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Ceo on the Pt(111) surface: Structural tuning of electronic properties
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The structure and electronic properties of the (V13 x ~/13)R13.9° and (2+/3 x 2+/3)R30° ordered phases of
Ceo on the Pt(111) surface are investigated using combined dynamic low-energy electron diffraction and density
functional theory (DFT) calculations. The two phases have the same local adsorption structure, while they are
predicted by DFT calculations to exhibit very different electronic structures due to their different inter-Cgq
orientations and distances. This result demonstrates the structural tuning of electronic properties for molecular

films or junctions composed of the same materials.
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I. INTRODUCTION

Carbon-60 films on metal surfaces are of great interest
due to their rich structural and electronic properties, their
potential use in molecular electronics, and their importance
in understanding the principles underlying organic-metal
interactions. A wide range of electronic band structures has
been reported for Cgy monolayers.' The band structures
strongly depend on the structural details such as the interface
reconstruction® and the relative Cgy orientations, the latter
being due to the high angular momentum of the C¢yp molecular
orbitals.>® To make use of these unique electronic properties,
it is therefore important to understand and to gain control over
the Cgp-metal and inter-Cg degrees of freedom.

Usually, Cgp molecules adsorbed on metal surfaces form
hexagonal or nearly hexagonal structures in various ori-
entations with a molecular center-to-center distance of at
least ~9.5 A.7!' Adsorption can induce charge transfer
between Cgp and substrate and can modify the molecules’
structural and electronic properties as well.* On Pt(111), Cgo
forms two distinct phases, labeled (\/ﬁ X \/E)R13.9° and
(2+4/3 x 24/3)R30° (hereafter referred to as the /13 and 2+/3
phases, respectively; note that 24/3 = +/12 is just 4% smaller
than /13, so the 2+/3 phase is slightly compressed relative to
the /13 phase; in terms of unit-cell areas and thus density, the
compression is 1 — 12/13 ~ 8%).!>!3 These two phases have
different intermolecular orientations and distances, as will be
demonstrated in the following. Therefore, one may expect
the two phases to exhibit different electronic properties. In
earlier work, while the J13 phase was found to occur alone,
the 2+/3 phase was reported to occur only in coexistence
with the \/1_3 phase. This makes it difficult to detect and
exploit the potentially different electronic properties of the two
phases.>*!3 In our work, however, we have found it possible
to isolate the two phases.

Carbon-60 forms strong covalent bonds with Pt on
Pt(111);'* adsorbed Cgo on Pt(111) also allows metal wave
functions to propagate further out from the metal.!> These
properties can lead to an extremely high conductivity of Cg
contacts with Pt electrodes.'® Although the electronic and
transport properties reported for Ceo/Pt(111) are exceptional
and the electronic properties of the two structural phases can
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be anticipated to be different, there appear to have been no
reports of the electronic properties for Cgp in either of the
two possible single-phase structures on Pt(111).'3 Structural
studies of these systems are also incomplete. The structure of
the +/13 phase has been determined with x-ray diffraction'*
to involve the presence of a vacancy below the Cgy molecule.
Such reconstructions are expected to be the rule rather than the
exception in Cgg adsorption on metals.” Similar structures for
Ceo on Pt(111) were proposed based on scanning tunneling
microscopy observations,'? but have not been confirmed by
any direct method.

In this work, we first obtain uniform monolayers of the
pure /13 and 2+/3 structural phases of Cg on Pt(111) through
careful control of the deposition and annealing temperatures.
The adsorption geometries are then determined by combined
dynamic low-energy electron diffraction (LEED) analysis
and density functional theory (DFT) calculations. We find
that the local adsorption geometry is the same in the two
structures. In particular, reconstruction of the Pt(111) surface
involving single-atom vacancy formation is a common feature
of the two adsorption geometries. Based on the determined
structures, significant differences in the electronic structures
for Cgp monolayers in these two phases are predicted by DFT
calculations, which we believe can be attributed mainly to the
relative rotation of neighboring Cgy molecules.

