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Quantum coherence in surface-tip transfer of adatoms in AFM/STM
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~Received 23 June 1997; revised manuscript received 17 September 1997!

An adiabatic theory has been developed to describe spontaneous transfer of adatoms from a surface to a tip
in atomic force microscopy and scanning tunneling microscopy~AFM/STM!. It is shown that, at sufficiently
low temperatures, the influence of phonon and electron-hole excitations on the transfer process may become so
small that coherent transitions of an adatom between the surface and the tip are possible. The adatom tunnels
back and forth between the surface and the tip with a definite period that depends on the surface-tip separation.
The effect is mainly due to a unique opportunity to vary the tunneling amplitude of the adsorbate by controlling
the tip-surface separation distance. Two features contribute to the quantum coherence phenomenon being even
more pronounced as compared to that of interstitial hopping in the bulk:~a! the electron density of states at the
Fermi level, and~b! the lattice deformations associated with the presence of the adsorbate outside the surface
are noticeably smaller than for an interstitial in the bulk. As a result, electron and phonon polaron effects,
respectively, which reduce the mobility of the adatom with respect to surface-tip transition, are substantially
suppressed at all temperatures. For typical AFM/STM tip velocities and separation distances, the coherent
transition rate of chemisorbed hydrogen atoms at temperatures below 10 K for insulators and semiconductors,
and below 0.1 K for metals, may not only be comparable with but also exceed the thermally activated
~incoherent! transfer rates at room temperature.@S0163-1829~98!08108-9#
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I. INTRODUCTION

Quantum coherence is an interesting phenomenon
time-correlated transitions between two or several levels
quantum system. Examples of this are the inversion re
nance of the NH3 molecule,1 strangeness oscillations of
neutral K-meson beam,2 superconducting quantum interfe
ence devices,3 small current-driven Josephson’s junction4

low-temperature tunneling of hydrogen or deuterium inter
tials trapped by oxygen or nitrogen impurities in Nb,5,6

charge transfer in slow ion-atom collisions, and so on.
pointed out by Leggetet al.,7 an experimental observation o
a periodic transition between two macroscopically disti
states would shed some ‘‘light on the conflict at a ma
level between the quantum-mechanical formalism and c
mon sense ideas.’’ Meanwhile, the development of surf
imaging techniques such as atomic force microscopy~AFM!
and scanning tunneling microscopy~STM! opens opportuni-
ties to study processes which, although of microscopic
ture, affect such macroscopic quantities as the electron
neling current~STM! and the force a cantilever experienc
in AFM. In this work, we explore the possibility of cohere
adatom transfer from the surface to a tip, and vice versa,
a typical AFM/STM experimental configuration.

It is worth noting that spontaneous adatom transfer
tween the surface and tip is closely related to diffusion
light interstitials in solids8–10 and adsorbates on soli
surfaces.11–13Owing to strong coupling between the partic
motion and phonon and electron-hole excitations, which p
a role of dissipation, coherent transport is expected to m
fest itself in atom diffusion mainly at low temperatures a
for relatively light atoms~hydrogen, deuterium, helium!. The
competition between the coherent and incoherent me
nisms results in the diffusion coefficient decreasing at l
570163-1829/98/57~8!/4720~10!/$15.00
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temperatures with increasingT, reaching a minimum value
and starting to increase again, following the Arrhenius law
high temperatures T>Q ~here Q is the Debye
temperature!.5,6 In particular, in the absence of dissipatio
forces, the diffusion process resembles band propaga
rather than uncorrelated jumps from one site to anoth
Almost coherent transport was observed for muons in p
and doped aluminum11,12 and hydrogen in Nb~OH!x
@Refs. 13–15# in the temperature ranges from 0.03 to 1 a
0.2 to 70 K, respectively. Transition to temperatur
independent tunneling diffusion of H and D on W~111! and
W~211! surfaces below 125 and 144 K was demonstrated
Dharmadhikari and Gomer16 and Daniels, Lin, and Gomer.17

Quite recently, similar results were reported for hydrog
isotope diffusion on the Ni~111! surface.18

These experimental findings prompt the interesting po
bility to observe a process of adatom coherent tunneling b
and forth between the AFM/STM tip and the surface as
tip approaches the adsorption site. It should be stressed
spontaneous tunneling may occur without any external fie
in contrast to the electric-field-assisted adatom transfer.19–27

Recently, Louis and Sethna28 discussed this issue, an
pointed out the significant influence of dissipation due
coupling with the phonon environment. In view of the diffi
culty in evaluating the tunneling amplitude, these auth
confined themselves to qualitative considerations, also
glecting the electron polaron and potential barrier fluctuat
effects.

