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Dynamics of a hydroxyl �OH� group and its dimer adsorbed on Cu�110� is investigated at 6 K with a
scanning tunneling microscope �STM�. For the monomer, the inclined OH axis switches back and forth
between the two equivalent orientations via hydrogen-atom tunneling. The motion is enhanced by tunneling
electron that excites the OH bending mode that directly correlates with the reaction coordinate. The inelastic
electron-tunneling spectra exhibit either peak or dip, depending on the position of the STM tip over the
molecule. The switch motion is quenched for the hydroxyl dimer since it is stabilized by hydrogen-bond
formation, whereas it is induced by inelastic excitation of the OH stretch mode.
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I. INTRODUCTION

Quantum tunneling of hydrogen atoms �or protons� plays
crucial roles in diverse chemical, physical, and biological
processes.1–5 The fundamental aspects of tunneling dynamics
have been argued by spectroscopic studies for prototypical
molecules such as ammonia and tropolone.6–8 The molecular
inversion or proton transfer proceeds via tunneling, which
was manifested as spectral doublets in the rotational and vi-
brational spectra. The tunneling dynamics was found to
couple with specific vibrational displacements that reduce
effective tunneling barrier and/or path length.

The real-space observation of hydrogen-atom dynamics
has been performed by using scanning tunneling microscopy
�STM�. Quantum tunneling was visualized in the diffusion
process of hydrogen atom over Cu�100�.9 A naphthalocya-
nine molecule adsorbed on an insulating film was induced
and imaged to exchange the two hydrogen atoms between
the two equivalent positions in the central cavity of the
molecule.10 The interchange tunneling of the hydrogen-bond
donor and acceptor molecules was recently observed in water
dimers.11 The interchange motion involves not only
hydrogen-bond rearrangement but also substantial displace-
ments of oxygen atoms, which should require multidimen-
sional treatment of the potential-energy surface for quantita-
tive description of the dynamics.

In this work, the dynamics of hydrogen atom in a hy-
droxyl group and its dimer adsorbed on Cu�110� is studied
by using STM and first-principles calculations. The inclined
OH axis of the hydroxyl group switches back and forth be-
tween the two equivalent orientations. The calculation re-
vealed that the switch motion proceeds via hydrogen-atom
tunneling. The motion is enhanced upon the excitation of
molecular vibrational mode that manifested itself in the in-
elastic electron-tunneling spectra �IETS� as peaks or dips,
depending on the position of the tip over the molecule. On
the other hand, the switch motion is quenched by hydrogen
bonding in a hydroxyl dimer.

II. METHODS

The experiments were carried out in an ultrahigh vacuum
chamber equipped with STM operating at 6 K.11 An electro-
chemically etched tungsten tip was used as an STM probe.
The STM images were acquired in constant current mode. A
single crystalline Cu�110� was cleaned by repeated cycles of
argon-ion sputtering and annealing. The clean Cu�110� sur-
face was exposed to H2O or D2O gases at 12 K to yield very
low coverage, where water molecules exist mainly as iso-
lated monomers. A hydroxyl species was produced by disso-
ciating a water molecule with the STM. A hydroxyl dimer
was produced by dragging a water molecule to a preadsorbed
oxygen atom by using STM, resulting in the following reac-
tion: H2O+O→ �OH�2. This reaction was suggested to pro-
ceed with a negligible barrier.12 Actually, the reaction occurs
spontaneously when the reactants come close to each other.
The preadsorbed oxygen atoms were produced by exposing
the surface to molecular oxygen at 40 K. IETS was con-
ducted using a lock-in amplifier with an rms modulation of 6
mV at 590 Hz unless otherwise mentioned. The spectra were
recorded repeatedly for accumulation to improve signal-to-
noise ratio.