II. METHOD

The Pt(111) sample was cleaned by repeated cycles of
Ar-ion bombardment at 1.5 kV and annealing to 1150 K,
with occasional annealing cycles in O, at pressure P = 2 X
10~7 Torr at 1000 K to remove carbon contamination. The
sample temperature was measured using a type-C thermo-
couple attached to the sample holder at the edge of the Pt
sample. Carbon-60 was deposited at a rate of 0.1 ML/min
from a Mo crucible in an electron-beam heated deposition
source. The pure +/13 phase was produced here by depositing
1.4 ML of Cg at 300 K followed by annealing to 500 K for
20 min. The \/1_3 diffraction intensities were stable following
desorption of Cg in excess of 1 ML during annealing. We
found that annealing at slightly higher temperature, 550 K,
caused the /13 diffraction intensities to decrease steadily
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(‘/1_3x‘ll_3)R13.9° phase (“~+13”)

(2V3x2V3)R30° phase (“23”)

FIG. 1. (Color online) LEED patterns of Cg/Pt(111) in
(a) the (+/13 x +/13)R13.9° phase (at 37.2 eV) and (b) the (2+/3 x
2+/3)R30° phase (at 15.3 eV). Also shown are the corresponding
real-space supercells (doubled in both directions for ease of viewing)
of the final determined structures in the (c) +/13 and (d) 2+/3 phases,
respectively [C (Pt) atoms are colored gray (blue)]. To display the
Ceo/Pt interface clearly, the lower Cgy molecules include only their
bottom part; each Cg sits above a Pt vacancy. Panels (e) and (f) show
the inter-Cgy face-to-face contacts viewed parallel to the surface.
In (a), green and red rhombi denote two symmetrically equivalent
mirrored domains and the blue line indicates the mirror plane; in
(c), only one of the two mirrored domains is shown (while mirroring
leaves the 2«/§ structure invariant).

during annealing, possibly due to the onset of fragmentation.'?
The pure 2+/3 phase was produced without any trace of the
V13 phase by depositing Cg directly at 500 K followed
by postannealing at the deposition temperature for 20 min.
The 2+/3 diffraction intensities increased steadily during
deposition at this elevated temperature and reached a plateau
when the monolayer was complete. Growth beyond 1 ML
coverage at 500 K was inhibited by the low sticking probability
of Cg on the complete monolayer. The LEED intensity-
voltage (I/-V') curves were measured in a low-energy electron
microscope operated in diffraction mode, corresponding to
normal incidence.!” The experimental data presented in Fig. 2
were obtained with the sample held at 83 K. Measurements that
were carried out at 300 K produced almost identical results,
except for strong suppression of diffraction intensities above
about 150 eV due to the Debye-Waller effect.

Low-energy electron diffraction patterns for the /13 and
23 phases are shown in Figs. 1(a) and 1(b). The V13 LEED
pattern has two equivalent mirrored domains and each domain
shows threefold rotational symmetry. The 2+/3 LEED pattern
shows threefold symmetry and a mirror plane. The -V curves
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are extracted for each spot and the symmetrically equivalent
spots are averaged, which results in a total data set having a
cumulative energy range of 4860 eV for the +/13 phase and
3080 eV for the 2+/3 phase. The widest energy range for one
spot goes from 150 to 733 eV. The lower energies (below
150 eV) are not used in the intensity analysis because they
are less sensitive to the Cgp/metal interface structure, which is
buried about 7 A below the external surface [similarly, Ref. 7,
for Cgp on Ag(111), also adopted a higher-energy range]. The
LEED calculations use our SATLEED package.'® The agreement
between the experiment and theory is quantified by the Pendry
R factor. The phase shifts (with [,x = 9) are calculated
from the superposition of atomic potentials with optimized
muffin-tin radii, as tested previously.'*?° The DFT calculations
use the VASP package®! in the local density approximation,?
which was shown to be able to describe both the energetic and
electronic properties of Cgy on metal surfaces.'>7%23 Projector
augmented wave potentials are used’* and the cutoff energy is
400 eV. The other calculation details are the same as those in
Ref. 23. To find the best-fit structures, first DFT calculations
were performed for many possible structures and then LEED
calculations were performed for the more promising DFT
structures (assuming threefold symmetry). The adsorption
sites considered were unreconstructed atop, hollow (hcp and
fcc), and bridge, on top of a single-atom Pt vacancy and on top
of a seven-atom Pt vacancy [the latter is the preferred geometry
of Cgo on Cu(111) (Ref. 4)]. At each site, different rotations
of Cgo around the surface normal were considered, with a
hexagonal face pointing down to suit the observed symmetry. '