In this paper we consider the phenomenon of quant
coherence in adatom transfer in terms of adiabatic tim
dependent theory, accounting consistently for electron
phonon polaron effects as well as potential barrier fluct
tions. An explicit expression for the tunneling amplitude, t
major quantity governing the process, is derived, and sev
4720 © 1998 The American Physical Society
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57 4721QUANTUM COHERENCE IN SURFACE-TIP TRANSFER . . .
examples of time dependence of the transfer probability,
culated for realistic parameters and adsorbate-surface
figurations, are presented. The major emphasis is put
analysis of the general picture of quantum coherence, wh
more detailed mathematical formalism as well as a theor
incoherent transfer of adsorbates will be publish
elsewhere.29

II. COHERENT TUNNELING WITHOUT DISSIPATION

Before going into details of the interaction of an adsorb
with the AFM/STM tip, we illustrate the basic process b
considering a simplified problem of adatom tunneling b
tween two potential wells without dissipation. We assu
for a while that the tip velocity is zero, and that the tip
located at a certain distance from the surface, so that t
are two potential wells corresponding to adsorption sites
the tip and surface~cf. Fig. 1!. Even in the absence of diss
pation, the system still possesses many degrees of free
and, in order to simplify the problem further, we suppo
that that there are essentially two states corresponding to
adatom position either on the surface or at the tip. Th
might be two ground levels in the potential wells. If th
levels are aligned, resonant tunneling may take place, so
the adatom moves spontaneously from one well to ano
~an incoherent transition may occur between two levels w
different energies, it is, however, much less likely!. Since the
basic features of the tunneling process do not change q
tatively when going from a nonsymmetrical to a symmetri
double well it is convenient to consider the wells to be sy
metrical from the beginning. The Hamiltonian of the syste
is then described by a (232) matrix, with the diagonal terms
being equal to the energy of the stationary stateH115H22
52E0 , and the nondiagonal termsH125H2152D0/2 as-

FIG. 1. Schematic representation of the adatom transfer betw
the surface and the AFM/STM tip~a!, and the double-well potentia
corresponding to adsorption sites at the surface and the tip~b!.
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sumed to be responsible for the interaction between
wells, with D0 being the tunneling amplitude or, alterna
tively, the ground level energy splitting. The appearance
the quantityD0 is essentially due to a finite value of th
potential barrier separating the wells, and to the nonz
probability for the adatom to penetrate into the under bar
region. Owing to the smallness of the penetration depth i
the classically forbidden region, the tunneling amplitude
expected to be small compared to the ground level ene
D0!E0 .

The wave function of the adsorbate may be presented
simple superposition of two functions corresponding to
unperturbed states of the adsorbate at the surface~1! and the
tip ~2!,

c5C1c11C2c2 , ~1!

with the expansion coefficientsC1 andC2 satisfying the sys-
tem of coupled equations which follow directly from th
Schrödinger equation1 ~atomic units,\5e5m51, are used,
unless otherwise specified!

i ]C1~2! /]t52~D0/2!C2~1! . ~2!

The conditionD0!E0 implies that the coefficientsC1 and
C2 are slowly varying functions of time as compared to t
functions c j , j 51 and 2. Assuming the adsorbate to
initially on the surface@C1(0)51#, the solution to the sys-
tem of equations~2! is straightforward. In particular, the
probability to find the adsorbate at the tip at timet is deter-
mined by the coefficientC2 squared, and reads

P~ t !5sin2~D0t/2!. ~3!

Thus the probability oscillates between zero and 1, imply
that the adatom tunnels back and forth between the tip
the surface with period 2/D0 . For instance, at any momen
t5(2n11)p/D0 the adatom is located at the tip, and ha
way between those times at the surface, with the probab
P51.

Result ~3! represents the essence of the quantum co
ence phenomenon: oscillations with a period determined b
quantity of a strictly quantum origin, with no analog in cla
sical physics. Unfortunately, the quantum beats of type~3!
can hardly materialize in a pure form. In reality, the adato
transfer occurs in the bath of phonons and weakly bou
electrons and is, therefore, accompanied by phonon
electron-hole excitations. In addition, even at the lowest te
peratures, the tunneling process takes place against the b
ground of zero vibrations of host atoms. Finally, the tip
expected to move toward or across the surface, and its
tion introduces new constraints. First, the tunneling am
tude becomes time dependent, increasing from zero to a
tain maximum value corresponding to the distance of clos
approach between the potential wells. Second, the
adsorbate interaction time may be quite large, so that in
herent, thermally stimulated, jumps may occur before
coherent tunneling starts to dominate the adatom trans
Quantum mechanically, this means that by this time
wave function of the adsorbate will be represented by
admixture of different states with uncorrelated phase diff

en



n

ce
he
n
o
se

th

ti
tw
ti
n
a

n
r

io
ip

o

n
io
th

e
a-

th
th
st

on

.
v

tic
T

at
ta
tio
o

an

to
ich
o a

een

of
ape

c-
non
rrier
d by

rix

ot
e-

c
al-

wo
g
(
d

s
m

on
and
rd-

g
e of
x-

sity
pli-

non
, at
f
ole
n

of
tals

4722 57I. S. TILININ, M. A. VAN HOVE, AND M. SALMERON
ences. The influence of those effects on quantum cohere
and the proper modification of formula~3!, are considered in
the following sections.

