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Field-based scanning tunneling microscope manipulation
of antimony dimers on Si „001…

S. Rogge,a) R. H. Timmerman, P. M. L. O. Scholte, and L. J. Geerligs
Department of Applied Physics and DIMES, Deft University of Technology, Lorentzweg 1,
2628 CJ Delft, The Netherlands

H. W. M. Salemink
IBM Research Division, Zurich Research Laboratory, 8803 Ruschlikon, Switzerland

~Received 29 September 2000; accepted 26 March 2001!

The manipulation of antimony dimers, Sb2, on the silicon~001! surface by means of a scanning
tunneling microscope~STM! has been experimentally investigated. Directed hopping of the Sb2

dimers due the STM tip can dominate over the thermal motion at temperatures between 300 and 500
K. Statistics on the enhanced hopping are reported and possible tip–adsorbate models are discussed
focusing on a field-based interaction. The low yield of directed hopping is believed to be due to the
low gradient in the interaction energy intrinsic to a field-based mechanism. Ultimate resolution and
limiting factors of this manipulation technique are discussed. ©2001 American Vacuum Society.
@DOI: 10.1116/1.1372925#
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I. INTRODUCTION

In recent years the scanning tunneling microscope~STM!
has been developed into a tool which can be used for ob
vational as well as structuring tasks on the atomic sc
Clusters1 and molecules2 consisting of many atoms~60–
1000! have been manipulated on semiconductors at ro
temperature. Manipulation with control down to single ato
is still limited to adsorbates on metals at low temperatu3

except for etching techniques down to the breaking of in
vidual bonds.4,5

Due to the growing interest in the electronic structure
nanometer sized conductors we have investigated the p
bility of creating arbitrarily shaped structures approach
the atomic scale on a semiconductor. There are not m
studies focusing on the manipulation of adatoms on semic
ductors. Pioneering work by Whitmanet al.6 showed that the
large electric field of a STM tip can induce motion of me
atoms on a semiconductor surface@cesium on InSb and
GaAs~110!#. They applied voltage pulses to the tip of th
STM and observed increased coverage of Cs in the re
below the tip~150–350 nm scan field!, on a typical length
scale of 50 nm. A model which assigns a permanent
induced dipole to the adsorbed Cs was proposed and
forces due to the tip field were analyzed leading to acce
able agreement.

Both Whitmanet al. and Mo7 proposed a model based o
effectively lowering the diffusion barrier by the tip
adsorbate interaction. Mo demonstrated an increase in
diffusion rate of antimony dimers, Sb2, on Si~001! due to
STM scans. The large field of the tip induces a dipole in
adsorbate and the energy change associated,Wtip5
2p„E…"E52aE2, can be as large as 1 eV considering
field of E510 V/nm and the polarizability of a free Sb ato
a51.1310239C m2/V.8

Directed manipulation of single adsorbates, in contras
undirected enhancement of diffusion, has only been achie

a!Electronc mail: s.rogge@tnw.tudelft.nl
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for tip–adsorbate interactions which are shorter ranged t
the long range forces due to the electric field of the tip, a
for much smaller surface diffusion barriers. In particular lo
temperature manipulation of ad-atoms and clusters on me
was achieved by short-range attractive and repulsive fo
probably based on a van der Waals potential.3,9 Repulsion
between the tip and adsorbate was also used in the cas
clusters and molecules1,2 at room temperature. The possibi
ity of using a field-based interaction to achieve atomic sc
manipulation will be investigated.

In this article, we study the directed manipulation of S2

ad-dimers on Si~001! and investigate a model based on
force between the adsorbate and the tip due to the gradie
the electric field. If the anisotropy in the motion resultin
from the tip field is sufficiently large Sb2 ad-dimers can be
moved to any one of the possible grid positions on the s
strate.

