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Tunnel heating of a single Xe adsorbate

M. Hliwa and C. Joachim
Centre d’Elaboration des Matriaux et d’Etudes Structurales, CNRS 29, rue J. Marvig, BP 4347, F-31055 Toulouse, France

~Received 31 July 2001; published 5 February 2002!

In the junction of a scanning tunneling microscope, the energy released by tunneling electron on a single
~and the same! Xe adsorbate is calculated taking into account the time dependence of the individual nonreso-
nant electron transfer events inside the tunnel junction. The dissipated energy leads to an apparent and mea-
surable vertical shift of the adsorbate position. The dissipation is governed by aI l power law with 3.0.l
.1.7 depending on the vibronic coupling coefficient. There is no need to suppose an occupation of the Xe 6s
excited state to explain such Xe vibration heating phenomenon.

DOI: 10.1103/PhysRevB.65.085406 PACS number~s!: 73.43.Cd, 73.43.Jn, 68.37.Ef, 68.37.Hk
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I. INTRODUCTION

We are interested by the amount of energy released
electrons tunneling in a nonresonant regime through a si
~and the same! adsorbate. In the junction of a scanning tu
neling microscope~STM!, the desorption of a single Xe
atom,1 the rotation at random of O2 ~Ref. 2! and of C2H2
~Ref. 3! molecules are now observed experimentally wh
the energy released by the tunneling electron is enoug
change the adsorption site~or conformation! of the adsor-
bate. Other inelastic processes in an STM junction like
controlled dissociation of C-H~C-D! and the spectroscopy o
their stretching modes have been also experimentally
served for C2H2 (C2HD,C2D2) ~Ref. 4! and theoretically
investigated.5 Several models for the inelastic electron tu
neling mechanisms have been suggested for describing
coupling between tunneling electrons and the vibratio
modes of an adsorbate.6–15

At a low tunnel current intensityI, the adsorbate is
slightly ‘‘heated’’ by the tunneling electrons without any d
sorption or unimolecular reaction.2 The net result of this
heating process is an increase of the fluctuations of the
sorbate position~or conformation! around its equilibrium
relative to its thermalization by the surface phonons. In
case of a Xe embedded in an STM junction, a small appa
Dz shift of its average altitudez will result. This small
change of altitudez is comparable to the apparent corrug
tion change observed during STM imaging of adsorba
randomly diffusing on a metal surface.16 While increasingI,
suchDz can be measured by following the time depende
of the STM feedback loop signal.17

We provide here a semiclassical description of the ine
tic force induced by the tunneling electrons and acting o
single Xe in an STM junction while increasingI. The power
dissipated and the resulting average apparentDz shift for the
Xe atom are calculated. In Sec. II, we give detailed deri
tion of the time averaged tunneling electrons inelastic fo
acting on the adsorbate. The corresponding time-avera
inelastic electron-adsorbate interaction Hamiltonian is
scribed in Sec. III. For several heights of the STM tip, t
shape of the static potential energy curves and the co
sponding current intensity curves are compared in Sec.
The characteristic features of the Xe displacementDz, the
0163-1829/2002/65~8!/085406~6!/$20.00 65 0854
y
le

-

n
to

e

b-

he
l

d-

e
nt

-
s

e

s-
a

-
e
ed
-

e-
V.

heating temperatureTv ib , and the dissipated powerPdiss as-
sociated with theDz shift are discussed in Sec. V. Finally
some concluding remarks are reported in Sec. VI.

Notice that the tunneling heating phenomenon worked
in this paper must not be confused with a resonant disso
tion process where the tip apex of the STM is used as
electron field emission source populating the unoccupied
bitals of the adsorbate.18,19

II. TIME-AVERAGED TUNNELING ELECTRON
INELASTIC FORCE

In the course of an elementary tunneling event, a t
amount of energy is lost by the electrons transferred from
tip to the surface via the adsorbate. This energy is ma
released on the adsorbate vibration degrees of freedom.
energy is also released on the electronic cloud giving rise
a small electronic friction effect. We are interested here
the first process where the Xe vibration degree of freedoz
in its surface potential well is excited by the tunneling ele
trons. This excitation does not compared to a direct vibrat
state to state transition. The reason is that the state to
transition theory is not valid for tunneling electrons fro
inside the tunnel barrier where the inelastic effects occu
only applies to ballistic electrons.

