(or current). The stripe pattern disappears
again (Fig. 4D) when the electric field is
removed and the crystal returns back to the
high-resistive state. By the atomic force mi-
croscope measurement, the surface of the
stripe pattern region was confirmed to be flat
within 50 nm in height and hence the stripes
are not due to groove-like strains. The dark
stripe perhaps comes from metallic patches,
because the metallic or nondimerized TCNQ
stack gives rise to a lower reflectivity in the
visible region (/7). With use of the sensitivity
of the totally symmetric (a,) mode molecular
vibration [CN stretching (vey) of TCNQ] to
the dimeric (Peierls-like) distortion (/0), the
microscopic infrared spectroscopy (/2) has
confirmed that the dimerization is much re-
duced in the current-flowing region accom-
panying the stripe pattern, but less so in the
nonstripe region (corresponding to the crystal
edge part in Fig. 4B). Such a current-path
region characterized as the alternative dark
and bright regions can be viewed as the pe-
riodic phase-segregation into carrier-rich
(dark) and -poor (bright) regions.

This stripe pattern formation may origi-
nate from the long-range Coulomb repulsion
interaction between the generated carrier-rich
regions. A current-flowing state is a nonequi-
librium state out of the scope of thermody-
namics, yet the current-induced coexistence
of the carrier-rich (high-conducting) and car-
rier-poor (low-conducting) regions may be
viewed as a sort of phase segregation. This is
perhaps inherent to the correlated electron
system like K-TCNQ, where the hypothetical
metallic state is, in the sense of free energy,
adjacent to the Mott-insulating state in spite
of a seemingly large charge-gap. A specifi-
cally large dielectric constant along the stack-
ing axis can effectively screen the Coulomb
interaction between the carrier-rich regions,
producing such a stripe pattern running per-
pendicular to the stacking axis, as we ob-
served. Thus, we consider the observed phe-
nomenon as one example of the self-organi-
zation in nonequilibrium systems as widely
seen in natural systems and extensively in-
vestigated for several decades (13, 14). A
distinct feature is, however, that the stripe
pattern in the present case is composed of
electronically different phases, namely metal-
lic (nondimerized) and poorly conducting
(dimerized) states.
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Enhanced Reactivity of Highly
Vibrationally Excited Molecules
on Metal Surfaces

H. Hou,' Y. Huang,? S. J. Gulding,? C. T. Rettner,’
D. ). Auerbach,'* A. M. Wodtke?*

The chemical dynamics of highly vibrationally excited molecules have been
studied by measuring the quantum state-resolved scattering probabilities of
nitric oxide (NO) molecules on clean and oxygen-covered copper (111) surfaces,
where the incident NO was prepared in single quantum states with vibrational
energies of as much as 300 kilojoules per mole. The dependence of vibrationally
elastic and inelastic scattering on oxygen coverage strongly suggests that highly
excited NO (v = 13 and 15) reacts on clean copper (111) with a probability of
0.87 = 0.05, more than three orders of magnitude greater than the reaction
probability of ground-state NO. Vibrational promotion of surface chemistry on
metals (up to near-unit reaction probability) is possible despite the expected
efficient relaxation of vibrational energy at metal surfaces.

Excited states of molecules are often much
more reactive than ground-state species, in
part because internal energy can help over-
come barriers to reaction. Reactions of elec-
tronically excited molecules have been stud-
ied extensively; indeed, most of the field of
photochemistry involves such states. The
preparation and study of vibrationally excited
reactants has proven more difficult. In poly-
atomic molecules, vibrational excitation may
not remain localized in particular vibrations,
and even in diatomic species, such states can
prove difficult to prepare in large fluxes (/).
These difficulties are particularly great for
highly vibrationally excited molecules, where
the vibrational excitation is a substantial frac-
tion of the bond energy. The motivation to
study the chemistry of such species is strong.
The atoms in such molecules have large ki-
netic energies, which may enhance reaction
rates. Furthermore, large amplitude vibration
can distort the molecular electronic wave
function, altering physical and chemical
properties.

A few measurements of the reactivity of
highly vibrationally excited molecules in the
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San Jose, CA 95120, USA. 2Department of Chemistry,
University of California, Santa Barbara, CA 93106,
USA.
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gas phase have been performed (2) and have
shown that such excitation can produce reac-
tion cross sections approaching the gas kinet-
ic limit. Studies of the interactions of vibra-
tionally excited molecules with surfaces have
been restricted to low-lying vibrational states,
populated either thermally (3) or with optical
excitation (4). The reaction probabilities ob-
served, although strongly influenced by vi- -
bration, were low (1072).

