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Cs adsorption onto the Cgo-covered Si(111)-8-V3 x V3-Bi reconstruction has been studied by means
of scanning tunneling microscopy and photoelectron spectroscopy. Unexpected increase in apparent
size of every second Cgy molecule has been detected, hereupon the close packed molecular array
almost doubles its periodicity. The change affects only the fullerenes that are in direct contact
with the metal-induced reconstruction and takes no place already in the second layer. Photoelec-
tron studies have revealed that this incommensurate “2 x 2” superstructure of a heavily doped
Cso monolayer remains in an insulating state regardless of doping level. © 2015 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4928866]

. INTRODUCTION

Alkali metal (AM) doped Cgg compounds (fullerides) are
fascinating objects for physics of strongly correlated systems
owing to their properties, like superconductivity and metal-
insulator transition.! Studies of AM-doped Cgy monolayers
on metal surfaces’”’ gained a new insight into an interplay
between Jahn-Teller (JT) distortion (charge-induced deforma-
tion of molecular cage®) and Mott-Hubbard (M-H) transition,’
revealed novel orientational ordering,6 etc.

Due to different interactions between molecules and sub-
strate, fullerenes on semiconductors often behave differently
than on metal surfaces.” AM doping of a Cg layer residing
on a metal-induced reconstruction of silicon might involve
complex three-party interactions leading to unexpected results.
For example, it is understood that AM adsorption onto Si(111)-
,8-\/§ X V3-Bi reconstruction results in incorporation of al-
kali atoms into the metal layer leading to significant charges
in atomic arrangement and electronic structure of the sur-
face.!“!! In the present paper we report on Cs deposition
onto the Cgo layer grown on Si(111)-8-V3 x V3-Bi surface
(B-V3-Bi hereinafter) studied by means of scanning tunneling
microscopy/spectroscopy (STM/STS) and photoelectron spec-
troscopy (PES) methods. We have observed the unusual order-
ing in the layer, as though every second molecule becomes
isolated from the rest of the layer.

Il. EXPERIMENTAL DETAILS

STM/STS and PES experiments were carried out in the
same ultra-high vacuum Omicron MULTIPROBE system with
a base pressure better than 2 x 1071° Torr. Atomically clean
Si(111)7 x 7 surfaces were prepared in situ by flash-annealing
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process at 1280 °C after the samples were first outgassed at
600 °C for several hours.

Pristine 3-V/3-Bi reconstruction was formed by deposit-
ing 1 Ml Bi from Al,O3 crucible onto Si(111) surface held
at ~400°C. (1 Ml (monolayer) = 7.8 x 10'* cm™2.) Cqy was
deposited from resistively heated Ta boat onto a room-tempera-
ture (RT) substrate at a rate of about 0.2 Ml/min (calibrated by
direct counting the number of molecules in STM images). Cs
deposition was performed using SAES dispenser. For calibra-
tion of Cs deposition rate, Cs-modified Si(11 1)—(1—\/3 x V3-
Au reconstruction adopting about 0.1 Ml Cs'? was used as a
reference. Although its formation procedure requires anneal-
ing, the lowest possible temperature (~150 °C) was employed
to prevent the loss of Cs atoms. We estimate the accuracy of
Cs deposition at 20%.

STM images were acquired using Omicron variable-tem-
perature STM VT-XA operating in a constant-current mode.
For STM/STS experiments, mechanically cut Ptlr tips cleaned
by in situ heating were used. For STS measurements, dI/dV
spectra were obtained by modulating V by 20 mV, 6 kHz AC
signal.!> STM/STS measurements were performed at 300 K.

PES measurements were conducted at 78 K using VG
Scienta R3000 electron analyzer and high-flux He discharge
lamp (hv = 21.2 eV) with toroidal-grating monochromator as
a light source.

lll. RESULTS

The ﬁ—\/g—Bi reconstruction was used as a substrate for
fullerene layers growth. It consists of T4-centered Bi trimers
(milkstool model'#) as shown in the inset of Fig. 1. On this
surface Cgp molecules form close-packed hexagonal arrays in
the layer-by-layer mode (Fig. 1) that is typical for most of
the metal-covered surfaces. In the present case the maximum
reachable area of the first layer, which was of the primary

©2015 AIP Publishing LLC
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FIG. 1. (a) 75x47 nm? filled state (2.0 V) STM image of Ceo/V3-Bi
surface prior to Cs deposition. “I,” “IL,” and “/3” labels stand for arrays of first
and second layers and remain of the uncovered surface, respectively. Black
lines demonstrate the difference in orientations between A and B arrays. Inset
shows the structural model of the ﬁ—\/g—Bi reconstruction where Bi and Si
atoms are shown by violet and gray circles, respectively. (b) Large-scale
500%500 nm? image and 20x20 nm? images with enhanced contrast to
emphasize corresponding moiré patterns.

interest, constitutes about 80% then the propagating second
layer takes over the surface.

