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We examine atom transfer resulting from coherent multiple excitation of the adsorbate-substrate
bond caused by inelastic tunneling of a single electron (or hole) via a negative- (or positive-) iou

resonance. At low biases and in particular for the transitions resulting in atom transfer, the rates of
coherent multiple excitation are nonlinear and also highly asymmetrical with respect to the polarity
of the bias. We establish a simple criterion for the regime in which this mechanism dominates
over earlier proposed mechanisms for atom transfer resulting from vibrational heating by sequential
(incoherent) inelastic resonance tunneling. In the case of the atomic switch, where a Xe atom is
transferred between a Ni surface and a tip, the vibrational heating mechanism is found to dominate
over the coherent mechanism. For other systems, such as Na adsorption on Cu or Oq adsorbed on

Pt, the coherent mechanism is argued to play a role in bond breaking.

I. INTRODUCTION

In the past few years there have been very exciting
developments in the ability to control the motion of indi-
vidual atoms and molecules at surfaces on an atomic scale
with the tip of a scanning tunneling microscope (STM).~

Examples of such experiments, which involve the break-
ing and making of selected bonds, are desorption, 2

dissociation, and reversible atom transfer between the
sample and the tip by the application of voltage pulses.
At this stage different mechanisms for these processes, in
particular for the atom transfer, are still being proposed
and explored. The atom transfer is viewed as a poten-
tial barrier crossing problem between the potential wells
formed by the attraction of the atom to the tip and the
sample. The crossing of such a voltage-dependent barrier
by thermal activation has been invoked in explaining the
observed behavior of the transfer of a Si atom between a
tungsten tip and a Si surface. Nonthermal atom trans-
fer processes, like single-atom tunnelings and vibrational
heating by inelastic electron tunneling, have been put
forward in explaining the power-law dependence observed
by Eigler, Lutz, and Rudge of the transfer rate of a Xe
atom between a Ni surface and a tungsten tip as a func-
tion of applied voltage at cryogenic temperatures. In
reality, a combination of tunneling and vibrational heat-
ing processes wiO be relevant, but the tunneling requires
a small and narrow energy barrier and will therefore in
most cases be important close to the top of the bar-
rier. The common key feature of the proposed models
for atom transfer via vibrational heating by inelastic elec-
tron t»@~cling is that they involve a stepwise vibrational

excitation of the adsorbate-substrate bond, resulting in
a strong nonlinear dependence of the transfer rate on the
applied voltage.

The possibility of overcoming a potential barrier via
excitations by inelastic electron scattering has also been
stressed in connection with desorption induced by elec-
tronic transitions (DIET) (Ref. 11) and desorption driven

by laser-excited hot electrons. A key ingredient in this
context is the nonadiabatic coupling between the ion
cores and the electrons via an adsorbate-induced res-
onance. A prime example of such a resonance is the
negative-ion resonance that is created when an afBnity
level of an atom or the lowest unoccupied molecular or-
bital (LUMO) of a molecule~s is occupied. The electron,
created in the substrate by absorption of a photon or
coming from an incident electron beam, is temporarily
trapped in such a negative-ion resonance state. While
the electron is trapped in this state, the adsorbate wave
packet resides on an excited-state potential energy sur-
face and evolves in time until the resonance decays. The
wave packet then returns to the ground-state potential
energy surface, where it is now no longer exclusively in
the lowest vibrational state. In fact, it is possible that
the adsorbate escapes by ending up in a state above
the barrier, which results in the Gssion of the adsorbate-
substrate bond. On a strictly repulsive excited-state po-
tential energy surface, and in the case of a long-lived res-
onance, the bond can also be broken if a part of the wave
packet escapes before it returns to the ground-state po-
tential, resulting in a negative ion. Even if the adsorbate
ends up in a vibrationally excited state below the barrier
there is a chance of crossing the barrier at a later time
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by additional transitions created by the transient trap-
ping of subsequent electrons in the resonance state. This
process, refered to as the desorption induced by mul-
tiple electronic transitions (DIMET) mechanism, re-
quires that the excited-vibrational-state lifetimes are not
too short compared to the average time between subse-
quent electron scattering events. This mechanism, where
the multistep vibrational excitation is created by many
single steps, is completely analogous to the proposed vi-

brational heating mechanism for atom transfer in STM,
while a mechanism analogous to the above DIET process
for bond breaking via a multistep vibrational excitation
in a single jump has not so far been discussed in detail
for atom transfer. This latter mechanism is in this work
referred to as atom transfer by multiple coherent excita-
tion, as opposed to the vibrational heating mechanism
by inelastic tunneling, which is referred to as transfer
induced by multiple incoherent excitations.