III. INFLUENCE OF DISSIPATIVE PROCESSES AND TIP
MOTION ON COHERENT TUNNELING

Although the motion of the tip with respect to the surfa
may be quite arbitrary, it is supposed for simplicity that t
tip slides parallel to the surface at a fixed separation dista
d. The adatom is assumed to be located at a certain ads
tion site at the origin of the coordinates, and the tip pas
over the adsorption site at timet50. In addition, the adatom
massM is assumed to be small compared to the mass of
host atoms of the latticeMh , M!Mh . It is also assumed
that there are at least two identical potential wells at the
and surface, and that the adatom may tunnel between
ground states of the wells. An assumption about the iden
of the wells is not crucial for the theory developed below a
may, in principle, be removed. Basically, the full physic
picture of the problem is contained in the inequalities

ve@v0@vph@v/a ~4!

whereve , v0 , andvph are the frequencies for the electro
subsystem, adatom vibration, and phonon excitations,
spectively, whilev is the tip velocity, anda is the average
interatomic distance in a solid. Each inequlity in express
~4! has its own particular meaning. Thus the typical t
adsorbate interaction timet1;a/v;1022– 1025 s is large
compared to any other characteristic time, which is at m
of the order oftph;vph

21;10211– 10212 s. Therefore, the
electron and phonon subsystems adjust smoothly to the
motion, and for any tip position there exists a fixed electro
phonon configuration which determines, in turn, the mot
of the adsorbate in the potential wells located either on
surface or at the tip. The conditionv0@vph is due to the fact
that M!Mh , and is imposed to insure quick motion of th
adatom in an individual well with respect to the lattice vibr
tions. On the other hand, the obvious requirementve@v0
means that the majority of electrons respond rapidly to
motion of the adatom, so that to a first approximation
wave function of the system may be described by quasi
tionary adiabatic states:30,31

unsv l&5wn~r e,r ,u,R!csl~r ,u,R!Fsv l~u,R!. ~5!

Here r e, r , and u are the electronic, adatom, and phon
variables, respectively, and the radius vectorR5R(t) deter-
mines the tip position with respect to the adsorption sitel at
time t. The quantum number setsn ands refer to the elec-
tronic and adatom states, whilev is the number of phonons
One should distinguish between the adiabaticity of wa
function ~5! with respect to the tip motion and the adiaba
response of the electron states to the adatom transfer.
electronic wave function on the right-hand side nonadiab
cally readjusts as compared to that of the unperturbed s
when the coupling between the adatom and electron mo
is neglected. This readjustment stems from the fact that th
electron-hole excitations with energies«!v0 cannot follow
the adatom transitions adiabatically. The same is true,
even more so, regarding the phonon excitations, sincev0
ce,
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@vph. The slow electron and phonon excitations give rise
the so-called electron and phonon polaron effects, wh
eventually slow down the tunneling process and lead t
modification~renormalization! of the unperturbed tunneling
amplitude D05^sluH intusl1g&, H int being the part of the
Hamiltonian responsible for the tunneling process betw
two wells at the adsorption sitesl and l1g.8–10,30–32

Apart from the polaron effect, vibrational fluctuations
the tip and surface lattices deform the potential barrier sh
~fluctuational barrier preparation!, increasing the tunneling
probability.30 Therefore, the coherent transfer is always a
companied by competition between the electron and pho
polaron effects, on the one hand, and the fluctuational ba
preparation, on the other hand, and is generally describe
the matrix elementD5^nsv luH intunsv l1g& ~for the transi-
tion between the tip and the surface,g5R!. Note that, by
virtue of the tip position being time dependent, the mat
element is a function of time,D5D(t). The coherent tun-
neling is realized for the energy of the systemEnsv at any
electron, phonon, and tip-surface configuration, and ‘‘n
only at the moments when the identity of two wells is r
stored by fluctuations.’’8 Evaluation ofD implies calculation
of elements diagonal innv, or integration over the electroni
and phonon variables, and eventually reduces to a therm
equilibrium averaging procedure.

A finite value of temperature leads to appearance of t
relaxation timeste and tph which characterize the couplin
between the adatom tunneling process and electron-holete)
and phonon (tph) excitations. Coherence is fully destroye
~the coherent bandwidth shrinks to zero,D50! by interac-
tion with electrons and phonons when the relaxation timete
andtph are small compared with the dwell time of the adato
at the adsorption sitetd , te , tph!td . This phenomenon is
well known in the theory of tunneling with
dissipation.7,10,33,34 In the opposite limiting casete , tph
@td , the destructive influence of the electron and phon
excitations on the wave function phase can be neglected,
the probability to find the adatom at the tip oscillates acco
ing to the law

P~ t !5sin2F ~1/2!E
2`

t

D~ t8!/dt8G , ~6!

where the amplitudeD represents the energy-level splittin
of the ground state. The dwell time of the adsorbate at on
the wells is aboutD21, and the electron and phonon rela
ation times are of the order ofte;(2pbT)21 and tph
;1026Q21(Q/T)9,10,35 respectively, where the parameterb
is proportional to the squared product of the electron den
at the Fermi level and the electron-adatom scattering am
tude. At temperatures below several tens of K, the pho
relaxation time becomes a macroscopic quantity. Hence
low enough temperaturesT!Q, the dominant mechanism o
coherent band destruction is interaction with electron-h
excitations. From this it follows that in order for expressio
~6! to hold true, the tunneling amplitudeD has to satisfy the
condition

D@max$2pbt,106Q~T/Q!9%. ~7!

The first term in the curly brackets on the right-hand side
Eq. ~4! exceeds greatly the second one in the case of me
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57 4723QUANTUM COHERENCE IN SURFACE-TIP TRANSFER . . .
at temperatures below 10 K. This term, however, becom
negligible for insulators and semiconductors, characteri
by a low density of conduction-band electrons. For typi
metal surfaces the quantityb;531023, which is an order
of magnitude less than in the bulk,36,37 and the energy-leve
splitting D@331022 T. Thus, for instance, in the tempera
ture range from 0.01 to 10 K, the quantityD is supposed to
be large compared to 331028– 331025 eV, respectively.

