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Structural properties of chlorinated epitaxial C60 films

S. Woedtke, A. Meeder, R. Adelung, R. Schwedhelm, L. Kipp,* and M. Skibowski
Institut für Experimentelle und Angewandte Physik, Universita¨t Kiel, D–24118 Kiel, Germany

~Received 9 May 2000; published 22 March 2001!

The interaction of chlorine gas with epitaxially grown C60 films was investigated by combined scanning
tunneling microscopy~STM! x-ray photoelectron spectroscopy~XPS! and x-ray absorption spectroscopy
~XANES!. The STM measurements of chlorinated fullerene surfaces on VSe2 reveal an inhomogeneous C60

and chlorine coverage in an area up to 200 nm from the fullerene island edges but showed no influence to the
fullerene ~111! coordination in the inner regions of the layers. In accordance with the STM data the XPS
spectra of C 1s and Cl 2p core levels, which were taken at different emission angles, provide evidence for
chlorine aggregation on the fullerite surface. As valence band and XANES spectra show that all C60 features
derived from the highest occupied and lowest unoccupied molecular orbitals are preserved, a noncovalent
interaction between fullerene and halogen can be concluded. As monitored by STM subsequent fullerene
deposition on the chlorinated samples prove the perturbed island areas to serve as growth seeds so that a
chlorine incorporation into the fullerite lattice can be achieved by an alternating preparation sequence.

DOI: 10.1103/PhysRevB.63.155401 PACS number~s!: 68.55.Ln, 71.20.Tx, 79.60.2i
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I. INTRODUCTION

Since the discovery of C60 ~Ref. 1! as a new form of
carbon and since the breakthrough in the synthesis of m
roscopic quantities,2 the physical and electronic properties
C60 have been widely studied. A significant characteristic
C60 single crystals is the possibility ofn-type doping by the
use of alkali metals, which may lead to superconducting
leride phases3–5 with transition temperatures up to 40 K6

Thereby charge transfer from alkali-metal atoms located
the tetrahedral and octahedral sites of the C60 fcc lattice to
the threefold degenerate lowest unoccupied molec
orbital7 ~LUMO! band of the fullerene leads to the formatio
of a strongly bonded ionic metal.8 In contrast, acceptor dop
ing in solid C60 has not been reported so far, although t
depletion of the fivefold degenerate highest occupied m
lecular orbital7 ~HOMO! promises to lead to superconducto
with generally higher transition temperatures.9 A major prob-
lem for hole injection into C60 lies in its chemical behavio
comparable to large atoms of group VI or VII from the p
riodic table of the elements.10 So only halogens exhibit suit
able electron affinities to serve as electron acceptors for C60.
The understanding of the halogen-fullerene interaction
therefore of general interest.

A number of experimental studies on this subject has b
published, establishing two kinds of halogen-fullerene co
pounds. First, reactions of C60 powder or solution with el-
emental halogens~vapor pressure in the range of several
mospheres! have been reported, forming covalently bond
C60Xn (X5Br,Cl,F! ~Refs. 11–15! for a wide variety ofn
values. However, these products show neither physical
chemical similarities to the alkali-metal–fulleren
compounds.16 On the other hand, in the case of iodine s
ichiometries with significantly lower halogen concentratio
have been found. Raman scattering16,17 and x-ray diffraction
studies18,19 of C60I42x confirmed the intercalation of iodin
molecules into the fullerite lattice forming a van der Waal
type bonding with the C60 molecules. Unfortunately only in a
few studies halogenation carried out on epitaxially gro
0163-1829/2001/63~15!/155401~8!/$20.00 63 1554
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C60 films under UHV conditions so that photoelectron spe
troscopy could be applied to the iodine-incorporat
samples. Werner and co-workers20 found a valence band
structure completely different from pristine fullerite whil
Ohno and co-workers21 observed C 1s core level shifts that
were analogous but in the opposite direction to those
served in KxC60 layers. However, information about th
chemical interaction or the location of the iodine particl
relative to the C60 film surface was not provided. Furthe
more, the influence of other halogens than iodine was
examined, although chlorine or flourine exhibit more suita
attributes for charge transfer or intercalation effects com
rable to the alkali-metal atoms. Therefore the structural pr
erties of halogenated fullerite surfaces remain uncer
so far.