In this paper, we explore and discuss the atom trans-
fer resulting from multiple vibrational excitations of the
adsorbate-substrate bond caused by inelastic tunneling
of a single electron via an adsorbate-induced resonance
level. Our analysis is based on a simple resonance level
model and a truncated oscillator model for atom transfer,
as in Ref. 9. This inelastic resonance tunneling model
is closely related to the model used in the description
of DIET. Multiple coherent excitations can also take
place by dipole coupling, but in this work we focus on
the resonance coupling, since the experience gained &om
treatments of electron-hole pair damping of adsorbate
vibrations and vibrational excitation by inelastic elec-
tron tunneling suggests that this resonance coupling
is often dominant. We consider only the situation of a
negative- or positive-ion resonance where the occupancy
of the resonance level is nearly empty or full. For in-
stance, despite the fact that the resonance derived &om
the 6s valence level of a Xe atom adsorbed on a Ni surface
is located well above the Fermi level, it has been argued
that it gives a dominant contribution to the tunneling
current. ~8

A characteristic feature of the STM that we will ex-
ploit in this work is that the occupancy of the resonance
by the tunneling electrons and the corresponding inelas-
tic coupling can be controlled by varying the magnitude
and polarity of the applied voltage. While the overall
current is directly related to the occupancy of the reso-
nance, as controlled by the bias, the rates of vibrational
excitations are more complicated and depend also on the
force experienced by the atom on the excited-state poten-
tial energy surface, oa the width of the resonance, and
on the energies of the tunneling electrons relative to the
center of the resonance. We find that, at low biases, the
rate of transfer as a result of coherent multiple excitation
will be proportional to the bias, but that it quickly be-
comes nonlinear, and that this nonlinearity is more pro-
nounced for excitations to higher-lying vibrational levels.
We also establish that the polarity of the bias required
to cause transfer depends on whether the resonance is
nearly empty or full. We compare the relative eKciency
of coherent and incoherent multiple excitation with re-
spect to atom transfer and establish that the key fac-

II. MODEL

We adopt the same model for the electronic structure
of the adsorbate, the tip, and the sample as used previ-
ously in the description of Xe transfer on Ni(110). Re-
lated resonance models including a coupling to a local
oscillator have appeared in many different contexts as
stressed by Gadzuk~s and are often referred to as local
polaron models. Thus it seems only necessary to give a
summary of this model here.

The adsorbate-induced resonance is modeled by a sin-

gle orbital with an energy e interacting with two con-
tinua of electron levels representing the tip and the sam-

ple, respectively, as shown in Fig. 1. The applied voltage
V between the tip and the sample is represented by a shift
eV of their Fermi levels with respect to each other. In
order to cover both directions of atom transfer, i.e., &om

Sample Tlp

eV

FIG. 1. Model of the electronic structure of the tip-sample
system, with an atom adsorbed on the sample.

tor is the magnitude of the tunneling particle current
through the resonance relative to the inverse vibrational
lifetime. For instance, in the case of reversible Xe atom
transfer between a Ni surface and the tungsten tip, the
relatively long vibrational lifetime suggests that the in-
coherent multiple excitation mechanism dominates over
the coherent one, whereas for other systems, e.g. , Na ad-
sorbed on Cu(111) or 02 adsorbed on Pt(111),where the
vibrational lifetime is expected to be significantly shorter,
the coherent multiple excitation mechanism can play a
significant role in the bond breaking.

