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Quantum states of a hydrogen atom adsorbed on Cu(100) and Cu(110) are studied theoretically. In calcu-
lating eigenenergies and wave functions of hydrogen atom motion, three-dimensional adiabatic potential en-
ergy surfaces (PESs) are constructed within density functional theory and the Schrédinger equation for hydro-
gen atom motion on the PESs is solved by the variation method. The wave function on Cu(100) indicates a
localized mode on the hollow (HL) site at the ground state. Wave functions of the first few excited states
indicate vibrational modes on the HL site and suggest migration from an HL site to a neighboring HL site over
the bridge (BR) site. In the case of Cu(110), the ground state wave function is spread from the short bridge
(SB) site and to the pseudothreefold (PT) site. The first few excited states are vibrational modes centered at the
SB and long bridge (LB) sites. The excited state wave function of the hydrogen atom motion on Cu(110) show
isotope effects as follows. The fourth excited state wave function for the H atom motion shows a localized
character on the LB site, and those for D and T atom motion show vibrational modes parallel to the surface. On
the other hand, the fifth excited state wave functions for D and T atom motion show localized characters on the
LB site and that for H atom motion shows a vibrational mode parallel to the surface. Our calculated eigenen-
ergies of the hydrogen atom motion in excited states on Cu(100) and Cu(110) are fairly in agreement with their

corresponding experimental findings.

DOLI: 10.1103/PhysRevB.75.115421

I. INTRODUCTION

The study of how hydrogen behaves on solid surfaces is
very useful in order to understand the dynamics of various
reactions, and plays an important role in designing various
industrial processes such as catalysis, hydrogen storage, and
production of clean fuel. Spanning decades of research, a
large number of studies have been carried out in order to
obtain a clear understanding of the behavior of hydrogen on
solid surfaces.! In line with this, it has been shown in recent
years from both sides of experiment and theory that due to
the small mass of hydrogen, it shows quantum effects, such
as energy dispersion, tunneling, and delocalization on a solid
surface.>”

The behavior of hydrogen on the Cu surface has been
studied through several different approaches—in experimen-
tal studies for example, by high resolution electron energy
loss spectroscopy (HREELS),'*'? low energy electron
diffraction,'®3 and scanning tunneling microscope (STM)
based inelastic electron tunneling spectroscopy (IETS)'# and
in theoretical studies, by density functional theory (DFT)
based first principles calculations for electronic states®—15-18
and quantum dynamics simulations for dissociative adsorp-
tion of hydrogen molecules, hydrogen diffusion, absorption
and associative desorption.>*!°-23 The behavior of a hydro-
gen atom on Cu(100) has been investigated theoretically by
Lai et al..® Sundell ef al.,” and Kua et al.,'> and on Cu(110)
by Bae et al.'® Save for the latter, these studies have treated
hydrogen atom motion from a quantum mechanical perspec-
tive.

In this study, we pursue further details on the quantum
mechanical behavior of adsorbed hydrogen (H, D, and T) on
Cu(100) and (110). At first we construct the adiabatic poten-
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tial energy surfaces (PESs) for hydrogen atom motion on
Cu(100) and Cu(110) through first principles calculations
based on density functional theory. We then solve the three-
dimensional Schrodinger equation for hydrogen atom motion
on the PESs by the variation method and obtain the corre-
sponding wave functions and eigenenergies. From these re-
sults, we discuss the preferred adsorption states, vibrational
states, the diffusion paths on the Cu(100) and (110) surfaces
and the corresponding isotope effects by comparing the dif-
ferent quantum states for the hydrogen atom on the two Cu
surfaces. Lastly, we compare our results with available ex-
perimental data.

The paper is organized as follows. Section II discusses
briefly (1) the total energy calculations, (2) the construction
of the adiabatic PES, and (3) the calculation of the corre-
sponding wave functions and eigenenergies for hydrogen
atom motion by the variation method. The calculation re-
sults, and discussions of the characters of the quantum states
and the corresponding quantum effects in H, D, and T atom
motion on Cu(100) and (110) follow in Sec. III. In the final
section, we sum up the main points of this paper.

II. THEORY
A. Total energy calculations

Potential energy surfaces (PESs) for hydrogen atom mo-
tion on Cu(100) and Cu(110) were first constructed from
density functional theory-based total energy calculations as a
function of the position of the hydrogen atom on the surface.
Our PES calculations were carried out through the first prin-
ciples calculation code DACAPO,% which is a total energy
calculation program based on DFT in a supercell geometry.

