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Electronic structure of K doped C60 monolayers on Ag(001)
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Abstract

The doping of a C60/Ag(100) interface with K is studied by high resolution valence band photoemission
spectroscopy. With increasing potassium exposure the progressive filling of the C60 lowest unoccupied molecular
orbital (LUMO) derived band is observed. The charge transfer onto the C60 molecules is quantified from the observed
binding energies of the LUMO derived band. Up to a half filled LUMO no rigid band shift is found. Furthermore
the intensity of the highest occupied molecular orbital is not constant but shows in normal emission a pronounced
dip between half and complete LUMO filling. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction K3C60) metals or ionic insulators ( K6C60 and
K4C60) may be formed.

At noble metal surfaces the strong polarizabilityClose cage C2n (n>9) molecules (fullerenes)
and the large electron affinity (−2.65 eV ) yield toconstitute the building blocks for a new class of
electron transfer on C60 upon adsorption where amaterials that have attracted much interest over
low work function surface favors the chargethe past 10 years [1]. In alloys they do, however,
transfer [3]. For the electronic structure it is impor-not only act like giant noble gas atoms but their
tant to know how many electrons are transferredinternal vibration modes and the high electron
on the C60 molecules. Furthermore the extent toaffinities give rise to negative ion formation with
which the molecular orbitals shift with respect tostrong electron–phonon interactions [2]. The
the Fermi level is essential in order to understandsuperconducting K3C60 fulleride is a good example
the response of the C60 molecules upon doping. Aof this interplay and its consequences. The
rigid shift of all molecular derived bands indicates,electronic structure of such fullerite compounds
for instance, that Coulomb interaction dominatescan be described in a charge transfer picture where
the doping and that the internal symmetry of thethe lowest unoccupied molecular orbital (LUMO)
molecule persists. A deviation from a rigid bandof C60 is filled in doping it, for example, with
shift on the other hand implies orbital dependentalkali metals. It has a degeneracy of six and
bonding to the substrate.depending on the charge transfer (e.g. three for

Here an experiment is reported where one
monolayer (ML) of C60 on Ag(001) is exposed to
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increasing potassium coverage the photoemission band photoemission spectra were collected while
evaporating K on the C60 ML at room temper-indicates a continuous increase of the LUMO

binding energy up to complete filling. In this ature. The acquisition time for every spectrum is
2 min and the corresponding K coverage varies byrespect the findings are consistent with the litera-

ture [4]. We do, however, find a significant devia- ca. 0.01 ML of K within one spectrum. The meas-
urements shown have been reproduced severaltion from the rigid band shift model and a

pronounced dip in the photoelectron yield in the times.
highest occupied molecular orbital (HOMO).

3. Result and discussion
2. Experimental

Fig. 1 shows the evolution of the valence band
spectra of 1 C60ML on the Ag(100) as a functionMeasurements were performed in VG

ESCALAB 220 spectrometer [5]. The valence band of K exposure. At the bottom the clean Ag(100)
surface and a thick C60 multilayer film (>5 ML)photoemission spectra were recorded with an over-

all energy resolution of 100 meV and an angular spectra are shown for comparison. The spectrum
of Ag(001) is shown in order to demonstrate thatresolution of ~5°. The photon source was a mono-

chromatized microwave-driven high flux He dis- down to the onset of the 4d bands the spectrum is
flat and negligible if the strong attenuation by thecharge lamp (Gammadata Burklint AB, Sweden),

which recovers spectral features in the wing of the C60 layer is considered. All binding energies are
referred to the Fermi level of polycrystalline silver.thermally excited electrons above the Fermi level

up to 5 kT. The photon flux was reduced by a While in solid C60 the LUMO is unoccupied, it
gets more and more occupied after adsorption onfactor of 10, to ca. 5×1012 photons cm−2 s−1, in

order to avoid light damage of the sample [6 ].
C60 powder (99.9%) was sublimated from a

titanium crucible using an evaporation rate of
~0.2 ML min−1. The ordered monolayer was
obtained by evaporating C60 on the Ag(100) sur-
face at 600 K. In this case the C60 molecules form
on the surface a close packed compact layer,
presenting a c(6×4) low energy electron diffrac-
tion (LEED) pattern, in which the C60–C60 dis-
tance is ~10.4 Å [7,8].

Potassium was evaporated during the photo-
emission experiments from a well out-gassed SAES
getter source housed in a water-cooled cage, whose
aperture can be opened with a movable shutter.
In order to minimize the magnetic fields induced
by the current across the getter source, the current
was guided close behind the getter source back to
the electrical feedthrough. The K flux adsorbed on
the sample was 1×1011 K atoms cm−2 s−1 if the
complete LUMO filling requires 4.3 K atoms/C60.
From the linear decrease of the work function up
to complete LUMO filling at fixed K flux and the
constant potassium uptake as measured by X-ray Fig. 1. Valence band photoemission spectra of 1 C60 ML on
photon spectroscopy we presume a constant stick- Ag(100) surface as a function of K doping. Also shown are the