In STM images one can notice that the first layer demon-
strates slight modulations of contrast (moiré patterns) origi-
nated from the mismatch between molecular layer and under-
lying V3 x V3 surface. In agreement with previous studies, the
“A” array that is aligned along main crystallographic directions
of Si(111) substrate demonstrates V19 x V19 moiré pattern.'>
The 19°-rotated “B” array generally shows no regular pattern,
though some slight contrast difference that produces distorted
2 x 2 and 2 X 1 patterns can be detected. All fullerenes appear
in STM images as featureless round protrusions. Lack of the
intramolecular resolution is attributed to continuous rotation
and is an indication of a weak interaction between surface and
molecular layer.

The second layer does not inherit the moiré pattern and is
almost completely featureless.

Upon Cs adsorption, the Cyo/V3-Bi surface undergoes
changes different from previously reported cases of AM/Cgo
monolayers on metals.> The most prominent feature of STM
images after Cs doping is the appearance of huge bright protru-
sions in the first layer, where both A and B arrays are equally
involved (Fig. 2). At first glance the molecules grow in size
twice, doubling the spacing between them. Apparent height
difference is about 0.4 nm. Second layer patches (II) stay
almost unaltered.

The modified array will further be noted as a “2 x2”
superstructure. The “normal” and modified lattices do not
exactly match and positions of giant protrusions are not pre-
cisely “every-second” as imagined at a glance, indicating some
lateral rearrangements in the modified array rendering the

J. Chem. Phys. 143, 074707 (2015)

FIG. 2. 120x 100 nm? filled state (—1.4 V) STM image recorded after ~1 Ml
of Cs adsorption at RT. Inset shows the 20x20 nm? image where small
and big rhombuses mark unit cells with a=1.04 nm and a =1.98 nm,
respectively.

“2 x 27 superstructure incommensurate. Arranging of fuller-
enes into a superstructure is not a surprise,'®!” but usually it
manifests itself as a lateral height variation, alternating bright
and dim molecular contrast. Increase in apparent size of every
second Cgp hiding the rest of them is rather unexpected. Note
that both the apparent height (brightness) and the diameter of
protrusions are increased roughly by the same value. It might
indicate that the vertical displacement is negligible, otherwise
the increase in the apparent height must prevail. Although we
cannot completely rule out the extrusion of molecules up out
of the layer, this alone cannot produce the aforementioned
changes.

In the course of Cs deposition, we did not observe a
serial formation of Cs,Cgy compounds with different compo-
sition; the structure shown in Fig. 2 develops almost from the
beginning of deposition and area, occupied by the enlarged
protrusions, is proportional to the Cs coverage. Although the
final Cs coverage roughly corresponds to 6-7 Cs atoms per
each fullerene, pronounced disorder, obvious difference be-
tween first and second layers, possible Cs accumulation on
the remains of 8-V3-Bi reconstruction and between layers
prevents us to establish conclusively an actual composition of
the obtained Cs,Cg surface.

Further Cs adsorption leads to deterioration of the surface
ordering (degradation of both layers, appearance of random
islands, etc.).

There are another STM features that always accompany
modified fullerenes, namely, continuous lines as though mole-
cules were merged together (open arrows in Fig. 3). These
polymer-like features are either straight or, in the immediate
vicinity to a “2 x 2” array, adopt its periodicity. The chains
consist of equally spaced (~0.5 nm) oval protrusions.

Changes in the surface electronic structure are consistent
in general with those reported for AM-doped Cg solids'® and
monolayers located on metal substrates.”> PES spectra of the
initial Cgp-covered surface (Fig. 4(a)) show the HOMO (at
about —2.3 eV) and HOMO+1 peaks (at about —3.7 eV). Un-
like vast majority of reported cases of Cgy monolayers on metal
surfaces,'®* no LUMO-derived bands in the vicinity of E
were detected, indicating the absence of charge transfer from
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FIG. 3. (a) High-resolution 20x20 nm? filled state (—1.4 V) STM image of
the surface after Cs adsorption. See text for the explanation about arrows.
Close-ups of (b) polymer-like chains and (c) sudden change of protrusion 2
to I (also marked as “1 %” in (a)).

the substrate to molecules. (Small peak at —1.6 eV corresponds
to the top of the Si valence band.) Cs adsorption results in
rising of a new peak in the HOMO-LUMO gap at —0.35 eV.
With higher Cs coverage the peak slightly changes its position
to —0.52 eV and a small shoulder appears at higher energy
that might be a phonon satellite.>?* Angle-resolved PES (not
shown here) revealed that this peak has no recognizable E(k)
dispersion.

