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The density-functional theory withab initio pseudopotentials has been used to study the linear optical
response of semiconductors. We present results for optical spectra where the effects of the macroscopic
local-field and microscopic exchange-correlation interaction are included beyond diagonal and random-phase
approximations. Quasiparticle corrections to the single-particle energies have been added in the polarization
function. Numerical calculations are performed for the column-IV materials Si, SiC, and diamond as model
substances.@S0163-1829~96!07944-1#

Highly accurate calculations of optical properties of semi-
conductors without using any empirical parameters are of
continuous interest.1–4 Most of the theoretical studies are
based on the independent-particle approximation5 @often
called the random-phase aproximation~RPA!# and a first-
principles description of the electronic and atomic structure
in the framework of the density-functional theory~DFT! in
the local-density approximation~LDA !. The independent-
quasiparticle~QP! approximation has been used in Refs. 1
and 6. First attempts1,2 were made to go beyond the RPA,
considering exchange-correlation~XC! corrections. Local-
field ~LF! effects5 due to the atomic structure of the matter
influence the resulting optical spectra. However, they have
been studied in only a few papers.2,3 These papers supple-
ment earlier studies in the field7–10 ~and references therein!,
in which LF and excitonic effects have been discussed in the
framework of the empirical-pseudopotential method~EPM!
or expansions of the eigenfunctions in terms of localized
orbitals. However, a clear and detailed picture is still miss-
ing.

In this paper we demonstrate the restrictions of the RPA
widely used in condensed-matter theory for a quantitative
analysis of optical spectra. In the framework ofab initio
DFT beyond the RPA, we systematically studied the number
of important contributions to the optical functions of semi-
conductors: the nonlocality of the velocity operator, and lo-
cal fields as well as exchange-correlation effects. In addition,
XC self-energy effects,4,11 i.e., quasiparticle shifts of the
electron and hole DFT-LDA energies, are discussed. An in-
terplay between the effects studied is discussed. As model
substances the column-IV materials diamond~C!, silicon
~Si!, and silicon carbide~SiC! are considered.

According to Adler and Wiser,5 the macroscopic dielec-
tric function, that governs the optical properties of a crystal,
may be directly related to the zeroth element of the inverse
of the microscopic dielectric matrix«(q1G,q1G8;v),
whereq denotes a vanishing wave vector, andG,G8 repre-
sent elements of the reciprocal Bravais lattice of the crystal.
The longitudinal macroscopic function is defined as

«M~ q̂;v!5 lim
q→0

1

«21~q1G,q1G8;v!
U
G5G850

, ~1!

whereq̂5q/uqu represents the direction ofq. The zeroth el-
ement of the inverse dielectric matrix is influenced by the
off-diagonal elements of the dielectric matrix, which are due
to the lattice periodicity and generate ‘‘umklapp’’ processes
in the dielectric response. They are generally referred to as
‘‘local-field effects.’’5 We define these LF effects more ex-
actly as the discrepancy between«M(q;v) and the zeroth
element of the dielectric matrix, limq→0«(q,q;v).

The microscopic dielectric matrix

«~q1G,q1G8;v!5dGG82v~q1G!P~q1G,q1G8;v!,
~2!

with v(q1G)54pe2/uq1Gu2, is directly related to the po-
larization functionP of the system under consideration. It
contains the irreducible diagrams of the proper part of the
two-particle Green function. Neglecting XC corrections to
the two-particle Green function, i.e., applying the
independent-particle approximation,P has to be replaced by
the polarization functionP0 of independent particles~or qua-
siparticles!. If XC effects on the longitudinal response are
not neglected, e.g., within the DFT or DFT-LDA, the polar-
ization functionP appears instead that of independent par-
ticles P0. It can be easily proved2,3 that the expression for
interacting particles takes the form

P~q1G,q1G8;v!5(
G9

G~q1G,q1G9;v!

