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Local chemical reaction of benzene on Cu (110) via STM-induced excitation
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We have investigated the mechanism of the chemical reaction of the benzene molecule adsorbed on
Cu(110 surface induced by the injection of tunneling electrons using scanning tunneling
microscopy(STM). With the dosing of tunneling electrons of the energy 2-5 eV from the STM tip

to the molecule, we have detected the increase of the height of the benzene molecule by 40% in the
STM image and the appearance of the vibration feature ofitlle-H) mode in the inelastic
tunneling spectroscopylETS) spectrum. It can be understood with a model in which the
dissociation of C—H bonds occurs in a benzene molecule that induces a bonding geometry change
from flat-lying to up-right configuration, which follows the story of the report of Lauhon and Ho on

the STM-induced change of benzene on th€100 surface.[L. J. Lauhon and W. Ho, J. Phys.
Chem. A104, 2463(2000]. The reaction probability shows a sharp rise at the sample bias voltage

at 2.4 V, which saturates at 3.0 V, which is followed by another sharp rise at the voltage of 4.3 V.
No increase of the reaction yield is observed for the negative sample voltage up to 5 eV. In the case
of a fully deuterated benzene molecule, it shows the onset at the same energy of 2.4 eV, but the
reaction probability is 1D smaller than the case of the normal benzene molecule. We propose a
model in which the dehydrogenation of the benzene molecule is induced by the formation of the
temporal negative ion due to the trapping of the electrons at the unoccupied resonant states formed
by the orbitals. The existence of the resonant level close to the Fermi(exah eV) and multiple

levels in less than-5 eV from the Fermi level, indicates a fairly strong interaction of the#u-

state of the benzene molecule. We estimated that the large isotope effetfbtan be accounted

for with the Menzel-Gomer—RedhedlGR) model with an assumption of a shallow potential
curve for the excited state. @004 American Institute of Physic§DOI: 10.1063/1.1647044

I. INTRODUCTION on CU100 with combining a STM observation and the IETS
measurement€. There the C—H bond breaking occurs by the
There has been a rising interest for inducing a chemicaglectron dosing into the molecule followed by the bonding
reaction in the nanoscale region with the use of a scanningonfiguration change from flat-lying to up-right. Inspired by
tunneling microscopy(STM).1? The tunneling electrons the above paper, we investigate in the current paper the detail
from the STM tip are spatially localized in an atomic scaleof the mechanism of the chemical reaction of a benzene mol-
area, and have a large current density~af MA/cm? that  ecule adsorbed on €140 caused by the dosing of tunneling
cannot be obtained easily by other conventional electromlectrons. Similar experiments were performed on benzene
sources. It has been demonstrated that the tunneling electron®lecules on the Si surfa¢&!*but the current experiment
can induce electronic® and/or vibrational excitatidh'* of  gives quite different behavior of benzene molecules.
the adsorbates that cause various surface phenomena. These We have confirmed that the chemical reaction of the ben-
studies can reveal the pathway to how the energy stored withene molecule is also induced on(C10 by the injection of
such excitation is transferred to the chemical reaction of theéunneling current by using the STM images and the IETS
molecules. In addition, they shed light on the electronicmeasurement. There we have found the multiple voltage on-
and/or vibrational structure itself, giving supplemental infor- sets for the increase of the reaction-a2.4 and~4.3 eV,
mation to the spectroscopic data. which apparently corresponds to the resonant level formed
Moreover, the use of inelastic tunneling spectroscopyby the #* state of the benzene molecule. The existence of a
(IETS) for the chemical analysis is a candidate for the ulti- #* originated state close to the Fermi level2.4 eV) devi-
mate chemical analysfsThe combination of such features of ates from the model of the weak interaction between the Cu
STM can open a new area of chemistry; nonthermal controfnd the benzene molecule, but coincides well with the recent
of surface phenomena induced by the dosing of electron¥AS experiment on the benzene molecules on(1€0)."
into surface adsorbates. There is no increase of the reaction yield in the occupied
Recently Lauhon and Ho have shown the experiment oftate, which indicates that the phenomenon is induced by the
tunneling-current-induced reaction of the benzene moleculeformation of the tentative negative ion. In addition, there is a
large isotope effect on the reaction yield; the yield of the
dpresent address: Institute of Multidisciplinary Research for Advanced Ma—fu”y deutrated benzene mOIe(,:UIe is*1mes smaller t,han
terials (IMRAM ), Tohoku University, Katahira 2-1-1, Sendai, 980-8577, that of the normal benzene. It is shown that the large isotope
Japan. Electronic mail: komeda@tagen.tohoku.ac.jp effect can be explained with the framework of the Menzel—
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FIG. 1. (3 STM topographic image of the benzene molecule adsorbed orfFIG. 2. (a), (b) Topographic image of the molecules of benzene and its
Cu(110) at 4.7 K (area 772 A?). The observation conditions a¥,mpie reacted product. The observation conditions are the tunneling current of 0.6
=2 mV andl =15 NA in the upperA) and lower(C) portion of the ~ NA, the sample bias voltage 6f500 mV, and the area of 433 A The

