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Two-component Fullerene Molecular Layers Assembled on

the Au(111) Substrate

Yitao Wang®, Lu’an Guo™?, Quanmin Guo**!
1. School of Physics and Astronomy, University of Birmingham, Birmingham B15 2TT, United
Kingdom.
2. Department of Applied Physics and Key Laboratory for Quantum Information and Quantum
Optoelectronic Devices of Shaanxi Province, Xi’an Jiao-Tong University, Xi’an, Shaanxi, 710049, PR
China.

Abstract

Self-assembly of binary and multi-component colloidal crystals is an effective
approach for the fabrication of structured new materials. The formation of colloidal
crystals in most cases is controlled by optimized space occupation by the particles.
Cso and Cyp molecules, when treated as the smallest “colloidal particles”, can be used
as model systems to study the formation of multicomponent molecular crystals in
which the intermolecular forces are mainly of the van der Waals type. By deposition
of Cgo and C7o molecules onto Au(111), the mixing of the two molecules has been
investigated. Both Cgy and Cs form close-packed layers on Au(111), but with
different lattice constants. At room temperature, the molecules within the molecular
layer have complete freedom to rotate. The boundary between the Cg and the Cyo
domains consists of row dislocations. Adding Cg onto a Cyo layer has an interesting
effect in that Cgp molecules can push their way into the C;o layer and force the Cyy
molecules to take a fixed upright configuration where the long axis of the molecule is
perpendicular to the interface. Significant interlayer diffusion takes place at elevated
temperatures. When Cy is added to a Cg layer, there is little evidence of Co getting
into the Cg layer. The second layer C;o forms a lattice-matched structure by taking the
upright orientation.

Keywords: Self-assembly; Molecular monolayers; Fullerene; Scanning tunneling
microscopy; epitaxy; lattice-mismatch; interface; van der Waals solids.
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1. Introduction

Multicomponent materials with two or more constituent building blocks have great
potential technological applications™. In contrast to single-component materials,
multicomponent materials such as metallic glasses® and metal organic frameworks®’
have a clear advantage that their properties can be fine-tuned by varying the
composition, structure and synthesis procedure. One interesting class of
multicomponent materials are soft solids formed by close-packing of the constituent
particles; for instance, photonic crystals assembled with colloidal particles® and binary
nanoparticle superlattices (BNSL)®. The structure of the solid depends on the size and
shape of the building blocks™. Being the simplest multicomponent materials, the
binary system has attracted a high level of attention. By drying a suspension
containing two Kkinds of particles with polymethylmethacrylate (PMMA) as cores and
different radii, Bartlett et al **"** have studied the binary mixtures of hard sphere
colloids and found complex ordered structures such as AB, and ABj3. The
stoichiometry and stability of the BNSL depend on a number of factors including the
electrical charge on the colloidal particle and the van der Waals forces 3. By
changing the stoichiometry, two AsB structures with packing densities higher than
that of the phase-separated face-centered cubic crystals have been found with
simulation®®. Kiely et al have studied the assembly of superlattices from
alkanethiol-passivated gold nanoparticles of different radii'®. With a radius ratio of the
two particles at 0.47, the small and large particles form phase-separated domains. A
relatively stable AB; phase is formed with a radius ratio in the range from 0.48 to 0.62.
A random alloy of gold particles can appear if the size difference is less than 15% as
explained by the Hume-Rothery rule®®.

Recently, there has been growing interest in the precise control of the binary
superlattices® as well as the assembly of more complex structures using more than
two building blocks'®®. A layer-by-layer assembly method was introduced by
Denkov et al and modified by Singh et al for creating binary and ternary colloidal
crystals’®?°. With the method developed by Denkov et al, it is possible to grow
colloidal crystals by depositing alternating A and B layers with a high degree of
accuracy?2®. The complexity increases if two particles with not just different sizes,
but also different shapes are mixed. In the case of nano-rods and nano-spheres, it is
found that phase separation is favoured®*?. In a study of a mixture of Fes;O,
nanospheres and NaYF, nano-rods, Ye et al’® observed a bulk separating phase, a
lamellar phase and an AB; binary nanocrystal shape alloy (BNSA). The BNSAs are
stabilized mainly with the help of short-range attractions®.

The size of the building blocks in binary and tertiary colloidal crystals ranges from
several nanometers (gold nanoparticles) to a few micrometers (silica or polymer
spheres). The assembly of very small particles with sizes of the order of one
nanometer is rarely studied. This is because there are great technological challenges in
producing size-selected particles at this scale and that conventional assembly methods
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based on a colloidal suspension are hard to operate for such small particles.
Buckminster fullerenes such as Cg and Cyp are probably the smallest “colloidal
particles”. The interaction between these molecules is mainly of the van der Waals
type and hence the corresponding molecular crystals consist of layers of
closed-packed molecules,?”? similar to the hard-sphere packing mode in colloidal
crystals of larger spheres. Therefore, Cgo and Co are good candidates for the study of
binary mixtures involving particles of ~ 1nm in size.

