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We extend the three-layer model for energy loss calculation to include many-body effects in an ab initio
framework. The electron energy loss spectrum of the C�100�2�1 surface is calculated and compared with the
existing experimental results. We show how many-body effects, namely self-energy, local-fields, and electron-
hole interaction, deeply influence the dielectric response and how their inclusion is essential to have good
agreement with the experiment. A strong anisotropic behavior of local-field effects on the dielectric response
has been observed, while the inclusion of the electron-hole attractive interaction produces a surface-state
exciton with binding energy of about 1 eV, confirming a recent theoretical-experimental study of the optical
spectra of this surface.
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I. INTRODUCTION

The importance of excitonic effects on the dielectric re-
sponse of materials has been known for quite a long time.1

The appearance of an interacting electron-hole pair during
spectroscopical measurements such as light absorption or re-
flectivity, or electron energy loss, induces a distortion of the
spectral line shapes above the gap and the formation of
bound exciton states below it.2 Due to the small screening,
this last phenomenon is particularly evident in insulators or
in low-dimensional systems, where binding energies of the
order of 1 eV are observed.3,4

Regarding semiconductor surfaces such as Ge and Si�111�
�2�1�,5,6 the optical spectra below 1 eV are currently inter-
preted in terms of surface-state excitons, with a binding en-
ergy of approximately 0.25 eV.7,8 Stronger excitonic effects
are expected on diamond surfaces due to the smaller dielec-
tric constant, and some of us have shown that this is in fact
the case for C�100�.9

The �100� surfaces of homopolar semiconductor com-
pounds are certainly among the most interesting surfaces for
their technological applications. Although much effort has
been dedicated to Si�100�,10 the high energy gap, the exceed-
ingly high hardness, heat conductivity and hole mobility of
diamond and, moreover, the possibility to grow good quality
thin films of C�100� by CVD methods, are all motivations for
the large number of theoretical and experimental works
which have appeared on this surface.11–13 Both from the the-
oretical and experimental sides11–13 it is by now confirmed
that the lowest energy configuration for this surface, different
from the Si�100�, is the 2�1 unbuckled dimers reconstruc-
tion. In fact, while the tilting of dimer atoms at Si�100�
breaks the surface symmetry and opens the gap, making it
semiconducting, the C�100�2�1 with symmetric dimers is
already semiconducting and a Jahn-Teller-like transition does
not occur. As mentioned in Ref. 14, the different behavior is
due to the electronic properties of the constituting atoms:
while the C-2p orbital is very well localized, leading to a
strong tendency to form a � bond within each dimer, in Si

the more extended character of the 3p orbital gives rise to
more extended bonds, involving neighboring dimers. This is
also the origin of the different anisotropy observed in the
optical spectra15,16 and it is one of the main factors which
determines the occurrence of a strongly bound exciton only
at C�100� and not at Si�100�.17

Electron energy loss spectroscopy �EELS� is more surface
sensitive than optical spectroscopy, because electrons pen-
etrate much less than photons. Recent works18 have shown
its potentiality; by comparing losses with transferred mo-
mentum q along different surface directions, a loss aniso-
tropy spectroscopy technique, similar to reflectance aniso-
tropy spectroscopy �RAS�, has been developed. Moreover,
being the energy loss more sensitive to surfaces, where the
anisotropy occurs, the anisotropy signal is much greater than
in the RAS �up to two orders of magnitude at as-grown,
well-ordered, surfaces�.

