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Role of multiple inelastic transitions in atom transfer with the scanning tunneling microscope
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The high current density obtainable with the scanning tunneling microscope can be used to promote
multiple vibrational excitations of an adsorbate via inelastic electron tunneling. Calculations indicate
that this effect plays an important role in the transfer of Xe atoms between a sample and tip by the appli-
cation of current pulses. Directionality of atom transfer and applications to other systems are discussed.

The scanning tunneling microscope (STM) is becoming
a unique tool for the manipulation of atoms and mole-
cules on surfaces. ' Recent experimental progress in this
area includes electric-field driven diffusion of atoms into
the region under the tip, the precise repositioning of
atoms on a surface, desorption ' and dissociation on
the scale of individual molecules, and reversible transfer
of atoms between the sample and the STM tip by the ap-
plication of voltage pulses. ' A key feature of the STM
is that very large current densities can be obtained in the
tunnel junction —up to —10' electrons s ' through an
area of atomic dimensions. The tunneling current can
cause heating of the sample and tip, ' '" and it can induce
vibrational excitation in an absorbate via inelastic tunnel-
ing, " ' though efforts to identify such inelastic features
in STM I-V curves have not achieved much success. We
argue that inelastic tunneling can have a profound effect
in experiments that use the high current density of the
STM to manipulate atoms and molecules. In particular,
we show that for an adsorbate with a relatively long life-
time for vibrational relaxation, it is possible for the STM
to induce a sequence of vibrational excitations by inelas-
tic tunneling, and thus localize substantial energy in a
bond. This energy is then available for the controlled
stimulation of processes such as diffusion, desorption, dis-
sociation, or reaction.

As a specific example of vibrational heating with the
STM, we consider the recent atom-transfer experiments
of Eigler, Lutz, and Rudge. In these experiments, Xe
atoms were reversibly transferred between a Ni(110) sur-
face and the STM tip by the application of voltage pulses
(+0.8 V, 64 ms). Xe atoms were transferred in the same
direction as the tunneling electrons Aow. For a particular
tip-sample configuration, the transfer rate varied approxi-
mately as I,where I is the tunneling current. We show
that such a dependence is consistent with a model in
which there is stepwise excitation of the adatom-surface
bond by inelastic electron tunneling.

The key features of our model are as follows: (i) a
potential-energy surface for the motion of the Xe atom,
including energy levels and wave functions associated
with the adatom-substrate vibration and (ii) a set of rate
equations (master equations) which describe vibrational
transitions induced by the tunneling electrons and also by
phonons. Similar approaches have been used to describe
thermal desorption' and field desorption. ' For simplici-
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FIG. 1. The potential curve for Xe at zero bias (curve a) has
a well on the sample (left side) and a deeper well on the tip
(right side). The effect of adding a dipole potential is shown for
bias voltages of —0.2 V (curve b) and +0.8 V (curve c) applied
to the sample. Note the reversal of the asymmetry for curve c.

ty we consider a one-dimensional model in which the Xe
atom is placed in a double-well potential. The crucial
feature of this potential is the energy barrier for atom
transfer from the sample to the tip. When the tip is
sufficiently far from the sample, the energy barrier is the
Xe-sample binding energy. As the tip is brought close to
the Xe atom, the energy barrier is reduced by attractive
interactions with the tip. This effect can be examined by
constructing atomistic models of the sample and tip, with
pair potentials to describe the Xe-sample and Xe-tip in-
teractions. We use a pair potential with an exponential
repulsive wall and "damped" multipolar attractive terms
as suggested by Tang and Toennies. ' When the parame-
ters of the pair potential are suitably chosen, a reasonable
description of the interaction of Xe with Ni(110) is ob-
tained. ' We represent the tip by a 30X30 A slab of
atoms with the Ni(110) geometry, centered over the Xe
adatom. In experiments, spontaneous transfer of Xe to
the tip occurred at small tip-sample distances, implying
stronger binding on the tip. Thus we increased the at-
tractive terms in the pair potential for tip atoms. We use
the resulting one-dimensional double well, in which the
only relevant variable is the distance of the Xe atom from
the surface. An example is shown in Fig. 1. The detailed
shape of the double well is not very dependent on the pa-
rameters of the pair potential. The energy barrier for Xe