3P0~q1G9,q1G8;v!, ~3!

where the matrixG arises from the vertex function of the
system. Its inverse matrix is directly related to a kernel
KXC that describes the XC effects in the two-particle func-
tion beyond the RPA. Within the DFT it may be represented
in real space byKXC5d2EXC /(dndn8) with the electron
densityn and the total XC energyEXC . Within the DFT-
LDA the kernel is local in real space and does not depend on
the frequency. As a result, the reciprocal-space representa-
tion for KXC is independent ofq and v. It holds that
KXC(q1G,q1G8;v)5KXC(G2G8).

Theq→0 limit of expression~1! is required to obtain the
optical response functions. This limit has to be taken with
care to keep the correct analytical properties of this function
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and the underlying inverse dielectric matrix.12 In the limit of
vanishing wave vectors the macroscopic dielectric function
~1! transforms into

«M~q;v!5q̂• «̂M~v!•q̂, ~4!

where the macroscopic optical tensor12 ( i , j5x,y,z)

« i j
M~v!5« i j ~v!2 (

G,G8~Þ0!

uGu
uG8u

Wi~G;v!

3S21~G,G8;v!Wj* ~G8;2v! ~5!

is related to the corresponding microscopic one following
from the zeroth element~‘‘head’’ ! of the dielectric matrix
~2!,

« i j ~v!5d i j1
16pe2\2

V (
k

(
c,v

1

@ec~k!2ev~k!#

3
^ckuvi uvk&^vkuvj uck&

@ec~k!2ev~k!#22\2~v1 ih!2
~6!

and functions

Wj~G;v!5
16pe2\

uGuV (
k

(
c,v

^ckueiG–xuvk&^vkuvj uck&
@ec~k!2ev~k!#22\2~v1 ih!2

~7!

arising from ‘‘wing’’ elements«(q,G;v). Here matrix ele-
ments of the velocity operatorv and exponential functions
with the Bloch eigenfunctionsunk& belonging to the band
indexn, the wave vectork from the Brillouin zone~BZ!, and
the single-particle energyen(k) are introduced.S21 is the
inverse of the lower-right submatrix of«(q1G,q1G8;v),
corresponding to nonzero reciprocal-lattice vectorsG and
G8Þ0, the so-called ‘‘body’’ of the dielectric matrix.

The electronic-structure calculations underlying the com-
putations of the optical properties are based on the
DFT-LDA.13 The electron-ion interaction is treated by norm-
conserving,ab initio, fully separable pseudopotentials in the
Kleinman-Bylander form. As model systems we consider
silicon- and carbon-based crystals. TheC potentials are soft-
ened by careful choosing of the core radii.14 The electronic
wave functions are expanded in terms of plane waves. The
energy cutoffs for the plane-wave expansion are chosen to
15, 34, and 42 Ry for silicon, silicon carbide, and diamond.
The total-energy optimizations give rise to theoretical cubic
lattice constants ofa510.227 a.u. for Si,a58.109 a.u. for
SiC, anda56.681 a.u. forC. We also study the influence of
many-body QP effects. Thereby we overcome the scissors-
operator approximation. The QP corrections to the DFT-
LDA eigenvalues are computed within theGW approxima-
tion for the XC self-energy11 according to a simplified
scheme developed by Menzienet al.15 Using the numerical
input described above corresponding shift values have been
published for Si and diamond in Ref. 4, and for SiC in Ref.
15.

A crucial point of the calculations concerns the number of
conduction bandsNCB and the rankNG of the microscopic
dielectric matrix taken into account. The convergence prop-
erties of the head, wing, and body elements with increasing
NCB are rather different. This holds also for the size of the

dielectric matrix that has to be inverted. The maximum ma-
trix size considered isNG589. We conclude that a reason-
able convergence is already obtained for a restriction up to
G vectors of type~222!, independently of the inclusion of the
XC kernel in addition to the LF effects or not. The rank of
the matrix in this case isNG559. The sufficient number
NCB of conduction bands depends on the reciprocal-lattice
vectorsG included in the dielectric matrix. In the computa-
tions of the frequency dependences we use the number
NCB5176, which obviously gives converged results.