Antimony on Si~001! is an interesting subject since Sb
a silicon dopant. After overgrowth or even as surface ato
Sb patterns may have continuous electronic states. Fut
more, Sb2 diffusion on Si~001! has been studied in deta
previously. The dimers do not move at room temperature
the Si~001! surface on the time scale of the experime
~hours!. A temperature increase to 400 K will already intr
duce many Sb2 hops during one STM scan.

Data on Sb2 dimer movement on the Si substrate will b
shown for different manipulation parameters. All manipu
tion attempts are done with the feedback loop active
changing the gap bias voltage in a range of 1–5 V, set-p
current I 050.1– 25 nA, scan speed 10 nm/s–2mm, and at
low as well as high feedback gain. Besides hopping statis
of many dimers in a large scan field, manipulation of sing
dimers has also been investigated.

The energy change for moving a dimer with a perman
dipole changes sign resulting in an attractive and repuls
region, depending on tip–adsorbate distance on the surf
The energy scales in the case of a permanent dipole
smaller than for an induced dipole in Sb2 on Si~001!. There-
65901Õ19„3…Õ659Õ7Õ$18.00 ©2001 American Vacuum Society
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660 Rogge et al. : Field-based STM manipulation of antimony dimers 660
fore, a permanent dipole is less likely related to the obser
behavior. The yield of the manipulation~directed movement!
is low but we were able to manipulate a single Sb2 dimer on
the surface with a tunneling gap.0.5 nm. By analyzing the
force on an adsorbate we will show that the relative cha
in energy for moving an induced Sb2 dipole on the surface
toward the tip is considerably smaller than the 0.5–1
proposed earlier.7 However, the resulting change in energ
~on the order of the thermal energy! is consistent with the
observed increase in Sb2 hopping rate.

II. SAMPLE PREPARATION

For most of the experiments we usep-type Si~001! wafers
~0.2 V cm!. The oxide protected substrate is degassed in
ultrahigh vacuum~UHV! system with a base pressure belo
5310211mbar and flashed to 1500 K for several secon
The sample is cooled from 1100 K to room temperature a
rate of approximately 1 K/s. We use a commercial varia
temperature STM. The samples are heated by passing
rect current through the Si. This heating method is used
the surface preparation, as well as for scans in the STM
elevated temperature. Abouve 500 K Sb exhibits epita
132 growth on the 231 Si~001! surface.10

The Sb is deposited from ane-beam evaporator and th
coverages have been determined from the STM observat
The quoted temperatures are measured with a pyromete
extrapolated below 750 K based on the heating current.
extrapolation of the temperature versus heating current in
duces an appreciable error for temperatures below 500
We reproduced the thermal hopping rate of the Sb2 dimers
~at ‘‘noninvasive’’ scanning parameters, explained later! as a
criterion to reproduce the temperature settings.

Electrochemically etched tungsten tips are used for
STM. The tips are degassed by electron bombardment a
loading into the UHV. Further cleaning and sharpening
achieved by self-sputtering in neon as discussed in Ref.

III. ANTIMONY ON Si „001…

Antimony evaporated from a source below 700 K onto
room temperature Si surface deposits mainly as Sb4 clusters,
which can be converted into Sb2 dimers by annealing the
system at 460 K for several minutes. If the surface is furt
annealed at 575 K the antimony self-assembles into s
epitaxial lines.10

Antimony diffuses preferentially orthogonal to the dim
rows of the 231 Si reconstruction with a diffusion barrier o
1.2 eV. The diffusion rate parallel to the Si dimer rows
approximately 100 times lower.7 The Sb2 dimers are ob-
served to be immobile at room temperature but they s
hopping across Si dimer rows~as can be observed with th
STM! at temperatures as low as 400 K.

Scans done at large voltages with the STM enhance
break up of the Sb4 clusters as well as induce hopping of S2

dimers to an adjacent Si dimer row12,13already at room tem-
perature.
J. Vac. Sci. Technol. B, Vol. 19, No. 3, May ÕJun 2001
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IV. MANIPULATION

The scanning of a STM can enhance the hopping of a2
dimer on Si~001! to a neighboring dimer row. To achiev
manipulation it is necessary to create a preferential direc
in this additional motion of the Sb2 dimer.