©2007 The American Physical Society
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TABLE I. Calculated energies for hydrogen at high-symmetry
sites on Cu(100) and Cu(110), with respect to the number of atomic
layers. All values are expressed in eV.

Slab of Cu(100) 4 layer 6 layer 8 layer
Hollow —2.485 -2.529 —2.464
Brige -2.317 -2.401 -2.381
Top -1.802 -1.748 -1.75
slab of Cu(110) 4 layer 6 layer 8 layer
Hollow -2.065 -2.038 -2.108
long brige -2.269 -2.314 -2.324
short brige -2.353 -2.434 -2.387
pseudo three fold -2.331 -2.411 -2.359
Top -1.835 -1.765 —-1.858

In our calculation, we use the generalized gradient approxi-
mation (GGA) to deal with the exchange correlation
energies.”® Tonic cores are described by ultrasoft pseudopo-
tentials and we use a cutoff energy of 26 Ry to limit the
plane-wave basis set. We sampled the surface Brillouin zone
with a Monkhorst-Pack grid of 4 X4 X1 k points. We used
periodically repeated slabs of four atomic layers with a (2
X2) unit cell, i.e., with a 0.25 monolayer (ML) hydrogen
coverage. In these calculations, the lattice constant for Cu is
fixed to 3.64 A, the same value calculated for bulk Cu (ex-
perimental value:?” 3.61 A). Adjacent slabs are separated by
a vacuum region of a size equivalent to six atomic layers,
and all atoms of the slab are fixed because of negligible
differences found with total energies from a slab composed
of fully-relaxed substrate atoms with hydrogen on the sur-
face. The negligible difference in the total energies is also
implied in Ref. 8. We finally note that the energy origin of
the PES is taken as the sum of the total energy of the isolated
slab and that of an isolated hydrogen atom.

In order to see the influence of slab thickness, total energy
calculations with the hydrogen atom positioned at high-
symmetry sites were performed with four, six, and eight
atomic layers representing the Cu(100) and Cu(110) sur-
faces. Table I shows the obtained results. The potential en-
ergy convergence with increasing the atomic layers shows
that a four-layer slab is a reasonable approximation for con-
structing the PES used for determining wave functions and
eigenenergies of H atom motion.

B. Construction of adiabatic PESs

The potential energy calculations were performed at 8
X 8X9 [8X12X9] grid points within the unit cell [8§ X8
[8 X 12] grid points located in planes parallel to the
Cu(100) [Cu(110)] surface, with nine planes]. To construct
the adiabatic PESs for the hydrogen atom motion as shown
in Fig. 1 and Table II, the PESs are represented by Morse-
type potential energy curves along the surface normal direc-
tion, and hence take the following form:
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FIG. 1. Representations of the three dimensional potential en-
ergy surface for adiabatic hydrogen atom motion on Cu(100), from
a diagonal view, top view (along the [100] axis) and side view
(along the [011] axis). In increasing shading depth, the PES is rep-
resented by isosurfaces with values of -2.0, -2.20, —2.30, —-2.40,
—2.45, and -2.48 eV. Cu atoms are located at (0.00,0.00,0.00),
(2.55,0.00,0.00), (0.00,2.55,0.00), and (2.55,2.55,0.00). (b)
Same as (a), but for the top view (along the [011] axis) and side
view (along the [011] axis) on Cu(110). In increasing shading
depth, the PES is represented by isosurfaces with values of -2.0,
-2.10, =2.16, —2.26, -2.30, and -2.34 eV. Cu atoms are located at
(0.00,0.00,0.00), (3.64,0.00,0.00), (0.00,2.55,0.00), and
(3.64,2.55,0.00).

U(x,y,2) = D(x,y)(exp{= a(x,y)[z = zo(x,y) P = 1} = 1),
(1)

where 7 is the coordinate of the hydrogen atom perpendicular
to the surface, and x and y are the coordinates parallel to the
surface. D(x,y), zo(x,y), and a(x,y) are the depth, the bot-
tom position and the width of the Morse-type potential, re-
spectively. These parameters are determined when the
Morse-type potential energy curves fit the calculated poten-
tial energy values at the nine grid points in the direction
perpendicular to the surface. In addition, the parameters are
interpolated in the direction parallel to the surface by Fourier
expansions in order to obtain smooth PESs.

