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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 @ 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.

. INTRODUCTION diagonal elements of the dielectric matfixsg:(q, »), G=
reciprocal lattice vectdr additionally have to be

Diamond is the model substance of a solid with pure coconsidered®!’ This means that the polarization due to an
valent bonds. The carbon atoms ang® hybridized, which  external perturbation fluctuates on the atomic scale. With this
means that every carbon atom has four nearest neighbors inige response of the system includes, in addition to the wave-
tetrahedral arrangement. Between the atoms there are prength of the external perturbatidiE(q, )], electric fields
nounced bonds where the electrons are strongly localizegyith wavelengths of the order of lattice spacings, or in a
This leads to a considerably inhomogeneous electron distrEourier description, Bragg diffracted componertg(q
bution. Consequently, local-field effects play a significant+ G,«w)].? These effects should not be confused with many-
role for a complete description of the electronic properties. particle “local-field” effects due to exchange and correlation
The importance of local-field effects for a complete under-XCLFE). In the following, we explore the importance of
standing of systems exhibiting inhomogeneous charge distrhoth types of local-field effects for the longitudinal dielectric
butions has long been realized and discussed for a number gfsponse of diamond.
materials including Si, Ge, and GaAs, which are also of tech- Taking CLFE into consideration, Van Vechten and Martin
nological potentiaf~*? Despite this effort, there is a general calculated the optical spectrum of diamond within RISA.
lack of experimental studies that are undispensable to decidehey found that the inclusion of CLFE shifted the spectral
which theoretical model is best suited to handle the localweight in the imaginary part of the dielectric functien to
field effects and to extract their consequences on varioukigher energies in comparison to the calculation without
electronic properties. CLFE, a result that worsens the agreement with the experi-

A widespread method to determine the electronic/ment. Hanke and Sham investigated the role of CLFE in
dielectric properties is optical spectroscopy. In crystals withdiamond using a time-dependent Hartree-Fock approxima-
cubic symmetry like diamond, the response in the optication in a Wannier representatibnThey also found that
limit is isotropic. The restriction in optics to momentum CLFE within the RPA shift the spectral weight in the optical
transfers nearly zero is a serious drawback of this method. Epectrum of diamond to higher energies. However, the addi-
can be overcome by the use of electron energy-loss spectrosenal inclusion of the electron-hole attraction reverses this
copy (EELS), where one measures the loss function Imtrend and shifts spectral weight & back to lower energies.
[—1/e(g,w)], i.e., the response of a system to a longitudinalThus the combined treatment of RPA local-field and exci-
perturbation, with the possibility to vary the momentum tonic effects improves the agreement with experintédust
transfer independently. One thus has access to the dielectriecently these results have been confirmed byakrinitio
response as a function of both energy and momentum. Moresalculation with the detailed inclusion of the electron-hole
over, as the wavelength of an excitation becomes smalldnteraction'® In silicon, where the electron wave functions
with increasing momentur}?, one can tune the sensitivity of are not as localized as in diamond, a similar behavior of the
EELS to the local inhomogeneity of the electronic systemdocal-field effects was found, although the effects were not as
under consideration. strong as in diamong®!

At longer wavelengths the loss function is dominated by Although CLFE cannot be neglected in the optical limit,
collective excitations of the electron system, i.e., thean increasing strength of CLFE is expected with increasing
plasmons Plasmons in nearly free electron systems, likemomentum transfer which samples more localized
simple metals, can be described in the framework of thexcitations'® Simultaneously, the loss function loses its col-
self-consistent field method or random phase approximatiotective character and is dominated more and more by single-
(RPA). At long wavelengths also in semiconductors plas-particle excitations. To our knowledge, there are no measure-
mons are the dominant excitations but, in this case, the barmients of theg-dependent loss function of single-crystalline
structure of the solid has to be taken into accddrif.one  diamond up to now. In this paper, we present the loss func-
has to deal with inhomogeneous electron systems, crystalon of diamond measured along the high-symmetry direc-
local-field effects(CLFE), which are described by the off- tions over a wide range of momentum transfers and energy
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loss. We found the plasmon dispersion to be considerabliation within LDA carried out in the plane-wave basis with a
anisotropic with a strong interplay between the plasmon exlarge cut-off of 50 Rydbergs. Norm-conserving pseudopoten-
citation and interband transitions in the energy range of the&ials of carbon were used. From the LDA band structure the
plasmon energy. By comparing the experimentally deterioss function has been calculated. It is defined as

