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Quantum coherence in surface-tip transfer of adatoms in AFM/STM
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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 microsa@@®M/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 (@)lkie electron density of states at the
Fermi level, andb) 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 temperatuf80163-182¢08)08108-9

I. INTRODUCTION temperatures with increasinf, reaching a minimum value
and starting to increase again, following the Arrhenius law at

Quantum coherence is an interesting phenomenon diigh temperatures T=0® (here is the Debye
time-correlated transitions between two or several levels in &emperaturg>® In particular, in the absence of dissipation
guantum system. Examples of this are the inversion resdorces, the diffusion process resembles band propagation
nance of the NK molecule! strangeness oscillations of a rather than uncorrelated jumps from one site to another.
neutral K-meson beafsuperconducting quantum interfer- Almost coherent transport was observed for muons in pure
ence device$,small current-driven Josephson’s junctiéns, and doped aluminuf'? and hydrogen in NDH),
low-temperature tunneling of hydrogen or deuterium intersti{ Refs. 13—15%in the temperature ranges from 0.03 to 1 and
tials trapped by oxygen or nitrogen impurities in Rib, 0.2 to 70 K, respectively. Transition to temperature-
charge transfer in slow ion-atom collisions, and so on. Asndependent tunneling diffusion of H and D on(¥11) and
pointed out by Leggegt al,” an experimental observation of W(211) surfaces below 125 and 144 K was demonstrated by
a periodic transition between two macroscopically distinctDharmadhikari and Gom¥rand Daniels, Lin, and Goméf.
states would shed some “light on the conflict at a macroQuite recently, similar results were reported for hydrogen
level between the quantum-mechanical formalism and comisotope diffusion on the Ni11) surface'®
mon sense ideas.” Meanwhile, the development of surface These experimental findings prompt the interesting possi-
imaging techniques such as atomic force microsd@@yM) bility to observe a process of adatom coherent tunneling back
and scanning tunneling microscoTM) opens opportuni- and forth between the AFM/STM tip and the surface as the
ties to study processes which, although of microscopic natip approaches the adsorption site. It should be stressed that
ture, affect such macroscopic quantities as the electron turspontaneous tunneling may occur without any external field,
neling current(STM) and the force a cantilever experiencesin contrast to the electric-field-assisted adatom trariSféfr.
in AFM. In this work, we explore the possibility of coherent Recently, Louis and Sethffadiscussed this issue, and
adatom transfer from the surface to a tip, and vice versa, fopointed out the significant influence of dissipation due to
a typical AFM/STM experimental configuration. coupling with the phonon environment. In view of the diffi-

It is worth noting that spontaneous adatom transfer beeulty in evaluating the tunneling amplitude, these authors
tween the surface and tip is closely related to diffusion ofconfined themselves to qualitative considerations, also ne-
light interstitials in solid&° and adsorbates on solid glecting the electron polaron and potential barrier fluctuation
surfaces! "3 Owing to strong coupling between the particle effects.
motion and phonon and electron-hole excitations, which play In this paper we consider the phenomenon of guantum
a role of dissipation, coherent transport is expected to manieoherence in adatom transfer in terms of adiabatic time-
fest itself in atom diffusion mainly at low temperatures anddependent theory, accounting consistently for electron and
for relatively light atomghydrogen, deuterium, heliumThe  phonon polaron effects as well as potential barrier fluctua-
competition between the coherent and incoherent mechdions. An explicit expression for the tunneling amplitude, the
nisms results in the diffusion coefficient decreasing at lowmajor quantity governing the process, is derived, and several
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sumed to be responsible for the interaction between the
wells, with Ay being the tunneling amplitude or, alterna-
tively, the ground level energy splitting. The appearance of
the quantityA, is essentially due to a finite value of the
potential barrier separating the wells, and to the nonzero
probability for the adatom to penetrate into the under barrier
region. Owing to the smallness of the penetration depth into
the classically forbidden region, the tunneling amplitude is
expected to be small compared to the ground level energy,
Ao<E,.
Surface The wave function of the adsorbate may be presented as a
simple superposition of two functions corresponding to the
(a) unperturbed states of the adsorbate at the suffgcand the

tip (2),

AFM/STM tip

U(r)
| | Y=C1 +Coifs, 1

with the expansion coefficients; andC, satisfying the sys-
tem of coupled equations which follow directly from the
Schralinger equatioh(atomic unitsi=e=m=1, are used,
unless otherwise specified