For the mechanical effect considered in this paper, th
are many ways to demonstrate that thez semiclassical equa
tion of the motion of a Xe atom adsorbed on metal surfac
given by20–22

M
d2z

dt2
52¹U~z!1hM

dz

dt
1Fin~ t,z!. ~1!

In Eq. ~1!, h is the vibration relaxation rate from th
Xe towards the surface andFin(t,z) the time-dependent ran
dom inelastic force due to the tunneling electrons and ac
on the Xe. The ground-state potential energy curveU(z) for
the interaction of the Xe with the tip and the surfa
can be found by semiempirical orab initio approaches~see
Fig. 1!.23,24

Inside the tunnel junction, two random processes are
work to shapeFin(t,z). First, to be transferred through th
adsorbate, the electrons are delivered one by one to the S
©2002 The American Physical Society06-1
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M. HLIWA AND C. JOACHIM PHYSICAL REVIEW B 65 085406
junction at random timest i ~Ref. 25! with f 1(t) the normal-
ized envelop of this process. The corresponding Poisso
distribution is usually characterized by the average time
terval T separating such delivery events withT5e/I . Start-
ing at time t i , a given elementary elastic electron trans
event has a very short time duration of averaget. HereT is
much longer thant with, for example, forI 51 nA through
a Xe atom,T5160 ps andt50.4 fs ~see the Appendix!.
Second, not all the transferred electrons through the ad
bate are inelastically active.13,26 Therefore, only a very few
of the t intervals have to be taken into account to determ
Fin(t,z). The time dependence sequence of these even
shown in Fig. 2 withf 2(t) the time distribution of the inelas
tic events selecting randomly a very few of the elastic ev
occurrences.

FIG. 1. Schematic representation of a single Xe atom embed
between the Cu~110! surface and tip of an STM junction. The ape
of the tip has a ten-Cu-atom pyramidal shape. The surface and
core of the tip are described by four planes; each one contain
Cu atoms, and cyclic lateral boundary condition were used~Ref.
23!.

FIG. 2. Schematic representation of the tunnel cyclostation
stochastic process where the average electron transfer durationt is
much smaller than the averaged time intervalT separating two suc-
cessive electron transfer events.~a! The random tunneling elasti
electron transfer events for which the occurrences are given by
statistical functionf 1(t). ~b! The distribution function of active in-

elastic electron transfer events for whichĤ in(t) is switched on,
respecting another statistical functionf 2(t).
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Let us now takeuc(z)&for the total vibronic state of the
tip-adsorbate-surface system andĤ in(t) the Hamiltonian of
the inelastic interaction between the Xez degree of freedom
and the tunneling electrons expressed in the interac
representation.27 Fin(t,z) can be written

Fin~ t,z!5^c~z!u2¹zĤ in~ t ! f 1~ t ! f 2~ t !uc~z!&. ~2!

The f 1(t) f 2(t) product gives the ‘‘on’’ and ‘‘off’’ switch-
ing sequence ofĤ in(t). But in an STM experiment, only the
averageDz variation due toFin(t,z) and not its very fast
time-dependent variation can be measured. Therefore,
the effect of the time averageFin(t,z) of this random inelas-
tic events can be observed onDz. Then, because of the pe
manent character of the tunnel currentI measured outside th
tunnel junction,Fin(t,z) is denotedFin(I ,z) in the following
to emphasize its dependence onI. This time average is taken
over the randomf 1(t) and f 2(t) distribution functions.