Unlike gas-phase reactions, it has not
been clear that increasing the reactant vibra-
tional excitation for reactions at surfaces can
ever yield high reactivity. Particularly for
metal surfaces, vibrational relaxation is po-
tentially an important competitive channel.
Indeed, theory predicts that vibrational relax-
ation rates will increase with the vibrational
energy of the initial state (5, 6) and thus
could effectively thwart attempts to reach
large reaction probabilities by using highly
vibrationally excited molecules.

We present an experimental method that
can reveal the chemical dynamics of highly
vibrationally excited molecules at solid sur-
faces. We illustrate our approach using the
model system of NO molecules interacting
with a Cu(111) surface, where we observe a
thousandfold vibrational enhancement of sur-
face reactivity. In contrast, neither reagent
translational energy nor surface temperature
has a strong effect on the reaction probability
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over the range we have probed. The results
are consistent with a “late” transition state (7)
and illustrate the potential of this experimen-
tal approach for detailed studies of the tran-
sition-state dynamics of surface chemical re-
actions. We studied the scattering of NO
molecules with vibrational states from v = 13
to v = 22 (vibrational energies of 290 and
390 kJ/mol). The narrow bandwidths of the
lasers made it possible to populate a single
rotation-vibration state with defined spin-or-
bit () and parity quantum numbers, so that
the internal energy of NO before scattering
was accurately known. Because the experi-
menter is freed from the limitations of the
Boltzmann factor on the degree of vibrational
energy available, a much broader range of
surface chemical dynamics becomes accessi-
ble to experimental investigation. These re-
sults show that it is possible to promote sur-
face reactivity to near-unit probability with
vibrational excitation.

We prepared highly vibrationally excited
NO with the use of stimulated emission
pumping (SEP) (, 7), as shown schematical-
ly in Fig. 1A. One laser, tuned to O ymps
excites ground-state molecules to an interme-
diate electronically excited “stepping-stone”
state, while a second laser, tuned to O gmps
induces emission back down into a specific
vibrationally excited level of the ground elec-
tronic state (8). The large structure change
upon electronic excitation in many molecules
allows good Franck-Condon overlap to high
vibrational states in the two-photon transi-
tion. For example, the 24th excited vibration-
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al state of NO, with vibrational energy of
>400 kJ/mol, can be easily prepared by this
method with efficiencies exceeding 1% (7, 9).
The apparatus used for the studies of vi-
brationally excited molecules at solid surfac-
es is shown in Fig. 1B. A pulsed molecular
beam is skimmed and excited by the pump
(10) and dump (/) lasers. A photomultiplier
views the region where the laser beams cross
the molecular beam, allowing fluorescence
dip measurements (/2) to characterize the
optical excitation efficiency. The resulting
highly vibrationally excited NO molecules
then travel through a set of differential pump-
ing apertures and enter the ultrahigh vacuum
scattering chamber, where they collide with a
Cu(111) surface at normal incidence.
Although the Cu(111) surface could easily
be prepared free of oxygen by several cycles
of Ar* sputtering and annealing, after the
surface had been exposed to a molecular
beam of ground-state NO for only a few
minutes, a clear oxygen Auger electron spec-
troscopy (AES) signal (at 519 eV) was ob-
served from the surface (13). Surface oxida-
tion of copper by ground-state NO is well
known and has been previously studied (14).
At the surface temperatures used here (300 to
500 K), nitrogen is removed from the surface
by subsequent surface reactions, and none
was detected by AES (/5). Stable and repro-
ducible oxide surface overlayers of copper
were readily prepared by exposure of the
clean Cu(111) surface to NO,, followed by
elevation of the surface temperature to 800 K
for several seconds. This procedure ensures
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Fig. 1. (A) Schematic representation of the
stimulated emission pumping method.