(b)
FIG. 1. Schematic representation of the adatom transfer between - o o
the surface and the AFM/STM ti@), and the double-well potential 1he conditionA,<E, implies that the coefficient€; and
corresponding to adsorption sites at the surface and th@@)tip C, are slowly varying functions of time as compared to the
functions ¢;, j=1 and 2. Assuming the adsorbate to be
examples of time dependence of the transfer probability, calinitially on the surfacg C,(0)=1], the solution to the sys-
culated for realistic parameters and adsorbate-surface cofem of equations(2) is straightforward. In particular, the
figurations, are presented. The major emphasis is put oprobability to find the adsorbate at the tip at titnes deter-
analysis of the general picture of quantum coherence, while &ined by the coefficienC, squared, and reads
more detailed mathematical formalism as well as a theory of
incoherent transfer of adsorbates will be published P(t)=sir?(Aot/2). 3)
elsewheré?
Thus the probability oscillates between zero and 1, implying
Il. COHERENT TUNNELING WITHOUT DISSIPATION that the adato_m tunr_1e|s back an_d forth between the tip and
the surface with period 2/ . For instance, at any moment
Before going into details of the interaction of an adsorbate = (2n+1)#w/A, the adatom is located at the tip, and half-
with the AFM/STM tip, we illustrate the basic process by way between those times at the surface, with the probability
considering a simplified problem of adatom tunneling be-P=1.
tween two potential wells without dissipation. We assume Result(3) represents the essence of the quantum coher-
for a while that the tip velocity is zero, and that the tip is ence phenomenon: oscillations with a period determined by a
located at a certain distance from the surface, so that therguantity of a strictly quantum origin, with no analog in clas-
are two potential wells corresponding to adsorption sites agical physics. Unfortunately, the quantum beats of ty@e
the tip and surfacécf. Fig. 1). Even in the absence of dissi- can hardly materialize in a pure form. In reality, the adatom
pation, the system still possesses many degrees of freedamansfer occurs in the bath of phonons and weakly bound
and, in order to simplify the problem further, we supposeelectrons and is, therefore, accompanied by phonon and
that that there are essentially two states corresponding to theectron-hole excitations. In addition, even at the lowest tem-
adatom position either on the surface or at the tip. Thos@eratures, the tunneling process takes place against the back-
might be two ground levels in the potential wells. If the ground of zero vibrations of host atoms. Finally, the tip is
levels are aligned, resonant tunneling may take place, so thakpected to move toward or across the surface, and its mo-
the adatom moves spontaneously from one well to anothaion introduces new constraints. First, the tunneling ampli-
(an incoherent transition may occur between two levels withtude becomes time dependent, increasing from zero to a cer-
different energies, it is, however, much less likelgince the  tain maximum value corresponding to the distance of closest
basic features of the tunneling process do not change qualapproach between the potential wells. Second, the tip-
tatively when going from a nonsymmetrical to a symmetricaladsorbate interaction time may be quite large, so that inco-
double well it is convenient to consider the wells to be sym-herent, thermally stimulated, jumps may occur before the
metrical from the beginning. The Hamiltonian of the systemcoherent tunneling starts to dominate the adatom transfer.
is then described by a (22) matrix, with the diagonal terms Quantum mechanically, this means that by this time the
being equal to the energy of the stationary stdtge=H,, = wave function of the adsorbate will be represented by an
=—E,, and the nondiagonal termd,,=H,;=—Ay/2 as- admixture of different states with uncorrelated phase differ-
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ences. The influence of those effects on quantum coherence,w,,. The slow electron and phonon excitations give rise to
and the proper modification of formu(8), are considered in the so-called electron and phonon polaron effects, which

the following sections. eventually slow down the tunneling process and lead to a
modification (renormalization of the unperturbed tunneling
IIl. INFLUENCE OF DISSIPATIVE PROCESSES AND TIP amplitude A= (sl|Hin|sl+g), Hiy being the part of the
MOTION ON COHERENT TUNNELING Hamiltonian responsible for the tunneling process between