0163-1829/93/48(3)/1858(4)/$06. 00 1858 1993 The American Physical Society



48 ROLE OF MULTIPLE INELASTIC TRANSITIONS IN ATOM. . . 1859

106

104
I

10
I—

10'

~ 10

10-4

100
— 90

80

70

60

50

40

F30

20
— 10

10 0
4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 5,8 6.0

TIP —SAMPLE DiSTANCE (A)

FIG. 2. The calculated energy barrier for transfer of Xe from
the sample to the tip is shown (curve a) as a function of tip-
sample distance. The thermally activated transfer rate at 4 K
(curve b) is also shown. The thermal rate is —1 s ' at a tip-

O

sample distance of =4.2 A, where the energy barrier is =9
D

meV. Increasing the tip-sample distance by 0.1 A results in a
barrier of =14 meV.

transfer from the sample to the tip depends strongly on
the tip-sample separation, as shown in Fig. 2. Due to the
long-range nature of the attractive forces, the tip lowers
the barrier over a substantial range of tip-sample dis-
tances.

The experimentally relevant range of energy barriers
can be estimated as follows. Spontaneous transfer of Xe
to the tip occurred at small tip-sample separations.
From the measured junction impedances one can con-
clude that current-driven transfer rates were measured at

0=0. 1 A outward displacement of the tip from the point
of spontaneous transfer. If we regard spontaneous
transfer as thermally activated at the ambient tempera-
ture of 4 K, then a spontaneous transfer rate of —1 s
would correspond to an energy barrier of -9 meV.
From our pair-potential calculations, an outward tip dis-
placement of =0. 1 A would then correspond to barrier
heights of —14 meV —see Fig. 2. Thus we have carried
out calculations for barriers in the 10—20-meV range.

The kinetics of atom transfer are described by rate
equations. First, the quantum mechanically exact vibra-
tional energy levels and wave functions are obtained for
Xe in a double-well potential. ' For the double well of
Fig. 1 (curve a) there are six states below the barrier lo-
calized on the sample, and ten states localized on the tip,
as illustrated in Fig. 3. Rates are used to describe transi-
tions between the vibrational states due to interactions
with tunneling electrons and phonons. Two mechanisms
for inelastic tunneling are important: (i) tunneling via the
Xe "6s" resonance and (ii) dipole excitation. In resonant
tunneling, ' the electron can be regarded as temporarily
hopping onto the Xe atom, forming a transient negative
ion. During the resonance lifetime the Xe atom experi-
ences a force which results in a small probability for vi-
brational excitation. From the model of Persson and
Baratoff, ' we estimate that the ratio of inelastic to elastic
tunneling conductance (for the v =0 to 1 vibration) is
-3X10 . The tunneling electrons also interact with
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FIG. 3. The left panel shows the rate of current-driven
transfer of Xe from the sample to the tip for negative bias (solid
lines) and positive bias (dotted lines) applied to the sample, with
inelastic tunneling fractions of 3 X 10 (curve a), 6X 10
(curve b), and 1.2 X 10 ' (curve c). Experimental data of Eigler,
Lutz, and Rudge (Ref. 9) are shown for comparison (dots with
error bars). The right panel shows a typical energy-level scheme
used in the rate equations. Transitions occur stepwise on the vi-
brational ladder, and atomic tunneling is included for levels
near the top of the barrier. States above the barrier are replaced
by a single efFective level.

the transition dipole moment of the adatom-surface vi-
bration. The dipole mechanism" yields an inelastic tun-
neling fraction of =(po, /eao), where iMo& is the transi-
tion dipole moment and ao is the bohr radius. From the
dipole moment function of Lang, we estimate an inelas-
tic tunneling ratio of -2X10 for the dipole mecha-
nism. This is comparable to the estimate for the reso-
nance mechanism. In the resonance mechanism, transi-
tions other than AU =+1 are negligible owing to the
short resonance lifetime. ' Also, the rate for n —1~n is
larger than the 0~1 rate by a multiplicative factor of n.
This is a consequence of a linear expansion and the result
that for a harmonic oscillator )(n —l~x~n ) )

o-n The.
same scaling relation approximately holds for dipole exci-
tation owing to a similar linear expansion. Thus all of
the relevant inelastic tunneling rates are proportional to
the u =0 to 1 rate, and the atom moves on a vibrational
ladder by taking steps of AU=+1, as illustrated in Fig.
3 24

