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Abstract
Electron energy loss spectroscopy has been used to probe the coverage-
dependent electronic excitations from a C60 covered graphite surface. In the
energy region corresponding to the optical band-gap of the bulk C60 solid,
the dipole-scattering contribution to the loss features is simulated by a double
dielectric layer model. We find that a good agreement between the simulated
spectra and the experimental results can be achieved for a C60 multilayer.
However, an additional energy loss channel is required in order to describe
the electronic excitations for a C60 monolayer. The possible significances of
this finding are discussed.

1. Introduction

Since the discovery of C60 over a decade ago, various techniques have been used to study the
adsorption of this molecule on substrate surfaces. The ultimate goal is twofold:

(1) to have a good control of the growth of C60 thin films in order to make use of the unique
properties of this system in potential applications, and

(2) to have a better understanding of the underlying physics in this system.

Adsorption of C60 on graphite substrate has become a model system to study the C60–substrate
interaction [1–12]. Electron energy loss spectroscopy (EELS) has been used to understand,
among other properties, the C60 thin film growth mode [5–7]. EELS can also reveal a rich
physics of C60 thin films. For example, in the electronic excitation regime,one finds not only the
dipole-forbidden transition between the highest occupied molecular orbital (HOMO) to lowest
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unoccupied molecular orbital (LUMO), but also the spin-forbidden triplet excitation [13, 14].
The coverage dependence of these excitations is of particular interest for their potential role in
revealing the interfacial electronic structure. We discovered that the excitation strength of the
dipole-forbidden HOMO–LUMO transition is quenched at submonolayer coverage [5, 7]. In
the present work, we investigate the C60 coverage dependence of the dipole-allowed transition
in the C60–graphite system. By employing a double dielectric layer model, we found that a
good agreement between the simulation and the experimental EELS spectra can be obtained
for a C60 multilayer. The same analysis can be extended to a C60 monolayer if the effective
dielectric function for (sub)monolayer coverage has an imaginary component, even in the
optical gap region of the bulk of C60.

2. Coverage dependence of impact excitation spectroscopy

The experimental details have been described in one of our previous publications [5]. Briefly,
the sample used is a highly oriented pyrolytic graphite (HOPG). Depositions of C60 (99.95%
purity) were made while the substrate was at room temperature. The EELS spectra were
taken with an incident electron beam energy of 12 eV and at the specular scattering geometry.
Figure 1(a) shows the experimental result for the energy range corresponding to the ‘optical
gap’ of the bulk C60. Qualitatively, the spectral features can be identified as an intraband
excitation continuum arising from the semi-metallic graphite substrate superimposed by a
dipole-forbidden C60 HOMO–LUMO transition [13, 15]. Since the latter is not observed in
the dielectric response of the bulk materials, which is dominated by the dipole process, we have
treated the C60 contribution to the loss features by impact scattering in our previous work on the
growth of C60 thin films on graphite [5]. We have parameterized the spectra in terms of a linear
combination of two reference EELS spectra, corresponding to the bare graphite and the thickest
C60 films examined respectively [5, 7]. The fitting range was from 1 to 2.5 eV. The solid curve
in figure 1(a) shows an example of such fitting for a C60 deposition time of 210 s. From the
fitting, we obtained two weighting parameters, ξg and ξC60 , as a function of C60 coverage. Both
ξg and ξC60 can be used as a measure of the strength of scattering from the substrate and the C60

film respectively. They should contain information about both the thickness dependence of the
electronic excitations as well as the morphology of the C60 overlayer. We found an unusually
small ξC60 for very low C60 coverage, suggesting that the HOMO–LUMO transition of the first
C60 layer is suppressed at specular electron scattering geometry, possibly due to a substrate-
induced quenching effect [7]. Because the impact scattering is a short-range interaction, we
have assumed that its excitation probability is directly proportional to the number of C60

molecules present at the topmost layer. In our previous publication [5], we have employed a
one-parameter growth model for C60, with the key parameter describing the probability for a
C60 molecule descending to the preceding layer. Figure 1(b) displays the fitting result. Here
we extend the investigation to the C60 coverage dependence of ξg.

