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Scanning tunneling microscopy and x-ray photoelectron diffraction investigation
of Cg films on Cu(100)

M. Abel,' A. Dmitriev,' R. Fasel,> N. Lin,' J. V. Barth,® and K. Kern,'?
"Max-Planck-Institut fiir Festkorperforschung, Heisenbergstrafe 1, D-70569 Stutigart, Germany
YSwiss Federal Laboratories for Materials Testing and Research (EMPA), CH-8600 Diibendorf, Switzerland
3nstitut de Physique des Nanostructures, Ecole Polytechnique Fédérale de Lausanne, PHB-Ecublens, CH-1015 Lausanne, Switzerland
(Received 28 October 2002; published 9 June 2003)

Ultrathin Cgq films grown on a Cu(100) surface in ultrahigh vacuum have been investigated by scanning
tunneling microscopy (STM) and x-ray photoelectron diffraction (XPD). STM observations show that follow-
ing deposition at room temperature Cgy molecules decorate substrate steps and order in densely packed ex-
tended islands and layers. Two kinds of contrast, i.e., different apparent heights, are encountered in the film
evolution, which are associated with substrate reconstruction and inequivalent Cgy bonding. At elevated tem-
peratures (500-600 K) a striped regular (6%6) superstructure is obtained comprising two distinct Cg species.
From an XPD analysis of this phase the corresponding possible Cgy bonding configurations could be deter-

mined.
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1. INTRODUCTION

Since the discovery of Cyy, many studies have been per-
formed in order to understand the basic properties of this
complex molecule and develop possible applications. An im-
portant issue concerns the fabrication of low-dimensional
systems incorporating Cgy, where intriguing phenomena
have been observed, such as Fermi gap opening in the Cgq
monolayer on Ag(100) (Ref. 1) or superconductivity at alkali
metal doped Cgp surfaces? at low temperatures. Consequently
fullerene-surface interactions have attracted much interest.~
On metal surfaces, C4p molecules in general have the pro-
pensity to accept electrons from the substrate, and this charge
transfer is in part responsible for the structural and electronic
properties of the overlayers. Furthermore, the bonding geom-
etry, the detailed arrangement of the Cg, molecules within
the films and their intermolecular distances play a decisive
role.

Due to its extremely high spatial resolution, scanning tun-
neling microscopy (STM) has been widely used to investi-
gate the molecular bonding, nucleation and growth processes
and film morphologies of Cg deposited on metal®=® or
semiconductor surfaces.?’~* Quite frequently in the STM
studies distinct Cy species were discerned, i.e., molecules
appearing with different imaging heights or intramolecular
features. Since STM images a convolution of the surface
electronic and geometric structure, it is often controversial as
to whether the contrast is related simply to a difference in
geometrical height (e.g., due to surface reconstruction) or to
electronic effects (e.g., a spatially non-homogeneous density
of states due to different adsorption sites or cage orienta-
tions). On the other hand, x-ray photoelectron diffraction
(XPD) has proven to be a powerful means to determine the
orientation of the Cg cage at surfaces.”!*'%26 Ap XPD
analysis of Cg, films is thus an important part to develop a
detailed understanding of their electronic or vibrational prop-
erties obtained by other methods.

Here we report a combined STM and XPD investigation
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on Cg films grown at room temperature on a Cu(100) sur-
face under ultra-high vacuum conditions. The coverage range
0.15-1.5 ML was investigated by STM (a ML is defined as
1.15 Cg molecules per nm?, corresponding to a close-packed
saturated molecular layer). The evolution of the films was
followed in detail and there is evidence for inequivalent mo-
lecular bonding and thermally activated substrate restructur-
ing. At elevated temperatures a highly regular striped super-
structure was obtained. Its unit cell was determined to (o°

both by STM and low-electron energy diffraction (LEED)
observations. An XPD analysis of this superstructure was
performed to determine the possible Cg, bonding configura-
tions. From the combined analysis it is suggested that two
distinct Cgy species are involved.

