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Abstract

Finite temperature quantum behavior of hydrogen adsorbates on Ni(001) surface is simulated using path-integral Monte Carlo tech-
nique. The adsorbate–surface and adsorbate–adsorbate interactions are described by the many-body alloy potential form, fitted to the
adsorption parameters from DFT calculations. Temperatures 100 K and 300 K and coverages from 1/8 to 7/8 are considered. Also quan-
tum and classical adsorbate behavior is compared.

At low temperatures, the quantum delocalization of the adsorbates is considerable with all studied coverages, and therefore, temper-
ature dependence of distributions is weak. At T = 300 K, however, the H–H interaction energy has a considerable effect on distributions
and energetics. By using a semi-classical description of the hydrogen adsorbates both temperature and coverage dependencies become
strong at both temperatures.
� 2006 Elsevier B.V. All rights reserved.

Keywords: Monte Carlo simulations; Nickel; Construction and use of effective interatomic interactions; Equilibrium thermodynamics and statistical
mechanics; Quantum effects; Hydrogen molecule
1. Introduction

Hydrogen motion and interactions on metal surfaces are
of interest both technologically and fundamentally. Hydro-
gen interactions are considered to be simple and therefore
well suited for fundamental research [1]. In particular, the
light mass of hydrogen emphasizes quantum effects [2–5],
which are used to explain peculiar adsorbate diffusion
[6–12], vibrational observations [6], electron-energy loss
spectra [13,14], low-energy electron diffraction [13,14], pho-
toemission [14], helium scattering [15], thermal desorption
[7], linear optical diffraction [16] and field emission
[16,17]. Furthermore, it has been shown that quantum
effects are essential in understanding the phenomena of
H interactions on Ni surface [11,13,18], and, H on metal
surfaces provides a unique opportunity to observe the
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crossover from quantum to classical dynamics at elevated
temperatures [5]. Finally, combination of the many-body
aspect of the interactions and the quantum nature of
hydrogen dynamics at low temperatures [2] makes this sys-
tem even more interesting.

Many of the interesting quantum states relate to
Ni(001) surface, where H adsorbate is known to delocalize
and develop a two-dimensional band structure. Thus, the
protonic band structure may be important [4,19] in order
to understand hydrogen reactions on metal surfaces. Many
questions are still open, e.g., to what extent the electronic
structure of the surface influences the reaction of atomic
H (D) with adsorbed H or D [20]. Also, it is known, that
presence of an adsorbate on a surface can profoundly
change the surface reactivity [21]. The dissociative adsorp-
tion of molecules on surfaces of solids is of central impor-
tance in surface catalysis and has been extensively studied
both experimentally and theoretically [22].

At low temperatures, the quantum delocalization of the
hydrogen adsorbate on a Ni(10 0) surface is considerable,
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Table 1
Many-body alloy (MBA) potential parameters for all atom pairs in Eq. (2)

Xa–Xb qab pab r0,ab [Å] �ab [eV] nab [eV]

H–H 3.22 5.28 2.30 0.16 0.91
H–Ni 2.87 5.87 1.44 2.70 5.52
Ni–Ni 3.00 8.62 2.49 0.20 1.97
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as we have shown earlier, see Ref. [18], and therefore, tem-
perature dependence of distributions is weak. By using a
classical description of the hydrogen adsorbate tempera-
ture dependence of the distributions and energetics be-
comes strong at all temperatures, proving that quantum
description is necessary for the correct picture of H/
Ni(00 1) system. At room temperature, T = 300 K, the
extensive classical distribution is quite similar to that of
quantum case and the classical thermal spreading conceals
the quantum delocalization. It was found that the classical
distributions are more bridge-direction oriented compared
with the quantum case, where tunneling allows more circu-
lar shape.

Mutual interaction between adsorbed hydrogen atoms
may significantly alter the apparent temperature depen-
dence of the diffusion [23], and thus, other properties of
the system. Two of the interaction mechanisms are direct,
through space, and two are indirect, through substrate
[24]: dipole–dipole interaction, direct overlap between
adsorbate electronic levels, indirect interaction mediated
by the non-rigid substrate ion cores and indirect interaction
mediated by the metal electrons. The electrostatic interac-
tion is assumed to be repulsive between hydrogen adatoms
at Ni surface [25].