The calculations were based on density-functional
theory13,14 �DFT� within the generalized gradient approxima-
tion �GGA�.15 We used a computer program STATE.16 The
wave functions and the charge density were expanded in
terms of plane waves up to the cutoff energies of 25 and 225
Ry, respectively. The electron-ion interaction was described
by the pseudopotentials.17,18 We used a three-layer Cu slab,
unless otherwise mentioned, with surface OH monomer
�dimer� on one side of the slab arrayed in a 2�3 �3�3�
surface unit cell, and the vacuum region of 12.89 Å was
inserted between slabs. A GGA-optimized lattice constant of
3.64 Å, which is 0.8% larger than the experimental value of
3.61 Å, was used to construct the slabs. A �4�4�
Monkhorst-Pack19 k-point set was used to sample the surface
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Brillouin zone, and the Fermi level was treated by the first-
order Methfessel-Paxton scheme20 with the 0.05 eV smear-
ing width. During the structural optimization, adsorbates and
two topmost Cu layers were allowed to relax until the forces
on them were less than 0.05 eV /Å. We verified that the
adsorption energy of OH monomer and the energy barrier of
its flip-flop motion are less than 0.06 and 0.03 eV, respec-
tively, when we increase the slab thickness up to seven lay-
ers. The molecular graphics were produced by the XCRYSDEN

graphical package.21

III. RESULTS AND DISCUSSION

A. Hydroxyl production

Figure 1 shows the production of a hydroxyl species from
a water molecule with the STM. The water molecule appears
as a round protrusion with an apparent height of 0.6 Å �Fig.
1�a��. A voltage pulse of Vs=2 V for 0.5 s was applied with
the tip positioned over the water molecule. The image after
the pulse �Fig. 1�b�� shows that the molecule has reacted into
a hydroxyl species imaged as paired depressions �−0.1 Å�
aligned along �001�. A small depression on the right is an
unidentified impurity used as a marker. The reaction com-
petes with translation of the parent water molecule, and the
product is usually observed away from the original position.
The reaction can be induced with a probability of �50%

with a pulse of 2 V for 0.5 s. Water molecules were found to
be located on top of Cu atoms from their relative position to
coadsorbed CO molecules,22 which are known to be ad-
sorbed on top of Cu atoms.23 The DFT calculation by Tang
and Chen24 showed that water molecules deviate from the
exact top site by 0.88 Å, while Ren and Meng25 predicted
relatively slight displacement of 0.5 Å. In our calculation
with five-layer Cu slabs, the latter position was most favor-
able with the adsorption energy of 0.34 eV, while the energy
difference between these sites and the top site was within 20
meV. This may reflect the general property of water-metal
interaction that the potential-energy surface is smooth along
the surface in the vicinity of the top site,26 so that the mol-
ecule is delocalized around the top site. Accordingly, the po-
sition of the product is determined from its relative location
to nearby water molecules to be short-bridge site �Fig. 1�c��,
in agreement with the theoretical predictions.12,25,27

The assignment of the paired depression to a hydroxyl
species was confirmed by further dissociating it into atomic
oxygen. Figure 2�a� shows two OH species produced from
two water molecules. The tip was positioned over the depres-
sion �indicated by a cross� and a 0.9 V pulse was applied.
The current during the voltage pulse �Fig. 2�b�� shows an
abrupt drop, indicating the moment of the reaction. The im-
age after the pulse �Fig. 2�c�� shows that it has been disso-
ciated into atomic oxygen imaged as a round depression with
an apparent height of −0.3 Å. The asterisk indicates the
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FIG. 1. �Color online� �a� A voltage pulse of 2 V for 0.5 s was
applied to a water molecule imaged as a round protrusion. The tip
height during the pulse was fixed vertically to yield 0.5 nA tunnel-
ing current at 24 mV sample bias. �b� The product �OH species�
appears as paired depressions. The original position of the water
molecule is shown by a circle. The image size is 47�47 Å2. �c�
The relative position of OH species to nearby water molecules. The
grid lines indicate the lattice of the Cu�110� surface, which are
drawn in such a way that the water molecules are located on top of
Cu atoms. The image size is 46�30 Å2. All images were acquired
at 24 mV and 0.5 nA.
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FIG. 2. �Color online� Sequence of STM-induced dissociation of
two OH species on Cu�110� �42�42 Å2�. �a� A voltage pulse of
0.9 V was applied over the depression �indicated by a cross� of the
top left molecule. The tip height during the pulse was fixed verti-
cally to give 0.5 nA at 24 mV. �b� The tunneling current during the
voltage pulse. ��c� and �d�� Images taken after the pulses show the
successive changes into round depressions which are assigned as
atomic oxygen. The short-bridge site occupied by the parent OH is
indicated by an asterisk, indicating that the product is displaced
along �001� and located at an adjacent hollow site. All images were
acquired at 24 mV and 0.5 nA.
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original position of the parent OH species �short-bridge site�.
Thus the product is displaced and located on the adjacent
hollow site, in agreement with the previous result which used
molecular oxygen to produce atomic oxygen.28 Another OH
species was successively dissociated �Fig. 2�d��. The product
was always observed at one of the adjacent hollow sites de-
pending on the position of the pulse injection. Thus the hy-
droxyl dissociation was better controlled than the production.
The reaction was observed at both bias polarities, and the
thresholds were 0.9�1.5� V for OH�OD� with the variation of
�0.2 V between the tip conditions.29 The dissociation is
presumably induced via multiple vibrational excitation of in-
ternal stretch by tunneling electrons. The isotope effect can
be ascribed to the reduced lifetime of the vibrational excited
states, since the lower vibrational energy of O-D stretch
causes a more efficient decay of the excited state that hinders
the vibrational up-pumping process.30

