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Epitaxial growth of Cg, on Ag(110) studied by scanning tunneling microscopy
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Using a scanning tunneling microscope, the growth of Cg, on Ag(110) is explored. The substrate influences
the natural tendency of the fullerene molecules to pack closely and an overlayer system with twofold rotational
symmetry is formed: Ag(110)c(4 X 4)Cq,. This represents a distorted close-packed configuration for the Cg
molecules, where the nearest-neighbor distance observed in bulk Cg, is maintained. Initial island growth occurs
on terrace sites away from substrate step edges, which bunch with increasing fullerene coverage. Above
monolayer coverage, Cqo grows epitaxially, maintaining twofold rotational symmetry. Tunneling spectroscopy
is used to explore differences between the electronic structure in the monolayer and multilayer regimes.

Since the discovery by Kritschmer et al.! of an efficient
method of preparing Cgy molecules from graphite, extensive
studies of the structural and electronic properties of this ma-
terial have been carried out.” Studies have addressed both the
molecular and solid states, with an increasing number con-
centrating on interface and adsorption phases of Cgqy. Ad-
sorption studies on a variety of substrates have been carried
out using scanning tunneling microscopy (STM). Of particu-
lar note are those that have been performed on Cu(111),>*
Au(111),>® Au(110)(1X 2),” Au(100),® and Ag(111).° These,
along with a number of other studies, %12 have demonstrated
that there is substantial interaction between noble metal sur-
faces and Cgy, probably largely driven by the propensity of
Cep to accept electrons.

In this paper we report STM and tunneling spectroscopy
(TS) results from Cgy adsorbed on Ag(110). Specifically, we
explore the role of the substrate symmetry on the initial ad-
sorption and subsequent growth of C¢. Fullerene molecules
normally closely pack, occupying the lattice sites of a face-
centered cubic lattice and preferring the threefold (111) sur-
face. We find that Ag(110) distorts the close packing of Cgq
molecules adsorbed on the surface. The resulting c(4X4)
overlayer reflects the twofold symmetry of the substrate. The
growth of Cg is in a layer-by-layer, Frank—van der Merwe,?
way. The shape of Cg islands we observe indicates that the
twofold symmetry imposed by the substrate on the first layer
is maintained in subsequent fullerene layers, resulting in ep-
itaxial growth. The influence of the substrate on the crystal-
lography of the overlayer is consistent with chemisorption of
the first adsorbate layer. This involves a transfer of charge
between the substrate and Cgy, and is evidenced directly
using TS.

Measurements were performed with W tips in ultrahigh
vacuum using a custom-built STM operating at room
temperature.'* This instrument incorporates a digital feed-
back loop allowing TS at fixed gap separation. The Ag(110)
substrate was prepared by cycles of low energy (500 eV) Ne
ion bombardment and annealing (750 K). Low energy elec-
tron diffraction and x-ray photoelectron spectroscopy were
used to assess the surface order and cleanliness, respectively.
Deposition of Cg, onto Ag(110) was performed by in vacuo
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sublimation onto a room-temperature substrate. A quartz
crystal oscillator was used to control the rate of sublimation
at ~0.1 As 1. Deposition was followed by a short anneal
(650 K, 5-10 min) before cooling the sample down to 300
K. STM topographies were acquired at a constant voltage V
and tunneling current /. For the spectroscopy studies, I-V
curves were recorded at various coverages to monitor the
evolution of the local surface electronic structure as a func-
tion of Cgy thickness. Each point on the I-V curves is the
average value of / over multiple scans.

Figure 1(a) is an STM topograph for approximately 0.6
ML Cg4, on Ag(110). The fullerene molecules are seen to
nucleate in two-dimensional (2D) islands on the terraces,
with no segregation of the adsorbate towards the step edges.
This is in sharp contrast to the behavior of Cgy on Cu(111)
(Ref. 3) and Ag(111),” surfaces with the same symmetry as
the preferred growth face of Cqy, where nucleation is ob-
served to occur on steps separating narrow terraces. Figure
1(b) is an STM topograph at a fullerene coverage closer to 1
ML, in which large platelettes of ordered Cg, are observed.
In the regions of bare substrate a high density of Ag steps is
noted. The images in Fig. 1, and others, consistently indicate
the retreat of substrate steps under the influence of the ad-
vancing edge of a growing fullerene island. These observa-
tions permit us to propose a mechanism for this substrate
step bunching and provide an explanation for the observation
at monolayer fullerene coverage of regular “staircases” in
several regions of the surface. These staircased regions do
not involve microfacetting of the surface, ruling out overan-
nealing in the substrate preparation as their origin.