Some Ni surfaces exhibit ordered superstructures for Hn

[26], but none is found for (100) surface [1,25]. On some
surfaces, a molecular adsorbate is observed, e.g., Ni(510)
surface covered with a dense atomic-hydrogen layer [27],
but as Mårtensson et al. [27] pointed out, EELS studies
of hydrogen adsorption on the flat Ni(100) surface shows
that there is no molecular adsorption state populated at
80 K substrate temperature.

We report here fully quantum mechanical and thermally
averaged constant temperature path-integral Monte Carlo
simulation (PIMC) of hydrogen atoms on a rigid Ni(10 0)
surface. The method is described in detail in Ref. [18] for
the case of single H atom. Here we consider the coverages
from 1/8 to 7/8. By employing PIMC method, we evaluate
the finite temperature many-body density distributions and
related energetics for quantum mechanical and classical
cases. We compare the results to the semi-classical ‘‘atoms
at the adsorption sites’’ picture. We assess the quantum
nature and temperature dependencies of the hydrogen dis-
tribution and differences with the semi-classical picture. In
particular, hydrogen–hydrogen interactions are considered
in terms of pair correlation functions and energetics.

In the next chapter, the many-body alloy potential and
PIMC are briefly described, chapter 3 gathers the results
together and, finally, the last chapter presents the
conclusions.

2. Computational methods

For the simulation, we need the full many-dimensional
potential-energy hypersurface for several interacting H
atoms at the surface. Therefore, we have chosen MBA po-
tential, reviewed in Subsection 2.1, to describe Ni–Ni, Ni–
H and H–H interactions. In Subsection 2.2 the path-inte-
gral method is described.

2.1. Many-body alloy potential

MBA has been succesfully used for H/Pd systems and
for studies of the electronic and structural properties of
small clusters [28,29], surfaces of metals, dilute metal al-
loys, see Ref. [30] and references therein, and the finite tem-
perature quantum distribution of H adsorbate on Ni(001)
surface [18].

The total (cohesive) energy of a crystal or a cluster in
MBA description is decomposed [30,31] into individual
atomic contributions Ei as

ET ¼
X

i

Ei; ð1Þ

where i runs over all atoms in the system and

Ei ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
j 6¼i

n2
ab exp �2qab

rij

r0;ab
� 1

� �� �s

þ
X
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: ð2Þ

The attractive part (first term) is due to the hybridization of
orbitals. It is based on a parametrized tight-binding Ham-
iltonian and the second-moment approximation. The
repulsive part (second term) is parametrized as a pair-wise
Born–Mayer potential with an exponential distance depen-
dence [31].

We have fitted MBA potential to describe interactions
between H adsorbate and Ni atoms [18]. The bulk Ni–Ni
parameters were fitted to the lattice constant a = 3.52 Å,
the nearest neighbour distance r0 = 2.49 Å, cohesive energy
Ecoh = �4.44 eV and bulk modulus B = 1.17 eV/Å3. The
H–Ni parameters of MBA potential were fitted to the
DFT data given by Mattsson et al. [12]. The fitted quanti-
ties are the adsorption energy of the hollow site,
Eads = 2.8 eV, the equilibrium distance from the surface
at hollow site ra = 0.5 Å and the energy barrier between
the hollow sites through the bridge site, Ebarr = 0.14 eV.
For DFT details, see Ref. [12].

For the H2 dimer in MBA scheme we adopt the param-
eters from Ref. [31], giving the binding energy as �4.95 eV
at bond length 0.9 Å. We note that the parameters are not
fitted to describe the free H2 molecule but the one adsorb-
ing onto on a transition metal surface.

All of the MBA parameters that are used in simulations
of this paper are given in Table 1.
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Fig. 1. Simulation supercell of Ni(001) surface (of FCC lattice,
a = 3.52 Å) schematically, surface and subsurface layer atoms indicated
by black and grey circles, respectively. One of the four-fold hollow sites is
designated by the dashed square and the high symmetry directions along
the surface are shown. The three possible hollow site distances (within the
‘‘periodical’’ simulation cell) are depicted.