Here we investigate the mixing of Cg and Czo molecules using scanning tunnelling
microscopy (STM). We deposit the two molecules sequentially onto a (111)-oriented
gold substrate and follow the mixing as we increase the sample temperature. Although
Cso Can be treated approximately as a “spherical” object, C7o has a “rugby” shape with
an aspect ratio of ~0.89%3!, The dimension along the short axis of C is almost equal
to the diameter of Cg. The adsorption of fullerene molecules, in particular Cgp, 0N
Au(111) is a well-studied system®*?, There is a strong tendency for the molecules to
assemble into close-packed layers on Au(111). The close-packed layer can exist in
several phases depending on its azimuthal orientation®*3+°,

2. Experimental

Experiments were performed using an Omicron Variable-Temperature Scanning
Tunnelling Microscope (VT-STM) in an ultra-high vacuum chamber with a base
pressure of 5 x 1071% mbar. The gold sample is a polycrystalline thin film deposited
on a highly-oriented pyrolitic graphite (HOPG) substrate. The crystals inside the Au
film have their (111) plane parallel to the surface of the HOPG substrate. After the
sample is transferred into the UHV system, it is treated by many cycles of Ar+ ion
sputtering and thermal annealing. Cgo and C7o molecules (purchased from MER, 99.5%
purity) were sublimed onto the HOPG substrate using home-built effusion cells.
During sublimation, the Cg cell and the Cyo cell were kept at 554 K and 601 K,
respectively. Under these temperatures, the deposition rate is around 0.1
monolayer(ML) per minute. Before sublimation, the cells were degased at 500 K for 5
minutes. Deposition is mostly conducted when the sample is kept at room temperature
(RT). Imaging is performed soon after deposition to determine the degree of
molecular mixing at RT. The sample is annealed step by step to higher temperatures.
After annealing at each temperature for one hour, STM images are acquired once the
sample is cooled to RT.

3. Results and Discussion

3.1 The first molecular layer

Both Cgp and Cyo form close-packed molecular layers on Au(111). The Au(111)
substrate is rather flexible and has a tendency to appear in various reconstructed forms
4344 The exact form of reconstruction depends on the extent of charge transfer at the
interface. For this reason, a single layer of Cgy on Au(111) contains molecules in
nonequivalent bonding configurations®*3**°. In contrast, fullerene layers formed on
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HOPG have a much simpler structure because the HOPG substrate has no freedom to
reconstruct and it serves as a simple, “inert”, platform. Here we briefly discuss the
features of Cgp and Co layers formed on HOPG and use the Cgo/C7o-HOPG system as
a useful reference.

3.1.1 Cqo and Czoon HOPG

Figure 1 shows an STM image acquired from a HOPG sample which is covered by a
single layer of molecules. The Cgy and C7o molecules are deposited sequentially at RT.
The sample is then thermally annealed to 470 K which leads to some intermixing of
the molecules. In this image, one can see separate domains of Cgp and Co. The Cgp
domain and the C;, domain have different lattice parameters. The nearest neighbor
Ceo-Ceo distance within the Cg domain is 1.0 nm; the nearest neighbor C;-C7o
distance within the C;o domain is 1.07 nm. The C7, molecules within the C7o domain
are 0.08 nm taller than Cgo molecules within the Cgo domain as measured by the STM.
Inside the Cg domain, the scattered C;o molecules are 0.11 nm taller than the
surrounding Cgo molecules. Although height measured by STM has electronic
contributions as well as geometric contributions, the features in Fig. 1 indicate that the
height differences are mainly of geometric in nature. Therefore, the C7o molecules
trapped inside the Cgo domain have their long axis perpendicular to the substrate. The
0.11 nm height difference is consistent with the geometric height difference between a
Cso and upright C7o. By having the long axis perpendicular to the substrate, a trapped
Czo molecule inside the Cgo domain has the same footprint as a Cgo. This is a favorable
configuration because it leads to almost zero strain into the Cg lattice by substituting
a Cgo with a Cy. The Cyo molecules inside the C;, domain do not have a fixed
orientation at room temperature and they are able to rotate about both the long and
short axes. The height for such free-rotating molecules can be regarded as an effective
height which is derived from a C;, molecule switching between lying down and
upright configurations. The crystalline form of C;, has an fcc structure at
temperatures above 340 K. In this fcc phase, the C;, molecule rotates freely with no
orientational order. The nearest neighbor distance in the fcc phase is 1.06 nm*. Below
340 K, a phase transition occurs such that the long axis of the C;o molecule becomes
frozen in the direction perpendicular to one of the close-packed layers. As a
consequence, the in-plane nearest neighbor C;,-C7o distance is reduced from 1.06 nm
to 1.01 nm. The 1.07 nm nearest neighbor C7o-C;, distance measured by our STM is a
good indication that the C;o molecules within the first C; layer on HOPG are
rotationally disordered even at RT*.
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Figure 1. Close-packed single molecular layer consisting of phase-separated of Cqy and C7o on HOPG.
The molecules are deposited sequentially onto HOPG at RT. Thermal annealing to 475 K for 30
minutes has caused some mixing. Separate Cgy and C;, domains are formed. Within the Cq, domain,
there are scattered C;, molecules that have substituted Cgo molecules. The image, 90 nm X 90 nm, is
collected using —2.1 V sample bias voltage and 100 pA of tunneling current.