III. RESULTS AND DISCUSSION

The final determined structures are displayed in Figs. 1(c)
and 1(e) and in Figs. 1(d) and 1(f). Typical experimental and
calculated LEED [7-V spectra for the optimized structure are
shown in Fig. 2. Tables I and II indicate that both DFT and
LEED give the same conclusion, namely, that the single-atom
vacancy adsorption structure is the most stable and fits the
LEED data best for both phases. The R factors are comparable
to the similar systems Cgo/Ag(111) (Ref. 7) and Cgp/Cu(111)
with a larger data set.* As Table III exhibits, DFT and
LEED agree closely, the two phases have almost identical
local adsorption structures, and they show a strong covalent
C-Pt bond character.'* These results agree with the model

TABLE 1. Adsorption energies per cell (the 2+/3 and +/13 cells
have different areas) for the most favored unreconstructed and
reconstructed (one- and seven-atom hole) structures (in eV): The
one-atom hole structure is overall the most stable. The energies
for the reconstructed structures are corrected by vacancy formation
energies.”> For unreconstructed adsorption, the atop site is the most
stable in the 2+/3 phase, while the bridge site is most stable in the
J13 phase, due to the 16.1° rotation of Cgy between the two phases
changing the inter-Cg interactions.

Phase One-atom hole Unreconstructed Seven-atom hole
23 —4.79 —4.10 (atop) -3.76
V13 -5.22 —4.59 (bridge) -5.01

235406-2



C$_{60}$ ON THE Pt(111) SURFACE: STRUCTURAL ...

PHYSICAL REVIEW B 84, 235406 (2011)

Relative Intensity

V13 phase 2\3 phase
T T T T T T ! I ! T ! I T T T T T T
(6113, 2113) Rp=0241 P —
(0,0) Ry= 0.466 n A : ! I
|
(1,0) Rp=0.334
- [|| (8113, 2113) Rp=0. 414
»| O Re0.299 / l
50 Rt (2113,6/13) Rp=0.409 3
s ﬁ (206, 116)
2 W
- f
= | YW=
I (@13, 113) Re=0.43% | (5113,5/13) Rp=0.459 5
I / " c
M| V4 (36,0) Rp=0.363 ’II
| 4
| 1H3,313) Rp=0.411 (6113, §13) Rp=0277
I ! k B I} s, 0)
fir i /l | Rp=0531
W -
(5113,213) Rp=0.486 A g
WA (8113, 1113) Rp=0.348 (1, 36) MR ey
A p=
; 1 ! A« Lo /{“‘ Iy b 1 I I 1 L AN 1 I
200 300 400 500 600 700 200 300 400 500 600 700 200 300 400 500 600 700

Electron Energy (eV)

Electron Energy (eV)

Electron Energy (eV)

FIG. 2. Experimental (bold lines) and fitted /-V curves for the /13 (left) and 2+/3 (right) phases. Individual beam R factors are given.
The overall R factor is 0.406 for the /13 phase and 0.370 for the 2+/3 phase.

