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Doping-induced reorientation of Cg, molecules on Ag(111)
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X-ray photoelectron diffraction reveals that C4, molecules adsorbed in a monolayer on Ag(111) take differ-
ent orientations depending on the level of potassium doping. For half filling (K3Cgy) and complete filling
(K¢Cgp) of the lowest unoccupied molecular orbital, two distinct orientations are identified, exposing a hexa-
gon or a 6-6 bond to the surface, respectively. For all the intermediate doping levels, the two orientations
coexist, which is consistent with phase separation. Characteristic changes in the density of states, calculated for
the two orientations within density functional theory, suggest intermolecular electron hopping as a driving

force for the molecular reorientation.
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I. INTRODUCTION

Chemical doping is the most successful concept for tailor-
ing the physical properties of solids, as exemplified in the
physics of semiconductors, high-temperature superconduct-
ors, or alkali-metal doped fullerides. While the typical role of
a dopant is to provide extra charges to the host material, the
resulting effects can be manyfold. These effects should be
properly understood in order to form a basis for intelligent
materials design. This paper deals with a novel aspect of
doping, unique to molecular crystals: we demonstrate that
progressive filling of the conduction band in a two-
dimensional (2D) Cg, crystal causes a reorientation of the
elemental building blocks, which occurs without a detectable
change in the crystal lattice.

Cgo-based molecular crystals are of considerable interest
because of their very rich electronic properties, including
superconductivity with high critical temperature, ferromag-
netism, and correlation-induced metal-insulator transitions
with doping.!? This richness originates in the comparable
magnitude of the electron-electron interaction, the electron-
phonon interaction within the C¢, molecule, and the width of
the conduction bands. Since a characteristic separation of
energy scales is missing, many different degrees of freedom
play an important role to determine the properties of the
system, even when only one parameter changes. The effects
of doping have been extensively studied. Changes in the
electronic properties and in the vibrational modes were de-
tected for solid Cg, ' as well as for single layers adsorbed
on metal surfaces.>™ In bulk Cg, the role of the crystal struc-
ture has been invoked also: For high dopant densities, a
structural change from fcc to bee is observed between the
superconducting K5C¢, and the insulating K,Cg, and K¢Cgg
phases.®” It was also realized that the Cg, molecules order
within the lattice. However, for a molecular crystal, the de-
tails of the bonding interactions are not completely under-
stood. In 2D systems the interplay between bonding, elec-
tronic structure, and molecular orientation may be studied in
more detail. Indeed, significant changes in the electronic
structure of Cg, adsorbed in monolayer systems have been
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attributed to different molecular orientations.® The effects
of doping on single isolated molecules have very recently
been addressed by Yamachika et al.'® They can control the
Cyo doping level by attaching K atoms with a scanning tun-
neling microscope tip, and they mention occasional rotations
of the imaged molecule. By means of x-ray photoelectron
diffraction (XPD) the orientation of Cg, can be directly de-
termined with high accuracy.!! Here we report a potassium-
induced collective molecular reorientation within one mono-
layer of Cg, molecules adsorbed on Ag(111). In varying the
concentration of potassium atoms, we find two different mo-
lecular orientations for K;5C¢, and K¢Cg, without observing
changes in the translational symmetry of the Cg, overlayer.
The molecular orientation in K;Cg is in line with the one
based on density functional theory (DFT) calculations that
reproduce the experimental band dispersion.'”> We evaluate
the density of states for the two molecular orientations in the
framework of DFT calculations, and discuss whether this
drives the molecular reorientation.

II. EXPERIMENTAL

The experiments were performed in a VG ESCALAB 220
spectrometer modified with a computer-controlled two-axis
sample goniometer.!> The XPD patterns were measured us-
ing Mg Ka radiation with the sample kept at room tempera-
ture. Monolayer Cg, films were prepared by deposition of a
multilayer and subsequent annealing of the sample to
300 °C. The quality of the Cg layer and the coverage were
checked by core-level photoemission and low-energy elec-
tron diffraction (LEED). Potassium was evaporated from a
well-outgassed SAES getter source.