3.1.2 Cgp and Cypon Au(111)

With the finding for Cgy and C;, on HOPG in the previous section serving as a
reference, we can now discuss the behavior of the molecules on Au(111). In
comparison with HOPG, the Au(111) substrate is more complicated due to the
presence of surface reconstruction. Figure 2(a) is an STM image from Au(111)
covered by ~ 0.65 ML of C. The molecules are deposited onto the Au(111) substrate
at RT and the image is collected at RT. Most of the Au(111) is covered by a single
layer of Cy. The single layer C;o is 0.7 nm above the Au(111) substrate as measured
directly from the STM image. This is in contrast to the 1.0 nm height measured for
Cz on HOPG. 1.0 nm more or less reflects the true physical dimension of C7. On
Au(111), the electronic contrast between Au(111) and Cyo causes a much reduced
apparent height of the molecule. Since we have no complimentary atomic force
microscopic measurement, it is not clear if the 0.3 nm height difference measured
from the two different substrates is purely due to different contributions from the
density of states. A small fraction of the Au(111) substrate remains uncovered. Near



the top left corner of the image, there are a few patches of second layer Cy. The
second layer C7o is ~0.8 nm taller than the first layer. This is comparable to what is
found for the second layer C;oon HOPG. The edges of the second layer C islands
are very sharp, suggesting that the edges are stationary at RT. In contrast, the edges of
the first layer C appear hairy, indicating that the edges are under constant change by
losing and capturing molecules. The C7o molecules are close-packed along the
direction of the discommensuration lines of Au(111). Hence this particular Cy
structure is called the R30° phase because the close-packing direction of the
molecules is rotated by 30 degrees from the close-packing direction of Au atoms.
Despite the similarity with the (2v3 x 2v/3)R30° phase of Cg0n the same surface,
the structure of the Cyo layer shown in Fig. 2(a) cannot be named (2v3 x
2/3)R30° because the underlying substrate is still in its reconstructed form. Apart
from the R30° phase, other frequently observed phases are R0° and R14°, similar to
what is reported for Cgo***". The close-packed layer usually forms by nucleation along
step edges. Thus, if the first row of molecules align themselves along a step edge
consisting of close-packed Au atoms, the resulting molecular domain will have
molecules close-packed also along the same direction of the Au atoms.

2nd layer 1st layer C;,
[112]

7

Cro

Au(111)

Figure 2. (a) STM image (200 nm X 200 nm, —2.5 V, 80 pA) of Au(111) covered with 0.3 ML of
Cyo at room temperature. One of the close-packing directions of C;, molecules is parallel to the
discommensuration lines. The herringbone reconstruction of the Au(111) substrate under the 30° Cyq
islands remains unchanged. (b) Morphology of the C,, layer after annealing at 573 K for one hour.
(75nm x 75nm, -2.5V, 100pA). The discommensuration lines have been modified due to the
enhanced interaction between C;, and gold, leading to a clear broadening of the fcc region and
narrowing of the hcp region. After annealing, dark defects have appeared in the fcc regions. (¢) STM
image (60 nm X 60 nm, -2.5V, 100pA) showing 0.3 ML Cg molecules deposited onto Au(111),
followed by 0.3 ML C;o. R0°® Cgp, RO and R30° Cy, are shown in the image. The domain boundary
between R0° C;o and RO° Cg islands is fuzzy while a relatively sharp boundary is formed between the
R30° C;¢ and R0O° Cg islands.

