
PHYSICAL REVIEW B 15 APRIL 2000-IVOLUME 61, NUMBER 15
Local-field effects and anisotropic plasmon dispersion in diamond
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We have measured the plasmon dispersion of diamond along the high-symmetry directions using electron
energy-loss spectroscopy in transmission. We found the plasmon dispersion to be considerably anisotropic. A
comparison of the experimental results toab initio calculations that take local-field effects into account
demonstrates the importance of local-field effects for the dielectric response of systems with strongly inhomo-
geneous electron distributions.
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I. INTRODUCTION

Diamond is the model substance of a solid with pure
valent bonds. The carbon atoms aresp3 hybridized, which
means that every carbon atom has four nearest neighbors
tetrahedral arrangement. Between the atoms there are
nounced bonds where the electrons are strongly locali
This leads to a considerably inhomogeneous electron di
bution. Consequently, local-field effects play a significa
role for a complete description of the electronic properties1,2

The importance of local-field effects for a complete und
standing of systems exhibiting inhomogeneous charge di
butions has long been realized and discussed for a numb
materials including Si, Ge, and GaAs, which are also of te
nological potential.3–12 Despite this effort, there is a gener
lack of experimental studies that are undispensable to de
which theoretical model is best suited to handle the loc
field effects and to extract their consequences on var
electronic properties.

A widespread method to determine the electron
dielectric properties is optical spectroscopy. In crystals w
cubic symmetry like diamond, the response in the opti
limit is isotropic. The restriction in optics to momentu
transfers nearly zero is a serious drawback of this metho
can be overcome by the use of electron energy-loss spec
copy ~EELS!, where one measures the loss function
@21/e(q,v)#, i.e., the response of a system to a longitudi
perturbation, with the possibility to vary the momentu
transfer independently. One thus has access to the diele
response as a function of both energy and momentum. M
over, as the wavelength of an excitation becomes sma
with increasing momentum,13 one can tune the sensitivity o
EELS to the local inhomogeneity of the electronic syste
under consideration.

At longer wavelengths the loss function is dominated
collective excitations of the electron system, i.e., t
plasmons.14 Plasmons in nearly free electron systems, l
simple metals, can be described in the framework of
self-consistent field method or random phase approxima
~RPA!. At long wavelengths also in semiconductors pla
mons are the dominant excitations but, in this case, the b
structure of the solid has to be taken into account.15 If one
has to deal with inhomogeneous electron systems, cry
local-field effects~CLFE!, which are described by the off
PRB 610163-1829/2000/61~15!/10149~5!/$15.00
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diagonal elements of the dielectric matrix@eGG8(q,v), G5
reciprocal lattice vector#, additionally have to be
considered.16,17 This means that the polarization due to
external perturbation fluctuates on the atomic scale. With
the response of the system includes, in addition to the wa
length of the external perturbation@E(q,v)#, electric fields
with wavelengths of the order of lattice spacings, or in
Fourier description, Bragg diffracted components@E(q
1G,v)#.1 These effects should not be confused with man
particle ‘‘local-field’’ effects due to exchange and correlatio
~XCLFE!. In the following, we explore the importance o
both types of local-field effects for the longitudinal dielectr
response of diamond.

Taking CLFE into consideration, Van Vechten and Mar
calculated the optical spectrum of diamond within RPA18

They found that the inclusion of CLFE shifted the spect
weight in the imaginary part of the dielectric functione2 to
higher energies in comparison to the calculation witho
CLFE, a result that worsens the agreement with the exp
ment. Hanke and Sham investigated the role of CLFE
diamond using a time-dependent Hartree-Fock approxi
tion in a Wannier representation1. They also found that
CLFE within the RPA shift the spectral weight in the optic
spectrum of diamond to higher energies. However, the a
tional inclusion of the electron-hole attraction reverses t
trend and shifts spectral weight ine2 back to lower energies
Thus the combined treatment of RPA local-field and ex
tonic effects improves the agreement with experiment.19 Just
recently these results have been confirmed by anab initio
calculation with the detailed inclusion of the electron-ho
interaction.10 In silicon, where the electron wave function
are not as localized as in diamond, a similar behavior of
local-field effects was found, although the effects were no
strong as in diamond.4,10,11

