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Room temperature manipulation of the heterofullerene C 59N on Si „100…-231
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The absorption of the heterofullerene C59N on the Si~100!-231 surface has been investigated using
scanning tunneling microscopy~STM! under ultrahigh vacuum conditions. The molecules are
adsorbed in monomer form in the troughs between silicon dimer rows. It is possible to use the tip
of the STM to manipulate the molecules parallel and perpendicular to the dimer rows in a controlled
fashion at room temperature. To determine the stability of the C59N monomer we have examined the
response of pairs of molecules to STM manipulation and found that the Si~100!-231 surface inhibits
conversion to (C59N!2 dimers. © 1999 American Institute of Physics.@S0003-6951~99!04034-6#
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Over recent years there has been a growing interes
experimental devices which have active regions formed fr
a small number of atoms or molecules. Fullerene based
terials have been of particular importance in these deve
ments. In recent work phase coherent electron transport
been observed in single walled carbon nanotubes.1 In addi-
tion individual C60 molecules have been positioned on sem
conductor and metallic surfaces using the tip of a scann
tunneling microscope~STM!2–4 constituting one of the few
demonstrations~see also Ref. 5! that the mode of manipula
tion developed by Eigler and Schweizer6 can be realized a
room temperature. Wires7 and arrays of fullerene molecule
may be formed on Si and in the light of recent progre
towards alignment and contacting8 on the nanometer scal
there are excellent prospects for the connection of fuller
based nanostructures to macroscopic contact pads.

One reason that fullerenes are particularly susceptibl
STM manipulation relates to their near spherical shape. T
results in a relatively small area of contact with an under
ing substrate, but a large cross section available for inte
tion with the STM tip. Another important aspect o
fullerenes is the wide range of derivatives which are av
able, for example endohedral fullerenes9–11 in which an atom
is encapsulated by the carbon edge, and also the ‘‘dop
azafullerene, C59N, in which a single carbon atom is re
placed by a group V nitrogen atom.12 The possibility of com-
bining such derivatives with STM manipulation gives rise
exciting and diverse possibilities for the formation of m
lecular nanostructures. However at this stage it is not c
how the modification of a fullerene cage will affect the r
sponse of the resulting molecule to STM manipulation.

In this letter we address this question by examining
adsorption and manipulation of C59N on Si~100!-231. C59N
is a reactive free radical and in its bulk form dimerizes
form (C59N)2 .13–15 However in recent work it has bee
shown that C59N sublimes in monomer form. Following ad
sorption on a Si~111!-737 surface@and, as we show below
the Si~100!-231 surface# C59N is unable to diffuse and red
imerize, at least for submonolayer coverages.16 Despite the
1070003-6951/99/75(8)/1074/3/$15.00
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reactive nature of the free radical monomer we find that S
manipulation is possible on this surface with a response
is very similar to that of C60.

3 This result demonstrates tha
STM manipulation is possible even for a modified fullere
cage and that fabrication of complex molecular nanostr
tures should be possible using this approach.

Experiments were carried out in a commercially ava
able STM system. Si~100! samples were loaded into a UHV
system~base pressure 1310210 Torr! and outgassed at ap
proximately 700 °C for 12 h. Samples were then heated
1200 °C for 60 s, annealed at 800 °C for 5 min, and allow
to cool. This procedure results in a 231 reconstruction with
a low defect density. C59N was loaded into a Knudsen ce
and after thorough outgassing was heated to 550 °C and
limed with a typical deposition rate of 1 monolayer/h. Th
sample, which was held at room temperature during dep
tion, was then transferred to the STM. For imaging and m
nipulation electrochemically etched W tips were used wh
were cleaned in UHV by electron beam heating. Both ima
ing and manipulation experiments were undertaken at ro
temperature.

The schematic in Fig. 1 shows the atomic configurat
of the Si~100!-231 surface. Filled circles represent highe
layer atoms which dimerize by forming as bond with a
neighboring atom.17 Rows of Si dimers run along@011# and
@01̄1# on alternate terraces, resulting in a higher anisotro
surface. Also shown in Fig. 1 is a STM image of C59N
~bright circular features! adsorbed on the Si~100!-231 sur-
face ~the bright lines in the background correspond to
dimer rows17!. The molecules appear as bright circular fe
tures and have the same height~;0.7 nm! and apparent
width ~;2.1 nm! as observed in STM images of C60 on this
surface.18,19 Stable STM images of the molecules requ
bias voltages with magnitude.3 V.

C59N is adsorbed at sites centered in the troughs betw
dimer rows. There are two possible adsorption sites~denoted
A and B in Fig. 1! corresponding, respectively, to the m
lecular center lying midway between four sets of dimers a
two sets of dimers. Analysis on 150 molecules show t
4 © 1999 American Institute of Physics
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;75% of molecules reside on A sites and the remaining 2
sit on B sites. In higher resolution images the C59N shows
internal structure which differs from molecule to molecu
This implies that molecules are not rotating, and do not
adopt the same orientation on the surface. There is no
dence for dimerized molecules or clustering.

