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Atom oscillations in the scanning tunneling microscope

M. Grigorescu, P. Budau,* and N. Carjan†

Department of Theoretical Physics, Institute of Atomic Physics, Post Office Box MG 6, Bucharest, R-76900, Romania
~Received 18 September 1996!

The atom tunneling across the potential barrier separating the surface and the tip of the scanning tunneling
microscope is investigated by semiclassical methods, and by integrating numerically the time-dependent
Schrödinger equation. It is shown that the barrier crossing is explained by the resonance phenomenon of
quantum coherence oscillations, rather than by exponential decay. The occurrence of these resonances at the
variation of the bias voltage is studied for the first two isomeric states of a Xe atom in a surface-tip potential
of double-well shape. The resonant bias voltages for these two states practically coincide, and at the first
common resonance the effect of the environmental temperature is discussed. The results provide a useful frame
for understanding the mechanism of atom transfer in scanning tunneling microscopy.
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I. INTRODUCTION

The reversible atom transfer in the tunnel junction of t
scanning tunneling microscope~STM! becomes increasingly
important for molecular-level manipulations, surfa
quantum-chemical reactions, or microelectronic devic
This process is observed at application of a voltage pu1

between the conducting surface and tip of the STM, and
a rate which increases as a power of the current. The pre
models assume that atoms are trapped in the STM junc
by a surface-tip potential of double-well shape,2 though the
switching mechanism between the two wells is not
known. In general, one assumes that transfer appear
heating-assisted electromigration,1,3 or the combined effec
of thermal activation at the ambient temperature and exc
tion by the inelastic scattering of the tunneling electron2

However, these models give only partial explanation of
experimental results.

A model based on atom tunneling through the poten
barrier was proposed in Ref. 4. Before tunneling the atom
supposed to be in a statistical mixture of isomeric states
calized on the surface, and the transfer rate is defined by
thermal average of the corresponding WKB rates.

The isomeric states decay exponentially in open spa
but in a double-well potential~DWP! they have an oscilla-
tory behavior.5 For an arbitrary DWP, a metastable sta
never tunnels completely, and in practice the irreversi
transfer across the barrier can be explained only by the
istence of some external decoherence mechanism. How
in special resonance conditions it is possible to obse
quantum coherence oscillations~QCO’s! when the wave
packet is localized alternatively in each of the two wells.5 If
the decoherence factors could be reduced, then such os
tions might also be observed in the STM potential.6

The aim of this paper is to determine the characteri
time scale of atom tunneling in STM starting from the exa
treatment of the quantum dynamics in DWP. Therefore,
tunneling of the first two isomeric states of a Xe atom loc
ized initially on the surface is investigated by numerica
solving the time-dependent Schro¨dinger equation~TDSE!.
Resonant bias voltages and QCO periods are obtained,
compared with semiclassical estimates. The effect of
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thermal noise is included by calculating the tunneling pro
ability for a statistical mixing between these two states.

In Sec. II we present time scales relevant to the occ
rence of QCO or exponential decay. Section III contains
merical results obtained by semiclassical calculations and
solving the TDSE for a Xe atom in the pair plus dipo
double-well potential of the STM junction. Conclusions a
summarized in Sec. IV.

II. CHARACTERISTIC TIME SCALES
OF THE TUNNELING PROCESS

The tunneling represents a special case of decay, when
quantum system undergoes a transition between two dif
ent classical regions, separated by a potential barrier. If
regions are isolated by an infinite barrier, then each is ch
acterized by its own set of eigenstates. When the barrie
finite, these eigenstates become nonstationary wave pac
For a one-dimensional potential with a single metasta
minimum the tunneling of an isomeric statec is irreversible,
and its escape probabilityr increases in time according to a
exponential law

r~ t !512e2lt ~1!

wherel can be estimated using the Gamow formula

l5
v i

2p
e22*xi

xoA2M „V~x!2Er …/\
2dx. ~2!

Herev i /2p is the oscillation frequency in the isomeric we
andxi andxo are the turning points at the barrier.

