996!.

21J. Cheng, Z.H. Levine, and J.W. Wilkins, Phys. Rev. B50,
11 514~1994!.

22Physics of Group IV Elements and III-V Compounds, edited by
K.-H. Hellwege and O. Madelung, Landolt-Bo¨rnstein, New Se-
ries, Group III, Vol. 17, Pt. a~Springer, Berlin, 1982!.

23H. Hobert and H. Dunken~private communication!.
24F. Engelbrecht and R. Helbig, Phys. Rev. B48, 15 698~1993!.
25J. Heber and S. Karmann~unpublished!.
26B. Bartning, Opt. Commun.4, 78 ~1971!.
27F. Aryasetiawan and O. Gunnarsson, Phys. Rev. B49, 7219

~1994!.