We have employed an asymmetric scan of the STM
over the substrate trying to break the symmetry. In this te
nique we use parameters for the feedback loop of the tun
ing gap which are different for scanning in the left-to-rig
direction compared to the right-to-left direction, as illustrat
in Fig. 1. One of these parameter sets should be invasive,
move the dimer, while the other should interact as little
possible~be noninvasive!, allowing a net movement of the
adsorbate.

Adjustable parameters for the manipulation of an ads
bate are: the tunneling current (I 0), bias voltage, the gain o
the feedback loop, as well as the scan speed. The hop
rate of an adsorbate from one bonding site to the neighbo
one can be tuned by changing the temperature of the
strate, resulting in a different distribution of energies with
the potential well of the adsorbate in the surface corrugat
Tuning of the energy associated with the tip–adsorbate
teraction compared to the confinement of the adsorbate
the surface should make it possible to find a parameter
which allows the manipulation of the Sb2 dimer. This, and
the introduction of an asymmetry, will be discussed in de
below.

Figure 2 shows three subsequent scans at 500 K in w
we have used asymmetric scan parameters. The surface
annealed at 575 K and therefore some epitaxial antim
lines have formed. The small bars in the image indic
which of the antimony dimers moved between subsequ

FIG. 1. Asymmetric tip scan. To manipulate the adsorbates on the sur
the tip is scanned with ‘‘invasive’’ parameters~e.g., 5 V 0.3 nA! in one
direction and then returned with the feedback settings of the gap use
observations~e.g., 1.5 V 0.1 nA!.

FIG. 2. Asymmetric scan of Sb on Si~001!. These three scans where take
subsequently at 500 K after annealing the sample at 575 K. The ti
scanned at22 Vsubstrateand 0.1 nA from left to right and then returned a
25 Vsubstrateand 0.3 nA from right to left. The bars indicate the position
a dimer which moved in the following frame. Here we find net movemen
the free dimers along the tip sweep at high field.
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661 Rogge et al. : Field-based STM manipulation of antimony dimers 661
scans. In these scans we observe a net movement of di
toward the left, the same direction as the tip scan with ‘‘
vasive’’ parameters~see the figure caption for details!. In all
experiments~series of consecutive scans at elevated temp
ture! we exclusively observed free dimers moving, in co
trast to Sb4 clusters or dimers, polymerized into an epitax
line.

From many experiments as in Fig. 2 statistics have b
established by averaging over many frames~with in total
about 100 dimers/frame! and analyzing the deviation from
the mean numbers of hopping dimers in the single scan
the series. The schematic in Fig. 3 illustrates the percen
of dimers hopping in a certain direction referenced to
total number of dimers in a scan area. The error bars
approximately one tenth of the quoted percentage. These
tistics were obtained at 500 K for a noninvasive scan fr
left-to-right ~21.5 V 0.1 nA fast feedback! and for an inva-
sive scan in the right-to-left direction~1.5 V 2 nAslow feed-
back, 5I set current overshoot at the dimer!. Due to poor tip
stability at positive substrate bias we do not have suffici
data to discuss a field direction effect since most of the
tistics were obtained with negative bias. However, in the f
runs with positive substrate bias we observed qualitativ
the same behavior as with negative bias. The left pane
the noninvasive scan, shows clearly that the preferential
fusion direction of the Sb2 dimers is indeed orthogonal to th
dimer row. The right panel illustrates the mean movem
during asymmetric sweeps with the parameters mentio
~error approximately one-tenth of the quoted percentag!.
We observed the preferential direction of motion now to
along with the invasive tip movement~this can be reversed
as discussed below!. Motion along the dimer rows has bee
enhanced; it is as pronounced as the motion against the
vasive scan direction.