A,Cgo materials are either metal with non-zero DOS at
Er (x =3) or Mott-Hubbard insulator (x =4)."% At x =5
monolayers return to metallic state.’ In the present case, PES
spectra clearly show the vanishing photoelectron intensity

HOMO+1 HOMO

UPS [— &

Photoelectron Intensity (a.u.)

40 35 -30 25 -20 -15 -10 -05 00

a Binding Energy (eV)
— LUMO
STS

HOMO

LDOS (a.u.)

20 40 00 20 45 40 05 00 05 10
b Sample Bias (V)

FIG. 4. Electronic structure of the Cs/Cgp/ B—\/§—Bi system. (a) Angle-
integrated He-Ia PES spectra obtained for Cgy monolayer prior (black line)
and after (red lines) Cs adsorption at RT. Spectra for two Cs coverages are
shown. (b) STS spectra for the same surfaces. Spectra in the right panel are
averaged over 3 x 3 nm? area, in the left panel obtained in indicated points for
the Cs-doped surface.

J. Chem. Phys. 143, 074707 (2015)

at Er with no noticeable Fermi cutoff from the beginning
of Cs adsorption, suggesting the insulating properties of the
CS/CGO/\/g-Bi system.

STS measurements (Fig. 4(b)) are in agreement with PES
data. Initial position of LUMO level (at about +1 eV) indi-
cates the reduced coupling with the surface.???>?® Note that
both “2 x 2” protrusions and surrounding array display similar
electronic structure (Fig. 4(b), left panel) despite the striking
difference in STM appearances. It may indicate the rather
uniform distribution of Cs atoms among the first Cgg layer.

IV. DISCUSSION

Since no significant variations in the areas, occupied by
both layers and voids were detected during Cs deposition, one
can admit only a slight redistribution of molecules. Judging
from the STM appearance (“two-lobe”), polymer-like chains
(open arrows in Figs. 3(a) and 3(b)) must be either rows of Cg
with enhanced fixation to the surface having hexagon-hexagon
(h-h) bond up orientation”’ or that of C¢; molecules influenced
by severe JT distortion.>® High value of AM-doping, insulating
properties, and perfectly correlated orientations inside the row
are arguments in favor of the latter.

Consider protrusion / in Fig. 3 that shows up as a normal-
size fullerene. It is located inside the “2 X 2” array instead of
one of a giant protrusion 2. We have observed how 2 switched
to / occasionally and vice versa. For example, 1 % in Figs. 3(a)
and 3(c) indicate the 2 protrusion in the halfway changing to
1. (STM images are acquired from bottom to top.) Since it dis-
plays no intermolecular structure, it is possible in continuous
rotation like the rest of normal-size fullerenes.

Origin of the / — 2 transition that doubles the apparent
size of a fullerene can hardly be explained by any reasonable
structural transformations. Instead, it can be understood as
follows. In general, a finite tip apex increases size of a STM
protrusion,”® so an isolated Cg usually appears broader than
that inside of a close-packed array. For instance, Fig. 5 shows
Cep adsorbed on Si(111)7 x 7 at RT. In agreement with early
studies,’ instead of forming a close packed islands, fullerenes
prefer to scatter as isolated molecules (2 in Fig. 5(a)) having
apparent diameter of ~2 nm. (It always exceeds the real size
of molecular cage in free space.?”) However, if their amount is
sufficient, in some regions a rudimentary packing can be seen
(1 in Fig. 5(a)); STM features overlap leaving protrusions with

FIG. 5. 30x40 nm? STM images of (a) Cgo adsorbed on Si(111)7 x 7 surface
and (b) Cs-modified Cgp monolayer on the Bi(0001)/Si(111) thin film.
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diameters of about 1 nm. Thus, we argue that the / — 2 transi-
tion can be accounted for a sudden self-isolation of an every
second molecule from neighbors, although it is still located
inside a close packed array. The Cgp/7 X 7 gained its high
contrast by receiving charge from the surface while the initial
Ceo/ ﬁ—\/g—Bi is not charged (recall the absence of a LUMO-
derived band). Cs atoms donate electrons to Cg transferring
some of them into a state similar to an isolated molecule on
7 x 7. This behavior must be originated from a strong electron
repulsion between highly charged particles. However, forma-
tion of a superstructure goes beyond a simple model of Mott
insulator, where electrons localize on each site of a crystalline
lattice. Besides, in contrast to most AM/Cgo/metal systems,
the initial ﬂ-\/g-Bi reconstruction actively interacts with AM
leading to significant atomic rearrangement in the Bi layer.'%!!
Complete understanding of processes in such complex system
requires intensive density functional theory (DFT) calculations
that is beyond the scope of the present paper.