Although CLFE cannot be neglected in the optical lim
an increasing strength of CLFE is expected with increas
momentum transfer which samples more localiz
excitations.13 Simultaneously, the loss function loses its co
lective character and is dominated more and more by sin
particle excitations. To our knowledge, there are no meas
ments of theq-dependent loss function of single-crystallin
diamond up to now. In this paper, we present the loss fu
tion of diamond measured along the high-symmetry dir
tions over a wide range of momentum transfers and ene
10 149 ©2000 The American Physical Society



b
ex
th
te

E,
he
rs
t

e
ny
n

em

um

le
n

ck
u
d
th
.

o
-

a
en-
the

ric

am

on

m
ely.
end-
rat-

he

-

10 150 PRB 61WAIDMANN, KNUPFER, ARNOLD, FINK, FLESZAR, AND HANKE
loss. We found the plasmon dispersion to be considera
anisotropic with a strong interplay between the plasmon
citation and interband transitions in the energy range of
plasmon energy. By comparing the experimentally de
mined loss function withab initio local-density approxima-
tion ~LDA ! calculations under inclusion or neglect of CLF
we will show that the CLFE are most pronounced in t
^100& crystal direction and for larger momentum transfe
This is also what one expects from the crystal structure as
distance between two carbon atoms in the^100& direction is
longer than those in thê111& and^110& directions. Signifi-
cant differences between our calculations and our exp
ments that still remain, demonstrate the extent of ma
particle effects~XCLFE!, that contribute to the loss functio
but are treated only insufficiently in our calculations.

II. EXPERIMENT

The EELS measurements were performed at room t
perature using a purpose-built spectrometer20 with a primary
electron energy of 170 keV. The energy and moment
resolution was chosen to be 160 meV and 0.06 Å21, respec-
tively. As sample we have used a natural diamond sing
crystal type IIa. For the EELS in transmission measureme
we have prepared free standing thin films of 100 nm thi
ness by Ar-ion beam milling. Electron diffraction enables
to orient the single-crystalin situ with respect to a selecte
crystal direction. The diffraction spectra clearly showed
sharp bragg peaks that are expected for a single crystal

III. Ab initio CALCULATION OF THE LOSS FUNCTION

For the theoretical description the bandstructure was
tained from a self-consistentab initio pseudopotential calcu
ly
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lation within LDA carried out in the plane-wave basis with
large cut-off of 50 Rydbergs. Norm-conserving pseudopot
tials of carbon were used. From the LDA band structure
loss function has been calculated. It is defined as

W~q,v!52Im@e21~q,v!G50,G850#, ~1!

wheree21 is the inverse of the already introduced dielect
matrix. It can be represented as follows:

e21511vcx
(0)@12~vc1 f xc!x

(0)#21. ~2!

Here, all objects are matrices with respect toG,G8, the re-
ciprocal lattice vectors.x (0)(q,v)G,G8 denotes the density
response of the noninteracting electrons in the Kohn-Sh
scheme,vc54p/uq1Gu2dG,G8 is the Coulomb interaction in
Fourier space andf xc describes exchange and correlati
effects.21 Within the adiabatic LDA approximation,f xc is v
independent and given by

f xc~q,v!G,G85 f xc~G82G!

5E d3rei (G82G)r
dVXC~r !

dn~r 8!
d~r2r 8!, ~3!

whereVXC(r ) andn(r 8) are the self-consistent Kohn-Sha
potential of the system and its electron density, respectiv

The response matrices, whose size was about 60, dep
ing on the momentum transfer, have been calculated integ
ing over a dense mesh of 16384k points in the Brillouin
zone. In the following, we denote the calculations with t
full matrix form of Eqs.~2!, i.e., including CLFE, as ‘‘LDA-
full.’’ ‘‘LDA-dia’’ describes the calculations, where the ma
d
FIG. 1. Experimental loss functions for various momentum transfers along the^100&, ^111&, and^110& crystal directions. The dashe
lines elucidate the dispersion of the most prominent peaks as a guide to the eye.
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FIG. 2. Comparison of experimental loss functions~solid lines! with LDA calculations that include LFE~LDA-full, dashed lines! or
neglect LFE~LDA-dia, dotted lines!. Shown are spectra for some chosen momentum transfers along the^100&, ^111&, and ^110& crystal
directions.
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trix form of Eq. ~2! has been neglected and with this t
CLFE. The neglect off xc leads to the RPA response fun
tion. By considering both, the imaginary and the real parts
the dielectric function in the LDA-full calculation, we ca
determine the connection between the single-particle exc
tion spectrum and the visible features in the loss function