The monomers may be manipulated using a techni
used previously for C60 manipulation on Si.2,3 Controlled
manipulation is achieved by first moving the tip towards t
surface~by increasing the tunnel current and decreasing
bias voltage! close to a target molecule. The tip is the
moved across the surface through a predetermined disp
ment which passes through the initial position of the a
sorbed molecule. A successful application of this proced
results in a displacement of the target molecule to the fi
position of the STM tip. Typically the tip moves through
distance of 2.4 nm in steps of 0.6 nm. The tunnel curren
updated through feedback control at the end of each s
The tip is then retracted from the surface and returned to
original position.

Figures 2~a!–2~c! show the lateral translation of a C59N
molecule. Between the acquisition of Figs. 2~a! and 2~b! the
manipulation procedure is applied with parameters of21.0
V and 21.0 nA. The initial and final positions of the tip ar
identified on Figs. 2~a! and 2~b!. Note that the tip trajectory
during manipulation is parallel to the horizontal edge of t
image and at a slight angle to the dimer rows. Figure 2~c!
shows an image taken after a further application of this p
cedure.

For the parameters used in Fig. 2 the molecule is mo
through the full extent of the tip displacement, and a succ
rate ~percentage of attempts at manipulation which resu
in displacement of molecules! of ;90% is achieved. It was
also possible to manipulate molecules using a positive
voltage of11 V, 1 nA with a comparable success rate. M
nipulation could be achieved with all tips which were use
In many cases the tip would suffer some degradation a
typically, a few hours although the tip condition could b
recovered by the application of a voltage pulse.

Manipulation of a molecule across dimer rows is mo
difficult @Figs. 2~d!–2~f!#. A lower success rate for manipu
lation is observed~;30%! and there is less control of th

FIG. 1. STM image of a low coverage of C59N on Si~100!-231 ~60360 nm2

13 V, 0.2 nA!. Schematic diagram shows the 231 reconstruction and the
two possible adsorption sites for C59N: ~A! four-dimer site;~B! two-dimer
site.
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molecule, often with a displacement parallel to the rows. T
C59N molecule therefore exhibits an anisotropic response
manipulation due to its interaction with the underlying su
face. Note that for Figs. 2~a!–2~c! ~manipulation parallel to
rows!, the dimer rows are at a slight angle to the tip displa
ment, but the molecule remains in the same trough and is
displaced across a row. Thus the troughs effectively ac
guide the molecule.

To demonstrate the control of manipulation that can
achieved a simple pattern has been formed. One such
ample is shown in Figs. 2~g! and 2~h!, where six molecules
have been manipulated to precise positions. The accurac
positioning is determined by the underlying 231 surface pe-
riodicity. The manipulation procedure does not induce a
additional defects in the underlying surface. As well as
rays ‘‘wire’’ like structures can also be fabricated consisti
of many molecules.

We have attempted to manipulate molecules with
range of tunneling currents and negative bias voltages.
results are summarized in Fig. 3 in which the success rate

FIG. 2. Demonstration of C59N manipulation: ~a!–~c! parallel to the
Si~100!-231 dimer rows.~d!–~f! perpendicular to the dimer rows.~Scan
areas of 838 nm2, manipulation parameters:21.0 V, 1.0 nA, scanning
parameters:23.5 V, 0.2 nA!; ~g! six molecules before manipulation;~h! the
same six molecules after manipulation to precise positions.

FIG. 3. Graph showing manipulation success rate parallel to the dimer r
as a function of tip–sample gap impedance by:~a! keeping the bias voltage
constant at21.0 V and varying the tunnel current and~b! keeping the tunnel
current constant at21.0 nA and varying the bias voltage.
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manipulation parallel to the dimer rows is plotted versus
gap impedance. Two sets of data are presented in w
either the bias voltage or tunnel current is held constant.
threshold gap impedance for manipulation is in the ran
1.5–2.5 GV. A test is used to determine the nature of t
interaction between the tip and the molecule using a mo
fied manipulation procedure in which the tip is not retrac
away from the surface before returning to its original po
tion. It was found that after each attempt the molecule
mains at the maximum excursion of the tip and was
dragged back to the starting position. This indicates tha
repulsive interaction between the tip and molecule gives
to manipulation, as was also found for C60.

3

We have also used the manipulation technique to pr
the interactions between the molecules. C59N monomers are
radical species in the gas phase and are predicted to
highly reactive.12–15 An experiment was therefore unde
taken to attempt to redimerize the adsorbed monomers
pushing one molecule towards another molecule adsorbe
the same trough. However, over many attempts it pro
impossible to push two molecules closer together than 1
nm in the same trough. The resulting configuration of
molecules always involves a translation of one of the m
ecules into a neighboring trough as observed for C60.

3 The
positions of the C59N molecules are therefore determined
molecule–substrate interactions rather than intermolec
bonding.

The presence of a N atom within the cage leads to pro
nounced differences in the chemistry and reactivity of C59N
as compared with C60. However the response of the C59N
monomer to manipulation is not greatly affected by the
corporation of N. This implies that the mechanical propert
of fullerenes and heterofullerenes are rather similar e
though their electronic properties may be quite different. O
results therefore imply that fullerenes and their derivativ
constitute a set of building blocks which may be used
form nanostructures in which both the position and el
tronic properties of each component may be precisely sp
fied.
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