panel, areVgzmpe=500 MV andl e~ 0.5 NA in the middle portior(B). target molecule of benzene is shown by the arrowaln which becomes
brighter at the arrow inlb) by the dosing of tunneling electrons with the

energy of 4 eV(sample bias positiyefor 0.2 s.(c) Cross section of the
) images of the benzene molecyttted ling and its reacted producsolid
Gomer—Redhea(MGR) model by assuming a shallow po- line). The height of the reacted product is 44% greater than that of the

tential curve for the negative ion state. benzene molecule.

Il. EXPERIMENT

A clean Cy110 surface was prepared by the standard  The areas marked A and C are imaged with the sample
cleaning technique with repetitive Arsputtering and an- bias of 2 mV and the tunneling current of 15 nA, while the
nealing cycles. The benzene molecul®9% purity were image in the area B is obtained with the conditions of 500
dosed through a dosing tube located close to the sample surV and 0.5 nA. The grid is formed based on the atom posi-
face at the substrate temperature below 50 K. A mechanicallfons of the substrate in the areas A and C, in which the
sharpened and field-emitted tungsten wire was used dsttice points correspond to the atomic position of the Cu
the STM tip. All STM measurements were performed atatoms.

4.7 K810 The center of the circular image of the benzene molecule

The STM-IETS measurement is carried out as follows:is located at the center of the rhombic, indicating that the
the STM tip is precisely positioned over a target moleculemolecule is adsorbed at the hollow-site position. The ob-
and the feedback loop is then turned off. The sinusoidaserved position is identical with the report of Doering, in
modulation of 397 Hz in frequency and 5.7—-14.1jmMin  which it was claimed that the benzene molecule occupies the
amplitude is superimposed on the sample bias volt#ge, hollow site with the benzene ring being parallel to the
The second harmonic of the modulation frequency was messurface'® In addition, there is a theoretical calculation that
sured with a lock-in amplifier, which is proportional to supports the flat-lying and hollow-site bonding configuration
d?1/dV2 (a derivative of the ac tunneling conductajce of the benzene molecule on the @O surface!’
which exhibits a peak-shaped signal at the threshold energy When tunneling electrons are dosed on the benzene mol-
for excitation of the vibrational mode. The signals are col-ecule, the apparent change of the height of the molecule
lected and averaged after each bias s€an. occurs. An example of such a change is shown in Fig. 2, in
which equivalent four benzene molecules are observed in the
initial image shown in Fig. @ and the single molecule
marked by an arrow is the target molecule. After the dosing

A typical topological STM image of the QL10) surface of the electrons only on the target molecule, which are in-
is shown in Fig. 1, where isolated benzene molecules can hjected for 0.2 s with the bias voltage of 4.0 V and the feed-
observed as protrusions with a circular shape. In the image dfack loop being off, the target molecule apparently changes
Fig. 1, we intentionally reduce the gap distance in the are#s height and becomes brighter than other intact benzene
without the benzene molecules, and increase the gap distano®leculedFig. 2(b)]. As shown in the cross section image in
in the area that contains the molecule; the reduced gap digig. 2(c), the height of the molecule is changed from 0.49
tance can give an atomic structure of the substrate and the0.04 to 0.71-0.06 A. At this stage we can speculate that a
widened gap distance minimizes the tip—molecule interacehemical reaction occurs at the target benzene molecule and
tion that disturbs the observation of the bonding position ofits height is increased.
the molecule. This gives the atomic position of the substrate In order to execute chemical identification on the mol-
and the position of the molecule within a single image. ecule before and after the tunneling electron dosing, we per-

Ill. RESULTS AND DISCUSSION
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FIG. 3. (a) Vibrational spectradl?/dV? vs V plot) obtained on the clean FIG. 4. Reaction yield per electron forg8 and GDg molecules as a
Cu(110 surface(l), the benzene moleculd ), and its reacted produ¢til) function of the sample bias voltage of the injected electrons. The data were
by STM-IETS taken at a gap resistance of & @ndV,,,s=5 mV modula- sampled over 180 benzene molecules.