It is the aim of the present paper to investigate the int
action of chlorine gas with fullerene samples grown by m
lecular beam epitaxy~MBE!. In order to distinguish between
covalent and noncovalent bonding and to study an even
interdiffusion of the halogen particles, chlorinated fullere
films were studied via scanning tunneling microscopy~STM!
revealing a noticeable halogen-induced perturbance to
~111! coordination of the C60 molecules. The STM results
are then discussed in comparison with photoelectron spe
that provide surface-sensitive information about the el
tronic structure of the samples. In view of possible analog
to alkali-metal doping, special effort is made to prove th
the cage structure of C60 is conserved and will not be af
fected by the halogen, as was taken into account by Mi
moto and co-workers.22 Additional x-ray photoelectron spec
troscopy~XPS! measurements of the C 1s and Cl 2p core
levels that were performed under different emission ang
and probed the chlorine concentration at different inform
tion depths give evidence for a halogen aggregation on
fullerite surface so that the structural changes can be at
uted to the adsorption of chorine particles. Finally, we co
clude by presenting a preparation method with an alterna
chlorine and fullerene deposition sequence. As shown w
the help of STM measurements a multilayered structure
©2001 The American Physical Society01-1
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formed that allows the incorporation of halogen particles i
the C60 lattice.

II. SAMPLE PREPARATION AND EXPERIMENTAL
SETUP

A previous STM study23 was used to point out that the us
of layered VSe2 substrates allows the epitaxial accommod
tion of C60 molecules because of rather small van der Wa
forces at the surface and because of a suitable lattice pa
eter. Due to its two-dimensional structure the material can
easily cleavedin vacuo, producing well-ordered surface
with a low density of defects. All results described in th
paper were obtained from C60(111) films grown on VSe2 via
MBE. C60 molecules24 were evaporated from a temperatur
controlled effusion cell at 565 K. Using a resistive heati
unit mounted on the sample holder, the substrate temp
tures were tunable from room temperature up to 550 K. D
ing the fullerene evaporation the total pressure in the epit
chamber was in the lower 10210 mbar range monitored by
mass spectrometer. The thickness of the deposited mat
was estimated by STM so that temperature-dependent
rameters for single-monolayer deposition could be deriv
After C60 evaporation, chlorine gas25 was led into the prepa
ration chamber using a leak valve. The chlorine partial pr
sure determined from the characteristic peaks in the m
spectrum was then adjusted to a maximum value o
31026 mbar. After the chlorination, which never exceed
60 min the leak valve was closed so that the total press
could be decreased again. After UHV conditions had b
established again the samples were transferred into the S
chamber without breaking the vacuum.

The STM used for the topographic measureme
consists26 of a single-tube scanner mounted on a vibrat
damping with an eddy current attenuation. The tips w
produced by etching tungsten wire and are changeable
transfer in the UHV system. For calibration, length scales
silicon crystals were used. Positive bias voltage correspo
to electrons tunneling into empty states of the sample.
STM images were taken at room temperature in the cons
current mode, whereI T denotes the tunneling current.