Figure 4 shows the total number of dimers hopping
various tip fields for different scanning sessions. In this c
we used symmetric scans with identical parameters in b
directions. The field quoted is defined as the bias volt
divided by the tip–surface distance resulting in an up
limit of the actual field. The absolute tip–surface distan
was estimated by fits of the current versus relative tip he
measurements for the voltages used. The three curves

FIG. 3. Schematic shows the hopping rates for an observational~left! and an
invasive~right! scan at 500 K. The lines indicate the direction of the su
strate dimer rows which run parallel to the Sb dimer. The percentages
cate the relative number of dimers which moved in a certain direction du
a scan~typically 80–120 dimers in the scan field, averaged over ma
scans!. The noninvasive scan was done at21.5 V 0.1 nA; the invasive one
at rightwards21.5 V 0.1 nA and leftwards21.5 V 2 nA 0.05% loop gain.
JVST B - Microelectronics and Nanometer Structures
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taken for an identical sample with the same tip on differe
days with fresh surface preparation each time. All contr
lable parameters remained the same yet the onset of hop
is substantially different.

The relative net-hopping rate for a large number of e
periments is shown in Fig. 5 where a positive value deno
the fraction of dimers moving in the same direction as
invasive scan,D5(Nleft2Nright)/(Nleft1Nright). The error
bar for these numbers is at most 10% determined in the s
way as mentioned in the context of Fig. 3. It is important
note that each data point outside610% corresponds to a
series of scans which all had a significant net movemen
dimers in one direction.

Slow feedback~low loop gain! as well as high scan spee
can be used to create an additional increase in the field c

-
i-
g
y

FIG. 4. Tip induced motion. The percentage of total hops is the sum
hopping events in any direction divided by the total number of dimers in
scan range3100%. The quantity is plotted vs tip field for three differe
scan sessions of the same sample and tip resulting in three different sl
This shows that the tip induced hopping does not simply depend on the fi
We suggest that different tip terminations change the gradient of the
resulting in a scaling of the slopes.

FIG. 5. Net hopping direction. The graph shows the relative motion of S2,
D5 (Nleft2Nright)/(Nleft1Nright), for various tip fields. The symbols denot
ranges of the tunnel current used during the invasive scans~right to left! and
so a positiveD denotes motion along with the invasive sweep. Open sy
bols indicate low loop-gain scans. The data were not all taken with the s
sample and tip but all controllable parameters were kept constant.
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662 Rogge et al. : Field-based STM manipulation of antimony dimers 662
to the dimer. In the low loop-gain experiments the peak c
rent was used to determine the field listed in Fig. 5~open
symbols!. The tip does not make contact with the dim
~verified by the current trace during the manipulation!, hence
this technique is also long range.

A remarkable observation is that the induced motion
the Sb2 dimers can be along with as well as against
direction of the invasive scan. There is no obvious trend w
respect to the applied field~bias/height!. However, the aver-
age of the low loop-gain experiments~higher current ‘‘be-
fore’’ the tip passes the center of the Sb2 dimer! shows a
tendency for hopping toward the tip, open symbols in Fig
We think that a low loop gain breaks the symmetry of t
tip–adsorbate system by creating a larger field when the
first encounters the ad-dimer compared to when it has pa
over it. This will be discussed in more detail in Sec. V in t
context of the tip/adsorbate interaction model.

We have investigated the possibility of manipulating
single dimer, by using an asymmetric sweep with invas
parameters solely over only one ad-dimer and an nonin
sive scan in the larger scan field for observation. As show
Fig. 6 the field is localized enough even at the invasive
rameters used~25 V, 0.2 nA! to move the single ad-dimer
Affecting only one dimer is quite reproducible but the yie
of these manipulations is not very high. This is consist
with the small fraction of dimers hopping~a few out of 100!
in full scans as indicated by the percentages in Fig. 3.
present no quantitative yield for the single dimer manipu
tion since we do not have enough events for accurate st
tics.

