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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 G molecules chemisorbed on(P11) [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.

The manipulation of molecules by a scanning tunnelingthe target molecule. This feature is very well known for free
microscope(STM) tip has recently become a very active moleculed as well as for molecules adsorbed on solid sur-
research field;various possible actions have been reportedfaces, where it was shown to lead to a variety of inelastic
atom displacemerft,molecule fragmentatioh,single mol- processeS ! Resonant scattering can also induce an effi-
ecule dissociatiofi desorptior?, and more recently adsorbate Cient rotational excitation in electron collisions with free or
rotation® In many cases, the rearrangement or movement ofdsorbed molecules. In resonant scattering, the incident elec-
molecules(atoms on the surface is directly induced by the tron is captured into a molecular orbital of a well-defined
electrons tunneling between the STM tip and the surface. I§ymmetry associated with a well-defined angular momentum
a recent experimental study on the/Px111) systen? it was | or with contributions from a very limited number of angular
shown that tunneling electrons can induce the rotation of th&nomentum. There is thus a finite angular momentum of the
0, molecule. At its equilibrium position in the @t11) three- order of a few atomic units that is brought and carried away
fold hollow sites, the @ molecule is oriented along one of by the resonantly scattered electron, leading via the addition
three equivalent azimuthal directions, with its axis slightly (Subtraction of angular momentum to a net momentum
tilted away from the surface. Because of the tilt angle, thdransfer to the target molecule. The rotational excitation re-
molecule image appears pear-shaped, a”owing one to recogulting from this angular momentum eXChange can be treated
nize the orientation of the axis. The adsorption geometry ha the rotational sudden approximati&hyalid for collision
been confirmed by a recent density-functional theory S{udy_times shorter than the rotation time. The scattering amplitude
Stipeet al® showed that the tunneling current is inducing theiS Proportional to the matrix eleme;; .*2
rotation of the molecular axis, i.e., the jump of the molecule
between equilibrium orientations. They analyzed the rate for Mi;=(¥;(#, &) |A* (k) AK)|Pi(60,0)), 1)
molecular rotation as a function of the STM bias and current.

They showed that the molecule rotation is caused by th&vhere W, ; are the initial and final rotational states of the
inelastic tunneling of low-energy electrons and they couldmolecule (molecular axis coordinates,¢). A(k; ¢) is the
characterize the rotation induced by a single electron or by angular shape of the resonant orbital as a function of the
few successive electrons. These results demonstrate that itdgection of the electron in the initidi) or final (f) state. In
possible to provoke a reversible change in the surface strucesonance scattering, the angular shape A can be represented
ture on the atomic scale with a high transition rate and &y a single spherical harmonim the molecular frameor by

small STM potential bias. the superposition of a very small number of spherical har-
In the present work, we show how these experimentamonics.
data can be interpreted as the resultre$onantinelastic It is noteworthy that the excitation defined in EQ) is

scattering of the electrons by the molecule: the electrons turindependent of the resonance lifetime. This excitation pro-
neling from the tip are captured by the molecule to form acess is thus quite different from other resonant processes
transient negative ion, a molecular resonance, and are thevhere there is a transient force acting during the resonance
scattered into the substrate. We show how the specificities difetime and which then depend in a crucial way on the reso-
low-energy resonant electron scattering, in particular thenance lifetime. This is, for example, the case in vibrational
need to take into account angular momentum conservatioxcitation, where the molecule stretclies contractsduring
can lead to a very efficient rotational excitation of the ad-the resonance lifetime due to the difference between the po-
sorbed molecules, even in the case of a short-lived resdential energy curves of the ground and resonant state. This
nance. situation has been studied in detail in the case of STM in-
The energy transfer during an electron-molecule collisiorduced vibrational motiolf and bond breakind one can
is very efficiently induced by resonances, i.e., by the possialso mention similar studies of the desorption induced by
bility for the collisional electron to be temporarily trapped by electronic transitiorS or of the electron impact vibrational
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excitatiort®~*® processes. For a freely rotating molecule,quantal tunneling from one potential well to the next. By
there is no force acting on the rotation during the resonancknear combination of these states, we form states labeled by
lifetime and so the only possible excitation process is the onén,j) localized inside the potential wef) and corresponding
described by Eq(1). The situation of an adsorbed molecule to the samenth state. Their energk; is only a function of
could be different if the geometry of adsorption is differentn and the varioug states are priori coupled by tunneling.