proposed in a recent scanning tunneling microscopy study,'?
while providing much more information and reliability. In this
structure, Cg sits on top of the Pt vacancy with hexagon down
and forms six C-Pt covalent bonds with the six Pt atoms
surrounding the vacancy. The Cgy mirror planes are parallel
to those of the Pt(111) surface. This adsorption configuration
is very similar to that of Cgy on Ag(111);” note that in the
Pt and Ag cases, the results are almost insensitive to a 180°
rotation of Cgp around its axis perpendicular to the surface,
which exchanges hexagonal and pentagonal faces around the
molecular perimeter. Except for the one missing Pt atom,
there is little displacement of the Pt atoms from their bulk
positions. This is consistent with the x-ray-diffraction result
for Cgo/Pt(111) (Ref. 14) and similar to Cgo/Ag(111),” but
different from Cgo/Cu(111).* The C-C bonds at the Cgo-Pt
interface (the bottom hexagon of Cgp) are elongated by
about 4%.

Carbon-60 on Pt(111) can form two phases due to a unique
combination of factors, even while the local binding structure
of Cgp on Pt(111) remains the same: the particular value of the
Pt lattice constant, 3.92 A, coupled with a rotation by 30 —
13.9 = 16.1° of the superlattice cell from (\/1_3 X \/1_3)R13.9O
to (24/3 x 24/3)R30° and the consequent relative rotation
of the Cgy molecules. These factors result in two structures
that have nearly identical binding energies per surface area in

TABLE II. Pendry R factors for the best-fit unreconstructed
and reconstructed structures: The one-atom hole structure gives the
overall best fit.

Phase One-atom hole Unreconstructed Seven-atom hole
23 0.370 0.437 (hcp hollow) 0.719
V13 0.406 0.459 (atop) 0.539

spite of different inter-Cgy geometries. Our detailed structural
analysis shows that the 2+/3 phase can exist because the
shortest C-C distance between two Cgy molecules is reduced
by only 0.1 A relative to the +/13 phase due to a better and
denser packing [Figs. 1(e) and 1(f)], even though the supercell
length (equal to the intermolecular center-to-center distance)
is reduced by 0.39 A (from 9.99 to 9.60 A). In a pure Ceo
layer, the relative intermolecular orientation does not vary;
however, it can change for Cgg in the Cgp/Pt combined system
because the Cgp molecules are fixed to orientations imposed by
the Pt substrate via covalent bonding with Pt, while forming
differently oriented superlattices in the +/13 and 2+/3 phases,
as seen in Figs. 1(c) and 1(d).

In fact, in hindsight, the similarity in the integer beams
between the \/1_3 and 2\/3 phases on Pt already indicates
similar local adsorption structures. The two phases tend
to coexist,'>!3 which agrees with the calculated adsorption
energies for the one-atom hole structure (Table I) after
considering the energy per surface area (a ratio of 13:12
between the two phases). Also note that forming more holes

TABLE III. Comparison of selected parameters for the Cgo-Pt
adsorption geometry from LEED and DFT results for the best-fit
(one-atom hole) structures (in angstroms): Good agreement between
LEED and DFT is obtained and both agree with a strong C-Pt covalent
bond character (sum of covalent radii of Pt and C in sp? is 2.12 A;
Ceo-to-Pt height is the spacing between nearest C and Pt layers).