IV. TUNNELING AMPLITUDE

To show that criterion ~7! is fulfilled for typical
AFM/STM tip-surface separation distances, it is necessar
have an explicit expression forD. Introducing the zero-
temperature exponentsb ln(v0 /D) andF~0! for the electron
and phonon polaron effects, respectively, and the argum
of the fluctuational-barrier-preparation exponentialx~0! ~for
details, see Refs. 9, 10, 31, and 38! we arrive at the self-
consistent equation for the tunneling amplitude:

D5D0 exp@2b ln~v0 /D!2F~0!1x~0!#. ~8!

In the latter expression, we omitted the time dependenc
the tunneling amplitude induced by the tip motion, for co
venience, in order to concentrate on the temperature de
dence of the factors on the right-hand side of Eq.~8!.

It is easy to convince ourselves that in the case of
surface transfer of adatoms the first term in the square br
ets on the right-hand side of Eq.~8! is small compared to
unity, and may be neglected. Indeed, the adatom frequen
about v0;0.1 eV, while the energy-level splitting is ex
pected to be of the order ofD;1024– 1026 eV for the sepa-
ration distance between the two wells of the order of
average interatomic distance in a solid.@Note that in a typical
AFM/STM configuration the distance between the tip a
the surface is aboutd;(3 – 5) Å, measured between th
outmost atomic planes#. Bearing in mind that the adsorbate
surface spacing ish;1 Å,39 and that the transfer probabilit
reaches a maximum value for the minimal separation
tance between the centers of the potential wells, we find
separation distances of interest to be of the order ofR5d
22h;a;(1 – 3) Å. Therefore, the first exponen
b ln(v0 /D);0.05!1.

As follows from Appendix A, the phonon polaron facto
F(0);(da/u0)2, where da is the typical shift of the
surface-atom equilibrium position due to the presence of
adatom, andu0 is the zero-temperature vibration displac
ment of the host atoms. Particularly, for a H interstitial in the
Nb lattice da;0.18 ~Ref. 32! and u0;0.1, and we find
F(0);3.2. This qualitative estimate is in perfect agreem
with the result@F(0)53.3# from the variational procedure
calculations by Teichler.32 Surface layer relaxation in th
vicinity of the occupied adsorption site is expected to
much less than that in the bulk of a bcc lattice, primar
because of larger distances between an adatom and ho
oms. Indeed, according to Ref. 39 the change of the ou
most lattice spacing in a surface layer for the case o
adsorbates on metals is less than 1% (;0.06 a.u.). As a
result, the phonon polaron effect for adsorbate tunneling
quite small,F(0)<0.3. Turning now to the influence of th
barrier fluctuations, we obtainx(0);(u0 /|)2 ~cf. Appendix
A for details!, where|;(2MD)21/2, andD is the potential
s
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well depth. The quantity|, by its physical meaning, repre
sents the absolute value of the imaginary de Broglie w
length of the adatom for the under barrier motion~or the
effective penetration depth into the classically forbidden
gion! and decreases with the adatom mass. The expo
x~0! allows a simple interpretation. The lattice vibration
create holes in the potential barrier of the order of the ato
displacementu0 , through which an adsorbate may esca
into a neighboring well. The smaller is the imaginary part
the de Broglie wavelength| the easier it is for the adatom t
slip out of the well. The estimate of the parameterx~0! is
again made for a separation distance of the order of;a, so
that the assessment is valid for interstitial diffusion in t
bulk as well. From these estimates it follows that the phon
polaron effect dominates at small host atom displaceme
when u0,Ada|, whereas, in the opposite case ofu0

.Ada|, the barrier fluctuations substantially increase t
tunneling amplitude. Analysis shows that for adatoms
metal surfaces the inequalityx(0).F(0) usually holds true
due to the small scale of the lattice deformationda. There-
fore, the coupling between the adatom motion and pho
excitations does not decrease the tunneling amplitude. T
conclusion agrees well with the experimental observation
the anomalous diffusion of deuterium adatoms on
W~111! surface16 when the effect of the larger mass of de
terium as compared to hydrogen is almost completely co
pensated for by the increase ofD owing to the barrier fluc-
tuations. Since the parameterx~0! increases proportionally to
the host atom displacement squared, the effect of bar
fluctuations may be even more pronounced at h
temperatures.40 Concluding, we note that the time depe
dence of the potential barrier fluctuations may be ignored
virtue of host atoms’ moving much more slowly than th
adsorbate tunneling across the barrier. Indeed, the pote
barrier fluctuations are significant in timet f determined by
the inverse phonon frequencies,t f;1/vph, which is much
larger than the typical time the adatom spends under
barrier,tb;1/v0 , so thattb!t f .

