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Molecular rotation induced by inelastic electron tunneling
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Electron tunneling from a scanning tunneling microscope tip has recently been shown to induce reversible
rotation of O2 molecules chemisorbed on Pt~111! @B. C. Stipeet al., Science279, 1907~1998!#. This process
is interpreted as proceeding via the transient capture of the tunneling electron by the adsorbate. A finite angular
momentum can be transferred in a resonant electron-molecule scattering, leading to an efficient rotational
excitation. This process is a direct consequence of the electronic structure of the resonance and of angular
momentum conservation; it does not require a long resonance lifetime to be efficient.
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The manipulation of molecules by a scanning tunnel
microscope~STM! tip has recently become a very activ
research field;1 various possible actions have been report
atom displacement,2 molecule fragmentation,3 single mol-
ecule dissociation,4 desorption,5 and more recently adsorba
rotation.6 In many cases, the rearrangement or movemen
molecules~atoms! on the surface is directly induced by th
electrons tunneling between the STM tip and the surface
a recent experimental study on the O2/Pt~111! system,6 it was
shown that tunneling electrons can induce the rotation of
O2 molecule. At its equilibrium position in the Pt~111! three-
fold hollow sites, the O2 molecule is oriented along one o
three equivalent azimuthal directions, with its axis sligh
tilted away from the surface. Because of the tilt angle,
molecule image appears pear-shaped, allowing one to re
nize the orientation of the axis. The adsorption geometry
been confirmed by a recent density-functional theory stud7

Stipeet al.6 showed that the tunneling current is inducing t
rotation of the molecular axis, i.e., the jump of the molec
between equilibrium orientations. They analyzed the rate
molecular rotation as a function of the STM bias and curre
They showed that the molecule rotation is caused by
inelastic tunneling of low-energy electrons and they co
characterize the rotation induced by a single electron or b
few successive electrons. These results demonstrate tha
possible to provoke a reversible change in the surface st
ture on the atomic scale with a high transition rate an
small STM potential bias.

In the present work, we show how these experimen
data can be interpreted as the result ofresonant inelastic
scattering of the electrons by the molecule: the electrons
neling from the tip are captured by the molecule to form
transient negative ion, a molecular resonance, and are
scattered into the substrate. We show how the specificitie
low-energy resonant electron scattering, in particular
need to take into account angular momentum conserva
can lead to a very efficient rotational excitation of the a
sorbed molecules, even in the case of a short-lived re
nance.

The energy transfer during an electron-molecule collis
is very efficiently induced by resonances, i.e., by the po
bility for the collisional electron to be temporarily trapped b
PRB 620163-1829/2000/62~20!/13306~4!/$15.00
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the target molecule. This feature is very well known for fr
molecules8 as well as for molecules adsorbed on solid s
faces, where it was shown to lead to a variety of inelas
processes.9–11 Resonant scattering can also induce an e
cient rotational excitation in electron collisions with free
adsorbed molecules. In resonant scattering, the incident e
tron is captured into a molecular orbital of a well-defin
symmetry associated with a well-defined angular momen
l or with contributions from a very limited number of angul
momentum. There is thus a finite angular momentum of
order of a few atomic units that is brought and carried aw
by the resonantly scattered electron, leading via the addi
~subtraction! of angular momentum to a net momentu
transfer to the target molecule. The rotational excitation
sulting from this angular momentum exchange can be trea
in the rotational sudden approximation,12 valid for collision
times shorter than the rotation time. The scattering amplit
is proportional to the matrix elementMi j .12

Mi j 5^C j~u,f!uA* ~k f !A~k i !uC i~u,f!&, ~1!

where C i , j are the initial and final rotational states of th
molecule ~molecular axis coordinates:u,f!. A(k i , f) is the
angular shape of the resonant orbital as a function of
direction of the electron in the initial~i! or final ~f! state. In
resonance scattering, the angular shape A can be repres
by a single spherical harmonic~in the molecular frame! or by
the superposition of a very small number of spherical h
monics.