If the stable well is bounded, then in generalc remains
confined to the isomeric well, without tunneling. An exce
tion is the case of the QCO resonance, appearing whenc is
a linear combination of two quasidegenerate eigenstates
ing energies separated by a gapDEres, very small in com-
parison with the average level spacing in the stable w
\v f . In this case

r~ t !5„12cos~pt/Tmax!…/2, ~3!

oscillating between 0 and 1 with the half-period
7244 © 1997 The American Physical Society
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FIG. 1. Time scales for atom tunneling. Semiclassical estimates oftR ~A! andTmax ~B!, as functions of the bias voltage.
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Tmax5
\p

DEres
. ~4!

In the WKB approximation,DEres'2Vf i , with

Vf i5
\

2p
Av iv fe

2*xi
xoA2M „V~x!2Er …/\

2dx ~5!

denoting the tunneling matrix element.7

The average level spacing is related to the recurrence

tR~E!5
2p

v f~E!
, ~6!

which is the period of the closed orbit with the energyE in
the stable well. In other words, this is the total time requir
for a particle to travel from the barrier to the outer wall of t
stable well, to be reflected, and to come back to the bar
As was shown in Ref. 8, during this time interval the dec
follows the exponential law of Eq.~1!.

The time scale of the tunneling phenomena discussed
is given byTmax, tR , andl21. These time intervals are no
independent, but related by the equation

l5S p

2 D 2 tR
Tmax
2 . ~7!

The pure QCO described by Eq.~3! appears when the den
sity of states in the stable well is very low, andtR→0. In
this limit, the time evolution at resonance is periodic, b
slow, with a period (2Tmax), much greater than the ‘‘class
cal’’ expected valuetR . The exponential decay of the iso
meric state occurs whentR.l21 ~the irreversibility condi-
tion!, because in this casetR is long enough to allow a
complete tunneling.

III. RESONANT ATOM TRANSFER
IN THE STM POTENTIAL

The present numerical estimates concern the tunnelin
a Xe atom in the biased STM double-well potential of Ref.
e

d

r.
y

re

t

of
.

For a fixed surface-tip geometry and zero bias, this poten
may be approximated by the fourth-order polynomial

Vp~x!5C01C1x1C2x
21C3x

31C4x
4. ~8!

The coefficients have been obtained by interpolation, s
that C050.45 meV, C150.77 meV/Å, C25255.64
meV/Å2, C35211.59 meV/Å3, andC4544.51 meV/Å4. For
a bias voltageU applied on the surface, the potential b
comesV(x)5Vp(x)1Vd(x), with

Vd~x!52U
m0

2w H 1

0.310.7~w1x!4/L4

2
1

0.310.7~w2x!4/L4 J ~9!

denoting the dipole term. Herem050.3D (1D
53.335310230 C m!, w52.2 Å, andL51.56 Å.

The characteristic timesTmaxandtR calculated using Eqs
~4! and~6! are represented as a function ofU in Fig. 1. The
values obtained fortR @Fig. 1~A!# indicate that, indepen-
dently of bias, the stage of exponential decay, if it appea
cannot exceed a few picoseconds. This is too small to en
a significant transfer probability, though during this time
is possible to define the average transfer rate propose
Ref. 4,

l5

(
i
e2Ei /kBTl i

(
i
e2Ei /kBT

, ~10!

whereT is the temperature,Ei are the energies of the iso
meric levels, andl i the corresponding escape rates given
Eq. ~2!.

The semiclassical estimates obtained forTmax using Eq.
~4! have values depending continuously onU in a wide in-
terval, ranging over ten orders of magnitude, from millise
onds to picoseconds, as it is shown in Fig. 1~B!. However,
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FIG. 2. Resonances in atom tunneling. The energies~A! and the maximum attained byr within 20 ps~B! for the first two isomeric states
as a function of the bias voltage.
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these estimates do not give the position of the resonan
and more precise calculations are necessary.