For the purpose of the present analysis it is sufficient
demonstrate that the conditionD0@2pbT may be easily ful-
filled, so that the tunneling amplitude is large enough wi
out taking into account the barrier fluctuation renormaliz
tion. Assuming that the adatom moves in a three-dimensio
spherically symmetric potential well, one can find th
energy-level splitting corresponding to the unperturbed
tential directly from the Schro¨dinger equation by a metho
analogous to that of Ref. 41,

D05~p/M !Rf2~R/2! f 2~R/2!, ~9!

wheref(r ) is the unperturbed ground-level wave functio
and the functionf describes the effect of the potential barri
decrease along the line connecting the two wells. In the c
of the Pöschl-Teller potentialU(r )52D/cosh2(ar),42 which
reproduces well the basic features of the three-dimensio
oscillator, expression~9! reduces to

D05~4D/ lApb!cos22b~ l /2!sinh2~ l /2!exp@bI ~ l !#,
~10!
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a and b being the parameters characterizing the potent
well width and depth, respectively,

a5v0AM /2D, b521/21@1/41~2D/v0!2#1/2,
~11!

and l 5aR being the dimensionless separation distance
formula ~10!, I ( l ) denotes the integral

I ~ l !5E
0

l /2

@cosh22~ l 2r !2cosh22l #coth~r !dr. ~12!

As an illustration, in Fig. 2 the dependence of the ener
level splittingD0 on the separation distanceR, calculated by
formula ~10!, is shown for input parametersD52.8 eV and
v050.160 eV, which are typical for hydrogen adsorption
metal surfaces.43,44 It is seen that the tunneling amplitud
varies from 0.7231023 to 0.2131028 eV for the distance
between the tip and the surface adsorption site ranging f
3.5 to 3.9 Å. In particular, in the distance range from 3.5
3.6 Å the tunneling amplitude is larger than 0.431024 eV,
and condition~7! is well satisfied for temperaturesT,2 K.

To check the accuracy of formula~10!, we calculated the
tunneling amplitude of hydrogen interstitials trapped by ox
gen in a Nb bcc lattice forD50.427 eV,v050.158 eV, and
the separation distance between the two wells,R51.17 Å.45

The theoretically evaluated tunneling amplitu
D050.17 meV is in good agreement with the experimen
value D050.17– 0.21 meV obtained from neutro
scattering.12,14

V. QUANTUM OSCILLATIONS OF TRANSFER
PROBABILITY

Expression~6! was derived under the assumption that t
transfer process is coherent, and that the adatom is init
located at the surface adsorption site. The coherent proce
possible, however, only when condition~7! is fullfilled. It is
clear that at large separation distances the tunneling am
tude may be small compared to the inverse electron-h

FIG. 2. The dependence of the tunneling amplitude on the
surface separation distance. Calculations are made for the Po
Teller potential for a hydrogen adatom. The potential well depth
D52.8 eV, and the adsorbate frequencyv50.160 eV.
l-

n
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t
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l
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relaxation time, and therefore incoherent transitions m
take place before the adatom transfer becomes cohe
Hence, in order for formula~6! to be applicable, it is neces
sary that the probability to find the adatom at the tip by t
time the tunneling amplitude reaches a value compara
with 2pbT be small compared to unity. In the case of the
sliding parallel to the surface, this requirement imposes
following condition on the tip velocity:

v@2pbTA|d/ ln~D0/2pbT!. ~13!

Inequality ~13! simply implies that the typical time during
which the tunneling amplitude changes noticeably is sm
compared to the electron-hole relaxation time.

Figures 3~a! and 3~b! display the transfer probability of a
hydrogen atom adsorbed initially on a Pt~111! surface to the
Pt tip as a function of time, i.e., the probability of finding th
adatom at the tip at timet. Calculations are made by formul
~6! for the tip-surface separation distancesd54.10 ~a! and
4.2 Å ~b!. The potential well depth and the vibrational fre
quency are set equal to 2.58 and 0.152 eV, respective43

The adsorbate-surface spacing 1.19 Å is calculated from
H-Pt bond length 2.0 Å,43 assuming the adatom to be locate

-
hl-
s

FIG. 3. ~a! The oscillations of the transfer probability as a fun
tion of interaction time. Calculations are made for a hydrogen at
adsorbed at a Pt~111! surface. The potential well depth and th
frequency are equal to 2.58 and 0.152 eV, respectively. The
surface separation distance isd54.1 Å. ~b! The same as in Fig.
2~a! except for the tip-surface distanced54.2 Å.
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in a threefold-coordinated center site~fcc or hcp!. The tip
velocity is set equal tov51 cm/s to satisfy inequality~13!
for temperatures below 0.01 K. The maximum value of
tunneling amplitude is about 231026 eV, and condition~7!
is well fulfilled. Note that a coherent transition from one f
~hcp! site to another equivalent site at the surface is hig
improbable due to the large distance between the respe
adsorption sites~2.77 Å!. The transition from fcc to hcp site
is characterized by the smaller jump distance~1.59 Å!
and larger tunneling amplitude. However, fcc and hcp
sorption sites are not equivalent with respect to the gro
energy levels. The corresponding levels are expected to
separated by a gap of about 0.01 eV,37 which drastically
reduces the incoherent fcc-hcp transition probability at l
temperatures~cf. Appendix B for details!.

As is seen from Fig. 3~a!, the probability to find the ada
tom at the tip increases rapidly with time, and then exhib
several oscillations between 0 and 1 before reaching
value 0.18 as the tip departs from the adsorption site.
period of oscillations is about 2.5 ns.