B. Dynamics of a hydroxyl species

A remarkable isotope effect was observed for the dynami-
cal properties of the hydroxyl species. The dynamical behav-
ior of OD is observed as two-state fluctuation in the tunnel-
ing current recorded with the tip fixed over the depression
�Fig. 3�b��, while no such fluctuation was observed for OH.
Thus we can discriminate between the two isotopomers, al-
though they are rather difficult to be discerned in the image
�Fig. 3�a��. The previous calculations12,25,27 and experiment31

showed that the OH axis is inclined along �001�. We have
theoretically confirmed the inclined geometry �Fig. 4�a��,
where the geometrical parameters are almost the same as
those reported previously.12 To understand the dynamical be-
havior, we calculated the potential-energy surface of OH
along the lateral coordinates of hydrogen atom �Fig. 4�b��.
The positions of oxygen atom and the top two-layer Cu at-
oms were optimized at each point. The two minima corre-
spond to the inclined geometries, and the molecule can
switch the orientation via the transition state of upright ge-

ometry. Although the potential barrier for switching �VB
=0.14 eV� is too high to be overcome by thermal activation
at 6 K, the molecule may flip via hydrogen-atom tunneling.
The tunneling rate was roughly estimated by WKB approxi-
mation,

R = � exp�−
2

�
�

−d/2

d/2
�2m�V�x� − V0�dx	 , �1�

where �, d, m, and V0 are vibrational frequency, tunneling
path length, mass of hydrogen atom, and zero-point energy,
respectively. V�x� is the potential curve approximated by a
quartic function. Using the calculated parameters,32 the tun-
neling rates were estimated to be 106�2� s−1 for OH �OD�.
Thus we suggest that the paired depressions in the STM
image result from the fast flip-flop tunneling of the inclined
hydroxyl groups. The observed isotope effect is ascribed to
the difference in the tunneling rates; OH flips much faster
than OD, and the associated fluctuation is smeared out for
OH due to the limited bandwidth of the preamplifier.

The high-current �low-current� states are tentatively as-
signed to the orientations of OD pointing toward �away
from� the tip �Fig. 3�c��. The STM simulation based on the
Tersoff-Hamann approach33 suggests that the side of hydro-
gen atom appears brighter than the opposite position. We
note that the low-current state is more preferred in Fig. 3�b�,
suggesting that there exists substantial tip-surface interaction
that stabilizes the low-current state. Indeed, at lower current
with larger tip-surface distance, the preference was observed
to attenuate; the fractional occupation of the high-current
state was 0.04�0.02 at 24 mV and 5 nA, and increases to
0.15�0.03 as the tip is retracted and the tunneling current
decreases to 0.05 nA. Under the condition of Fig. 3�b�, the
switch rate of OD from the low to high states is estimated to
be �0.9�0.4��103 s−1. The values depend on the tip con-
dition within the variation.

