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The adsorption and diffusion of hydrogen atoms on Cu(001) are studied using first-principles calculations. By taking
into account the contribution of zero-point energy (ZPE), the originally identical barriers are shown to be different for H
and D, which are respectively calculated to be ∼ 158 meV and ∼ 139 meV in height. Using the transfer matrix method
(TMM), we are able to calculate the accurate probability of transmission across the barriers. The crucial role of quantum
tunneling is clearly demonstrated at low-temperature region. By introducing a temperature-dependent attempting frequency
prefactor, the rate constants and diffusion coefficients are calculated. The results are in agreement with the experimental
measurements at temperatures from ∼ 50 K to 80 K.

Keywords: H/Cu(001), first-principles calculations, quantum tunneling, diffusion coefficients
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1. Introduction

Diffusion of adsorbates is a fundamental process for
reactions on metal surfaces.[1,2] The diffusion of hydrogen
atoms on metal surfaces is an important step in many cat-
alytic reactions, such as the formation of ammonia in the
Haber–Bosch process,[3] the synthesis of hydrocarbons,[4] and
the generation and oxidation of H2 in electrochemistry.[5,6]

Numerous experimental[7–12] and theoretical[13–19] studies
have been carried out to understand the process of hydro-
gen diffusion on solid surfaces. Experimental techniques
such as helium atom scattering (HAS),[9] scanning tunneling
microscopy (STM),[10,11] inelastic electron tunneling spec-
troscopy (IETS),[10,11] high-resolution electron energy loss
spectroscopy (HREELS),[20] and linear optical diffraction
(LOD) techniques[7] have been used to study the quantum ef-
fects of hydrogen atoms during diffusion. Quantum mechan-
ics is applied to deal with the quantum motions of atomic
nuclei by ab initio path integral molecular dynamics[21] and
transition state theory (generalized instanton theory) based
on Feynman path integrals.[22,23] Density functional theory
(DFT) is typically used to calculate the three-dimensional adi-
abatic potential energy surface (PES) for hydrogen diffusion
on metal surfaces.[13,14] It is generally accepted that the hydro-
gen diffusion path on the Cu(100) surface follows a quadru-
ple hollow site across bridge to an adjacent quadruple hol-
low site.[13] Lauhon and Ho[10,11] used scanning tunneling mi-
croscopy (STM) to directly measure the hopping rates of indi-
vidual hydrogen and deuterium atoms on the Cu(001) surface
at low temperatures and low coverage. Their study shows that

the diffusive motion of hydrogen atoms undergoes a transi-
tion from thermal activation-dominated to quantum tunneling-
dominated at a temperature of about 60 K. Basically, the po-
tential barrier along the diffusion path determines the rate con-
stant and diffusion coefficient for surface diffusion. To date,
theoretical studies are still in disagreement on the height of
the diffusion potential barrier. Lauderdale and Truhlar treat
surface diffusion of H on Cu(001) by a model involving 21
degrees of freedom and obtained a barrier of 507 meV.[24]

Kua et al. obtained a barrier height of 175 meV by DFT
calculations.[25] Sundell and Wahnström obtained a diffusion
barrier height of 126 meV by considering adsorbed hydrogen
atoms with a coverage of 1/9 and a barrier height of 180 meV
after zero-point energy correction.[14,15] Lai et al. found that
the minimum of the potential is located at the fourfold hol-
low site with a diffusion barrier of 88 meV at the bridge
site based on DFT calculations and a three-dimensional spline
interpolation.[13] The difference in the potential barrier height
could be attributed to the variation in the methods employed
to model the H–atom–surface interaction. Kua et al.[25] did
not take into account the structural relaxation of the surface
Cu atoms during adsorption and diffusion, while Sundell and
Wahnström[14,15] considered the effect of structural relaxation.