The great potentiality of EELS for surface analysis is,
however, hampered by the difficulty of developing a suitable
theory. This is more complicated than that of surface optical
properties, since it requires the knowledge of the full inverse
dielectric function of the semi-infinite solid, for many values
of transferred momentum �q� and frequencies ���. Further-
more, since the potential generated by the incident electron is
long ranged, particular care must be paid to avoid the con-
tribution of the back surface of the slab and of the repeated
slabs. This can be done by integrating the inverse dielectric
function �−1�z ,z� ,�� in a finite region including the front
surface but excluding the back surface.19 This of course in-
creases the computational cost since the selection rule of
plane waves, kz�=kz, does not apply in such a case. These are
the bottlenecks of the calculation. Hence, so far, calculations
for real surfaces have been carried out only within the three-
layer local model. This model has been introduced by McIn-
thire and Aspnes20 to calculate surface effects on reflectance.
A surface layer of thickness d �a few atomic planes� has a
dielectric constant �s, different from that of the bulk crystal,
�b. The reflectance is calculated to first order in d /� �� being
the light wavelength�, which is of the order of one hundredth
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or smaller. �This first-order expansion leads to simple formu-
las without decreasing the accuracy.� Later, in Ref. 21, it has
been generalized to anisotropic surfaces, by assuming a di-
agonal but anisotropic dielectric tensor for the surface layer,
and to describe EEL experiments. The advantage for EEL
calculations is that a local dielectric function can be easily
inverted.

This model, which requires the knowledge of the surface
and bulk dielectric functions, can in principle include exci-
tonic effects therein, according to the BSE �Bethe-Salpeter
equation� approach.22 However, to the best of our knowl-
edge, no calculations have been carried out so far to consider
excitonic effects in surface EELS. The purpose of this paper
is to produce a calculation of surface EELS which, although
within the approximate three-layer model, accounts for
electron-hole interaction effects.

II. THEORETICAL APPROACH

A. The electron energy loss probability function

Within the dipole-scattering theory23 and the three-layer
model,21 it is possible to calculate EEL spectra. In this ap-
proach, valid when the energy and the momentum trans-
ferred to the medium are small, the electrons are assumed to
be elastically backscattered by the surface barrier, while the
loss occurs outside the surface. The electron scattering prob-
ability can be factorized in a kinematic factor A�k ,k�� and a
loss function Im�g�q ,���, which depends on the electronic
properties of the medium, as

P�k,k�� = A�k,k��Im�g�q�,���

=
2

�ea0��2

1

cos �i

k�

k

q�

�q�
2 + q�

2 �2 · Im
− 1

1 + �ef f�q�,��
,

�1�

where k and k� are the wave vectors of the incident and
scattered electron respectively; �i is the angle of incidence,
�� is the energy transfer, q�=kz−kz� and q� =k� −k�� are the
transferred momenta perpendicular and parallel to the sur-
face, respectively. From the kinematics

q� = �2E0 sin �i − �2�E0 − E� sin � f , �2�

where E0 is the energy of the primary electron, E is the lost
energy; �i and � f are the angles of the incident and outcom-
ing electron with respect to the surface normal. Assuming
that the scattering plane is the yz plane, the effective dielec-
tric function �ef f�q� ,�� comes out to be21

�ef f�q�,�� = �s
�s + �b + ��b − �s�e�−2q�d��sy/�sz�

�s + �b − ��b − �s�e�−2q�d��sy/�sz�
, �3�

where �s=��sy�sz.
�sy and �sz are the components of the surface dielectric

tensor parallel to the y direction, which lies in the surface
plane, and to the z direction, perpendicular to the surface,
respectively. d=3.5 Å is the thickness of the thin layer which
we use to describe the surface within the three-layer model.

Equation �3� has been obtained in Ref. 21 by solving
Poisson’s equation for the total field within an anisotropic,

yet local, three-layer model. The effective dielectric function
�ef f�q� ,�� is a combination of the surface ��sy, �sz� and bulk
dielectric functions ��b�. Here we use a more transparent,
although equivalent, formula than in Ref. 21. Equation �3�
recovers two well-known limits: for q� going to 0, �ef f tends
to �b. This is because the field of the incident electron, de-
caying as exp�−q�z�, penetrates deeply into the bulk, so that
the surface layer has a small effect on the loss function.
Taking into account first order terms in q�d, we get the first
order expansion

�ef f � �bulk + q�d��sy − �bulk
2 /�sz�

as in Ref. 21. On the contrary, for very large q�, �ef f tends to
�s: EELS, in this case is a probe of the very surface. The
values of q�d relevant to the experimental geometry, consid-
ered here,24 are of the order of one, so that the weights of
surface and bulk dielectric functions in �ef f are comparable.
It is important to note that in Eq. �3� the dielectric functions
are the optical ones, calculated in the small q limit and de-
pend only on frequency; the q� dependence of �ef f�q� ,��
originates from the averaging procedure over surface and
bulk regions. On the other hand, q� depends on E according
to Eq. �2�.