Phase Technique C-Pt bond length Ceo-to-Pt height
23 LEED 2.15 1.67
23 DFT 2.08 1.63
V13 LEED 2.16 1.70
V13 DFT 2.09 1.65
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is entropically favored at higher temperatures; so at higher
temperatures the denser 24/3 phase will be favored. This may
be the reason why at higher deposition temperature (500 K)
we can produce the 2+/3 phase alone (without +/13). We
suspect that, when depositing at 500 K, the one-atom hole
reconstruction occurs immediately and we get the denser 2+/3
phase only, thanks to good parallel alignment of the molecules;
note that the +/13 unit-cell length fits the bulk Cg lattice better
than the 24/3 phase does. In contrast, after deposition at RT,
the Cgp molecules will initially have various orientations'2 so
they cannot easily fit in the tighter 2+/3 unit cell [Figs. 1(e) and
1(D)]. It has moreover been observed that annealing at 500 K
cannot partially change the /13 phase to the 2+/3 phase, while
such changes may occur at even higher temperatures.'?
Based on the determined geometric structures, we further
study the electronic structures of Cg in these two phases
by DFT calculations. To understand the effects of Cgo-Cgo
and Pt-Cgp interactions, Figs. 3(a)-3(d) show the projected
density of states (PDOS) for the two phases both without
[Figs. 3(a) and 3(b)] and with [Figs. 3(c) and 3(d)] Pt substrate.

Comparing Figs. 3(a) and 3(b) for the PDOS between the two
phases without Pt, we observe that the differences between
the inter-Cg interactions of the two phases are reflected
in differences in the peak shapes, including different peak
broadening and splitting. These differences are due to the
different inter-C¢( orientations and distances, especially near
the Cgg “equator” (blue lines in the plots). Comparing Fig. 3(a)
to 3(c) [and Fig. 3(b) to 3(d)] for the PDOS without and with
Pt, we can see that the PDOS is also considerably affected
by the Pt-Cg interactions: The peaks are broadened and split
(or partially merged in the case of the unoccupied states in
the 2+/3 phase). The peak positions also shift slightly. Thus
the inter-Cg interactions change the peak shape, including
broadening and splitting; these changes are enhanced by
Pt-Cq interactions. The band splitting induced by Pt-Cg
interactions is also observed in the projected band structure
plots for the combined Cgo/Pt system.”> The strength of
the Cgo-Pt interactions is shown most clearly through the
broadening of the bottom carbon PDOS (green lines). The
covalent interactions result mainly in orbital renormalization,
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FIG. 4. (Color online) Cs9 LUMO wave
function plots at several special K points (in-
. dicated by arrows) for Ce in the 23 (left) and
V13 (right) phases; the lines across Cgy denote
nearest inter-Cg directions.

but no significant energy shift and hence very small charge
transfer: The Bader charge analysis®® shows that the charge
transfer is small and similar for both phases, ~0.25 electrons
transferred from the Pt surface to each Cgp; this contrasts
with a charge transfer of about 3 electrons in the Cgo/Cu(111)
system,* which undergoes a stronger metal reconstruction with
7 missing Cu atoms per molecule. Furthermore, the strong
Pt-Cg interactions turn the Cgy monolayer into a metal (states
appear just below the Fermi level); also our simulated PDOS
features using our reconstructed model fit the experimental
spectroscopic data (ultraviolet photoemission spectroscopy
and metastable atom electron spectroscopy data in Ref. 15)
better than with the unreconstructed model adopted in that
study.

For the lowest unoccupied molecular orbitals (LUMOs) of
Ceo, the effects of the Pt-Cg interactions on the PDOS are
smaller than for other orbitals in the PDOS plots. Thus it
is useful to compare the band structures of the C¢9 LUMOs
to evaluate the effects of inter-Cgy interactions. We choose
to show the band structures of the Cgy, LUMOs because
they would be closest to the Fermi level on metal surfaces
subject to charge transfer that might be due, for example, to
other adsorbates, in particular when doped with alkali-metal
atoms.>> The LUMOs consist mainly of p orbitals pointing
radially at each carbon atom, hence they are sensitive to the Cg
orientation.>® Figures 3(e) and 3(f) show the band structures
of the C¢p LUMOs in the two phases; note that the directions
in reciprocal space differ by about 30 — 13.9 = 16.1° between
Figs. 3(e) and 3(f) due to the different orientations of the
V13 and 2+/3 unit cells relative to the orientation of the
Ceo and the Pt(111) lattice, i.e., these are cuts in slightly
different directions of reciprocal space. The band dispersions
and bandwidths are very different for the two phases. Two key
features are observed: (i) a smaller bandwidth for the /13
phase than for the 2+/3 phase and (ii) the dispersion in the
I'-M direction is out of phase. This means that for the 23
phase the lower two bands disperse upward and the upper band
disperses downward from I, while for the J13 phase the lower
two bands disperse downward and the upper band disperses
upward from I". Feature (i) can be explained by the different