It is noteworthy that the excitation defined in Eq.~1! is
independent of the resonance lifetime. This excitation p
cess is thus quite different from other resonant proces
where there is a transient force acting during the resona
lifetime and which then depend in a crucial way on the re
nance lifetime. This is, for example, the case in vibration
excitation, where the molecule stretches~or contracts! during
the resonance lifetime due to the difference between the
tential energy curves of the ground and resonant state.
situation has been studied in detail in the case of STM
duced vibrational motion13 and bond breaking;14 one can
also mention similar studies of the desorption induced
electronic transitions15 or of the electron impact vibrationa
R13 306 ©2000 The American Physical Society
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excitation16–18 processes. For a freely rotating molecu
there is no force acting on the rotation during the resona
lifetime and so the only possible excitation process is the
described by Eq.~1!. The situation of an adsorbed molecu
could be different if the geometry of adsorption is differe
in the ground and resonance states. Then, a torque is a
on the molecular axis during the collision. Attempts to mod
the experimental results from Ref. 6 with an approach si
lar to vibrational excitation, i.e., including a transient torqu
could only represent the experimental observations when
troducing an extremely large unphysical transient torque
the process studied here, the excitation is a direct co
quence of the fact that the electron is bringing to the m
ecule a well-defined quantified angular momentum, equa
a few \ and that this angular momentum transfer is sign
cant for the molecule rotation.

The O2 adsorption has been the subject of many stud
Two chemisorbed species have been characterized.4,7,19–23In
the experiment of Stipeet al.6 the molecules are adsorbed
the fcc threefold hollow sites of the Pt~111! surface. The
molecule is lying almost flat on the surface, its axis makin
small angleQT with the surface plane. This tilt angle ha
been theoretically determined around 10°~Refs. 7 and 22!
and observed experimentally to be a small angle.23 The mo-
lecular axis has thus three equivalent orientations on the
face, 120° away one from the other. However, the O2 mol-
ecule being homonuclear, one can also consider that
molecule goes from one equilibriumazimuthalorientation to
the next by a rotation of only 60°. In this case, the rotat
from one azimuthal orientation to the next has to be ass
ated with a change of the tilt angle, fromQT to 2QT ; the
rotation is also associated with a small translation of
molecule on the surface. Such a picture with six equival
molecular orientations is particularly well founded in th
present case of a very small tilt angle. In the following, w
consider that the O2 molecule has six equilibrium azimutha
orientations.

The rotational excitation of the O2 molecule on Pt~111! is
modeled as follows:~i! the molecule is adsorbed on the su
face with a small tilt angleQT , ~ii ! the molecule rotationa
motion is governed by a potential that is periodic inf, the
azimuthal angle with six equilibrium positions:U(f)
5U0(11cos 6f), ~iii ! the effect of the initial electronic an
gular momentum of the molecule is neglected,~iv! the elec-
trons from the tip come along the normal to the surface,
captured to form a transient negative ion, and are then
emitted in all directions, according to the resonance orb
angular shape. Thep* orbital of O2 is located around the
Fermi level in the O2/Pt~111! system24 and it is assumed to
be the active resonant orbital for small STM voltage bias
Its angular shapeA is approximated by adp wave as in the
free O2

2 molecule, i.e., it is equal to a spherical harmon
Ylm , with l 52, m561, in the molecular frame.

In a first step, we determine the eigenvalues and eig
functions for the hindered rotational motion in the potent
U(f) with a tilt angleQT . These are obtained by the nu
merical solution of the Schro¨dinger equation for the mol
ecule rotation in the potentialU(f). The potentialU(f)
presents six potential wells separated by a barrier equa
2U0 . The eigenfunctions are mixtures of states localized
side all the potential wells, because of the possibility
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quantal tunneling from one potential well to the next. B
linear combination of these states, we form states labeled
~n,j! localized inside the potential well~j! and corresponding
to the samenth state. Their energyEn j is only a function of
n and the variousj states area priori coupled by tunneling.
We then evaluate the excitation~or de-excitation! probabili-
ties Pn8 j 8n j by resonant electron scattering from one st
~n,j! to another (n8, j 8) using expression~1! and adp wave
angular shape forA(k) ~in fact, we sum the contributions
from the two degeneratep orbitals!:

Pn8 j 8,n j

5
*d2k f u^Cn8 j 8~u,f!uA* ~k f !A~k i !uCn j~u,f!&u2

*d2k f (n8 j 8u^Cn8 j 8~u,f!uA* ~k f !A~k i !uCn j~u,f!&u2
,

~2!

where the integral overk f runs over all possible directions o
k f . k i is along the surface normal. Due to the strong loc
ization of the low-lying states~n,j! inside each well, the ex-
citation probability is only significant forj 5 j 8, i.e., the ro-
tational excitation only occurs inside each well. For t
excitation ratesI n8 j 8n j , we assume that the energy distrib
tion of the tunneling electrons is constant between zero
V:

I n8 j 8n j5Pn8 j 8n jS V2En8 j 81En j

V D S I

eD for V.En8 j 82En j ,

~3!

and zero otherwise.I is the tunneling current ande is the
electron charge. Equation~3! implicitly assumes that the tun
neling currentI is entirely due to resonant scattering throu
the (2p* ) orbital.