_ o two wells at the adsorption sitésand |+ g.8-1030-32

Although the motion of the tip with respect to the surface  apart from the polaron effect, vibrational fluctuations of
may be quite arbitrary, it is supposed for simplicity that thetne tip and surface lattices deform the potential barrier shape
tip slides parallgl to the surface at a fixed separatloq d'Sta”CﬁIuctuational barrier preparatignincreasing the tunneling
d. The adatom is assumed to be located at a certain adsorBrobability?O Therefore, the coherent transfer is always ac-
tion site at the origin of the coordinates, and the tip passegompanied by competition between the electron and phonon
over the adsorption site at tinte-=0. In addition, the adatom polaron effects, on the one hand, and the fluctuational barrier
massM is assumed to be small compared to the mass of thgreparation, on the other hand, and is generally described by
host atoms of the latticél,, M<My,. It is also assumed the matrix element=(nsvl|H;/nsvl+g) (for the transi-
that there are at least two identical potential wells at the tigjon petween the tip and the surfagg=R). Note that, by
and surface, and that the adatom may tunnel between tW@rtye of the tip position being time dependent, the matrix
ground states of the wells. An assumption about the identityjement is a function of timeA =A(t). The coherent tun-
of the wells is not crucial for the theory developed below a”dneling is realized for the energy of the systdip, at any
may, in principle, be removed. Basically, the full physical gjectron, phonon, and tip-surface configuration, and “not
picture of the problem is contained in the inequalities only at the moments when the identity of two wells is re-
stored by fluctuations ® Evaluation ofA implies calculation
of elements diagonal inv, or integration over the electronic
wherewe, o, andw,, are the frequencies for the electron and_ _ph(_)non variaples, and eventually reduces to a thermal-
subsystem, adatom vibration, and phonon excitations, re2duilibrium averaging procedure.
spectively, whilev is the tip velocity, anca is the average A finite value of temperature leads to appearance of two
interatomic distance in a solid. Each inequlity in expressioff€/@xation timeste andt,, which characterize the coupling
(4) has its own particular meaning. Thus the typical tip_between the adatom'tur.melmg process ar)d electron-hgle (
adsorbate interaction time,~a/v~10"2—105 s is large and phonon f() eXC|_tat|0ns._Coherence is fully _destroyed
compared to any other characteristic time, which is at mosfth® coherent bandwidth shrinks to zet=0) by interac-
of the order of Tph~w,;h1~10‘11— 10 125, Therefore, the tion with electrons and phonc_ms when the_relaxatlon titpes
electron and phonon subsystems adjust smoothly to the tigNdtenare small compared with the dwell time of the adatom
motion, and for any tip position there exists a fixed electron-at the adsorption sité;, te, tyy<ty. This phenomenon is
phonon configuration which determines, in turn, the motionVell known in the —theory —of tunneling — with
of the adsorbate in the potential wells located either on th&iSsipation.***"In the opposite limiting casée, ton
surface or at the tip. The conditiasy> wy, is due to the fact >, t_he destructive mfluen(_:e of the electron and phonon
thatM<M,,, and is imposed to insure quick motion of the excitations on the.wave function phase can be_neglected, and
adatom in an individual well with respect to the lattice vibra- the Probability to find the adatom at the tip oscillates accord-

tions. On the other hand, the obvious requiremept wg

we> wo> wpp>v/a 4

ing to the law

means that the majority of electrons respond rapidly to the ¢

motion of the adatom, so that to a first approximation the P(t)=sir? (1/2)f A(t’)/dt’}, (6)
wave function of the syg}em may be described by quasista- -

tionary adiabatic stateS: where the amplitude\ represents the energy-level splitting

_ of the ground state. The dwell time of the adsorbate at one of
[nsul)=en(rer, UR)Ya(r,uR)Ps,(UR). (5)  he wells is aboutr %, and the electron and phonon relax-