C. Wave functions and eigenenergies

In order to investigate quantum states of the hydrogen (H,
D, and T) atom motion, the three-dimensional Schrodinger
equation for the hydrogen atom motion is solved on the con-
structed PESs with the aid of the variation method, taking
into account periodic boundary conditions along the surface
plane. The wave function of hydrogen atom motion is repre-
sented by a linear combination of Gaussian-type functions
expressed explicitly as

1/4
sy = PEE) exp{— BG-X) 4 B )

+B(z— Z,»)Z]}, (2)
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TABLE II. Calculated eigenenergies for hydrogen (H, D, and T)
atom motion on the Cu(100) and Cu(100) surfaces. The origin of
eigenenergy values is the ground state eigenenergy —2.339 eV (H),
-2.383 eV (D), and —2.400 eV (T) on Cu(100) and —-2.179 eV (H),
-2.222 eV (D), and —2.240 eV (T) on Cu(110) (Ref. 24).

Cu(100) Protium Deuterium Tritium
excited state  Energy (meV) Energy (meV) Energy (meV)
0 0 0 0

1 90.8 67.2 55.0
2 119 114 112

3 119 114 112

4 142 125 113

5 154 127 122
Cu(110) Protium Deuterium Tritium
excited state  Energy (meV) Energy (meV) Energy (meV)
0 0 0 0

1 9.42 8.80 8.76
2 16.8 12.0 11.1

3 37.2 22.1 16.8
4 56.4 35.6 25.5
5 64.7 59.0 60.1

6 108 87.8 76.5
7 108 88.3 77.1

8 110 107 91.8
9 134 114 104
10 145 116 106

where the index i labels the Gaussian-type function whose
center is at the grid point (X;,Y;,Z;). The parameters B,, B,,
BB, are adjusted so that the neighboring Gaussian-type func-
tions overlap at half-maximum values. The Gaussian-type
functions are placed at points on 6 X6 [8 X 6] grids located
on planes parallel to the Cu(100) [Cu(110)] surface, with
planes separated by 0.2 A and spanning the range z=0.0 to
1.8 A. The wave functions and the corresponding eigenener-
gies for the hydrogen atom motion are obtained by solving
the obtained eigenvalue equation. In the following, we show
the results for states with zero wave vectors parallel to the
surface.

III. RESULTS AND DISCUSSIONS
A. Adiabatic potential energy surface

First of all, for our discussion, some high symmetry sites
are introduced in Fig. 2, namely, the top site (TP), which is
located directly above a surface Cu atom; the bridge site
(BR), which is located above the midpoint between two sur-
face Cu atoms; the hollow site (HL), which is located in the
hollow surrounded by four surface Cu atoms; the long bridge
site (LB), which is located above the midpoint between two
adjacent surface Cu atoms lying along the [100] direction for
Cu(110); the short bridge site (SB) which is located above
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FIG. 2. Supercell geometries (only two layers shown) of (a)
Cu(100) and (b) Cu(110) surfaces, with their high symmetry sites
indicated by the small black circles: TP, top; BR, bridge; LB, long
bridge; SB, short bridge; HL, hollow; and PT, pseudothreefold. The
white and gray-colored circles correspond to the substrate atoms in
the first and second layers, respectively. The origin of of the PES
for hydrogen atom motion is taken as the position of the first layer
atoms.

the midpoint between two adjacent surface Cu atoms lying

along the [110] direction for the Cu(110) surface; and the
pseudothreefold site (PT), which is located at the midpoint of

two first layer Cu atoms lying along the [110] direction and
the nearest second layer Cu atom on the Cu(110) surface.
The potential energy surface at the equilibrium height of
the hydrogen atom from the Cu(100) surface, has its lowest
value —2.485 eV at the HL site, which is lower in energy by
168 meV as compared to that on the BR site. The potential
energy on Cu(110), on the other hand, has its lowest value
—2.353 eV at the SB site. The value at the SB site is higher
by 22, 85 and 289 meV than at the PT site, the LB site, and
the HL site, respectively. Figure 1 shows a diagonal view of
the PES for the hydrogen atom on the Cu(100)[(110)] sur-
face, the top view along the [100]([110]) axis and the side