As can be seen in Fig. 2(a), the herringbone reconstruction of the Au(111) surface
remains unchanged after a layer of Cyg is added. This is can be seen more clearly in
the inset which is part of the image after applying contrast enhancement. This
suggests a rather weak molecule-substrate interaction. This is in contrast to Cg, Which
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upon adsorption, can readily lift the herringbone reconstruction at RT*. Lifting the
herringbone reconstruction of Au(111) is a rather reliable signature that a significant
amount of electron charge transfer from the substrate to the molecule has taken
place®’. The inability of Cy to lift the reconstruction indicates that the charge transfer
from Au(111) to Cy is not as extensive as that for Cg. The interaction between Cg
and Au(111) is strong enough to modify the herringbone reconstruction when the
sample is heated to temperatures above 550 K. As can be seen in Fig. 2(b), after
heating to 573 K, the familiar feature of the herringbone pattern is still visible.
However, the width of the fcc domain, highlighted by a double-headed arrow in Fig.
2(b), has expanded to about 10 nm which is much broader than that on the clean
Au(111) surface. The hcp domain remains narrow at about 1 nm. The density of
discommensuration lines is reduced by ~ 50%. Adsorbate-induced broadening of the
fcc domain of the herringbone reconstruction has also been observed for other
molecules*®. The broadening of the fcc domain is the initial step towards the complete
lifting of the herringbone reconstruction. Within the fcc region, we find a small
number of “dim” molecules. Below these dim molecules, there are probably atomic
defects in the Au(111) surface due to the fact that the fcc region is still under stress.

Fig. 2(c) shows an STM image from an area with adjoining Cgo and C;o domains. The
sample is prepared by the deposition of 0.3 ML of Cg, which is followed by an extra
0.3 ML of C. The Cg domain in the image belongs to the RO° phase. For Cyq, there
are two rotational domains. The majority of the C;, molecules are found in an R30°
domain. A small fraction of C;o molecules, near the top right hand corner of the image,
form an RO° domain. Therefore, we have a C7,-R0%Cgp-R0° domain boundary and a
C70-R30°/Cg-R0° domain boundary.

A doubled headed arrow is used as a ruler to measure the nearest neighbor distances
for both Cgo and C+. In the C-R30° domain, the length of the doubled headed arrow
equals to 9.7 D; where D; is the nearest C7o-Cyo distance. The same distance equals to
6v3 D, where D, is the nearest Cgo-Cqgp distance within the Cgo-R0° domain. Since the
measurement is performed in the same direction, we can obtain a rather accurate
D,/D, ratio without worrying about scanner calibration or thermal drift. From this
measurement, we find the ratio of the lattice parameters between C; and Cgg is 1.07.
This ratio is identical to what we measured on the HOPG substrate. Therefore, we can
safely conclude that the molecules within the first layer C;o on Au(111) are in their
free-rotating state. There are a small number of tall molecules marked with the yellow
squares near the domain boundaries. These molecules are taller than those within the
close packed C7o domain and are thus identified as C7o molecules having their long
axis fixed in the direction perpendicular to the substrate surface.

The C70-R30%Cg-R0° domain boundary in Fig. 2(c) is typical of the boundaries
occurring between two rotationally misaligned domains of close packed hard spheres.
The coordination number for molecules at such domain boundaries is reduced from 6
to 5, or lower, corresponding to a reduced surface coverage at the boundary. The



R30°/R0° domain boundary can be found between a C7o and a Cgo domain, or between
two Cyo (or two Cgp) domains. Figure 3(a) shows such a boundary between two Co
domains. The RO%/R0° or R30°/R30° domain boundary, on the other hand, forms only
between a C;odomain and a Cgo domain. This type of boundary is formed as a result
of lattice mismatch. A C7¢-R30°/Cgo-R30° boundary can be found in Fig. 3(b) (Inset)
where a row of Cgo terminates at the boundary, giving rise to an edge dislocation. Fig.
3(c) shows a very straight and sharp C70-R30%Cgo-R30° boundary. A magnified view
of this boundary is shown in Fig. 3(d) where we find that a distance covered by 20
rows of C;o can accommodate 21 rows of Cgo. Thus, the nearest neighbour distance
for Cso is 1.05 times of that for Cgo. This is smaller than what was found from Fig.
2(c). Assuming a constant nearest neighbor distance for C, our finding suggests that
the Cgo molecules have a larger nearest neighbour distance in the R30° phase than that
in the RO° phase. It is expected that the nearest neighbour distance between fullerene
molecules depends on the strength of the molecule-substrate interaction. Fig. 3(e)
shows a small section of a C70-R30°/Cg,-R30° boundary. Dashed lines are drawn into
the image to show the positional relationship between the Cgo rows on one side of the
boundary and the Cy rows on the other side. As one moves from the first dashed line,
1, to the sixth dashed line, 6, the molecular rows on the two sides become gradually
offset due to the different row-row distances.




Figure 3. (a) STM image (30 nm x 30 nm, -2.5V, 100 pA) showing the boundary between R0° and
R30° C;, domains. The boundary separating these two domains is similar to the R0° Cgo and R30° Cqg
boundary. (b) An R30° Cg, and R30° C7, domain boundary. (55 nm X 55 nm, 2.5V, 100 pA). Inset
shows how an row of Cg, terminates at the boundary. (c) A sharp and straight R30° Cg and R30° Cyo

domain boundary. (85 nm X 85 nm, 2.5V, 100 pA). (d) Larger nearest neighbor distance for C. (€)
Mismatching rows at the domain boundary indicating weak coupling between Cg, and C, across the
boundary.