II. EXPERIMENT

The experiments were performed in two different ultra-
high vacuum chambers. The Cu(100) surface was cleaned by
repeated cycles of Ar* sputtering and annealing (800 K),
allowing one to obtain atomically flat terraces of up to
100-nm width separated by monoatomic steps. Commer-
cially available Cgy in powder form (purity: 99.99%) was
deposited from a Knudsen-cell type evaporator. For the STM
experiments the temperature of the cell was maintained at
670 K during the evaporation (corresponding evaporation
rate: 0.03 ML/min) whereas the substrate was held at 300 K.
A home-built variable temperature beetle-type STM opera-
tional in the temperature range 40—800 K was employed
(system base pressure ~3X 107!0 mbar). The STM data
were obtained in the constant current mode, with maximum
bias voltages up to 3 V. The XPD and LEED experiments
were performed at the University of Fribourg’s VG
ESCALAB Mark 11 spectrometer equipped for motorized se-
quential angle-scanned data acquisition.”’” Mg K a-excited
photoelectrons were analyzed with a 150-mm-radius hemi-
spherical analyzer. Highly ordered Cg, monolayers were ob-
tained by depositing two or more monolayers onto the sur-
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FIG. 1. (a) STM image of Cu(100) following deposition of 0.15
ML Cgp at room temperature (U=0.5 V, /=0.2 nA). The molecules
decorate both upper level and lower level step edges. Striped ar-
rangements are formed which can be described by a local c(4
X7) unit cell (respectively ¢(7X4) for the 90° rotational counter-
part). (b) STM contour plot along the points A and A’ indicated in
(a). The 1.8-A Cu(100) step height is encountered across the Cg,
islands. The underneath Cu(100) monoatomic step is depicted by a
dotted line and the 0.6-A height difference of the two Cgq species is
marked.

face held at room temperature and subsequent annealing
above the Cgy sublimation temperature of 575 K for a few
minutes.

ITI. RESULTS AND DISCUSSION
A. STM observations on the evolution of C, films

The STM image reproduced in Fig. 1 reveals that upon
deposition of small Cg doses at room temperature, the mol-
ecules diffuse to the steps, where they nucleate at both upper
and lower step edges and form islands. Preferential nucle-
ation at step edges for Cgy films at 300 K has been similarly
reported for other noble metal substrates such as Ag(111),%
Ag(100),% Au(111),>* and Cu(111).>! In contrast, for the case
of Ag(110),”! Cu(110),® and Pd(110),"* homogeneous nucle-
ation on the surface occurs, which is associated with stronger
molecule-substrate interactions at these more open and
highly corrugated surfaces.

Upon comparing the Cu(100) atomic structure with the
Cgo arrangement, we found that the close-packed fullerene
molecules are organized in a faulted commensurable quasi-
hexagonal manner [cf. Fig. 1(a)]. Bright and dim molecules
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FIG. 2. (a) Nearly saturated Cgp layer grown at room tempera-
ture with poor quasihexagonal ordering in anisotropic elongated
domains in a two-level morphology. (b) The height difference be-
tween the domains in the Cq, monolayer is 1.8 A, which indicates
limited substrate mass transport in the film evolution.

with a height difference of 0.6 A are distinguished [see the
STM contour line in Fig. 1(b)]. The imaging height of the
bright (dim) species corresponds to 7.2+ 0.3 (6.6+0.3) A,
and thus is comparable to the hard sphere diameter (7.1 A).
Note that imaging heights of adsorbed Cg falling signifi-
cantly below the diameter of the carbon atom cage are a
typical finding, and values in the range 2-6 A have been
reported for various systems.®~'® The molecules tend to form
alternating bright/dim strings oriented along high-symmetry
[011] or [0T1] crystallographic directions. The nearest
neighbor (nn) lateral distances in the islands are in the range
9.8-10.3 A, which comes close to the intermolecular dis-
tance of 10.02 A in the close-packed plane of a Cg fec
crystal. This is a typical result for adsorbed Cgy layers at
metal surfaces.

The square symmetry of the copper substrate accounts for
two equivalent domains with Cgq strings mutually rotated by
90°. The ordering of the molecules in the bright/dim se-
quence can be described by a ¢(4 X 7) unit cell, as marked in
Fig. 1(a). The strings usually comprise a maximum of ten
molecules. The absence of long-range order is ascribed to
kinetic limitations and the observed metastable situation is
understood as a result from the subtle balance between lat-
eral Cg intermolecular interactions and molecule-substrate
interactions, with the first favoring close packing and the
latter square symmetric arrangements.