Going to higher fields was marginally possible in expe
ments on single dimers~not for the statistical approach base
on many asymmetric scans!. High fields~large tunneling cur-
rent at a high gap voltage, e.g.,.3 nA, 5 V! very frequently
result in a severe change of the tip geometry or field eva
ration of Si. In these experiments we did not observe a h
yield of directed manipulation.

FIG. 6. Single dimer manipulation. The left STM scan shows Sb2 dimers on
several Si~001! terraces. An asymmetric tip scan was employed in the b
over one dimer. The leftward sweep was at25 V 0.2 nA and the rightward
sweep identical to the observation parameters of21.5 V 0.1 nA. After ten
lines of this sweep the surface is rescanned. The dimer moved towar
step edge along the direction of the invasive scan and one dimer row~its
preferential direction!. The neighboring dimers did not move. This scan w
done at 500 K where some diffusion occurs. The experiment demonst
that the field is local enough to manipulate a single dimer.
J. Vac. Sci. Technol. B, Vol. 19, No. 3, May ÕJun 2001
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V. TIP–ADSORBATE INTERACTION

An ‘‘impact’’-based mechanism seems unlikely for S2
since the dimer appears in the STM to be only approxima
0.13 nm high. The currents required for stabilizing the tip
this separation are enormous and would destroy tip an
substrate on the nanometer scale. Therefore we did
implement this technique. The low loop-gain experime
mentioned above still showed a finite maximum curre
(,20 nA) close to the dimer, hence no contact was ma
Transfer of a Sb2 dimer from the surface to the tip was no
observed in any of our experiments~no missing dimers in
large series of consecutive scans! unless the surface was de
stroyed.

We will discuss a model for the observed behavior ba
on the force due to the electric field of the STM tip. Th
tip–adsorbate interaction can be modeled by a dipole in
field of a point charge. A spherical tip of radiusR can be
represented as a point charge of such a magnitude to hav
equipotential sphere of radiusR at the potential of the bias
voltage. This radiusR is thus approximately the radius o
curvature of the actual tip. Zero potential is defined a
depth in the silicon comparable to the size of the deplet
layer. The components normal and parallel to the surface
such a field are plotted in Fig. 7.

The adsorbate is modeled as an isotropic linearly pola
able dipolep„E…5aE, where a is the polarizability. The
energy W of an induced dipole in the fieldE of a point
charge isW5p"E. This can be written as a function of th
in-plane distance (r ) to the point below the tip:

W~r ,z!52aS V0

1

R
2

1

R1h1d
D 2

•S r 2

~r 21~R1h!2!3

1
~R1h2z!2

~r 21~R1h2z!2!3D .

x

he

tesFIG. 7. Cylindrical components of the field of a spherical tip. charge. T
dashed curve represent the field normal to the substrate and the solid
the in-plane component both as a function of in-plane distance,r , to the tip
~Rtip55 nm, htip2sample51 nm, Vbias53 V, ddepletion510 nm). The in-plane
term shows a maximum in magnitude which is not directly under the ti
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663 Rogge et al. : Field-based STM manipulation of antimony dimers 663
Here h is the tip surface separation,d is the width of the
depletion layer, andR is the radius of curvature of the tip
The energy termW is cylindrically symmetric so only the
radial distance of the adsorbate to the tip and the motion
the tip are important for the manipulation.