The main structure in Eq. �1�, the surface plasmon, occurs
when the denominator vanishes �no bulk plasmon is derived
within this theory, because of the assumption that electrons
do not penetrate the sample.23� In the case of a perfect bulk
termination, �ef f =�bulk, and the usual surface plasmon disper-
sion is recovered: �bulk���=−1.23 The presence of the surface
affects this dispersion, which becomes �ef f�q� ,��=−1. In ad-
dition to surface plasmons, there are, at lower energies, struc-
tures arising from peaks in the imaginary part of �ef f which
describe electron-hole transitions. These, in particular the
electron-hole bound states, are the main concern of this
work. We are particularly interested in understanding how
these many-body effects appear to affect EEL spectra, as
compared to optical spectra.

B. The single-particle Kohn-Sham equations and the inclusion
of many-body effects

We calculate the dielectric response of the �100� surface
of diamond beyond density functional theory �DFT�.25 In
fact, it is well known that DFT is a reliable approach to
calculate the ground state electronic properties of many-
electron systems, but fails to describe correctly the experi-
ments when physical properties involving excited states are
required. The Green’s functions formalism represents nowa-
days the systematic first-principle approach to overcome the
failures of DFT �see Refs. 26 and 27 and references therein�.
Since 1985, Hedin’s GW method has been successfully used
to calculate the quasiparticle band structures of materials,
generally leading to good agreement with photoemission and
inverse photoemission experiments.28,29 Moreover, when
considering spectroscopic properties where electron-hole ex-
citations are created, it is necessary to go beyond a single
quasiparticle picture, and two-particles effects �electron-hole
interactions� have also to be included. The Bethe-Salpeter
equation for the e-h Green’s function must hence be solved.
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Although the theoretical framework has already been known
for more than two decades,2,30 the very large computational
effort needed to solve the BSE has prevented its application
to real systems, and its ab initio solution has become pos-
sible only in the last ten years.22,31–35 Whereas previous stud-
ies have been devoted to the investigation of the excitonic
effects on the optical spectra, here we apply the BSE formal-
ism to study the effect of the electron-hole interaction on
surface electron energy loss spectra.

A three-step procedure is used to obtain the macroscopic
dielectric response of the C�100� surface. First, through a
DFT-LDA calculation,36,37 with the use of norm-conserving
pseudopotentials,38 the geometrical structure of the relaxed
ground state configuration of the surface is obtained, solving
self-consistently the Kohn-Sham equations.25 In the second
step, one-particle excitation energies are obtained. They are
the poles of the one-particle Green function and are deter-
mined as solutions of the quasiparticle equations. These are
formally similar to the Kohn-Sham equations but a nonher-
mitian, nonlocal energy dependent self-energy operator 	
�Ref. 39� replaces the exchange-correlation potential. In
practical calculations, the self-energy is approximated by the
product of the Kohn-Sham Green function G times the
screened RPA Coulomb interaction W: 	= iGW �see Ref. 26
and references therein�. In the third step, through the solution
of the Bethe-Salpeter equation, the coupled electron-hole ex-
citations are included.40 Detailed discussions about this equa-
tion are already present in the literature; 22,27,32,34 here, we
just recall that its solution involves the study of the following
excitonic Hamiltonian:

Hexc
�n1,n2�,�n3,n4� = �En2

QP − En1

QP�
n1,n3

n2,n4

− �fn2
− fn1

� � dr1dr1�dr2dr2��n1
�r1�

��n2

* �r1����r1,r1�,r2,r2���n3

* �r2��n4
�r2�� ,

where fni
are the occupation numbers, Eni

QP are the quasipar-
ticle �GW� eigenvalues, and �ni

are the Kohn-Sham one-
particle wave functions.41 The kernel � contains two contri-
butions: W, which is the attractive screened Coulomb
electron-hole interaction and v̄, which is the bare Coulomb
interaction where the long range term with vanishing wave
vector is eliminated; v̄ describes local field effects in a way
equivalent to the Adler-Wiser approach when the electron-
hole attraction W is neglected.27,42 We use v̄, rather than the
full Coulomb potential v, which is appropriate for energy
loss calculations, because Eq. �3� involves the optical
�macroscopic� dielectric functions. This is expected to be
correct for small momentum transfer.