At sufficiently low temperature, the classical diffusion of
small-mass adsorbates such as hydrogen gives way to the pro-
cess dominated by quantum tunneling. Therefore, quantum
tunneling effects must be explicitly considered during theoret-
ical calculations. Sundell and Wahnström[15] calculated the
rate constants by considering the effect of lattice relaxation
(hydrogen distorting the positions of surrounding metal atoms)
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and the nonadiabatic response of the conduction electrons to
the hydrogen motion. However, their results differed from
experiment[10,11] by an order of magnitude in the low temper-
ature region.

In this paper, we revisit this topic to study the quantum
effects on the diffusion of H/D atoms on Cu(001) surface at
low temperatures. First, we determined the diffusion potential
barrier based on first-principles calculations. Then, we used
the transfer matrix (TM) method to investigate the quantum
tunneling effect. We calculated the phonon spectrum of the
system containing hydrogen and surface copper atoms and the
obtained vibrational frequencies at typical sites are compara-
ble with previous studies. The diffusion potential corrected by
the zero-point energy is obtained in this study. To calculate
the diffusion rate constants and diffusion coefficients of H/D
atoms on Cu(001), we introduced a spectrum-dependent at-
tempting frequency prefactor. At temperatures between 50 K
and 80 K, the theoretical results are in good agreement with
those measured experimentally.[10,11]

2. Methods
2.1. Details of first-principles calculations

The DFT calculations are carried out using the Vienna ab
initio simulation package (VASP).[26,27] The Perdew–Burke–
Ernzerhof (PBE)-type functional[28] and dispersion-corrected
density functional theory (DFT-D2)[29] are used to describe
the exchange–correlation terms of electrons, in combination
with the PAW potentials[30,31] to describe the electron–ion in-
teractions. The energy cutoff for plane wave basis sets is
600 eV. The initial atomic configurations are constructed with
the aid of VESTA,[32] in which the Cu(001) surface is mod-
eled by a six-layer p(3× 3) supercell, repeating periodically
along the xy plane with a vacuum layer of about 15 Å along
the z direction. In all the calculations, the Cu atoms in the
bottom three layers are fixed and the atoms in the upper lay-
ers are relaxed. We employ a dipole correction for the to-
tal energy to eliminate the artificial dipole–dipole interaction
caused by the upper and lower asymmetric slab surfaces. A
4×4×1 Monkhorst–Pack k-mesh[33] is generated for sampling
the Brillouin zone (BZ) in performing structural relaxation and
total energy calculations. The adsorption energy for atomic
hydrogen is given by

Eads = EH/Cu(001)−ECu(001)−EH, (1)

where EH/Cu(001) and ECu(001) are the energies of the Cu(001)
system with and without the H adsorbate. EH is the ground
state energy of the free H atom (in the spin-polarized state).

We used the climbing image nudged elastic band (CI-
NEB) method[34] to calculate the minimum energy path. The
vibrational properties of the relaxed structure are analyzed

by density functional perturbation theory (DFPT).[35] The vi-
brational spectrum and the corresponding phonon density of
states for each adsorption site are obtained by DFPT cal-
culations carried out using VASP jointly with the Phonopy
package.[36] The zero-point energy (ZPE) is then obtained by
summing up the contribution of all the vibrational modes. The
energy pathway of diffusion is then corrected by adding the
zero-point energy to the corresponding atomic configurations.

