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Scanning tunneling microscopy studies of Cg, monolayers on Au(111)
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We report a scanning tunneling microscopy study of close packed Cgy monolayers on Au(111) upon post-
deposition annealing. Within these structures the Cgy molecules appear discretely bright or dim. The arrange-
ments of dim Cg, within the close packed structures are dependent on the orientation of the overlayer with
respect to the Au(111) surface. The apparent height difference between the bright and dim Cg, varies with
applied sample bias, and the individual Cg, molecules can switch from bright-to-dim or vice versa at room
temperature. We propose that the dim Cg arise from a restructuring of the Cgy-Au interface to form nanopits,
which facilitate charge transfer from the substrate to the first layer fullerene molecules.
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I. INTRODUCTION

Fullerenes are an archetypal molecular system, in which
carbon atoms form three-dimensional closed-cage structures.
Among this class of materials, Cq, was the first to be
discovered! and is the most widely studied. Many investiga-
tions into the self-assembly of submonolayer coverage of Cg,
on a wide range of metallic and semiconducting substrates
have been performed, and the field has been extensively
reviewed.>? When deposited onto metallic surfaces at room
temperature, these molecules generally form close packed
islands, often nucleated at substrate step edges. The nature of
the interaction between Cg, and the surface varies between
different substrates and plays an important role in the prop-
erties of the molecular layer formed. In many cases charge is
transferred from the substrate to the fullerene cage, a signa-
ture of chemisorption. The amount of charge accepted by Cg
monolayers varies for different metallic substrates.>™'

Differences in the apparent height of features measured
by scanning tunneling microscopy (STM) reflect local elec-
tronic and/or topographic variations. On some metallic sur-
faces, particularly after post-deposition annealing, relatively
high densities of apparently lower Cq, molecules can be ob-
served by STM. These so-called “bright” and “dim” Cg, have
been attributed to a Cgy-induced reconstruction of a range of
surfaces, including Ag(100),'®2' Cu(111),> Cu(100),%
Ni(110),2* Pt(111),% Au(110),2°-28 and Pd(110).2°3° Such re-
constructions can lead to two topographically different Cg
adsorption sites. Other explanations that have been offered
for this height contrast include electronic and molecular ori-
entation effects.!”31-33 The differing views on the mecha-
nisms behind the bright-dim contrast have meant that this
topic remains an active area of investigation.

The most energetically favorable atomic arrangement of a
clean Au(111) surface is the “herringbone” 22X /3
reconstruction. When deposited via sublimation onto this
surface, Cq, molecules generally lift the Au(111) 22X |3
reconstruction and readily form large ordered islands. Within
these islands, in the absence of an annealing step, the
fullerenes largely appear identical, although occasional iso-
lated dim fullerenes are seen by STM. The C¢, domains can
take on different orientations with respect to the substrate,
often adopting the so-called “in phase” 38X38 or
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2/3%2/3R30° arrangement.>* Recently, a phase in which
the molecular overlayer is rotated by 14° with respect to the
[101] directions of the Au(l111) surface has been
reported.’>3% In this arrangement, on average every seventh
Cyo appears dim, giving rise to a quasiperiodic 7 X7 super-
structure within the fullerene layer. Dim Cg, on Au(111) have
been attributed to impurities,>* Cg, molecules of different
orientation,>33 the occupation of different lattice sites,'' and
a Cg-induced modification of the surface.’®=37 Further dis-
crepancies in the literature exist over whether charge transfer
occurs between the Au substrate and Cg, molecules. Local-
ized scanning tunneling spectroscopy studies and some the-
oretical modeling investigations suggest that no net charge is
transferred,>¥®  while  photoelectron  spectroscopy
measurements®’ and other theoretical simulations'! indicate
that Cg, monolayers accept charges of 0.8—1.0 electrons per
molecule.

Here, we present a systematic study of Cg, monolayer
growth on Au(111). Our aim is to elucidate the origins of the
dim Cg4, molecules on this surface and to resolve the conflict-
ing reports of whether or not charge transfer occurs. Inspired
by the aforementioned thermally induced bright-dim Cg ar-
rays created on other metallic surfaces,'®* we have chosen
to study annealed submonolayer films on Au(111). We find
that different domains can exist comprising a range of den-
sities and arrangements of dim Cgy. Our analyses allow us to
propose a model in which nanopits are formed at the
Au(111)-Cg interface which promote charge transfer from
the substrate to the fullerene layer.