view along the [011] ([110]) axis, respectively, and shows
energy isosurfaces that describe the PES in the range be-
tween —2.00 and —2.50 (-2.35) eV for the Cu(100)[(110)]
surface. In increasing shading depth, the PES is represented
by isosurfaces with values of —-2.0, —2.20, —-2.30, -2.40,
-2.45, and -2.48 eV (2.0, -2.10, -2.16, —-2.26, —2.30, and
—-2.34 eV) in the case of the (100)[(110)] surface. The Cu
atoms are located at (0.00,0.00,0.00), (2.55,0.00,0.00),
(0.00,2.55,0.00), and (2.55,2.55,0.00) [(0.00,0.00,0.00),
(3.64,0.00,0.00), (0.00,2.55,0.00), and (3.64,2.55,0.00)]
on Cu(100)[(110)]. Here, the origin of the z coordinate is
defined as the center of the 1st atom layer. A quick inspection
of the obtained PESs shows that the PES on Cu(100) has
only one large well centered on the HL site, and in contrast,
the PES on Cu(110) has two rather isolated wells centered on
the SB and LB sites. These results are in good agreement
with calculations by Lai et al.,® Sundell et al.,” and Bae et
al.'®

B. Quantum states of a hydrogen atom on Cu(100)

Figures 3 and 4 display the diagonal view, the top view

(along the [100] axis), and the side view (along the [011]
axis), of the wave functions for H atom motion on Cu(100).
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FIG. 3. Wave function at the (a) ground state, (b) first excited
state, and (c) second excited state for H atom motion on Cu(100),
taken from a diagonal view, top view (along the [100] axis) and side
view of (along the [011] axis). The labels “+” and “~” indicate the
positive and negative valued regions of wave functions, respec-
tively. The absolute value of the wave function increases with in-
creasing isosurface shading depth.

These results show that the ground state wave function for H
atom motion on Cu(100) is strongly localized on the HL site,
as shown in Fig. 3(a). Referring to Fig. 3(b), the first excited
state wave function has a character that would best describe
this state as a vibrational mode perpendicular to the surface.
In Figs. 3(c) and 4(a), the second and third excited state
wave functions have only one node and vibrational charac-
ters along the [001] and [010] directions, respectively. The
fourth excited state wave function in Fig. 4 shows that there
is one node in along each of the [010] and [001] directions.
Thus, the wave functions at the second, third and fourth ex-
cited states show characters of vibrational modes in the di-
rection parallel to the surface. In Fig. 4(c), the fifth excited
state wave function can be seen as distributed from the HL
site to the BR site with no nodes, that is to say, the delocal-
ization of the wave function is continuous. The characters of
the wave functions are summarized in Table III. It is finally
noted that the wave functions for D and T atom motion on
Cu(100) have the same features as the H atom.

C. Quantum states of a hydrogen atom on Cu(110)

Figures 5-7 displays the diagonal view, the top view

(along the [110] axis) and the side view (along the [110]
axis) of the ground and excited state wave functions for H
atom motion on Cu(110). Figures 6(a) and 7(a) show the side
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FIG. 4. (a) Same as Fig. 3(a), but for the third, (b) fourth, and
(c) fifth excited states.

TABLE III. The number of nodes and vibrational character of
the wave functions for H atom motion on Cu(100) and Cu(110).

Cu(100)

excited state [010] [001] [100] vibrational mode
0 0 0 0 localized

1 0 0 1 perpendicular
2 0 1 0 parallel

3 1 0 0 parallel

4 1 1 0 parallel

5

Cu(110) B

excited state [001] [110] [110] vibrational mode
0 0 0 0 localized

1 1 0 0 parallel

2 2 0 0 parallel

3 3 0 0 parallel

4 0 0 0 localized

5 4 0 0 parallel

6 6 1 0 parallel

7 5 0 0 parallel

8 0 1 0 parallel

9 6 1 0 parallel

10 2 0 1 perpendicular
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FIG. 5. Wave function at the (a) ground state, (b) first excited
state, (c) second excited state, and (d) third excited state for H atom
motion on Cu(110), taken from a diagonal view, top view, top view
(along the [110] axis) and side view (along the [110] axis), respec-
tively. The labels “+” and “-” indicate the positive and negative
valued regions of the wave functions, respectively. The absolute
value of the wave function increases with increasing isosurface
shading depth.

