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- Local-Field Effects in the Optical Spectrum of-Silicon#®

B

" Steven G. Louie,+ James-R; Chelikquky andeérvinvLa Cohen. 
Department bf Physics, University of California
and )
Inorganic Materials.Résearch’DiVision,> *

Lawrence Berkeley Labbratory, Berkeley, Califofniaf94720

‘Abstract

We haVe calculated the dielectric reéponse
ﬁatrix, eG;G;(g=0,w) for silicon and have.obtained
the macro;c;pic frequency dependént dielectric
function. Contrary to recent calculatiéhs,'local- -
‘field éorrections do not éhiff the peak positions
of the imaginary.part of the_dielectric fﬁncfioﬁ;bl
further the calculated‘dielegtric function.is':
improved as compared to experiments atvhigher
energies. In particular, agreeménf Qith'méasured‘
energy-loss spectra is significantly béfter whén

local-field effects are included.

Recently, much effort has been made to understand the

role of microscopic electric fields on various physical-

properties of érystalline'solids._l-_l3 “Two recent Physical

Review Letters!’? have been published on local~field



~ corrections to the optical spectrnm cf.dianond~ hcwever; the‘_:"“
'two calculatlons give quite different results By 1nvert1ng.‘
the dielectric response matrlx, Van Vechten and Martln,lvu51ng
the pseudopotentlal method, and Hanke and Sham,2 uslng a
llnear combination of atomic orbital (LCAOQ) method have'

calculated the macroscoplc dlelectrlc functlon for dlamond
14

_in the random phase aPPPox1matlon (RPA). Van Vechten and_t'fsnnv‘

Martln find that local- fleld effects shlft the strength of
the 1mag1nary part of the dlelectrlc functlon, € (w), to

the energy region just above the main optlcal peak ThlS"
behav1or ;ncreases the discrepancy between the calculated ’
e.(w) and.experiment. 'In an attempt to 1mprove agreement
with experlment, Van Vechten and Martln 1ncluded the effects y
.'of dynamlcal correlatlon in thelr calculatlon of €, (w) via -
a one-parameter model. Hanke and Sham, on_the other'hand,
find that local-field effects weaken the strength'of'e (w)

up to energies 8 eV above the main optlcal peak and that

the positions of the peaks in e,(w) are shlfted in the opp031te ;fff7

direction needed to achieve good accord w1th experlment by |
approximately 0.5 eV. Hanke and Sham then 1nclude exchange
effects (beyond the RPA) into thelr calculatlon of the
macroscopic dielectric function and are able to achieve
N better agreement with experiment. | |

To gain some new insights into the effectdof local-
field_corrections_to optical spectra ofrcovalent,solids,

we present here a calculation of the dielectric function of
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silicon with 1ocal—fie1d:effects included;_'Usihgtan extremely
accurate band structufe”from the emﬁificalebseudcpctentiai'
method we have calculated the RPA dielectric response matrlx,-
£q=0 w), for 5111con and 1nverted it to obtaln +he
_m;c}oscoplc fbequency dependent dlelectr1c functloa. We
- flﬂd that (1) local—fleld correctlons do.not shlft the peak
positions of e,(w) and that (2) localefielddcorrecticnstdo. -
improve the calculated dielectric functiohias ccmpared tot
‘eXPeriments atbenefgies higher thanvthe main1opticaiepeak.f”i
In particular,vagreement‘with'measufed energyeloSs spectra
is eignificantly'better when lccal:field effects are incldded,
Therefore w1th excitonic effects in the lower energies taken
- into cons1deratlons, which should enhance the strength of i
ez(w),l it is not clear that elthep.dynamlcal ccrrelat;onsi
or‘exchangedeffects are'ﬁeeded to obtain'good‘agreement
between the calculated and measured maCPOSccpic dielectfic.
function at least in the silicon case. |

Within the linear responsc theory, a small perturblng

electrlc field of frequency w and wavevector q+G 1n a crystal‘:j

wlll establlsh responses ‘with frequency w and wavevectorsr'
~q+G', where G and G' are~reciprocal lattice vectofs;- The
micrcscopic fields of wavevectors q+G'_are generated from
the applied perturbing field through umklapp_processes.

