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Department of Physics, University of California 

and 

Inorganic Materials Research Division,· 
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Abstract 

We have calculated the dielectric response 

matrix, e:G,G'(9-=0,w) for silicon and have obtained 
- -

the macroscopic frequency dependent dielectric 

function. Contrary to recent calculations, local-

field corrections do not shift the peak positions 

of the imaginary part of the dielectric function; 

further the calculated dielectric function is 

improved ~s compared to experiments at higher 

energies. In particular, agreement with measured 

energy-loss spectra is significantly better when 

local-field effects are included. 

Recently, much effort has been made to understand. the 

role of microscopic electric fields on various physical 

. f 11' l'd l-l 3 T Ph . 1 propert~es o crysta ~ne so 1 s. wo recent ys1ca 

Review Letters1
'

2 have been published on local~field 
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corrections to the optical spectrum of diamond; however, the 

two calculations give quite different results. By inverting 

the dielectric response matrix, Van Vechten and Martin, 1 using 

the pseudopotential method, and Hanke and Sham, 2 using a 

linear combination of atomic orbital (LCAO) method, have 

calculated the macroscopic dielectric function for diamond 

in the random phase approximation (RPA). 14 Van Vechten and 

Martin find that local-field effects shift the strength of 

the imaginary part of the dielectric function, e:
2

(w), to 

the energy region just above the main optical peak. This 

behavior irtcreases the discrepancy between the calculated 

e:
2

Cw) and experiment. In an attempt to improve agreement 

with experiment, Van Vechten and Martin included the effects 

of dynamical correlation in their calculation of e: 2 Cw) via 

a one-parameter model. Hanke and Sham, on the other hand, 

find that local-field effects weaken the strength of e: 2 (w) 

up to energies 8 eV above the. main optical peak aDd that 

the positions of the peaks in e: 2 (w) are shifted in the opposite 

direction needed to achieve good accord with experiment by 

approximately 0.5 eV. Hanke and Sham then include exchange 

effects (beyond the RPA) into their calculation of .the 

macroscopic dielectric function and are able to achieve 

better agreement with experiment. 

To gain some new insights into the effect of local-

field ~orrections to optical spectra of covalent solids, 

we prasent here a calculation of the dielectric function of 

·- . 
' 

.· 
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silicon with local-field effects included. Using an extremely 

accurate band structure from the empirical pseudo~otential 

method, we have calculated the RPA dielectric response matrix, 

EG G~q=O,w), for.silicon and inverted it to obtain the 
-'- . 

macroscopic frequency dependent dielectric function. We 

find that (l) local-field corrections do not shift the peak 

positions of E 2 Cw) and that (2) local~field corrections do 

improve the calculated dielectric function as compared to 

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. 

Therefore with excitonic effects in the lower energies taken 

into considerations, which should enhance the strength of 

E 2 Cw}, 15 it is nut clear that either dyndmical cbrrelations 

o~ exchange effects are needed to obtain good agreement 

between the calculated and measured macroscopic dielectric 

function at least in the silicon case. 

Within the linear response thebry, a small perturbing 

electric field of frequency w and wavevector g+§ in a crystal 

will establish responses with frequency w and wavevectors 

g+§', where §and G' are·reciprocal lattice vectors. The 

microscopic fields of wavevectors g+§' are g~nerated from 

the applied perturbing field through umklapp processes. 

In the case of cubic crystals, the dielectric responses of 

the solid for longitudinal fields may be described by a 

matrix in G and G' , 14 
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I EG tq,w)E(q+G',w) = E t(q+G,w) 
G' _, ~ - - - per - -

(1) ', 

where E is the total field in the crystal and E t is the per 

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. However the off-diagonal elements can be 

important when considering local-field corrections to optical 

1-3 spectra, plasmon d . 0 c 1 4,5 1 1 ~spers~on 1n meta s, va ence-e ectron 

density, 6 and lattice . 7-11 . . dynam1cs 1n sem1conductors and 

insulators. 

In analyzing the optical spectrum, the incident light ,~ 

of frequency w may be viewed as a perturbing field of vanish- ·.· · 

ingly small wavevector. The macroscopic dielectric function 

. . byl4 1s g1ven 

e:(w) lim 1 = q_+O -1 ' 
[E Cg,w>J~,~ 

(2) 

-1 . 
where E 1s the inverse of the matrix E§,§'" Adler and 

Wiser14 have derived, within the RPA, the following expression 

for the dielectric response matrix16 

where n is the crystal volume, f 0 is the Fermi-Dirac distri

bution function, and jk_,n> and E (k) are eigenstates and 
n -

··: < 

'; 

·- :. 
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eigenvalues of the unperturbed Hamiltonian. e 0,Jg,w>.is 
- -

just the usual Cohen-Ehrenreich dielectric function (no 

. . ) 17 local-f1eld effects . 