Table 2
Comparison of hollow site pairs defined in Fig. 1

R [a] R [Å] Nfcc Nsim DE [meV]

HBH h110i
ffiffiffiffiffiffiffiffi
1=2

p
2.49 4 4 199

HTH h100i 1 3.52 4 2 99
h110i

ffiffiffi
2
p

4.98 4 1 1

Nsim and Nfcc give the statistical weight of the pairs in case of our periodic
model and real (001) surface of FCC lattice, respectively, as seen in the
pair correlation function of H atoms in hollow sites. HBH and HTH refer
to the related elbow plots in Fig. 2.
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2.2. Path-integral Monte Carlo method

Quantum treatment at the finite temperature is included
by using path-integral formalism for hydrogen atoms with
Monte Carlo scheme, and by calculating the trace of finite
temperature quantum density matrix

Z ¼ mM

2p�h2b

� �d=2 Z
exp �b

XM

n¼1

Kðrn�1; rnÞ þ Uðrn�1; rnÞð Þ
" #

dr0 . . . drM�1;

ð3Þ

where functions K and U define internal and external ener-
gies of the system. In the primitive approximation [32,33]
they are written as

Kðrn�1; rnÞ ¼
mM

2�h2b2
ðrn�1 � rnÞ2 ð4aÞ

and

Uðrn�1; rnÞ ¼
1

2M
V ðrn�1Þ þ V ðrnÞð Þ; ð4bÞ

where m is the mass of the particle and M, large enough
integer, is called the Trotter number. The periodic bound-
ary conditions in imaginary time are taken into use, i.e.,
r0 = rM [18].

Quantum description is complete at the limit, where the
Trotter number M!1. However, the distributions and
expectation values converge at some finite Trotter number,
which depends on the temperature and external potential.
This is clearly seen from the quantum distributions at dif-
ferent Trotter numbers, and by testing the procedure for
analytically solvable systems. We found sufficient conver-
gence in our case with Trotter number M = 64. At
100 K, this can be considered as a compromise with com-
putational labour, but shows good convergence at 300 K.
The typical number of sufficient Monte Carlo steps is about
108 for classical simulations and 2 · 109 for T = 100 and
4 · 108 for T = 300 K quantum simulations. Also, a similar
sampling is needed in quantum cases to reach the equilib-
rium states. For higher H coverages, we are not able to
use high enough Trotter numbers. Therefore, we choose
M = 1 that returns the PIMC to classical Metropolis
Monte Carlo approach. On the other hand, this allows us
to compare classical and quantum hydrogen adsorbates.

Our surface model is a periodic slab of six layers of Ni
atoms, eight atoms in each layer, including total of 48
atoms. The lateral periodicity is two lattice constants, 2a.
See Fig. 1. Some structure related data of the model is col-
lected into Table 2.

3. Results

First, we test the performance of MBA potential in the
present case, which now involves H–H interaction at the
surface, in addition to previously reported H–Ni and Ni–
Ni parametrizations [18]. This is done by considering the
s.c. H2 molecule dissociation elbow plots. Also, surface
relaxation is considered, though computing capacity does
not allow us to include Ni atom dynamics here, as was
done in our previous study with the single hydrogen atom
[18]. Then, we consider the equilibrium distributions and
pair correlation functions of hydrogen atoms as a function
of coverage. For lower coverages, we are able to consider
both quantum and classical hydrogen and compare these,
whereas, for higher coverages, we simulate the classical
hydrogen only. Finally, we discuss the energetics in the
above cases.
3.1. H–H interaction in MBA

The MBA parameters for H–Ni were fitted to the case of
single hydrogen atom adsorption in our previous study [18]
using the DFT data of Mattson et al. [12], while the H–H
parameters are taken directly from Ref. [31]. Thus, the
combination should be tested against a good reference be-
fore use. For this purpose, we consider the high-symmetry
potential-energy hypersurfaces conventionally used to illus-
trate the dissociation dynamics of H2 molecule coming
down to the perfect and rigid surface. Due to their typical
shape, they are called ‘‘elbow plots’’. We choose the DFT
calculations of Kresse et al. [25] to compare with.

