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Local-Field Effects in the Optical Spectrum of Silicon*
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%e have calculated the dielectric response matrix qG && (q= 0, co) for silicon and have
obtained the macroscopic frequency-dependent dielectric function. Contrary to recent
calculations, local-field corrections do not shift the prominent peak positions of the
imaginary part of the dielectric function; further the calculated dielectric function is im-
proved as compared with experiments at higher energies. ln particular, agreement with
measured energy-loss spectra is significantly better when local-field effects are included.

Recently, much effort has been made to under-
stand the role of microscopic electric fields on

various physical properties of crystalline sol-
ids. ' " Two recent Letters' have been pub-
lished on local-field corrections to the optical
spectrum of diamond; however, the two calcula-
tions give quite different results. By inverting
the dielectric response matrix, Van Vechten and
Martin, ' using the pseudopotential method, and
Hanke and Sham, ' using a linear combination of
atomic orbitals method, have calculated the mac-
roscopic dielectric function for diamond in the
random-phase approximation (RPA)." Van Vech-
ten and Martin find that local-field effects shift
the strength of the imaginary part of the dielec-
tric function, e,(v), to the energy region just
above the main optical peak. This behavior in-
creases the discrepancy between the calculated
cs(ur) and experiment. In an attempt to improve
agreement with experiment, Van Vechten and
Martin included the effects of dynamical correla-
tion in their calculation of e,(u) via a one-param-
eter model. Hanke and Sham, on the other hand,
find that local-field effects weaken the strength
of e,(~) in the energy region from the main peak
(-12 eV) to 20 eV and that the positions of the
prominent peaks in e,(w) are shifted in the oppo-
site direction to that needed to achieve good ac-
cord with experiment by approximately 0.5 eV.
Hanke and Sham then include exchange effects
(beyond the RPA) in their calculation of the mac-
roscopic dielectric function and are able to
achieve better agreement with experiment.

To gain some new insights into the effect of
local-field corrections to optical spectra of co-
valent solids, we present here a calculation of
the dielectric function of silicon with local-field
effects included. Using an extremely accurate
band structure from the empirical pseudopoten-
tial method, we have calculated the RPA dielee-

tric response matrix, ac c (q=0, ur), for silicon
and inverted it to obtain the macroscopic fre-
quency-dependent dielectric function. We find
that (1) local-field corrections do not shift the
prominent peak positions of ~,(~) and that (2) lo-
cal-field corrections do improve the calculated
dielectric function as compared with experiments
at energies higher than the main optical peak. In
particular, agreement with measured energy-
loss spectra is significantly better when local-
field effects are included.

Within the linear-response theory, a small per-
turbing electric field of frequency ~ and wave
vector q+G in a crystal will establish responses
with frequency cu and wave vectors q+G', where
G and G' are reciprocal-lattice vectors. The mi-
croscopic fieMs of wave vectors q+6' are gener-
ated from the applied perturbing field through
umklapp processes. In the ease of cubic crystals,
the dielectric responses of the solid for longitudi-
nal fields may be described by a matrix in 6 and
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Z&~c,c'(q ~)E(q+G', ~) =&p ri(q+G, ~), (1)

where E is the total fieM in the crystal and &p«,
is the applied perturbing field. Microscopic-field
effects (or local-field effects) are traditionally
ignored by assuming the off-diagonal elements of
the dielectric response matrix to be zero. How-
ever the off-diagonal elements can be important
when considering local-field corrections to opti-
cal spectra, ' ' plasmon dispersion in metals, '
valence-electron density, ' and lattice dynamics' "
in semiconductors and insulators.

In analyzing the optical spectrum, the incident
light of frequency ~ may be viewed as a perturb-
ing field of vanishingly small wave vector. The
macroscopic dielectric function is given by"



VOLUME 34, NUMBER 3 P H YS ICAL RK VIE%' LETTERS 20 JANUARY 1975

ere &-i is the inverse of the matrix ep &.. Adler and Wiser' have derived, within the RPA, the fol-
lowing expression for the dielectric response matrix":

that Ime G G(@=0, e) becomes more extended in
frequency as )G I increases and that the integrand
in Eq. (4) is linearly weighted with frequency.
Better results can be obtained if we extend our
integrations beyond the 100-eV range. As far as
the optical properties are concerned, this high-
energy behavior is unimportant, and our values
for e(=. & in the region considered should be very
accurate.