We performed the same experiment changing the ,8-\/5-
Bi reconstruction to Bi(001) thin film that can be grown on the
Si(111) surface.® A similar phenomenon has been observed
except for formation of a regular superlattice (Fig. 5(b)). Lack
of the long-range order emphasizes the similarity to an array
of isolated charged fullerenes (the Cgo/7 X 7 case) even more
when oversized protrusions overlap rendering triangular or
rectangular apparent shapes of fullerens. (Note that again only
the half of molecules can be seen in the former close-packed
array.)

V. CONCLUSION

Upon Cs doping, Cgp monolayer on a bismuth-covered
Si(111) surface remains in an insulating state regardless of
doping level in contrary to AM-doped fullerene layers on
metal surfaces. Accepting charge from Cs atoms, every sec-
ond molecule displays an unusual for close packed layers
high STM contrast, consistent with isolated molecule. In the
Ceo/ ﬁ—\/g—Bi system, fullerenes with increased apparent size
form the incommensurate “2 X 2” superstructure that is accom-
panied with the formation of polymer-like chains. In contrast,
same Cs-doped monolayer on Bi(001) film shows the complete
lack of ordering. Both surfaces are vivid examples of low-
dimensional strongly correlated molecular system.

ACKNOWLEDGMENTS

The experimental work implying STM measurements was
supported by Russian Science Foundation under Grant No.
14-12-00482.

J. Chem. Phys. 143, 074707 (2015)

10. Gunnarsson, Rev. Mod. Phys. 69, 575 (1997).

2w. L. Yang, V. Brouet, X. J. Zhou, H. J. Choi, S. G. Louie, M. L. Cohen, S. A.
Kellar, P. V. Bogdanov, A. Lanzara, A. Goldoni, F. Parmigiani, Z. Hussain,
and Z.-X. Shen, Science 300, 303 (2003).

3V. 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).

4y, 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. 95,
099903 (2005).

5A. Wachowiak, R. Yamachika, K. H. Khoo, Y. Wang, M. Grobis, D.-H. Lee,
S. G. Louie, and M. F. Crommie, Science 310, 468 (2005).

oy, Wang, R. Yamachika, A. Wachowiak, M. Grobis, K. H. Khoo, D.-H.
Lee, S. G. Louie, and M. F. Crommie, Phys. Rev. Lett. 99, 086402
(2007).

7Y.-M. Byun, H. Choi, S. Louie, and M. Cohen, Phys. Rev. B 77, 115418
(2008).

8H. A. Jahn and E. Teller, Proc. R. Soc. A 161, 220 (1937).
9P. Moriarty, Surf. Sci. Rep. 65, 175 (2010).

10D, V. Gruznev, L. V. Bondarenko, A. V. Matetskiy, A. A. Yakovlev, A.
Y. Tupchaya, S. V. Eremeeyv, E. V. Chulkov, J.-P. Chou, C.-M. Wei, M.-Y.
Lai, Y.-L. Wang, A. V. Zotov, and A. A. Saranin, Sci. Rep. 4, 4742
(2014).

1S, V. Eremeev, E. Chukurov, D. V. Gruznev, A. Zotov, and A. Saranin, J.
Phys.: Condens. Matter 27, 305003 (2015).

127, Bondarenko, D. Gruznev, A. Yakovlev, A. Tupchaya, D. Usachov, O.
Vilkov, A. Fedorov, D. Vyalikh, S. Eremeev, E. Chulkov, A. Zotov, and A.
Saranin, Sci. Rep. 3, 1826 (2013).

13To reduce noise in the band gap region, measured I /V spectra were modified
to\(I/V)2+c2(I/V > c),see M. Prietsch, A. Samsavar, and R. Ludeke,
Phys. Rev. B 43, 11850 (1991).

4R, Miwa, T. Schmidt, and G. Srivastawa, J. Phys.: Condens. Matter 15, 2441
(2003).

154, Matetskiy, D. Gruznev, A. Zotov, and A. Saranin, Phys. Rev. B 83, 195421
(2011).