. . 71
Herer,, r, andu are the electronic, adatom, and phonon""t")n_Gt'm_els are golfo ;?e order ofe~(27bT)"" and tp,
variables, respectively, and the radius ved@er R(t) deter- 10 "0 “(O/T)",respectively, where the parameter
mines the tip position with respect to the adsorption ke 1S proport|or_1al to the squared product of the electrqn densn_y
time t. The quantum number setsandss refer to the elec- at the Fermi level and the electron-adatom scattering ampli-
tronic and adatom states, whieis the number of phonons. Ude. At temperatures below several tens of K, the phonon
One should distinguish between the adiabaticity of wave€laxation time becomes a macroscopic quantity. Hence, at
function (5) with respect to the tip motion and the adiabatic '0W €nough temperaturs<®, the dominant mechanism of
response of the electron states to the adatom transfer. Tis@herent band destruction is interaction with electron-hole
electronic wave function on the right-hand side nonadiabati€Xcitations. From this it follows that in order for expression
cally readjusts as compared to that of the unperturbed staf@ to hold true, the tunneling amplitude has to satisfy the
when the coupling between the adatom and electron motioRndition
is neglected. This readjustment stems from the fact that those A>max2mbt, 1O (T/0)%) @)
electron-hole excitations with energies< wy cannot follow ' '
the adatom transitions adiabatically. The same is true, an@he first term in the curly brackets on the right-hand side of
even more so, regarding the phonon excitations, singe Eq. (4) exceeds greatly the second one in the case of metals
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at temperatures below 10 K. This term, however, becomewell depth. The quantity, by its physical meaning, repre-
negligible for insulators and semiconductors, characterizedents the absolute value of the imaginary de Broglie wave
by a low density of conduction-band electrons. For typicallength of the adatom for the under barrier moti@r the
metal surfaces the quantity~5x10 3, which is an order effective penetration depth into the classically forbidden re-
of magnitude less than in the bulk®’ and the energy-level gion) and decreases with the adatom mass. The exponent
splitting A>3x 102 T. Thus, for instance, in the tempera- x(0) allows a simple interpretation. The lattice vibrations
ture range from 0.01 to 10 K, the quantifyis supposed to create holes in the potential barrier of the order of the atomic
be large compared t0>310 8-3x10"° eV, respectively. displacement,, through which an adsorbate may escape
into a neighboring well. The smaller is the imaginary part of
IV. TUNNELING AMPLITUDE the de Broglie wavelength the easier it is for the adatom to
o . ] ) slip out of the well. The estimate of the parameté0) is
To show that criterion(7) is fulfiled for typical  again made for a separation distance of the order af so
AFM/STM tip-surface separation distances, it is necessary tgnat the assessment is valid for interstitial diffusion in the
have an explicit expression fod. Introducing the zero-  pylk as well. From these estimates it follows that the phonon
temperature exponentsin(wy/A) and ®(0) for the electron  polaron effect dominates at small host atom displacements
and phonon polaron effects, respeptlvely, and t_he argumernen Up<+dax, whereas, in the opposite case of
of th_e fluctuational-barrier-preparation exponenye(])) (for >/dax, the barrier fluctuations substantially increase the
details, see Refs. 9, 10, 31, and) 3@ arrive at the self- ynneling amplitude. Analysis shows that for adatoms at
consistent equation for the tunneling amplitude: metal surfaces the inequalig(0)>®(0) usually holds true
- due to the small scale of the lattice deformatim There-
A=A exl—b In(wo/A) = ®(0) + x(0)]. ® fore, the coupling between the adatom motion and phonon
In the latter expression, we omitted the time dependence a#xcitations does not decrease the tunneling amplitude. This
the tunneling amplitude induced by the tip motion, for con-conclusion agrees well with the experimental observation of
venience, in order to concentrate on the temperature depethhe anomalous diffusion of deuterium adatoms on the
dence of the factors on the right-hand side of ). W(111) surfacé® when the effect of the larger mass of deu-
It is easy to convince ourselves that in the case of tipterium as compared to hydrogen is almost completely com-
surface transfer of adatoms the first term in the square braclpensated for by the increase &fowing to the barrier fluc-
ets on the right-hand side of E() is small compared to tuations. Since the paramefgi0) increases proportionally to
unity, and may be neglected. Indeed, the adatom frequency tee host atom displacement squared, the effect of barrier
about wy~0.1 eV, while the energy-level splitting is ex- fluctuations may be even more pronounced at high
pected to be of the order df~10"%-10 © eV for the sepa- temperature&’ Concluding, we note that the time depen-
ration distance between the two wells of the order of thedence of the potential barrier fluctuations may be ignored in
average interatomic distance in a so[iote that in a typical virtue of host atoms’ moving much more slowly than the
AFM/STM configuration the distance between the tip andadsorbate tunneling across the barrier. Indeed, the potential
the surface is aboutl~(3-5) A, measured between the barrier fluctuations are significant in timg determined by
outmost atomic planésBearing in mind that the adsorbate- the inverse phonon frequencies,~ 1/wy,, which is much
surface spacing is~1 A,*° and that the transfer probability larger than the typical time the adatom spends under the
reaches a maximum value for the minimal separation disbarrier, 7,~ 1/wq, SO thatr,<<7;.
tance between the centers of the potential wells, we find the For the purpose of the present analysis it is sufficient to
separation distances of interest to be of the ordeRefd demonstrate that the conditidy>27bT may be easily ful-
—2h~a~(1-3) A. Therefore, the first exponent filled, so that the tunneling amplitude is large enough with-
b In(wy/A)~0.05<1. out taking into account the barrier fluctuation renormaliza-
As follows from Appendix A, the phonon polaron factor tion. Assuming that the adatom moves in a three-dimensional
®(0)~(Salug)?, where da is the typical shift of the spherically symmetric potential well, one can find the
surface-atom equilibrium position due to the presence of thenergy-level splitting corresponding to the unperturbed po-
adatom, andl, is the zero-temperature vibration displace-tential directly from the Schiinger equation by a method
ment of the host atoms. Particularlyy fa H interstitial in the ~ analogous to that of Ref. 41,
Nb lattice sa~0.18 (Ref. 32 and uy~0.1, and we find
®(0)~3.2. This qualitative estimate is in perfect agreement
with the resultf ®(0)=3.3] from the variational procedure
calculations by Teichlet? Surface layer relaxation in the

vicinity of the occupied adsorption site is expected to bewhere ¢(r) is the unperturbed ground-level wave function,
much less than that in the bulk of a bcc lattice, primarily and the functiorf describes the effect of the potential barrier
because of larger distances between an adatom and host gkcrease along the line connecting the two wells. In the case
oms. Indeed, according to Ref. 39 the change of the outeiof the Pschl-Teller potential (r) = — D/cosH(ar),*? which

most lattice spacing in a surface layer for the case of Heproduces well the basic features of the three-dimensional
adsorbates on metals is less than 1%0(06 a.u.). As a oscillator, expressiof9) reduces to

result, the phonon polaron effect for adsorbate tunneling is

quite small,®(0)=<0.3. Turning now to the influence of the

barrier fluctuations, we obtaig(0)~ (uy/X)? (cf. Appendix Ay=(4D/l \/w_ﬁ)cos‘zﬁ(l/2)sink?(|/2)ex;{ﬁl (H1,

A for detail9, wherex~(2MD) %2 andD is the potential (10)

Ao=(7/M)RPH2(RI2)F3(RI2), 9
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FIG. 2. The dependence of the tunneling amplitude on the tip- 10F H/Pt(111)
surface separation distance. Calculations are made for the Poschl-
Teller potential for a hydrogen adatom. The potential well depth is E 08 d=4.2 A
D=2.8 eV, and the adsorbate frequengy: 0.160 eV. )
]
= 06 |
a and B being the parameters characterizing the potential- g
well width and depth, respectively, =
& 04}
w)
a=woM/2D, B=—1/2+[1/4+(2D/wy)*]*2 =
(11 = 02
and | = aR being the dimensiqnless separation distance. In 00 ™
formula (10), I () denotes the integral ' 1.0
(b) time (10" 5)