The d2I /dV2 spectra �IETS� for OD �Fig. 5�a�� and OH
�Fig. 5�b�� exhibit peaks �dips� at 41 �−45� and 58
�−62� mV at positive �negative� sample bias, respectively.
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FIG. 3. �Color online� �a� STM images for OH and OD species
on Cu�110� obtained at 24 mV and 5 nA. The image size is
40�30 Å2. �b� Tunneling current with the tip fixed over the de-
pression of OD at the height corresponding to 24 mV and 5 nA. The
sample voltage was 24 mV during the measurement. �c� Schematic
of OD switching between the two orientations under the tip.
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FIG. 4. �Color online� �a� Side �upper� and top �lower� views of
the calculated structure for adsorbed OH. The OH bond length and
the angle between the axis and the surface normal are 0.99 Å and
62°, respectively. �b� Calculated potential-energy surface of OH as
a function of the lateral displacements of hydrogen atom from the
top of the bridge site. The two minima correspond to the inclined
geometries, and the potential barrier between the minimum and the
saddle point �for switch motion� is 0.14 eV. The potential minima
are 3.94 eV in depth with respect to free OH.
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The I-V curves show abrupt increase or decrease at these
voltages. Both the d2I /dV2 and I-V curves are displayed after
subtraction with those measured over the clean surface. The
peak �dip� voltage was not dependent on the tip-surface dis-
tance, corresponding to the set point from 0.05 to 5 nA at 24
mV. Hereafter we focus on the positive bias. The two-state
fluctuation of OD �Fig. 3�b�� was investigated as a function
of the bias voltage, and the fractional occupation of the high-
current state is shown in the inset of Fig. 5�a�. The switch
motion is enhanced and the fractional occupation increases
abruptly at the onset voltage that coincides with the peak in
the IETS �arrow�. This suggests that the IETS peak arises
from the electron-induced enhancement of the switch
motion.34 The peak voltage shows an isotope effect of 1.4,
suggesting that the switch motion is induced by inelastic
excitation of OH�OD� bending modes. The vibrational ener-
gies are in good agreement with the values estimated above
from the potential curvature.32 Also the previous calculation
predicted a vibration peak at �60 meV for OH.27 This mode
is directly along the reaction �switch� coordinate. Therefore,
the vibrational excitation assists the tunneling, in analogy

with the inversion tunneling of ammonia that is efficiently
coupled with the umbrella mode.6 It is noted that, in the
IETS, the peaks are accompanied with a dip at their higher-
voltage side. This is ascribed to the saturation of the frac-
tional occupation, as will be described later in detail.

The spatial distribution of the IETS peak intensity and
simultaneously acquired topographic image are shown in
Figs. 6�a� and 6�b�, respectively. The vibrational intensity is
highest over the depressions in the topography. A remarkable
feature is that the negative vibrational intensity, i.e., the de-
crease in the differential conductance, occurs when the tip is
positioned over the center between the two depressions. As
the switch motion is enhanced by tunneling electron, the
mean distribution of hydrogen atom increases around the
transition region, which may temporally perturb the elec-
tronic structure and thus result in the decrease in the conduc-
tance around the center. Since the region of the negative
intensity is fairly narrow along the �001� direction
��1.5 Å�, it was observed only with a sharp tip. The IETS
has exhibited either peak or dip structure for various adsor-
bate systems,35 depending on the coupling of the vibrational
mode with the electronic structure in the junction.36 In the
present case, both the peak and dip appear depending on the
lateral position of the tip over the same molecule. We pro-
pose that this is a general phenomenon that appears when
molecular motion is involved in the inelastic tunneling pro-
cess.

C. Hydroxyl dimer

The molecular interaction has a marked impact on the
dynamical property of the hydroxyl group. When dimerized,
it is imaged as either of the two equivalent tautomers �Figs.
7�a�–7�c��, indicating that the switch motion is quenched.
The structure of the dimer was calculated and it is found to
be substantially stabilized �0.22 eV compared to two isolated
hydroxyls� by hydrogen bonding �Fig. 7�d��, which is the
origin of the quenching. The two hydroxyl groups, bonded to
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FIG. 5. �Color online� �a� The background-subtracted I-V and
d2I /dV2 spectra �IETS� measured over the depression of OD. The
inset shows fractional occupation of the high-current state for OD
measured as a function of bias voltage. The tip height was fixed at
24 mV and 5 nA in both cases. �b� The same as �a� but acquired for
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FIG. 6. �Color online� �a� Spatial map of the IETS intensity for
OH. At each pixel, the feedback was disabled at the tip height to
give 5 nA at 24 mV, and the vibrational intensity was acquired at 54
mV with the bias modulation of 12 mVrms. The IETS intensity
ranges from −0.5 to 1.6 �A /V2 with respect to the background. �b�
Simultaneously acquired topographic image at 24 mV and 5 nA.
The image size is 11�14 Å2.
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the adjacent bridge sites along �001�, are displaced and re-
oriented to take the optimal configuration for hydrogen
bonding. The quenching of the OH switch was proposed to
occur due to adjacent H impurity as well.25 Indeed, the H
atom, although invisible with the STM, should be present on
the surface as a result of the OH production from water and
might affect the switch motion of the hydroxyls. The hy-
droxyl monomer was always observed as paired depressions
�not quenched� as far as it was isolated from impurities, sug-
gesting that the H atom is not present in the vicinity of the
hydroxyl species. The produced H atom may diffuse away
due to its small diffusion barrier along the trough.12,37 The
hydroxyls in the dimer may switch their orientations via tun-
neling in a concerted manner. The tunneling rate is roughly
estimated with double mass and the barrier height �VB