With increasing coverage the Cg growth proceeds out-
wards from the saturated steps and large islands gradually
extend over the terraces until the first molecular layer is com-
pleted upon island coalescence. The first layer as formed at a
single Cu terrace at room temperature is shown in Fig. 2(a).
It is a two-level system comprising upper- and lower-level
domains with the poorly ordered striped phase, i.e., the 0.6 A
corrugated bright/dim row sequences introduced above. The
STM contour line depicted in Fig. 2(b) shows that the height
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FIG. 3. (a) Cg film morphology following deposition of ~1.5
Cgo ML at room temperature. Irregular second layer islands have
formed, where quasihexagoal ordering persists. (b) STM image of
the same area as (a) after the second Cg, layer islands have been
removed by scanning at a reduced tunneling resistance (U
=0.1V, /=0.2nA). The morphology of the second layer is di-
rectly correlated with that of the first one.

difference between the domains is 1.8 A corresponding to the
substrate step. Roughly a third of the domains is at the upper
terrace level. Since the domains do not reflect the morphol-
ogy of the pristine substrate, this height difference is indica-
tive of appreciable short-range substrate mass transport.

A further increase in the coverage gives rise to second
layer formation. Upon room temperature deposition irregular
islands form on the first layer which can be readily resolved
by STM. It wrned out that it is even possible to remove
locally the second layer with the STM tip by scanning a
small area at a low voltage. This is demonstrated by the data
shown in Fig. 3. The images moreover reveal that the shape
of the second layer anisotropic islands is encountered again
in the first monolayer upon their removal. This indicates that
the domain structure in the first layer geometrically induces
that in the second layer.

Reasonably ordered coexisting first and second layer
structures could be obtained upon deposition of 1.5 ML at
room temperature and subsequent annealing at 500 K. The
STM image shown in Fig. 4 reveals that compact islands are
formed. In both layers a two-level morphology prevails, i.c.,
similar to the first layer structure, the second layer contains
anisotropic domains with a 1.8-A height difference (cf. the
cross section b b' and ¢ ¢’ in Fig. 4; note thar this feature is
harder to discern in Fig. 3(a) where the gray scale range for
image representation has been used for all terraces present in
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FIG. 4. (a) Compact second layer islands can be identified fol-
lowing deposition of 1.5 Cgg ML at room temperature and annealing
at 500 K. The upper-level domains (1.8 A above the nominal layer
planes) coalesce in islands for both the first (label B) and second
Cgp layer (label D). Striped arrangements prevail at the entire sur-
face. (b)—{(d) STM conlour lines as indicated in image. Corrugation
amplitudes amount to 0.6 A for the first Cgq layer (label A) and 0.2
A for the second layer (label C), respectively.

the observed region). From the corresponding contour lines
the mean height of the lower level in the second layer with
respect to the nominal plane (corresponding to its lower
level) of the first layer is determined to 7.2 A (cf. the cross
section @ @’ in Fig. 4). This is defined as the nominal second
layer plane. The second layer imaging height thus falls
slightly below the interlayer distance of close-packed planes
in the molecular Cgq crystal, which amounts to 8.2 A.

The data in Fig. 4 reveal, moreover, that a similar quasi-
hexagonal molecular ordering prevails within all domains,
i.e., the alternating rows form preferentially a superstructure
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consisting of a sequence of two bright and one dim string.
The superstructure exists in two 90° rotational domains, It
can be found in both levels of the first molecular layer with
0.6-A corrugation (labels A and B in Fig. 4) and in the sec-
ond Cgo monolayer (labels C and D in Fig. 4) with 0.2-A
corrugation (cf. cross sections a ¢ and b b’ in Fig. 4). The
large isotropic domains are attributed to the coalescence of
the small anisotropic domains observed before annealing.