spectra of the clean Ag(100) surface and a C60 multilayer.ing coefficient of K on C60/Ag(100). The valence
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Ag(001) and upon further doping with potassium.
In going from the bottom to the top of Fig. 1 the
gradual filling of the LUMO band can be followed.
Here nLUMO indicates the number of electrons in
the C60 LUMO derived band (see below). The
doping level where the C60 LUMO is half filled
(nLUMO=3) has been determined from the crossing
of the LUMO peak with the Fermi level. This
assignment of maximum intensity at half filling
presumes for nLUMO=3 an unsplit LUMO band
with maximum density at its center of gravity.
This assumption is supported by the present find-
ings (see Fig. 1) and those from bulk K

x
C60 phases

at room temperature [9,10]. The crossing point
has been found by interpolation of the LUMO
maxima above and below the Fermi level as shown
in Fig. 2. These maxima were found after division
of the data by an experimentally determined Fermi
edge from polycrystalline silver. The LUMO is
fully occupied (nLUMO=6) at the point where the
photoemission spectrum does not show further
significant emission from the Fermi level and where
the LUMO peak has a binding energy of ~0.9 eV,
as in K6C60 [9,10]. For higher K exposures the
intensity at the Fermi level recovers, probably due

Fig. 2. Valence band photoemission spectra around the Fermito metallic K. After annealing of such an ‘over-
level for different K exposures before (—) and after normaliza-

doped’ sample (see top spectrum in Fig. 1) for tion with the Fermi function (,). Half filling of the LUMO
5 min to ~100°C the spectra become indistinguish- (nLUMO=3) is allocated to the crossing of the LUMO maximum
able from the nLUMO=6 spectrum without intensity with the Fermi level. For details see text.

at the Fermi level. Such an annealing for
nLUMO<6 sample does not produce significant
changes in the spectra. Supposing a linear relation- 1 ML C60 on polycrystalline Ag [4]. It has, how-

ever, to be noted that if we apply the sameship between the K adsorption rate and nLUMO,
and with the two fixpoints for nLUMO=3 and procedure as Ref. [4], that is, one fix point

(nLUMO=6) and the integrated LUMO intensity,nLUMO=6, we find that in the undoped monolayer
C60 on Ag(001) 1.7±0.08 electrons are transferred we would get a number of 0.9 electrons transferred

onto the C60 molecules(see Figs. 2 and 3b). Thisfrom the Ag(100) substrate onto the C60 mole-
cules. This value is lower than that of 2.7±0.5 as value is close to 0.75 as found with the integration

method for C60 on Ag(111) [11]. Below it will beevaluated from the energy shift of the C60 vibra-
tional modes [5]. However, the high resolution shown that the integration method may be ham-

pered by the variation of the partial photoemissionelectron energy loss spectroscopy (HREELS)
method may overestimate the C60 charge state, cross-section.

In order to better understand the electronicbecause energy shifts of the vibrational modes can
also be induced by breaking of the molecular properties of the K doped monolayer, we deter-

mined the LUMO and HOMO binding energiessymmetry after adsorption — as a deviation from
the rigid band shift indicates (see below) [3,12,13]. and normal emission intensities as a function of K

doping. The peak integrals were evaluated afterThe value of 1.7 transferred electrons found in this
work coincides, however, with that observed in the subtraction of a Shirley background and the
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increases for nLUMO>4 again, this 30% effect can
not be attributed to inelastic scattering. The occu-
pancy of the HOMO is constant (10 electrons)
and therefore the photoemission matrix element
for normal emission has to vary as a function of
doping. The extent to which this is an initial or a
final state effect cannot be decided at the present
stage of analysis. It is, nevertheless, a clear indica-
tion that the integral method for the determination
of the C60 charge state may be hampered since
such intensity variations may affect the LUMO
photoemission matrix element as well. If we specu-
late that diffraction influences the final state wave
function it may cause partial loss/or gain in a
certain direction. Experiments on single crystal
samples should therefore be particularly affected
[11]. On polycrystalline samples, on the other
hand the work function induced differences will
allow only an average nLUMO determination [4].

Fig. 3. (a) Gray scale two-dimensional plot of valence band 4. Conclusions
spectra given as a function of the binding energy and the C60
charge state. White and black dots refer to the C60 LUMO and

In conclusion a new method for the quantitativeHOMO peaks. (b) Integrated intensity of the LUMO (#) and
determination of the charge transfer on C60 uponHOMO ($) emissions as a function of the K evaporation time.
adsorption is proposed. For Ag(001) the method
indicates 1.7 electrons are transferred from the

peak binding energy from the position of the peak substrate onto C60. In the doping regime below
maxima after normalizing the spectra with the nLUMO=3 the LUMO shifts stronger in energy than
experimental Fermi function. The results are the HOMO. This non-rigid band shift indicates
shown in Fig. 3a and b, where the photoemission the C60 molecules become distorted in this
intensity is displayed on a linear gray scale as a doping regime.
function of binding energy and evaporation time
(bottom scale) and the LUMO filling (top scale).
The open dots refer to the LUMO, while the filled Acknowledgements
dots to C60 HOMO related properties.
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