112
I(I)=f [cosh 2(I—r)—cosh 2l]coth(r)dr. (12
0 FIG. 3. (8 The oscillations of the transfer probability as a func-

. . - tion of interaction time. Calculations are made for a hydrogen atom
As an illustration, in Fig. 2 the dependence of the energy,gsorhed at a Pt11) surface. The potential well depth and the

level splittingA, on the separation distang® calculated by  frequency are equal to 2.58 and 0.152 eV, respectively. The tip-

formula (10), is ShPWH for input parametef3=2.8 eV a.nd surface separation distanceds=4.1 A. (b) The same as in Fig.
wy=0.160 eV, which are typical for hydrogen adsorption at2(a) except for the tip-surface distande=4.2 A.

metal surface$>** It is seen that the tunneling amplitude

varies from 0.7 10 3 to 0.21x10 ® eV for the distance relaxation time, and therefore incoherent transitions may

between the tip and the surface adsorption site ranging frortake place before the adatom transfer becomes coherent.

3.5 to 3.9 A. In particular, in the distance range from 3.5 toHence, in order for formul#6) to be applicable, it is neces-

3.6 A the tunneling amplitude is larger than 8.40 % eV,  sary that the probability to find the adatom at the tip by the

and condition(7) is well satisfied for temperaturds<2 K. time the tunneling amplitude reaches a value comparable
To check the accuracy of formu(d0), we calculated the with 277bT be small compared to unity. In the case of the tip

tunneling amplitude of hydrogen interstitials trapped by oxy-sliding parallel to the surface, this requirement imposes the

gen in a Nb bcc lattice foD =0.427 eV,w(=0.158 eV, and  following condition on the tip velocity:

the separation distance between the two wélls,1.17 A

The theoretically evaluated tunneling amplitude v>2mbTVAd/IN(Ay/27bT). (13

Ay=0.17 meV is in good agreement with the experimental

value A,=0.17-0.21meV obtained from neutron Inequality (13) simply implies that the typical time during
scattering14 which the tunneling amplitude changes noticeably is small

compared to the electron-hole relaxation time.
Figures 3a) and 3b) display the transfer probability of a
hydrogen atom adsorbed initially on a(Pt1) surface to the
Pt tip as a function of time, i.e., the probability of finding the
Expression6) was derived under the assumption that theadatom at the tip at time Calculations are made by formula
transfer process is coherent, and that the adatom is initiall{6) for the tip-surface separation distanaks 4.10 (a) and
located at the surface adsorption site. The coherent process4s2 A (b). The potential well depth and the vibrational fre-
possible, however, only when conditi¢f) is fullfilled. Itis ~ quency are set equal to 2.58 and 0.152 eV, respectively.
clear that at large separation distances the tunneling amplithe adsorbate-surface spacing 1.19 A is calculated from the
tude may be small compared to the inverse electron-holél-Pt bond length 2.0 A% assuming the adatom to be located

V. QUANTUM OSCILLATIONS OF TRANSFER
PROBABILITY
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in a threefold-coordinated center sitiec or hcp. The tip
velocity is set equal t@ =1 cm/s to satisfy inequality13) 10
for temperatures below 0.01 K. The maximum value of the
tunneling amplitude is about>210 © eV, and conditior(7)
is well fulfilled. Note that a coherent transition from one fcc
(hcp) site to another equivalent site at the surface is highly
improbable due to the large distance between the respectiv
adsorption site§2.77 A). The transition from fcc to hcp sites
is characterized by the smaller jump distan@e59 A)
and larger tunneling amplitude. However, fcc and hcp ad-
sorption sites are not equivalent with respect to the ground
energy levels. The corresponding levels are expected to b
separated by a gap of about 0.01 ¥\yhich drastically 0.0 LA lad, ‘
- o o 1.2 08 04 0.0 0.4 0.8 12

reduces the incoherent fcc-hep transition probability at low
temperaturescf. Appendix B for details (@) time (10° )

As is seen from Fig. @), the probability to find the ada-
tom at the tip increases rapidly with time, and then exhibits
several oscillations between 0 and 1 before reaching the 1.0
value 0.18 as the tip departs from the adsorption site. The - H/C(001)
period of oscillations is about 2.5 ns. 0.8 d=325A

The dependence of the transfer probability on time
changes substantially as the distance between the tip and tF
surface increasdsf. Fig. 3b)]. For instance, it follows from
Fig. 3(b) that, atd=4.2 A, the adatom first tunnels to the tip
and then comes back to the surface. After that, with a prob-
ability of about 7%, the adatom tunnels to the tip again.
Generally, as the quantity augments, the tunneling ampli-
tude decreases, and the number of oscillations drops quickly 0.0 ' . | '
Further increase in the distance of closgst ap.proach leads t 12 05 04 0.0 04 05 1o
an exponential decrease of the probability to find the adatonr
at the tip. b) time (10° s)

