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Abstract

The adsorption of g5 molecules on Au(111) surfaces has been investigated by using scanning tunneling microscopy (STM) and
spectroscopy (STS) at a liquid—solid interface and at room temperature (RT). At low covegggiscOrates the step edges, forming
two-dimensional islands on the terraces which indicate that the molecules have a high mobility even at RT. When the coverage is increased,
the Gsop molecules form a close-packeq/3 x 2,/3R30° structure on reconstructed Au(111) surface. It is demonstrated that STM in a
liquid environment facilitates the performance of spectroscopy measurements and allows the manipulation of single molecules.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction out spectroscopy measurements with an STM-tip in a liquid
environment.
Fullerenes are often used as model adsorbates on vari-
ous substratel—11]. Such studies are of interest not only
from a fundamental point of view but also for technological 2. Experimental details
applications of Gp. For these investigations the scanning
tunneling microscopy (STM) has proven to be a very effi-  Gold substrates were prepared from gold films deposited
cient tool because it provides information about structural in ultrahigh vacuum onto freshly cleaved mica heated at
and electronic properties on the nanoscale. In vacuum, de-~650 K. Before each measurement, the Au(11 1) substrate
tailed STM studies of g overlayers have been performed Wwas annealed in a propane-air flame. Flamed samples re-
on Au[1,4,6-8] Ag [1-4], Al [5], Cu[1,4,9], Ni [10], Pd vealed well known reconstruction ling&2] in air, but also in
[11]. STM has directly evidenced the close-packed hexago- liquid n-tetradecane, {ZHzo (99% purity, Aldrich). About
nal or quasi-hexagonal lattice oggon threefold symmetry ~ 0.01mg of G were mixed with 1 ml ofr-tetradecane, and
surfaces of noble metals. In spite of this large number of after examination of bare gold by STM, a droplet of the solu-
studies of vacuum-depositeg@films, there is surprisingly ~ tion was deposited on Au(111). In situ measurements were
no investigations on fullerene adsorption at liquid—solid carried out by a molecularimaging STM, using a low current
interfaces, which could promote technological applications. scanning head and a mechanically cut Pt-Ir (80:20) tip. Sev-
We report on an in situ STM investigation on the structure eral STMimages recorded in the constant current mode were
of Cgo overlayers formed at room temperature (RT) between obtained with different samples and different tips to check
a solution and Au(11 1) surfaces. We also demonstrate thereproducibility and to confirm that results were free from ar-
possibility to manipulate singledg molecules and to carry  tifacts. The recordings of loca(V) curves were performed
in the limits of +1.0V by fixing the tip—substrate distance
defined by imaging voltage and set tunneling current.
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Fig. 1. (a) and (b), consecutive STM images with a low coverageegf &gistered within the interval of about 2 min. The molecules decorate the step
edges. White circles mark the growth of an island. White arrows design smeared spots accounting for tip-induced mobility along scanning direction.
Visible shift of image (b) compared to image (a) corresponds to thermal dkifte=(110 mV, I; = 0.1 nA, 100 nmx 100 nm). (c) and (d): consecutive

images demonstrating possibility of nanomanipulation. Two molecules were grasped from the edge of the island (marked by the white arrows) and
stabilized on the terrace (30 nm30nm, /; = 0.140nA, Uy = 0.270V).

the step edges of Au(1 1 1), forming two-dimensional islands ameter (1 nm). Such an apparent reduced height, previously
on the terraces which indicate that the molecules have a highreported for a @ monolayer on Au(11 1) in UHV, is related
mobility even at RT. The fact that nucleation appears near to the electronic structure of adsorbegh@oleculeq7,8].

step edges is not surprising because it is known that Au(1 1 1)Fig. 1(c) and (d) bring additional evidence for the mobility
presents a high local density of states at the step edge, du®f Cgp molecules at the liquid/Au(1 1 1) interface. The shape
to the formation of a standing wave of surface state elec- of the island boundary is being changed and some parts of
trons[13]. In contrast with the results obtained for adsorp- islands disappear or grow (see white circles). This high mo-
tion of long-chain molecules at thetetradecane/Au(111) hility of Cgpin liquid contrasts with results obtained in UHV
interface[12], some G islands decorate gold steps or form and could be related to an energy transfer from the solvent.
alignments along some particular directions of the substrate.Numerous smeared spots in between islands (see white ar-
Such adsorption behavior is also observed in UAV In be- rows) evidence a tip-induced mobility along the scanning
tween islands, STM images present no signal from the gold direction. As it will be shown below, this effect can be used
surface (neither the reconstruction stripes nor the atomic res-for manipulations of single molecules.