C. Computational details

We model the C�100�2�1 surface by a repeated slab con-
taining 12 atomic C layers and a vacuum region equivalent
to 8 atomic layers. A norm-conserving pseudopotential gen-
erated within the Martins-Trouiller scheme is used.38 Careful
convergence tests on bulk diamond allow us to use a kinetic
energy cutoff of 40 Ry and give an equilibrium lattice pa-

rameter, a0, and bulk modulus, B0, of 6.73 a.u. and 4.5 Mbar
�experimental values are 6.74 and 4.42, respectively�. The
stable surface geometry agrees well with previous
results:14,43 it consists of symmetric dimers with a bond
length of 1.37 Å. We used 16 k� points in the full BZ for
self-consistency and 128 k points for the optical properties.
The convergence of the dielectric function increasing the
number of k points to 256 in the BZ has been tested at the
RPA level. We also checked the convergence of the optical
spectra with respect to the number of atomic and vacuum
layers. Regarding the GW part of the calculation, we com-
puted the matrix elements of �−1�G ,G� ,q ,�� within a
plasmon-pole model, using 1367 plane waves and 13 q vec-
tors within the two-dimensional irreducible part of the Bril-
louin zone �IBZ�. The correlation part of the self-energy 	c
has been calculated using 1367 planewaves and 1000 bands,
while 3157 planewaves have been necessary for the ex-
change part 	x. For the solution of the Bethe-Salpeter equa-
tion, we used the Haydock recursion method33,44 which al-
lows us to treat large excitonic matrices. We verified that 30
valence bands and 40 conduction bands describe correctly
the dielectric function in the energetic region between 0 and
18 eV. Adding a reasonable high energy tail does not change
the energy positions of the energy loss peaks in the range up
to 7 eV, which are those of interest in the present paper.

III. RESULTS AND DISCUSSION

Our results for the electronic band structure, obtained in-
cluding the GW corrections, are shown in Fig. 1 together
with direct photoemission data by Graupner et al.45 The
agreement between theory and experiment is very good. In
Table I we list the surface electronic gaps at high-symmetry
points of the IBZ. The QP corrections open the LDA gaps
between occupied and empty surface states by 1.8–2.1 eV.
The GW corrections do not much affect the dispersion of the
states, leaving the minimum surface gap indirect �from
around J� to K� and the surface bands almost parallel near J�
�see Fig. 1�. This parallelism, together with the low dielectric

FIG. 1. Electronic band structure of �100� surface along high-
symmetry lines of the 2�1 BZ including GW corrections. Grey
regions indicate the projected bulk band structure; solid lines are the
� and �* dimers surface states. Experimental data from Ref. 45.
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screening of diamond, is the main reason for the formation of
a strongly bound exciton. Kress et al.46 obtained, using a
simplified GW scheme for the screening, similar results but a
slightly larger opening of the surface state gaps
�2.14–2.35 eV�.

In Table I we also show our calculated electron affinity �,
that in DFT takes the value of 1.9 eV, out of the experimen-
tal range �from 0.5 to 1.3 eV �Refs. 11, 47, and 48��. The
inclusion of QP effects, instead, allows for a better agree-
ment with the measurements, since our GW value for �,
1.1 eV, falls well within the experimental range.