The isomeric levels are related to the eigenstates of the
atom in the modified potential

Vmod~x!5HV~x! if x<xb

V~xb!1a~x2xb!
2/2 if x.xb ,

which is obtained by replacing the stable well ofV(x) by a
quadratic term rising up from the top of the barrier located
xb . The eigenstatesc i of this potential have been calculate
by the Runge-Kutta integration of the stationary Schro¨dinger
equation

F2
\2

2M

d2

dx2
1Vmod~x!Gc i~x!5Eic i~x!. ~11!

HereM is the Xe mass, andVmod was defined by choosing
a5100. The variation of the first two eigenvaluesE0 and
E1 whenU decreases from 0 until the barrier disappeara
~'21.2 V!, is presented in Fig. 2~A!. This shows that the
energy slopessk5udEk /dUu, k50 and 1, are;12 meV/V
for both states, and the energy gapDE5E12E0 is ;1.8
meV, independently ofU. Therefore, if the atom is thermall
equilibrated with the environment whenU50, then it will
remain in this state during the voltage pulse of20.8 V ap-
plied for switching. At the STM operation temperature of
K, the equilibrium occupation numbers of the first two sta
have the ration1 /n05exp(2DE/kBT);0.005, and thus the
contribution ofc1 to the atom transfer is small. Howeve
n1 /n0 may increase above this value due to the excitat
produced by the inelastic scattering of the tunneling el
trons, and a junction current of 200 nA can produce a ra
n1 /n0;0.015.2

The values ofU corresponding to QCO’s have been d
termined by investigating the time evolution of the me
stable wave packetsc0 andc1 obtained from Eq.~11!. The
time-dependent Schro¨dinger equation
es,

e

t

e

s

n
-
o

-

i\
]c~x,t !

]t
5F2

\2

2M

]2

]x2
1Vp~x!1Vd~x!Gc~x,t !

~12!

was solved with the initial conditionc(x,0)5c i(x), i50
and 1, by the iterated leap-frog method9 using the time step
dt56.5831025 ps and the spatial grid@xmin ,xmax#5
@21.2 Å,2 Å# divided by 320 points. At each time step w
calculated the probabilityr of finding the atom localized in
the stable well, close to the tip

r~ t !5E
xb

xmax
dx c* ~x,t !c~x,t !. ~13!

The maximumrm attained byr(t) within the time interval
@0,tm#, for tm520 ps, is represented as a function of the b
voltage in Fig. 2~B!. The peaks indicate the resonances, a
for c0 the first appears atU521.141 V, the same as it wa
obtained before6 using initial wave packets of Gaussia
shape. This resonance hasTmax514.37 ps, and the pea
value is 1. For the other resonances the peak valuesrm are
lower, indicating thatTmax is larger thantm . Tmax can be
estimated in this case using Eq.~3!, and is given by

Tmax5tm
p

2 arcsin~Arm!
. ~14!

These values are represented in Fig. 1~B! by star symbols,
and a comparison with the semiclassical estimates show
very good agreement.

It is interesting to note that the resonances ofc0 andc1
appear at almost the same bias voltages, separated by
intervals of;80 mV. The first common resonance appears
U;20.89 V, and inthis case the initial wave packets an
the potential function are shown in Figs. 3~A! and 4~A!. The
corresponding dynamics of the localization probability
the tip at the resonance and near resonance is represen
Figs. 3~B! and 4~B!, respectively.
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FIG. 3. The resonance ofc0 atU520.8891 V. The potentialV(x) in meV ~solid! and the initial wave function multiplied by 10~dash!
~A!, andr as a function of time at resonance~solid! and near resonance~dash! ~B!.
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If the atom adsorbed on the surface is thermally equ
brated, and only the first two isomeric levels are conside
then the localization probability on the tip can be expres
by the average

rmix~ t !5

(
i50,1

e2Ei /kBTr i~ t !

(
i50,1

e2Ei /kBT

, ~15!

wherer i(t) is given by Eq.~13! with c[c i , i50 and 1.
The calculations atT54 K indicate that at the first commo
resonancermix closely follows the behavior ofr0, excepting
the small times, whenrmix is slightly abover0 ~Fig. 5!.
-
d,
d

During a voltage pulse of20.8 V the isomeric ground
state of the Xe atom encounters about 10 resonances.
resonance extends over an energy interval;DEres
5\p/Tmax, which corresponds to an interval of the bia
voltage ofDU res5DEres/s0. Thus for a linear pulse with a
constant slopem[udU/dtu the isomeric statec0 remains in
the resonance region during a time

Tc5
DU res

m
5

\p

ms0Tmax
. ~16!