3. Two-layer dielectric model

To simulate the behaviour of ξg, i.e., the coverage dependence of the substrate response at the
C60–graphite interface, we have treated the system by employing a two-layer dielectric model.
In this model, the C60 overlayer behaves like a uniform dielectric, and the reflection coefficient
for incident electrons is assumed to be constant. The electron scattering cross section from
such a dielectric system is described by an effective dielectric function, which depends on
the dielectric functions of the substrate and that of the overlayer as well as the thickness of
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Figure 1. (a) Electron energy loss spectrum from 210 s. Deposition of C60 on graphite at
room temperature. The incident beam energy is 12 eV. The incident and detected angles are
60◦ . (b) Measured and simulated variation of the impact scattering from a C60 overlayer during
growth. (•) Experimental data, while the curves are fitted results using different values of the
step-crossing parameter b, as indicated. The figure is reproduced from [7].

the overlayer [16]. To account for the surface roughness, we have assumed that the total
cross section function of the C60–graphite system can be written as a summation over the bare
graphite surface region and various C60-covered regions as follows:

αtotal(�E, t) =
∑
i=0

(θi(t) − θi+1(t))αi (�E), (1)

in which θi is the coverage of the i th C60 overlayer, and αi (�E) is the cross section function
for inelastic scattering over the area covered by i C60 overlayers. θi(t) is determined by a
growth model characterized by a probability of a molecule crossing a descending step [5]. For
dipole scattering, we have the cross section (see [16])

αi (�E) = d2S

d�(k̂) dw
∝ k2

z

(
k

k(I )

)
1

Q‖
�(Q‖, kz)[n(w) + 1] Im

[ −1

1 + ε̃(Q‖, w)

]
, (2)

in which the Bose factor, n(w) = 1
exp(h̄w/kB T )−1 , is close to zero at room temperature. The

�(Q‖, kz) can be approximated by the expression

≈ 4|R|2 Q2
‖

[Q2
‖ + (kz − k(I )

z )2]2
, (3)
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Figure 2. A schematic drawing of a C60 overlayer on graphite as assumed in the calculation of the
effective dielectric function of C60-covered graphite.

in which kz and k(I )
z are the components of the wavevector perpendicular to the surface for the

scattered electrons and the incident electrons respectively, Q‖ = k(I )
‖ − k‖ is the component

of the momentum transfer wavevector parallel to the surface, and R (=RC60 for α�=0 and
=Rg for α0) is the surface reflection coefficient. In this cross section function, the loss
function Im

[ −1
1+ε̃(Q‖,w)

]
or the effective dielectric function ε̃(Q‖, w) is the key material-specific

parameter governing the scattering cross section. The effective dielectric function for a two-
layered system is given by

ε̃(Q‖, w) = εs(w)

[
1 + �(w) exp(−2Q‖d)

1 − �(w) exp(−2Q‖d)

]
, (4)

with

�(w) = εb(w) − εs(w)

εb(w) + εs(w)
, (5)

where εb and εs denote the dielectric function of the substrate and the surface layers respectively,
and d is the thickness of the surface layers [16]. The wavevector dependence of εb and εs was
ignored, as Q‖ is small in our case (of the order of 0.065–0.09 Å−1). The schematics of the
two-layered model is shown in figure 2. The value of εb for the graphite substrate used in the
simulation is obtained from Danels et al [17]. The C60 layers above the first layer are treated
as those in a thick C60 film. Values of εs derived from optical and EELS experiments on thick
C60 films are thus employed [18]. In the energy loss range of interest, 1–2.5 eV, εs ≈ 3.61. To
account for possible interfacial effects, we have represented the dielectric function of the first
C60 overlayer, εs(1), as an adjustable parameter. The thickness of the first C60 is assumed to
be 6.6 Å and the interlayer distance for the subsequent layers as 8.5 Å [19].