2.2. The transfer matrix method

The transfer matrix method (TMM) is a numerically ac-
curate and efficient method for dealing with the transmission
of quantum particles across a given potential field.[37,38] This
is evident by comparing to results of TMM[37,38] with that
obtained by the semi-classical Wentzel–Kramers–Brillouin
(WKB) approximation.[39] When the energy of a quantum par-
ticle is less than the height of the barrier, the particle has the
probability of passing through the barrier due to the quantum
tunneling effect. When the energy of the quantum particle is
larger than the barrier height, due to the existence of quan-
tum interference, there may be a certain probability of reflec-
tion which makes the probability of passing through the bar-
rier less than 1. The WKB approximation only considers the
quantum tunneling effect and does not account for quantum in-
terference. To perform TM calculations, we numerically slice
the one-dimensional potential barriers along the direction of
hydrogen atom diffusion to obtain multiple small rectangular-
like potential barriers. When the particle passes through the
potential barrier, it can be viewed as passing through multiple
small rectangular barriers in succession, and each transmission
can be represented by a coefficient matrix describing the trans-
mission and reflection amplitudes of the wave function. Mul-
tiplying the coefficient matrices sequentially yields a transfer
matrix that represents the transition relationship between the
initial and final states. The expressions are as follows:[37,38](

AR
BR

)
= M

(
AL
BL

)
=

(
m11 m12
m21 m22

)(
AL
BL

)
, (2)

where AL and BL are the incoming amplitudes, and AR and
BR are the outgoing amplitudes. In a system which preserves
the time-reversal symmetry, the determinant |M| = 1, and the
transmission coefficient is calculated by Tr(E) = 1/|m22|2.

3. Results and discussion
Firstly, we calculated the adsorption energies (Eads) of

single H atom on top site (TP), bridge site (BR), and hol-
low site (HL) in Fig. 1 using DFT-PBE and DFT-D2, re-
spectively, and deduced their zero-point energies (ZPE) by
DFPT calculations. The results are placed in Table 1. We
focus on two typical diffusion paths, namely path 1 (hollow–
bridge–hollow) and path 2 (hollow–top–hollow) as illustrated
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in Fig. 1. The calculated potential barriers using CI-NEB are
given in Figs. 2(a) and 2(b), respectively. It is evident from the
barrier height (∼ 0.12 eV versus ∼ 0.6 eV) that the hydrogen
diffusion process will primarily follow path 1. In the following
studies, our attention will focus on the diffusion along path 1.

HL

TP BR
Pat

h 
2

Path 1

3.6
1 Å

Fig. 1. Schematic diagram of hydrogen diffusion paths on Cu(001). Path
1 is the diffusion path following the hollow site across a bridge site to an
adjacent hollow site; path 2 is the diffusion path following the hollow site
across a top site to an adjacent hollow site. The abbreviation HL denotes the
hollow site, TP for the top site, and BR is the bridge site.

Table 1. Calculated adsorption energies (Eads) and zero-point energies
(ZPE) of H atoms on Cu(001), and the H–Cu bond lengths (dCuH), H–
Cu(001) distance (ZCuH). For each quantity, the results obtained by PBE
and DFT-D2 calculations are in the upper and lower lines, respectively. In
PBE calculations, the ZPE obtained by Γ -only and q-dependence (data in
parentheses) DFPT calculations are listed for comparison.

Top Bridge Hollow

Eads (eV)
1.673 2.146 2.276
1.743 2.231 2.348

ZPE (eV)
0.108 (0.107) 0.149 (0.146) 0.111 (0.113)

0.111 0.151 0.109

dCuH (Å)
1.52 1.65 1.87
1.51 1.64 1.88

ZCuH (Å)
1.55 1.13 0.55
1.51 1.09 0.56

Zero-point vibration and the related zero-point energy
(ZPE) are among the key features that distinguish a quantum
particle from a classical one. A part of the zero-point energy
data in Table 1 are calculated by DFPT containing only the
Γ point, i.e., phonons of the long wavelength limit for which
the wave vectors q = 0. However, this approximation is only
strictly applicable to the study of gaseous states or atomic and
molecular vibrational modes where the vibrations are domi-
nated by a few number of isolated frequencies. For surface
adsorption, where the vibration is a continuous spectral dis-
tribution due to the stronger coupling motion of the adsorbed
atoms and the substrate, a more accurate zero-point energy of
hydrogen on the Cu(001) surface needs to be calculated by a
weighted sum of all the vibrational modes as follows:

ZPE = 0.5×h
∫ vmax

0
vg(v)dv, (3)

where vmax is the phonon maximum frequency, which roughly
corresponds to the Debye frequency, g(v) is the vibrational
density of states at frequency v, and h is the Planck constant.