The lowest unoccupied molecular orbital (LUMO) doping
level is calibrated according to the method proposed by Ce-
pek et al.* When the valence band spectrum shows maxi-
mum intensity at the Fermi level, the band is half filled and
there are three electrons in the LUMO; on the other hand, the
C¢o LUMO is fully occupied by six electrons when the pho-
toemission spectrum does not show further significant emis-
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FIG. 1. Experimental C ls XPD patterns (E;,,=970 eV) from
potassium-doped Cg, monolayers on Ag(111). (a), (b) and (c) Dif-
fraction patterns measured at room temperature for three different
LUMO doping levels: undoped, K;Cgy and K¢Cg, respectively. The
orientation of the substrate as determined from the Ag 3ds, XPD
pattern is also indicated. (d) Azimuthal photoelectron diffraction
scans measured for the three doping levels at 70° polar emission
angle along the dashed line in panel (a).

sion at the Fermi level, and we observe a saturation of the
peak position with subsequent K exposure. In the following,
we will refer to these two doping levels as K;Cgo and K¢Cg.
In a monolayer system, this notation indicates only the filling
of the C4y LUMO while it does not describe the alkali-metal
stoichiometry of the layer. With these two points, that are
independently determined, and supposing a linear relation
between the K adsorption rate and the occupation of the
LUMO, we find that 1.7 electrons are transferred from the
Ag substrate to the molecules. Following a different calcula-
tion based on the integration of the LUMO intensity, the
charge transfer is only 0.75 electrons per Cg,.> The possible
reasons for these two different results are discussed in detail
in Ref. 4. Both methods give significantly higher values than
recent DFT calculations on the amount of electronic charge
transfer.'4

III. RESULTS AND DISCUSSION

One monolayer of Cg, on Ag(111), prepared as described
above, forms a (243 X 243)R30° structure with one Cg per
unit cell.’> The LEED patterns correspond to a hexagonal
arrangement of molecules and we did not observe changes in
the position of the diffraction spots upon doping with potas-
sium. This indicates that the lattice of the Cg, overlayer is not
affected by the adsorption of the potassium atoms.

Figure 1 shows the experimental C 1s XPD patterns for
three different doping levels: undoped, i.e., no potassium,
K;3Cyp, and K¢Cgy. The data were measured in the forward
scattering regime (Ey;,=970 eV) and are presented as stereo-
graphic projections on a linear gray scale with maximum
intensity corresponding to white. The patterns have been azi-
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muthally averaged exploiting the rotational symmetry of the
substrate and normalized to a smooth polar angle-dependent
background typical for adsorbate emission. Prominent fea-
tures appear at different polar and azimuthal emission angles
in the three diffraction patterns. Since these patterns are di-
rectly related to the Cg orientation, this is clear evidence that
the orientation of the molecules changes with doping. The
azimuthal photoelectron diffraction scans measured at 70°
polar emission angle illustrate the differences among the
three structures [Fig. 1(d)]. In the undoped layer, we observe
high photoemission intensity at 0° and +30° with respect to
the [1 1 2] azimuth; upon doping with potassium to K;Cq,
the intensity at 30° is significantly suppressed while at 0° it
increases; for K¢Cgy the azimuthal scan shows the opposite
behavior. Up to now differences in the Cqy, XPD patterns
have been observed on different high-symmetry single-
crystal surfaces.!""1%17 These differences have been discussed
in terms of molecule-molecule and molecule-substrate inter-
actions. Here we show significant changes for different
LUMO filling, where the observations indicate a collective
reorientation of Cgy molecules upon electron doping.

In order to understand the nature of this reorientation, we
first solve the structure with an extensive R-factor analysis,
i.e., comparing the experimental C 1s diffraction patterns to
single-scattering cluster (SSC) calculations. Details on the
Cgo SSC calculations and the R-factor analysis can be found
in Ref. 18. In the calculations we consider single molecular
orientations on which the Cg, symmetry of the substrate sur-
face layer is imposed. In bulk Cgy, it was observed that upon
doping with potassium the molecules deform due to a weak-
ening of the double bonds.'”?° The distortion does not ex-
ceed 0.02 A in bond length and 0.5° in angle. Even though it
can be expected that the effect is enhanced in a monolayer
system, we can safely assume that it is too small to affect
significantly the XPD pattern, and in our model we thus con-
sider a rigid Cg, cage. We find excellent agreement between
theory and experiment for K;Cgqy and K¢Cgy, while for the
undoped layer we do not even get a qualitative similarity of
calculated and experimental patterns. The orientations that
minimize the R factor for the two doped layers are shown in
Fig. 2. The SSC patterns very well reproduce the overall
positions and shapes of the prominent forward-focusing
maxima in the experiments [Figs. 2(a) and 2(d)].?! When the
LUMO is half filled, the C4, molecules face the Ag(111)
surface with a hexagon, and when the LUMO is fully occu-
pied, they face it with a bond between two hexagons (6-6
bond). These orientations of the molecular axes are similar to
the ones known for the (111) layers of solid K;Cg4, and
K¢Ceo.%” Moreover in both cases the minimum in the R fac-
tor indicates a significant azimuthal rotation of the molecules
away from the high symmetry crystal axes (azimuthal mis-
alignment) [Figs. 2(b) and 2(e)]. For K;Cy this azimuthal