The imaginary part of the surface dielectric function, de-
fined as the dielectric response of the first few surface atomic
layers, is shown in Fig. 2.49 Two light polarizations have
been considered, along the dimers �full lines� and perpen-
dicular to the dimers �dashed lines�. Different levels of ap-
proximation in the theoretical approach are shown in the
three panels, from DFT to GW to BSE. In the top panel
�DFT-LDA level� we see that two peaks �A and B�, at 2.4 and
3 eV, which are due to surface-state to surface-state transi-
tions, are present only for light polarized along the dimers
�full lines�, while for light polarized perpendicular to the

dimers �dashed lines� the absorption onset occurs at 3.8 eV.
This result reproduces the strong anisotropy of the macro-
scopic dielectric functions predicted in other theoretical
papers.15,16 On the central panel �self-energy effects in-
cluded� we observe that the GW dielectric functions are es-
sentially blue shifted by about 1.9 eV with respect to the
DFT curves. Finally, on the third panel, when the e-h attrac-
tive interaction �W� and the local field effects �v̄� are in-
cluded through the solution of the Bethe-Salpeter equation,
the surface dielectric function is redshifted by about 1 eV
and a significative shape and intensity modification is ob-
served. The two peaks appearing at about 3.1 and 3.8 eV in
Fig. 2�c� are due to bound exciton states, occurring below the
relative surface QP gaps, respectively near J� and . By ana-
lyzing the energetic positions of the lowest eigenvalues of
the excitonic Hamiltonian, we know that the lowest-energy
exciton is located at 3.1 eV, hence we can estimate an exci-
tonic binding energy of 0.9 eV. To better analyze this result,
we show in Fig. 3 the effect of v̄ �that is, of the local fields
effects� and of W �that is the attractive e-h interaction� sepa-
rately, on the surface dielectric function. From the GW+LF
curves �diamonds� we can immediately note the anisotropic
role of local fields on the surface low energy peak. In fact,
while for light polarization parallel to the dimers, the LFs
produce a strong reduction of the GW peaks �full line, lower
panel�, for the perpendicular polarization their influence is
even not visible in the figure �upper panel�. This behavior
can be understood keeping in mind the atomic geometry of
the surface reconstruction: along the �011� direction, parallel
to the dimers �and perpendicular to the dimers rows�, wide
vacuum regions between the surface atoms are present. In the
�0–11� direction �which is the direction of the dimers rows�
the atomic distances are similar to the bulk ones. In other
words, the electric field for light polarized along �011� un-
dergoes a surface distortion, such as to keep, according to
Maxwell’s boundary conditions, its electric displacement
constant within the dimer rows and in between. This induces
a strong reduction of the electric field within the dimer rows,
and hence of the dielectric response for light polarized along
the dimers ��011� direction�. A similar anisotropic behavior
of local-field effects �the so-called “depolarization effect”�
has been observed in other strong anisotropic systems such
as nanowires and nanotubes.50

Moreover, we see from Fig. 3 that also the screened
electron-hole Coulomb interaction �W� in the BS kernel has
an anisotropic effect �dashed lines�. In fact, it induces a red

TABLE I. DFT-LDA gaps between surface states at some high-symmetry k points are compared with the
GW corrected values. Also the electron affinity �, defined as �=Evacuum−EBCB, with EBCB energy of the
bottom of the conduction band, is shown in the last column. All energies are in eV.

̄ J̄ K̄ J�̄ �

DFT-LDA 2.7 3.2 2.9 2.2 1.9

GW 4.8 5.3 5.0 4.0 1.1

Exp. 0.5a, 0.75b, 1.3c

aReference 11.
bReference 47.
cReference 48.

FIG. 2. �Color online� Imaginary part of the surface dielectric
functions of C�100� 2�1 surface for light polarized along the
dimers �full lines� and in the perpendicular direction �dashed line�.
�a� RPA curves at DFT-LDA level. �b� GW effects included. �c�
Self-energy �GW�, local-field �LF�, and excitonic �Exc� effects in-
cluded. An artificial broadening of 0.1 eV has been used.
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shift of different entity for the two light polarizations, be-
cause the excitonic effect is much larger for light polarized
along the dimers, as in isolated molecules. The interplay of
LF and electron-hole attractive interaction �W� leads to the
curve shown in the lower panel of Fig. 2 with the excitonic
peaks �A and B� still occuring for light polarized along the
dimers, although with intensities strongly reduced by the
local-field effects. The RAS calculated with these ingredients
is in good agreement with the experiments.9