Relaxation of the Xe-surface vibration occurs by ener-
gy transfer to metal phonons. We have estimated the re-
laxation rates as follows: (i) classical-trajectory calcula-
tions for Xe interacting with a large metal cluster, (ii)
the distorted-wave, Born approximation, and (iii) a sim-
ple model in which the metal is treated as an elastic
continuum driven by the vibrating atom. These three ap-
proaches yield closely similar results (within a factor of
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the net probability for the nth state to be on the sample
side of the barrier. Rs & is an ensemble-averaged rate,
which is directly related to an average obtained by re-
peated measurements on a single atom, as done by Eigler,
Lutz, and Rudge. The calculated transfer rate is shown
in Fig. 3 for a sequence of assumed 0~1 inelastic tunnel-
ing fractions and for positive as well as negative bias volt-
ages. The calculations use the double-well potential of
Fig. 1. Reasonable agreement with experiment is ob-
tained for an inelastic tunneling fraction of 6 X 10 " and
a negative bias applied to the sample (solid curve b}. The
calculated rate differs from a pure power law because
there are several competing paths for barrier crossing
(thermal excitation, current-driven excitation, and atomic
tunneling), and also because the barrier height varies with
the applied electric field. For small currents ( &50 nA)
the transfer rate is predicted to be independent of the
direction of current Aow. In the low current regime, in-
elastic tunneling simply heats the atom —the fields and
currents are too small to provide substantial directionali-
ty. For higher Gelds atom transfer becomes highly direc-
tional due to the dipole term in the potential. For +0.8
V applied to the sample (see Fig. 1, curve c), the calculat-
ed transfer rate from sample to tip is smal1er than the
tip-to-sample rate by a factor of -4X10 . From the
magnitude of the rates, a 64-ms pulse would transfer a Xe
atom on the tip back to the sample with a probability
near unity ( =0.9996). Similarly, a —0.8-V, 64-ms pulse
applied to the sample would transfer Xe to the tip. Thus
our results are consistent with reversible switching of Xe
at+0. 8 V.

Si atoms have also been reversibly transferred with a
STM by voltage pulses. As for Xe, the proximity of the
tip substantially lowers the energy barrier for atom
transfer, but for Si, chemical interactions are relevant in-
stead of van der Waals forces. Si atoms were transferred
to the negatively biased electrode, which is opposite to
the direction of Xe transfer. Directionality for Si results
from the substantial changes in chemisorption that occur
in the presence of very strong electric Gelds, as discussed
by Lang. The dipole force sketched above for Xe is
too weak to substantially affect Si. Also, in contrast to
Xe, inelastic tunneling is not expected to signiGcantly
heat the Si-substrate bond because of strong coupling of
this vibration to phonons. However, for other systems,
such as H chemisorbed on Si, vibrational relaxation is
inemcient, and local heating by the tunneling current can
again play an important role.

Current-driven atom transfer is closely related to elec-
tr omigration. Recently, Rails, Ralph, and Buhrman
demonstrated local heating of a defect above the lattice
temperature, and Eigler and co-workers have suggested
that Xe transfer occurs by thermally assisted electromi-
gration. ' Our model is similar in spirit, but with
different sources of heating and directionality than are
usually discussed in the context of electromigration.
Since current Qow is directional, energy transfer by in-
elastic tunneling should be accompanied by a net transfer
of momentum to the Xe atom. In a simple picture, the
average momentum change per electron, Ap, would be re-
lated to the average energy transfer, hE, by

2), and indicate that the continuum model is adequate.
This model yields an =25-ps lifetime for the U = 1 level in
our potential well. The higher vibrational levels decay by
transitions with Av = 1 and 2, with rates that reAect the
anharmonic character of the potential. Rates for exci-
tation by metal phonons are related to the downward re-
laxation rates by detailed balance at 4 K, thus assuring
equilibrium in the absence of current Row. Tunneling of
the Xe atom near the top of the barrier is included in the
rate equations. A more detailed description will be
presented elsewhere.