rotation (4+2° with respect to the [211] direction) is very
close to the one known for bulk K;Cg, (7°).® Density func-
tional calculations on K3Cg4y/Ag(111) predict a similar ori-
entation: In order to match the experimental band dispersion,
Yang et al. propose an azimuthal misalignment of 10°. It is
interesting to note that such a symmetry breaking has also
been observed for Cg on Cu(110).16
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FIG. 2. Single-scattering cluster calculations reproducing the experimental XPD patterns. (a) and (d) K53Cgy and K¢Cg, experimental (top)
and SSC (bottom) patterns, respectively. (b) and (e) R factor as a function of an azimuthal rotation of the molecules away from the
high-symmetry direction. For K3;Cg (K¢Cgp) the minima correspond to an azimuthal rotation of 4° (6°) of the pentagon (bond between the

hexagons) away from the [211] ([110]) direction. (c) and (f) Top view of the molecular orientations, which minimize the R factor for K5 and

KgCgp, respectively.

The orientation of the molecules in a potassium-doped
monolayer is certainly related to a balance between
molecule-molecule, molecule-ion, and molecule-substrate in-
teractions. For example, calculations on single C¢, molecules
adsorbed on metal surfaces, where the hybridization between
the Cq, molecules is absent, show another orientation than
experiments performed on full layers.”? The relative impor-
tance of the different interactions can be estimated from a
comparison with bulk Cg. Since the orientations found in
the monolayer are close to the ones known for the bulk sys-
tems, it seems that the molecule-molecule and the molecule-
ion interactions are the dominant effects that determine the
relative orientation in the layer. For the two orientations that
we identified with XPD for K;Cg¢, and K¢Cgy, it turns out
that in both cases the molecules face each other through the
pentagon rings. As discussed for bulk-doped Cg, the LUMO
density of states is highest on the pentagon rings.'” DFT
calculations show that the LUMO bandwidth is extremely
sensitive to the azimuthal orientation of the molecules.®!?
This indicates that the system arranges in order to maximize
the intermolecular hopping rate of the electrons.

The fact that the single-orientation R factors do not reach
low values for the undoped layer indicates that the molecules
take more than one inequivalent orientation at low filling of
the C¢y LUMO. Figure 3 compares the XPD pattern of the
undoped layer with a superposition of K;3Cgy, and KCg, with
equal weight. The two patterns are very similar. In analogy
with the results of the SSC calculations for K;Cgy, and KCg,
this indicates that in the undoped layer, among all the pos-

sible orientations, the main contributions come from mol-
ecules sitting on the hexagon or on the bond between two
hexagons, while at half and full filling of the LUMO one of
these two configurations prevails. The coexistence of two
orientations at low doping is a new aspect of the structure of
a Cg, monolayer on Ag(111). So far room-temperature scan-
ning tunneling microscope (STM) experiments discussed ei-
ther adsorption on a pentagon'’ or on a hexagon ring.* DFT
indicates that the latter is energetically favored while no cal-
culations are available for the bond between two hexagons.'

In order to investigate how the molecular reorientation
occurs and how many different phases we can identify, we
measured the C ls core-level intensity as a function of the

undoped
[10]

K3Ceo + KeCeo

FIG. 3. C 15 XPD pattern from the undoped C¢y ML on Ag(111)
(top) compared with a superposition of the experimental K;Cg, and
KCgo patterns with equal weight (bottom).
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FIG. 4. C 1s photoemission intensity measured as a function of
the filling of the Cqy LUMO (black circles). The right axis displays
the percentage of molecules adsorbed on the hexagon (solid line)
and on the bond between two hexagons (dashed line) as determined
from a comparison between the experimental and the SSC
intensities.