in the ground and resonance states. Then, a torque is actifye then evaluate the excitatidor de-excitation probabili-

on the molecular axis during the collision. Attempts to modelties Pyj/,; by resonant electron scattering from one state
the experimental results from Ref. 6 with an approach simi{n,j) to another (’,j") using expressiofl) and ad7 wave

lar to vibrational excitation, i.e., including a transient torque,angular shape foA(k) (in fact, we sum the contributions
could only represent the experimental observations when iffrom the two degenerate orbitals:

troducing an extremely large unphysical transient torque. In

the process studied here, the excitation is a direct consé&n’’ nj

guence of the fact that the electron is bringing to the mol- fdzkf|<\lfn,-r(0 &) A* (k) AK) |V i( 0 ¢)>|2

ecule a well-defined quantified angular momentum, equal to  =—5 L _ SARRU 5,

a few# and that this angular momentum transfer is signifi- JAKeZ (W (8, B) A" (K)AK)[Wnj(6, )|
cant for the molecule rotation. (2)

The O, adsorption has been the subject of many studies.

Two chemisorbed species have been charactefiz&423In where the integral ovet; runs over all possible directions of

the experiment of Stipet al® the molecules are adsorbed in K. Ki Is along the surface normal. Due to the strong local-

the fcc threefold hollow sites of the ®fL1) surface. The |;ati9n of the Iq\{v—lying statgénzj} inside'ea.c,h yvell, the ex-
molecule is lying almost flat on the surface, its axis making goation prob_ab|_I|ty is only 5|gn|f|qan_t foj=j’, i.e., the ro-
small angle®; with the surface plane. This tilt angle has tauqna_l excitation only occurs inside each well. I_:or. the
been theoretically determined around 1®efs. 7 and 2P excitation ratesn,;, We assume that the energy distribu-
and observed experimentally to be a small afgfEhe mo- tpn of the tunneling electrons is constant between zero and
lecular axis has thus three equivalent orientations on the su’
face, 120° away one from the other. However, thentl- V—E., +E.\ /1
. . n'J’ nJ

ecule being homonuclear, one can also consider that then,j,nj:Pn,j,nj( v )(—) for V>E. —Ey;,
molecule goes from one equilibriuazimuthalorientation to e
the next by a rotation of only 60°. In this case, the rotation )
from one azimuthal orientation to the next has to be associand zero otherwisdl. is the tunneling current and is the
ated with a change of the tilt angle, fro® to —O+; the  electron charge. EquatidB) implicitly assumes that the tun-
rotation is also associated with a small translation of theneling current is entirely due to resonant scattering through
molecule on the surface. Such a picture with six equivalenthe (2#*) orbital.
molecular orientations is particularly well founded in the  The molecular jump from one equilibrium position to the
present case of a very small tilt angle. In the following, wenext then appears as due to the rotational excitation inside a
consider that the ©molecule has six equilibrium azimuthal well by electron impact, followed by a quasifree rotation
orientations. when the excitation energy is large enough. The quasifree

The rotational excitation of the {nolecule on RiL11) is rotation rate from one well to the next is taken equabt@
modeled as follows(i) the molecule is adsorbed on the sur- wherew is the energy quantum inside the wells. This rotation
face with a small tilt anglé®+, (ii) the molecule rotational being very fast, the final results do not depend on the precise
motion is governed by a potential that is periodicdnthe  value of the quasifree rotation rate. In the following, we ne-
azimuthal angle with six equilibrium positionst(¢) glect the tunneling of the molecule between the potential
=Ugy(1+cos &), (iii) the effect of the initial electronic an- wells; we assume that the levels with an energy above the
gular momentum of the molecule is neglectéd) the elec- potential barrier as well as the last one below the barrier
trons from the tip come along the normal to the surface, areotate quasifreely and all the others remain inside the same
captured to form a transient negative ion, and are then repotential well.
emitted in all directions, according to the resonance orbital Using all the above rates, we can write rate equations
angular shape. The* orbital of O, is located around the describing the evolution of the populatioBg; of the various
Fermi level in the @Pt(111) systend* and it is assumed to states and containing the excitation and deexcitation terms
be the active resonant orbital for small STM voltage biasesby electron impacfexpression(3)], the free rotation terms
Its angular shapd is approximated by @« wave as in the for the states high enough in energy and a relaxation rate
free O, molecule, i.e., it is equal to a spherical harmonicR,,, from states(n,j) to the statesr{’,j) that are lower in
Y\m, With =2, m=*1, in the molecular frame. energy inside each well. The relaxation r&g , is taken