This separates the time average of the interaction Ha

tonian Ĥ in(t)5Ĥ in(I ) ~taken on a givent time interval!
from the average of thef 1(t) f 2(t) time distribution. It comes
directly for Fin(t,z) on a long observation intervalDt:

Fin~ I ,z!5 f 1~ t ! f 2~ t !^c~z!u2¹zĤ in~ t !uc~z!&. ~3!

In the following, we will use in Eq.~1! the time average
versionFin(I ,z) of Fin(t,z). Introducing the efficiencyg in
of the inelastic effect compared to the elastic even
f 1(t) f 2(t)5g int/T,28 using the Hellmann-Feynman theo
rem, and introducingI instead ofT in Eq. ~3! it comes di-
rectly from Eq.~3!:

Fin~ I ,z!52g int
I ~z!

e
¹z@^c~z!uĤ in~ I !uc~z!&#. ~4!

III. TIME-AVERAGED INELASTIC INTERACTION
HAMILTONIAN

In the durationt of an inelastic event, theĤ in(t) Hamil-
tonian written in the Heisenberg representation can be
pressed using a generalization of the Fro¨hlish electron-
phonon coupling Hamiltonian:26,29,30

Ĥ in~ t !5(
m

(
p,q

ap* ~ t !aq~ t !gmpq
ẑmpq

ufp&^fqu. ~5!

The electronic part ofĤ in(t) is expanded over the
valence-bond-like statesufp&, whose time quantum superpo
sition is given by theap(t) coefficients. Each displacemen
operatorẑmpq

corresponds to a reaction coordinatem associ-
ated with the nonadiabatical potential energy surface of
ufp& and ufq& time-dependent mixing. The correspondin
vibronic coupling is given by thegmpq

constant. This is a

linear term in view of the smallDzmpq
shift expected at a

small I.
In Eq. ~5!, we only consider a transfer process from

monoelectronic stateuf t& ~of the tip! towards a stateufs& ~of
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TUNNEL HEATING OF A SINGLE Xe ADSORBATE PHYSICAL REVIEW B65 085406
the surface! through one intermediate stateufa& ~of the ad-
sorbate! which is very much out of resonance relative touf t&
and ufs&. The most active term in Eq.~4! corresponds to an
exchange of energy between the transferred electron and
z vibrational mode of the Xe surface energy potential we
The correspondingaa(t) coefficients can be obtained insid
each t interval for t!e/I by solving the time-dependen
Schrödinger equation describing a single-electron trans
process fromuf t& to ufs& via ufa&. The oscillating behavior
of the ufa& occupation amplitude is given by~see the Appen-
dix!

aa~ t !5A 4~a21b2!

a214~a21b2!
sinSAa214~a21b2!

2\ D , ~6!

with a5^f tuĥufa&, b5^fsuĥufa& and a5(e t2ea)5(es
2ea), wheree t , ea , andes are, respectively, the energies
the tip, adsorbate, and surface states, andĥ is the monoelec-
tronic Hamiltonian of the system. Notice that for an ele
tronic friction problem, a multielectronic description wou
have to be used here instead of a single monoelectronic le
To calculateĤ in(I ) on a given time intervalt, we have first
evaluated the quantity (1/t)*0

t uaa(t)u2dt which is the aver-
age occupation probability of the virtual stateufa& on a
given time intervalt. This represents the time average of t
inelastic interaction Hamiltonian during the electron trans
time t5h/@2a1Aa214(a21b2)# ~see the Appendix!.

Let us insist on the fact thatt is not the residence time o
a tunneling electron on a given virtual resonant adsorb
state as often supposed.31,32The transferred electrons are n
in a ballisticlike field emission state but in a time-depend
superposition of states mixing up the tip and surface st
with the adsorbate states. As in any through bond elec
transfer processes, the virtual orbitals of the adsorbate
porting the tunneling process are never fully occupied by
tunneling electrons. It is the quantum state trajectory of t
transfer process which is weakly deviated, outside the s
space generated by the tip and the surface states, by
presence of the adsorbate states.Thus, at a given tunne
rent intensityI, the expression of the time-averaged Ham
tonian corresponding to the inelastic interaction takes
following form:

Ĥ in~ I !5
a21b2

a214~a21b2!
gẑufa&^fau. ~7!