After presenting our model for atom transfer by coher-
ent multiple excitation in Sec. II, the necessary theory
for the calculation of the transfer rate is developed in Sec.
III. The resulting dependence of the multiple excitation
and transfer rate on the resonance parameters is pre-
sented and discussed in Sec. IV. In addition, the criteria
for the relative roles of coherent and incoherent multiple
excitation in atom transfer are presented, and used in the
discussion of the observed reversible Xe transfer between
a Ni surface and a W tip. Here we also speculate about
the possibility of Na atom transfer between a Cu(ill)
surface and a tip and intramolecular bond breaking of
the 02 molecule adsorbed on Pt(111). Finally, Sec. V
contains some concluding remarks.
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the sample to the tip and vice versa, the bias V is de-
fined as the electrostatic potential difference between the
electrode on which the atom is initially adsorbed and the
electrode to which the atom is transferred. The adsor-
bate level turns into a resonance due to the interaction
with the two continua of levels. For simplicity, this reso-
nance, centered around an energy e, is assumed to have a
Lorentxian line shape with a full width at half maximum
I'. We ass»me that i is fixed with respect to the Fermi
level e~ of the tip or the sample on which the adsorbate
is located (as is taken for granted in Fig. 1). The width
I = I', + I'q has contributions from the partial widths I',
and I q due to the interaction with the sample and tip,
respectively. Typically, the partial w'idth &om the elec-
trode on which the adsorbate is located dominates. We
will only deal with the cases of a negative- or a positive-
ion resonance. In the case of a negative-ion resonance, i
is well above the Fermi level e~ (compared with I') and
has an average occupancy n &( 1, whereas in the case of
the positive-ion resonance ey' —e » I' and 1 —n « 1.
The situation of a partially occupied resonance, where

is close to e~ compared to I' is a very interesting one
but requires a different approach. The spin is simply in-
cluded in our treatment by an extra factor of 2 at the
appropriate places.

The atom transfer rate will be calculated and discussed
using a truncated oscillator model. This means that
the ground-state potential energy surface Vs(z) for the
adsorbate is assumed to be harmonic and that the con-
tinuum of levels above the barrier is represented by the
discrete levels of Vo(z) with energies above the barrier,
as shown in Fig. 2. The modeling of the nonadiabatic
coupling between the adsorbate ion cores and the res-
onant level is done in a standard manner by assuming
that e shifts linearly with the adsorbate coordinate z;
e (z) = e + zBe /Bz. In the case of a negative-ion reso-
nance, the excited-state potential energy curve V'(z) is
given by V'(z) = Vo(z) —Fz, where F = —Be /Bz is the
force, while for a positive-ion resonance the excited-state
potential energy curve is given by V'(z) = Vo(z) +Fz. In
both cases V'(z) is simply a displaced version of Vo(z).
The neglect of the change in curvature between V'(z)
and Vo(z) is vindicated by the fact that the resonance

+ V (z)a
r

I
l( I

g Vp(z)
I

III ]( I' n=N

/r'I J'
n=O

lifetime on metal surfaces is typically much shorter than
the vibrational period, corresponding to an impulsive col-
lision. While the electron is trapped in such a short-lived
resonance state, the displacement of the adsorbate wave
packet on V'(z) (but not the change in its momentum)
can be neglected.

III. THEORY

Since our model for atom transfer based on the mul-

tiple coherent excitation mechanism is closely related to
the model for DIET developed by Gadzuk, we will sim-

ply use the results compiled in this work to derive ex-
plicit expressions for the rate of coherent multiple vibra-
tional excitation by inelastic electron tunneling in the im-
pulse limit, and apply these to the calculation of the rate
of transfer. We will develop the theory for a negative-
ion resonance and indicate at appropriate places how a
positive-ion resonance can be treated by considering scat-
tering of holes instead of electrons.

We start with a well-known result &om the literature
that has been nicely discussed by Gadzuk, for the prob-
ability, P„(e,)de;, that an electron scattering through the
resonance with incident energy e; causes a vibrational
transition from the ground state (n = 0) to the nth ex-
cited state,

2r . (n(m)(m~o)
2z. - (e„—e;) + mhus —ii'/2

ma=0

de;, (1)

0

x e '(" '" "e (2)

where the ~m) are the vibrational states on V'(z), ldp

the vibrational frequency in the excited- (and also the
ground-) state potential well of the adsorbate with mass
p, and e„[=e —F /(2p~o)j is the energy of the center
of the resonance which includes a relaxation shift for the
adsorbate on V'(z). In the case of a positive-ion reso-
nance, P„(c;)de;is viewed as the scattering probability
for a hole, with an energy cy' —6 relative to e~, in an elec-
tron state with an energy e; below e~. The expression for
P„(e;)in (1) can be evaluated in two ways; the method
that follows, in the time domain, has the advantage that
it is easier to relate to the discussion of excitation that
we presented above. The alternative method (discussed
in the Appendix) is however more general, in that it is
more easily applicable to the case of excitation between
any two levels; the treatment below applies only to the
case of excitation to or from the ground state.