The dependence of the transfer probability on tim
changes substantially as the distance between the tip an
surface increases@cf. Fig. 3~b!#. For instance, it follows from
Fig. 3~b! that, atd54.2 Å, the adatom first tunnels to the t
and then comes back to the surface. After that, with a pr
ability of about 7%, the adatom tunnels to the tip aga
Generally, as the quantityd augments, the tunneling ampl
tude decreases, and the number of oscillations drops quic
Further increase in the distance of closest approach lead
an exponential decrease of the probability to find the ada
at the tip.

When satisfying criterion~9! we assumed the density o
electrons at the Fermi level to be equal to the average den
of conduction electrons. In a number of cases the density
states value at the Fermi level may be substantially lo
than that for other energies in a conduction band, and
may also suppress the contribution of the electron-hole e
tations to destruction of coherence.

It should be stressed that, in the case of semiconduc
and insulators, the temperature range where the quantum
herence in tip-surface adatom transfer may be observe
much wider due to a low density of conduction electrons a
consequently larger electron-hole relaxation times. For
ample, the number of low-energy electron-hole excitation
normal uniform semiconductors is of the order of the dens
of free carriers in the conduction band, i.e., aboutn
;n0exp(2D«/T), D« being the energy gap between the co
duction and valence bands. The quantityn0 is three orders of
magnitude smaller than the bulk density of quasifree e
trons in metals, even at room temperature. In addition,
energy gapD« is about 1 eV for typical semiconductors su
as Si or Ge and, therefore, the density of electron-hole e
tationsn is at least four or five orders of magnitude smal
than that in a metal. Since the parameterb is proportional to
n2, it is clear that conditions~7! and ~13! are fulfilled prac-
tically at all temperatures below 10 K for relevant tip veloc
ties and tunneling amplitudes. As an example, in Figs. 4~a!
and 4~b! the dependence of the transfer probability on time
shown for H adsorbed on a diamond~001! surface. The po-
tential well depth (D54.05 eV) is calculated from the
experimental value of the vibrational frequency (v0
e
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50.363 eV) ~Ref. 46! and the binding energy of hydroge
chemisorbed on the C surface~3.87 eV!.47 The H-C bond
length is 1.09 Å and the adatom surface spac
h51.02 Å.46 The tip velocity is set equal tov
51023 cm/s. Except for the time scale determined by t
choice of the tip velocity, the character of the depende
P(t) is the same as in Figs. 2~a! and 2~b!. The transfer prob-
ability oscillates at smaller separation distances and va
more smoothly as the quantityd increases.

The tip velocity and the its height above the surface m
in principle, be adjusted in such a way~for given parameters
characterizing the double well! that the probability for the
adatom to be transferred to the tip reaches unity by the t
the tunneling amplitude starts to decrease rapidly. In the
ter case the argument of the sine in Eq.~3! no longer changes
noticeably, and the quantityP(t) remains almost constant i
the course of time. In other words, the tip may pick up t
adatom with the probability 100%, and carry it away fro
the initial adsorption site. This situation is illustrated in Fi
4~b!. Such an experiment would require prior knowledge
parameters involved or proper calibration of the trans
probability.

FIG. 4. ~a! The oscillations of the transfer probability as a fun
tion of interaction time. Calculations are made for a hydrogen at
adsorbed on a C~001! ~diamond! surface. The potential well depth
and the frequency are equal to 4.05 and 0.363 eV, respectively.
tip-surface separation distance isd53.2 Å. ~b! The same as in Fig.
3~a!, except for the tip-surface distanced53.25 Å.
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The transition rate~the number of atoms transferred p
unit time! may be defined as the absolute value of the ti
derivative of the transfer probability. The transition rate
very sensitive to the distance of closest approachd. Thus, for
the H/C~001! system, it varies from 103 to 109 atom/s as the
distanced decreases from 3.5 to 3.2 Å. Those values
comparable, and sometimes larger than those for therm
activated diffusion of hydrogen in metals.48

Finally, we would like to discuss the important issue
the alignment of the energy levels in the wells. In the gene
case of a moving tip and nonsymmetrical wells, the lev
are shifted with respect to each other by the time-depen
quantity j5j(t) due to distance-dependent interaction.
the tip approaches the adsorption site the levels may in
sect, so that at a certain timej5j(t0)50, and Landau-Zene
type transitions49 become possible. In order for multiple co
herent tunneling events to take place, the gap between
two levels during the dwell time of the particle in a we
should be small compared to the tunneling amplitude, so
dj5„]j(t0)/]t…td!D. The latter condition can be rewritte
in a more convenient form as

D2@v]j/]a. ~14!

The gradient]j/]a does not exceed 0.1 eV/Å. Substitutin
the tip velocity value 104– 106 Å/s into inequality~14!, we
find D.1027– 1025 eV, which falls into the typical range o
tunneling amplitudes.