The calculated ZPE is∼ 0.11 eV at the hollow site, which
is in good agreement with the results of Sundell and Wahn-
ström.[14,15] The ZPE results including the contribution of the
phonons with wave vectors q > 0 are given inside parentheses
of Table 1. The small difference of computed ZPE implies that
DFPT calculations involving only the Γ point are usually suf-
ficient to describe the vibrations of H on Cu(001). Meanwhile,
it is also seen that the accuracy of the DFT–PBE description of
the H–Cu(001) interaction is sufficient by comparing the re-
sults of DFT–PBE with that of DFT–D2 which includes the
effects of van der Waals forces.

Due to the strong coupling between the adsorbed atoms
and the substrate Cu atoms, the ZPEs of all atoms in the
model system were calculated in order to obtain more accu-
rate correction to the diffusion barrier heights for the H/D
atoms on the Cu(001) surface. Let x denote the coordinates
along the diffusion path, then the ZPE-corrected potential
V (x) = V0(x) + E0(x), with V0(x) the original (uncorrected)
potential and E0(x) the ZPE at position x. The diffusion po-
tential barrier along path 1 with and without ZPE corrections
are shown in Fig. 2(a) for single H and D atoms. As a re-
sult of different vibrational frequencies at different adsorption
sites, in particular, the ZPE difference at the hollow and bridge
sites (∼ 0.113 eV versus 0.146 eV for H, Table 1), the ZPE-
corrected barrier height is significantly higher. Furthermore,
we found that H and D atoms have different potential bar-
rier heights due to their different masses and consequently
vibrational frequencies and the corresponding ZPE. Within
the harmonic approximation, the vibrational frequency is pro-
portional to the inverse of square root of particle mass, i.e.,
v ∝ 1/

√
m. It turns out that the height of the diffusion barrier

of single H atoms on the surface of Cu(001) is ∼ 0.158 eV,
and the height of the diffusion barrier of single D atoms on
the surface of Cu(001) is ∼ 0.139 eV. Due to their larger par-
ticle mass, the ZPE-correction (∆E0) on the diffusion path
of single D atoms is smaller than that of H by a factor of√

2 : ∆E0,D(x) = (1/
√

2)∆E0,H(x). This explains the differ-
ence between the ZPE-corrected barriers (Fig. 2(a)) for H and
D diffusions on Cu(001).

The barrier height after ZPE-correction for H/D atomic
surface diffusion in Sundell and Wahnström’s work[14,15] is
180 meV/170 meV, whereas the barrier heights in their work
are essentially the same as that obtained in our work prior to
taking into account the ZPE correction, which is ∼ 0.13 eV.
The difference in barrier height is primarily attributed to the
values of ZPE corrections. The reason for this discrepancy
may be the difference of the computational accuracy. Using
the same VASP code for DFT calculations, the energy cutoff
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for plane wave basis sets in our calculation is 600 eV while
that of Sundell and Wahnström is about 272 eV (20 Ry). Ad-
ditionally, the impact of the spectral distribution of substrate
atomic vibrations was not considered in Sundell and Wahn-
ström’s work. The coupling of vibrational motions between
the adsorbed H/D atoms and the substrate Cu atoms is non-
trivial, it is important to consider contributions from all the
atoms in the system to obtain more accurate ZPE corrections.