II. EXPERIMENTAL

Thin Au(111) on mica films were Ar* sputtered and an-
nealed to ~600 °C under ultrahigh vacuum conditions (base
pressure in the low 1078 Pa). This resulted in clean, flat sur-
faces which displayed the characteristic 22 X /3 herringbone
reconstruction. Cq, was loaded into a ceramic crucible and
sublimed in situ from a Knudsen cell at temperatures of
300-360 °C. The purity of the Cg, material (MER Corpora-
tion) was greater than 99.96%, as verified by our indepen-
dent high purity liquid chromatography (HPLC) analysis. A
JEOL JSTM4500S scanning tunneling microscope was used
to obtain constant current images using electrochemically
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FIG. 1. A selection of room-temperature images showing the variety of Cg, monolayer structures that can be created, where the fullerenes
appear discretely bright and dim. (a) A quasiperiodic 3 X3 R34° superstructure formed in the absence of annealing (image size of 44.1
X 44.1 nm?, V,=+2.0 V, and ,=0.10 nA). A black line indicates a close packed Cg, direction, which is rotated by ~34° to the [101]
direction of the Au(111) surface. Two features arising from 22 X /3 reconstructed Au(111) herringbones are highlighted by downward arrows
at the top of the image. (b) A disordered domain (region A) situated within a Cgy domain of uniform height (B) (image size of 35.5
X 35.5 nm?, V,=+1.3 V, and [,=0.20 nA). This sample had not been subjected to post-deposition annealing. (c) Two neighboring domains
of disordered (top) and quasiperiodic (bottom) Cq, arrays formed after a 410 °C anneal (image size of 25.4 X 25.4 nm?, V,=+2.5 V, and
1,=0.10 nA). White lines that run parallel to the close packed directions highlight that the two domains are rotated by ~4° with respect to
each other. (d) A region showing multiple Au terraces, each hosting different Cg, domains, labeled A-D, after annealing to ~300 °C (image
size of 52.6X52.6 nm?, V,=+2.0 V, and /,=0.10 nA). Black lines follow the C¢, close packed directions.

etched tungsten wire tips, with the bias voltage applied to the
sample. Post-deposition annealing steps were performed for
one to two hours (temperatures indicated in figure captions),
after which samples were cooled to room temperature prior
to imaging. All images were processed using WSXM
software.>

III. RESULTS
A. Annealing Cg4, monolayers

A variety of structures can be observed when Cg is de-
posited by sublimation onto a 22 X /3 reconstructed Au(111)
surface at room temperature, particularly if subjected to post-
deposition annealing. Examples of such arrangements are

given in Fig. 1. From this figure, it can be seen that the Cgj
molecules generally adopt a close packed arrangement. How-
ever, these STM images show that notable variations in ap-
pearance often exist between different regions, even for the
same sample. Here, we will define regions of close packed
Cyo that are of the same orientation with respect to the
Au(111) surface and/or are of the same global appearance as
being a “domain.”

In Fig. 1(a), a single domain is shown in which individual
and small clusters of apparently dim fullerenes can be seen.
These are situated at approximately periodic sites and are
surrounded by uniformly brighter fullerenes. We will define
such regions where individual or small clusters of dim Cg
show evident periodicity, although local positional deviations

235434-2



SCANNING TUNNELING MICROSCOPY STUDIES OF C...

exist, as being “quasiperiodic.” Two pairs of bright lines are
also observed [indicated by downward arrows in Fig. 1(a)],
which arise from the herringbone arrangement of Au atoms
beneath the Cg, layer.’®3” In contrast to a clean Au(111)
22X |3 surface, these lines do not cover the entire surface.
Instead, their isolated nature signifies that in other regions
the Cg, overlayer has lifted the Au(111) 22 X /3 reconstruc-
tion, in agreement with studies elsewhere.’* Figure 1(a)
shows that the density of dim Cg is notably reduced in the
vicinity of surviving herringbone patterns. In addition, the
spacing between the pair of herringbone lines in Fig. 1(a) is
11 nm, significantly larger than the separation of 6.3 nm on a
clean Au(111) 22X |3 surface.** Localized defects can also
be seen in this figure, such as dark holes (missing Cg,) and
an isolated bright protrusion.