A rough estimate for the polarizabilitya is the value for a
free antimony atoma51.1310239C m2/V.8 In general an
adsorbate on the surface is expected to have a polarizab
different from the free specimen~atom, dimer!. Based on
their diffusion studies Whitmanet al.6 argued that the polar
izability of Cs is considerably larger on the InSb~110! sur-
face than expected. We have done preliminary quan
chemical calculations to finda of a Sb2Si7H10 cluster. The
structure of this cluster is based on a single Sb2 dimer on the
Si~001! 231 reconstruction. The Sb atoms are bonded
gether and to two Si atoms each. Remaining Si dang
bonds are terminated by hydrogen atoms. The approxim
polarizability of this cluster is 8.8310238C m2/V, with a
permanent dipole of 2.4310230C m orthogonal to the
Sb–Sb and to the Si surface. For comparison, replacing
Sb with H leads to 6.0310238C m2/V and 0.4310230C m.

The energy available to move the induced dipole in-pla
is set to be the energy difference of the initial and final p
sition dW5W(r init)2W(r final). As shown in Fig. 7 the in-
plane component of the field is considerably smaller than
normal component and goes to zero below the tip. Figur
displays the energy gained by displacing the dipole 0.4 nm
the plane toward the tip. For comparison the energy gai
by displacing an induced Sb2 dipole 0.4 nm toward the tip
normal to the plane is plotted in Fig. 9 as a function
in-plane distance to the tip for various tip radii.

The energy change due to the field of the STM tip has
be compared to the corrugation potential of the surface.
Sb2 dimers are confined to thep chains~0.76 nm spacing! of
the Si substrate by a potential barrier of 1.2 eV.7 The dis-
placement of the adsorbate used in the plots~0.4 nm! is
motivated by a simple potential landscape: 1.2 eV confi

FIG. 8. Change in energy for a 0.4 nm in-plane displacement of an indu
dipole ~Sb2 dimer!. The solid curve represents a tip radius of curvature
R50.3 nm, the dashed curveR51 nm, and the dotted curveR55 nm ~tip–
sample distance ofh51 nm ~polarizability 8.8310238 C m2/V, Vbias

53 V, ddepletion510 nm). The model results in an attractive force with
maximum at a distance approximately half of the radius ofR.
JVST B - Microelectronics and Nanometer Structures
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ment from the center of thep chain to the center of thep*
chain. If the potential gain due to a 0.4 nm displacemen
greater than 1.2 eV the Sb2 dimer would hop onto the next S
p chain ignoring the aid of thermal occupation of high
energy levels. However, assumption of an Arrhenius law
the hopping rate,V exp(2E/kT), leads to the following ex-
pression for the necessary change in barrier height to do
the hopping rate:DE5kT ln 2527 meVu450 K.

Figure 10 shows the potential change for a perman
dipole in a field. The same displacement of 0.4 nm was c
sen for comparison with Fig. 8. For the field direction us
the curves reflect a repulsive force directly below the tip
contrast to the force on an induced dipole. Furthermore
contrast to the induced dipole the force changes sign
distance comparable to the tip radius of curvature plus the
height over the surface,R1h. The energy associated wit
displacing a permanent dipole of the magnitude expected

d
f
FIG. 9. Change in energy for a 0.4 nm displacement normal to the surfac
an induced dipole~Sb2 dimer!. Parameters are identical to the curves in F
8. The model results in an attractive force with a maximum directly bel
the tip. The 0.4 nm normal to the surface was chosen for comparison to
displacement of one dimer row in the plane.

FIG. 10. Change in energy for a 0.4 nm displacement of a permanent dip
p52.4310230 C m ~other parameter identical to the other plots!. Except for
the region very close to the origin~set by the tip radii! the potential change
is overall attractive~or repulsive for opposite field direction! with a mini-
mum slightly further way from the origin compared to the induced dipo
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664 Rogge et al. : Field-based STM manipulation of antimony dimers 664
Sb2 is at the most a few meV!kT in contrast to the induced
dipole. Hence, the contribution from a permanent dipole
small compared to the potential of the surface corrugation
contrast to Sb, Cs is an adsorbate with a large perma
dipole compared to the induced dipole.6

The energy gain of a Sb2 dimer hopping one dimer row
closer to the tip in the case of an induced dipole as show
Fig. 8 is considerably lower compared to the same displa
ment normal to the plane at shown in Fig. 9. Furthermo
the in-plane movement shows a maximum in force at a
tance of roughly half the tip diameter in contrast to the n
mal component with a maximum exactly below the tip.
contrast to the permanent dipole the coupling of the nor
and parallel component in the energy term of the indu
dipole results in an overall attractive potential.