Although the structure of the fullerene monolayer, Fig. 2,
resembles fcc(111), upon closer examination we observe that
the distortion from this packing arrangement is significant.
This is most transparent in the power spectrum representa-
tion of the STM data, shown in the inset to Fig. 2. The power
spectrum is the square of the modulus of the Fourier trans-
form of the surface, and is equivalent to the diffraction pat-
tern of the surface. The aspect ratio of the centered rectangle
in the inset to Fig. 2 corresponds to the aspect ratio of
fcc(110) (to within a few percent). What we observe, there-
fore, is a substrate induced deformation of the lattice. In all
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FIG. 1. (a) An STM topograph of ~0.6 ML Cg, on Ag(110).
Two-dimensional islands of Cq, form on terrace sites, away from
step edges of the substrate. The image size is ~4000 X 4000 A2,
(b) An STM topograph (~2000% 2000 A?) showing Ag(110) with a
Cgo coverage of ~0.9 ML. Large, well-ordered platelettes of Cq
are observed, with a high density of substrate steps in the interstitial
regions.

our data, no suggestion of a deformation to the molecular
charge density, as has been claimed occurs for the case of
Cyo adsorption on Au(100),} is given.

When considering the possibilities for the growth of a
material on a particular substrate there are several points of
relevance. Lattice matching must be considered. It may be
thought that there is a certain degree of flexibility here when
considering growth of a molecular solid, but several studies
have shown that Cg, has an extremely strong tendency to
maintain the intermolecular spacing and symmetry it adopts
in the bulk.>>~7*!% Ideally, lattice matching should occur
over unit-cell length scales, as this minimizes the number of
inequivalent adsorption sites. In addition, the reactivity of
the substrate plays an important role. The preferential nucle-
ation of Cg on step sites of Cu(111),? and to a lesser extent
Ag(111),° substrates which provide perfect symmetry and
close to ideal lattice matching over one substrate unit cell,
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FIG. 2. An STM image (~200 X 200 A?) of a region at mono-
layer Cg coverage. The crystallographic directions of the substrate
are marked. The inset shows the power spectrum of the main figure
where the distorsion of the overlayer from hexagonal symmetry is
most clearly seen. The aspect ratio of the centered rectangle is equal
to \/5, that of fcc(110). The direction vectors refer to the substrate.