IV. RESULTS AND DISCUSSION

Figure 1 presents EELS measurements for the^100&,
^111&, and^110& directions with different momentum trans
fers, starting with 0.15 Å21 up to 1.7 Å21. The spectra are
corrected for the elastic line and multiple scattering20 and are
normalized to the plasmon intensity. The most promin
peaks in the spectra are labeledA, B, andC. The dashed lines
elucidate the dispersion of the respective peaks. In Fig. 2
present the calculated loss functions, with the inclus
~LDA-full ! and without the inclusion~LDA-dia! of CLFE, in
comparison to the experimental loss functions for some c
sen momentum transfers. Additionally, Figs. 3 and 4 disp
LDA-full calculations of the real (e1) and the imaginary (e2)
part of the dielectric function for several momentum tran
fers along thê 100& ~Fig. 3!, the ^111& ~Fig. 4!, and the
^110& ~Fig. 4! directions. The position of the peaksA, B, and
C that are visible in the loss spectra are marked with das
lines.

The main feature in Fig. 1~peakB) in all spectra is the
volume plasmon of diamond, visible near 33 eV in the lim
of small momentum transferq. The large electron density o
f
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t
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diamond is responsible for the relatively high plasmon e
ergy. Striking at a first glance are the large halfwidth and
asymmetry of the plasmon peak.22 The most significant fea-
ture which renders the plasmon peak asymmetric is the p
labeledA near 23 eV. In all directions and forq50.15 and
0.5 Å 21, peakA is clearly visible. As surface plasmons d
crease much more rapidly than volume plasmons with
creasing wave vectorq, peakA can be attributed to interban
transitions. The LDA calculations of the loss function~Fig.
2!, where no surface losses are included, as well as thee2

spectra~Fig. 3! also show clearly a peak near 23 eV.
At small momentum transfers, the loss spectra for

crystal directions look quite similar. This is to be expect
for a cubic crystal near the optical limit. This changes if w
enlarge the momentum transfer, where the anisotropy of
band structure becomes important. At 0.5 Å21, the peakA
has nearly vanished in thê100& direction whereas it is still
clearly visible in the other directions. Quite striking is th
appearance of peakC in Fig. 1 near 0.8 Å21 in the ^100&
direction. This peak disperses to higher energies and
comes stronger in intensity with increasing momentum tra
fer. Simultaneously, peakB shows a large dispersion, muc
larger than in the other directions. The reason for this beh
ior can be seen in Fig. 3:e2 for q51.0 and 1.5 Å21 shows
large interband transitions near 33 and 38 eV and lo
minima in e1 near 35 and 40 eV, respectively, in addition
the zero crossings ofe1 near 27 eV. This causes two maxim
in the loss function, which represents a coupled system



-
-

n

re

o
te
rg
e

u-
th
fe

r
.

in
n
l

f
ig
I
in

o
as
ge
n
a
ces

tion
ion

r-
e

the

nd

the
cts
rge
ce
sys-
the
ce
ss

rs rs
s
ith

10 152 PRB 61WAIDMANN, KNUPFER, ARNOLD, FINK, FLESZAR, AND HANKE
plasmon excitation and interband transitions.
In comparison to thê100& direction, the plasmon disper

sion in the^111& and the^110& directions is much less pro
nounced. Up to a momentum transfer of 0.7 Å21 the plas-
mon dispersion is almost the same for all crystal directio
Above 0.8 Å21, where peakC appears in thê100& direc-
tion, the plasmon peaks in the^111& and thê 110& directions
nearly keeping their original shape up toq51.7 Å 21. Nev-
ertheless the LDA calculations in Fig. 2 and also the cor
sponding e1 and e2 spectra ~Fig. 4! indicate, that the
plasmon-like peak in the loss function experiences als
coupling between a collective plasmon excitation and in
band transitions in the energy range of the plasmon ene

The impact of CLFE is evident from Fig. 2, where w
show a comparison of the LDA-full and the LDA-dia calc
lations. As we have already discussed, one expects
CLFE become stronger with increasing momentum trans
and that this effect should at first appear in the^100& direc-
tion. Figure 2 shows that this is indeed the case. Foq
50.15 and 0.5 Å21, there is hardly an influence of CLFE
For 1.0 Å21 one sees small contributions in the^111& and
the ^110& directions but a pronounced influence of CLFE
the^100& direction. Considering the calculated loss functio
with q 5 1.5 Å21, CLFE are clearly visible for all crysta
directions. Especially in thê100& direction the effect is very
large. Atq51.5 Å 21 it is also evident that the inclusion o
CLFE shifts spectral weight to higher energies, which s
nificantly improves the agreement with the experiment.
calculations of the imaginary part of the dielectric function