When satisfying criterior{9) we assumed the density of
electrons at the Fermi level to be equal to the average density FIG. 4. (a) The oscillations of the transfer probability as a func-
of conduction electrons. In a number of cases the density-ofion of interaction time. Calculations are made for a hydrogen atom
states value at the Fermi level may be substantially loweadsorbed on a 001) (diamond surface. The potential well depth
than that for other energies in a conduction band, and thignd the frequency are equal to 4.05 and 0.363 eV, respectively. The
may also suppress the contribution of the electron-hole exciip-surface separation distancedis-3.2 A. (b) The same as in Fig.
tations to destruction of coherence. 3(3), except for the tip-surface distande=3.25 A

It should be stressed that, in the case of semiconductors
and insulators, the temperature range where the quantum ce-0.363 eV) (Ref. 49 and the binding energy of hydrogen
herence in tip-surface adatom transfer may be observed hemisorbed on the C surfa¢d.87 e\j.*” The H-C bond
much wider due to a low density of conduction electrons andength is 1.09 A and the adatom surface spacing
consequently larger electron-hole relaxation times. For exh=1.02A% The tip velocity is set equal tov
ample, the number of low-energy electron-hole excitations in=10"2 cm/s. Except for the time scale determined by the
normal uniform semiconductors is of the order of the densitychoice of the tip velocity, the character of the dependence
of free carriers in the conduction band, i.e., about P(t) is the same as in Figs(@ and Zb). The transfer prob-
~ngexp(—Ae/T), Ae being the energy gap between the con-ability oscillates at smaller separation distances and varies
duction and valence bands. The quantigyis three orders of more smoothly as the quantityincreases.
magnitude smaller than the bulk density of quasifree elec- The tip velocity and the its height above the surface may,
trons in metals, even at room temperature. In addition, thén principle, be adjusted in such a wéfpr given parameters
energy gapie is about 1 eV for typical semiconductors such characterizing the double welthat the probability for the
as Si or Ge and, therefore, the density of electron-hole exciadatom to be transferred to the tip reaches unity by the time
tationsn is at least four or five orders of magnitude smallerthe tunneling amplitude starts to decrease rapidly. In the lat-
than that in a metal. Since the parameiés proportional to  ter case the argument of the sine in E).no longer changes
n?, it is clear that condition$7) and (13) are fulfilled prac-  noticeably, and the quantifj(t) remains almost constant in
tically at all temperatures below 10 K for relevant tip veloci- the course of time. In other words, the tip may pick up the
ties and tunneling amplitudes. As an example, in Figa) 4 adatom with the probability 100%, and carry it away from
and 4b) the dependence of the transfer probability on time isthe initial adsorption site. This situation is illustrated in Fig.
shown for H adsorbed on a diamof@D1) surface. The po- 4(b). Such an experiment would require prior knowledge of
tential well depth D=4.05eV) is calculated from the parameters involved or proper calibration of the transfer
experimental value of the vibrational frequencywy( probability.

H/C(001)
d=32 A

T '

Transfer probability

0.6

0.4

Transfer probability
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The transition ratéthe number of atoms transferred per dwell time of the adatom in one of the wells is small com-
unit time) may be defined as the absolute value of the timegpared not only to electron-hole and phonon relaxation times,
derivative of the transfer probability. The transition rate isbut also to the typical tip-adsorbate interaction time.
very sensitive to the distance of closest appra&chhus, for (3) The tunneling amplitude can be controlled by varying
the H/Q001) system, it varies from f0to 10° atom/s as the the tip-surface separation distance, and may be made large
distanced decreases from 3.5 to 3.2 A. Those values arecompared to inverse electron-hole and phonon relaxation
comparable, and sometimes larger than those for thermallymes.
activated diffusion of hydrogen in metdf%. (4) The influence of the electron and phonon polaron ef-

Finally, we would like to discuss the important issue of fects is substantially compensated for by potential barrier
the alignment of the energy levels in the wells. In the generafluctuations, and may have little significance for coherent
case of a moving tip and nonsymmetrical wells, the levelgunneling at low temperatures.
are shifted with respect to each other by the time-dependent (5) The phenomenon of quantum coherence offers, in
guantity £=&(t) due to distance-dependent interaction. Asprinciple, an opportunity to manipulate atoms on a surface
the tip approaches the adsorption site the levels may intemwithout external electric field. However, experimental imple-
sect, so that at a certain tinge= £(t;) =0, and Landau-Zener mentation of such a manipulation may prove to be difficult
type transition® become possible. In order for multiple co- owing to the tunneling amplitude being extremely sensitive
herent tunneling events to take place, the gap between tHe variation of physical parameters. On the other hand, the
two levels during the dwell time of the particle in a well strong dependence of the oscillation period on the separation
should be small compared to the tunneling amplitude, so thatistance may be used for precise determination of the tip
5= (9€(ty)/ at)ty<<A. The latter condition can be rewritten height above the adsorption site.
in a more convenient form as
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also be achieved by sweeping the bias voltage between the
tip and the surface. It can be readily shown that the electric

