
the conditions used here (6, 28). It has been 
proposed that a change in the oxidation po- 
tential of the gas may change the oxygen 
content in the ZnO surface and thereby the 
interface energy (6, 7, 28). A low oxygen 
content will give a strong decrease in the 
Cu/ZnOx interface energy because of a partial 
(or full) reduction of the ZnO surface layer. 
On the other hand, at large oxygen contents, 
the ZnO surface is completely oxidized (low 
concentration of oxygen vacancies) and the 
interface free energy is high. 

Previously, detailed information on gas- 
induced structural transformation has been 
obtained with single-crystal model systems 
exposed to conditions quite far removed from 
those used in industrial catalysis. Thus, it has 
been difficult to relate the information direct- 
ly to catalysis, and this has been referred to as 
the material and pressure gaps in catalysis 
(16). Our results show that insight can now 
be obtained at more realistic conditions and 
for quite complex nanoparticle systems with 
many different surfaces and interfaces. The 
observed dynamic restructuring of the cata- 
lyst also demonstrates that the relevant active 
sites are generated during the catalytic reac- 
tion. This further emphasizes the need for in 
situ studies at all the conditions that a catalyst 
will experience. Such studies may provide 
important information regarding the concen- 
tration of different type of surface sites (on 
low index planes, comers, steps, etc.) under 
various conditions (36). The structure sensi- 
tivity and dynamic morphology changes may 
then be incorporated into a microkinetic de- 
scription of the catalytic reactions with the 
approach discussed earlier (28). Previously 
descriptions of catalysis have had to rely on 
assumptions regarding the nature of the ex- 
posed surfaces. 
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Lateral Hopping of Molecules 

Induced by Excitation of 

Internal Vibration Mode 
T. Komeda,' Y. Kim,1 Maki Kawai,l* B. N. J. Persson,2 H. Ueba3 

We demonstrate electron-stimulated migration for carbon monoxide (CO) 
molecules adsorbed on the Pd(110) surface, which is initiated by the excitation 
of a high-frequency (HF) vibrational mode (C-O stretching mode) with inelastic 
tunneling electrons from the tip of scanning tunneling microscopy. The hopping 
phenomenon, however, cannot be detected for CO/Cu(110), even though the 
hopping barrier is lower than in the CO/Pd(110) case. A theoretical model, which 
is based on the anharmonic coupling between low-frequency modes (the hin- 
dered-translational mode related to the lateral hopping) and the HF mode 
combined with electron-hole pair excitation, can explain why the hopping of 
CO is observed on Pd(110) but not on Cu(110). 
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is based on the anharmonic coupling between low-frequency modes (the hin- 
dered-translational mode related to the lateral hopping) and the HF mode 
combined with electron-hole pair excitation, can explain why the hopping of 
CO is observed on Pd(110) but not on Cu(110). 

The diffusion of adsorbed species on surfaces 
can be controlled thermally to some extent. 
The nonthermal control of surface migration 
of adsorbates (using electron excitation) 
could have many applications. Only a few 
studies have shown that electron irradiation 
can induce nonthermal transfer of surface 
species (1, 2), a process called electron-stim- 
ulated migration (ESM). Atoms can be ma- 
nipulated with the scanning tunneling micro- 
scope (STM) (3), and excitation of the adsor- 
bate-substrate vibrational mode induces var- 
ious surface phenomena such as desorption 
(4), dissociation (5), and rotation of adsor- 
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bates (6). For example, the rotation of C 2H 
on Cu is enhanced with the excitation of C-H 
stretching vibrational mode (7). However, 
the detailed mechanism of the coupling be- 
tween the rotation of the molecule and the 
vibrational mode is still an open question. 
Here, we demonstrate ESM caused by tun- 
neling electrons for CO molecules adsorbed 
on Pd(l10), which is initiated by the excita- 
tion of a high-frequency (HF) vibrational 
mode (C-O stretching mode, -240 meV). 
The hopping phenomenon, however, cannot 
be detected for CO/Cu(110) in spite of the 
much lower hopping barrier than for CO/ 
Pd(l 10). The underlying mechanism is exam- 
ined by a theoretical calculation that includes 
anharmonic coupling between low-frequency 
(LF, -25 meV) modes (the hindered-transla- 
tional mode related to the lateral hopping) 
and the HF mode, as well as the vibrational 
damping of the HF mode caused by electron- 
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hole pair (EHP) excitation. The ti 
plains why hopping of CO is obs 
Pd(l10) but not on Cu(ll10) (8, 9). 