�0.14�2+0.22� eV� is �10−11 s−1 from Eq. �1�, corrobo-
rating that the tunneling is almost quenched for the hydroxyl
dimer.

Although the intrinsic motion is quenched, the dimers are
induced to flip by tunneling electron, which results in the
two-state fluctuation of the tunneling current under high bias
voltage �Fig. 8�a�� and consequently gives a nonlinear fea-
ture in the averaged I-V curve �solid curve in Fig. 8�b��. The
tip was fixed over the depression of �OD�2 at the height
corresponding to 24 mV and 0.05 nA. The tunneling current
at the high and low states, together with their fractional oc-
cupation, were obtained as a function of the voltage �Fig.
8�c��. Using these data, the averaged I-V curve is well repro-
duced in a similar way as described in Ref. 34 �circles in Fig.

8�b��. The nonlinear feature is ascribed to the abrupt changes
in the fractional occupation, and its onset voltage is deter-
mined to be 290 mV from the peak in the IETS �Fig. 8�d��.
This peak is accompanied with a dip at 304 mV, which is
now clearly ascribed to the saturation of the fractional occu-
pation. The peak position shifts to 394 mV for �OH�2. The
peak voltage and the isotope shift suggest that the motion is
induced by O-H�O-D� stretch excitation. The vibrational en-
ergy is significantly redshifted from that for free OH �443
meV for OH �Ref. 38��, bearing the evidence for hydrogen-
bonding interaction in the dimer. For hydrogen-bonded OH
groups on Pd�100�, the O-H stretch mode was observed at
403 mV.39 While the rupture of hydrogen bond requires 0.22
eV, it may be induced by the excitation of the O-H stretch
mode, eventually leading to the switching of the dimer.

IV. SUMMARY

A hydroxyl species is inclined on Cu�110� and switches
the orientation via tunneling. The switch motion is enhanced
upon the excitation of the bending mode that directly corre-
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FIG. 7. �Color online� �a� Topographic images of two OH
dimers compared with an OH monomer. �b� One of the dimers was
flipped by a 0.4 V pulse. �c� Another is also flipped in the same way.
The images were obtained at 24 mV and 5 nA, and the size is 35
�35 Å2. �d� Side �upper� and top �lower� views of the calculated
structure for the OH dimer. The hydrogen-bond OH-O distance is
1.83 Å. The OH bond length and the tilt angles to the surface
normal for the H-bond donor �acceptor� are 1.00�0.98� Å and
78.6° �43.4°�, respectively.
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FIG. 8. �Color online� �a� Temporal evolution of tunneling cur-
rent over �OD�2 during the pulse voltage of 303 mV. The tip was
fixed over the depression at the set point of 0.05 nA and 24 mV, and
then the feedback was turned off and the voltage was applied. �b�
Averaged I-V curve of 60 scans obtained over the depression of
�OD�2 at the set point of 0.05 nA and 24 mV �solid curve�. �c� The
state-resolved I-V plots �lower panel� and the relative occupation
�upper panel� for the low �squares� and high �crosses� states as a
function of the bias voltage for �OD�2. These data were obtained at
the same height as �b� and used to reproduce the averaged I-V curve
�circles� in �b�. �d� The IETS spectra for �OD�2 and �OH�2. The
peak and dip voltages in the IETS were determined by fitting the
spectra to the derivative of a Gaussian function. The spectra were
obtained over the depressions at the set points of 0.5 and 5 nA at 24
mV for �OH�2 and �OD�2, respectively. The �OH�2 would be broken
during the measurement with the set point of 5 nA.
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lates with the reaction coordinate. The enhanced motion
gives rise to a peak or a dip in IETS, depending on the
position of the tip over the molecule. The switch motion is
quenched by hydrogen bonding in a hydroxyl dimer and is
induced by the excitation of hydrogen-bonded O-H stretch
mode.
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