In Fig. 4 the theoretical EEL spectra, obtained including
GW corrections �panel �c��, GW+LF �panel �d�� and GW
+LF+Exc effects �panel �b�� are compared with the experi-
ments of Ref. 24 �panel �a��. The experiment was performed
with a primary beam energy of 50 eV and at a fixed angle of
incidence �i=60° under specular reflection. Thanks to the
high energetic primary beam and to the small energy loss, the
use of dipole-scattering theory is allowed and the compari-
son of our theoretical results with the experimental curve is
justified. The dependence of q� on E, according to Eq. �2� is
included in the calculation. A typical value of the transferred
momentum in this experimental configuration is q�

�0.15 a.u.
The experimental loss function is characterized by three

main peaks located at 3.5, 4.7, and 5.9 eV. We can see that
the agreement of the theoretical results with the experiment
is reasonably good only when self-energy, local-field, and
excitonic effects are included altogether �panel �b��. In fact,
while the GW curve �panel �c�� has an onset at about 4 eV
and the effect of LF is essentially a reduction of its intensity

�panel �d��, only the GW+LF+Exc spectrum reproduces the
three main experimental peaks. The lowest energy double
peak �centered around 3.5 eV� is due to the excitation of the
surface-state excitons, appearing at 3.1 and 3.8 eV in the
surface dielectric functions; the calculated double peak cor-
responds well to the asymmetric experimental structure
around 3.4 eV. The calculated structure at about 5 eV is due
to surface state–surface state transitions, and the higher
structures are mixed surface state–bulk state transitions.
These interpretations are clarified looking at the imaginary
and real parts of �ef f�q� ,�� which are reported in Fig. 5 �left
and right panels, respectively�, where q� again depends on E,
according to Eq. �2�. All the loss structures mentioned so far
originate from the imaginary part of �ef f, as shown by the

FIG. 3. �Color online� Upper panel: Imaginary part of the sur-
face dielectric functions for light polarized along the dimer rows.
Solid line: GW calculation; diamonds: effect of the local fields v̄ �
GW+LF calculation�; dashed line: effect of W �no LF included in
the BSE kernel�. Lower panel: as before but for light polarized
along the dimers.

FIG. 4. Electron energy loss spectrum of C�100� 2�1 surface.
Panel �a� Experimental spectrum from Ref. 24. Panel �b� Theoreti-
cal spectrum with self-energy, local field, and excitonic effects in-
cluded �GW+LF+Exc�. Panel �c� As before but with only self-
energy effects included �GW�. Panel �d� As before but with self-
energy and local field effects included �GW+LF�.

FIG. 5. Imaginary �left panel� and real �right panel� parts of
theoretical �GW+LF+Exc� effective dielectric function �ef f�q� ,��,
with q� calculated according to Eq. �2�.
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corresponding labels in Figs. 4�b� and 5 �left panel�. Finally,
the calculated loss structure close to 6.7 eV has also a con-
tribution from the dip in the real part of �ef f occurring at the
same energy, which makes the denominator of Eq.�1� very
small �it would vanish for �ef f =−1, when a surface plasmon
occurs�.

IV. CONCLUSIONS

In the present paper, we have investigated how the
electron-hole interaction affects the EELS, and described in
detail how to include many-body effects in the three-layer
model within a dipole scattering approximation. In a com-
bined theoretical-experimental study of the reflectance aniso-
tropy spectrum of the C�100� surface,9 it has been recently
shown that strongly bound surface-state excitons, with bind-
ing energy of approximately 1 eV, exist at this surface. From
a comparison of the theoretical EELS spectrum with the ex-

isting experiment,24 we confirm the existence of strongly
bound surface-state excitons at the C�100�2�1 surface. EEL
line shapes are of course different from optical ones, never-
theless the presence of strongly bound excitons is clearly
revealed. The theoretical EEL spectrum is in good agreement
with the measured one only when all many-body effects
�namely, self-energy, local-field and excitonic effects� are
considered all together.
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