When a certain amount of tunne 
rent is dosed to an isolated CO mo 
Pd(l 10), lateral motion of the molec 
the [110] direction is induced with 
probability. Thermal hopping was r 
at the temperature used (4.8 K), and 
the STM tip under normal tunnelii 
tions (typically sample bias voltage 
mV and tunneling current Itnne 
causes no change of the adsorptic 
CO. Four CO molecules are appare 
1A as white protrusions; CO adsol 
bridge site on Pd(l10) (10). The 
marked "a" in Fig. 1A was then d( 
tunneling electrons for 1 s at Vs = 
and It,,, = 7 nA. Further imaging 
that molecule "a" has jumped three 
spacing to the left along the [110] 
(Fig. 1B), but no change was see 
bonding position of other molecule 
molecule "b." 

The lateral hopping of CO was ar 
and restricted to the [110] direction 

Fig. 1. (A and B) STM images (31 
A by 25 A,/tunnel = 1 nA, V = 50 
mV) of four CO molecules on 
Pd(110). Images are (A) before 
and (B) after dosing tunneling 
electrons on the target molecule 
"a." (C and D) One-dimensional 
dose-and-scan method images 
for an isolated CO on Pd(110). 
Sample bias voltage for electron 
dosing is (C) 200 mV and (D) 
300 mV. Totally 48 sequences 
are executed on both cases. 
Anisotropic hopping along the 
[110] direction with a unit of Pd 
lattice (2.75 A) is clearly visible 
in the right panel. 

Fig. 2. (A) The hopping probabil- 
ity as a function of the bias volt- 
age of dosed tunneling electrons 
(/tunnel = 7 nA, 1 s) examined for 
CO on Pd(110) surface. (B) Ex- 
panded around Vs = 240 mV; the 
y axis is shown in log-scale and 
corresponds to the probability 
per electron. (C) The slope of the 
data in (B). (D) The hopping 
probability as a function of the 
tunneling current with the sam- 
ple bias voltage of 350 mV. The 
linear line corresponds to the re- 
suit of the least-squares fitting. 

leory ex- Pd rows on the Pd(llO) surface. Taking ad- was negligible. At Vs = 300 mV, the CO 
,erved on vantage of this observation, we used the fol- molecule hopped stochastically to the near- 

lowing method in addition to conventional est-neighbor bridge site. 
eling cur- two-dimensional (2D) imaging to visualize We measured the hopping probability as a 
lecule on the hopping of molecules and to significantly function of Vs (12). The result is shown in 
,ule along increase the sampling number. The scanning Fig. 2A for V. up to 550 mV. The probability 
a certain of the STM tip was restricted to a single Pd shows a sharp increase beyond a threshold 

negligible row along [110], alternately repeating tunnel- voltage between 200 and 300 mV. The be- 
scanning ing current injection on an adsorbate and havior near the threshold is shown in detail in 

ng condi- STM observation with several ID scanning. Fig. 2B both for the normal CO and C30O16 
Vs = 100 The y axis in the image created by this meth- molecules, in which the y axis corresponds to 
= 1 nA) od corresponds to the passage of time, and the the hopping probability per tunneling elec- 
)n site of x axis indicates the position in space. Here- tron expressed in log-scale. In addition, the 
nt in Fig. after, we call this procedure the "ID dose- slope of the probability curve is shown in Fig. 
rbs at the and-scan method." A similar measurement 2C. The probability shows a small but clear 
molecule technique for step-kinetic investigation has isotope shift, and the threshold energy can be 
osed with been reported by Kitamura et al. (11). assigned from Fig. 2C at 240 and 235 meV 
350 mV We applied the dose-and-scan method to for the normal CO and C13016, respectively. 
revealed CO/Pd( 10) for the cases of Vs = 200 mV We note that the excitation energy of the 

Pd lattice (Fig. 1C) and 300 mV (Fig. ID). The tunnel- C-O stretching vibrational mode is very 
direction ing electrons were dosed for 1 s with a cur- close to the threshold voltage of 240 mV (13), 

en in the rent of 7 nA, and 48 cycles of the dose-and- and the isotope shift of 5 meV to lower 
;s such as scan sequence were repeated in the image. At energy in the threshold energy is a reasonable 

Vs = 200 mV, the adsorbate feature shows value for C13016 (14). In addition, the slope 
nisotropic only a straight line, indicating that no lateral of the hopping probability expressed in log- 
along the motion was induced and that the thermal drift scale falls off with a narrow energy width. 