Using a transportable vacuum chamber the samples w
then transferred to the undulator beamline BW3 of the po
tron storage ring DORIS III at the Hamburg Synchrotr
Radiation Laboratory~HASYLAB !, where the photoemis
sion measurements were carried out. Photon energies
adjustable from 40 eV to 1500 eV. For photon energy c
bration of the SX 700 monochromator, the binding energ
of suitable core levels were determined to first and sec
order, resulting in a remaining energy uncertainty of ab
20 meV. The photoelectrons were detected by a 180° sph
cal analyzer mounted on a two axis goniometer with an
gular precision better than 0.2°. The binding energies in
ultraviolet photoelectron spectroscopy~UPS! and XPS spec-
tra were referenced to the Fermi level, which was determi
independently from a polycrystalline gold sample on a sim
lar sample holder with an accuracy of 10 meV. An ener
resolution of 125 meV was chosen for the photoemission
for the x-ray absorption spectroscopy~XANES! measure-
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ments. XANES investigations were performed in the co
stant final energy mode of photoemission for low kine
energies~3.5 eV!.

III. RESULTS AND DISCUSSION

Figure 1 depicts a series of STM images illustrating t
fullerene sample morphology before and after chlorinati
At first an amount of 0.64 monolayers C60 was deposited
onto a VSe2 substrate heated to 340 K. In accordance
former results23 this leads to the formation of roundish is
lands in the first monolayer~about 400 nm diameter! capped
with tiny fractal-like clusters of the second layer~up to 200
nm diameter!, which is shown in a 100031000 nm2 area in
Fig. 1~a!. A schematic diagram in the top right corner unde

FIG. 1. STM images of 0.64 monolayer C60 on VSe2 before~a!
and after ~b! exposure to 13 500 langmuir~1 langmuir 5 1 L
51026 Torr sec chlorine gas. The halogen influence is discern
at the island edges but not in the inner cluster regions~dimension,
100031000 nm2; bias,11.52 V; I T50.57 nA).
1-2
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STRUCTURAL PROPERTIES OF CHLORINATED . . . PHYSICAL REVIEW B63 155401
scores this fact with a side view. It is noteworthy to state t
additional STM measurements confirmed a perfectly hexa
nal arrangement of the molecules, indicating an epita
~111! growth of C60 in both layers.

The same sample was then transferred to the prepara
chamber and exposed to a partial pressure of
31026 mbar chlorine gas for 45 min. Figure 1~b! shows an
appropriate 100031000 nm2 overview of the halogenate
surface. Parts of the bare substrate covered with the bi
islands of the first monolayer and the fractal shaped clus
of the topmost layer are still discernible but a remarka
change in the island shapes can be observed. While the i
region of the C60 deposits have remained undistorted and s
reveal~111! coordination@Fig. 2~a!# the structure of the is-
land edges, especially in the first monolayer, is strongly
fected. In an area up to 200 nm from the cluster edges o
an inhomogeneous fullerene coverage can be found. Ro
ish holes that vary between 5 nm and 80 nm in diameter
statistically distributed in this region so that the VSe2 sub-
strate becomes visible. A close-up view of 60360 nm2

given in Fig. 2~b! illustrates this effect of disorder. Furthe
more, single C60 molecules are not clearly identifiable a
though the STM should provide sufficient resolution. The
fore the STM data indicate a preferred chlorine aggrega
at the C60 cluster edges, which leads to a perturbance of
fullerene coordination in the step regions. As the photoem
sion measurements in the following paragraph will prov
further evidence for this interpretation, white boxes dep
the appropriate zones in the schematic view in the up
corner of Fig. 1~b!. With the help of STM only the morphol
ogy of the topmost fullerene layers can be monitored.

In order to gain insight into the chemical nature of t
halogen-fullerene interaction the STM studies were co
bined with photoemission measurements. As a powerful
to probe the electronic structure of the C60 sample the va-
lence band and core level photoelectron spectra can be
pected to show significant changes in the case of che
sorbed foreign particles that are covalently added to the60
cage.27,28

In order to avoid a substrate influence in the measu
ments, a VSe2 sample was covered with six monolayers
C60 and was then used to apply photoelectron spectrosc
Figure 3 shows a comparison of the valence band spectr