"In the caee'of cubic crystals, the dielectric'tesponees of -
the solid for 1ong1tud1nal flelds may be described by a

matrlx in G and C' Lh



(q,w)E(q+G' w)

where E is the total_field iﬁ the cr&stalvand.Epért ie thef;i
' abplied perturbing field. Microscopic-field effects (or
local- fleld effects) are tradltlonally 1gnored by assumlng
the off- dlagonal elements of the dlelectrlc response matrlxv
- to be zero. However the off- -diagonal elements can be -
important when con31der1ng local- fleld correctlons to optlcalt:f
v_spec‘cr'a,]"'3 plasmon dlsperSLOn in metals,uf5;valencemelectron_.
density,6 and lattice dynamj'.cs7"'ll in semicehductofs ende
-1nsu1ators, | | | |

In analyzing the optlcal spectrum, the 1n01dent llght
'of frequency w may be viewed as a perturblng fleld of vanlsh— .
.;ngly small wavevector. The macroscopic dlelectrlc functlon

~ is given bylu

- where e"l is the 1nverse of the matrix sG G"' Adler and

._Wiser;q have derlved w1th1n the RPA the follow1ng expr3531onf_
for the dlelectrlc response matrlxls g B a v 7
o o yrel T £oLE + (k+q)1-f,[E (k)]
€q G&g,w) = 6 L

66" T ATGFCIIGFET (2 B G E (00 shot e
o » 1 ' re- L ’ o L
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where @ is the crystal volume, £o is the Permi-Dirac distrifﬁ

bution functlon, and |k n> and E (k) are elgenstates and



00 g g4

ij -y L y ) ) .
<V 7548
-5~ '_ .
eigenvalues of the unperturbed Hamiltoniah. €. d (q,w) is
7

- just the usual Cohen-Ehrenreich dlelectrlc functlon (no
local-fleld effects). 17 |
To evaluate the requlred matrix elements and elgenvalues
© in Eq (3), we have calculated a band structure for 5111con
1using the empirical pseudopotential ﬁethod.lB5.The.resuiting."
. band structure®? is in excellent_agreement with the optical
.gapsvand photoemiesion’experiments. Each eGﬁgxq-O w) was
evaluated in energy 1ntervals of 0.125 eV up to 100 eV. The ‘
summatlon over wavevector was performed by evaluatlng the
wavefunctions and eigenvalues on a grid of 308 5-p01nts in
the irreducible zone .. »The matrik sizevof_the.dielectric-
response matrix involved in the inversion for Eq. (2) was
'chosen to be 59 x 59, contalnlng G-vectors through the set
(222). Symmetry can be invoked to reduce the number of ng.
. elements which‘need be calculated to 72. Convergence of oo
the macroscopic dielectric function was confirmed by»inversion
_of G(S,lncludlng sets of G-vectors through (lll) (200), “
_(220) (311), and (222) respectively.
In'order to establish the accuracy of the caiculated
G é,,we have tested our‘results using the.sqm‘ru1es as |
der;ved by Johnson,20
@ B : T2 p(g—g'). P ; e

IO w Im E%Gw(g,w)dw = 5 wp[—Brgy——Jé(9+§)'e(g+§')', (4)

 where wp2 = yme?/m is the plasma frequehcy,'p(G)gare the -

Fourier transforms of the valence-electron density, and



-é(q+G) is a unit vector in the qt+G direction; In Table I

we list our calculated results for the spec1f1c cases G = g':;'
and G = 0, G' # 0. The 1ntegral appearing in Eq. (4) was
evaluated over a 100 eV range in intervals of 0. 125 ev.

'-Our results demonstrate good internal con31stency except

for the dlagonal elements for the higher G—vectors. Thls5
arises from the fact that Im EG éq 0, w) becomes more extended
in frequency as |G| increases and that the 1ntegrand ln_fp .v}
Eq. (4) is linearly weighted with frequency., Better results-:;
" can be obtalned if we extend our 1ntegratlons beyond the C
100 eV range. As far as the optlcal propertles are concerned
vthls hlgh energy behav1or is unimportant, and our Values for _
d%SQ' in the region considered should be very accurate. : ‘i
The calculated imaginary part of the macroscoplc dlelectrlc
.-functlon with (Adler-Wiser) and without. local- fleld (Cohen-_
Ehrenrelch) correctlons, e (w) and Im sacfm) respectlvely,'g’;'
is glven in Flg 1 together with the experlmental measurement e
of Phlllpp and Ehrenrelch 21 From Flg. 1 we ‘see that local-
field correctlons do not alter the peak pos1tlons, although
they .do alter the strength of the dlelectrlc functlon.