mined loss function withab initio local-density approxima-

tion (LDA) calculations under inclusion or neglect of CLFE, W(g,w)=—Im[e *(q,0)g-0c'=0], (1)

we will show that the CLFE are most pronounced in the

(100 crystal direction and for larger momentum transfers_Whel’efil is the inverse of the already introduced dielectric
This is also what one expects from the crystal structure as th@atrix. It can be represented as follows:

distance between two carbon atoms in (460 direction is

longer than those in thel11) and(110 directions. Signifi- e r=1+vex[1— (vt fx P17 2
cant differences between our calculations and our experi- . : . ,
ments that still remain, demonstrate the extent of many!i€re, all objects are ma(t(r;)ces with respectGgs’, the re-
particle effectsXCLFE), that contribute to the loss function CiProcal lattice vectorsy™(q,w)g ¢ denotes the density

but are treated only insufficiently in our calculations. response of the noninteracting electrons in the Kohn-Sham
schemey .=4m/|q+ G|?5¢ ¢/ is the Coulomb interaction in
Il. EXPERIMENT Fourier space and,. describes exchange and correlation

effects? Within the adiabatic LDA approximatiorf,. is

The EELS measurements were performed at room ten}hdependent and given by

perature using a purpose-built spectronf@teith a primary
electron energy of 170 keV. The energy and momentum f Qo) =F (G —G)

resolution was chosen to be 160 meV and 0.06 Aespec- Xl TG.GT T xe

tively. As sample we have used a natural diamond single- - dVye(r)

crystal type lla. For the EELS in transmission measurements =f dre!© O ———5(r-r"), (3
we have prepared free standing thin films of 100 nm thick- dn(r’)

ness by Ar-ion. beam miIIi.ng. .Elec_tron diffraction enables uswherevxc(r) andn(r') are the self-consistent Kohn-Sham
to orlent_the _smgle-crys_tah situ with respect to a selected potential of the system and its electron density, respectively.
crystal direction. The diffraction spectra clea_rly showed the The response matrices, whose size was about 60, depend-
sharp bragg peaks that are expected for a single crystal. ing on the momentum transfer, have been calculated integrat-
ing over a dense mesh of 163&4points in the Brillouin
zone. In the following, we denote the calculations with the
For the theoretical description the bandstructure was obfull matrix form of Egs.(2), i.e., including CLFE, as “LDA-
tained from a self-consisteab initio pseudopotential calcu- full.” “LDA-dia” describes the calculations, where the ma-

Ill. Ab initio CALCULATION OF THE LOSS FUNCTION
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FIG. 1. Experimental loss functions for various momentum transfers alon¢lo@, (111), and(110 crystal directions. The dashed
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 functiqsslid lineg with LDA calculations that include LFELDA-full, dashed line$ or
neglect LFE(LDA-dia, dotted lineg. Shown are spectra for some chosen momentum transfers alod@Gée (111), and(110 crystal
directions.

trix form of Eq. (2) has been neglected and with this the diamond is responsible for the relatively high plasmon en-
CLFE. The neglect of,. leads to the RPA response func- ergy. Striking at a first glance are the large halfwidth and the
tion. By considering both, the imaginary and the real parts osymmetry of the plasmon pe&kThe most significant fea-
the dielectric function in the LDA-full calculation, we can ture which renders the plasmon peak asymmetric is the peak
determine the connection between the single-particle excitgabeledA near 23 eV. In all directions and far=0.15 and
tion spectrum and the visible features in the loss function. g5 A -1, peakA is clearly visible. As surface plasmons de-
crease much more rapidly than volume plasmons with in-
IV. RESULTS AND DISCUSSION creasing wave vectay, peakA can be attributed to interband
transitions. The LDA calculations of the loss functi@fig.