FIG. 2. STM images of the inner~a! and the outer~b! fullerene
island edges of Fig. 1~b!. Due to chlorine aggregation in the edg
regions the coverage has become inhomogeneous. No single60

molecules are identifiable~dimension, ~a! 17317 nm2; ~b! 60
360 nm2, bias,11.5 V, I T50.57 nA).
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the C60 surface before and after chlorination. The pristi
sample~bottom! shows typical fullerene emissions that a
well known from a number of previous publications. Th
energetic positions of thep-derived HOMO and HOMO-1
peaks at21.48 eV and22.84 eV ~referred to the Fermi
level EF) agree well with the values of a former study29 and
indicate the absence of substrate-induced charge transf
chemisorption effects, which are known from C60-metal
interfaces30–32 with HOMO peak positions at about 2 eV
below the Fermi level. The sample was subsequently
posed to a chlorine partial pressure of 631026 mbar for 60
min and was then directly retransferred into the photoem
sion chamber where the second spectrum in Fig. 3~top! was
obtained. As the presence of foreign atoms may cause e
getic shifts in photoelectron spectra,31,33 both spectra were
normalized to the HOMO peak energy in order to enabl
direct comparison. In the chlorinated sample all C60 features
are still clearly discernible. Careful evaluation of th
p-derived peaks nearEF as well as thes-derived emissions
at higher binding energies reveals all relative peak positi
unchanged while only a halogenation-induced broadenin
the photoelectron peaks can be observed, which increase
averaged full width at half maximum~FWHM! values of
about 30% and leads to generally higher count rates in
spectra minima. On the other hand, the count rates in
low-energy region of the spectra have remained nearly c
stant so that the amount of inelastically scattered electr
has not generally grown. Therefore the intensities in the p
maxima of both spectra may be directly compared. T
fullerene-specific emissions HOMO-1s1 and s2 are found
with nearly constant count rates while only the HOMO pe
undergoes an 11% decrease during chlorination. Furt
more, the remarkable featurep at about 4.5 eV below the
Fermi energy shows an intensity increase of about 12%.
discussion of the chlorine core levels, which is presen
later in the text, will show that changes in this energy reg
are likely to be attributed to Cl 3p emissions and will there-
fore not indicate the chemical affection of the fullerene ca

As the spectrum of the chlorinated sample shows a str

C

FIG. 3. The valence spectra of a six monolayer film C60 on VSe2
before ~bottom! and after chlorination~top! show all C60-derived
emissions are conserved~photon energy 21.22 eV!.
1-3
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resemblance to UPS spectra of pure fullerene films a con
vation of the valence band structure of the C60 crystal can be
concluded even under exposure to chorine gas. Peak br
ening and changes in the valence photoelectron intens
indicate the presence of adatoms, which was also predi
from the STM measurements, but a destruction of the m
lecular structure appears implausible so far. However,
evaluation of the Fermi level positions reveals an energ
shift of 370 meV in the C60 molecular orbital–related fea
tures towards lower binding energy following chlorinatio
Comparable shifts in both directions have been observed
number of previous studies and are normally attributed
charge transfer effects. In fullerene-metal interfaces33,31 the
transfer of electronic charge from the metal conduct
bands into the fullerene LUMO results in an enhanc
screening of photogenerated holes. Therefore photoelect
emitted from C60 molecules in an environment of metal a
oms appear at lower binding energy in UPS and XPS spe
On the other hand, in mixed compounds like the alkali-me
fullerides the alkali-metals electrons that occupy th
fullerene LUMO bands lead to ann-type doping of the entire
C60 molecular crystal. Following a rigid-band model th
Fermi level in photoemission measurements is ther
pinned near the LUMO position so that C60 valence emis-
sions are located at higher binding energy in the spectra

In the present chlorinated C60 sample a charge transfe
into the fullerene LUMO bands is unlikely due to the stro
electron affinity of the halogen. In contrast, a transfer
electronic charge from the fullerene molecules to surrou
ing chlorine particles may be possible. As the STM measu
ments of the preceeding paragraph indicate a mixed ag
gation of C60 and chlorine in an area up to 200 nm from t
cluster edges, a slightp-type doping of the fullerene crysta
could be achieved. As this would mean the complemen
process to the classical alkali-metal doping oppositely
rected Fermi level pinning and shifts can be expected in p
toelectron spectra. Further corroboration for this thesis w
be given in the discussion of XPS measurements in on
the following paragraphs.