The depletion depth for Figs. 7–10 was chosen to be
nm without taking into account the effect of the dielectric
a ground plane on the field distribution at the adsorbate.
depth was only used to find the magnitude of the po
charge. Placing the zero potential reference at infinity w
lower the maximum energy in thedW plots by a factor of 2.
Placing the zero reference at the surface will increase
energy available for a displacement of an induced dipole
a factor of 150. However, this assumption is unphysical si
it implies no depletion layer and a metallic surface with
nonzero in-plane field component.

The large dielectric constant of Si,eSi512, will cause a
larger in-plane component of the electric field. This will a
fect the Sb2 dimer on the surface since the induced field
the dielectric will partly extend into the vacuum. The fie
distortion due to ionized dopants should be small, since
work with fairly low doped substrates, and the amount
charge at the tip even with a depletion zone reaching to
finity is larger than ten electrons. The dominant unknow
are the polarizability of the Sb2 dimer on the Si~001! surface
and the tip radius and shape.

It is necessary to investigate the importance of vibratio
heating as a source of the Sb2 manipulation. Local heating
due to the STM tip can cause adsorbate motion as discu
in Ref. 14. Heating due to inelastic tunneling was succe
fully applied to two experimental systems: xenon on a me
surface at low temperature and hydrogen on Si at room t
perature. The tunneling current creates in both cases a
stantial temperature increase of the adsorbate compare
the substrate temperature. The model discussed in Re
can also be applied to Sb2 on Si. The atomic mass of Sb i
similar to Xe and so the same vibrational frequency~2.5
meV! should be a good approximation. For this low fr
quency coupling to phonons should be the dominant proc
that limits the lifetime of the excited state. Using the spe
of sound and density of Si and the atomic mass of Sb we
a vibrational damping rate for Sb on Si of 1/15 ps~slightly
faster than in the case of xenon!. Following the argument of
Ref. 14 this results in a temperature elevation of the ad
bate of'0.15 K at 300 K for a current of 5 nA with a larg
inelastic tunneling fraction of 1023. The effect is much
stronger for hydrogen: the low mass results in a high f
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quency vibration, 2084 cm21,14 with a much longer lifetime
since this is above the highest phonon modes of the s
strate. At room temperature vibrational heating of Sb on
~0.012 meV! is a small effect compared to the change
energy due to the tip–dipole interaction~10 meV for a mac-
roscopic tip!.

VI. DISCUSSION

The energy available for manipulation due to an elec
field-based interaction between tip and adsorbate is only
the order of the thermal energy leading to a low probabi
of directed hopping. If the enhanced hopping rate due to
tip is small compared to the existing diffusion the asymme
introduced due to the tip motion will not lead to directe
motion since the hopping rate is too low to follow the ti
The change in potential landscape needs to be local as
cated by the 0.4 nm shift used in the calculations above
the potential barrier of the corrugation is lowered on bo
sides of the adsorbate with respect to the tip position on
larger total hopping rate is to be expected as observed in
4. As shown in Fig. 8 an ultrasharp tip ofR50.3 nm can lead
to a locally large enough field to cause directed manipulat
but already a tip ofR55 nm leads to a low gradient causin
a lowering of the barriers with a small asymmetry. Thu
only an ultrasharp tip can lead to directed hopping.