The gradienty¢/da does not exceed 0.1 eV/A. Substituting N
the tip velocity value 16-1¢ A/s into inequality(14), we

field E, if weak enough not to disturb the potential-well APPENDIX A: ESTIMATES OF THE PHONON
shape and distribution of conduction electrons, may be, nev- POLARON AND POTENTIAL BARRIER
ertheless, quite sufficient to bringto zero without destroy- FLUCTUATION FACTORS

ing coherence. The important aspect here is an additional

energy gain of the adatom in the external field. This energ rom the general formula for the quantify(T) as a function

%E\II'QI Stgogrll(iubri Sr;nsa:)lL;?]Tt%?wrﬁgliao thfosepggmgtgft:]hee\gﬁj léno f temperature. Making use of the explicit expression for the
9. honon polaron factor, known from the small polaron

the voltage bias, we note that the energy gain of the adsot; 50,51

bate in one of the wells due to the presence of the electricheory’ we have
field E is aboutpE~ wE?, p andu being the induced dipole
moment and polarizability of the adatom, respectively. This ¢(T)=E |Wio|2[1—cogk-g)](1+2n,,), (A1)
guantity has to be small compared to the coherent band- Ko

width, so thatA> wE2. For a hydrogen atomy~ 1, and the
electric field is supposed to be in the range B&f
~103-10* a.u. for the tunneling amplitude of about
~107°-10 /(3% 10 ®~3x10 % eV), which corresponds
to a bias voltage of about 0.03-0.3 eV or to the so-called low
voltage limiting case in STM.

The estimate of the phonon polaron factor can be obtained

where

IR;

_ u(r,R)
Wka:(ZthﬁaN) 1/2; (—) €
| RO

X[expik-R;)—1], (A2)
VI. CONCLUSIONS and n,, is the average number of phonons with the wave
By theory and calculation we predict the following phe- vectork and polarizatiorw. In Eq.(A2), N is the number of
nomenon, which should be observable at low enough temAormal modesg,, is the polarization vector, and(r,R) is
peratures. the potential field in which the adsorbate moves, so Bat
(1) The coherent transfer of adatoms between a surfacdenotes the equilibrium positions of host atoms in the pres-
and an AFM/STM tip can be observed below 10 K for semi-ence of the adsorbate. The radius ved®rrepresents the
conductors and insulators, and below 0.1 K, in the case ofquilibrium positions of lattice atoms without the adsorbate.
metals. The tip velocity, however, should be high enough tdt is implied that the quantitie® (T) andW,, depend on the
prevent incoherent tunneling of the adsorbate to the tip beadatom quantum numbes, and the first derivative of the
fore coherent oscillations occur. potential energy is averaged over thetate. The respective
(2) The transfer probability oscillates in time when the subscripts are omitted for convenience.
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Expanding the potential energy of interaction in E§2)  where&, ,=2Mw\ tanh,,/2T). Calculation of the right-
into a Taylor series on the displacement of the equilibriumhand side of Eq(A6) is straightforward, and we arrive at the
positionsR; — R?, and confining ourselves to the first three formula
terms, we transform EqA1) to the expression

X(M=5> (b éva), (A7)
D(T)=(MAN) D, (Sa,)2wCcoth @ /2T). (A3) ka
Kia which can be also obtained from the general procedure of
Here the parametesa,, are proportional to the equilibrium €valuation of the tunneling amP“tUdp"sl Since the coeffi-
position displacements and describe the lattice deformatiofi€Nt ék i proportional to the inverse average atomic dis-
in the presence of the adsorbate. When deriving formul®lacement squared, while the quantify,~ 1/x, we find ghat
(A3), we used the explicit expression for the phonon distri-in the limiting case of small temperaturgg0)~ (uo/x)*.
butionn,, . Noticing further that the typical displacement of
a host atom is aboquN(thka)_Uz, from expression APPENDIX B: INCOHERENT TUNNELING RATE
(A3) we obtain the estimate of the zero-temperature phonon
polaron factord (0)~ (5a/ug)?, da being the typical defor-
mation of the lattice.

Turning now to the potential barrier fluctuation factor, we
note that in the zeroth approximation of host atom vibration
the bare tunneling amplitude is given by the expressign
= exp(—B), whereQ)~wq, and the quantitB~R/x>1
represents the exponent depending on the potential $bape
Egs.(10) and (11)]. The potential field in which the adsor-
bate moves, however, is determined by the instantaneous p