The key point of our simulation is to derive an effective dielectric function for the two-
layer system by an iterative application of equation (4). To account for the possible difference
between the dielectric response of the first and subsequent C60 layer, we first treat the two-layer
system consisting of graphite and the first C60 monolayer as a new substrate with an effective
dielectric function. Then, the additional C60 overlayer is considered as an overlayer in a new
effective two-layer system. In this way, we obtained the effective dielectric functions for the
areas covered by C60 films of various thicknesses. The two-layer dielectric model has been
successfully applied to the studies of surface optical constants, and surface electronic states
of silicon and germanium [20], as well as to the surface roughness of a dielectric overlayer
on substrates [21]. Our simulation was done at a representative energy loss point, 1 eV. The
validity of the approach will be demonstrated with the good fit using reconstructed EELS
spectra to the original EELS spectra.
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Figure 3. (a)–(d) Measured and simulated variation of the dipole scattering from C60-covered
graphite substrate. (•) Experimental data, while the curves are fitted results using different values
of the step-crossing parameter b, as indicated. The four panels represent different values for εs(1)

shown.

4. Results

The simulated results are processed in the same manner as the experimental data in [7], where
a coefficient analogous to the experimental substrate scattering-strength, ξg, is defined by
normalizing the scattered signal to an elastic signal at each coverage and scaling it to unity for
the bare graphite. In the present simulation, ξg is generated by using the following expression:

ξg = αtotal(t)

I0(t)

I0(0)

αtotal(0)
, (6)

where I0(t) is the elastic scattering intensity described in [5] and t is the C60 deposition time.

Figures 3(a)–(d) demonstrate the fits to obtain the experimental value for ξg. Since
|RC60 |2
|Rg|2 has

been determined to be 0.14 [5], the fits are parameterized only by b, the probability of crossing
a descending step, and εs(1), the dielectric function of the first layer. Figure 3(a) shows a fit
with εs(1) = 3.61, the same value as that for C60 layers above the first layer, i.e. we have
assumed that it is not affected by the presence of the interface. The simulation gives a broad
value for b, 0.65 ± 0.15, suggesting that the sensitivity of the ξg to surface morphology is not
as high as ξC60 (see [5]). This feature can be understood since ξg describes dipole scattering
which, unlike impact scattering, occurs a few tens of angströms above the surface. However,
we noted that a slightly smaller b value is obtained, compared to b = 0.88 ± 0.10 obtained in
our ξC60 simulation.
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Figure 4. Contour map of the loss-function value for monolayer C60 on graphite in terms of its
imaginary part, Im εs(1), and its real part, Re εs(1). The values of the contour are indicated. It is
found that the value of the loss function should be smaller than 0.09 to obtain a qualified fit (see
text). The arrow points out where εs(1) = 3.61.

We now take into account the interfacial effects by focusing on the first C60 overlayer
on graphite, that is εs(1). Adding an imaginary part to εs(1) is found to effectively enhance
the loss function (see figure 4, the contour of the loss function for monolayer C60 on graphite
in terms of the real part and imaginary part of εs(1)). Figures 3(b)–(d) show fits by using
εs(1) containing an imaginary part. The role of the imaginary part in the fits is significant. By
increasing slightly the imaginary part, the values of b are driven from 0.65±0.15 to 0.80±0.10,
as shown in figures 3(a)–(c). Figure 3(d) shows an upper limit for the imaginary part, which
has introduced a drastic deviation in the low deposition region.

Different values of the imaginary part show different degrees of enhancement in the cross
section of the inelastic dipole scattering. It is worth checking how changes in εs(1) vary the
loss function for the graphite covered by one C60 layer. Figure 4 is a contour diagram of the
loss function for monolayer C60 on graphite, in terms of the real part and imaginary part of
εs(1). Adding i1.4, for its effect in ξg simulation, see figure 3(d), has increased the value of
the loss function from 0.07 to 0.11, which enhanced the cross section by 59%. On the other
hand, the contour diagram also shows that the loss function is insensitive to the real part, so
variation in the real part does not change the fits effectively.

To verify the above result, we combine signals from both impact scattering and dipole
scattering to construct a series of EELS spectra to fit directly to the experimental data. The
fitted parameters determined above and in our previous studies [5] are used to calculate the
EELS spectra from 1 to 2.5 eV. The process is also a stringent test for the analysis since
previously the fitted parameters were obtained at only one electron energy-loss value of 1 eV.
The reconstructed spectra are given by

fre(�E, t) = fg(1 eV)

αtotal(1 eV, 0)
αtotal(�E, t) +

f s
C60

(�E)