Figure 1(b) shows two regions of different appearance.
Region A comprises an apparently random distribution of
dim Cg, while the Cg in region B appear to be of uniform
height. The molecular overlayers of both regions are ap-
proximately of the same orientation. However, since these
two regions appear different by STM, we define them as
separate domains. Another example of two nearby domains
on the same Au terrace is given in Fig. 1(c). A quasiperiodic
domain is seen toward the bottom of this image, which is of
similar appearance to that in Fig. 1(a). The Cgj in the top of
Fig. 1(c) are of a similar appearance to those in domain A of
Fig. 1(b). These regions have a much higher density of dim
Cygo than the quasiperiodic structures and these are arranged
in a random manner; we define these regions as “disordered”
domains.

Separate domains can also occur on different Au terraces,
as exemplified by Fig. 1(d). In this image, several regions are
seen with different arrangements of dim Cg,. Regions A and
B comprise isolated or small clusters of dim Cg; these are
quasiperiodic domains, but have a larger average separation
between the dim sites than in Figs. 1(a) and 1(c), bottom
half. Region C is a disordered domain, while the fullerenes
in region D are of uniform height [similar to domain B of
Fig. 1(b)].

As can be seen from Fig. 1(d), the disordered and uniform

Cgo domains (regions C and D) are aligned along the [112]
directions of the Au(111) surface, while the quasiperiodic
domains of regions A and B are offset by an angle of 16°
from this direction. This suggests that a strong correlation
exists between the appearance of a region and its orientation
with respect to the Au(l111) surface. We measure that the
molecules within the disordered phase are of the
2/3X2,3 phase, as are many of the apparently uniform
height Cgq, domains. However, as can be seen upon close
inspection of Fig. 1(b), very subtle offsets of less than 1°
between the uniform and disordered regions often exist. In
the absence of annealing, we also observe domains of appar-
ently uniform Cg, which are in the so-called in-phase
38 X 38 arrangement. Possible Cg, positions with respect to
the Au(l11) lattice of the 2,3X2/3R30° and in-phase
38 X 38 arrangements are shown in Figs. 2(a) and 2(b). In the
2 /3 X23R30° arrangement, each Cg, occupies an identical
lattice site with respect to the underlying Au(111) surface.>*

In addition to the orientation of the overlayer with respect
to the Au(111) surface, the quasiperiodic domains display an
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FIG. 2. Schematic representations of observed Cg arrangements
with respect to the Au(111) lattice. Positions of Cg, are denoted by
lightly shaded circles, while Au atomic positions are represented by
crosses and unit cells (whole or partial) are indicated by black lines.
(a) and (b) depict the well-established 2,3 X2 ,3R30° phase and
“in-phase” 38X 38 arrangements, respectively (adapted from Ref.
34). (c) Tlustrates the arrangement within the quasiperiodic 7
X TR14° superstructure (Refs. 35 and 36). We propose the arrange-
ment of the 3 X3 R34° superstructure (d) in which every third Cg,
molecule occupies the same Au(111) lattice site, as highlighted by
darker circles. The close packed Cg directions of the quasiperiodic
phases are indicated by thick arrows.

additional superstructure which arises from the arrangement
of dim fullerenes within the Cg, arrays. We observe quasi-
periodic domains with two discrete average spacings be-
tween dim fullerene clusters. Average separations of ~7 Cgj
are seen in Fig. 1(d), regions A and B, in which the mol-
ecules adopt the recently reported 7X7 RI14°
superstructure.>>3® A schematic of this structure is shown in
Fig. 2(c). Every seventh Cg, along the close packed direc-

tions (14° to the [101] directions) occupies the same lattice
site, consistent with the average periodicity of dim Cg in this
type of domain.® In contrast, the separation of the dim
fullerenes/clusters in Figs. 1(a) and 1(c) (bottom) is a signifi-
cantly smaller 3.04=0.07 Cg4, molecules, as determined
from Fourier analyses. We believe that this is a previously
unreported phase, where the C¢, monolayer is aligned along

an axis rotated 34° from the [101] directions [Fig. 1(a)]. We
denote this phase the 3 X3 R34° superstructure, in which
every third Cg, occupies the same lattice site. A schematic
representation of the 3 X 3 R34° superstructure is shown Fig.
2(d).