Figure 4(a) shows an STM image obtained after annealing the sample to 573 K which
is high enough to thermally desorb all molecules from the second layer. During
annealing at 573 K, the thermal energy is likely to be sufficient to drive the first layer
into a liquid-like phase. The Cgo-rich and Co-rich domains observed in Fig. 4(a) are
probably formed during the cooling down period from 573 K to RT. It is clear that Cg
and C7o do not form a homogeneous layer. Instead, they phase separate into Cgo-rich
and Co-rich domains. The image in Fig. 4(b) shows scattered C7o molecules trapped
inside an R30° Cgo domain. For the RO° Cgo domain near the lower left corner of Fig.
4(a), trapped C7o molecules are mainly found in the vicinity of the boundaries. In Fig.
4(c), we see Co molecules mixed into the R0° Cgo domain. It is not yet clear to us
why part of the R0° Cg domain in Fig. 4(c) remains free of C;o molecules. Fig. 4(d)
shows an R30° C;o domain with two patches of close-packed Cgo molecules. It seems
that Ceo molecules inside the Cyo-rich domain prefer to aggregate into Ceg islands
rather than staying as scattered individual molecules. In Fig. 4(b), the tallest
molecules are identified as C7o molecules. The Cgy molecules in Fig. 4(b) appear with
different heights due to the different ways that a Cg can interact with the Au(111)
substrate. Height profiles along the lines A-B, C-D, and E-F are presented in Fig. 4(e),
(F) and (g), respectively. An easy way to separate C7o molecules from Cgy molecules
of various apparent heights is to conduct imaging at different bias voltages. Fig. 5
shows STM images acquired at four different sample bias voltages. The images
collected using +2.5 V and -2.5 V are affected by the molecular orbitals of the
fullerene molecules. For bias voltages of smaller magnitude, tunnelling via molecular
orbitals diminishes, so the measured height contrast reflects more or less the



geometric height of the molecules. The images in Fig. 5 (b) and (d) give a clear
contrast between Cgo and C7o molecules.

(€)

Height {nm)

5 i
Distance [nm)

. )

Height (nm}

H 10

(9)

Height (nm}

Figure 4. (a) STM image (75 nm X 75nm, —2.5 V, 100 pA) showing the mixture of Cg-R30°,
Cego-R0O° and C,-R30° domains on Au (111). (b) In the R30° Cg—rich domain, Cgy molecules appear
with different apparent heights due to their varied bonding to the Au(111) substrate. Standing out from
the Cgo molecules, the trapped C;, molecules are clearly identified as features 0.10 nm higher than the
highest Cgo, molecules. Height profile along line A-B is displayed in (€). (30 nm X 30 nm, -2.5 V, 100
pA) (c) C; molecules mixing into the R0° Cg domain. (35 nm X 35 nm, -2.5 V, 100 pA) (d) Cg
islands formed within a Co-rich domain. (40 nm x 40 nm, -2.5 V, 100 pA) (e) Line profile showing
that trapped C;o (b) are 0.1 nm taller than Cg,. These trapped C,o molecules have an upright orientation.
The height difference between bright and dark Cg in the background is around 0.05 nm. (f) Line
profile along line C-D in (c) showing the height difference between C;, and Cg. (g) Line profile along
line E-F in (d).
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Figure 5. STM images (30 nm X 30nm) from the same area with the same tunnelling current of 100
pA but different sample bias voltages. (a) 2.5 V. (b) 0.5 V. (¢) -2.5 V. (d) -0.5 V. For the bias
voltages of £ 0.5 V, contribution from molecular orbitals is minimised allowing the clear separation of

the molecules according to their different physical heights.

3.2 Interlayer diffusion

In the following sections, we examine the interaction between two layers of molecules:
a layer of Cgp and a layer of C7o. We investigate how molecules move from one layer
to another. The sample is prepared by depositing more than one layer of Cgo or Cyo to
make sure that no part of the Au(111) substrate is exposed. The sample is then heated
to 500 K to desorb the molecules from the second and third layers. This leaves the
sample almost fully covered by a single layer of Cgo or C79. On top of this single layer
Ceo Or Cy9, we then add 0.65 ML of Cy or Cg at RT. Depending on the deposition
sequence, we have either a Cgp-0n-Cy or Co-0n-Cgo System. We follow changes to
these systems as the sample is gradually heated to high temperatures. We pay
particular attention to the transport of molecules between the two contacting layers.
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3.2.1 0.65ML Cg deposited on top of 1.0 ML Cq (Cge-0n-Crg)