The time-dependent method is based on converting the
summation in (1) into a time integral,

FIG. 2. Potential energy curves and evolution of the wave
packet in the truncated oscillator model.

where H' = P okum~m)(m~ is the Hamiltonian for
the adsorbate on V'(z), excluding the zero-point energy
huo/2 and the relaxation shift. This expression for P„(e;)
has a simple interpretation; it is the modulus squared of a
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time integral of the amplitudes for finding the electron in
the resonance state and the wave packet in a vibrationally
excited state n of Vp(z) after propagation on V*(z) . In
the evaluation of Eq. (2), we will be concerned with the
short-time limit, obtained when the dominant contribu-
tion to the time integral comes from ~ (( uo. This con-
dition is fulfilled either when I'/2 )) up or ~!E

—E
~
)) leap

or, more generally, whenever I',g » coo, where I' g is an
effective energy-dependent width defined by

(( )2 + I 2/4jll2

In this short-time limit, the value of the matrix element
in (2) is given by the standard result, 2P

(n(e ' l"[0) = e "~'
(Au( v)"/Wn& (4)

where A is a dimensionless coupling constant which re-
lates to the force on the adsorbate in V'(z) according
to A = F/(2pJuup) l Note . that the probabilities cor-
responding to the amplitudes for the diferent values of
n form a Poisson distribution. In the evaluation of the
time integral in (2) using (4), we will make use of a some-
what more restrictive definition of the impulsive limit as
nARu/I', ir (( 1. The term e !" ! l is then close to
unity in the region near the maximum of the integrand,
and can therefore be ignored. This leads to

Note that this distribution is no longer a Poisson distri-
bution, and the presence of the factor nt leads this ex-
pression to break down for large n when n I',ir/(Afuup).

It is useful to understand the relation between the re-
sult for P„(e;)in (5) and the standard DIET result. 2

The latter is obtained by determining the occupation P„
of a level n on the assumption that the resonance-state
lifetime has a single value, and then integrating this over
an exponential distribution of lifetimes,

(8)

but now with I' replaced by I',g and a slightly difer-
ent distribution over the levels. Note that the efFec-
tive coupling constant (Ahurp/I', ir)2 in (8) is equal to
hF /(2p(apl', &), which is nothing other than the strength
parameter in a forced oscillator model description in the
impulsive limit; the impulse is simply Fh/I', g, where
h/I', ir is interpreted as a collision duration time.

Now we turn to the application of the main result, Eq.
(5), to the problem of atom transfer with the STM. We
will do that by first determining I„,the current causing
a transition to level n. In order to calculate I„weneed
to discuss some of the effects of the Pauli exclusion prin-
ciple. In the situation of a biased tip such that (eV~ is
larger than the excitation energy nRuo there will always
be an empty final state for the inelastically scattered elec-
trons. Hence, we can adopt the expression for the total
current I in the one-dimensional (zero-temperature) case,
developed by Wingreen, Jacobsen, and Wilkins,

4er r~I„= ' P„(e)de. (10)

/1~/
= —"„jding f da;

x ) P„(e;)b(e —ef nhcu),
n=o

where ey is the final energy of the electron. The final
state of the electron is on the same electrode as the ad-
sorbate when V ) 0. For V ( 0, the initial location of
the electron is on this electrode. The Fermi levels e;F
and efF are associated with the electrodes on which the
incident and the scattered electrons are located, respec-
tively; ~;F ——eF + eV and efF ——~F when V ) 0, and

= cF and eyF ——eF + eV when V & 0. The current
causing excitation to the nth level is then

OO

p„=— /(nfe
'H Is[0)(2e r lsdr

0
(6)

This expression is nothing other than an average over the
distribution of resonance lifetimes of probabilities of find-

ing the wave packet on V'(z) in a vibrationally excited
state n of Vp(z), as opposed to the integral of amplitudes
in (2) . As noted by Gadzuk the expression for P„
in (6) is obtained just by integrating P (e;) in (1) over
all incident energies. Inserting the expression (4) for the
matrix element, in the impulsive limit one arrives at

2n! t'Ahpdp l

Note that the impulsive limit corresponds to a weak
inelastic coupling since P decays rapidly with n and
Pp 1. A similiar result to Eq. (7) is now obtained for
the relative probabilities of excitation by a single elec-
tron,