A strong correlation exists between the domain type and
annealing temperature. In the absence of a post-deposition
annealing step, domains comprising uniform Cg,, sometimes
interdispersed with apparently randomly ordered isolated
dim Cg, are seen. However, even when the sample is held at
room temperature, we also observe the quasiperiodic and
very occasional disordered regions [Figs. 1(a) and 1(b)].
Upon annealing, the relative abundances of the quasiperiodic
and disordered phases increase [Figs. 1(c) and 1(d)], until
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FIG. 3. (Color online) A series of bias-dependent images of two Cgy regions: (a)—(d) a quasiperiodic phase (image size of
32.5%32.5 nm?) and (e)—(h) a disordered phase (image size of 16.0X 16.0 nm?). The sample bias is displayed in the top right of each
image, while all images were obtained with the same tunneling current (/;=0.10 nA). The difference in apparent height of the dim and bright
fullerenes varies strongly with the applied sample bias (all height scales have been constrained to cover a range of 6.0 A). (i) A plot of the
measured height difference between bright and dim Cgj as a function of sample bias for the quasiperiodic (squares) and disordered (triangles)

domains.

after annealing to temperatures of >400 °C at which the
disordered structure is overwhelmingly dominant. These
findings are consistent with observations of annealed Cg
monolayers on Cu(111).??

B. Apparent height variation

Figure 3 shows how the applied sample bias affects the
measured height difference between bright and dim Cg,. Fig-
ures 3(a)-3(d) show STM images of the same area of a qua-
siperiodic array obtained at a range of applied sample biases.
Figures 3(e)-3(h) use the same sample bias range but are of
a disordered region. Two discrete molecular heights are mea-
sured for any given sample bias between +2.0 and —2.0 V.
However, the difference between the apparent molecular
heights varies strongly with the applied sample bias. Analo-
gous trends are observed for the quasiperiodic and disordered
regions, as shown in Fig. 3(i), in which the measured height
differences are plotted as a function of applied sample bias.
The greatest measured height difference is observed at posi-
tive sample bias where the lowest unoccupied molecular or-
bital (LUMO) levels dominate the tunneling process. In con-
trast, at small negative sample bias, the apparent height
difference is significantly reduced and remains at ~0.35 A
until the highest occupied molecular orbital (HOMO) reso-
nance is reached beyond —1.8 V.*! We note that the trends
shown in Fig. 3 are typical for any quasiperiodic or disor-

dered domain, as has been seen reproducibly for several
samples using different tips. The observed variation in appar-
ent height with respect to bias therefore suggests that the
bright and dim fullerenes have different electronic structure,
with the greatest discrepancies occurring in the unoccupied
levels.

C. Dynamic behavior

Consecutive STM images of quasiperiodic and disordered
domains are shown in Fig. 4. By comparing successive im-
ages, it can be seen that C¢y molecules discretely switch from
bright-to-dim or vice versa. In the case of the quasiperiodic
structures [Figs. 4(a;)—4(a;)], the fullerenes generally switch
either within a cluster, or from one cluster to a neighboring
one. Dim molecules are not observed between the periodic
sites of the R34° phase, neither are clusters of greater than
four in size formed. Within disordered domains [Figs.
4(b,)—4(b3)], the switching generally occurs in a random
manner, although pairs of bright-to-dim and dim-to-bright
transitions often take place within several Cg units of each
other, consistent with observations of Cq, on Ag(100).'® We
have determined the rate at which Cg, switch between bright
and dim by subtracting consecutive STM images, examples
of which are seen in the insets of Fig. 4. For the quasiperi-
odic arrays, we observe that (3.26 £0.44)% of Cg, switch
from bright-to-dim after a time delay of one minute, while
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FIG. 4. A series of consecutive room temperature images of fullerene domains, in which Cg are seen to switch from bright-to-dim and
vice versa. Images (a;)—(a3) show a quasiperiodic domain (image size of 20.6X20.6 nm?, 60 s separation per scan, V,=+2.0 V, and 1,
=0.10 nA), while (b;)—(b;) are of a disordered domain (image size of 25.6X25.6 nm?, 46 s separation per scan, V,=+2.0 V, and I,
=0.10 nA). The insets show subtractions of consecutive images, where switching events are seen as white and dark spots corresponding to

dim-to-bright and bright-to-dim transitions, respectively.