view along the [001] axis. The ground state wave function
for H atom motion on Cu(110) is mainly localized in the
region from the SB site to both of its two neighboring PT
sites, as shown in Fig. 5(a). In Figs. 5 and 6, the wave func-
tions at the first, second, third, fifth, and seventh excited
states have one, two, three, four, and five nodes and vibra-
tional characters centered at the SB site along the [001] di-
rection. Moreover, the wave functions follow the structure of
the PES around the SB site, as shown in the rightmost panels
in Fig. 1(b). Thus, they show characteristics of vibrational
modes along the [001] axis, centered at the SB site. The
excitation to these states from the ground state correspond to
vibrational excitations parallel to the surface. According to
Fig. 6(a), the fourth excited state wave function is localized
strongly on the LB site. Figure 7(a) shows that the wave

function has one node along the [1 10] direction, and that the
excitation to the eighth excited state from the fourth excited

state is a vibrational excitation parallel to the [110] axis.
The more delocalized natures of the sixth and ninth ex-
cited state wave functions are exhibited in Figs. 6(c) and
7(b), as these wave functions are spread enough to access
both the SB and LB sites. Moreover, these wave functions
have six nodes and one node along the [001] and [110] di-
rections, respectively. Figure 7(c) shows that the wave func-
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tion has two nodes and one node along the [001] and [110]
directions, respectively. The excitation to the tenth excited
state from the ground state on the other hand corresponds to
a vibrational excitation perpendicular to the surface. The
characters of the wave functions are summarized in Table III.
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D. Isotope effect

The wave functions of D and T atoms on Cu(110) have
the same features with that for the H atom, although the
ordering is slightly changed. More precisely, the fourth ex-
cited state wave function for H atom motion on Cu(110) is
strongly localized on the LB site as shown in Fig. 6(a), while
those for D and T atom motion show vibrational modes par-
allel to the surface. On the other hand, the fifth excited state
wave functions for D and T atom motion on Cu(110) are
localized on the LB site and that for the H atom motion
shows a vibrational character parallel to the surface as shown
in Fig. 6(b). Referring to the adiabatic PES for hydrogen
atom motion on Cu(110) [Fig. 1(b)], the breadth of the PES
around the SB site is not large as compared to that on the LB
site. To Noting the small mass of the hydrogen atom, quan-
tum effects should thus be prominent here.

The lighter mass of the H atom as compared with a D
atom implies more widely spaced energy eigenvalues on a
local potential well, i.e., a region classically set apart by a
barrier, such as the potential minimum regions associated
with the bridge sites, separately. From this it is thus not sur-
prising that the H atom starts to access the LB site in a lower
quantum number as compared with its heavier counterparts,
explaining the apparent exchange of fourth and fifth eigen-
states when comparing results of the different isotopes. Simi-
lar exchanges are also seen in higher excited states.

E. Discussions of characters of wave functions

The reason for the difference in the natures of the ground
state wave function for hydrogen atom motion on the
Cu(100) and Cu(110) faces is as follows. In the case of
Cu(100), the depth of the three dimensional potential on the
HL site is larger than on the other sites, as shown in Fig.
1(a). On the other hand, the PES on Cu(110) [Fig. 1(b)]
shows the minimum potential energy at the SB site, and a
small energy barrier between the SB site and the PT site.
Thus the ground state wave function on Cu(100) is expected
to strongly localize in the vicinity of the HL site only, and
that on Cu(110) is expected to distribute from the SB site to
both of its two neighboring PT sites.

The excited state wave functions on Cu(100) exhibit char-
acters of vibrational modes centered at the HL site. The ex-
cited state wave functions on Cu(110) on the other hand
show vibrational modes parallel to the surface centered not
only at the SB site but also at the LB site, as shown in Figs.
6(a) and 7(a). These differences result from the differences in
the PESs. For one, there’s an obvious difference on symme-
tries: the Cu(110) unit cell has a twofold symmetry, while
that for Cu(100) is fourfold. The PES on Cu(110) further-
more shows a large energy barrier centered at the HL site,
thus defining two rather isolated wells centered at the SB and
LB sites. It is from this that we obtain vibrational modes at
the SB and LB sites separately within the lower excited
states, i.e., the wave function does not spread from the SB
site to the LB site.

On surface diffusion, the hydrogen atom on Cu(100) can
hop into equivalent surface sites by tunneling, or directly
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TABLE IV. Experimental and calculated results of vibrational
energies for H and D atom motion on Cu(100) and Cu(110).