LUMO filling (Fig. 4). The spectra were recorded at normal
emission while the Cg, layer was exposed to a constant flux
of potassium atoms. The photoemission intensity changes
significantly: It decreases from low doping levels up to half
filling of the LUMO and it saturates to a maximum for a
fully filled band. This behavior reflects the doping-induced
reorientation and it is a photoelectron diffraction effect. The
increase in intensity from half to full LUMO filling (12%)
favorably compares with the relative change in intensity that
we calculate for normal emission between a configuration
where the molecules are adsorbed on the hexagon and a con-
figuration with the molecules on the bond between two hexa-
gons (15%). In particular, the linear behavior of the photo-
emission intensity from the minimum to the maximum
supports the idea that no other orientational phases than the
two shown for K;Cgy and K(Cg characterize the layer. These
results are compatible with phase separation between K5 and
KCgp, Which is known for bulk Cg, and which has also been
observed between the metallic and the insulting phase in a
monolayer system.’*?

The detailed mechanism for the molecular reorientation is
not obvious: This effect may be due to the presence of the
potassium ions or may be an electronic effect induced by the
filling of the C4o LUMO. To investigate the driving force of
the transition, density functional theory calculations within
the local density approximation (DFT-LDA) were performed
in a plane-wave basis set.?® Figure 5 shows the density of
states in the highest occupied molecular orbital (HOMO)-
LUMO energy range for the two experimental orientations of
K;Cg and K¢Cygo.>” We model only a hexagonal, freestand-
ing layer of Cgy molecules without potassium. The charge
transfer from potassium is then considered within a rigid
band model. This is a reasonable approximation around half
filling since alkali atoms affect very little the LUMO band of
K;Cg0.2873" The differences in the LUMO density of states
indicate that the orientation of the molecule influences sig-
nificantly the DOS. Indeed remarkably different LUMO band
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FIG. 5. DFT-LDA density of states of a hexagonal layer of Cg,
molecules in the two different relative orientations of the molecule
observed for K3Cg, (hexagon) and KgCgq (6-6 bond). The distance

between the molecules is set to the experimental value. The zero of
energy is set to the Fermi energy at half filling of the LUMO.

structures are found for the two orientations. Interestingly,
the changes in density of states are in line with the direction
of the molecular reorientation: At more than half filling, the
6-6 bond orientation (K¢Cgp) has a higher density of states at
the Fermi level than the hexagon orientation (K;Cgj). Thus
the system has to pay less energy for additional doping if it
changes the orientation to the 6-6 bond. The total energies
upon filling the LUMOs of the hexagon and the 6-6 bond
orientation have been calculated: Energy differences of up to
20 meV/Cg are found for the two orientations at the same
doping level. These small values have to be considered in
concert with the large adsorption energies and ionic poten-
tials of the potassium atoms. Therefore, further experiments
and calculations will be needed to definitively determine the
relative importance of the alkali-metal point charges versus
their contribution to the band filling on the molecular orien-
tation.

IV. CONCLUSIONS

We have demonstrated that potassium induces significant
structural changes in one monolayer of Cg, molecules ad-
sorbed on Ag(111). While the lattice parameter of the layer
remain constant, we can identify two different stable molecu-
lar orientations for K;C¢, and K¢Cgqy. A DFT calculation,
performed for both orientations, emphasizes the importance
of the molecular orientation, in concert with the doping level,
as a key parameter for the electronic properties of this class
of low-dimensional materials.

ACKNOWLEDGMENTS

We thank W. L. Yang and S. Wehrli for fruitful discus-
sions. Z.-X.S. thanks the Physics Institute of the University
of Ziirich and especially the Surface Physics Group for their
hospitality. This work was supported by the Swiss National
Science Foundation.

085421-4



DOPING-INDUCED REORIENTATION OF C,...

*Electronic address: tamai @physik.unizh.ch

L. Forré and L. Mihdly, Rep. Prog. Phys. 64, 649 (2001).

20. Gunnarsson, Alkali-Doped Fullerides: Narrow-Band Solids
with Unusual Properties (World Scientific, Singapore, 2004).
L. H. Tjeng, R. Hesper, A. C. L. Heessels, A. Heeres, H. T.
Jonkman, and G. A. Sawatzky, Solid State Commun. 103, 31

(1997).

iC. Cepek, M. Sancrotti, T. Greber, and J. Osterwalder, Surf. Sci.
454, 467 (2000).

SA. Peremans, Y. Caudano, P. A. Thiry, P. Dumas, W. Q. Zheng,
A. Le Rille, and A. Tadjeddine, Phys. Rev. Lett. 78, 2999
(1997).