Figure 1 presents EELS measurements for (h60), 2), where no surface losses are included, as well asjhe

111, and{110 directions with different momentum trans- .
1§er51>startin<g V\(/)i>th 0.15 Al up to 1.7 AL, The spectra are spectralFig. 3) also show clearly a peak near 23 eV.

corrected for the elastic line and multiple scattetfrand are At small momentum t.rans.fer.s, the .Io_ss spectra for all
normalized to the plasmon intensity. The most prominen?ryStal dI.I'eC'[IOI’lS look quite S|mllar._ T.hIS is to be expgcted
peaks in the spectra are labeldB, andC. The dashed lines OF @ cubic crystal near the optical limit. This changes if we
elucidate the dispersion of the respective peaks. In Fig. 2, wghlarge the momentum transfer, where thelamsotropy of the
present the calculated loss functions, with the inclusiorP@nd structure becomes important. At 0.5 Athe peakA
(LDA-full ) and without the inclusiofLDA-dia) of CLFE, in  has nearly vanished in the00) direction whereas it is still
comparison to the experimental loss functions for some chotlearly visible in the other directions. Quite striking is the
sen momentum transfers. Additionally, Figs. 3 and 4 displayappearance of peak in Fig. 1 near 0.8 A in the (100)
LDA-full calculations of the real ¢;) and the imaginaryd,)  direction. This peak disperses to higher energies and be-
part of the dielectric function for several momentum trans-comes stronger in intensity with increasing momentum trans-
fers along the(100) (Fig. 3), the (111) (Fig. 4), and the fer. Simultaneously, peak shows a large dispersion, much
(110 (Fig. 4) directions. The position of the peaksB, and  larger than in the other directions. The reason for this behav-
C that are visible in the loss spectra are marked with dasheidr can be seen in Fig. %, for q=1.0 and 1.5 A" shows
lines. large interband transitions near 33 and 38 eV and local
The main feature in Fig. {peakB) in all spectra is the minima ine; near 35 and 40 eV, respectively, in addition to
volume plasmon of diamond, visible near 33 eV in the limitthe zero crossings a&f; near 27 eV. This causes two maxima
of small momentum transfey. The large electron density of in the loss function, which represents a coupled system of a
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FIG. 3. Calculated real partse{, dotted line and imaginary FIG. 4. Calculated real parts{, dotted liney and imaginary

parts (e, solid lines of e for some selected momentum transfers parts (e, solid lineg of € for some selected momentum transfers

along the(100) direction. The position of the peakts B, andCthat ~ along the(111) and the(110) directions. The position of the peaks
are visible in the loss functions are marked with dashed lines. A B, andC that are visible in the loss functions are marked with

dashed lines.
plasmon excitation and interband transitions.

In comparison to th¢100) direction, the plasmon disper- the optical limit for diamond, a shift of spectral weight to
sion in the(111) and the(110) directions is much less pro- higher energies with the inclusion of local-field effects has
nounced. Up to a momentum transfer of 0.7 Athe plas-  also been foun&!8 At a first glance, it appears rather strange
mon dispersion is almost the same for all crystal directionsthat CLFE modifye, noticeable but not the loss function, in
Above 0.8 A™!, where pealC appears in thé€100) direc-  the limit of small momentum transfers. However, this is a
tion, the plasmon peaks in tjé11) and the(110 directions  consequence of the fact that the local environment influences
nearly keeping their original shape upde=1.7 A~*. Nev-  strongly the single-particle excitations that determineOn
ertheless the LDA calculations in Fig. 2 and also the correthe other hand, the plasmon excitation is a density oscillation
sponding €; and e, spectra(Fig. 4) indicate, that the dominated by the long range part of the Coulomb interaction
plasmon-like peak in the loss function experiences also ahere a large number of electrofand thus electron-hole
coupling between a collective plasmon excitation and interexcitations collectively participate. There is a further obser-
band transitions in the energy range of the plasmon energwation that is likely to be connected to this point: if one