The calculated imaginary parts of the macro-
scopic dielectric function with (Adler-Wiser) and
without (Cohen-Ehrenreich) local-field correc-
tions, e,(u) and Ime;, (~), respectively, are giv-
en in Fig. 1 together with the experimental mea-
surement of Philipp and Ehrenreich. ' The value
for our calculated static dielectric constant with-
out local-field effects is 10.1; with local-field ef-
fects it decreases to 9.0. From Fig. 1 we see
that local-field corrections do not alter the prom-
inent peak positions, although they do alter the
strength of the dielectric function. Compared
with the usual Ime,-~ (&u), e2(u) has less strength
at energies below the main optical peak, thus in-
creasing the discrepancy with experiment. At
energies higher than the main optical peak, the
strength of e,(u) is reduced from that of Ime~~(w)
until approximately 7 eV. Beyond this point e,(e)
is larger than Ime, ~ (cv), an event which must
transpire if the well-known sum rules'4 are to be

TABLE I. Sum rules from Eq. (4) for Qp g and QG g'
1n ~its of eU2 ln the limit q-o along the x dlrectlon.

,p(G —5')
p(0)a—G'

27r
G

27t x P(q+ 0) ~ P(q+ G')f(d Inly / pi dG)

(o, o, o)
(1,1,1)
(2, 0, 0)
(2, 2, o3

(S, 1,1)
(2, 2, 2)
(0, 0, 03

(o, o, o)
(o, o, o)
(o, o, o3

(o, o, o)
(o, o, o)

(o, o, o)
(1,1,1)
(2, o, o)
(2, 2, o3

(g, 1., 1)
(2, 2, 2)
(1,1, 1)
(2, 0, 0)
(2, 2, 0)
{3,1, 1)
(1,3, 1)
(2, 2, 2)

488.5
488.5
488.5
488.5
488.5
433.5

—54.7
0.0

10.3
20.2
6.7

15.0

415.6
481.6
480.1
403.2
311.8
278.4

—50.9
0.0

11.1
21.6
7.2

15.5

4~e' f.[E.(k+ a)1- fo[E.(k) ]"- "-) -)
' " . &k+q, ~'jew[i(q+6) r]jk, ~)

Qjq+Gj jq+6'j „-,E„.k+q) -E„k)+R~+ihn

&(k, n jexp[- i(q+G') ~ r]lk+q, n'), (3)

where 0 is the crystal volume, f, is the Fermi-Dirac distribution function, and Ik, n) and E„(k) are
eigenstates and eigenvalues of the unperturbed Hamiltonian. e;~(q, &u) is just the usual Cohen-Ehren-
reich dielectric function (no local-field effects). "

To evaluate the required matrix elements and eigenvalues in Eq. (3), we have calculated a band
structure for silicon by using the empirical pseudopotential method. " The resulting band structure"
is in excellent agreement with the optical gaps and photoemission experiments E.ach Eo g.(q=0, ~)
was evaluated in energy intervals of 0.125 eV up to 100 eV. The summation over wave vector was per-
formed by evaluating the wave functions and eigenvalues on a grid of 308 k points in the irreducible
zone. The matrix size of the dielectric response matrix involved in the inversion for Eq. (2) was cho-
sen to be 59x59, containing 6 vectors through the set (222). Symmetry can be invoked to reduce the
number of cG ~ elements which need be calculated to 72. Convergence of the macroscopic dielectric
function was confirmed by inversion of eo G. including sets of 6 vectors through (111), (200), (220),
(311), and (222), respectively.

In order to establish the accuracy of the calculated c& ~., we have tested our results by using the
sum rules as derived by Johnson, "

f ~1m~ G G.(q, ~) d&u = ,' 11~[p(-G —6')/p(0)]e(q+6) e(q+G'), (4)

where u&'—- 4vne'/m is the plasma frequency,
p(G) are the Fourier transforms of the valence-
electron density, and e(q+ G) is a unit vector in
the q+ G direction. In Table I we list our calcu-
lated results for the specific cases G=G' and G
=0, 6'e0. The integral appearing in Eq. (4) was
evaluated over a 100-eV range in intervals of
0.125 eV. Our results demonstrate good internal
consistency except for the diagonal elements for
the higher G vectors. This arises from the facts
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FIG. 1. Calculated g&(u) for Si, with (dashed curve)
and without (dotted curve) local-field effects, com-
pared with experiment (solid curve) from Bef. 20.