pays testimony to this. Having observed that the increased
reactivity of Ag(110) over other silver surfaces acts in favor
of terrace site adsorption for Csy, we move to consider as-
pects of lattice matching between Ag(110) and Cq,. Upon
comparing Ag(110) and the Cq lattice, we note that there is
an extremely good lattice matching along [110] of the sub-
strate. To within ~0.2%, three substrate unit-cell constants
along [110] span the distance between rows of lattice points
along [112] [which lies in the (111) plane] of the ideal Cg
lattice. It is this lattice matching that allows Cg, to form an
ordered interface with Au(110) (Ref. 7) (gold has essentially
the same lattice constant as silver). Although there are elec-
tronic differences between Au and Ag surfaces, it seems rea-
sonable that this lattice matching should also play an impor-
tant role for the adsorption of Cg on Ag(110). The
inter-Cg, spacing along [112] (perpendicular to [110]) is 2.45
times the unit-cell constant along the [001] direction of the
substrate. All this suggests the formation of the overlayer
shown schematically in_Fig. 3(a). Here the overlayer is
stretched by 2% in its [110] direction, so that the inter-Cg
spacing becomes 2.5 times the substrate unit-cell constant in
[001]. Excepting the reconstruction of the substrate, this is
equivalent to the (6X5) overlayer that Cg forms on
Au(110).” The Cg, nearest-neighbor distance, marked s,, in
Figs. 3(a—d), is 10.07 A (100.3% of the bulk value), and the
inter-Cgy spacing in the [001] direction of the substrate is
1023 A (~102% of bulk value). However, assuming no
reconstruction of the substrate, this situation would necessi-
tate three inequivalent adsorption sites, as can be seen in Fig.
3(a). Reducing this number to two, by stretching the over-
layer further in its [110] direction [Fig. 3(b)], or one, by
contraction of the overlayer in [110] [Fig. 3(c)], results in
nearest-neighbor Ce, distances of 10.6 A (106% of the bulk
distance) and 8.2 A, respectively. Therefore, with this azi-
muthal orientation, it is clear that, in order to optimize the
number of inequivalent adsorption sites, substantial demands
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FIG. 3. Schematic diagrams showing (a—c) the three possible
packing arrangements of Cgqy on Ag(110) suggested by the ex-
tremely good lattice matching between Ag(110) and solid Cg in the
substrate [001] direction; and (d) the overlayer arrangement derived
from our STM data, Ag(110)c(4 X4)Cq. The small circles repre-
sent Ag atoms and the large, shaded circles fullerene molecules. The
centered unit cell is marked in each case, as is the nearest-neighbor
distance s,,. The direction vectors refer to the substrate.

must be made on the inter-Cq, spacings. Experimentally,
however, we find that the azimuthal orientation of the dis-
torted hexagonal overlayer is rotated by 90° from the above
models. To understand why Cgy adopts this unexpected azi-
muthal orientation, we begin by considering a 2D close-
packed lattice as a centered rectangular lattice where the as-
pect ratio of the cell constants is V3. Changing this aspect
ratio from \/5 to V2, the 2D lattice becomes the (110) face
of an fcc lattice (with a centered lattice point). This transfor-
mation performed on a Cg, close-packed monolayer, whilst
maintaining the distance between the center lattice point and
the corners of the lattice to be that of bulk Cgy, changes the
preferred symmetry of the adsorbate system to that of the
substrate. Furthermore, the sides of the centered rectangle are
(to within ~0.2%) equal to four times the Ag(110) unit cell
dimensions. Therefore, by adopting the Ag(110)c(4X4)Cqq
phase, shown schematically in Fig. 3(d), the symmetry of the
substrate is entertained, the nearest-neighbor interadsorbate
spacing is held essentially at the appropriate bulk value and
the number of inequivalent adsorption sites is minimized.
A further strong indication of the symmetry constraints
which the substrate imposes on the Cg, layer is shown in Fig.
4. The topograph in this figure is a large-area scan at ap-
proximately 3 ML of Cg, on Ag(110). If the fullerene layer
was indeed growing in a close-packed formation, one would
expect to observe triangular and hexagonal adsorbate islands.
It is clear from the image shown in Fig. 4, however, that the
island structure is oblique, and certainly not threefold sym-
metric. To maintain the Cq coordination within the layer as
high as possible, the island edges lie along the (112) direc-
tions of the substrate, explaining the observation of oblique
rather than rectangular islands. Figure 4 further illustrates
that the twofold rotational symmetry imposed by the sub-
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FIG. 4. An STM topograph showing islands of Cg on
Ag(110)c(4 X 4)Cqy. The oblique shape of the islands reflects the
two-dimensional symmetry of the overlayer, imposed by the sub-
strate. The scan area is ~2500X 2500 A2,

strate on the first fullerene layer is maintained in subsequent
layers. The fullerene crystal thus grows epitaxially on
Ag(110). It is of interest to note that the islands where Cg,
initially nucleates do not seem to reflect the rectangular sym-
metry of the substrate [Fig. 1(a)].