To evaluate the required matrix elements and eigenvalues 

in Eq. (3), we have calculated a ban~· structure for silicon 

. . . 18 
using the empirical pseudopotential method. The resulting 

b d 19 . . l . . an structure 1s 1n excel ent agreement w1th the opt1cal 

gaps and photoemission experiments. Each EG,G'<g=O,w) was 
- -

evaluated in energy intervals of 0.125 eV up to 100 eV. The 

summation over wavevector was performed by evaluating the. 

wavefunctions and eigenvalues on a grid of 308 ~-points in 

the irreducible zone. The matrix size of the dielectric 

response matrix involved in the inversion for Eq. (2) was 

chosen to be 59 x 59, containing §-vectors through the set~· 

( 222). Symmetry can be invoked to reduce the number of EG,G, 
... -

elements which need be calculated to 72. Convergence of 

the macroscopic dielectric function was confirmed by inversion 

of E§,§' including sets of ~-vectors through (111), (200), 

(220), (311), and (222) respectively. 

In order to establish the accuracy of the calculated 

£
8

, 8 ,,we have tested our results using the sum rules as 

- - 20 
derived by Johnson, 

00 

J 0 w Im EG,G'(~,w)dw 
- -

7T 2 (p(G-G')J = -2 w (o) e(q+G>·eCq+G'> , C4> 
p p - - - - -

where wp 2 = 47Tne 2 /m is the plasma frequency, p(§} are the 

Fourier transforms of the valence-electron density, and 



-6-

@(g+~) is a unit vector in the ~+~ direction. In Table I 

we list our calculated results for tha specific cases G = G' 

and ~ = 0, §' f. 0. The integral appearing 1n 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 §-vectors. This 

arises from the fact that Im EG,~q=O,w) becomes more extended 
....... 

in frequency as 1~1 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, arid our values for 

in the region considered should be very accurate. 

<· 

The calculated imaginary part of the macroscopic dielectric 

function with (Adler-Wiser) and without local-field (Cohen-

Ehrenreich) corrections, E 2 (w) and Im Ea,o<w) respectively,' 
.... -

is given in Fig~ 1 together with the experimental measurement 

of Philipp and Ehrenreich. 21 From Fig~ 1 we.see that local-

field corrections do. not alter the peak positions~ although 

they do alter the strength of the dielectric function. 

Compared with the usual Im Eo o ( w>' E
2

(w) has less strength 
.... ,_ 

at energies below the main optical peak, thus increasing 

the discrepancy with experiment. At energies higher than 

the main optical peak, the strength of E2 (w) is reduced from 

that of Im E 
0

(w) until approximately 7 eV .. Beyond.this point 
~ ,_ ' 

E
2 

(w) is larger than Im EO p (w): an event which must transpire 
--

~ .: 
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if the well known su~ rules14 are to be satisfied. This 

behavior results in an overall.improvement in E2 (w) at 

higher energies as compared with experiment. Excitonic 

effects, particularly on the lower energy side of the main 

optical peak, which are not included in our calculation, 

should further improve the agreement between our E2 (w) 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
2

(w), at the lower energies. 

Another improvement of E(w) aris1ng from local-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 (E(t)) through the inclusion of local-field effects, and· 

a shifting of the peak by approximately 1.2 eV to lower 

energies. 22 Both these effects result in significantly better 

. 21 23 agreement with exper1ments. ' · However, effects other than 

f . ld . 24 . h local- 1e correct1ons, m1g t also be responsible for 

at least some of the discrepancy between experiment and the 

calculated Im(l/E0 :P(w)). 

--
In conclusion we remark that there are now three calcu-

lations on the effect of local-field corrections to the 

optical spectra of covalent solids using the RPA formalism. 

All three calculations give different results indicating 

that there remains work to be done to establish firmly the 

influences of local-field effects. The calculations presented 
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here indicate that higher order corrections like exchange · 

and dynamical correlation may not be as important as stated 

in Refs. 1 and 2. 

We would like to thank Stanley J. Sramek and J. P. Walter 

for helpful discussions in the early stages of this work. 

Part of this work was done under the auspices of the Atomic 

Energy Commission. 

.·.· 
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Table I. Sum rules from Eq. (4) for EO,G and EG,G' · 
2 - ..... . - ...... 

in units of (eV) in the limit ~+0 along the 2-direction. 

(-2-)G 
21T -

(000) 

(111) 

(200) 

(220) 

(311) 

(2:.)G' 
21T -

(000) 

(111) 

(200) 

(220) 

(311) 

(222) (222) 

(000) (111) 

(000) (200) 

(000) (220) 

(000) (311) 

(000) (131) 

(000) (222) 

fw Im EG,G'dw 
- -

415.6 

431.6 

430.1 

403.2 

311.8 

278.4 

;...S0.9 

0.0 

11.5 

21.6 

7.2 

15.5 

i 

i 
j 
I I .. 
i 
i 
I 
i 

433.5 

433.5 

433.5 

433.5 

433 0 5 ··. 

433.5 

-54.7 

0.0 

10.3 

20.2 

6.7 

15.0 

.... , 
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Figure Captions 

Figure l. Calculated E 2 (w) for Si, with (dashed curve) and 

without (dotted curve) local-field effects, compared 

with experiment (solid curve) from Ref. 21. 

Figure 2. Calculated energy-loss spectra for Si, with 

(dashed curve) and without (dotted curve) local-field 

effects, compared with experiment (solid curve) from 

Ref. 21. 
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