Rcoh ) en=N

In the impulsive limit of interest here, the sum in Eq. (11)
is dominated by its first term ~I~/e~ and R' " ~I~/e~
Finally, it is useful to note that an upper limit of ~I (

is
obtained by an integration over all c in (10) and is given

by,

I-" 4 r.r,
(12)

Note that the current is defined to be positive for positive
V. In the situation of a positive-ion resonance i ( eF,
we obtain, by considering scattering of holes instead of
electrons, the same result as for a negative-ion resonance
located eF —i above ~F, if the polarity of V is reversed.

The rate of transfer to the nth level is now sim-

ply ~I„/e~. Consequently in the truncated harmonic
oscillator, if the potential well has N bound states, the
rate of transfer R' " to the tip is given by,
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where P is defined in Eq. (6). In the next section, we

will use this result to separate out the coupling strength
A when presenting the results for I„.

IV. RESULTS AND DISCUSSION

In this section we aim to present our results in
such a way that they are not only applicable to a
specific system like Xe on Ni(110) but also to other
adsorption systems where we have a negative- (or
positive-) ion resonance close to the Fermi level. At the
end we will discuss a few explicit systems in connection
with the criteria established concerning the relative roles
of coherent and incoherent multiple excitations. We will

primarily discuss the case of a negative-ion resonance
since the results for a negative- and positive-ion reso-
nance are simply related to each other.

Parameters that are likely to vary between one sys-
tem and another are the force F on the adsorbate on
its excited-state potential energy surface, the width I'
of the resonance, and its position e„with respect to the
Fermi level ey. The dependence of the transition rates
I„onthe force I' is separated out by normalizing againstI„.The dependence on the two parameters I' and
(e„—ef) is revealed by presenting results as a function
of bias V against I' or (e„—sf) for a range of values
of ~e

— fs~/I' && 1/2 appropriate for a negative- (or
positive-) ion resonance.

The dependence of the elastic tunneling currents on
the resonance parameters and the bias is shown in Fig.
3. Note that Io/lo depends on (e„—eF)/I' in a sim-

ple manner; the curve simply shifts rigidly with the pa-
rameter (s„—ep )/I' in such a way that the currents are
all zero at zero bias and the infiection point occurs at
eV = s„—ey. In particular, the sharp increase of Io
with bias V at the inflection point arises because Po(e;)

has its maximum at e; = e~, corresponding to the max-
imum in the final density of states. The effect of I' is
just to determine the rate of this increase. Note also
that the absolute magnitude of Io is highly asymmetric
with respect to V. The same results are obtained for
a positive-ion resonance simply by reversing the sign of
V. For instance, the absolute magnitude of Io attains its
largest values for negative V instead of positive V.

The behavior of the inelastic tunneling currents which
cause transitions to difFerent vibrational levels is illus-
trated in Fig. 4, for a negative-ion resonance, by com-
paring the currents for n = 0 and n = 4. It is sufficient
to consider only a single value of (s„—e~)/I' since, ac-
cording to Eqs. (5) and (10), the currents I„/Im just
shift rigidly with (e„—e~)/I', in an analogous way to
the elastic current (n = 0) as discussed above. The most
important difference between I4 and Io is the much more
rapid increase with V of I4 than Io. This is simply be-
cause P„(s;)goes to the (2n+2) th power of I',p(e;) which
makes the maximum of P (e;) increasingly more narrow
for larger n. As a consequence, one expects that I„and
the corresponding transition rates to the nth level will

depend nonlinearly on V.
A central result of this work is the nonlinear depen-

dence of I„onV in the tail of the resonance, as in Fig.
5. In this situation I',tf(e, ) (e„—e;), the energy depen-
dence of P„(e;)is independent of I', and by normalizing
V to e„—s~ instead of I' it is sufficient to consider only
a single value for (e„—e~)/I'. The deviation of I„from
linear behavior for diferent n with respect to V is nicely
illustrated by normalizing I„to (I'/e) s~v" (V = 0). The
elastic current Io shows a near-linear behavior in a rel-
atively large range of V while I4 starts to deviate even
at ~eV/(e„—eF)~ 0.05. Since P„(s;)goes essentially to
the (2n+ 2)th power of (e„—s;) in the resonance tail,
this behavior is no surprise and shows that the degree of
nonlinearity increases rapidly with n In fact, fr. om Eq.
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FIG. 3. Elastic tunneling current Io for different nega-
tive-ion resonance parameters. The current is normalized to
its absolute maximum value Io " and is plotted against the
applied bias eV normalized to the resonance width 1 for two
difFerent values of (e„—es )/1'. The results for a positive-ion
resonance are simply obtained for the same absolute values of
(e —es )/F by reversing the polarity of V.