olution are observed) or from any self-organized monolayer Fig. 1(c) and (d) show an hexagonal closed-packed is-
of n-tetradecane molecul¢s2]. Most of the islands exhibit  land, very stable and with molecular resolution. In the limits
boundaries parallel to a preferential direction, which is re- of this uniform domain the lateral separation between the
lated to a particular orientation on the Au(111) substrate. centers of the molecules is equal t&- 0.05 nm and close to
This direction, perpendicular to the edges of triangular ter- 2,/3a ~ 0.998 nm, whera is the gold lattice constant (~
races, is then parallel td 1 2. The measured height ofg 0.288nm). This structure is assigned ag®@x 2,/3R30°
islands is equal to 0.4 nm, which is smaller than the di- and schematically shown iRig. 2 Fig. 1(c) and (d) give
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Fig. 2. Structural model for § packing at then-tetradecane/Au(111) V/Volts
interface.
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also evidence of a possible nanomanipulation of single 2,5
molecules at a liquid—solid interface. It has been shown that .
on several substrates, surface atoms or adsorbed moleculesg 2o+
can be picked up and displaced with a tip by adapting the =
tip—sample separatiofii4]. As distance between tip and
substrate is defined by tunneling current and applied volt-
age, these parameters are commonly used to reduce the = 1.0
tunneling gap. But the same effect can be obtained by taking 1
advantage of a non-ideal feedback loop. It is, for example, 0.5
possible to decrease shortly the parameters controlling inte- T
gral gain, or to increase scan speed. The tip can then strike s = " s il
against impediments, in particular against single molecules ' ' " ”}ons ’ '
on flat surfaces. We succeeded in grasping two molecules by
a decrease of integral gain. The tip removed these moleculegig. 3. (a) The solid line represents current versus hiag)(spectra ac-
from the edge of the island designed by the arrow in 9uired on top of sir_]gle molecules. The dashe_d Iine_corres_ponds to the
Fig. 1(c), after what they were stabilized on the flat terrace, Au(111) -V curve in tetradecane. (b) Normallzeq differential conduc-
. . tance (dIn/dInV) of single Go molecules versus bias plot.

possibly thanks to a local defect, as showrkig. 1(d).

Despite the large number of STM studies gh©verlay- . . .
ers, only a few involve STS. We use it in order to screen the by interaction with the substrate. It can consequently be at-

effects of packing and adsorption on charge transfer throughtribUted to _the LUMO level peak, alsq opserved b_y Rogero
Ceo in solution on Au(111) et al. [16] in vacuum. The other variations of this curve

We first registeredV curves on bare gold (dark regions probably correspond to the tunneling levels of electrons,

in Fig. 1(c) and (d)). The typical behavior we observed generated by the mixing of gold anggorbitals.

is given by the dashed curve Fig. 3(a). This symmetric

curve presents a linear part betweef.4 and+0.4V. On

top of single Go molecules, we registered very reproducible 4. Conclusion

IV curves for more than 20 images. An average value of 10

of these curves is given by the solid graphFig. 3a). As The adsorption of g molecules on Au(111) surfaces
compared to gold, & single molecules present a rectify- has been investigated at RT by using STM and spectroscopy
ing behavior. A comparison with UHV data enlightens two at a liquid—solid interface. At low coveragegddecorates
major similarities with STS in liquid—solid interface. First, the step edges, forming two-dimensional islands on the ter-
IV curves taken on top of adsorbedg®ave a quasi-linear  races which indicate that the molecules have a high mobility
behavior betweer-0.2 and+0.2V, as reported by Joachim even at RT. At higher coverage, the@Cmolecules form
and Gimzewskj15]. The second similarity concerns the po- close-packed &3 x 2,/3R3(° structures. We also demon-
sition of the LUMO level of adsorbeddg. The normalized strated for the first time that STM in a liquid environment
differential conductance curve given irig. 3(b) reveals allows the performance of spectroscopy measurements and
two peaks at approximatel0.9 and 0.8V in the consid- the manipulation of single molecules. These results can
ered range of energies. The sharpness of the peak at 0.8 \be used for the development of nanotechnologies in liquid
accounts for a weak perturbation of the molecular orbitals environmentg17].
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