As the occupied electronic structure of the chlorina
fullerene sample has been found to be undistorted, x-ray
sorption near-edge spectroscopy has been applied to ga
formation also about the unoccupied molecular orbitals.
ter chlorination XANES measurements were performed
the same sample that was used for the UPS measureme
the preceeding paragraph. Figure 4 compares a typ
XANES spectrum of pristine C60 which was published by
Luo et al.34 with the absorption spectrum of our chlorinate
C60 film. Although taken from different samples in differen
experimental environments the spectra show excellent ag
ment over a wide range of photon energies. The first f
features between the absorption edge and the ioniza
threshold at 289.6 eV~Ref. 35! can be assigned to transition
from the C 1s core level to the LUMO bands.36 Theoretical
studies35 as well as an experimental comparison betwe
XANES data and inverse photoemission measuremen29

have proven the x-ray absorption spectroscopy to be do
nated by a core hole-electron interaction so that the abs
tion spectra are not directly associated with the unoccup
15540
r-

ad-
es
ed
-
n
ic

a
o

n
d
ns

ra.
l

y

f
-

e-
e-

ry
i-
o-
ll
of

d
b-
in-
-
n
s in
al

e-
r

on

n

i-
p-
d

density of states~UDOS!. However, in the case of C60 the
structures near the absorption edge are derived from LU
states and may therefore be used to study how the uno
pied orbitals are affected. The fact that the profiles in
appropriate photon energy range are identical in both spe
indicates the conservation of the unoccupied electronic st
ture of C60 even during chlorination. The molecular structu
of C60 can therefore be assumed to remain unchanged du
the halogenation process. On the other hand, XANES pe
beyond the ionization threshold represent multiple scatte
resonances and are interpreted as transitions into antibon
states. Thereby the chlorinated sample shows a signifi
structure at 292.3 eV, which seems to be added to the60
absorption profile without any influence on the other em
sions. Although the interpretation of this feature which m
belong to chlorine-deriveds* states, remains uncertain with
out any theoretical background, the presence of an additio
resonance above the ionization threshold indicates an alt
environment of scattering centers in the direct neighborh
of the carbon atoms. Consequently the profile of the XAN
spectrum coincides with the interpretation of adsorbed ch
rine particles next to the fullerene molecules without a
covalent interaction.

After the investigations concerning the chemical struct
of the chlorinated C60 sample the question arises if the inte
action between halogen and fullerene is limited to the reg
close to the surface or if an interdiffusion process com
rable to alkali-metal doping leads to an incorporation
halogen particles into the fullerite lattice. The STM measu
ments of the preceeding paragraph indicated chlorine ag
gates in the step regions of the topmost fullerene islands
could not gain information on the underlying layers. The
fore, XPS studies have been performed under various de
tion angles. As shown in Fig. 5 the measurements taken w
339.35 eV photon energy on the chlorinated fullerene surf

FIG. 4. The XANES spectra of pure C60 @bottom taken from
Luo et al. ~Ref. 34!# and of a chlorinated six monolayer film o
VSe2 ~top! show identical LUMO-derived features and a chorin
induced peak at 292.3 eV.
1-4
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reveal two dominant emissions that originate from carbons
and chlorine 2p core levels. No additional structures cou
be found at other kinetic energies, indicating a high-qua
sample with only C60 and chlorine components. In all spect
the C 1s profile appears unchanged in width and line sha
and is directly comparable to pure C60 samples. The binding
energy derived from the main peak can be located
2284.6 eV. This value agrees with former publicatio
where the C 1s position for bulk C60 was determined to lie
between2285.2 eV and2284.9 eV for various metallic
substrates. So the C 1s peak of the chlorinated sample st
exhibits an energetic displacement of about 300 meV
wards lower binding energies, which reproduces the s
observed in the valence band spectra. Therefore UPS
XPS prove a Fermi level movement, as can be expected
a charge transfer process from C60 to the halogen. The ab
sence of electron donors such as metal atoms on the su
that could provide additional electronic charge for an e
hanced screening of photogenerated holes marks the d
ence from previous publications dealing with shifted pho
emission spectra towards lower binding energy fro
fullerene-metal structures.30,31,33 On the other hand, the
present results agree well with the work of Ohnoet al.,21