FIG. 3. Calculated real parts (e1, dotted lines! and imaginary
parts (e2, solid lines! of e for some selected momentum transfe
along thê 100& direction. The position of the peaksA, B, andC that
are visible in the loss functions are marked with dashed lines.
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the optical limit for diamond, a shift of spectral weight t
higher energies with the inclusion of local-field effects h
also been found.1,18 At a first glance, it appears rather stran
that CLFE modifye2 noticeable but not the loss function, i
the limit of small momentum transfers. However, this is
consequence of the fact that the local environment influen
strongly the single-particle excitations that determinee2. On
the other hand, the plasmon excitation is a density oscilla
dominated by the long range part of the Coulomb interact
where a large number of electrons~and thus electron-hole
excitations! collectively participate. There is a further obse
vation that is likely to be connected to this point: if on
considers the loss functions for 1.0 and 1.5 Å21 momentum
transfers in thê 100& direction, it is striking that CLFE are
mainly visible at the position of peakC but not at peakB.
The explanation could again be a different character of
excitations that cause the peaks: peakC is dominated by
single-particle excitations whereas peakB has a more collec-
tive character, dominated by the plasmon excitation, a
therefore is more independent of CLFE.

The influence of the bandstructure, the CLFE and
XCLFE as well as the interplay between the different effe
on the plasmon dispersion were investigated for a la
quantity of materials. For example in NiO a large influen
of CLFE on the loss function was expected because the
tem is very inhomogeneous. But it has been shown that
influence of CLFE in this system is related to the existen
of certain interband transitions that are different for the lo

FIG. 4. Calculated real parts (e1, dotted lines! and imaginary
parts (e2, solid lines! of e for some selected momentum transfe
along thê 111& and thê 110& directions. The position of the peak
A, B, andC that are visible in the loss functions are marked w
dashed lines.
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function and the static screening. Resulting from this it h
been found that CLFE are important for the static screen
but not for the loss function in NiO.26 Also the alkali metals
and especially Cs were the objects of wide interest. T
negative plasmon dispersion of Cs that was fou
experimentally,27 was mainly explained by bandstructure e
fects caused by the 3d electrons. But also CLFE that ar
strongly enhanced by the localized core electrons are of c
siderable influence.28 Additionally it was found that also
XCLFE that are interrelated with the CLFE play an impo
tant role.29 The importance of electron correlations has be
expected because of the low-electron density in Cs. Diam
in contrast has a large electron density and therefore elec
correlations are expected to be of minor influence.

Concerning our investigations we can ascertain that
main experimental trends are clearly reproduced by
theory, nevertheless there still remain significant differen
between experiment and the calculations. On the one h
these differences originate from the well-known undere
mation of the energy gaps by the LDA approximation. O
the other hand, exchange and correlation effects~such as
excitonic contributions! seem not to be negligible in the re
sponse. This was already shown in the optical limit by Han
and Sham1 and more recently by Benedictet al.10 We note
that the consideration off xc , which describes the exchang
and correlation corrections in our calculations of the
sponse function within LDA, does not significantly improv
the agreement with experiment, as can be seen from a c
parison of the calculations with~Fig. 2! and without ~not
ev
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e
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shown! the inclusion off xc . Thus, a complete understandin
of the dielectric response of diamond requires a more sop
ticated treatment of exchange and correlation effects.

V. SUMMARY

In conclusion, we have shown that the dielectric respo
of diamond, probed with EELS in transmission, shows
large anisotropy with higher momentum transfers. By a co
parison with LDA calculations we attribute this anisotropy
the interaction between the collective plasmon excitation
interband transitions in the energy range of the plasmon
ergy. We found that with increasing momentum transf
crystal local-field effects contribute more and more stron
to the loss function with the latter changing its charac
from more collective to more single-particle like. Still re
maining deviations between experiment and calculati
point to the importance of many-particle effects, in partic
lar, excitonic effects that are insufficiently treated in our c
culations.
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