(3.29+0.44)% change from dim-to-bright in this timeframe.
In the case of the disordered phase, we find slower switching
rates of (0.61 £0.22)% per min and (0.61 = 0.20)% per min
for bright-to-dim and dim-to-bright transitions, respectively.
For both arrangements, the numbers of bright and dim Cg
are conserved with respect to time.

The time-dependent switching in the absence of a high
density of holes in the Cg, lattice demonstrates that the
bright-dim contrast is not due to impurities; molecules can-
not readily migrate within a close packed array unless a va-
cancy is present. Furthermore, the reversibility of this tran-
sition verifies that the dim fullerenes are not a result of tip-
induced degradation.42 In some cases, we observe molecules
that appear half bright and half dim, an example of which is
indicated by a vertical arrow in Fig. 4(a;). Here, the mol-
ecule is seen to switch while being imaged. In order to in-
vestigate whether the switching is a tip-induced artifact, we
have performed multiple time-dependent analyses using a
variety of imaging conditions. We find that the switching rate
is independent of the tunneling current used. Further, when
pauses of 1-3 min are inserted between successive images,
the number of molecules that switch also increases in a man-
ner consistent with the aforementioned switching rates (this
is harder to quantify since some Cg, may change from bright
to dim and back to bright, or vice versa, between measure-
ments). It is therefore apparent that this switching effect is
not tip induced. Interestingly, we do not observe any switch-
ing events for either phase once cooled to 77 K, suggesting
that it is a kinetically driven process.

Even after the sample has been annealed to temperatures
of up to ~490 °C, we have often observed small, isolated
fragments of 22X |3 reconstructed Au(111) underneath the

Cyo layer. The shapes of these fragments vary and include
short linear arrangements as well as more complex outlines.
An example of a more complex arrangement of the herring-
bone lines is shown in Fig. 5. This figure comprises four
consecutive images of a “templelike” feature within a disor-
dered domain obtained at room temperature. The outline of
the temple shape is characterized by pairs of bright lines
similar in appearance to those in Fig. 1(a). The density of
dim Cgj in the immediate vicinity of this feature is signifi-
cantly lower than in other regions, consistent with our earlier
observations. At the start of this sequence, the lines toward
the bottom of the temple point outwards, forming two trian-
gular apexes [as indicated by arrows in Fig. 5(a)]. However,
on a time scale of the order of a few minutes, these pairs of
bright lines gradually withdraw, forming a single closed loop
[Figs. 5(b)-5(d)]. Since the temple feature arises from the
arrangement of the Au atoms underneath the Cg, monolayer,
this motion implies that Au atoms in the vicinity of the in-
terface with Cg, are not fixed and instead can rearrange
themselves at room temperature.

D. Molecular orientation

The orientation of individual Cg, molecules with respect
to the Au(111) surface can be inferred from STM images in
which features arising from the molecular orbitals are re-
solved. A selection of images of disordered and quasiperiodic
domains within which the molecular orbitals can be resolved
is presented in Fig. 6. At room temperature, Cg, molecules in
a bulk crystal are spinning at a rate of ~10'® Hz.*>* There-
fore, our observation of orbital structure at room temperature
demonstrates the existence of a sufficiently strong interaction

235434-5



GARDENER, BRIGGS, AND CASTELL

FIG. 5. Consecutive images obtained at room temperature of a
region in which the Au atoms retain the 22X 3 reconstruction
even after annealing to ~490 °C (image size of 42.8 X43.3 nm?,
V,=+2.0 V, and 1,=0.10 nA). (a) The first image of the sequence,
within which the herringbone features at the bottom of the temple-
like structure point outwards (indicated by arrows). Images (b)—(d)
were taken 1 min 42 s, 5 min 6 s, and 6 min 48 s after image (a),
respectively. These images show that the herringbone lines at the
bottom of the temple feature close up over time to form a loop.

between the molecules and substrate to stop them from ro-
tating. When disordered domains are imaged at negative
sample bias [Fig. 6(a)], dim Cg, adopt the appearance of a
coffee bean, while the orbitals of bright Cg, appear as three-
fingered lobes. The orbital structure of the bright Cg, in Fig.