It should be pointed out that description of such indirect
interactions are not straightforward, as H–H interactions
may be sensitive to the character of the H-induced surface
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electronic structure involving the transition-metal d states
[24]. On the other hand, the detailed form of the metal
DOS was shown to be not important for a description of
adsorbate photoemission [34]. However, different binding
energies of H atoms at different sites on the surface due
to the H–H interactions [26] put forward a challenge for
MBA.

We present a set of MBA elbow plots in Figs. 2–4. These
should be compared to those of Kresse et al., and also, to
the equipotential contour lines of single hydrogen atom on
Ni surface [18]. We see that MBA surprisingly successfully
transforms the single atom PES to the various elbow plots
as a consequence of H–H interaction.

In our case, the most important regions of the elbow
plots to consider are the hollow sites shown in Fig. 2, where
d 〈 110 〉 [Å]
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Fig. 2. Elbow plots for H2 dissociation to hollow sites from MBA potential. Hi
are shown on the left and right, respectively. Line spacing is 100 meV. Note
difference in remaining indirect H–H interation; see text.
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Fig. 3. Elbow plots for H2 dissociation to bridge sites from MBA potential. Hi
are shown on the left and right, respectively. Line spacing is 100 meV. Again, th
hydrogen adsorbates almost exclusively dwell in thermal
equilibrium. Fig. 2a shows the PES for H2 molecule disso-
ciation above the bridge site towards the hollow sites
(HBH). A small physisorption energy minimum of
20 meV is found in agreement with DFT data of Kresse
[35]. We evaluate for the dissociation barrier a value of
140 meV, as the DFT barrier is 110 meV.

The chemisorption minimum is at 0.5 Å, the same as in
the single-adsorbate case. The distance between adsorbed
hydrogen atoms at the chemisorption minimum is 2.7 Å,
expressing a repulsion between adjacent adsorbates. This
repulsion is about 200 meV, see Table 3, and it is not pres-
ent in DFT results.

The H–H MBA parameters are not intended for descrip-
tion of free H2 molecule: the dissociation energy is too large
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e minima differ due to the difference in remaining indirect H–H interation.
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Fig. 4. Elbow plots for H2 dissociation to top sites from MBA potential. High symmetry cases in planes {110} (on bridge site) and {100} (on hollow site)
are shown on the left and right, respectively. Line spacing is 100 meV.

Table 3
MBA H2 molecule physisorption, dissociation barrier and chemisorption
energetics for the elbow plots in Fig. 2, compared to the DFT energetics
from Ref. [35]

Physisorption Chemisorption

(d, z) [Å] E [meV] Edis [meV] (d, z) [Å] E [eV]

MBA hbh (0.9,–) 25 140 (2.8,0.5) 0.5
hth (0.9,–) 50 350 0.6

DFT hbh (0.8,–) 20 110 (2.5,0.5) 1.1
hth 20 0
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by about 0.5 eV. Therefore, the chemisorption energy be-
comes too small by about the same amount.

The elbow plot above the top site towards hollow sites
(HTH), Fig. 2b, presents the same features as HBH. The
only essentially difference in these two cases is the H–H
repulsion, see Table 3. H atoms in hollow sites further
apart do not essential interact, see DE in Table 3. We note
that the dissociation barrier is not described correctly, but
it is not relevant for the equilibrium distribution of H
adsorbates at low coverages.

The four elbow plots in Figs. 3 and 4 are shown to illus-
trate performance of MBA, though they are not essential in
our room temperature equilibrium simulations.

It is interesting to test MBA performance in description
of surface relaxation. By allowing two uppermost Ni layers
to relax, their separation is changed by Dz12 = �0.120 Å,
which is close to the DFT result [25] �0.116 Å. Also, for
the second layer separation change we get Dz23 = �0.08 Å,
a negative value indicating a smaller layer separation. The
corresponding DFT value is Dz23 = 0.04 Å.