In a first step, we determine the eigenvalues and eigenndependent oh andn’. From the rate equation, we get the
functions for the hindered rotational motion in the potentialpopulations as a function of time. We also get the rate for a
U(¢) with a tilt angle®;. These are obtained by the nu- jump from one equilibrium orientation to the nefeffective
merical solution of the Schdinger equation for the mol- rotation rateKy) as the smallest nonzero eigenvalue of the
ecule rotation in the potentidl(¢). The potentialU(¢) matrix describing the population evolution.
presents six potential wells separated by a barrier equal to We used the relaxation rai and the barrier separating
2U,. The eigenfunctions are mixtures of states localized inthe potential wells as adjustable parameters. The results
side all the potential wells, because of the possibility ofshown below are obtained for a potential barriéfg2of 0.22
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FIG. 1. Population of the various rotational levels as a function FIG. 2. Effective rotation rat& as a function of the tunneling
of time (for clarity sake, only a few levels are presentedihe current for various voltage biaseg, Symbols are experiments from
system is initially in the lowest leveln=1) in well j=1. Dotted  Ref. 6; lines are the present results. Diamonds and long dashed line
lines are the,1) levels. The dashed lines are thgd) levels. The indicateV=0.1V; open circles and short dashed line indicate 0.15
full line is the sum of the populations in then,@) levels, i.e., V; filled circles and full line indicate 0.175 V; open squares and
number of molecules in an azimuthal orientation different from thedashed-dotted line indicate 0.2 V; filled squares and dashed-triple
initial one. dotted line indicate 0.25 V.

from one equilibrium orientation to another with an effective

eV and a relaxation rat®,,, of 1.2<10"'s™%. The latteris  rotation ratek r=1.65< 10?s % in this case. Finally, around
in the typical range expected for electron-hole pair creation10 2 s, the jumps between the various equilibrium positions
The results are obtained for a tilt angle equal to 20°. In thisare so numerous that a dynamical equilibrium is reached be-
case, there are six levels localized in each potential well thaiveen the wellg1/3 for thej=1 and 2/3 forj=2), in ad-
are below the potential barrier. The rotational quantum indition to that inside the wellrelative populations of the
one well (excitation energy of the first state in each wél  (n,j) levels inside a well].
equal to 0.038 eV and the energy threshold to reach the Figure 2 presents our results for the effective rotation rate
quasifree rotatiorfenergy between the=1 andn=6 levels Kg as a function of the tunneling currehfor various volt-
localized inside a wellis equal to 0.167 eV. age biase¥, compared with the experimental data of Stipe,

The time evolution of the populations is presented in Fig.Razaei, and Ho. One can see that the main features of the
1 for a potential bias of 0.25 V and a tunneling current of 10experimental results are well reproduced with the set of pa-
nA. At time t=0, the molecule is in the lowest state local- rameters (2,=0.22 eV, Relaxation rate: 1:210'*s"). The
ized in the well 1 =1,j=1). To simplify the discussion, linear behavior oK (1) for largeV at smalll corresponds to
the population in the equivalent wells have been summed uthe molecular rotation induced by a single-electron impact,
and we present two effective populations=(1) which cor-  whereas the larger slopes obtained for smaller biases are as-
responds to the initial well anp=2 for the others. The time sociated with the few successive electron impacts needed to
evolution of the populations present different time scalesinduce the Qrotation. Rotation induced by a few successive
corresponding to the different orders of magnitude of theelectron impacts is also visible at largeor large V. The
various transition rates. change of regime at small intensities occurs in the 0.15-0.2