A crucial point of the explicit numerical calculations of
the macroscopic dielectric function concerns the BZ integra-
tion. It should be reduced to the smallest possible part, for
instance to the irreducible part of the BZ~IBZ!. This is in
general not possible. Since the matrix«(q1G,q1G8;v)
has the symmetry of the little groupGq of the wave vector
q, the degree of the BZ-integration reduction depends onq.
To achieve maximum computational efficiency we make full
use of the symmetry under consideration. In the cubic case,
the tensor « i j

M(v) in Eq. ~5! should be diagonal,
« i j
M(v)5«M(v)d i j , for symmetry reasons. Then the longi-

tudinal dielectric function is indeed independent of the direc-
tion of q. Therefore, only one diagonal component has to be
calculated integrating ink space over a part of the BZ larger
than the IBZ. However, we consider the trace of the tensor to
obtain the macroscopic dielectric function,«M(v)5
1
3Tr$« i j

M(v)%5 1
3@«xx

M (v)1«yy
M (v)1«zz

M(v)#. The trace is an
invariant with respect to to all point-group operations. Be-
cause of the invariance property of the trace the BZ integra-
tion of each diagonal element of the microscopic tensor can
be reduced to the IBZ. The body of the dielectric matrix
«(G,G8;v), with G,G8Þ0, has the symmetry of theG
point, i.e., of the full point group. The corresponding matrix
elements are therefore computed with the reduction of the
BZ integration to the IBZ applying the method of invariants.

Critical points of the IBZ integration concern the density
of the k-point mesh and the type of integration. It has been
proved previously that, in the calculation of the static dielec-
tric constant, good convergence is achieved by the use of a
relatively small numberNk of specialk points ~see Ref. 11
and referencies therein!. Typical numbers ofNk used were
not very much larger than 10. However, calculating the
whole spectra of Re«M(v) and Im«M(v) many more points
are needed. We therefore apply a combination of the linear-
tetrahedron method and a special-point technique for the
k-space integration. The most important diagonal head con-
tributions « j j (v) are calculated within the tetrahedron
method withNk589. For the wing and body elements we
use 235 special-k points within the IBZ. To smooth the re-
sulting spectra a Lorentzian broadening ofh50.1 eV @cf.
expressions~6! and ~7!# is introduced.

Imaginary parts of the macroscopic dielectric functions
resulting for C, SiC, and Si are plotted versus photon energy
in Fig. 1 within different approximations: without LF and
XC effects, with LF effects, with LF and XC effects, and
with LF and XC effects but using QP eigenvalues instead of
DFT-LDA ones. Changes of LF contributions due to inclu-
sion of the XC kernel are plotted separately. The nonlocality,
LF, and many-body XC effects have practically no influence
on the peak positions, but give rise to remarkable renormal-
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izations of the oscillator strengths. Compared with the
G5G850 element of the dielectric function, the LF effects
reduce the oscillator strength of«M(v) in the spectral region
below the main absorption peaks. On the other hand, the
inclusion of the XC kernel reduces the LF effects in this
region. The corresponding curves lie in between those for

«(v) and «M(v) including only LF effects. The net effect
which incorporates LF and XC amounts to roughly 60% of
the pure LF influence using the RPA expression for the po-
larization function. In the region of the main absorption
peaks and above them, the situation is not unique. Positive
and negative variations of the oscillator strengths occur.
However, the strongest theoretical absorption peaks, i.e.,
E2 for C and Si,Eo , E1, Eo8 andE18 for SiC, andE18 for Si
are increased by LF but somewhat reduced by XC effects. In
the high-energy region above these peaks local fields slightly
enhance the response whenever the XC effect in this region
is negligible. The comparison of the spectra for C, SiC, and
Si make it evident that LF and XC effects show only weakly
pronounced chemical trends with the averaged size of the
atoms, the localization of the wave functions, or the averaged
density of the electrons. The strongest LF and XC effects
appear for silicon whereas their relative influence is slightly
reduced changing to diamond. This result is in agreement
with earlier semiempirical calculations for Si and C.7,8

In Fig. 2 the macroscopic dielectric functions of C, SiC,
and Si are calculated within the DFT-LDA, but including LF,
XC, and QP effects, and are compared with experimental

FIG. 1. Imaginary part of the macroscopic dielectric function of
diamond, silicon carbide, and silicon vs photon energy. Thin solid
line: without LF and XC effects~only G5G850 element!; bold
solid line: with LF and XC effects; dotted line: with LF and XC
effects but shifted by wave-vector- and band-index-dependent QP
corrections; dashed-dotted line: change of LF contribution due to
inclusion of XC kernel in expression~3!.