Deposition of Cgg 0nto a C7o monolayer at RT leads to two interesting observations: i)
incorporation of Cg into the C7o monolayer; and ii) formation of dark bands in the
newly grown Cgo layer above the C;,. The STM image in Figure 6(a) shows the
formation of second layer Cgo on top of a C7o monolayer. Fig. 6(b) is an STM image
from an area covered by the first monolayer of C; only. The incorporation of Cg into
the Cyo layer is clearly identified by the presence of dark rows of molecules. The dark
rows are ~ 0.1 nm deep and consists of Cgo molecules. Thus, during deposition, Ceo
molecules landing onto the C layer are able to squeeze into the C layer. This would
increase the total molecular density and hence force the C; molecules to switch from
a state of random rotation to one that has the long molecular axis perpendicular to the
substrate. The STM image in Fig. 6(c) shows the morphology of the newly formed
Coeo layer. The Cgo layer consists of close-packed Cgo molecules. What is interesting is
the appearance of dark bands within the Cg layer. The dark bands, ~1-2 molecules
wide, connect to one another forming a network. A height profile, Fig. 6(d), shows
that the dark bands are ~0.1nm deep. When Cgo molecules are deposited onto a Cgo
monolayer, there are no such kinds of dark bands*®. Moreover, there are no dark
bands in the original C;o monolayer. Therefore, the formation of the bands is a direct
consequence of the interaction between the top Ce layer and the bottom C; layer. As
shown already in Fig. 6(b) that Ce¢o molecules can drop down into the C layer and
form rows of Cg, the dark bands in Fig. 6(c) are very likely caused by the same
process. Inserting Cgo molecules into the Cyo layer forces the C;o molecules to take an
upright orientation and a reduced nearest neighbor distance. When C7o molecules are
all oriented with their long axis perpendicular to the substrate, the C7-C7o distance
within the Cyo layer matches the Cgo-Cgo distance within the Cgo layer. This would
lead to a nearly strain free interface between the Cgo and Cyo layers. Within the dark
bands in Fig. 6(c), the second layer Cgy molecules are sitting above Cgy molecules.
Due to the intrinsic lattice mismatch between Cgp and Cyzo, when a layer of Cgg is
placed upon a layer of C;, the strain at the interface tends to exert a compressive
stress on the Cyo layer and an tensile stress on the Cgo layer. The ability of the C7
molecule to move from a random rotating state to a fixed upright configuration
minimizes the interfacial strain®.
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Figure 6. (a) STM image, (95 nm X 95 nm, -2.5V, 100 pA), showing Cgq islands formed on top of
one compact monolayer of C,. (b) Upon landing on the C;o monolayer, a small number of Cg
molecules manage to get into the C;q layer and form “dark” rows of Cg. (85 nm X 85nm, -2.5V,
100 pA). (c) STM image (100 nm x 100 nm, -2.5 V, 100 pA) showing a second layer Cq island
sitting on the C;, monolayer. A network of dark bands is observed. Inset (40 nm X 50 nm, -2.5 V,
100 pA) shows that molecules inside the dark bands are orderly spaced and there is no obvious defects
around the bands. (d) Line profile showing the height change along line J-K in (c). The dark bands are
0.08 nm to 0.10 nm deep. The height of the Cg island is 0.65 nm taller than the background Cy,.

The network of dark bands persists as the sample is heated to higher temperatures.
Figure 7(a) shows an image acquired after annealing the sample to 423 K for one hour.
Within the second layer Cgp islands, a small number of bright spots have appeared.
These bright spots are mainly isolated individual spots, although there are also a small
number of dimers. They prefer not to form in the dark bands or the edges of islands.
Judging from their apparent heights, these bright spots are identified as C7o molecules.
Since there were no C7o molecules in the second layer of the initial sample, these Cv
molecules can only come from the Cy layer below. This suggests that, during
annealing at 423 K, further exchange between Cg, and C;o has taken place across the
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interface. With C7, molecules moving up, some Cgy molecules are expected to drop
down to avoid over-crowding of molecules in either layer. As the temperature of the
sample is increased to 473 K, more bright spots appear in the Cg layer, Fig. 7(b).
After annealing to 523 K for one hour, the number of the second layer islands has
decreased drastically due to thermal desorption. For the remaining second layer
islands, we now see a rather extensive mixing of Cgy and Cyp as seen in Fig. 7(c). A
height profile along line J-K in (a) is displayed in Fig. 7(d). One can see that Cy
molecules embedded in the second layer Cgo is about 0.1 nm taller than Cg. Ceo
molecules within the dark bands appear ~ 0.1 nm lower than Cg molecules in the
same layer.