The impact of CLFE is evident from Fig. 2, where we considers the loss functions for 1.0 and 1.5'Anomentum
show a comparison of the LDA-full and the LDA-dia calcu- transfers in thg 100 direction, it is striking that CLFE are
lations. As we have already discussed, one expects thatainly visible at the position of pea® but not at peakB.
CLFE become stronger with increasing momentum transfershe explanation could again be a different character of the
and that this effect should at first appear in {i€0 direc-  excitations that cause the peaks: pe&aks dominated by
tion. Figure 2 shows that this is indeed the case. &or single-particle excitations whereas pe&kas a more collec-
=0.15 and 0.5 A%, there is hardly an influence of CLFE. tive character, dominated by the plasmon excitation, and
For 1.0 A"* one sees small contributions in th&11) and  therefore is more independent of CLFE.
the (110 directions but a pronounced influence of CLFE in  The influence of the bandstructure, the CLFE and the
the(100) direction. Considering the calculated loss functionsXCLFE as well as the interplay between the different effects
with g = 1.5 A~1, CLFE are clearly visible for all crystal on the plasmon dispersion were investigated for a large
directions. Especially in th€100 direction the effect is very quantity of materials. For example in NiO a large influence
large. Atq=1.5 A "1 it is also evident that the inclusion of of CLFE on the loss function was expected because the sys-
CLFE shifts spectral weight to higher energies, which sig-tem is very inhomogeneous. But it has been shown that the
nificantly improves the agreement with the experiment. Ininfluence of CLFE in this system is related to the existence
calculations of the imaginary part of the dielectric function in of certain interband transitions that are different for the loss
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function and the static screening. Resulting from this it hashown) the inclusion off,.. Thus, a complete understanding
been found that CLFE are important for the static screenin@f the dielectric response of diamond requires a more sophis-
but not for the loss function in Ni@f Also the alkali metals ticated treatment of exchange and correlation effects.
and especially Cs were the objects of wide interest. The
negative plasmon dispersion of Cs that was found
experimentally’’ was mainly explained by bandstructure ef-
fects caused by thed3electrons. But also CLFE that are  In conclusion, we have shown that the dielectric response
strongly enhanced by the localized core electrons are of coref diamond, probed with EELS in transmission, shows a
siderable influencé Additionally it was found that also large anisotropy with higher momentum transfers. By a com-
XCLFE that are interrelated with the CLFE play an impor- parison with LDA calculations we attribute this anisotropy to
tant role?® The importance of electron correlations has beerthe interaction between the collective plasmon excitation and
expected because of the low-electron density in Cs. Diamonghterband transitions in the energy range of the plasmon en-
in contrast has a large electron density and therefore electrargy. We found that with increasing momentum transfers
correlations are expected to be of minor influence. crystal local-field effects contribute more and more strongly
Concerning our investigations we can ascertain that théo the loss function with the latter changing its character
main experimental trends are clearly reproduced by thérom more collective to more single-particle like. Still re-
theory, nevertheless there still remain significant differencesnaining deviations between experiment and calculations
between experiment and the calculations. On the one hangpint to the importance of many-particle effects, in particu-
these differences originate from the well-known underestidar, excitonic effects that are insufficiently treated in our cal-
mation of the energy gaps by the LDA approximation. Onculations.
the other hand, exchange and correlation efféstech as
excitonic contributionsseem not to be negligible in the re-
sponse. This was already shown in the optical limit by Hanke
and Sharhand more recently by Benediet all° We note We acknowledge financial support from theécBsische
that the consideration df,., which describes the exchange Staatsministerium fuWissenschaft und Kultur under Con-
and correlation corrections in our calculations of the re-tract No. 4-7531.50-03-IFW/602. A.F. and W.H. acknowl-
sponse function within LDA, does not significantly improve edge support through the Sonderforschungsbereich SFB 410.
the agreement with experiment, as can be seen from a conihe calculations have been done at the Leibnitz Rechenzen-
parison of the calculations witkFig. 2) and without(not  trum in Munich.

V. SUMMARY
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