As a conclusion, we find MBA with the given parame-
ters capable of describing a single and two interacting H
atoms on a Ni surface, and assume its validity for higher
coverages too. Furthermore, it seems to describe correctly
many other features of the system that are not relevant
or needed in the present study.
3.2. Hydrogen adsorbates on nickel surface

First, we describe the adsorbate distributions for hydro-
gen coverages from 1/8 to 7/8 on Ni(100) surface. Temper-
ature and quantum effects and also the H–H interactions
are considered. The adsorbate energetics are estimated in
the next section.

As was pointed out earlier, the simulation cell is of finite
size and periodic, with periodicity of 2a, see Fig. 1. Due to
this, in h100i and h110i directions there are only two and
one hollow site distances, respectively, see Fig. 1. Thus, the
finite simulation cell is different from the infinite one, as
indicated in Table 2.

The hydrogen quantum distribution in the hollow site at
low coverages and low temperatures does not strongly de-
pend on the coverage nor on the actual temperature. It is
rather similar to that at zero Kelvin [12–14]. We confirm
this fact and illustrate it in Fig. 5 with the distributions
from 100 K and 300 K with hydrogen adsorbate coverages
varying from 1/8 to 4/8. Indeed, only a slight spreading of
the distributions can be observed when increasing the tem-
perature, and thus, the difference between the shown two is
almost insignificant.

At T = 100 K, the adsorbates are lying in the ‘‘circular
ground state’’, exhibiting harmonic confinement. It should
be noted that at T = 100 K, the distributions of coverages
h = 2/8 and h = 3/8 are almost identical. Thus, the adsor-
bate–adsorbate interaction is rather small in both cases,
though the pair correlation function differs, see below. At
coverage h = 2/8, the spatial width of distribution is small-
est; the hydrogen is most localized.

Only at coverages h P 4/8 the lateral distribution of
quantum adsorbates is profoundly different from zero-
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Fig. 5. One-particle quantum distribution in the hollow site, see Fig. 1, in
case of adsorbate covarages h = 1/8, 2/8, 3/8, and 4/8 in the simulation cell
and for temperatures 100 K and 300 K. The equidensity contours present
the three-dimensional density projected onto the surface plane, i.e.,
integrated over z-direction. The thin and thick lines show densities 0.5, 1.0,
1.5, . . . and 5, 10, 15, . . . atoms/(surface) unit cell.
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Fig. 6. ‘‘Classical hydrogen’’ distributions corresponding to those of
quantum hydrogen in Fig. 5. Notations are the same as in Fig. 5.
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Fig. 7. Pair correlation function of H adsorbates corresponding to the
one-particle distributions in Figs. 5 and 6, quantum case to the left and
classical to the right. The two temperatures T = 100 K (solid line) and at
T = 300 K (dashed line) are shown. Vertical dashed lines indicate the three
hollow site distances, shown in Fig. 1.
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Kelvin distributions, see subfigure in low-right corner in
Fig. 5, showing more towards bridge-site orientation. This
may be a reflection of attractive interaction [23] of H adsor-
bates at HTH configuration, see Fig. 2b. We have not been
conducted the simulations at T = 100 K for coverages
h > 3/8 due to the required computer capacity.

The ‘‘classical hydrogen adsorbates’’ show more pro-
nounced temperature effect, see Fig. 6. It is due to the
absence of zero-point vibration at T = 100 K, the distribu-
tion is spherical (harmonic confinement) and at room tem-
perature, it is oriented towards bridge site. At T = 300 K,
the thermal spreading conceals the classical in all studied
coverages. Here too, the coverage h = 2/8 exhibits mini-
mum in spatial width, following from the repulsive inter-
action of the H adsorbates. The lateral distributions of
quantum and classical adsorbates at room temperature
are quite similar, the largest difference being that the clas-
sical distributions are more bridge-direction oriented.

The pair correlation functions of the distributions, (see
Fig. 7), show that all hydrogen adsorbates tend to reside
apart from each other, which, again, is an indication of
H–H repulsion. Thus, there is no molecular adsorption
state at T = 300 K or T = 100 K, a result observed for
T = 80 K by Mårtensson et al. [27]. The maximum values
of pair correlation functions are obtained at hollow-site
distances, 3.5 Å and 5.0 Å.