Figures 2(c) and 2(d) show the phonon spectra of H ad-
sorption at the hollow and bridge sites and the corresponding
vibrational density of states. From the density of states, it can
be seen that the vibrations at energies of ∼ 35 meV and be-
low are mainly from the lattice vibrations of Cu atoms, while

the high frequency part (energies of ∼ 70 meV and above)
mainly corresponds to the vibrations of the adsorbed H atoms.
For the hollow site, the vibrational mode (∼ 80 meV) in the
perpendicular direction is slightly larger while the two degen-
erate vibrational modes (∼ 70 meV) in the direction parallel to
Cu(001) are in good agreement with the experimentally value
of∼ 70 meV.[12] It is also seen that the vibrational frequencies
of the H atom at the bridge site along the y and z directions are
nearly degenerate with the phonon energy of ∼ 140 meV. In
addition, the presence of a notable imaginary frequency peak
in the phonon spectrum of the bridge site indicates that the vi-
brational mode along the x direction (the direction of diffusion
along path 1) is dynamically unstable.
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Fig. 2. (a) and (b) Energy barriers for the diffusion of H/D along the two paths. For path 1, the energy barriers with and without ZPE corrections
are displayed. (c) and (d) Phonon spectra of H/Cu(001) at the hollow and bridge site.

To study the kinetic properties of diffusion on the
Cu(001), we calculate the transmission coefficient Tr(E) for
H/D atoms crossing the potential barrier in path 1 (Fig. 2(a))
at a given energy E by the transfer matrix (TM) method and
the WKB method, respectively. Considering the fact of local
thermal fluctuations, under the condition of thermal equilib-
rium, the degrees of freedom of translational motions of the
adsorbed H/D are excited or partially excited. Then its kinetic
energy E at temperature T satisfies the distribution[37]

p(E,T ) = 2π

(
1

πkBT

)3/2√
E e−E/(kBT ),

where kB is the Boltzmann constant. The total transmission

probability is given by

Ptot(T ) =
∫ Emax

0
p(E,T )Tr(E)dE, (4)

where the upper limit of integration is the energy Emax =

hvmax-bridge, corresponding to the maximum phonon frequency
of H/D adsorption at the bridge site.

The role of quantum effect can be demonstrated by as-
suming that H/D atoms are classical particles, for which
barrier-crossing is possible only when their kinetic energies
are larger than the barrier height. Therefore, the probability
corresponding to this process can be calculated as follows:

PC(T ) =
∫ Emax

Eb

p(E,T )dE. (5)
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As above,

p(E,T ) = 2π

(
1

πkBT

)3/2√
E e−E/(kBT )

is the kinetic energy distribution function at a given tempera-
ture T . Eb is the height of the original diffusion barrier without
ZPE correction. Figures 3(a) and 3(b) give the transmission
coefficients Tr(E) of H/D atoms calculated by TM and WKB.
It is seen from the curves that the transmission coefficients of
H/D oscillate between 0.15 eV and 0.3 eV of incident energy.
This is due to the quantum interference of the incident and re-
flected matter waves of H/D atoms, while such phenomenon
is absent in the semi-classical WKB method. Figures 3(c)
and 3(d) show the total transmission probability of H/D as a
function of temperature, calculated using the transmission co-
efficients obtained from the full quantum method (TMM), the
semi-classical method (WKB), and the classical method. The
insets of Figs. 3(c)–3(d) compare the total transmission prob-
abilities calculated by TMM, WKB, and classical methods at
T ≤ 60 K. At low-temperature region TMM and WKB predict
nearly the same Ptot(T ), while the classical method gives much
smaller values in the order of magnitude of several tens to hun-
dred. For details, the total transmission probabilities obtained
by different methods at T = 10, 20, 30, 40, and 60 K are pre-
sented in Table 2. The difference is clearly seen. At T ≤ 30 K,
the transmission probabilities taking into account the effects
of quantum tunneling are much larger than that treating H/D

as classical particles. The temperature is different for H and
D when the quantum probability (PQ) is equal to the classi-
cal probability (PC): It is ∼ 40 K for H while ∼ 30 K for D.
This is due to the quantum behavior caused by the difference
in the mass of H and D. The smaller the mass, the more obvi-
ous the quantum behavior is. Due to the presence of quantum
interference, a certain probability of reflection exists even if
the energy of the quantum particle is larger than the height
of the potential barrier, which is more remarkable for lighter
atoms. The results obtained by TM calculations treat this phe-
nomenon accurately, since the TM method fully takes into ac-
count the quantum effects in the process of crossing the poten-
tial barrier. Therefore, the results of TM calculations are more
accurate than those of the WKB method.