FIG. 4. Tunneling currents I causing transitions to difFer-

ent levels n for a negative-ion resonance. The currents are
normalized to their absolute maximum values I " and are
plotted against eV normalized to the resonance width I' for
n = 0 and n = 4 with (e„—ss)/F = 2. The corresponding
result for a positive-ion resonance is obtained by reversing the
polarity of V.
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FIG. 5. Elastic and inelastic tunneling currents I„in the
tail of a resonance. The nonlinear dependence of the currents
for n = 0 and n = 4 with (e„—e~)/I' = 2 on the applied
bias V is revealed by normalizing against the corresponding
differential currents at zero bias. The bias eV has now been
normalized to (e„—eF), since in the resonance tail the func-

tional dependence of the currents is no longer sensitive to I'.
The corresponding result for a positive-ion resonance is again
obtained by reversing the polarity of V.

the presence of an electric Geld, might inHuence or even
mask the nonlinear dependence and the asymmetry of
the transfer rate with respect to V. For instance, one
source of well deformation is the interaction of the dipole
moment of the adsorbed Xe atom with the electric Geld,
making the well at the negative electrode shallower and
thus favouring transfer towards the positive electrode.

In order to decide if coherent multiple excitation plays
an important role in atom transfer, it is necessary to
explore in which regime (if any) this mechanism dom-
inates over transfer by incoherent multiple excitations.
An approximate expression for the transfer rate R'"' "
via multiple incoherent excitation in the truncated oscil-
lator model can easily be obtained as follows in the zero-
temperature limit. A quasi-Boltzrnann distribution is es-
tablished over the levels populated by vibrational heating
because of the competition between vibrational excita-
tion by inelastic resonance electron scattering and deexci-
tation by creation of electron-hole pairs and phonons. '

In the truncated harmonic oscillator model the rate of
excitation from the (n —1)th level to the nth is given
by n~Iq/e~, and np is the corresponding rate of deexcita-
tion. The probability of being in the nth level is therefore
~Iq/(ep) ~". R'"' " is then simply the rate of transfer out
of the (N —l)th level into the Nth level multiplied by
the probability of being in the (N —1)th level,

(10), I„/I„"is given approximately by

N —1

R'"' " (N —1)—
e (epp

(14)

I„
Imax

p2n+1

(e„—eF —eV)z"+' (13)

This result shows that the nonlinear dependence of I„on
V is not just a simple power law.

Having demonstrated the dependence of I„ondiffer-
ent resonance parameters we turn to a discussion of the
possible implications for atom transfer. Recall that in
the truncated harmonic oscillator model and in the im-
pulsive limit, the rate of atom transfer R' " is simply
proportional to the tunneling current IN causing tran-
sitions to a level N, where N is the number of levels
in the ground-state potential well, which will vary &om
system to system. For instance, in the case of Xe on
Ni(110), N has been argued to be 4 or 5. This exam-
ple shows that a rather high multiple excitation might
be needed for a transfer, and the transfer rate is not ex-
pected to be simply linear with bias V but to show a
power-law dependence over a limited range of V. Hence,
atom transfer by coherent as opposed to incoherent mul-
tiple excitations cannot simply be distinguished from the
bias dependence. Another iroportant effect is that B' "
is highly asyrometric with respect to the polarity of V.
In the case of a negative-ion resonance where e„)~~,
R " is much larger for positive V than for negative V,
and conversely for a positive-ion resonance. This result
is in contrast to atom transfer by incoherent multiple ex-
citations, where the vibrational heating is more or less
independent of the sign of V. However, in discussing
the direction of transfer one should bear in mind that
other efFects, such as deformation of the potential well in

This should be contrasted with the rate of transfer
R' "

~I~/e~ by coherent multiple excitation. At suf-
ficiently low V, I~ depends linearly on V, and in this
situation one obtains from Eqs. (10) and (5),