At higher coverages, h P 3/8, the hydrogen adsorbates
are compelled to be closer to others, leading to a large peak
at the distance of 3.5 Å. The difference on the quantum pair
correlation functions for h = 2/8 and h = 3/8 in Fig. 7 re-
veals the origin of stronger localization of lateral distribu-
tions (Fig. 5). In comparison of h = 3/8 and h = 4/8 the
statistical factor, Nsim/Nfcc in Table 2 should be taken into
account. At coverage h = 3/8, the temperature dependence
is relatively small.

The pair correlation function in the non-periodic z-
direction shows only Gaussian type behavior, similar to
that of the case of single-adsorbate [18].

The classical hydrogen pair correlation distributions
are similar to those of quantum adsorbates, the only



a) T = 100 K
    4 H
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    5 H
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    6 H
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    7 H

Fig. 8. ‘‘Classical hydrogen’’ distributions of higher coverages. Here, only
temperature T = 100 K is shown, because at higher temperatures, the
system becomes unstable. This is the case for coverage h = 7/8 even at
T = 100 K.
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essential difference being that quantum peaks are broader
than classical peaks, see Fig. 7, revealing the quantum
delocalization.

The hydrogen lateral distributions of higher coverages,
h = 4/8–7/8, are shown in Fig. 8. We considered these with
classical adsorbates only. For coverages h > 4/8, the hydro-
gen adsorbates are recombined and desorption of H2 mol-
ecule occurs at T = 300 K. This may be an artifact of too
small chemisorption energy of MBA, as higher coverages
of quantum adsorbates are observed [1,16,17,36] and used
in DFT calculations [12,25]. At T = 100 K, the coverages
h < 7/8 are stable. The pair correlation functions of higher
coverages (Fig. 7) show that adsorbates start to occupy the
nearest hollow sites too.

Here, the location of maximum in z-distribution gets
higher from 0.47 Å for 2 H atoms via 0.58 Å for 5 H adsor-
bates to 0.64 Å for 6 and 7 adsorbates. The z-distribution is
not Gaussian for high coverages, as for the lower cover-
ages, but reveals also another peak at a potential-energy
minimum, z = 1.1 Å, which can be identified in the elbow
plots in Fig. 3.
3.3. Energetics

Evaluation of energetics turns out to be a real computa-
tional challenge. This is due to extremely slow convergence
to equilibrium with stationary energetics. Although, the
distributions seem to converge faster by visual judgement,
those above have been evaluated from the fully converged
equilibrium. For the energetics below, with chosen Trotter
number M = 64, we were able to acquire data, enough to
make the statistical error bars negligible with respect to
the convergence in Trotter number. In case of several H
adsorbates, we are not able to evaluate the latter, but from
the case of a single adsorbate [18], we estimate this ‘‘sys-
tematic error’’ to be of the order of a few meV.

As the MBA potential does not involve pair interac-
tions, the interaction energy between two atoms, e.g., H–
H interaction, cannot be evaluated directly. To estimate
that, we used the total MBA potential of N hydrogen
adsorbates energy
Epot;N ðbÞ ¼ ET ð5aÞ

obtained directly from simulations, by Eq. (1), and the sin-
gle-adsorbate potential energy Epot,1 of the three-dimen-
sional density function q(r) of N hydrogen adsorbates as

Epot; 1ðbÞ ¼ hV 1ðrÞiqðrÞ; ð5bÞ

where V1(r) is taken to be single-adsorbate energy term, see
Eq. (1). By comparing these two Eqs. (5a) and (5b), we are
able to find an approximation to the interaction energy be-
tween H adsorbates.