For a linear pulse decreasing from 0 to20.8 V in 64 ms, the
crossing timeTc becomes comparable toTmax/2 whenU
;20.49 V. The resonances crossed whileU.20.49 V
have Tc!Tmax and therefore the tunneling probability re
FIG. 4. The resonance ofc1 atU520.89 V. The potentialV(x) in meV ~solid! and the initial wave function multiplied by 10~dash! ~A!,
andr as a function of time at resonance~solid! and near resonance~dash! ~B!.
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mains small. The opposite situation appears for the re
nances encountered whenU,20.49 V, becauseTc@Tmax,
and in principle the atom may oscillate many times betwe
surface and tip during the resonance crossing.

IV. SUMMARY AND CONCLUSIONS

In this work we have investigated the oscillatory behav
of the atom transfer in STM, using both semiclassical me
ods, and solving exactly the quantum tunneling problem
numerically integrating the TDSE. Two initial wave packe
have been used, the isomeric ground and first excited s
obtained by solving the stationary Schro¨dinger equation in
the metastable well.

In a static potential, the transition across the barrier
follow an exponential law only during times comparable
the period of classical oscillations in the stable well,tR .
However, this time interval is too short@Fig. 1~A!#, and can-
not explain a complete tunneling. For certain resonant va
of the bias voltage@Fig. 2~B!#, the probability of localiza-
tions in the stable well may increase to 1 by quantum coh
ence oscillations. The semiclassical estimates show tha
QCO period depends almost exponentially on the bias v

FIG. 5. Small-time behavior for tunneling atU520.89 V. r0
~solid! andrmix at T54 K ~dash! are given as functions of time.
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age, ranging from tens of picoseconds to tens of millis
onds. For the first resonances the agreement with the TD
calculations is very good@Fig. 1~B!#, indicating that these
estimates are reliable. Therefore, they can be used for
dictions near zero bias, where the numerical integration
the TDSE would require a large amount of computer time

The energy of the two isomeric states depends linearly
the bias voltage with the same slope@Fig. 2~A!#, and the two
sets of resonant bias voltages almost coincide@Fig. 2~B!#.
The first common resonance appears atU;20.89 V, and
the others at bias voltages increasing in equal steps of 0
V. Thec0 resonance which could have the main contributi
to the atom transfer was selected introducing the notion
crossing time (Tc), discussed for the case of a linear voltag
pulse.

The equality of the energy slopes~s05s1! ensures that
the voltage pulses do not change the thermal equilibri
population of the initial state. The effect of the thermal mi
ing in the metastable well was investigated at an enviro
mental temperature of 4 K. This temperature effect proves
be small, and the main contribution to the tunneling com
from the isomeric ground state~Fig. 5!. However, the heat-
ing produced by the tunneling electrons,2 not considered
here, may lead to higher effective temperatures, which co
increase the contribution of the excited isomeric states.

In the atomic switch transfer experiments the Xe atom
always directed toward the positively biased electrode. T
fact can be explained by the 6s resonance of Xe,10 which can
stabilize some extra negative charge. The QCO of a nega
ion can influence the electron tunneling current, according
its effective lifetime and the oscillation period between su
face and tip. Thus such atom oscillations could be obser
by accurate measurements of the junction current.

When the decoherence produced by the electron cur
or the environmental temperature suppress the oscillatio
the atom can be trapped on the tip. Therefore, further w
for understanding the QCO decoherence in STM could s
some light on the atom transfer mechanism too.

The calculations presented in this work on the atom d
namics in the STM junction emphasize the oscillatory, rath
than exponential, behavior of the localization probability.
can also be seen as providing a basis for understanding
mechanism of atom transfer, or giving practical recipes
constructing new quantum microelectronic devices.
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