N 1—
e (Ip)

A comparison between the two different results in (14)
and (15) for the rates of transfer shows that coher-
ent multiple excitation will dominate when sufficiently
low currents How through the resonance state, and the
crossover to predominantly incoherent multiple excita-
tions occurs at a current of about I' ec~p where
c~ = [N!/(N —1)]~~(~ ~l. Note that, as has already
been stressed in connection with Eq. (7), the inelastic
resonance scattering is weak so that the total current
through the resonance is dominated by Io. Surprisingly
enough, this criterion does not change in any major way
when the nonlinear dependence of I on V is taken into
account, as can be seen from the result in (13). Finally,
we note that this criterion is consistent with the implicit
assumption behind the result for coherent multiple exci-
tations in Eq. (10), namely, that the adsorbate vibration
has time to relax to the ground state between the inelas-
tic scattering events.

Atom transfer by coherent multiple excitation should
be favored in situations where the vibrational relaxation
rate p is high or when the current is small. The vi-

brational relaxation rate p shows a large variation over
different systems. For instance, estimates of p for Xe on
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Ni(110) suggest that p —3x 10~0 s ~ and is dominated by
phonon damping. Assuming that the dominant part of
the current goes through the resonance, this corresponds
to I* 10 nA and a bias of about 10 mV at the measured
resistance of about 1 MO for the Xe switch. This argu-
ment suggests that for this system the rate of transfer
by incoherent multiple excitations should dominate over
the coherent one in the range 20—200 mV of V used in
the experiment. However, the vibrational damping rate
for this system is not particularly large, since the vibra-
tional energy Rua 4 meV for the adsorbed Xe atom is
low compared to the maximum phonon energy Ru
37 meV for Ni, which makes the phonon damping rate
mph relatively small. Other systems exist where mph can

be about two orders of magnitudes larger. For instance,
consider Na adsorption on Cu, which belongs to a most
interesting class of adsorption systems with a negative-
ion resonance. At low coverage, the Na adsorbate has an
ionic character with a small occupancy of the resonance
derived &om the atomic 3s valence level; in addition, the
observed vibrational frequency fuu0 = 21 meV (Ref. 24)
is relatively large compared to Tuu (- 30 meV). An ad-
sorbate lattice-dynamics calculation using the observed
Rua gives p~g 8 x 10~ /s for Na adsorbed in a hollow
site on Cu(111). This value for the relaxation rate cor-
responds to a crossover current I' as high as 2 pA for
c~ 2. The remaining question is whether the other
conditions that have to be met to obtain atom transfer
can be fu16lled, e.g. , whether the tip-surface resistance
(and hence distance) is sufficiently high so that voltage
is sufBciently large at these currents to give an apprecia-
ble transfer rate. For instance, the tip-surface distance
employed is constrained by the need to ensure that the
barrier formed between the tip and the sample is smaller
than the diffusion barrier along the surface.

We end this section with a consideration of another
potentially interesting system, 02 adsorbed on Pt(111).
Here one can imagine the possibility of studying not only
molecule transfer but also the breaking of the internal
molecular bond. Recent laser irradiation experiments
have shown that it is possible to desorb or dissociate
this adsorbed molecule with photoexcited hot electrons,
either via a DIET mechanism using continous wave irra-
diation or by a DIMET mechanism using an intense fem-
tosecond laser pulse. We will here discuss the possibility
of dissocating the adsorbed molecule using the tunneling
current. At T 80 K the oxygen molecule chemisorbs on
Pt(111) in a molecular state characterized by electron-
energy-loss spectroscopy EELS (Refs. 27 and 28) as hav-
ing an internal vibrational &equency of 108 meV. The ac-
tivate. on energy for dissociation has been estimated &om
the same measurements to be about 0.5 eV and a simple
truncated oscillator model description of the dissociation
gives N=5 or 6. The observed asymmetry of the vibra-
tional line shape suggests that the damping rate is domi-
nated by electron-hole pairs and the observed broadening
would then yield p 4 x 10~2/s. Such a large value is
not entirely unexpected in view of the participation of
the antibonding sr* orbitals in the chemisorption bond,
as evidenced not only by the large decrease of the internal
stretch &equency upon adsorption, but also by the large