60. Zhou, J. E. Fischer, N. Coustel, S. Kycia, O. Zhu, A. R.
McGhie, W. J. Romanov, J. P. McCauley, A. B. Smith, and D.
Cox, Nature (London) 351, 6326 (1991).

P. W. Stephens, L. Mihaly, P. L. Lee, R. L. Whetten, S.-M.
Huang, R. Kaner, F. Diedrich, and K. Holczer, Nature (London)
351, 632 (1991).

8V. Brouet, W. L. Yang, X. J. Zhou, H. J. Choi, S. G. Louie, M. L.
Cohen, A. Goldoni, F. Parmigiani, Z. Hussain, and Z. X. Shen,
Phys. Rev. Lett. 93, 197601 (2004).

9M. Muntwiler, W. Auwarter, A. P. Seitsonen, J. Osterwalder, and
T. Greber, Phys. Rev. B 71, 241401(R) (2005).

10R. Yamachika, M. Grobis, A. Wachowiak, and M. F. Crommie,
Science 304, 281 (2004).

IIR. Fasel, P. Aebi, R. G. Agostino, D. Naumovic, J. Osterwalder,
A. Santaniello, and L. Schlapbach, Phys. Rev. Lett. 76, 4733
(1996).

2W. L. Yang, V. Brouet, X. J. Zhou, Hyoung J. Choi, Steven G.
Louie, Marvin L. Choen, S. A. Kellar, P. V. Bogdanov, A. Lan-
zara, A. Goldoni et al., Science 300, 303 (2003).

3T, Greber, O. Raetzo, T. J. Kreutz, P. Schwaller, W. Deichmann,
E. Wetli, and J. Osterwalder, Rev. Sci. Instrum. 68, 4549 (1997).

“Lin-Lin Wang and Hai-Ping Cheng, Phys. Rev. B 69, 165417

PHYSICAL REVIEW B 72, 085421 (2005)

(2004).

SE. I. Altman and R. J. Colton, Phys. Rev. B 48, 18244 (1993).

I6R. Fasel, R. G. Agostino, P. Aebi, and L. Schlapbach, Phys. Rev.
B 60, 4517 (1999).

17]. Weckesser, C. Cepek, R. Fasel, J. V. Barth, F. Baumberger, T.
Greber, and K. Kern, J. Chem. Phys. 115, 9001 (2001).

18C. Cepek, R. Fasel, M. Sancrotti, T. Greber, and J. Osterwalder,
Phys. Rev. B 63, 125406 (2001).

9W. Andreoni, P. Giannozzi, and M. Parrinello, Phys. Rev. B 51,
2087 (1995).

20K. M. Allen, W. I. F. David, J. M. Fox, R. M. Ibberson, and M. J.
Rosseinsky, Chem. Mater. 7, 764 (1995).

2I'The clusters for the SSC calculations consist of single Cq, mol-
ecules. For K5C¢, we performed calculations considering also
the potassium atoms in the positions proposed in Ref. 12. The
results do not show any significant change in the diffraction
patterns.
22 A. Ogawa, M. Tachibana, M. Kondo, K. Yoshizawa, H. Fujimoto,
and R. Hoffmann, J. Phys. Chem. Solids 107, 12672 (2003).
23T. Sakurai, X. D. Wang, T. Hashizume, V. Yurov, H. Shinohara,
and H. W. Pickering, Appl. Surf. Sci. 87, 405 (1995).

24D. M. Poirier, T. R. Ohno, G. H. Kroll, Y. Chen, P. J. Benning, J.
H. Weaver, L. P. E. Chibante, and R. E. Smalley, Science 253,
646 (1991).

2W. L. Yang, V. Brouet, and Z.-X. Shen (unpublished).

26The cutoff energy was 40 Ry, and norm-conserving pseudopoten-
tials were used to represent the interaction of the valence elec-
trons with the nucleus and core electrons.

2TWe calculated the density of states for the orientation proposed by
Yang et al. and it is very similar to the one we show for the
K;3Cgp experimental orientation.

28N. Troullier and J. L. Martins, Phys. Rev. B 46, 1754 (1992).

29]. L. Martins and N. Troullier, Phys. Rev. B 46, 1766 (1992).

308, Satpathy, V. P. Antropov, O. K. Andersen, O. Jepsen, O. Gun-
narsson, and A. I. Liechtenstein, Phys. Rev. B 46, 1773 (1992).

085421-5