Table 2. Total transmission probability (Ptot) calculated by the TM method
(TMM), WKB, and classical methods at different temperatures. The results
for H and D are listed in the upper and lower lines, respectively.

Temperature (K) TMM WKB Classical

10 2.97×10−16

4.12×10−21
3.50×10−16

4.32×10−21
4.14×10−71

4.14×10−71

20 9.46×10−16

1.61×10−20
6.23×10−16

9.88×10−21
1.30×10−33

1.30×10−33

30 2.64×10−15

6.77×10−20
1.40×10−15

4.28×10−20
5.10×10−22

5.10×10−22

40 9.27×10−15

1.24×10−18
6.14×10−15

1.55×10−18
2.18×10−16

2.18×10−16

60 3.38×10−12

6.23×10−15
4.70×10−12

6.84×10−15
7.03×10−11

7.03×10−11

0 0.1 0.2 0.3 0.4 0.5
E (eV)

 Transfer matrix

 WKB

0 0.1 0.2 0.3 0.4 0.5

0

0.2

0.4

0.6

0.8

1.0

0

0.2

0.4

0.6

0.8

1.0

E (eV)

 Transfer matrix

 WKB

120 90 60 30 0

0

0.5

1.0

1.5

P
to

t(
T
) 

(1
0

-
5
)

T
r(
E

)

T
r(
E

)

Temperture (K)

 H TM  H WKB  H C

lo
g

1
0
P

to
t

0 20 40 60

-210

-140

-70

0

120 90 60 30 0

0

0.5

1.0

1.5

P
to

t(
T
) 

(1
0

-
5
)

Temperture (K)

 D TM  D WKB  D C

lo
g

1
0
P

to
t

0 20 40 60

-210

-140

-70

0

120 80 40 0

0

2.0

4.0

T10-10

(a) (b)

(c) (d)

H path 1

H path 1

D path 1

D path 1

Fig. 3. Calculated transmission coefficients of H/D by TM method and WKB along path 1 (panels (a)–(b)) and the corresponding total
transmission probabilities as a function of temperature (panels (c)–(d)), with the data for T ≤ 60 K highlighted in the insets. The total
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On the other hand, the classical probability of transmis-
sion increases fast with increasing temperature. As shown in
Fig. 3, from T ∼ 30 K to 80 K, the classical probability (PC)
has nearly the same values as the quantum probability (PQ).
From T ∼ 80 K and above, the classical probability shows sig-
nificantly larger magnitude than the quantum probability. This
can be understood as follows. Assuming H/D atoms as classi-
cal particles, the ZPE correction to the potential barrier and the
mass difference of the atoms are neglected. The large reduc-
tion in the height of the potential barrier leads to a significant
overestimation of the classical transmission probability at rel-
atively high temperature region.

For the reaction rate constant (i.e., hopping rate in case
of surface diffusion), an important parameter is the attempting
frequency or frequency prefactor. The frequency prefactor vat

is directly related to the surface motion of the adsorbed atoms.
The actually activated vibrational modes of the adsorbed H/D
atoms at different temperatures are different, so the frequency
prefactor vat should be temperature-dependent. As a try, we
take the weighted average of all the vibrational frequencies at
a given temperature as the frequency prefactor vat, which is
calculated as follows:

vat =

∫ vmax

0
n(v,T )vg(v)dv∫ vmax

0
g(v)dv

, (6)

where n(v,T ) is the average number of phonons corresponding
to a vibrational mode of frequency v at temperature T with the
expression as follows:

n(v,T ) =
1

ehv/(kBT )−1
. (7)