In Eq. ~7!, g is the vibronic coupling term along the rea
tion coordinatez, and ẑ is the corresponding displaceme
operator. Introducing the overlap integrals^f tufa& and
^fsufa& of the stateufa& with all the states of both the tip
and the surface, one can average, around the adsorbate
librium positionz05A\/2Mv, over the electronic and vibra
tional states and the result is
08540
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^Ĥ in~ I !&~z!5
1

~1.75!2

g

a214~a21b2!

3A \

2Mv

ab~a21b2!

a2
, ~8!

where the product̂ f tufa&^fsufa&5ab/@(1.75)2a2# has
been expressed using the Wolfberg-Hellmost formula,33 v is
the adsorbate vibrational frequency, andM is the reduced
mass of the corresponding mechanical degree of freed
For small electronic coupling between the electronic sta
uf t& of the tip andufs& of the surface through the adsorba
statesufa&, the tunneling current intensity is given at sma
bias voltageVbias by34

I ~z!5
e2Vbias

p\
uVtsu2r trs , ~9!

where the electronic effective couplinguVtsu5(a21b2)/2a
has been calculated to the first order following the stand
effective Hamiltonian technique used in electron trans
theory ~see the Appendix!. Calculating the density of state
r t5a/@p(a214a2)# and rs5b/@p(a214b2)# as usual31

and after some simplifications the result is

^Ĥ in~ I !&~z!50.33
p\

e2Vbias

3A \

2Mv

a2

~a21b2!
gI~z!. ~10!

Finally, the full expression of the average inelastic for
exerted on the Xe adsorbate used in Eq.~1! is given by

Fin~ I ,z!520.33g int
I ~z!

e

p\

e2Vbias

A \

2Mv
g

d

dz

3S a2

a21b2
I ~z!D , ~11!

where for a givenztip , a and b are dependent onz to the
first order anda to the second order.

This expression contains the usual proportional dep
dence of the inelastic effect on the tunnel current intens7

which is measured by an ampermeter positioned away f
the tunnel junction. Thez derivative in Eq.~11! encompasses
two well-known terms: the standard nonadiabatic coupl
da(z)/dz taken here without a linearization and th
dI(z)/dz term often considered as a second-order ter7

which recovers in Eq.~11! its full influence. Finally, Eq.~11!
also contains explicitly the electronic characteristic of
electron transfer process because of the intratunnel ba
electronic couplinga andb which are alsoz dependent.
6-3
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IV. Xe POTENTIAL ENERGY AND CURRENT
INTENSITY CURVES

The potential energy curvesU(z) and the current inten
sity functionsI (z) were calculated for tip-surface distanc
of 6.0, 8.0, and 10.0 Å using calculation techniques alre
described elsewhere23 ~see Figs. 1 and 3!. The mesh param
eter for Cu bulk is taken equal to 2.55 Å and the total int
action potential is estimated by superposition of the Cu-
and Cu-Xe pair potentials for a given tip-apex–metal-surf
separationztip and for a given Xe atom positionz including
the N-body multipole interactions self-consistantly.35 The
current intensity curves are calculated using the elec
scattering quantum chemistry~ESQC! technique.36

Figure 3 shows that the static potential energy cur
minima are different compared with the tunnel curre
maxima position. The corresponding shifts are, respectiv
0.2, 0.8, and 1.5 Å. For a smallztip value, the potential
barrier disappears and the Xe atom is stabilized on the m
surface because of the deformation of the surface diffus
barrier introduced by the tip apex. In this case the apex
ates a van der Walls trap for the Xe atom.23 The double-well-
like shape ofU(z) appears at very largeztip distance corre-
sponding to a too smallI to induce Xe transfer from one we
to the other. This rules out the standard interpretation of