In the evolution of Cy flms on Cu(100) thus distinct
differences in the molecular imaging can be distinguished.
On the one hand side there is a two-level morphology in both
the first and the second Cgq layer where islands protruding
1.8 A (cf. Figs. 2 and 4) with respect to the nominal planes
exist. On the other hand there is the 0.6 A (0.2 A) corruga-
tion of bright/dim rows in the first (second) Cgq layer. From
the STM results it is not possible to directly distinguish
whether or not differences in height in molecular imaging is
due to the surface geometry or due to an electronic effect
(increase of the local density of states). Nevertheless, the
variation of the corrugation height of the first and the second
Cyo layer allows us to draw conclusions for the two kinds of
contrast in the present system. Rowe e# al.*? showed by x-ray
absorption spectroscopy and x-ray photoemission spectros-
copy measurements that the electronic transfer from the cop-
per substrate is more important for the first Cyg layer than for
the second. This may be used to discriminate between elec-
tronic and geometric contribution, because the substrate in-
duced charge transfer effect should be smaller in the second
Ceo layer whereas the geometrical contribution is not ex-
pected to change. The 1.8-A elevated domains are too low to
represent a true Cgq layer (Cgq cage diameter is 7.1 A). Con-
sidering that their height matches that of a Cu(100) mono-
atomnic step, it can be safely concluded that the 1.8-A raised
domains are essentially due to a geometric effect, i.e., a re-
arrangement of substrate atoms. The 1.8-A raised domains in
the Cgq layers are thus rationalized as containing an addi-
tional Cu layer underneath the Cg films, consisting of Cu
atoms released in the formation of a substrate reconstruction
at the Cgg stripe arrangements. This is in accordance with the
general tendency of Cg, molecules to replace substrate atoms
in order to form local reconstructions allowing for an in-
creased adsorbate-substrate coordination.!#='63334 Thyt i,
in Ag(100),'* Pd(110),"'6 and Ni(110) (Ref. 8) films Cgq
arrangements with 2-, 1.5-, and [.3-A height differences
were encountered, respectively, which values correspond in
all cases to the step height of the metal substrate. This inter-
pretation is supported by the fact that (i) the domains coa-
lesce upon annealing, which is associated with the coales-
cence of the underneath Cu islands and (ii) the domains on
the first layer and on the second layer show the same 1.8-A
elevation.

The physical reasons underlying the smaller height differ-
ences of the bright/dim rows (cf. Figs. 4) must be of different
origin since the corrugation is 0.6 A at the first Cgo mono-
layer and 0.2 A at the second one. However, the 2:1 ratio for
the number bright and dim rows in the superstructure unit
cell indicates together with the observation that a similar
domain height ratio was encountered under condition of lim-
ited surface mass transport in the monolayer formation {cf.
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FIG. 5. LEED pattern (E=230eV) of the regular Cgy monolayer
superstructure obtained upon tempering at 575 K. It results from the
superposition of two possible rotational domains reflecting the
square substrate symmetry: (;%%) and (Z£9). Half-order reflections
and unit cell of one of the domains are indicated.

Fig. 2) that only a fractional substrate layer has been dis-
placed underneath the adsorbed Cg4 species in the first mo-
lecular layer. It is hence suggested that the bright and dim
rows experience a different local substrate environment and
may have distinct orientational and electronic configurations.
The reduced 0.2-A corrugation of the second layer Cgy is
understood as a result of the smaller charge transfer effect for
the second layer molecules possibly along with relaxations in
the Cgy packing.*

B. Combined LEED, STM, and XPD analysis
of the monolayer superstructure

LEED observations of the tempered C4 monolayer reveal
distinct reflections on a low background indicative of a well-
ordered surface. A representative diffraction pattern obtained
at 30-eV electron energy is reproduced in Fig. 5. It results
from the superposition of the two rotational domains of the
striped phase, which can be described by (%% and (2§ |9
matrix notations, respectively.

STM data of this phase are in agreement with the LEED
structure. In the STM image reproduced in Fig. 6(a), the
corresponding real-space unit cell of the molecular film is
indicated. The observed stripe arrangement consists again of
one dim and two bright row sequences with a quasihexago-
nal molecular packing. The high-resolution data reproduced
in Fig. 6(b) reveal, moreover, that intramolecular resolution
can be obtained for the dim Cy, rows, when small tunneling
resistances are employed. For small positive tip bias voltages
a three-lobe inner structure of the dim Cgy appears whereas it
is impossible to resolve any inner structure of the bright
species [Fig. 6(b)]. Intramolecular Cg, resolution with three-
fold symmetry have been observed similarly with Cgo ad-
sorbed on other substrates.?!"*® In particular, theoretical and
experimental study of Cgy/Cu(111) indicates that the density
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FIG. 6. High-resolution STM images of the striped Cq, mono-
layer structure obtained after annealing a monolayer film at 500 K.
(a) The ((’,046) unit cell in accordance with LEED is marked (U
=15V, I=0.2nA). (b} At low tunneling resistances an internal
molecular structure is resolved in the dim rows (U=0.02V; [
=0.2 nA). (c) Tentative real-space model for the corrugation of the
striped phase and the inequivalent positioning of Cgy molecules,
assuming simple missing-row substrate reconstructions where mi-
nority (dim, labeled A) and majority (bright, labeled B) species
reside at troughs with one and two substrate atomic rows removed,
respectively.