Height (nm)

0.1

0.0 , ,
0 5 10

Distance (nm)

Figure 7. (a) STM image (75 nm X 75nm, -2.5 V, 100 pA) showing Cg, islands on Cy, after
annealing at 423 K for one hour. The dark bands persist. Individual “bright spots”, identified as C7q
molecules, appear within the Cg islands. (b) After one hour annealing to 473 K, more bright spots
appears in the Cgo layer. (55 nm X 45 nm, -2.5 V, 100 pA) (c) Annealed to 523 K for one hour,
there is a huge increase in the number of C,, molecules in the second layer. The distribution of Cy,
molecules is very non-uniform. (90 nm X 90 nm, -2.5 V, 100 pA) (d) Height profile along line J-K in
(a). The Cs, molecule is seen by its characteristic height, being 0.10 nm taller than Cg in the same
layer.
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Based on the above analysis, we can draw a few conclusions on Cgp-0n-C7 i) The
“close-packed” single C7o layer on Au(111) consists of molecules in a state of random
rotation with nearest a neighbor distance of ~ 1.07 nm. ii) When Cg, molecules are
deposited onto the Cy layer at RT, they can squeeze into the Cyq layer, forcing the Cyo
molecules to change their orientation. iii) A nearly strain-free interface can be formed
between a close packed Cgo layer and a close packed C;o layer. This is facilitated by
Cro taking an upright orientation to lattice match with Cgo. iv) Molecular transport
across the Cgo-Cyg interface takes place at elevated temperatures leading to mixing of
Ceo and Cy in each layer.

3.2.2 0.65ML C7o deposited on top of 1.0 ML Cq (C70-0n-Crq)

In the previous section, we discussed orientational ordering of Cyq in the first layer
upon the addition of an overlayer of Cg. In this section, we examine the growth of the
second layer C;o on top of a first layer Co. Figure 8(a) shows an STM image acquired
from the Au(111) sample after 0.65 ML of Cy is deposited at RT onto a preformed
full C7o monolayer. The first C;o monolayer here has the R30° structure. The first,
second and third molecular layers are highlighted by the numbers 1, 2, and 3
respectively. Third layer Cy, islands appear well before the completion of the second
layer. The height profile along the line P-Q in Fig. 8(b) shows that the second layer is
~0.75 nm above the first layer and the third layer is ~0.75 nm above the second layer.
These numbers are in good agreement with the height of the second layer C7 on
HOPG. Fig. 8(c) is a high-resolution image. The second and third layers of Cq appear
rather uniform with very few dim molecules.
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(b)

Figure 8. (a) 0.65 ML C, deposited onto one compact monolayer Cq layers on Au (111). The first
layer, 1, is a compact monolayer of C,. The second, 2, and third, 3, layers are formed upon the
deposition of the extra 0.65 ML of C. (100 nm x 100 nm, -2.5 V, 100 pA). (b) Height profile along
line P-Q in (a). The heights of the second and the third layer C;, are similar and are approximately 0.75
nm. (c) High-resolution image. The second and third layers of C;o appear rather smooth with very few
dim molecules.
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Figure 9. (a) STM image, (270 nm X 270 nm, -2.5 V, 100 pA), showing C;, on Au (111) annealed
for one hour at 423 K. There is a noticeable increase in the average size of the molecular islands for
both the second and the third layers. In some places, small-sized 4™ layer islands have appeared.
Magnified views are shown in (b) (100 nm X 100 nm, -2.5 V, 100 pA) and (c) (65 nm X 65 nm,
-2.5V, 100 pA).

Annealing at 423 K leads to ripening of the molecular islands. The average size of the
molecular islands increases for both the second and third layers. The edges of the
islands become more smooth and appear faceted. The coverage of the third layer has
increased from 0.04ML to 0.12ML, suggesting that a significant number of molecules
have moved from the second layer upwards. We even observe the formation of
molecular islands in the fourth layer, Fig. 9. It is more than likely that molecular
exchange has taken place between the layers, although such a process is difficult to
identify because there is only one type of molecule in all layers. The formation of the
fourth layer island is a strong piece of evidence that molecules from lower layers have
jumped up into the higher layers during annealing. This represents a typical
coarsening effect. After annealing to 473 K and above, the third and the forth layers
have disappeared due to thermal desorption, Figure 10.
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Figure 10. (a) STM image, (165 nm X 165 nm, -2.5 V, 100 pA), showing the morphology of the
Cyo layers after annealing to 473 K for one hour. (b) (120 nm x 120 nm, -2.5 V, 100 pA), showing
the morphology of the C;q layers after annealing to 523 K for one hour.