We evaluated the kinetic energy via virial theorem, and
only an approximation to that is used by assuming only
single-hydrogen adsorbate, thus

Evir;1ðbÞ ¼
1

2
hr � rV 1ðrÞiqðrÞ:

This gives a good approximation as long as the H–H inter-
action is small, which is true for long-distance adsorbates
on surface. From the pair correlation function, we con-
clude that the energetic estimates here are valid for at least
H2 and H3. The total energy for single-adsorbate system is
then

Etot;1 ¼ Epot;1 þ Evir;1:

For the interacting system, by replacing the kinetic energy
term with its single-adsorbate counterpart, we get the total
energy

Etot;N ¼ ET þ Evir � ET þ Evir;1;

where ET is given in Eq. (1), and thus, by writing the total
energy in the form ET = Epot,1 + EH–H, we get an approxi-
mation for the interaction energy EH–H of hydrogen
adsorbates.

Next, we consider the energetics of hydrogen adsorbates
on nickel surface.

Fig. 9a shows the variation of one-hydrogen potential
energy Epot,1 as a function of coverage h. The potential
energies for the quantum distributions are larger and the
temperature effect is smaller compared to classical, as was
pointed out earlier in discussion about the distributions.
The maximum value is 90 meV at coverage 1/8. As was ear-
lier pointed out, the H–H interaction pushes the lateral dis-
tributions smaller resulting in a smaller potential energy.
The minimum potential energy of 75 meV is reached at
coverage h = 4/8 for T = 300 K and 65 meV at h = 3/8
for T = 100 K.

The classical simulation shows considerable temperature
effect. The single-particle potential energy of classical sim-
ulations with coverage 4/8 gives almost the same result
than the quantum case. Here, it should be noticed that
the lateral distributions of those two cases are very similar.

The single-adsorbate kinetic energy estimator is shown
in Fig. 9b. The maximum value 100 meV is obtained at
h = 1/8 and the energy is getting lower as the coverage is
increasing. The minimum value is 60 meV for T = 300 K
at h = 4/8. The quantum effect is rather large for kinetic
energy also. At coverage of 4/8, the classical kinetic energy
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Fig. 10. Total interaction energy of the hydrogen adsorbates on Ni
surface. Notations are the same as in Fig. 9.
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is near to the quantum kinetic energy, when both are eval-
uated as a single-adsorbate approximation.

The interaction part of the potential term, Fig. 10
strongly depends on the number of adsorbates. The inter-
action energy increases from a few meV with two adsor-
bates to 100 meV with four hydrogen adsorbates in
accordance with the above discussion of pair correlation
function in Fig. 7 and energies given in Table 2. Only a
small temperature dependence can be found. Quantum
and classical interaction energies are rather similar.
4. Conclusions

We have carried out a study of quantum delocalization
of hydrogen adsorbates on rigid Ni(001) surface at finite
temperatures. Adsorbate distributions and energetics were
determined at two temperatures, 100 K and 300 K, to trace
the temperature dependencies.

To flexibly describe the adsorbate–substrate interaction
and those between substrate and adsorbate atoms, we use
the tight-binding derived MBA potential, which contains
only a few parameters for atom pairs. The parameters were
fitted to the adsorption energetics and geometries from
DFT calculations. Path-integral Monte Carlo method is
used, as it is a straightforward but computationally inten-
sive approach to find the finite temperature mixed quantum
state. The classical limit can be nicely found within the
same formalism too.

We find strong quantum delocalization of the adsor-
bates at 100 K, the classical adsorbate being significantly
more localized in terms of distribution and energetics. At
this low temperature, the adsorbates are residing in the lat-
eral ‘‘circular ground state’’, thus, showing harmonic con-
finement. For low coverages, h 6 3/8, the distributions of
classical adsorbates are more bridge-site oriented but for
the coverage h = 4/8, the lateral distribution of classical
and quantum cases are rather similar.

The hydrogen adsorbates have a repulsive interaction as
they tend to reside apart from each other. No molecular H2

state was found with the considered coverages. The quan-
tum effect is mainly due to zero-point effects and tunneling
towards Ni atoms in h1 00i directions.

The single-adsorbate potential and kinetic energies are
not very sensitive to the hydrogen adsorbate coverage.
Opposed to quantum case, the energetics of classical adsor-
bates have a considerable temperature effect, as is pre-
sumed from the distributions, already. The interaction
energy of adsorbates has a strong dependence on hydrogen
coverage. The interaction energy is independent of tem-
perature and the type of the adsorbates, quantum or
classical.
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