The molecular jump from one equilibrium position to th
next then appears as due to the rotational excitation insid
well by electron impact, followed by a quasifree rotatio
when the excitation energy is large enough. The quasi
rotation rate from one well to the next is taken equal tov/2p
wherev is the energy quantum inside the wells. This rotati
being very fast, the final results do not depend on the pre
value of the quasifree rotation rate. In the following, we n
glect the tunneling of the molecule between the poten
wells; we assume that the levels with an energy above
potential barrier as well as the last one below the bar
rotate quasifreely and all the others remain inside the sa
potential well.

Using all the above rates, we can write rate equatio
describing the evolution of the populationsCn j of the various
states and containing the excitation and deexcitation te
by electron impact@expression~3!#, the free rotation terms
for the states high enough in energy and a relaxation
Rn8n from states~n,j! to the states (n8, j ) that are lower in
energy inside each well. The relaxation rateRn8n is taken
independent ofn andn8. From the rate equation, we get th
populations as a function of time. We also get the rate fo
jump from one equilibrium orientation to the next~effective
rotation rateKR) as the smallest nonzero eigenvalue of t
matrix describing the population evolution.

We used the relaxation rateR and the barrier separatin
the potential wells as adjustable parameters. The res
shown below are obtained for a potential barrier 2U0 of 0.22



on
hi
th
i

th

ig
10
l-

,
u

es
th

e
ai
he
th
g

nt
ita
e
on

K

th
t

id

ve

ns
be-

ate

e,
f the
pa-

ct,
e as-
d to
ve

0.2

rge
ed

ibly
is
ow
t
tip
ol-
to

the
-

o-

ith

io

th

line
.15
nd
riple

RAPID COMMUNICATIONS

R13 308 PRB 62D. TEILLET-BILLY, J. P. GAUYACQ, AND M. PERSSON
eV and a relaxation rate,Rn8n , of 1.231011s21. The latter is
in the typical range expected for electron-hole pair creati
The results are obtained for a tilt angle equal to 20°. In t
case, there are six levels localized in each potential well
are below the potential barrier. The rotational quantum
one well ~excitation energy of the first state in each well! is
equal to 0.038 eV and the energy threshold to reach
quasifree rotation~energy between then51 andn56 levels
localized inside a well! is equal to 0.167 eV.

The time evolution of the populations is presented in F
1 for a potential bias of 0.25 V and a tunneling current of
nA. At time t50, the molecule is in the lowest state loca
ized in the well 1 (n51,j 51). To simplify the discussion
the population in the equivalent wells have been summed
and we present two effective populations: (j 51) which cor-
responds to the initial well andj 52 for the others. The time
evolution of the populations present different time scal
corresponding to the different orders of magnitude of
various transition rates.

Very early in the time evolution, only the excitation of th
molecular rotation by electron impact is efficient and as s
above, it mainly excites the levels inside a well, i.e., t
(n, j 51) states in the present case. The population of
(n, j 51) levels thus grows linearly in time at the beginnin
Around 10211s the relaxation of the (n, j 51) levels starts to
play a role and the (n, j 51) populations reach a transie
equilibrium, resulting from the balance between the exc
tion and de-excitation by electron impact and the intraw
relaxation. In the case illustrated in Fig. 1, this distributi
corresponds roughly to a temperature of the order of 75
defined on the lowest levels. The levels (n>6,j 51) can
rotate quasifreely and this leads to the population of
(n, j 52) levels. This appears early as a consequence of
excitation by electron impact. The relaxation acting ins
well 2 results in the dominating population of the (n51,j
52) level among the (n, j 52) levels. In the 10210– 1024 s
range, we can see the population of the~1,2! level growing
linearly; this growth corresponds to the O2 molecule jumping

FIG. 1. Population of the various rotational levels as a funct
of time ~for clarity sake, only a few levels are presented!. The
system is initially in the lowest level (n51) in well j 51. Dotted
lines are the (n,1) levels. The dashed lines are the (n,2) levels. The
full line is the sum of the populations in the (n,2) levels, i.e.,
number of molecules in an azimuthal orientation different from
initial one.
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from one equilibrium orientation to another with an effecti
rotation rateKR51.653102 s21 in this case. Finally, around
1022 s, the jumps between the various equilibrium positio
are so numerous that a dynamical equilibrium is reached
tween the wells~1/3 for the j 51 and 2/3 forj 52), in ad-
dition to that inside the wells@relative populations of the
(n, j ) levels inside a wellj#.