3.2.3 0.65ML Cy, deposited on top of 1.0 ML Cg (C7o-0n-Cgo)

Data presented in section 3.2.1 demonstrate that the first layer Cs preformed on
Au(111) can accommodate extra Cgo molecules by altering the molecular orientation.
In this section, we investigate how a preformed Cgo layer on Au(111) responds to the
addition of C7o molecules. We first deposit 1.2 ML Cg onto bare Au(111). We then
anneal the sample to 673 K for one hour to remove molecules in the second layer.
This produces a single layer of Cg, covering nearly 100% of the gold substrate. The
Ceo layer consists of mostly R30° and RO° phases. The image in Figure 11(a) shows
Co islands formed on an R30° Cg layer. “1, C7o” and “2, C7o” mark the first and
second layer Cyo, respectively. The real first layer, however, is the Cg layer in direct
contact with Au(111). A height profile along line R-S in (a) is shown in Fig. 11(b).
From the height profile, we find that the first Co layer (1,Cyo) is ~ 0.88 nm above the
Coeo layer. Thus, the C layer on Cgo appears taller than the C layer on Cyo (Fig. 8(b).
We interpret this height difference being due to different molecular orientations. For
Czo on C79, molecules in both C;o layers are in their free rotating state. Here, for Cy
on Cgy, the Cy layer is lattice-matched with the Cg layer below and the
lattice-matching is achieved by C7o molecules sitting in the three-fold hollow site of
the Cgo layer with their long axis perpendicular to the Co/Cg interface. Magnified
views such as the one shown in Fig. 11(c) can be used to identify the adsorption site
of C7o on Cgo. We find that the C7o molecules sit exactly on the three-fold hollow site
of the Cgo layer. C7o molecules in the (2,C7) layer sit on the three-fold hollow sites
provided by the (1,C;) layer. Hence, they also take the upright orientation.
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Figure 11. (a) STM images (80 nm x 80 nm, -2.5 V, 100 pA) showing C-, islands formed on top of
a compact Cg layer following the deposition of 0.65 ML Cy, at RT. Inset highlights the irregular bright
patches. (b) Height profile along line R-S in (a) showing that the Cq island is 0.88 nm above the initial
Ceo layer. (c) Magnified view (65nm X 65nm, -2.5 V, 100 pA) with inset showing the typical
“bright” and “dim” Cg molecules. (d) Image (80 nm x 80 nm, -2.5 V, 100 pA) acquired after thermal
annealing to 523 K for one hour.

The inset in Fig. 11(c) shows that the Cso molecules in the R30° phase can be divided
into the “bright’ and the “dim” molecules *"*%* There is no change to the
morphology of the Cg layer after adding C;o. There is no evidence that C7o molecules
have been incorporated into the Cgo layer. This is not surprising considering that the
Ceo layer is a close-packed compact layer, so a lot of energy would be required to
insert C7o molecules into the Cg layer. The (1,Cyo) layer shows some irregular bright
patches, Fig. 11(a) inset. This is a direct consequence of the molecular bonding that
takes place between the Cgo and the Cyo layers. In a previous study*®, we found similar
patchy features when Cg islands are formed on top of a Cg layer. The bright patches
were explained being due to the organisation of Au atoms. The presence of the “bright”
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and “dim” Cgy molecules suggests non-uniform bonding between Cg and Au(111),
for example, the possibility of surface atomic vacancies. When Cyq or Cg is added on
top of the first layer Cg, the bonding between the two molecular layers weakens the
interaction between Au(111) and the molecules in the first layer allowing atomic
vacancy to move.

When the sample is heated to higher temperatures, dim spots start to appear within the
Cro layer as shown in Fig. 11(d). This could be a sign of molecular exchange between
the Cyo layer and the Cgo layer underneath. If so, the extent of molecular exchange is
rather limited, indicating that the first layer Cg is rather stable. There are also changes
to the shape of the bright patches that become more regular triangles. As already
stated, these bright patches originate from the atomic packing on the Au(111) surface,
although the exact nature is not quite clear yet.

4. Conclusions

A few conclusions are drawn from our experimental findings.

(1) For the first molecular layer consisting of both Cg and C7zo on Au(11l), the
molecules tend to form separated Cgo-rich and Cyo rich domains. Edge-dislocations are
found at domain boundaries due to lattice mismatch. The Cgp-rich domain contains
trapped C7o molecules. The trapped C7o molecules take an upright configuration with
their long molecular axis perpendicular to the substrate.

(2) The molecules within the first C;o layer are in a free-rotating state at RT. Cyo
molecules can change their orientation from free-rotating to an upright configuration
when Cgo molecules are added. Post-deposited Cgo molecules can squeeze into the Cy
layer. By incorporating up to ~ 14% of Cgy molecules into the first layer of C;, the
combined Cgo/C7 layer has a higher density with a nearest molecular distance almost
equal to that in a pure Cgo layer.

(3) C7o molecules form a lattice-matched second layer on top of the first layer of Cgo.
The lattice-matched growth forces the C7o molecules in the second layer to take an up
right orientation. The C7o molecules sitting above the Cgo layer are orientationally
frozen at RT.

(4) Substantial interlayer molecular transport is observed at elevated temperatures.

Since Cg is bound to Au(111) more strongly than Cyo, there is a tendency for Cy
molecules to move up creating space for Cgo to drop down into the first layer.
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