These findings suggest the involvement of 
C-O stretching excitation in the hopping of 

A C D CO. 
The hopping probability varied linearly as 

a function of the number of dosed tunneling 
electrons at fixed Vs = 350 mV (Fig. 2D). 
Hopping appears to be induced by the tunnel- 
ing current, which would exclude other 
mechanisms, such as coupling between the 

_HIH l t _B^^ ^molecular dipole moment and the electric 
field formed by the STM tip. Also, the linear 

_ _ ^^^^ E - 0_^ _ | _ ^^ increase of the hopping probability shows 
that this is a single-electron event instead of a 
multiple-electron effect. This result is expect- 
ed theoretically, because the strong damping 
of the hindered-translational mode related to 
the hopping inhibits the ladder climbing pro- 

- 5 A [1o] ~- -- 10A [110] _cess. We estimate that 5.4 X 1010 electrons 
are required to induce a single hopping event 

A B (15). 
c 1 -11- We have performed the same experiments 

c electron dosing event 2 o 1216 as described above for CO/Cu(10). The re- 
A tunnel 7 nA 0 

1.0- -t 1 s * - * C13016 osuit shows that the hopping probability for 
,.1 0-12- , * * )10 **CO on Cu(110) under the same conditions as 

C0".5- U *0 in Fig. 2A is less than 0.01 for Vs up to 550 
* -.10-'1- * meV; almost no lateral hopping is induced on 

0.0 .* , .... * . . CO/Cu(110) under the current setting. The 
0 200 400 600 I 220 240 260 280 diffusion barrier for CO on Cu(l10) has been 

Sample bias (mV) Sample bias (mV) estimated to be -97 meV (16), which is 
considerably lower than -180 meV for CO 

C D on Pd(llO). Also, we cannot expect a large 
~' . electron dosing event difference in the excitation probability of the 
D= 

- p. O C12016 10.4- a 350mV C-O stretching mode between CO/Pd(l10) > Vsample 350 mV 
Q 

- 
\ *, C13016 t 1 s and CO/Cu( 10). 

> . 2 \> Q0.2- The results so far described indicate that 
, . ~ V t - Xo .i' . / the excitation of the HF vibrational mode by 

0 . . . . . . o.0 tunneling electrons induces lateral hopping of 
230 250 270 ' 

o 2 3 4 CO on Pd(l 10). How is the excitation of the 

Sample bias (mV) Tunneling current (nA) HF mode related to lateral hopping, and why 
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is it absent for CO on Cu(l 10) in spite of its 
much lower hopping barrier? We now exam- 
ine these issues through theoretical calcula- 
tions for CO/Pd(110) and CO/Cu(110). 

We briefly describe a new theory of how 
the excitation of the HF mode can induce 
dynamical motion of adsorbates on metal sur- 
faces (17). The probability of adsorbate rear- 
rangements following the vibrational excita- 
tion of the HF mode Qn is calculated with a 
model that includes vibrational relaxation via 
EHP excitation, and anharmonic coupling 80 
to the LF mode o associated with the rele- 
vant reaction coordinate. 