of states are of doughnut shape for the highest-occupied mo-
lecular orbital and of threefold symmetry for the lowest un-
occupied molecular orbital.?! With the present system the
intramolecular features signal that the electronic configura-
tions and Cgy cage orientations of the bright and the dim
molecules are different and possibly the electron transfer is
not the same for those two cases. This interpretation is in line
with observations of Cq, on Au(lll), where spatially re-
solved scanning tunneling spectroscopy indicate subtle varia-
tions of the molecules’ electronic properties depending on
their bonding site at the substrate.!”

A schematic model of the molecular layer is depicted in
Fig. 6(c). It includes a tentative modeling of the suggested
substrate reconstruction in its simplest imaginable form with
the molecules placed in the troughs of two different missing-
row structures, where for each bright (dim) molecular rows
one (two) substrate rows are removed. This implies both a
geometric difference in height and an inequivalent bonding
to the substrate (note, however, that more intricate arrange-
ments are feasible, similar to those described in Refs. 14 and
16). The intermolecular distance along the rows amounts to
4 a=10.2 A (a is the Cu substrate atom nn distance) and the
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Ceo-Cep distance for neighboring molecules of adjacent rows
projected to the substrate plane is 10.3 A. These values are
typical for dense Cyy layers at metal surfaces. Moreover it is
apparent that the Cg, positioning and size of the unit cell
implies different adsorption sites for the bright (majority)
and dim (minority) Cg molecules (note that this also holds in
the case of additional substrate reconstruction). That is, as-
suming that the dim Cg molecules sit in fourfold hollow
sites (label A), the two bright rows (label B) reside at nearby
bridge sites. In a simple hard sphere model the correspond-
ing geometrical height modulation between bright and dim
rows would be 0.12 A, significantly smaller than the 0.6-A
corrugation observed. Consequently, the observed contrast
and difference in intramolecular resolution is associated with
additional electronic effects and substrate reconstruction.
Charge transfer between Cg, and Cu surface was already
recognized by photoemission experiments,>? and here it may
be nonequivalent for molecules of bright and dim rows, simi-
lar to findings with Cg/Au(111)."” The detailed nature of
the suggested substrate reconstruction cannot be conclu-
sively addressed with the data at hand. However, since it is
frequently encountered in Cg, adsorption at metals and sub-
strate mass transport occurred upon room-temperature depo-
sition with the present system, it is likely that the substrate
atoms rearrange in the formation of the regular striped phase
in order to provide an optimized bonding geometry for the
molecules. A similar behavior was recently deduced for the
related Cgy/Ag(100) system on the basis of STM
observation. 17

The experimental C 1s XPD pattern from a well-ordered
monolayer of Cgy on Cu(001) is depicted in Fig. 7(a). The C
s intensity has been transformed into a linear gray scale
with white corresponding to maximum intensity, while
angles are projected stereographically: the center of the plot
represents normal emission, and the outer circle corresponds
to grazing emission along the surface plane. The mostly in-
strumental polar dependence of intensities has been removed
by normalizing each azimuthal circle by its average intensity
value. The marked diffraction features indicate that the mol-
ecules are not orientationally disordered but take distinct mo-
lecular orientations. Furthermore, the fourfold rotational
symmetry of the XPD pattern excludes molecular orienta-
tions other than those exhibiting a onefold or twofold sym-
metry axis along the surface normal. C4y adsorption on five-
membered rings (five-ring) or six-membered rings (six-ring)
can, therefore, be excluded for this system.