who evaporated iodine gas onto fullerene samples and
ported C 1s core level shifts towards lower binding energ
of about 200 meV for a noncovalent sample stoichiometry
C60I0.04. Although the amount of charge transfer was es
mated to be very small Ohnoet al. assumed iodine atoms t

FIG. 5. The carbon and chlorine core level spectra indicat
preferred surface adsorption of chlorine particles with negligi
chemical interaction with C60 ~all spectra normalized to C 1s
intensity!.
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serve as electron acceptors for C60.
As shown in the right-hand side of Fig. 5 the halogen

our chlorinated sample is clearly identifiable. Under all em
sion angles a peak doublet from Cl 2p1/2 and Cl 2p3/2 core
level emissions can be found at2200.1 eV and
2198.6 eV binding energy, respectively. These values
produce well the findings of former XPS measurements37 on
chlorine-containing salts where the averaged Cl 2p binding
energy was given as2199 eV and prove the presence
adsorbed chlorine particles on the fullerene sample. As
Cl 2p3/2 binding energy for covalently bonded carbo
chlorine compounds like polyvinyl chloride or chloro
benzene was reported to lie at about2200 eV,37 another
indication for a noncovalent interaction can be derived.

So the fullerene as well as the halogen core level em
sions corresponds to the results of the STM UPS a
XANES studies. Furthermore, the Cl 2p binding energy can
be used to estimate the position of the chlorine 3p emissions
referred to the Fermi levelEF . As Yeh and Lindau,38 who
calculated element-specific binding energies for free ato
referred to the vacuum level, found a difference of 195.5
between the averaged Cl 2p and Cl 3p levels the Cl 3p
peaks can be estimated to lie at approximately23.5 eV
binding energy in the present measurements. Increased c
rates or asymmetric C60 profiles near24 eV binding energy
in the valence spectra may therefore be related to Clp
emissions that overlay the fullerene-derived profile althou
the number of emitted Cl 3p photoelectrons can be expecte
to be very small due their weak ionization cross section co
pared with carbon valence electrons.38

As a basic principle XPS spectra obtained in normal em
sion mode are not sufficient to identify possible adsorbate
intercalates. In order to monitor az-dependent chlorine con
centration gradient the following XPS measurements w
performed under variable detection angles. As illustrated
the bottom of Fig. 5 the normal emission measurements
dominated by carbon photoelectrons with a C 1s/Cl 2p3/2
intensity ratio of 9.74~derived from the maximum coun
rates!. Based on the photon energy ofhn5339.35 eV the
kinetic energy of excited carbon and chlorine core level el
trons may easily be derived. In accordance with form
measurements39 that focused on comparable photoelectro
emitted from a fullerene film, their mean escape depth
therefore be estimated to exceed 5 Å. Referred to the
lecular centers of the topmost layer, this value is sufficien
reach the topmost octahedral fullerite lattice sites at 4.09
as well as the tetrahedral sites at 2.73 Å. While the samp
orientation to the synchrotron light source was kept u
changed, the analyzer angle was then increased from no
emission in order to decrease the photoemission informa
depth. Consequently the experiment became more surf
sensitive. As larger angles lead to generally decreased c
rates, on the other hand, all spectra had to be normalize
the C 1s intensity to gain information about the fullerene
halogen photoelectron ratio at various escape depths. Fi
5 depicts the normalized carbon and chlorine XPS spectr
different detection angles between 0°~normal emission! and
30°. With increasing angle a remarkable enhancement of