Figure 2 presents our results for the effective rotation r
KR as a function of the tunneling currentI for various volt-
age biasesV, compared with the experimental data of Stip
Razaei, and Ho. One can see that the main features o
experimental results are well reproduced with the set of
rameters (2U050.22 eV, Relaxation rate: 1.231011s1). The
linear behavior ofKR(I ) for largeV at smallI corresponds to
the molecular rotation induced by a single-electron impa
whereas the larger slopes obtained for smaller biases ar
sociated with the few successive electron impacts neede
induce the O2 rotation. Rotation induced by a few successi
electron impacts is also visible at largeI for large V. The
change of regime at small intensities occurs in the 0.15–
V range of bias voltage. The order of magnitude ofKR(I ) is
also well reproduced, except for an underestimation for la
potential biases. It is noteworthy that calculations perform
with a larger tilt angleQT ~equal to 30°!, lead to a much
better agreement with experiment. This effect can poss
be linked with the fact that, in the experiment, the STM tip
not exactly above the center of the molecule in order to all
for the monitoring of the molecular rotation. This sligh
asymmetry in the system introduced by the off-center
position, together with a possible perturbation of the m
ecule position by the presence of the tip, could be linked
the apparent need for a larger tilt angle in our model.

In conclusion, we have presented theoretical results on
reversible jump of an O2 molecule between various equiva
lent molecular orientations on a Pt~111! surface, induced by
the inelastic electron tunneling from an STM tip. The res
nant process involving the transient O2 p* orbital is shown
to lead to an efficient rotational excitation, consistent w
that observed by Stipe, Razaei, and Ho.6 The picture is that

n

e

FIG. 2. Effective rotation rateKR as a function of the tunneling
current for various voltage biases,V. Symbols are experiments from
Ref. 6; lines are the present results. Diamonds and long dashed
indicateV50.1 V; open circles and short dashed line indicate 0
V; filled circles and full line indicate 0.175 V; open squares a
dashed-dotted line indicate 0.2 V; filled squares and dashed-t
dotted line indicate 0.25 V.
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of a molecule trapped in a rotational potential well and
tunneling electrons excite the molecular rotation inside t
well until the energy is large enough to allow a quasifr
motion of the molecule; depending on the experimental c
ditions ~STM current and voltage!, this occurs via one or a
few electron impacts. Our modeling only explicitly conside
the azimuthal rotation. In fact, the change of the O2 molecule
orientationa priori implies other degrees of freedom. Ne
ertheless, even in a more sophisticated approach, the pro
studied here should be present and transfer a signifi
amount of energy from the electron to the O2 rotational mo-
tion. In this context, one can mention the possible role of
tilt angle which is excited by exactly the same resonant p
cess as the azimuthal movement; the energy transfer from
electron to the tilt motion could eventually result in a m
lecular azimuthal orientation jump, via the multidimensi
character of the potential energy surface governing the
lecular motion on the surface. In other words, the reson
electron transfers angular momentum to the entire rotatio
movement of the molecule@multidimensional equivalent o
Eq. ~1!# and this angular impulse leads to various excitatio
via the multidimension potential energy surface. The indir
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process involving the tilt motion could increase the ef
ciency of the resonantly induced rotation of the molecule.
this context, one can mention the experimental study
Stipe, Razaei, and Ho25 of acetylene rotation on Cu~100!
induced by tunneling electrons. It shows that the excitat
of the acetylene CH stretch is leading to the rotation of
molecule from one equilibrium position to another, confirm
ing the importance of mode coupling in the dynamical ev
lution following the excitation of a given mode by electro
impact.

Finally, one can stress that the present resonant pro
does not depend on the resonance lifetime. The reso
electron is carrying a finite angular momentum equal to
few \; it is given to the molecule at the time of the electro
capture and taken away by the electron when it leaves, le
ing to a finite angular momentum transfer. This transfer i
consequence of the resonance character of the process a
always present in any resonant process implying a finitel
resonant orbital. There should thus be a possibility of ea
inducing reversible modifications on a surface wheneve
resonant orbital is present at an energy close to the Fe
energy.
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