An estimate of current-driven vibrational excitation
can now be obtained. In steady state, there is a balance
between excitation and relaxation, which for small
currents yields a population in v = 1 of n, =no(I/e)f;„r,
where no is the ground-state population, I is the current,
f;„is the inelastic tunneling fraction, and r is the lifetime
of the v =1 1evel. For a harmonic vibration, the steady-
state population of hi~her levels falls off as successive
powers of [(I/e)f;„r]. With r=25 ps, I =200 nA, and
f;„=5 X 10, one has a population ratio n, /n o
=1.5X10, which for a level spacing of Ace=2. 5 meV
corresponds to an effective vibrational temperature of =7
K. Thus inelastic tunneling can substantially heat the vi-
brational mode above the ambient temperature (4 K).

We next examine the directionality of atom transfer.
Several mechanisms including multipolar interactions
and the electron wind force have been considered. Esti-
mates for Xe indicate that the adsorption-induced dipole
is the dominant effect, as suggested by Cerda et al. Xe
adsorption lowers the work function, ' indicating a di-
pole of -0.3 D. According to local-density calcula-
tions, ' ' the dipole moment depends strongly on the
Xe-surface distance. Since the sample and tip surfaces
oppose each other, the dipole takes on opposite signs for
adsorption on the sample and tip. In the presence of an
applied Geld this gives rise to a directional force on the
Xe atom, F =(Bp/Bx ) Vb;„/w, where p(x) is the dipole
moment, Vb;„ is the voltage applied to the sample, and m

is the distance between image planes on the sample and
tip. We approximate p(x) for Xe in a bimetallic junction
by a sum of dipoles for the two opposing surfaces,
p(x}=go/[a+P(x/I. ) ) po/[a+P(w —x/I. ) ], where-
po=0. 3 D, a=0.3, p=0. 7, x is the Xe distance from a
reference plane on the sample, and we take m =4.4 A
and L =1.56 A. These parameters reproduce the calcu-
lated p(x) for a single surface The e. ffect of the dipole
term on the double well is shown in Fig. 1 for bias volt-
ages of 0 (curve a), —0.2 V (curve b), and +0.8 V (curve
c). The sign of the dipole effect favors Xe adsorption on
the positively biased electrode. Atom transfer at low bias
voltages ( ~ V~ (0.1 V) is not very dependent on the dipole
term. However, this term gives rise to reversible transfer
at higher voltages, as evidenced by the reversal in the
asymmetry of the double well at +0.8 V (curve c}.

The rate equations predict exponential decay of the
probability to Gnd the Xe atom on the sample side
of the barrier, as seen in experiment. The transfer
rate from sample to tip is defined by Rz

g„c„Pz(n)/g„—c„Pz(n), where c„ is the probability
of finding the atom in the nth vibrational state and Pz(n)
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b,E -(hp ) /2M, where M is the Xe mass. Momentum
transfer results in an "electron wind" force F = (I /e)bp.
For our model tunnel junction this wind force is estimat-
ed to be a factor of —10 smaller than the dipole force,
and was thus neglected. However, for low impedance
tunnel junctions the electron wind may contribute to
directional atom transfer.

In conclusion we have shown that the STM current
can produce multiple vibrational excitation of an adsor-
bate via inelastic electron tunneling. This opens new pos-
sibilities for atomic and molecular manipulation with the
STM, and suggests new experimental approaches for
identifying inelastic tunneling processes. Significant vi-
brational heating can be achieved with the STM for sys-

tems with long vibrational lifetimes, such as physisorbed
Xe or chemisorbed H atoms. Measurements by Eigler,
Lutz, and Rudge of current-driven transfer of Xe atoms
are consistent with an inelastic tunneling fraction of
-6X10, which is comparable to theoretical estimates
for the resonance' and dipolar" mechanisms. Similar
results were recently described by S. Gao, M. Persson,
and B. I. Lundqvist, Solid State Commun. 84, 271 (1992).
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