Photo Tube

Shown are two diatomic electronic states, as well as the dependence of their energies on the
displacement of the atomic separation, r, from the equilibrium value, r_. Molecules are excited out
of ground-state levels through an allowed transition to an excited electronic state with a distorted
structure. Laser-induced emission transfers population back to single highly vibrationally excited
quantum states of the ground electronic state. Three realistic vibrational wave functions are shown.
Energies accessible with this method can be large (>400 k)/mol) and pumping can be efficient
(~107" to 10-3). (B) Experimental detail. Pump and dump lasers prepare highly vibrationally excited
NO in the second differential pumping chamber downstream from a pulsed molecular beam of NO
(seeded in He or H,). A photomultiplier tube is used for fluorescence dip spectroscopy, which helps
to control the optical excitation step. Pump laser-induced fluorescence is also monitored by a
photomultiplier for signal normalization. The excited molecules travel through one more region of
differential pumping and collide with a well-characterized copper surface or oxygen adlayer on
copper. Scattered NO is state-selectively ionized using 1+1 resonance-enhanced multiphoton
ionization. The ions are extracted back along the molecular beam direction and deflected to a
microchannel plate detector. By scanning the frequency of the probe laser, we could measure the
vibrational and rotational state distribution of the products. Translational energy distributions of
the products are measured by recording the intensity of the REMPI signal as a function of the time
delay between the excitation and probe lasers. Angular distributions were recorded by translating
the probe laser across the direction of the incident molecular beam.

that only chemisorbed oxygen atoms remain
on the surface (16).

With the use of such a stable O-atom
adlayer, we carried out a series of experi-
ments designed to examine the inelastic en-
ergy transfer of highly excited NO with
an oxidized copper surface. In these experi-
ments, specific vibration-rotation states of
NO were prepared using SEP (9, 17). Mole-
cules that scattered from the surface were
detected by 1+1 resonance enhanced mul-
tiphoton ionization (REMPI) (/8). In this
way, we have measured the vibrational-rota-
tional state distributions as well as angular
and kinetic energy distributions of inelasti-
cally scattered NO (/9). Figure 2 shows a
portion of the REMPI spectrum obtained
when NO is initially prepared in lv = 13, J =
2.5, 0 = 0.5) and the probe laser is tuned to
detect molecules in the v = 13 state [probed
through the A(4) < X(13) y-band]. The solid
line is the result of a least squares fit to the
data points (20) using an experimentally de-
termined laser line shape and theoretical
(nonadjustable) transition frequencies and
line strengths (21). A Boltzmann distribution
of the v = 13 rotational states was used to
simulate the rotational state populations, and
a single parameter (the rotational tempera-
ture) was used to optimize the fit. The excel-
lent fit to the data shown in Fig. 3 is typical
for the entire spectrum (which probes both
) = 0.5 and 1.5 and rotational states up to J
= 25.5) and provides an unambiguous finger-
print of the NO(v = 13) molecules redistrib-
uted among their rotational states after colli-
sion with the surface.

We also obtained REMPI spectra of the
scattered molecules at very early times after
the beginning of the oxidation of the clean
copper surface by the beam of ground-state
NO. This experiment revealed that the sur-
vival of specific states of highly vibrationally
excited NO is significantly reduced when the
oxygen adlayer is removed from the surface.
The dependence of the REMPI signal for
molecules scattered into v = 13 (vibrationally
elastic channel) upon exposure of the sur-
face to ground-state NO could be fit to the
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Fig. 2. REMPI spectrum of NO(v = 13) scat-
tered from an oxygen adlayer on Cu(111). The
points are the data; the solid line is a least
squares fit to the data. Only a portion of the
spectrum is shown near the P, and P,, band
heads.

0
31030

31090

4 JUNE 1999 VOL 284 SCIENCE www.sciencemag.org



theoretical (first-order kinetics) expression
S(a) = S(0) X [1 — exp(—Ko)] + S(0) (Fig.
3), where o represents the surface exposure to
NO in monolayers (ML) (22), S(o) is the
coverage-dependent REMPI signal, K is a
rate constant, and S(0) is the REMPI signal
obtained in the limit of zero exposure. The
asymptotic magnitude of the REMPI signal is
given by S(%) + S(0). The survival probabil-
ity as a function of surface exposure to NO is
therefore S(o)/[S(0) + S(0)].

There are two possible explanations for
the observation shown in Fig. 3. First, vibra-
tionally inelastic channels could be signifi-
cantly more probable on the clean copper
surface relative to the oxidized surface. If this
is the case, the “missing v = 13 signal” at low
exposures should appear as enhanced signal
for other vibrational states. That is, we expect
in this case to observe a decrease in signal
with exposure for lower energy vibrational
states that are populated by the supposed
enhanced vibrationally inelastic energy trans-
fer. The second possible explanation for the
diminished signal at low exposures is that the
highly vibrationally excited NO reacts, there-
by sticking to the clean copper surface, but
cannot react as rapidly (if at all) on the oxi-
dized surface. In this case we would expect to
see a growth in all of the inelastic channels
with exposure as the surface is transformed
from its reactive form (copper) to its inactive
form (oxidized copper).