I (420s)
I (t) (7)

where αtotal(�E, t) and I (t) are the cross section functions for dipole scattering and impact
scattering; fg(1 eV) is the intensity of the 1 eV loss point of the pure graphite spectrum, and
f s
C60

(�E) is the best-fit function for fC60 (�E) which is the spectra from thick C60 films [5].
The two terms in equation (7) represent the features of the graphite intraband transitions and C60

HOMO–LUMO transitions, respectively. Two factors in front of the cross section functions
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Figure 5. (a)–(f) Comparison of the experimental spectra with the reconstructed spectra at various
stages in film growth. The filled dots are experimental data, the solid curves are the reconstructed
spectra using b = 0.80, and the dashed curves and dotted curves denote those using b = 0.70 and
0.90, respectively. The six panels correspond to various deposition times, as indicated above the
panels.

bring the reconstructed spectra to the two reference spectra, pure graphite and the thickest C60

film, at the two extremes, t = 0 and 420 s. Figure 5 is a series of comparisons of the best-fit
curves with the experimental data. The good fit to the spectrum of pure graphite in figure 5(a)
demonstrates the validity of the cross section function, equation (2), used to depict dipole
scattering from graphite. The three simulated curves in figures 5(b)–(f) are generated by using
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Figure 6. The reconstructed spectra of 240 s deposition using εs(1) = 3.61 and the corresponding
step-crossing parameters (b = 0.65±0.15). The solid curve is the reconstructed spectrum obtained
using b = 0.65, while the dashed and dotted curves are obtained using b = 0.50 and 0.80,
respectively. The fit quality is worse than that shown in figure 5(f) for the same data but with
different fitting parameters.

b = 0.70, 0.80, 0.90. For all curves, εs(1) = 3.61 + i1.0 is used for the dipole-scattering
part. We assume that εs(1) is not sensitive to the energy loss range. In both low deposition
(60 s) and high deposition (240 s) cases, signals from either the pure graphite or thick C60

films dominate, and therefore the differences arising from various b become less evident, as
shown. By using εs(1) without the imaginary part and the corresponding lower step-crossing
parameters (b = 0.65), one obtains a worse fit in the higher deposition region, as shown in
figure 6.

5. Discussion and summary

Our simulation results demonstrate that the modification of the dielectric function in the
interface leads to enhancement in the cross section of inelastic dipole scattering. Addition of
the imaginary part of εs(1) implies that new loss channels might be generated in the interface
region, for example, electron redistribution or expansion of the electron–hole pair excitations
in graphite. Other possibilities might involve the morphology of the submonolayer of C60.
It is interesting to note that a noticeable contribution of the imaginary part of the dielectric
function in the optical gap region for single crystalline C60 is observed in polycrystalline
C60 [22]. This was attributed to the large voids in the polycrystalline sample. This intriguing
‘coincident’ may support our argument that the interfacial interaction enhances the inelastic
dipole scattering but quenches the inelastic impact scattering [5]. The dipole scattering occurs
via the interactions of probe electrons with the electric field above the surface originating
from the electronic excitation in surfaces. If the new electron loss channel originates from
the electron redistribution, our results imply that they somehow reduce the capability of the
C60 dielectric layer attenuating the electric field, thus reducing the probability of the substrate
interacting with the probe electrons. In a separate study on C60 triplet exciton excitation, it was
revealed that the excitation remained unchanged for monolayer C60 on graphite. Therefore,
such possible redistribution of electrons in the interface would primarily be composed of the
electrons of graphite surface states, and we speculate the graphite π electrons being highly
involved.
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In summary, by applying the two-layer dielectric model, we have simulated the strength of
the inelastic dipole scattering from the graphite substrate during the growth of C60 thin films.
The remarkably good quality of fit between the simulation spectra and the experimental spectra
demonstrates the success of the employed combination of the dielectric model and the layered
growth model in treating this system. It is found that, in order to better describe the electronic
excitation for the monolayer C60, the dielectric function has to include an imaginary part
contribution, even in the optical band gap of the bulk single crystal C60. The result implies that
the C60–graphite interfacial interaction may lead to additional electron loss channels. Further
investigations on the optical properties of the coverage dependence of C60 on graphite by using,
for example, spectroscopic ellipsometry measurements, could provide further insights to the
mechanisms of the phenomena discussed in this paper.
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