16E_ 1. Altman and R. J. Colton, Phys. Rev. B 48, 18244 (1993).

17"W. W. Pai and C.-L. Hsu, Phys. Rev. B 68, 121403(R) (2003).

18\, Knupfer, Surf. Sci. Rep. 42, 1 (2001), and references therein.

19A. Tamai, A. P. Seitsonen, F. Baumberger, M. Hengsberger, Z.-X. Shen, T.
Greber, and J. Osterwalder, Phys. Rev. B 77, 075134 (2008).

204, Goldoni, C. Cepek, E. Magnano, A. D. Laine, S. Vandre, and M. Sancrotti,
Phys. Rev. B 58, 2228 (1998).

2IM. Grobis, X. Lu, and M. F. Crommie, Phys. Rev. B 66, 161408(R)
(2002).

22X Lu, M. Grobis, K. H. Khoo, S. G. Louie, and M. F. Crommie, Phys. Rev.
B 70, 115418 (2004).

23X.-Q. Shi, M. A. Van Hove, and R.-Q. Zhang, J. Mater. Sci. 47, 7341
(2012).

2M. Knupfer, M. Merkel, M. S. Golden, J. Fink, O. Gunnarsson, and V. P.
Antropov, Phys. Rev. B 47, 13944 (1993).

251. F. Torrente, K. J. Franke, and J. L. Pascual, J. Phys.: Condens. Matter 20,
184001 (2008).

26Y, Yamada, S. Yamada, T. Nakayama, M. Sasaki, and T. Tsuru, Jpn. J. Appl.
Phys., Part 1 50, 08LB06 (2011).

27E, Rossel, M. Pivetta, F. Patthey, E. Cavar, A. P. Seitsonen, and W.-D.
Schneider, Phys. Rev. B 84, 075426 (2011).

28y, Xiao, P. Ruffieux, K. Ait-Mansour, O. Groning, K. Palotas, W. A. Hofer,
P. Groning, and R. Fasel, J. Phys. Chem. B 110, 21394 (2006).

29C. P. Huang, C. C. Su, and M. S. Ho, Appl. Surf. Sci. 254, 7712 (2008).

30T, Nagao, J. Sadowski, M. Saito, S. Yaginuma, Y. Fujikawa, T. Kogure,
T. Ohno, Y. Hasegawa, S. Hasegawa, and T. Sakurai, Phys. Rev. Lett. 93,
105501 (2004).


http://dx.doi.org/10.1103/RevModPhys.69.575
http://dx.doi.org/10.1126/science.1082174
http://dx.doi.org/10.1103/PhysRevLett.93.197601
http://dx.doi.org/10.1103/PhysRevLett.95.099903
http://dx.doi.org/10.1126/science.1117303
http://dx.doi.org/10.1103/PhysRevLett.99.086402
http://dx.doi.org/10.1103/PhysRevB.77.115418
http://dx.doi.org/10.1098/rspa.1937.0142
http://dx.doi.org/10.1016/j.surfrep.2010.08.001
http://dx.doi.org/10.1038/srep04742
http://dx.doi.org/10.1088/0953-8984/27/30/305003
http://dx.doi.org/10.1088/0953-8984/27/30/305003
http://dx.doi.org/10.1038/srep01826
http://dx.doi.org/10.1103/PhysRevB.43.11850
http://dx.doi.org/10.1088/0953-8984/15/17/302
http://dx.doi.org/10.1103/PhysRevB.83.195421
http://dx.doi.org/10.1103/PhysRevB.48.18244
http://dx.doi.org/10.1103/PhysRevB.68.121403
http://dx.doi.org/10.1016/S0167-5729(00)00012-1
http://dx.doi.org/10.1103/PhysRevB.77.075134
http://dx.doi.org/10.1103/PhysRevB.58.2228
http://dx.doi.org/10.1103/PhysRevB.66.161408
http://dx.doi.org/10.1103/PhysRevB.70.115418
http://dx.doi.org/10.1103/PhysRevB.70.115418
http://dx.doi.org/10.1007/s10853-012-6361-y
http://dx.doi.org/10.1103/PhysRevB.47.13944
http://dx.doi.org/10.1088/0953-8984/20/18/184001
http://dx.doi.org/10.7567/JJAP.50.08LB06
http://dx.doi.org/10.7567/JJAP.50.08LB06
http://dx.doi.org/10.1103/PhysRevB.84.075426
http://dx.doi.org/10.1021/jp065333i
http://dx.doi.org/10.1016/j.apsusc.2008.02.044
http://dx.doi.org/10.1103/PhysRevLett.93.105501