PHYSICAL REVIEW B 80, 235434 (2009)

FIG. 6. Room-temperature images of Cg, monolayers in which
features arising from the molecular orbitals are resolved. (a) A dis-
ordered array showing that dim and bright fullerenes adopt different
orientations (image size of 12.0X12.0 nm?, V,=-2.0 V, and
1;=0.30 nA). Images (b) and (c) are of the same disordered region
obtained at V,=—2.0 V and V,=+2.0 V, respectively (image size
of 10.0X10.0 nm? and 7,=0.30 nA). The dim Cg appear as three-
leaf clovers at positive sample bias and like coffee beans at negative
sample bias. (d) A quasiperiodic phase, within which both dim and
some bright fullerenes have the same two-lobe orbital structure (an
example of the latter is highlighted by a white arrow toward the top
left of this image, image size of 10.9X10.9 nm?, V¢=-2.5 V, and
1;=0.10 nA).

6(a) implies that these molecules are oriented with a 5:6 C-C
bond parallel to the surface.** The molecular orbitals of a
disordered region for negative and positive sample bias are
compared in Figs. 6(b) and 6(c). The dim Cg, of Fig. 6(b) are
also of coffee bean appearance, confirming that they are of
the same orientation as those in Fig. 6(a) (both images were
obtained at negative bias). From Fig. 6(c), it is apparent that
dim Cg, appear as three-leaf clovers at positive bias, con-
firming that these molecules are arranged with a hexagonal
ring parallel to the surface.’*

The molecular orbital structures of Cg, within a quasi-
periodic domain can be seen from Fig. 6(d). Again, the dim
molecules each have two well-defined stripes (like a coffee
bean) when imaged at negative sample bias. The orbital
structures of only a handful of bright fullerenes can also be
resolved, for example as highlighted by an arrow in the top
right of Fig. 6(d). The orbital structures of these small clus-
ters of bright fullerenes were observed in successive images
and so their appearance cannot be attributed to a momen-
tarily improved resolution of the tip. The molecular orbitals
of these bright fullerenes appear similar to those of dim Cy,
demonstrating that bright and dim molecules can have the
same orientation with respect to the substrate. This implies
that the molecular orientation with respect to the substrate
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alone cannot be responsible for the apparent height contrast
of Cg, in contrast to previous reports.*> Instead, it is likely
that the relationship between orientation and apparent height
for disordered arrays is merely a consequence of another
mechanism that drives the dim-bright contrast. We note that
we have not succeeded in resolving well-defined orbital
structures for the remaining bright Cg, of quasiperiodic do-
mains. This could be due to these molecules having a weaker
interaction with the substrate, thus allowing them to rotate at
room temperature, or that they adsorb in a range of orienta-
tions wherein their molecular orbitals are sufficiently
ill-defined.?

IV. DISCUSSION

We have found that domains evolve upon post-deposition
annealing comprising quasiperiodic or disordered arrange-
ments of dim Cgy. The type of domain formed is strongly
correlated with the alignment of the C array with respect to
the Au substrate. These domains display a dynamic bright-
dim switching behavior at room temperature, while the ap-
parent height difference varies as a function of sample bias.
We now turn our attention to identifying the mechanisms
responsible for these observations. From consideration of the
shape of the molecular orbitals of Cg, within both types of
domain, it is apparent that the observed height difference is
not due to the molecular orientation. Further, the dim mol-
ecules cannot be due to impurities (such as C;,), owing to
both the observed switching in the absence of holes in the
close packed lattice, and the high purity of the molecular
material (as verified by HPLC). Instead, it seems likely that
the observed height variation is due to topographic and/or
electronic differences within the Cq, monolayer arrays. We
note that Cg, is known to induce nanopits in a variety of
other metallic surfaces,'®3 and that this could lead to topo-
graphic variations. However, the bias dependence of Fig. 3
implies that the apparently bright and dim Cg, have different
electronic properties. We will now discuss the topographic
and electronic mechanisms for possible apparent height
variation in more detail.