Very early in the time evolution, only the excitation of the V range of bias voltage. The order of magnitudexg{(1) is
molecular rotation by electron impact is efficient and as saidilso well reproduced, except for an underestimation for large
above, it mainly excites the levels inside a well, i.e., thepotential biases. It is noteworthy that calculations performed
(n,j=1) states in the present case. The population of thevith a larger tilt angle®; (equal to 305, lead to a much
(n,j=1) levels thus grows linearly in time at the beginning. better agreement with experiment. This effect can possibly
Around 10 '*s the relaxation of then(j=1) levels starts to  be linked with the fact that, in the experiment, the STM tip is
play a role and ther(,j=1) populations reach a transient not exactly above the center of the molecule in order to allow
equilibrium, resulting from the balance between the excitafor the monitoring of the molecular rotation. This slight
tion and de-excitation by electron impact and the intrawellasymmetry in the system introduced by the off-center tip
relaxation. In the case illustrated in Fig. 1, this distributionposition, together with a possible perturbation of the mol-
corresponds roughly to a temperature of the order of 75 Kecule position by the presence of the tip, could be linked to
defined on the lowest levels. The levels=6,j=1) can the apparent need for a larger tilt angle in our model.
rotate quasifreely and this leads to the population of the In conclusion, we have presented theoretical results on the
(n,j=2) levels. This appears early as a consequence of theversible jump of an ©®molecule between various equiva-
excitation by electron impact. The relaxation acting insidelent molecular orientations on a(P11) surface, induced by
well 2 results in the dominating population of tha=1,j the inelastic electron tunneling from an STM tip. The reso-
=2) level among ther(,j=2) levels. In the 101°-10"%s  nant process involving the transieny @* orbital is shown
range, we can see the population of tie?) level growing to lead to an efficient rotational excitation, consistent with
linearly; this growth corresponds to the @olecule jumping  that observed by Stipe, Razaei, and Hbhe picture is that
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of a molecule trapped in a rotational potential well and theprocess involving the tilt motion could increase the effi-
tunneling electrons excite the molecular rotation inside thisiency of the resonantly induced rotation of the molecule. In
well until the energy is large enough to allow a quasifreethis context, one can mention the experimental study by
motion of the molecule; depending on the experimental conStipe, Razaei, and Hb of acetylene rotation on GLOO)
ditions (STM current and voltage this occurs via one or a induced by tunneling electrons. It shows that the excitation
few electron impacts. Our modeling only explicitly considersof the acetylene CH stretch is leading to the rotation of the
the azimuthal rotation. In fact, the change of then@lecule  molecule from one equilibrium position to another, confirm-
orientationa priori implies other degrees of freedom. Nev- ing the importance of mode coupling in the dynamical evo-
ertheless, even in a more sophisticated approach, the procdstion following the excitation of a given mode by electron
studied here should be present and transfer a significammpact.

amount of energy from the electron to the @tational mo- Finally, one can stress that the present resonant process
tion. In this context, one can mention the possible role of theloes not depend on the resonance lifetime. The resonant
tilt angle which is excited by exactly the same resonant proelectron is carrying a finite angular momentum equal to a
cess as the azimuthal movement; the energy transfer from tew 7; it is given to the molecule at the time of the electron
electron to the tilt motion could eventually result in a mo- capture and taken away by the electron when it leaves, lead-
lecular azimuthal orientation jump, via the multidimensioning to a finite angular momentum transfer. This transfer is a
character of the potential energy surface governing the mosonsequence of the resonance character of the process and is
lecular motion on the surface. In other words, the resonardlways present in any resonant process implying a firiite
electron transfers angular momentum to the entire rotationakesonant orbital. There should thus be a possibility of easily
movement of the moleculgmultidimensional equivalent of inducing reversible modifications on a surface whenever a
Eqg. (1)] and this angular impulse leads to various excitationgesonant orbital is present at an energy close to the Fermi
via the multidimension potential energy surface. The indirecenergy.
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