We failed to find any inelastic channels
that exhibited a dependence to surface NO
exposure different from that shown in Fig. 3,
despite our sensitive detection of many in-
elastic channels (23). Indeed, for a fixed
surface temperature, all of the growth curves
were quantitatively identical, which sug-
gests that they reflect the same kinetic pro-
cess: reaction of highly vibrationally excited
NO on a clean copper surface. Presumably,
oxidation of the copper surface by ground-
state NO removes the sites where reaction
of highly excited NO can take place. Thus,
for oxidized surfaces, inelastic channels
dominate.
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Fig. 3. Survival probability, S(c)/[S(0) + S()],
of NO(v = 13) as a function of surface expo-
sure to the oxidizing action of ground-state
NO. The increase in survival probability is ex-
plained by decreased reactivity of highly vibra-
tionally excited NO on the O-covered copper
surface.
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On the basis of this interpretation, we can
experimentally derive the reaction probability
of highly vibrationally excited NO with a
Cu(111) surface, P,,oe = S()/[S(0) + S(0)].
This analysis yields a value of 0.87 = 0.05
for the data shown in Fig. 3 (24). That
is, there is an 87% chance of reaction for
NO(v = 13) on Cu(111). A similar value was
obtained for NO(v = 15). Moreover, the re-
action probability was found to be indepen-
dent of the surface temperature and the trans-
lational energy of the molecular beam over
the range studied (25).

To compare the rate of NO(v = 13, 15)
reaction on Cu(111) with that for NO(v = 0),
we measured the O AES signal versus expo-
sure for ground-state NO. The oxygen cover-
age as a function of NO exposure exhibited
first-order kinetics: (o) = () X [l — exp
(—ko)]. Here, (o) is the intensity of the ox-
ygen peak (at 510 V in AES) normalized to
the intensity of the Cu peak (at 920 V). As
before, o stands for the NO exposure mea-
sured in ML. I(o) is directly proportional to
the oxygen coverage at the surface. Fitting
the kinetic expression to the measurements,
we obtained a value of k ~ 8 X 1074 ML™!
for the rate of oxidation of Cu(lll) by
ground-state NO. Taking /() = 0.3 ML as
the saturation coverage of oxygen at Cu(111)
(16), we could estimate the reaction proba-
bility at zero coverage for ground-state NO
on Cu(111) [k X I()] to be 2 X 10~*. This
shows that vibrational excitation of NO en-
hances the probability of reaction by more
than three orders of magnitude.

In principle, the observed vibrationally
enhanced sticking of NO on Cu(111) could
be nondissociative (trapping and desorption)
or dissociative (forming O and N atoms
bound to copper). If trapping and desorption
were important, one might observe a reduced
scattering signal at zero oxygen coverage be-
cause the desorbing molecules would be
spread over a large range of scattering angles
and speeds. Moreover, if the trapped mole-
cules had a long lifetime on the surface, they
might be emitted in vibrational states even
lower than those probed in this work (up to
Av = -5). However, in light of the experi-
mental evidence, the trapping and desorption
scenario appears counterintuitive. In essence,
trapping results from the rapid removal of
energy from the gas-phase molecule during
the surface collision. Thus, it is commonly
observed that trapping is strongly inhibited
by increased translational energy of the
gas-phase molecule and to a more modest
extent inhibited by increased surface tem-
perature (26). Although there have been
no studies of such an effect, it appears
reasonable that the addition of vibrational
energy to the gas-phase molecule would
(like translation and rotation) also inhibit
trapping.