Using the total transmission probability of H/D atoms on
Cu(001) Ptot(T ), and the frequency prefactor vat, we can es-
timate the rate constant k(T ) or hoping rate as follows:[37]

k(T ) = vat×Ptot(T ). (8)

The relationship between the rate constant and the mean-
square displacement is[11]

〈d2(t)〉= l2k(T )t, (9)

where l = 2.55 Å is the distance between adjacent hollow
sites.[10,11] The diffusion of H/D atoms on the Cu(001) sur-
face (two-dimensional system) has to consider the motions in
the x and y direction, so the relationship between the diffusion
coefficient and the mean-square displacement is as follows:

〈d2(t)〉= 4D(T )t. (10)

From Eqs. (8)–(10), it is straightforward that

D(T ) =
l2k(T )

4
=

l2vatPtot(T )
4

. (11)

The calculated rate constants k(T ) and diffusion coefficients
D(T ) for H/D atoms diffusion on the Cu(001) surface are
shown in Fig. 4.
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Fig. 4. Calculated rate constants (a) and diffusion coefficients (b) of
H/D on Cu(001) along path 1. The experimental data are shown as scat-
tered squares for comparison. The black squares are experimental data
for H atoms at 60 K, 65 K, 70 K, 75 K, and 80 K; the red squares are
experimental data for D atoms at 50 K, 55 K, and 60 K.

Our calculations are in good agreement with the experi-
mental results[10,11] between 50 K and 80 K. The overall good
agreement justifies the validity of the temperature-dependent
attempting frequency evaluated by Eq. (6). In this tempera-
ture region, the classical and quantum probabilities of trans-
mission are of the same order of magnitude and the role of
quantum tunneling is less pronounced than in T ≤ 30 K, as
evidenced from Figs. 3(c) and 3(d). Therefore, the diffusion
of H/D follows approximately the classical Arrhenius expo-
nential relation. Moreover, the temperature at which the tran-
sition occurs from classical to quantum-dominated behavior
is approximately 55 K for H and 40 K for D, which is also
in good agreement with the experimental value (∼ 60 K for
H, no experimental data available for D). In the case of D,
our calculation predicts that the rate constant (hopping rate)
is k ∼ 1× 10−11 s−1 at T = 30 K, corresponding to a time of
1011 s for one hopping event. This is well beyond the time
scale for laboratory measurement and helps to understand the
absence of experimental data for D at T <50 K. On the other
hand, at lower temperatures (T <50 K), the theoretically cal-
culated rate constants k(T ) and diffusion coefficients D(T )
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of H are notably smaller with comparison to the experimen-
tal measurements by more than one order of magnitude. The
main reason for this discrepancy is that our calculations do not
include the effects induced by the electron–hole pairs.[10,11]

The experimental measurements of hydrogen atom diffusion
process include the contribution of the electron–hole pair exci-
tation, which is more influential in the low temperatures below
50 K.

4. Concluding remarks
In summary, the diffusion process of H/D atoms on the

Cu(001) surface was investigated based on first-principles cal-
culations and the transfer matrix (TM) method. The mini-
mum energy path is determined using DFT calculations and
the energy path is corrected by zero-point energy which in-
cludes contribution from all phonon branches. The transmis-
sion probabilities of H/D atoms across the diffusion path are
calculated by the TM method and the WKB method, with the
TM method clearly demonstrating the presence of quantum
interference. Finally, we calculated the rate constants k(T )
and diffusion coefficients D(T ) by introducing frequency pref-
actor vat and total transmission probability Ptot(T ). Our cal-
culation results are in good agreement with the experimental
results[10,11] at 50 K–80 K. For the subsequent work, a possi-
ble direction may be extending the above studies to the other
systems and temperature regions.
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