A. Au surface topography

The reconstructed clean Au(111) 22 X /3 surface has 23
atoms in the surface layer for every 22 in the bulk along the

[110] directions.*® However, Cg, chemisorbs onto Au(111)
and has the ability to modify the substrate surface.>” We have
shown that Cg, almost completely lifts the surface recon-
struction, which is achievable at room temperature owing to
the small energy difference between the reconstructed Au
surface and the unreconstructed arrangement.*® Lifting the
surface reconstruction to form a bulk-terminated arrange-
ment releases some Au atoms. However, even in the absence
of step edges, the number of additional Au atoms is insuffi-
cient to lead to the high density of nanopits required for the
disordered domains. Instead, a larger distortion of the upper-
most Au layers is required to form significant quantities of
topographically different sites. Our observations that Au at-
oms remaining in the 22 X /3 reconstruction move beneath
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the Cg layer at room temperature, as shown in Fig. 5 and by
the increased separation of the herringbone features in Fig.
1(a), confirm that the substrate atoms can reorganize under-
neath the Cgy layer. It is likely that this motion is not tip
induced owing to the independence of the room temperature
bright-dim switching rate both upon varying the tunneling
current and the insertion of pauses between imaging. We
note that the density of dim Cg, is severely reduced in the
vicinity of any surviving herringbone fragments, confirming
the requirement for the Au 22X /3 reconstruction to be
lifted to induce a high density of dim Cg,. Our observation of
increased densities of dim Cg, upon annealing implies that an
energy barrier exists to form pits, consistent with similar
observations on other surfaces.'0-23

The correlation between domain type and rotation of the
Cgo overlayer with respect to the substrate lattice supports
our claim that the bright-dim contrast is driven by the forma-
tion of pits in the Au surface. As shown in Fig. 2(d), every
third Cg of the 3 X3 R34° superstructure occupies an iden-
tical position with respect to the Au(111) lattice. It therefore
seems likely that Cgy-induced nanopits in the Au surface are
preferentially formed when a Cg, occupies specific lattice
sites. In a similar manner, on average every seventh Cg, mol-
ecule of the R14° quasiperiodic phase appears dim and oc-
cupies an identical lattice site.>> Therefore, the sites at which
nanopits are formed match the periodicity between the Cg
overlayer and Au(111) lattice for both quasiperiodic phases.
In contrast, disordered domains are of the 2,/3X2,3 R30°
phase, where each Cg, occupies an identical lattice site.3*
Therefore there is no advantage for the disordered phase to
be periodic or that the ratio of bright to dim Cgy should be
fixed, consistent with our observations. In addition, the irre-
versible evolution upon increasing annealing temperature
from uniform height to quasiperiodic to disordered arrays
suggests the latter is the most energetically favorable ar-
rangement. It is possible that the disordered structures will
subtly shift their orientation away from the 2,3 X 23 phase
[Fig. 1(b)] in order to maximize the commensurability with
the surface and increase the number of dim Cg,. We have not
observed domains in which the Cg, appear almost entirely
dim, although this is likely to require annealing to higher
temperatures, at which point the Cg, sublime from the sur-
face.

Further evidence for a rough Au surface beneath the
fullerene layer is seen in the individual molecular orientation
of the dim Cg, molecules (as judged from the appearance of
their molecular orbitals, Sec. III D). When situated within a
nanopit, the molecules adopt an orientation that maximizes
their interaction strength with the surrounding Au atoms, in a
similar manner to that proposed for Cg, on Au(110).2° The
pits formed for any given domain are likely to be identical,
since their shape is determined by the commensurability be-
tween the Cg, overlayer and substrate. Owing to the bias
dependence of the measured apparent heights, we are unable
to accurately deduce the true topographic depth of the nano-
pits and are therefore unable to propose a more detailed
structural model for the Au-Cg, interface for each domain
type. However, the ~0.35 A height difference measured
within the HOMO-LUMO gap suggests that a smaller true
height variation exists than on many other metallic surfaces.
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The time invariance of the ratio of bright to dim Cg is
consistent with mass conservation of the Au atoms. The fixed
total number of Au atoms means that the number of pits of
any given size that can be formed at any one instance is
constrained (in the absence of nearby Au terraces). This
gives rise to a dynamic Cgy-Au interface, the motion of
which is frozen out when the experiments are carried out at
77 K. We note that a clean Au surface is itself dynamic; at
room temperature Au atoms readily diffuse across the sur-
face, causing Au terraces to grow at rates of 0.5-5 A/s.4748
It is not unreasonable that, especially if subjected to stress
from the Cg, overlayer, the Au atoms can quickly and easily
switch between different conformations, resulting in the ob-
servation of localized pairs of bright-dim transitions.'®