dynamic dipole moment observed for this mode. The
suggested value for p corresponds to a relatively large
value of about 1 pA for the crossover current I' between
the regimes of coherent and incoherent multiple excita-
tions. Since the bond breaking in this situation does
not involve formation of a barrier between tip and sam-
ple, it should be possible to vary the tunneling current
over a wider range than for atom (or molecule) transfer
and to investigate the diHerent regimes of bond break-
ing by coherent or incoherent multiple excitations. One
important consequence of a relatively large p, g, which
is four orders of magnitude larger than for Xe on Ni, is
that it should result in a relatively large dissociation rate.
For this system there are several resonances derived &om
the antibonding x* and 3o* orbitals with diferent sym-
metries and energies that could be involved in different
ways in the inelastic tunneling and could be explored by
changing the polarity of the bias and the lateral position
of the tip with respect to the adsorbed molecule.

V. CONCLUDING REMARKS

We have examined atom transfer or, more generally,
potential barrier crossing resulting &om coherent multi-
ple excitation of a bond by inelastic tunneling of a sin-
gle electron (or hole) via a negative- (or positive-) ion
resonance. This mechanism is analogous to the process
of desorption induced by electronic transitions, but with
electrons (or holes) provided by tunneling between a tip
and a substrate. An important difference is the possibil-
ity to control, through the applied voltage, the occupancy
of the resonance by the tunneling electrons and also the
possibility to probe a positive-ion resonance by changing
the polarity of the bias.

Earlier theories of atom transfer using the tip of a scan-
ning tunneling microscope have been based on a DIMET-
like mechanism, where atom transfer results &om inco-
herent multiple excitations produced by sequential inelas-
tic scattering of tunneling electrons. This latter mech-
anism gives rise to a quasi-Boltzmann distribution of
vibrational states corresponding to a vibrational heat-
ing, while the coherent multiple excitations are not dis-
tributed in a Boltzmann-like manner. At low biases, we
find that the rate of coherent multiple excitation is also
nonlinear, in particular for excitations to high-lying vi-
brational levels resulting in atom transfer, in a manner
not unlike the incoherent excitation rates. However, the
transfer rate is found to depend critically on the polar-
ity in a manner which depends on whether the resonance
is nearly full or empty, whereas the rate resulting &om
incoherent multiple excitations (vibrational heating) is
relatively independent of the polarity.

The coherent multiple excitation mechanism is shown
to be most important at low currents, where the average
time between electron tunneling events is longer than the
vibrational lifetime, while the incoherent multiple exci-
tations dominate at higher currents. For instance, the
relatively long vibrational lifetime for Xe on Ni means
the observed transfer rate is dominated by incoherent
multiple excitations. However, there are many other ad-
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sorption systems, illustrated here by Na on Cu and 02 on
Pt, where the vibrational lifetime is much shorter, and as
a result coherent multiple excitation could play a signifi-
cant role in atom transfer or bond breaking. Finally, we
note that in this work, our single-particle theory has been
limited to nearly full or nearly empty adsorbate-induced
resonances and to a truncated oscillator model for the
barrier crossing problem. In principle it should be possi-
ble to deal with a more realistic potential barrier in the
impulsive collision limit by using the theory developed in
electron-molecule scattering, while the many-electron
problem of dealing with a partially occupied resonance
requires further developments of the theory.

other than the ground state (n = 0). For mba « I'
the denominator of Eq. (1) can be expanded as

r ". (-r )~(nim~ik)
2 . [(;—„)+ 'I'/2] (A2)

) . (—mba)~
(e„—e;) + bourn —ir/2 . [(e; —e„)+ ir/2]&+&

g=o

(A1)

Using g o (num)m~(mik) = (nims ik) then yields
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Since m corresponds to the number operator for the dis-
placed harmonic oscillator, it can be written in terms
of creation and annihilation operators for Vs(z): m
btb + A(bt + b), where A is a coupling constant which
relates to the force on the adsorbate in V'(z):
F/(2mkus)ii2. The lowest-order nonzero term will be
that with j = in —ki. If higher-order terms can be
ignored [in the lixnit (nAhcu/r)2 « 1] then for n ) k,
Eq. (A2) reduces to

APPENDIX

The result in Eq. (5) can be obtained in a manner
which is easily generalized to transitions out of levels

n!I' (Aha) '"
2z k! [(e„—e;)& + r2/4] +&

'

In the case k = 0, this is the same as Eq. (5).
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