FIG. 3. Potential energy curvesU(z) ~solid lines! and the tunnel
current intensityI (z) ~dashed lines! as function of the Xe-surface
distancez for ztip56.0, 8.0, and 10.0 Å from top to bottom.
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transfer process currently in use in the literature.32,37 This
interpretation is based on the double-well potential mo
where the Xe atom is transferred from one well~the surface!
to the other~the tip! due to a multiple excitation of the vi
bration levels of the Xe in the surface well. There is no ne
for such transition effects because at the experimental
tance, the double-well potential is not completly formed f
the Xe atom. Fromztip510.0 Å to ztip56.0 Å the resis-
tance of the tunnel junction, which is simply estimated by t
quantityVbias /I , decreases from 1.0 GV to 1.0 MV which
is comparable to the experimental value of 0.906 MV where
the Xe transfer experiments have been performed.1

V. RESULTS AND DISCUSSION

Many parameters are required to solve Eq.~1! with Eq.
~11!: g in , g, a, a, and b. From ESQC, we founda
55.0 eV, a50.2 eV, andb50.6 eV.32,38 For Xe, onlyg
and g in remain noncalculable at present.g in can be evalu-
ated experimentally by performing a large number of ads
bate extractions.32 The resulting statistic is fitted by a Boltz
mann law which givesg in56.631024. A few g are known
like 4.1 eV/Å for the 2p* carbon-carbon bond in
trans-polyacetylene,29 10.0 eV/Å for the 2p* -CO bond on
a metal surface.37 We have takeng52.29 eV/Å for the 6s
state of a Xe atoms adsorbed on a Cu~110! surface.32 With
those parameters values, the maximum electronic popula
uaa(t)u2 of the state 6s is only 6.031023.

The calculated XeDz permanent displacement compar
to its I 50 static equilibrium position is presented in Fig. 4~a!
as a function ofI. HereDz results from competition betwee

FIG. 4. ~a! Xenon displacementDz, ~b! vibrational temperature
Tv ib , and~c! tunneling electrons dissipated powerPdiss, as a func-
tion of the tunnel current intensityI for ztip56.0 Å.
6-4
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TUNNEL HEATING OF A SINGLE Xe ADSORBATE PHYSICAL REVIEW B65 085406
the static2¹U(z) which drives Xe towards its equilibrium
position andFin(I ,z) which forces the Xe atom in the STM
junction to reach az altitude corresponding to the maximu
possible current accessible for the STM junction at a giv
ztip ~see Fig. 3!. The STM junction is driven by the inelasti
force towards the maximum possibleI by the XeDz shift
against the surface attractive force. An equivalent Xe hea
temperatureTv ib(I ) can be defined by simply calculating th
U(z) increase corresponding to a givenDz as presented als
in Fig. 4~b!. This temperature is a little below the usual
estimated Xe transfer temperature from surface to tip.37 The
dependence of the vibrational temperature on the tunnel
rent can be fitted by a function in the formTv ib5a01a1I s,
in where Tv ib is expressed in K andI in nA, with a0
50 K the temperature of the surface,a1512.231024, and
s51.37.

After the transitory regime, a permanentDz shift is main-
tained at a givenI due to the energy released by the tunnel
electrons on thez Xe degree of freedom. On average, t
inelastic forceFin(I ,z) is active each time intervale(g inI )21

which leads to a dissipated power Pdiss(I )
5Fin(I ,z)Dz(I )g inI /e. As shown in Fig. 4~c!, Pdiss(I )}I l

with l5l(g) and remains very small. For example,I
5100 nA leads toPdiss50.08 pW, while the overall powe
dissipation in an STM junction isP5RI2510 nW for a
junction resistance ofR51 MV. The variation of the expo-
nentl as function ofg is given in Fig. 5. For smallg, Dz(I )
do not saturate at largeI andl.2 because, from Eq.~10!,
Fin(I ,z) is at least proportional toI. On the contrary, for
largeg, Dz(I ) saturates and thereforel,2.