B. Electronic effects

The bias dependence of the measured height differences
shown in Fig. 3 cannot be explained by Cg, occupying two
discrete heights. To a first approximation one would expect a
constant height difference as a function of bias if the elec-
tronic structure of the higher and the lower molecules were
the same. As there is a clear bias dependence, this confirms
that electronic differences exist between bright and dim Cgy,.
Different orientations of Cg, on Au(111) only lead to very
subtle variations in their density of states,>*! while the occu-
pation of inequivalent lattice sites leads to contrast effects
only observable in differential conductance maps.® Instead,
an alternative mechanism that leads to a significant differ-
ence in the molecular density of states must exist between
the bright and dim fullerenes.

On some other metallic surfaces, such as Au(110), the
dim-bright contrast is almost solely topographic and does not
display any bias dependence.?® In contrast, on other surfaces
such as Cu(100) and Ag(100), the formation of nanopits
leads to charge transfer to the dim Cg, resulting in differ-
ences in the density of states of dim and bright
fullerenes.!??® The degree of charge transfer to Cg, from an
Au(111) surface varies, particularly at Au terraces,® demon-
strating that the geometry of the immediate Au environment
surrounding a Cg, molecule plays an important role. We pro-
pose that once nanopits are formed, the local rearrangement
of the Au(111) interface and resulting perturbation to its elec-
tronic properties are sufficient to induce charge transfer from
the Au substrate to the Cg, cage. Additional charge on Cg
results in Jan-Teller distortions of the C¢, cage. This lifts the
degeneracy of the LUMO levels* and so gives rise to dis-
tinct differences between the unoccupied density of states of
charged and neutral Cg,. Even though the physical (topo-
graphic) distortion to the cage is unlikely to be measurable
by STM, the electronic differences are sufficient to result in
variations in the measured height difference as a function of
applied sample bias. The ensuing apparent height contrast
would be largest where the greatest variation in the density
of states exists,'” namely, for the unoccupied levels, as we
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have observed [Fig. 3(i)]. Subtle variations in the positions
of the HOMO levels would also affect the apparent height
difference beyond ~-1.8 V. Due to the absence of states
between the HOMO level and Fermi energy, almost no varia-
tion would be expected between the measured molecular
heights in this region. Therefore, a model in which both to-
pographic and electronic variations occur fully accounts for
the bias-dependent trends of the apparent height differences
between dim and bright fullerenes shown in Fig. 3.

We note that our proposal of charge transfer in this system
may be considered controversial; other reports suggest that
no net charge is transferred across the Au(111)-Cy interface.
However, such studies have been largely performed on iso-
lated Cg4, molecules deposited onto a substrate held below
room temperature,3 or involve theoretical calculations which
assume an atomically flat Au surface.®® The thermally en-
hanced formation of nanopits which induce charge transfer
therefore resolves the discrepancies between STM-based ob-
servations in the absence of annealing, and the bulk photo-
electron experiments on Au(111) where the samples are an-
nealed to remove multilayer regions prior to measurement.®

V. CONCLUSIONS

We have observed a variety of structures upon annealing
Cgo on Au(111). These monolayer structures comprise dis-
cretely bright and dim fullerenes, of which a variety of ar-
rangements have been observed. In particular, we report the
formation of two classes of domain; quasiperiodic arrange-
ments, including a 3 X 3 R34° superstructure, and disordered
arrays. We have shown that the type of structure is strongly
correlated with the rotation of the overlayer with respect to
the Au(111) surface. Further, we have observed a tendency
toward disordered domains, which possess higher densities
of dim Cg, molecules, upon increasing annealing tempera-
ture. We propose that these dim molecules arise from the
creation of nanopits in the Au surface, causing some Cg to
be situated slightly lower than others, while this arrangement
facilitates charge transfer from the Au(111) surface to Cgq
molecules. We note that our proposal of charge transfer could
be verified by scanning tunneling spectroscopy or ultraviolet
photoelectron spectroscopy measurements. However, all of
our observations are explained by a nanopit charge-transfer
model, which also accounts for the well-documented dis-
crepancy in measured charge transfer for Cg, monolayers on
Au(111).
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