Energy (eVI

FIG. 2. Calculated energy-loss spectra for Si, with
(dashed curve) and without (dotted curve) local-field
effects, compared with experiment (solid curve) from
Ref. 20.

satisfied. This behavior results in an overall im-
provement in e,(co) at higher energies as com-
pared with experiment. Excitonic effects, par-
ticularly on the lower-energy side of the main
optical peak, which are not included in our cal-
culation, should further improve the agreement
between our e,(u) result and experiment in the
low-energy region. The effect of these electron-
hole interactions tends to increase the oscillator
strength, hence the strength of e,(&u), at the low-
er energies. "'

Another improvement of e(&u) arising from lo-
cal-field effects at higher energies is reflected
in the calculated energy-loss spectrum of silicon
as indicated in Fig. 2. We note a drastic decrease
in the magnitude of the peak of Im[1/e (~)] through
the inclusion of local-field effects, and a shifting
of the peak by approximately 1.2 eV to lower en-
ergies. " Both these effects result in significant-
ly better agreement with experiments. ' ' ' How-

ever, effects other than local-field corrections"
might also be responsible for at least some of the
discrepancy between experiment and the calculat-
ed Im[1/e,"~ ((v) ].

In conclusion we remark that there are now

three calculations on the effect of local-field cor-
rections to the optical spectra of covalent solids
using the RPA formalism. All three calculations
give different results, indicating that work re-
mains to be done to establish firmly the

influe-

ncess of local-field effects.
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A strong population of the "j-forbidden" 4+ level at 4.25 MeV in Ne is found in the re-
action '~F('60, ' N) Ne at 46-, 58-, and 68-MeV incident energy. It provides evidence
for a two-step process. This result was expected for structural and kinematical reasons.

The existence of multistep processes involving
core excitation is well known in transfer reac-
tions induced by light particles. ' In heavy-ion-
induced reactions, such multistep processes
were expected to be more important (and possi-
bly overwhelming) because core excitation was
believed to occur whenever two complex nuclei
were close enough for a transfer reaction to take
place. Surprisingly, however, no straightfor-
ward case was found. Recently, two experiments'
have indicated the existence of such processes
on the basis of angular distribution data, but the
clearest evidence would be provided by the direct
observation, in the energy spectrum of the out-
going particle, of a transition forbidden by the
selection rules of the one-step process. The re-
action 4'Ca("F, "Ne)"K was recently reported
to be indicative of such a transition, ' but the re-
sult is ambiguous because of an unresolved al-
lowed transition.

In this Letter, we report what we believe to be
the first unequivocal evidence for a multistep
process, provided by the observation of the for-
bidden transition to the 4.25-MeV (4') level of
"Ne in the reaction "F("0,"N)"Ne. This re-
sult was expected for structural and kinematical
reasons which are also outlined.

Consider the 2'-4' transition in the reaction
'F("0, "N)"Ne. In order to observe this transi-

tion, the selection rules for a single-step trans-
fer would require a g component in the wave
function of "Ne. However, the active orbits for
this nucleus are usually restricted to the s-d
shell and the amplitude of the g component has
been estimated' to be only about 1 or 2/o. On
the other hand, the occurrence of this transition
via a multistep process was expected for two rea-
sons: Firstly, the very large deformation of the
target nucleus should lead to large core excita-
tion. Secondly, heavy-ion-induced transfer re-
actions are known to be subject to a, strong Q, l,
and j dependence' resulting from kinematical
matching conditions. The same semiclassical
analysis which describes these matching condi-
tions for a single-step transfer can be applied to
the transfer involved during a multistep process. '
Transfers to the d»„s„» or d3/2 orbits can con-
nect, separately or together, the four first mem-
bers of the ground-state rotational band of "F to
the 4' level of 'oNe. It can be shown that several
of the transfers with a large spectroscopic fac-
tor are also favored by good kinematical match-
ing conditions.

The rea, ction "F('"0,"N)"Ne was studied with