Cu(100) Cu(110)

H D H D
This work 90.8 67.2 144 116
W. Lai et al. (Ref. 8) 71.2 51.5
P. G. Sundell et al. (Ref. 9) 71 50
J. Kua et al. (Ref. 15) 92 67
Chorkendorff et al. (Ref. 10) 69.5 52
Lauhon et al. (Ref. 12) 70 51
Astaldi et al. (Ref. 11) 118 80

over the energy barrier at the BR site when it is excited to an
energy level that exceeds the activation energy obtainable
from the PES. The fifth excited state wave function [Fig.
4(c)], especially when compared with the very much local-
ized character of the ground state [Fig. 3(a)], shows delocal-
ization that implies a clear capacity for adsorbate diffusion to
proceed. This character of the diffusion on Cu(100) was
pointed out in Refs. 9 and 14. In the case of Cu(110), the
ground state and the lower excited states wave functions do
not show delocalized characters that spread over both types
of bridge sites until higher states [e.g. sixth, ninth excited
states, as shown in Figs. 6(c) and 7(b)]. These results suggest
the hydrogen atom cannot diffuse from the SB site to the LB
site by tunneling, i.e., it diffuses over the energy barrier
along the path connecting the adjacent SB and the LB sites.

Our calculation results for the quantum states of the hy-
drogen atom adsorbed on the Cu(100) and the Cu(110) sur-
faces are compared with previous experimental and theoret-
ical studies and summarized in Table IV. In the STM-IETS
experiments, a tunneling current / is measured as a function
of bias voltage V across the junction and the vibrational en-
ergy of the adsorbed atom on the surface is derived from a
peak of the d?I/dV?* curve as a function of the sample bias
voltage.”® In HREELS experiments, a scattering electron in-
teracts only with the surface-perpendicular component of the
dipole moment of the adsorbed atom,? and the scattering
electron’s loss energy corresponds to the vibrational excita-
tion energy. In our results, the first excited state wave func-
tion for the H and D atom motion on Cu(100) corresponds to
a vibrational mode perpendicular to the Cu(100) surface as
shown in Fig. 3(b). The first excited state of the H (D) atom
is 90.8 meV (67.2 meV) from the ground state, as shown in
Table III. These values are in fair agreement with previous
calculations®®!> and the HREELS spectrum peaks at 69.5
and 52.0 meV observed by Chorkendorff et al.,'® which cor-
respond to H and D atom vibrational modes perpendicular to
the Cu(100) surface. Lauhon et al.'? also investigated vibra-
tional spectra of H and D atoms in the direction perpendicu-
lar to Cu(100) by STM-IETS and reported results of 70 meV
(H) and 51 meV (D).

We take notice of the tenth excited state for the H (D)
atom on Cu(110), which is a vibrational mode perpendicular
to the surface, as shown in Fig. 7(c). The tenth excited state
energy of the H (D) atom is 144 meV (116 meV) above the
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ground state, which can be compared with the experiment
carried out by Astaldi et al.'' They observed an HREELS
spectrum peak corresponding to a vibrational mode perpen-
dicular to the Cu(110) surface at 118 meV (80 meV), in a
coverage of 0.25 ML. In our calculation of the quantum
states, the Morse potential is adopted for the interpolation of
the PESs in order to complete calculations within a reason-
able amount of time. The surface-normal breadth of the PESs
may apparently be overestimated as compared with the real
values, and the kinetic energy of the hydrogen atom is over-
estimated due to the quantum effects. Thus, our reported val-
ues are higher than other available results.

IV. SUMMARY

We calculated the wave functions and the eigenenergies
for hydrogen (H, D, and T) atom motion on Cu(100) and
Cu(110) as part of our investigations on the quantum me-
chanical behavior of adsorbed hydrogen (H, D, and T) atoms.
In the case of Cu(100), the ground state wave function is
localized on the HL site and the excited state wave functions
show vibrational characters centered at the HL site. In the
case of Cu(110), the ground state wave function for hydro-
gen atom motion is distributed from SB to PT sites. The
excited state wave functions on Cu(110) show vibrational
modes centered both at the SB site and at the LB site, and the
hydrogen atom migrates from the SB site to the LB site over
the energy barrier directly. These features are attributed to
the structure of the calculated adiabatic PES for hydrogen
atom motion. The depth of the three-dimensional potential
on the HL site is larger than over other sites on the Cu(100)
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surface. The PES on Cu(110) shows a small energy barrier
between the SB site and the PT site, and a large energy
barrier between the SB site and the LB site. Moreover, the
fourth excited state wave function for the H atom motion on
Cu(110) shows a localized mode on the LB site, similar to
the fifth excited state wave functions for D and T atom mo-
tion. We finally find that the vibrational energies of hydrogen
atom motion on Cu(100) and (110) are fairly in agreement
with available experimental findings. This study will be use-
ful in understanding the quantum mechanical behavior of
hydrogen on Cu surfaces.
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