The adsorbate is initially localized at the 
bottom of a potential well U(v), and we as- 
sume that U(v), in the region of v-space 
probed by the adsorbate when it is in its 
ground state %o, can be approximated as har- 
monic U(v) - mw022/2 (18). We will refer to 
vibrations in this potential well as the LF 
mode o,. Adsorbate transfer from one well to 
another requires the transition of a barrier of 
height ?B (Fig. 3A). If the interaction hamil- 
tonian between the HF mode Qn (normal- 
mode coordinate iu) and the reaction coordi- 
nate v is expanded to second-order in u, then 
Hint = U(v)u + U2(v)u2. The first term of 
Hint allows the HF mode of the molecule to 
decay by exciting the motion along the reac- 
tion coordinate v. If hil >> eB, energy con- 
servation requires that the molecule be excit- 
ed to a continuum state ik far above the 
potential barrier EB (Fig. 3B). However, be- 
cause of the rapid oscillations in the wave- 
function 4k, the matrix element <Ikl 

Ul(v)l1o> is extremely small. If (hfl - B)/ 
o?o >> 1, a second-order process involving 

the excitation of the adsorbate to a level 
immediately above the barrier e,B with the 
rest of the energy S hfl - eB used to create an 
EHP excitation, has a higher probability (Fig. 
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We first consider the first-order process in 
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where no = 1l/OI, and where ?' is of the order 
of the dissociation energy (or bond-breaking 
energy) associated with the HF mode. 

Next, let us consider a second-order pro- 
cess in the presence of the vibrational damp- 
ing caused by EHP excitation. We calculate 
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the transition probability from the initial state 
(the HF mode in the excited state, the LF 
mode in the ground state, and no EHP excit- 
ed) to the final state (the HF mode in the 
ground state, the LF mode in a continuum 
state above the top of the potential barrier, 
and an EHP excited). The transition rate for 
the adsorbate to be excited to a level imme- 
diately above the barrier, with the rest of the 
energy hfil - EB transferred to an EHP 
excitation can be approximately obtained as 
(17) 
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damping rate of the HF mode Q caused by 
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Because the dominant channel of vibra- 
tional relaxation of HF modes is through EHP 
excitation for adsorbates on metals, P = w2/ 
w,h (and Wl/Weh) can be interpreted as the 
fraction of the vibrational excited molecules 
which decay by transferring enough energy to 
the reaction coordinate to overcome the po- 
tential barrier via the second-order (and first- 
order) process. The anharmonic coupling of 
the HF mode to the LF mode is estimated to 
be ho0 - -0.18 meV for CO/Cu(100) (19). 
A similar value of h80 is expected for CO/ 
Cu(l10) because it has the same on-top ad- 
sorption site. Although no anharmonicity 
data are available for the CO/Pd system, h0w 
has been estimated at -4.3 meV for CO/ 
Ni(l 11) (20, 21). On the basis of the similar- 
ity of the bonding configuration (bridging- 
site adsorption) and the electronic structure 
between CO/Ni(l11) and CO/Pd(110), we 
may expect similar large 80 for CO/Pd(l 10). 
The values for hSl and ioio (T-mode) are 
-240 meV and -25 meV for CO/Pd(110) 
(13), and -250 meV (14) and -3.9 meV 
(22) He for CO on Cu at on-top position, 
respectively. 

For CO on Pd(l 10), the second-order pro- 
cess gives P - 10-9. To convert this to the 
hopping probability per tunneling electron, P 
should be multiplied by the probability that a 
tunneling electron excites the HF mode. This 
probability is determined by the change in 
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Fig. 3. (A) The potential energy U(v) associated 
with the reaction coordinate v. The diffusion 
barrier eB and the ground state %0 and excited 
qik wave functions are indicated. (B) First-order 
process leading to hopping. The energy hfi of 
the HF mode is completely transferred to the 
reaction coordinate mode, which is excited to a 
state well above the top of the diffusion barrier 
Bs. (C) A second-order process where the ener- 