The coherent transfer of adatoms from the surface to the
tip may take place against the background of concurrent pro-
cesses of incoherent diffusion between adjacent adsorption
sites at the surfacgip). The major reason is that the distance
Sseparating two nearest nonequivalent adsorption sites is usu-
ally smaller than the tip-surface separation. However, those
adsorption sites diffefsometimes only slightly, as in the
case of fcc and hcp sites on a ftt1) surfacd in the poten-

tial shape, and this results in an energy gapetween two

o fvels of possible adsorbate positions in the respective poten-
sitions of host atoms. Therefore, generally, the expoent o \yelis. In order to analyze the influence of incoherent

may be expanded mtola power Series of at_omlc .d'Spla(.:‘ﬁ'umps on adsorbate mobility, we start with the expression for
ments. The terms of this series diminish rapidly with thelr,[he transition ratev;, derived in perturbation theot§/
number, as this expansion in fact reduces to a series over the n

ratio of the average thermal atomic displacemento the 5 -

interatomic distanca, u/a<1. Owing to the large value of WinZZWVONZL pLNJAIL)PS(E . —Ente),  (B1)

the distancdR> X the quantity Ru/xa) may be comparable ’

to and even larger than unity. As a result, the first nonvanwhere vy, is the overlap integral between the adatom wave

ishing term proportional tai/a in the aforesaid expansion functions pertaining to the two nonequivalent adsorption

may noticeably influence the tunneling amplitude. This cor-sites, p, is the density matrix, and the operathraccounts

rection is a hard core of the potential barrier fluctuation ef-for the polaron as well as potential fluctuation effects. The

fect. As shown below, accounting for the potential barrierexpression in the right-hand side of H&1) is obtained by

fluctuations always increases the tunneling probability. the common procedure of averaging with respect to the ini-
Following Ref. 31, we introduce the real normal modestial states of the systein and performing a summation over

qkaquaJr Uy, With the displacement coordinateg, mea- the final statedN.

sured from the proper polaron displacement The probabilityw;, can be presented in the following
form:
ORe=2 (ko T dka 9. (A4) .
The quantityq(’, represents the displacement of the normal Win= 7 EXF[+2X(T)]J7W dt expliet)
modes due to the adatom position at ttreadsorption site.
The exponenB can be written as function of the atomic XSp{lA)OA;r(t)A;h(t)Ae(o)Aph(o)}v (B2)

displacement up to the first order term with respectito, ] ) ) .
wherex(T) is the usual barrier fluctuation exponéhty is

the equilibrium density matrix, ande and A, are the elec-
B(U):B(OH% biaUica - (A5 tron and phonon polaron operators, respectively. For further
analysis, it is advisable to introduce the renormalized tunnel-
To find the potential barrier fluctuation factor, one has toing energy width
average the function ekp B(u)+B(0)] thermodynamically,

with the exponenB(u) defined by Eq(A5), and take the Y= Y0eX —b IN(wo/ nT) = P(T) +x(T)}. (B3I
logarithm of the resulting expression. Assuming a Gaussiafy, formula (B3) the coefficienty~ 1, the function®(T) de-
distribution over atomic displacement, we obtain scribes the phonon polaron effect, and the parambter
reads®
T)=I [27m) 1 f d -3 5
X( ) nll;! (gka 77) Uy o EX ZkEa (gkauka b=p2(8F)<qu/>2 (B4)

p(eg) and(Vyq ) being the electron density of states at the

+2byUka) | (AB) Fermi level and the Fourier transform of the Hamiltonian
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responsible for interaction of the adatom with electron-holeage number of phonons with the frequenay, .

excitations, averaged over the Fermi surface, respectively. Confining ourselves to the limiting case of low tempera-
To calculate integra{B2), we apply a procedure similar to tures T<®), we find from expressiofB5) that under the
that developed in Refs. 10 and 38, and transform expressiatonditions e>27T>E the incoherent transition rate re-

(B2) to duces to(cf. Ref. 52
Wi = 2771242
in Y Win=2yZE/ST, (B9)
= exp(e/2T) T+ (E+ie)2nT)|?
E2+e?2 T(A+ERaT(1/2+ER27T)’ In the case of metals the inverse relaxation time is deter-

(B5) mined by electron-hole excitation& ~=., and formula
(B9) can be simplified,

where E represents the total inverse relaxation time due to

coupling with phonons and electron-hole excitations, and is

given by the sum of inverse electron-holg€ ) and phonon

(Epn relaxation times,

Wi,=4mby?/. (B10)

Assuming that the ratio of the tunneling width to the level
E=Ee+Epm, (B6)  shiftis small,y/e <1, and taking into account that the prod-
uct 47mb<1, we come to the conclusion that the transition
rate is always much smaller than the tunneling widtk,
=.=27bT (B7) <+v. Since the coherent transition rate is abowty,
' =|9P/at|~A, we find that under the comparable tunneling
widths (A~ 1) coherent transitions dominate the tunneling
b (0= Wi/ p)- processw.,=>W;,. This estimate holds true for insulators
‘B and semiconductors as, at low temperatures, the inverse re-
(B8) laxation time= ,, associated with phonon excitations dimin-
In formula (B8), Cy, k' is the expansion coefficient in the ishes much more rapidly with temperature than the quantity

two-phonon term of the Hamiltoniai,andn,,, is the aver- =..%

with the latter quantities defined by

a— Nir

Eop=mT > | Crak gl
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