The alignment of two arbitrary levels in the wells ma
also be achieved by sweeping the bias voltage between
tip and the surface. It can be readily shown that the elec
field E, if weak enough not to disturb the potential-we
shape and distribution of conduction electrons, may be, n
ertheless, quite sufficient to bringj to zero without destroy-
ing coherence. The important aspect here is an additio
energy gain of the adatom in the external field. This ene
gain should be small compared to the splitting of the grou
level to ensure resonant tunneling. To estimate the valu
the voltage bias, we note that the energy gain of the ad
bate in one of the wells due to the presence of the elec
field E is aboutpE;mE2, p andm being the induced dipole
moment and polarizability of the adatom, respectively. T
quantity has to be small compared to the coherent ba
width, so thatD@mE2. For a hydrogen atom,m;1, and the
electric field is supposed to be in the range ofE
;1023– 1024 a.u. for the tunneling amplitude of aboutD
;1025– 1027(331026– 331024 eV), which corresponds
to a bias voltage of about 0.03–0.3 eV or to the so-called
voltage limiting case in STM.

VI. CONCLUSIONS

By theory and calculation we predict the following ph
nomenon, which should be observable at low enough t
peratures.

~1! The coherent transfer of adatoms between a sur
and an AFM/STM tip can be observed below 10 K for sem
conductors and insulators, and below 0.1 K, in the case
metals. The tip velocity, however, should be high enough
prevent incoherent tunneling of the adsorbate to the tip
fore coherent oscillations occur.

~2! The transfer probability oscillates in time when th
e
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dwell time of the adatom in one of the wells is small com
pared not only to electron-hole and phonon relaxation tim
but also to the typical tip-adsorbate interaction time.

~3! The tunneling amplitude can be controlled by varyi
the tip-surface separation distance, and may be made l
compared to inverse electron-hole and phonon relaxa
times.

~4! The influence of the electron and phonon polaron
fects is substantially compensated for by potential bar
fluctuations, and may have little significance for cohere
tunneling at low temperatures.

~5! The phenomenon of quantum coherence offers,
principle, an opportunity to manipulate atoms on a surfa
without external electric field. However, experimental imp
mentation of such a manipulation may prove to be diffic
owing to the tunneling amplitude being extremely sensit
to variation of physical parameters. On the other hand,
strong dependence of the oscillation period on the separa
distance may be used for precise determination of the
height above the adsorption site.
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APPENDIX A: ESTIMATES OF THE PHONON
POLARON AND POTENTIAL BARRIER

FLUCTUATION FACTORS

The estimate of the phonon polaron factor can be obtai
from the general formula for the quantityF(T) as a function
of temperature. Making use of the explicit expression for
phonon polaron factor, known from the small polaro
theory,50,51 we have

F~T!5(
k,a

uWkau2@12cos~k•g!#~112nka!, ~A1!

where

Wka5~2Mhvka
3 N!21/2(

j
S ]U~r ,R!

]Rj
D

R0

eka

3@exp~ ik•Rj !21#, ~A2!

and nka is the average number of phonons with the wa
vectork and polarizationa. In Eq. ~A2!, N is the number of
normal modes;eka is the polarization vector, andU(r ,R) is
the potential field in which the adsorbate moves, so thaR
denotes the equilibrium positions of host atoms in the pr
ence of the adsorbate. The radius vectorR0 represents the
equilibrium positions of lattice atoms without the adsorba
It is implied that the quantitiesF(T) andWka depend on the
adatom quantum numbers, and the first derivative of the
potential energy is averaged over thes state. The respective
subscripts are omitted for convenience.
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Expanding the potential energy of interaction in Eq.~A2!
into a Taylor series on the displacement of the equilibriu
positionsRj2Rj

0, and confining ourselves to the first thre
terms, we transform Eq.~A1! to the expression

F~T!5~Mh/4N!(
k,a

~daka!2vkv̄ coth~vka/2T!. ~A3!

Here the parametersdaka are proportional to the equilibrium
position displacements and describe the lattice deforma
in the presence of the adsorbate. When deriving form
~A3!, we used the explicit expression for the phonon dis
butionnka . Noticing further that the typical displacement o
a host atom is aboutu0;(Mhvka)21/2, from expression
~A3! we obtain the estimate of the zero-temperature pho
polaron factorF(0);(da/u0)2, da being the typical defor-
mation of the lattice.

Turning now to the potential barrier fluctuation factor, w
note that in the zeroth approximation of host atom vibratio
the bare tunneling amplitude is given by the expressionD0
5V exp(2B), whereV;v0 , and the quantityB;R/|@1
represents the exponent depending on the potential shap@cf.
Eqs. ~10! and ~11!#. The potential field in which the adsor
bate moves, however, is determined by the instantaneous
sitions of host atoms. Therefore, generally, the exponenB
may be expanded into a power series of atomic displa
ments. The terms of this series diminish rapidly with the
number, as this expansion in fact reduces to a series ove
ratio of the average thermal atomic displacementu to the
interatomic distancea, u/a!1. Owing to the large value of
the distanceR@| the quantity (Ru/|a) may be comparable
to and even larger than unity. As a result, the first nonv
ishing term proportional tou/a in the aforesaid expansion
may noticeably influence the tunneling amplitude. This c
rection is a hard core of the potential barrier fluctuation
fect. As shown below, accounting for the potential barr
fluctuations always increases the tunneling probability.

Following Ref. 31, we introduce the real normal mod
qka5qka

0 1uka with the displacement coordinatesuka mea-
sured from the proper polaron displacement

qka
0 5 1

2 ~qka
~ l !1qka

~ l1g!!. ~A4!