a
e
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relative Cl 2p intensities can be observed. Compared to n
mal emission conditions the Cl 2p intensity has grown by
factor 8.27 at 30° so that the C 1s/Cl 2p3/2 intensity ratio is
reduced to 1.18. As the mean electron information depth
this angle is only decreased to approximately 4.3 Å, a v
strong angular dependency in the intensities can be sta
indicating a preferred surface adsorption of chlorine partic
on the fullerite film. In accordance with the STM data w
conclude that the halogen deposition is energetically favo
at steplike sites next to the fullerene island edges. As pro
by the STM data thereby small amounts of weakly bond
C60 molecules may be released from their former~111!-
coordinated positions leading to an inhomogeneous
mixed fullerene-chlorine coverage in the appropriate regio
Regardless of the oxidization potential of chlorine gas
C60 molecular cage remains structurally unchanged dur
the aggregation process although a charge transfer proce
the halogen may be derived from the shifted XPS and U
spectra. However, based on the evaluation of the XPS
an interdiffusion process of the halogen cannot generally
excluded. The present data merely confirm the major amo
of chlorine to be deposited on the fullerite surface.

Furthermore, especially at 30° a small shoulderlike str
ture becomes visible in the Cl 2p profile at approximately
2201.5 eV binding energy. As this feature cannot be
served at smaller emission angles it seems to be attribute
chlorine particles on the sample surface. While the abse
of a chemically shifted component in the C 1s spectra does
not allow the association with a carbon-chlorine coval
bonding the appropriate photoelectrons may originate fr
chlorine atoms that have not intermixed with fullerene m
ecules on top of the sample surface. Therefore two chem
environments are possible for adsorbates on the topm
fullerene layer. The major part of chlorine particles will for
a mixed halogen-fullerene coverage accompanied b
charge transfer process. On the other hand, due to incom
interdiffusion a small amount of chlorine may remain in t
direct neighborhood of other halogen atoms. Conseque
no charge transfer processes will take place, leading to s
Cl 2p components at higher binding energy in the surfa
sensitive XPS spectra.

The results of the preceeding paragraph have shown
an exposure of C60 films to chlorine gas under vacuum co
ditions will not lead to a homogeneous distribution of ha
gen particles in the fullerite lattice as could be expected a
a complete intercalation. Instead the major amount of
halogen remains on the sample surface. In view of poss
analogies to alkali metals the question arises if an increa
chlorine incorporation can be achieved artificially by use o
different preparation method. As shown in a number of p
vious works16–19 for C60 and iodine, a combination o
fullerene and halogen under bulk conditions is possible.
evaluation of this question an alternating preparation
quence of fullerene and chlorine deposition was appli
First a 0.64 monolayer film of C60 was evaporated onto
VSe2 substrate. In analogy to the STM studies that w
presented earlier the sample was then exposed to a chl
gas pressure of 531026 mbar for 45 min. In the next step
the same sample was used for deposition of another
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monolayer C60 in order to perform further STM measure
ments. Figure 6 shows the geometric structure of the sur
in an area of 200032000 nm2. The island shapes of the firs
and the second monolayer can easily be recognized bec
of their chlorinated edges, which stick out in light color
Compared with Fig. 1~b! the edge regions now appea
brighter due to new fullerene material that has grown on
of the chlorinated zones. In fact the chlorinated area seem
act as a preferential growth site as a careful inspection
reveals new C60 deposits aggregated next to the chlorinat
zones, which could not be observed in the surface morp
ogy of Fig. 1~b!. On one hand, the islands of both layers a
now decorated with new fullerene material up to 150 n
width that has grown away from the cluster centers incre
ing the average island diameter. On the other hand, new c
ters in the second layer~up to 100 nm width! have grown
towards the island centers outgoing from the chlorina
edges of the first monolayer. Some of the new deposits in
first and the second fullerene layer have been highligh
with arrows in Fig. 6. Therefore the halogenated island ed
may be classified as growth seeds for subsequent fulle
deposition so that a second C60 evaporation will obviously
lead to enclosed amounts of chlorine. This fact is schem
cally illustrated in the sideview in the top right corner
Fig. 6.