FIG. 2. Imaginary part of the macroscopic dielectric function of
diamond, silicon carbide, and silicon vs photon energy. Solid lines:
calculated results including LF, XC, and QP effects; dotted lines:
experimental results for Si~Ref. 16!, SiC ~Ref. 17!, and diamond
~Ref. 18!.

13 418 54BRIEF REPORTS



data.16–18 The theoretical spectra are shifted toward lower
energies to bring the zeros of the experimental and theoreti-
cal real part together. For this purpose the calculated QP
shifts Dn(k) are replaced byADn(k) with scaling factors
A50.2 ~C!, 0.45~SiC!, and 0.5~Si!. This scaling reduces the
effect of the wave-vector- and band-index-dependent quasi-
particle shifts calculated for Si, SiC, and C.4,15 Considering
the comparison of theoretical and experimental optical spec-
tra over a wide range of photon energies, one can conclude
that the QP effect is overestimated for the most pronounced
optical transition, e.g.,E1 andE2 in Si and C, in contrast to
electron-hole pair excitations near the fundamental indirect
energy gap. As a consequence the scaling factorsA,1 have
been introduced. Using the positions of the zero in the real
parts of the macroscopic dielectric function in order to define
averaged scissors operatorsD, from the wave-vector- and
band-index-dependent QP corrections one derives values
D50.95 ~Si!, 1.65 ~SiC!, and 2.65 eV~C!. However, aver-
aged scissors operators being necessary for a correct descrip-
tion of spectral positions only amount toD50.47 ~Si!, 0.84
~SiC!, andD50.40 eV~C!. The reason for this observation
is not very clear. One possible reason could be related to
excitonic effects which increase with the localization of the
electronic states in the considered material. We mention that
similarly small scissors operators have been found to bring
the calcuations of«` into agreement with experiment.1 Con-
versely, the partial inclusion of QP effects shifts the theoreti-
cal peaks toward the position of experimental ones.

A general feature of the theoretical spectra for the imagi-
nary parts of C and Si is that the overestimation of the in-
tensity of theE2 peak, i.e., the high-energy peak in Im
«M(v), is further increased by the LF effects. However, the
shoulder at the low-energy side of the theoretical spectra Im
«M(v) is not enhanced but further reduced. These findings,

that LF effects shift the strengths of the Im«M(v) to high
energies, are in agreement with the EPM calculations of Van
Vechten and Martin,7 but these results are in conflict with the
findings of Louie, Chelikowsky, and Cohen.8 We speculate
that only the inclusion of the Coulomb attraction between the
electron and hole can drastically redistribute the oscillator
strengths from higher to lower photon energies.

In conclusion, we studied the influence of the number of
important effects on the optical functions of semiconductors
beyond the RPA. The influence of the nonlocality of the
velocity operator, local-field effects, and exchange-
correlation corrections on the optical properties of
column-IV materials are studied in the framework of anab
initio density-functional method. We find that~i! these ef-
fects do not shift the prominent peak positions in Im
«M(v), and that~ii ! the agreement of theory and experiment
remains still insufficient after inclusion of these effects. We
found a weakly pronounced chemical trend. With rising elec-
tron localization, the influence of LF and XC decreases
slightly. The influence of quasiparticle corrections is also
checked, taking into account wave-vector- and band-index-
dependent self-energy shifts. We observe an obvious remark-
able overestimation of these shifts. In order to bring theoreti-
cal absorption spectra closer together with measured line
shapes we suggest that excitonic effects have to be also in-
cluded in theab initio calculations. Our results show the
restrictions of the RPA for a quantitative analysis of optical
properties, and the necessity of including many-body effects
into the theory.
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