The quantityqka
( l) represents the displacement of the norm

modes due to the adatom position at thelth adsorption site.
The exponentB can be written as function of the atomi
displacement up to the first order term with respect touka ,

B~u!5B~0!1(
ka

bkauka . ~A5!

To find the potential barrier fluctuation factor, one has
average the function exp@2B(u)1B(0)# thermodynamically,
with the exponentB(u) defined by Eq.~A5!, and take the
logarithm of the resulting expression. Assuming a Gauss
distribution over atomic displacement, we obtain

x~T!5 ln)
ka

~jka/2p!1/2E dukaexpF2 1
2 (

ka
~jkauka

2

12bkauka!G , ~A6!
n
la
-

n

s

o-

e-
r
the

-

-
-
r

l

n

wherejka52Mhvkatanh(vka/2T). Calculation of the right-
hand side of Eq.~A6! is straightforward, and we arrive at th
formula

x~T!5 1
2 (

ka
~bka

2 /jka!, ~A7!

which can be also obtained from the general procedure
evaluation of the tunneling amplitudeD.31 Since the coeffi-
cient jka is proportional to the inverse average atomic d
placement squared, while the quantitybka;1/|, we find that
in the limiting case of small temperaturesx(0);(u0 /|)2.

APPENDIX B: INCOHERENT TUNNELING RATE

The coherent transfer of adatoms from the surface to
tip may take place against the background of concurrent p
cesses of incoherent diffusion between adjacent adsorp
sites at the surface~tip!. The major reason is that the distan
separating two nearest nonequivalent adsorption sites is
ally smaller than the tip-surface separation. However, th
adsorption sites differ@sometimes only slightly, as in the
case of fcc and hcp sites on a fcc~111! surface# in the poten-
tial shape, and this results in an energy gap« between two
levels of possible adsorbate positions in the respective po
tial wells. In order to analyze the influence of incohere
jumps on adsorbate mobility, we start with the expression
the transition ratewin derived in perturbation theory10

win52pg0
2(

N,L
rLz^NuL̂uL& z2d~EL2EN1«!, ~B1!

whereg0 is the overlap integral between the adatom wa
functions pertaining to the two nonequivalent adsorpt
sites,rL is the density matrix, and the operatorL̂ accounts
for the polaron as well as potential fluctuation effects. T
expression in the right-hand side of Eq.~B1! is obtained by
the common procedure of averaging with respect to the
tial states of the systemL and performing a summation ove
the final statesN.

The probability win can be presented in the followin
form:

win5g0
2 exp@12x~T!#E

2`

1`

dt exp~ i«t !

3Sp$r̂0L̂e
1~ t !L̂ph

1 ~ t !L̂e~0!L̂ph~0!%, ~B2!

wherex(T) is the usual barrier fluctuation exponent,31 r̂0 is
the equilibrium density matrix, andLe andL̂ph are the elec-
tron and phonon polaron operators, respectively. For furt
analysis, it is advisable to introduce the renormalized tunn
ing energy width

g5g0exp$2b ln~v0 /hT!2F~T!1x~T!%. ~B3!

In formula ~B3! the coefficienth;1, the functionF(T) de-
scribes the phonon polaron effect, and the parameteb
reads38

b5r2~«F!^Vqq8&
2 ~B4!

r(«F) and ^Vqq8& being the electron density of states at t
Fermi level and the Fourier transform of the Hamiltoni
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responsible for interaction of the adatom with electron-h
excitations, averaged over the Fermi surface, respectiv
To calculate integral~B2!, we apply a procedure similar t
that developed in Refs. 10 and 38, and transform expres
~B2! to

win52p1/2g2

3
J exp~«/2T!

J21«2 •

uG„11~J1 i«!/2pT…u2

G~11J/2pT!G~1/21J/2pT!
,

~B5!

whereJ represents the total inverse relaxation time due
coupling with phonons and electron-hole excitations, and
given by the sum of inverse electron-hole (Je) and phonon
(Jph) relaxation times,

J5Je1Jph, ~B6!

with the latter quantities defined by

Je52pbT, ~B7!

Jph5pT (
ka,k8b

uCkak8bu2
nka2nk8b

vka2vk8b
d~vka2vk8b!.

~B8!

In formula ~B8!, Cka,k8b is the expansion coefficient in th
two-phonon term of the Hamiltonian,38 andnka is the aver-
-

J

. B

-
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age number of phonons with the frequencyvka .
Confining ourselves to the limiting case of low temper

tures (T!Q), we find from expression~B5! that under the
conditions «@2pT@J the incoherent transition rate re
duces to~cf. Ref. 52!

win52g2J/«T, ~B9!

In the case of metals the inverse relaxation time is de
mined by electron-hole excitations,J;Je , and formula
~B9! can be simplified,

win54pbg2/«. ~B10!

Assuming that the ratio of the tunneling width to the lev
shift is small,g/«!1, and taking into account that the prod
uct 4pb,1, we come to the conclusion that the transiti
rate is always much smaller than the tunneling width,win
!g. Since the coherent transition rate is aboutwcoh
5u]P/]tu;D, we find that under the comparable tunnelin
widths (D;g) coherent transitions dominate the tunneli
process,wcoh@win . This estimate holds true for insulator
and semiconductors as, at low temperatures, the inverse
laxation timeJph associated with phonon excitations dimi
ishes much more rapidly with temperature than the quan
Je .38
,

e, J.
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