In order to monitor the C60 aggregation on top of the
chlorinated island edges topographic profiles were used.
bottom part of Fig. 7 depicts a height-sensitive scan o
1000 nm along the white line in the upper STM pictur
which was taken from Fig. 6. With the help of the emph
sized island edges, which originate from the chorination p
cess, the island dimensions in both C60 layers before the
second fullerene evaporation are still discernible. Theref
the new fullerene material of the second deposition is clea

FIG. 6. STM images of chlorinated 0.64 monolayer C60 on VSe2
after subsequent fullerene deposition show new material bes
and on top of the chlorinated island edges~marked with arrows!
~dimension, 200032000 nm2; bias,11.52 V, I T50.57 nA).
1-6
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identifiable and has been marked with arrows. In the pro
graph the new deposits have been highlighted with g
color, whereby the major part is located next to the chlo
nated zones in both layers. However, additional aggregat
directly on top of the halogenated areas are visible, wh
appear as peaklike features. This kind of growth, which c
not be observed on pristine C60 samples confirms the chlori
nated island edges to serve as seed regions not only for
dimensional but also for three-dimensional fullerene grow
Therefore a sample preparation with alternating fullerene
chlorine depositions appears suitable for growing more co
plicated multilayer structures with small amounts of incorp
rated chlorine. Although this procedure will probably n
lead to the formation of well-ordered chlorine sublattices
fullerene-halogen compounds with defined stoichiome
the technique offers the possibility to combine both mater
without covalent interaction and to achieve conditions t
strongly resemble C60–alkali-metal interaction.

FIG. 7. Topographic profile of a chlorinated C60/VSe2 surface
after subsequent fullerene deposition@new material: marked with
arrows~top! colored gray~bottom!#. Chlorinated island edges act a
growth seeds~bias,11.5 V; I T50.57 nA).
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IV. CONCLUSIONS

In the present paper epitaxial fullerene films had be
exposed to chlorine gas under vacuum conditions and
room temperature. The sample surfaces were studied
scanning tunneling microscopy~STM! ultraviolet and x-ray
photoemission spectroscopy~UPS and XPS! and x-ray ab-
sorption near-edge spectroscopy~XANES!. A combination
of the different methods on one sample revealed the follo
ing major findings.~i! Chlorine deposits can be observed
an area up to 200 nm from the C60 island edges where th
former ~111! coordination is disturbed and has been replac
by an inhomogeneous coverage of fullerene and chlo
particles. Additional XPS studies confirmed the ma
amount of chlorine to be aggregated on the fullerene fi
surface although a partial interdiffusion of the halogen c
not be excluded.~ii ! As proven by UPS and XANES mea
surements the C60 cage structure is not affected by the a
sorption process. However, a Fermi level movement and
Cl 2p emissions comparable to ionic salts indicate a cha
transfer process from C60 to the halogen.~iii ! The chlorinated
regions on the topmost layers serve as growth seeds for
sequent C60 deposition. New fullerene material will aggre
gate next and on top of the chlorinated regions so that
alternating C60-chlorine deposition sequence will lead to a
incorporation of small halogen amounts.

Outgoing from these conditions future measurements
show if further analogies to or differences from alkali-me
fullerides or from iodinated C60 films can be derived for
chlorinated fullerene samples. In particular, resistivity me
surements and annealing experiments will be of interes
generation of charge carriers and the diffusion of adsor
halogen particles still have to be examined. But also com
nation of halogenation andn-type doping appears interestin
in view of a possible I-VII compound formation.
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