tion at 398 Hz. The spectra are the averages of 20 scans for the bias range

between—0.4 and 0.4 V(b) STM-IETS spectra on the deutrated benzene

molecule (GDg) and its reacted product. On both spectra, the spectrum on

the Cu substrate is superimposed by a thin line.

therefore understand our results in the same scenario with the
one on a C(LOO) surface; the C—H bond breaking is induced
form the measurement of the inelastic tunneling spectrosby the tunneling electrons to formg8, or CsHs.
copy (IETS). We often observe a dark area near the benzene molecule
Figure 3a) shows the comparison of IETS spectra ob-to which tunneling electrons are dosed and the possible de-
tained on the C(110) substratél), on the benzene molecule hydrogenation occurs. The image of the dark area resembles
(I, and on the benzene molecule after the dosing of th¢he one for the hydrogen atoms adsorbed on the Cu
tunneling electronglll ). Three spectra are obtained using thesubstraté® We consider that the dark area indicates the po-
same tip, and the overall structures are well reproduced in aflition of the H atom that is dissociated from the benzene
spectra. The most prominent feature observed on the mofolecule and recombined with the Cu substrate.
ecule is the one at the energy of 372 meV angB80 mV in In order to understand the mechanism of the chemical
the spectrum(lll) obtained on the reacted product of the reaction of the benzene molecule, we systematically measure
benzene molecule. The positions are marked by arrows, dhe reaction probability by changing the conditions for the
which positions no noticeable features can be seen neither giosing of tunneling electrons both for the normal benzene
the substrate Q@10 spectrum nor on the benzene moleculemolecules and the deuterated benzene molecules.
spectrum. The energy of the tunneling electrons is in the First we have measured the reaction probability per elec-
range of the vibrational energy of the C—H stretching modetron as the function of the sample bias voltage with the fixed
The spectra for the deuterated benzene molecule are plottedirrent of 1 nA in Fig. 4, where the vertical axis is shown in
in Fig. 3(b), in which the comparison of the spectra beforelog scale. For the normal benzene molecule, the reaction
and after the electron dosing is shown with the substratprobability shows a rapid increase a.4 eV, which is ap-
spectrum being superimposed. Deuteration of the moleculparently saturated at3.0 V. The curve shows another in-
causes the energy shift of this peak to 275 an2B2 mV, triguing increase of the reaction probability a%.3 eV. For
which is also observed only on the reacted product. The erthe deuetrated molecule, the curve shows the increase at
ergy positions of the(C—H) mode for the normal benzene ~2.4 eV like the normal benzene molecule. However, the
and the deuterated benzene have been reported as 378 aiubolute value of the probability is 10° smaller at the pla-
282 mV, respectively, on the CCLOO surface by teau in the deuterated case compared to the normal benzene
STM-IETS? These observation indicates that the€€—H) molecule. The curve shows no increase of the reaction prob-
vibrational mode appears only after the dosing of the tunnelability in the negative sample-bias region up& eV, both
ing current on the benzene molecule. for the normal and the deuterated benzene molecules. Lau-
The behavior of the benzene molecule with the dosing ohon and Ho claimed that the onset voltage of the benzene
the tunneling electrons, which have been shown above by thieagmentation is 2.9 V for the normal benzene molecule and
change of the height of the molecule in the STM image andt.4 V for the fully deuterated molecule. We consider the
the vibration features in IETS spectra, is basically identicalatter threshold for deuterated benzene corresponds to the
with the one of the benzene molecules on(1DY) reported second rise of the probability in the current report, which is
by Lauhon and Hd? In that paper, they compared the spec-due to the small probability for the deuterated molecule.
tra of pyridine and benzene molecules, which are known to  Next, we show the reaction probability in the unit time
have up-right and flat-lying bonding configuration, respec-period as the function of the tunneling current. The results
tively. They concluded that the benzene molecule change itsbtained for the normal benzene and the deuterated benzene
bonding configuration from the flat-lying to the up-standingmolecule are shown in Figs(& and 3b), respectively. The
by the dosing of the tunneling current, in which process theias voltage of the tunneling electrons is fixed at 4 eV. The
hydrogen atoms of the benzene molecule are detached. Wiaear line in the graph corresponds to the results of the fit-
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(a) (b) effect for the reaction yield. First we examine the onset of
the reaction probability identified at2.4 eV. One might
014 \(55260 v o | argue that the energy coincides with the energy of the barrier
o * for the C—H breaking in this system. In the case, the energy
. of the tunneling electron is totally transferred for the C—H
¢ bond breaking. The thermal behavior of the C—H breaking
from the benzene molecule has been studied previously on
: 001 , an Ag110 surface’® It was observed that the C—H bond
10 50 10 50 .
Current (nA) Current (nA) breaking commences at the temperature-820 K. Though
the accurate activation energy cannot be deduced solely from
this measurement, we can roughly estimate that the activa-
tion energy of the C—H breaking is in the range-ef.0 eV.
Though there is no experimental data for(CLO) as far as
we know, we speculate that there should be no large differ-
ence in the chemical reactivity for the surfaces of{ X))
and Cy110. Thus, the onset at the energy e2.4 eV does
not likely correspond directly to the activation barrier for the
. . 0 C—H bond breaking.
Y 10 20 30 The next possibility is that these energies coincide with
Current (nA) the molecule-induced resonant levels in the unoccupied state.
FIG. 5. Reaction rate of gl () and GD; (b) molecules by the injection The surface che.mlcal' reactions are |n'duced either by tunnel-
of tunneling electrons with the energy of 4 ésample positive biasThe  iNg electrons being directly tunneled into these states form-
reaction rate is plotted as a function of the tunneling current, and>batid ~ ing temporary ions or excited electrons into these states. Ex-
y axis are shown in long scale. The lines in both graphs correspond to thﬁmples can be seen in the CO desorption from th&L Ty
result of the linear fit using the least square method, where the slopes are 21 . iR
calculated to be 1.00 for both casés) The curve A corresponds to the surface;” and S'_H_bond breaki éfor the former and the .
variation of the estimated electric field between the tip and the safepte  latter case, respectively. We speculate that there are multiple