VI. CONCLUDING REMARKS

The small amount of energy released by the tunne
electrons on a single adsorbate have been calculated
semiclassical approach. An individual electron transfer ev
through an intermediate state is usually represented by
almost periodic trajectory on the Hilbert-state space. The
sipation process involved in our calculation models the
viation of this trajectory induced by a vibrational manifold
interaction with this intermediate state. This deviation is d
to a small dilution of the wave paquet representing the tra
ferred electron on this manifold. This intermediate state
almost not occupied but enough for this dilution to progr

FIG. 5. Variation of the exponentl of the dissipated powe
fitted law as a function of the vibronic coupling coefficientg for
ztip56.0 Å.
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sively accumulate energy in the vibrational manifold. Th
leads to an apparentDz shift of the adsorbate position. Thi
approach can be extended to describe inelastic tunnel
cesses in large molecules for the design of moleculars
chines driven by a tunnel current.
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APPENDIX

To obtain an analytical expression for the time occupat
amplitudesaa(t) introduced in Sec. III, the time-depende
Schrödinger equation was solved for the simple three-le
system$fp%5$uf t&,ufa&,ufs&% with the monoelectronic ef-
fective Hamiltonian

H5F e t a 0

a ea b

0 b es

G .

When this three-level system is prepared in the non
tionary stateuc(t50)&5uf t&, we obtain

uas~ t !u25S ab

a21b2D H S x

X
cos

Xt

2\
2cos

xt

2\ D 2

2S sin
Xt

2\
2sin

xt

2\ D 2

1S 12cos
xt

\ D J ,

uaa~ t !u25
4~a21b2!

X2
sin2

Xt

2\
,

uat~ t !u2512uaa~ t !u22uas~ t !u2,

with x5(ea2e t) andX5A(ea2e t)
214(a21b2).

To evaluate the electronic effective couplingVts between
the tip stateuf t& and the surface stateufs& through the ad-
sorbate intermediate statesufa&, an effective Bloch Hamil-
tonian was built.39,40 The effective Hamiltonian techniqu
consists in projecting the eigenstates ofH onto model space
only defined by the$uf t&,ufs&% basis set. The correspondin
projector isP5uf t&^f tu1ufs&^fsu and the Bloch effective
Hamiltonian is writtenHe f f5PUHU21P, whereU is a uni-
tary transform which diagonalizesH in the complete space
generated by the full basis set. The resultingHe f f matrix
elements are.39

Vtt5^f tuHe f fuf t&5
1

D
~cttcssE12ctscstE2!,

Vst5^fsuHe f fuf t&5
1

D
csscts~E12E2!,
6-5
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Vss5^fsuHe f fufs&5
1

D
~csscttE22cstctsE1!,

with D5cttcss2ctscst , the cpq are the coordinates of th
eigenvectorsucq& of H, and theEq are the corresponding
eigenvalues, so that

uc1&5
b

A~a21b2!
uf t&2

a

A~a21b2!
ufs&,

uc2&5
X

A~e t2E2!1~a21b2 S 2a/X uft&1ufa&2
b

X
ufs& D ,

uc3&5
X

A~e t2E3!1~a21b2!
S a

X
uf t&1ufa&1

b

X
ufs& D ,

andE15e t , E25e t1
1
2 (ea1X), andE35es2

1
2 (ea1X).

Finally, by replacing the expressions ofucq& coefficients
on the$fp% basis set in theHe f f matrix elements it become
d-

.

08540
Vtt5
b2E11a2E2

a21b2
,

Vts5Vst5
ab~E22E1!

a21b2
,

Vss5
a2E11b2E2

a21b2
.

The effective electron transfer rateke f f5t21 between
uf t& andufs& is calculated using the Rabi formula27,39which
gives the oscillation frequency between the twouf t& and
ufs& states coupled by the intermediateufa& state:

t215
1

p\
$uVtt2Vssu1A~Vtt2Vss!

214uVtsu2%.
-
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