In order to determine the Cgy molecular orientation(s) giv-
ing rise to the XPD pattern an extensive R-factor analysis
comparing the experimental pattern to single-scattering clus-
ter (SSC) calculations has been performed. Details of the Cgq
SSC calculations and the R-factor analysis can be found in
Ref. 26. In short, the orientation of a Cg molecule is varied
on a dense grid of Eulerian angles (¢,6,%). For each orien-
tation (¢,8,9) a SSC calculation is performed and compared
to the experimental XPD pattern. The agreement is quanti-
fied by means of the R-factor RMP (where multipole coeffi-
cients of experimental and calculated diffraction patterns are
compared),” and visualized in a stereographic R-factor
plot.26 In a first series of calculations, all molecules were
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FIG. 7. (a) Experimental C ls XPD pattern (E,;,=970eV)
from the striped Cg monolayer structure. (b) Stereographic repre-
sentation of the R factor obtained by systematically varying the
orientation of the Cg molecular axis as well as the Cgy azimuthal
orientation in the SSC calculations (see the text for details). (c)
Best-fit SSC calculation for 67% and 33% of the molecules in the
orientations indicated in (b) by “+” (majority) and “X” {minority),
respectively. (d) Iliustration of the majority (top) and minority (bot-
tom) molecular orientations.

assumed to be identically oriented apart from the four
symmetry-equivalent azimuthal orientations due to the four-
fold symmetric substrate surface. In other words, all Cg,
molecules were considered to be oriented with the same mo-
lecular axis perpendicular to the Cu(001) substrate surface. A
stereographic grayscale representation of the resulting R fac-
tors is shown in Fig. 7(b). Each point of the plot gives the
value of the R-factor when that particular molecular axis
(¢,0) of the Cg4 molecule is oriented perpendicular to the
surface. The R-factor minimum (RMP is 0.23) is indicated by
a “+” sign, and it can be seen that it is located close to an
edge atom belonging to two 6 rings and a 5 ring. The best
agreement with experiment is thus obtained for a Cg mol-
ecule with its onefold axis oriented almost along the surface
normal, slightly tilted towards the bottommost 5 ring.
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Motivated by the observation of bright and dim molecular
species in the STM images of the close-packed monolayer
structure, we included the possibility of two coexisting in-
equivalent molecular orientations in a second series of cal-
culations. Indeed, the consideration of a possible second mo-
lecular orientation considerably improves the agreement with
experiment, as indicated by a lowering of the R factor from
0.23 to 0.18. Interestingly, the best agreement is obtained
with 67% of the molecules in the orientation discussed above
and 33% in a slightly different orientation, indicated by an
X" in the R-factor plot [cf. Fig. 7(b)]. The two inequivalent
molecular orientations are depicted in Fig. 7(d). The minority
species also has its onefold axis oriented roughly along the
surface normal, but in contrast to the majority species it is
slightly tilted towards its bottommost 6 ring. More signifi-
cantly, its azimuthal orientation differs from the one of the
majority species by a rotation of 56° around the surface nor-
mal. The best-fit SSC calculation for 67% and 33% of the
molecules in the respective orientations [Fig. 7(d)] is given
in Fig. 7(c). It can be seen that it reproduces the experimental
XPD pattern [Fig. 7(a)] rather well. The observation of two
inequivalent molecular orientations with the same 2:1 rela-
tive weight as the bright and dim molecules in the STM
images (Fig. 6) gives strong support for associating the
bright (dim) molecular species with the majority (minority)
molecular orientation. However, it is important to note that
this does not necessarily imply that the difference in molecu-
lar orientation alone gives rise to the apparent bright/dim
contrast.

IV. CONCLUSION

Scanning tunneling microscopy and full-hemispherical
x-ray photoelectron diffraction have been employed to study
the interactions and film formation of Cy molecules depos-
ited at the Cu(100) surface. The data reveal that in the evo-
lution of Cgy layers at room temperature the adsorbed mol-
ecules transport at the surface to decorate steps and form
islands with local stripe patterns, which imply a reconstruc-
tion of the underlying substrate. A regular ordered monolayer
film comprising a striped structure with two distinct Cg con-
figurations is stabilized at higher temperatures (500-600 K).
The two species exhibit different intramolecular contrast and
corresponding orientations of Cg, cages were determined.
The system obeys the general trend of Cgy/(metal surface)
systems that quasihexagonal close-packed molecular islands
and layers are formed with molecular next-neighbor dis-
tances close to that in the Cqy van der Waals crystal.
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