the tex}. The dots and the line B indicate the reaction rate versus the tunmolecule resonant states in the unoccupied state in benzene
neling current, whose data are identical with the on&jrbut are shown in on the ClﬁllO) case.

the linear scale.
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It has been considered that the electronic interaction be-
tween the Cu surface and the benzene molecule is weak and
ting with the least square method, where the slope is detethe energy level of the LUMO state is close to the one of the
mined to be 1.0 for both cases. benzene molecule in the condensed phase. The idea is sup-
If we assume that the reaction is induced solely by theported by the observation using the inverse photoemission
tunneling electrons, the reaction probabilRythe current,  Spectroscopy and two-photon photoemission spectroscopy of
and the reaction order should have the relation @=1".  the benzene molecule adsorbed on th¢1CD surface and
Thus, it is deduced that the reaction order~i¢ from the the e,, state is assigned at-4.6 eV above the Fermi
above fitting, and thus the phenomena is a one-electron préevel?>?* The energy is much higher than the onset-&.4
cess. eV observed in the current experiment. However, the elec-
As one of the candidates for the chemical reaction, wéronic state revealed by the x-ray emission spectroscopy
should consider the electric field formed by the tip and the(XES) is much different for the benzene molecules adsorbed
substrate. In the measurement shown in Fig. 5, the tunnelingn Cu(110)."> Molecule-induced sharp features can be iden-
gap is adjusted so as to make the tunneling current constaritfied at the energies very close to the Fermi level in the
Thus, the electric field should show complex behavior wherunoccupied state. They are assigned as the antibonding and
the bias voltage is increased. We assume that the decreasebwinding state formed by the hybridization between the ben-
the gap distanceyb1l A makes the tunneling current in- zenee,, state and the valence orbitals of the Cu. In addition,
creased ten times, and the gap distance of the metal surfadeie to the symmetry breaking with the upward flipping of
observationd~8 A with the tunneling resistance of 0.1 the C—H bond, there exist multiple states in the energy levels
GQ.*° The simplified parallel plane model forms the electric less than~5 eV. These findings indicate a fairly strong in-
filed E(V/A) with the following formula; E(1)=4/8 teraction between the Cu and the benzene molecule. The
—log(1/40). The behavior oE vs| is like the curve A shown observation is consistent with our finding of the low onset
in Fig. 5(c). The nonlinear behavior shows quite a differenceenergy for the reaction probability and the apparent multiple
from the experimental data of theversusl curve. Thus, we resonant states in the energy region less than 5 eV above the
diminish the effect of the electric field for the chemical re- Fermi level. Since no significant increase of the reaction
action as the primary mechanism. Instead we consider thgield up to 5 eV in the occupied state, we believe that this
dehydrogenation is induced by the electron dosing into thgghenomenon is caused by the negative ion formation by the
molecule. temporal trapping of the tunneling electrons.
Here we examine the origin of the characteristic features  Next, we examine the observed isotope effect on the
in the C—H breaking yield versus thecurve shown in Fig. reaction yield between the normal and the fully deuterated
4; namely the multiple onset voltages and the large isotopeenzene molecule; the ratio is10°, as can be seen in Fig.
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4. In the experiment of the H desorption from Si surfacebroken symmetry of the benzene molecule upon absorption;
using STM, the isotope effect on the dehydrogenation probthe flipping C—H bond may makes the mixing between the
ability is also observed:-50 times higher for the H desorp- #* orbital and the electronic state at C—H.
tion compared to the D desorptiéi?> The mechanism has In addition, the desorption of the benzene molecules
been understood with the Menzel-Gomer—Redh®4@R) were observed in the hole resonant statges in ther state
model?® the tunneling electrons contribute to the electronicalon the Si surface and not in the electron resonah@uch
excitation from thes state to thes* state that are the Si—H differences should be examined by theoretical calculation to