During the course of this and other'® experiments, it was
noted that the interaction between the first fullerene layer and
the substrate was considerably stronger than that between
subsequent fullerene layers. Differences noted in the tunnel-
ing conditions necessary to obtain images of the first Cg,
layer and those for tunneling on subsequent layers indicate
that in the submonolayer coverage regime it is possible to
tunnel down to tip voltages of < 50 mV. We observed no
evidence of contact or tip induced removal of Cg, in this

(di/dVv)/(IV)

3 2 - 0 1 2 3
Energy (eV)

FIG. 5. Tunneling spectroscopy data from (a) Ag(110), (b)
Ag(110)c(4 X 4)Cq, and (c) multilayer Cq4y on Ag(110).
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coverage regime. In contrast, when tunneling on multilayers
it was found necessary to keep the tunneling voltage greater
than 1 V in order to avoid contact between tip and surface.
These different imaging conditions are consistent with large
differences in the electronic structure between the first and
subsequent layer Cqy molecules. This is reflected in TS per-
formed on monolayer and multilayer covered Ag(110). Fig-
ure 5 shows TS results, displayed as normalized conductance
[(d1/dV)/(I/V)] spectra, obtained from the clean Ag(110)
substrate [Fig. 5(a)], from Ag(110)c(4X4)Cq (at 0.9 ML
Cgo coverage) [Fig. 5(b)], and from a multilayer coverage of
C¢o on Ag(110) [Fig. 5(c)]. Measurements for multilayer
Cgo coverage were subject to instabilities, but are neverthe-
less consistent with expectation. We associate the structure
(A) around +1.5 eV in Fig. 5(c) with the lowest unoccupied
molecular orbital of Cgg, and the peak (B) at +2.2 eV with
the second unoccupied molecular orbital.!® These features

move down towards Ex (to A’ and B’, respectively) for data
recorded from Ag(110)c(4X4)Cq, [Fig. 5(b)], consistent
with inverse photoemission data.'® In the occupied region,
we assign the feature C’' at —1.8 eV in Fig. 5(b) to the
highest occupied molecular orbital of Cg.

In summary, we have shown that C¢, grows in an ordered
fashion on Ag(110), forming Ag(110)c(4 X 4)Cg. At the ini-
tial stages of growth, Cq, orders on terrace sites in a distorted
close packed way which accommodates the twofold rota-
tional symmetry of the substrate. The azimuthal orientation
of the overlayer is such that only a single adsorption site is
required. The local enviroment of the Cq, molecule is close
to that adopted in the solid state. Subsequent Cgy, layers grow
epitaxially, maintaining a symmetry reduced from that nor-
mally associated with bulk Cg,. Differences in the electronic
structure of the first layer of Cgy and subsequent layers are
observed with tunneling spectroscopy.
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FIG. 1. (a) An STM topograph of ~0.6 ML C4, on Ag(110).
Two-dimensional islands of Cy, form on terrace sites, away from
step edges of the substrate. The image size is ~4000 X 4000 A%
(b) An STM topograph (~2000x 2000 A?) showing Ag(110) with a
Cgo coverage of ~0.9 ML. Large, well-ordered platelettes of Cg,
are observed, with a high density of substrate steps in the interstitial
regions.



FIG. 2. An STM image (~200 X 200 A?) of a region at mono-
layer Cq coverage. The crystallographic directions of the substrate
are marked. The inset shows the power spectrum of the main figure
where the distorsion of the overlayer from hexagonal symmetry is
most clearly seen. The aspect ratio of the centered rectangle is equal
to \/5, that of fcc(110). The direction vectors refer to the substrate.
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FIG. 3. Schematic diagrams showing (a—c) the three possible
packing arrangements of Cg, on Ag(110) suggested by the ex-
tremely good lattice matching between Ag(110) and solid C, in the
substrate [001] direction; and (d) the overlayer arrangement derived
from our STM data, Ag(110)c(4 X 4)Cgq. The small circles repre-
sent Ag atoms and the large, shaded circles fullerene molecules. The
centered unit cell is marked in each case, as is the nearest-neighbor
distance s,,. The direction vectors refer to the substrate.



FIG. 4. An STM topograph showing islands of Cg on
Ag(110)c(4 X 4)Cg. The oblique shape of the islands reflects the
two-dimensional symmetry of the overlayer, imposed by the sub-
strate. The scan area is ~2500% 2500 A2,