Compared w1th the usual Im %}O(w), €, (w) has less strength p;;:-
at energies below the main optlcal peak, thus 1ncrea51ng ;h

- the discrepancy with experiment. At energies higher than ;

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

that of Im %]o(w) until approximately 7 ev. fBeyondithis point,'tdp'

) » ‘ .
ez(w) is larger than Im q)p(w): an event which must transpire- :
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if the well known sum rulesi” are to be satisfied. This
behavior'results in an ovefallliﬁprovementvin ez(Q)uat
Higher enefgies as compared with‘experiment._ Excitonic
effects, particularly on the loWer energy side of the main
. oﬁtical peak, which are not includedfin oureCaiculafion,'
lshouldnfurther'improve thebagfeementibetween 6ur_52(w) resuif :
and experiment‘in the low energy fegion;-vThe effect_of these
electron-hole.interactions tends to increaee the oseillator
strength, hence the strength of ez(m), at fhe lower energies;
Another improvement of e(w) arising from local-field
“effects at higher energies is reflected in the calculated 
energy—loss'sﬁectrum of silicon as indicated iﬁ Fig. 2.
‘We note a drastlc decrease in the magnltude of the peak of
Im (_T-T) through the inclusion of local fleld effects, and
-\ shlftlng of the peak by approximately 1.2 eV to lower

energies.22 Both these effects result in significantly;better

agreement with experiments.21’23- However,'effects other than
local—f‘ield'corrections,24 might also be responsible fof
',at least some cf'the discrepancy befween experiﬁent and the
~calculated Im(l/eop(w)). | N | |

" In chclusiekwwe remark that there are now three caleﬁ¥
lations on -the effect«of'local-field corrections to the
eptical spectra of covalent solids using'the RPA formalism.
All three calculafioﬁs give'different.results ihdicating_“ |

that there remains work to be done to establish firmly'the_"

influences of local-field effects. The calculations presented



_here indicate that higher order corrections like ekchénge-  
and dynamical correlation 'may not be as important as‘Stated _:
in Refs. 1 and 2. |

We woﬁld like to thank Stanley J. Sramek and J. P. Walter
for helpful discussions in the early sfagesvoflthis w@rk,v
Part of this work wés.dohe under the auspiées_bf the Atoﬁic'

_Energy,Commi'ssion°
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-Table I. Sum rules from Eq. (&) for e9’§ and FQaG"U

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

a a n2(P6-6") . S
(7F)§> (776" fJo Im EG,G'dw 7 9, [——ETET—Je(g+§)-é(g+§') .
(000) { (000) |  415.6 - 433.5 -

(111) (111) % 431.6 433.5
(20001 (2000 |  u30.1 - f-'_'usé,SE"°”'
(220)% (220) | 403.2 e : .fl'usé,s |
G110 311y é 311.8 4335
(222) | (222) § 278.4 335
(000) | (111) L -s0.9 ) S lsw.7
(000) | (200) ; 0.0 T
(000) | (220) : 1m.s L ":;[ "1033' |
(000) | (311) % 21.6 - ._- 20.2’
(000> | 231) | 7.2 T A
000y | (2220 | 1s.5 w ~15.0 _]1 ;



Covoazu gy,
','Figure Captidné

Figufe-l.’ Calculafed ez(w) for Si, with.(dash¢d éurve) and

_without'(dqtted curve)-loéal-field_effécfs, cémpared
with expefimeht_(solid'cﬁrve) from'Ref; 2l.:'*
Figure 2. Caiculated ehergy-loss spectfa for-Si; Qith
(dashed curve) and without (dotfed curve) loéal—fiéld'
effects, compared.with‘ekperiment‘(éoiid curve) froﬁ |

Ref. 21.
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