In contrast, the sticking probability mea-
sured in these experiments is independent of
both initial translation energy and surface
temperature, and is enhanced by vibrational
excitation by more than three orders of mag-
nitude. This result indicates a direct chemical
reaction where the well-defined motion of the
reactant has not been overwhelmed by energy
transfer to the surface. Vibrational excitation
of NO enhancing the dissociation of the NO
bond is also intuitively appealing. Indeed, the
large enhancement by vibration and weak
dependence on translation are consistent with
a “late” transition state (27), where the tran-
sition state resembles more closely the ad-
sorbed products of the reaction than it does
the reactants. The results shown here lay the
groundwork for detailed studies of the nature
of the transition states of many surface reac-
tions, coupling high-level experiment and
theory.
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Adsorbed Layers and the Origin
of Static Friction

Gang He, Martin H. Miiser,* Mark O. Robbins}

Analytic results and experiments in ultrahigh vacuum indicate that the static
friction between two clean crystalline surfaces should almost always vanish, yet
macroscopic objects always exhibit static friction. A simple and general ex-
planation for the prevalence of static friction is proposed. “Third bodies,” such
as small hydrocarbon molecules, adsorb on any surface exposed to air and can
arrange to lock two contacting surfaces together. The resulting static friction
is consistent with experimental behavior, including Amontons’ laws.

Amontons’ laws, which are 300 years old,
state that the frictional force F needed to slide
one body laterally over another is indepen-
dent of their macroscopic area of contact and
proportional to the normal load L that presses
them together (/, 2). The constant of propor-
tionality w = F/L, or coefficient of friction,
depends on the materials and whether the
bodies are at rest () or in motion ().
Despite the success of Amontons’ laws,
there is no microscopic theory that explains
their molecular origins and wide-ranging ap-
plicability. In fact, analytic theories indicate
that static friction, the force F, needed to
initiate motion between two bodies at rest,
should vanish between almost any pair of
clean surfaces that deform elastically (3—6).
These theories, and many simulation studies,
only include atoms in the two bodies that
move past each other. However, there is al-
most always some form of “third body”
present between two surfaces. Indeed, Amon-
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tons measured static friction for greased surfac-
es (/), and any surface exposed to ambient air
acquires an adsorbed layer of hydrocarbons and
other small molecules that is a few angstroms
thick. Larger particles may also be present in
the form of dust or wear debris.

We report molecular dynamics simulations
that show that third bodies naturally lead to a
nonzero static friction. Moreover, the static fric-
tion produced by adsorbed layers of short mol-
ecules is consistent with Amontons’ laws and
does not vary substantially with parameters that
are usually not controlled in experiments, such
as the precise thickness and chemistry of ad-
sorbed layers, the orientational alignment of the
surfaces, and the direction of sliding relative to
crystalline axes.

The actual area of molecular contact be-
tween two surfaces, 4,.,,, is generally the
small fraction of the apparent macroscopic
area where peaks on opposing surfaces meet
(2, 7, 8). Elastic deformation flattens the con-
tact regions into micrometer diameter patch-
es, orders of magnitude larger than individual
molecules. The static friction corresponds to
an average yield stress within these contacts
of 1, = FJA,..

Bowden and Tabor suggested a simple phe-
nomenological form for 7, that explains the
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successes of Amontons’ laws and some of their
failures (2). If the yield stress rises linearly with

the local pressure P = L/4,_,, then
T, = T T oP @]
One finds F, = 744, + oL or

W = a + T/P 2)

Thus, ., is independent of load and macroscop-
ic area if P is constant or if P is much greater
than 7,,. The former applies to simple models of
ideally elastic (9) and plastic surfaces (2). Am-
ontons’ laws are known to fail when P varies
substantially or 7, is large (strong adhesion),
but Egs. 1 and 2 remain valid (/0-13).

The theoretical difficulty is that a nonzero 7,
requires that the surfaces lock together in a local
free-energy minimum that prevents sliding (3—
6). Every atom on two identical aligned crystals
(Fig. 1A) can simultaneously lie at a local en-
ergy minimum and contribute coherently to 7.
When the surfaces are rotated by almost any
angle (Fig. 1, B and C) or have different lattice
constants (Fig. 1D), the number of atoms resist-
ing lateral motion is exactly equaled by the
number assisting it. Such incommensurate sur-
faces have no static friction unless the interac-
tion between them is so strong, compared to the
interactions within the solids, that the surface
atoms rearrange to create a local energy mini-
mum (3, 4, 14, 15). Experimental studies of
friction between clean crystalline surfaces are
limited (/6) but are consistent with this conclu-
sion. Krim and co-workers measured no static
friction between substrates and incommensu-
rate adsorbed layers (/7), and their data are
consistent with simulations (/8). Small crystal-
line atomic force microscope (AFM) tips show
substantial static friction only at commensurate
alignments (/9). Finally, the friction between
unaligned MoS, crystals is extremely low in
ultrahigh vacuum but rises rapidly with expo-
sure to air (20).

Third bodies such as airborne hydrocarbons
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