o,

Cgo-Cg distances in the two structures: smaller distances result
in stronger inter-Cg interactions and hence larger bandwidth,
and vice versa. Feature (ii) is due to the different relative
inter-C¢) orientations between the two phases, which causes
the intermolecular interaction to become out of phase between
the bands that exhibit upward vs downward dispersions (this is
illustrated in the wave-function plots in Fig. 4): For the upward
dispersion the nearest interacting C atoms on neighboring
molecules exhibit LUMO wave functions with the same phase,
while for the downward dispersion the LUMO wave functions
have opposite phases.

Figure 4 shows the Cqp LUMO wave-function plots at
several special K points for Cgp in the two phases. At the
nearest Cgo-Cgo approach, if the molecular orbitals (MOs)
have different signs, the energy band will disperse downward
(for example, for the upper band in the 2+/3 phase); if the
MOs have the same sign, the energy band will disperse
upward (for example, for the upper band in the +/13 phase).
However, it must be emphasized that the details can be more
complicated because (i) the contribution may not come from
the nearest carbons on neighboring Cgy molecules if there
is no suitable wave function, but may be from more distant
carbons; and (ii) Cgp has six (more precisely three) different
nearest-neighbor Cgp molecules. Different nearest neighbors
may have different behaviors while the final band dispersion
is an overall combined effect.

Finally, it should be noted that the dependence of the band
structure for Cgyp upon relative orientation of neighboring
molecules that has been reported in Ref. 2 is based on a
comparison of Cgp on the Ag(111) and Ag(100) surfaces. Since
these two systems have quite different Cg-metal interfaces, the
origin of the band structure differences is not as clearcut as for
the present two structures on Pt(111). Indeed, our DFT results
on Pt(111) prove that large band-structure changes also occur
for Cgp in essentially identical local adsorption geometries
upon relative molecular reorientation; therefore, these changes
in the Cg electronic structures must result predominantly from
the differences in inter-Cg interactions. Note that in Figs. 3(e)
and 3(f) we show the energy bands for Cg( without Pt substrate
in the two phases (since the band plot becomes very crowded

235406-5



SHI, PANG, MAN, ZHANG, MINOT, ALTMAN, AND VAN HOVE

for the full system; plots for the Cgo/Pt composite system are
provided in Ref. 25).

IV. CONCLUSION

We have prepared the isolated +/13 and 2+/3 phases of
Cgo monolayers on Pt(111) without mixing, determined the
monolayer structures in both phases by combined dynamic
LEED and DFT calculations, and demonstrated significant
differences in the electronic structures of Cgy monolayers
in these two phases by DFT calculations. The binding of
Cgo on Pt in the two phases changes the relative inter-Cgg
orientations and hence the electronic properties are changed:
Small differences in inter-Cgy orientations have a relatively
large effect on the electronic properties because of the high
angular momentum of Cg orbitals. One may therefore also

PHYSICAL REVIEW B 84, 235406 (2011)

expect electronic structure differences for Cgy monolayers
on other surfaces with different phases, such as for Cgg
on Ag(100) (Refs. 2, 10, and 11) and on Al(111),° and
more generally with other adsorbates and substrates. Thus
our results demonstrate a way to structurally tune electronic
properties for molecular films or junctions composed of the
same materials. These results suggest that parallel studies of
other properties, such as electronic transport and magnetism, in
these systems with and without further doping would be highly
desirable.
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