bonding state and the antibonding state, respectively. understand the dynamics of the excited state into chemical
After the electron excitation occurs, the motion of the Hreactions.
atom follows the potential energy surfad@ES of the o*
state, in which the potential energy is monotonically loweredyv. SUMMARY
with the extension of the Si—H distance and leads to the As a summary, we have examined the mechanism for the
Si—H dissociation without any barrier. Even if the quenchingtunneling electron-induced chemical reaction of benzene
from o* to o occurs before dissociation, the dissociation canmolecules on C@10). The benzene molecule, which is ini-
be accomplished in case ample kinetic energy is alreadtially located at the hollow site with a possibly flat-lying
stored. Thus, the critical Si—H distanek,, can be defined at configuration, shows an increase of the height in the image
which the H atom has gained the kinetic energy that is equdby ~40%. In addition, the vibrational feature of teC—H)
to the activation barrier for the dissociation. If the quenchingmode is detected on the benzene molecule only after the
occurs before the Si—H distance reachiks the H atom injection of the tunneling electrons at the sample biases of
returns to its original position; the dissociation occurs if no372 and—382 mV, and at 275 anet 282 mV for the deuter-
qguenching occurs before reachidg. The isotope shift of ated benzene molecule. This behavior is identical with the
the dehydrogenation of the Si—H surface has been attributeshes reported for the benzene molecules ofl@0. As has
to the different kinetic behavior of the hydrogen and thebeen reported in that report, it is apparently that C—H bond
deuterium atoms. The deuterium atom, because of its heavibreaking occurs on the benzene molecule with the dosing of
mass, experiences about one-half the acceleration of hydréhe tunneling current, which makes the bonding configura-
gen. If the time required for the H atom to reathis defined  tion change from flat-lying to up-right. We investigate the
ast., then it is 2t. for D. At that time the amplitude of the relation between the reaction probability and the energy of
wave packet of Si—D is reduced to be éxp(,2—1)t,)  the dosed electrons. The reaction probability shows the onset
from that of Si—H, where is the quenching rat& Avouris ~ Vvoltage at 2.4 and 4.3 V in the sample-positive region, but
and Persson have shown quantum chemical analysis and deot detected in the sample-negative region. The deuterated
duced a result to account for the experimental results of thbenzene also shows the onset voltage at 2.4 V, but the prob-
isotope effect of~5022 ability is 10° smaller than that obtained on the normal mol-
We want to apply this analysis to our current system toecule. The curve fitting of the reaction probability versus the
examine whether the isotope effect fL0° in the reaction tunneling current shows it is a one-electron process. We con-
yield can be explained in the MGR model. sider that the C—H bond breaking is induced by the temporal
For that analysis, we have to know the shape of the PES€egative ion formation, which is formed by the trapping of
(especially the activation barrier for the dissociation and théhe tunneling electrons at the resonant levels of the molecule.
slope of the potential in the excited stagad the quenching The existence of the resonant level close to the Fermi level
rate in the excited state. Though data have not been obtainéd2.4 €V above the Fermi leveand the multiple resonant
exp||c|t|y for the system of benzene on the((]:m) Surface, states within 5 eV from the Fermi level indicates a falrly
we want to make a rough estimation of the expected isotop&trong electronic interaction between the Cu surface and the
effect from the known results on the excited state. CherPenzene molecule and agree well with the recent report with
et al. have deduced the lifetime of the excited state on théhe method of the XAS. The large isotope effect appearing in
benzoate on Q10 is ~1.1 fs?® The activation barrier is the reaction yield of 1dis analyzed with the MGR model;
deduced from the thermal behavior of the benzene molecul1® model can account for the number if a shallow potential
on Ag(110), which is roughly~1 eV To account for the Curve in the excited state is assumed.
observed isotope effect of 10°, the expected slope of the
excited state is 0.89 eV/A. The value corresponds to a shal*P. Avouris, Acc. Chem. Red8, 95 (1995.
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