A cylindrically symmetric potential/force due the tip, Fig
8, can lead to an anisotropy in the manipulation due to
motion of the tip. If the dimer has hopped along the directi
of tip motion an additional hopping event is more probab
than in the case where the dimer has hopped in anothe
rection. This asymmetry will appear if the attraction of th
tip is strong enough to drag the adsorbate along. An
hanced isotropic hopping rate~ignoring preferred directions
due to the substrate! is the result of a weak interaction sinc
the adsorbates cannot follow the tip. This symmetry can
broken to an extent by a low loop-gain scan, enhancing
field on one side of the dimer as discussed above. The fo
on an induced dipole is attractive as shown in Fig. 8, res
ing in a hop toward the tip which is consistent with th
negative average of the relative hopping rateD in Fig. 5. The
high loop-gain experiments have a positive average indi
ing a small tendency to hop with the tip as argued in
beginning of the paragraph. We still need to explain the o
gin of the large scatter in Fig. 5.

There is another way to create an asymmetry in the dir
tion of adsorbate hopping. If the termination of the tip is n
symmetric, the gradient on the ‘‘front side’’ of the tip can b
considerably different from the ‘‘backside’’ of the tip. Thi
situation would either favor an invasive front- or backside
the tip breaking the symmetry of adsorbate movement. T
adsorbate can in principle either hop toward the tip bef
the tip passes over it or afterwards, resulting in a motion w
or against the tip direction. If the tip is symmetric and t
probability for a second hop low this will lead to zero n
movement. However, if the tip is not symmetric, the force
the front side of the tip can be different from the backsid
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This will favor motion along with, or against, the direction
motion of the tip.

The magnitude of the gradient seen by the Sb2 dimer will
be dominated by the last few atoms on the effective ape
the tip, the microtip. A microtip, which extends only fe
atoms, dominates the field gradient on the few nm len
scale. The local field is not screened on the length scal
the microtip deviation from the macroscopic tip, as has b
shown by calculations15 of the field profile of a ‘‘blunt’’ tip
with an extension of atomic dimensions. At the current tim
microtips cannot be fabricated, they are created by mic
scopic changes of the tip during scanning like a rearran
ment of the tip apex or adsorption of particles from the s
face onto the tip. It may also already be altered af
establishing the initial tunneling current due to the clo
proximity to the surface~large current, feedback overshoo!.
This explains that the gradient of the tip field, which is d
termined by the termination of the tip, cannot be reprodu
in a controlled way. Changes in the microscopic tip termin
tion can be observed by field ion microscopy.16 We did not
have this technique at our disposal but such a study co
further confirm this model. A microtip with a certain sym
metry will dominate a series of scans resulting in net mo
ment or just enhanced hopping, as shown in Fig. 5. This l
of control over the symmetry of the microtip can thus e
plain the large scatter observed in the net hopping direct

On substrates with a smaller corrugation potential a fie
based manipulation technique also does not lead to ato
scale manipulation. In this case the confining potential of
adsorbate on the surface is smaller. Nevertheless, an at
cally sharp tip termination is necessary to create an attrac
potential that is localized to a few nanometers. The exp
ments by Whitmanet al.6 showed that field induced C
movement on 3:5 semiconductors is possible but not on
sub 10 nm length scale. Single atom manipulation to cre
an artificial structure is not possible in this system. Sh
range interactions utilized in Refs. 1–3 are well suited
work on the atomic length scale.

VII. CONCLUSION

In summary, we have achieved local directed manipu
tion which is based on the electric field of the STM ti
Under good conditions the manipulation leads to direc
JVST B - Microelectronics and Nanometer Structures
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hopping with an asymmetry ratio of up to two. Models f
the manipulation based on an induced and permanent di
were considered and specifically evaluated for
Sb2:Si~001! system. We found that the energy that can
gained by an in-plane movement in the tip field is only
the order of the thermal energy if one assumes tip shapes
are externally controllable, i.e., no microtips. An asymmet
microtip is necessary to achieve a field distribution result
in net movement of the adsorbates. We conclude that a fi
based technique is only suited for manipulation with nm p
cision when a controllable microtip is available, which is n
yet the case.
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