gy of the HF mode is transferred partly to the 
reaction coordinate mode, which is excited to a 
state just above the top of the diffusion barrier, 
whereas the rest of the energy is deposited as 
an electron-hole pair. The black circle denotes 
the Fermi sphere of the metal. When (hl - e?)/ 
ho? >> 1 [where o0 is the frequency of small- 
amplitude vibrations in the potential well U(v)], 
process (C) will dominate over process (B). 
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Fig. 4. (A) STM image (61 A by 20 A, tunne = 
1 nA, Vs = 50 mV) of CO on Pd(110); the 
ordered structure that has two times the peri- 
odicity of the substrate is formed by dosing CO 
at room temperature. (B) An example in which 
lateral motion is induced on a CO molecule at 
the edge of the 1D array that is imaged at the 
arrow mark of (A). The image is taken with the 
1D dose-and-scan method and the x axis cor- 
responds to 61 A scanning and parallel to [110]. 
Marks a, b, and c correspond to the points 
where tunneling electrons are dosed (Vs = 500 
mV, /t,unel = 7 nA and 1 s). At mark a, six 
molecules are shifted together to their right by 
single Pd lattice while the target molecule is 
left at its original position. The target molecule 
alone moves to right at mark b. At mark c, a 
simultaneous shift of the group of CO mole- 
cules can be observed again. 
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tunneling conductance, Ao/ul, measured by 
inelastic tunneling spectroscopy. We have 
AT/Cr - 0.015 for both CO/Cu (14) and 
CO/Pd(llO), so that the hopping probability 
per tunneling electron should be 10-11, 
which is of the same order of magnitude as 
the experimental results. From the first-order 
process, we also estimate a similar contribu- 
tion to the hopping probability. The situation 
is markedly different for CO/Cu(110): the 
magnitude of 86 is much smaller, and n and 
no are much greater than for CO/Pd(110). 
These differences make the transition much 
more difficult. For CO/Cu (110), we estimate 
P - 10-26 for the second-order process and 
P 10-53 for the first-order process. 

The results for tunneling-induced lateral 
motion of adsorbates presented above should 
open ways for further investigation. We show 
an example in Fig. 4 where lateral motion is 
induced on a CO molecule at the edge of an 
ID array on Pd(110) at 4.8 K. The array is 
formed by dosing a submonolayer of CO at 
room temperature before the sample is cooled 
to 4.8 K. In this process, the CO molecules 
spontaneously form an ordered structure that 
has two times the periodicity of the substrate 
along the [110] direction (23) (Fig. 4A). We 
applied the 1D dose-and-scan method on the 
array of seven molecules at the arrow of Fig. 
4A. With the dosing of electrons at mark "a" 
and "c" in Fig. 4B, a group of CO molecules 
are shifted simultaneously to the right, leav- 
ing the target molecule at its original posi- 
tion. The ability to shift an array of adsor- 
bates is one of the fundamental requirements 
for the proposed atom relay devices (24). 
More generally, we believe that the manipu- 
lation of adsorbates by inducing their lateral 
hopping through dosing of tunneling elec- 
trons, may be a useful tool in nanotechnology 
and for basic research in surface dynamics. 
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The outcomes of chemical reactions depend 
not only on energetics but on how molecules 
are oriented before reaction. In solution, 
steric effects can be used to favor particular 
orientations of reactants to guide reactivity 
and stereochemistry, and surface effects, 
whether exerted by heterogeneous catalysts 
or enzyme pockets, can also favor particular 
orientations of reactants. In the solid-state 
reactions, crystal lattices offer an even greater 
degree of geometrical constraint of reactants, 
but there are few examples of controlling 
reaction conditions (such as temperature and 
pressure) to select different reaction path- 
ways. Chemical transformations occurring in 
molecular crystals at high pressure have been 
reported in a few cases (1-9) . Recently, we 
have also shown that at high pressure, laser 
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irradiation and photochemical effects are a 
further effective regulatory tool of the reac- 
tion mechanism with the twofold effect of 
changing the pure pressure-induced reaction 
pathway and lowering the reaction pressure 
(5, 8). This makes high-pressure reactions an 
appealing preparation method for large-vol- 
ume applications. Here, we used geometrical 
constraints to induce selective chemical reac- 
tivity by applying ultrahigh pressures with a 
diamond anvil cell (DAC), thus varying the 
relative distances and orientations between 
molecules, and selective laser irradiation to 
control excitation. By simply balancing these 
two parameters, we were able to induce and 
fully control the quantitative transformation 
of liquid butadiene to a simple dimer (vinyl- 
cyclohexene) or to a highly stereoregular 
polymer (trans-polybutadiene). 

We were interested in studying trans-buta- 
diene, an unsaturated very reactive molecule, 
because it can give rise to a variety of reaction 
products. Butadiene is also extremely unstable 
at ambient conditions, dimerization being the 
main reaction pathway (10). The dimerization 
is a second-order cyclo-addition reaction. Three 
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