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a b s t r a c t
We report ab initio path integral molecular dynamics simulations of hydrogen and deuterium adsorbed on
and absorbed in the Pd(100) surface at 100 K. Signiﬁcant quantum nuclear effects are found by comparing
with conventional ab initio molecular dynamics simulations with classical nuclei. For on-surface adsorption,
hydrogen resides higher above the surface when quantum nuclear effects are included, an effect which brings
the computed height into better agreement with experimental measurements. For sub-surface absorption,
the classical and quantum simulations differ in an even more signiﬁcant manner: the classically stable
subsurface tetrahedral position is unstable when quantum nuclear effects are accounted for. This study
provides insight that aids in the interpretation of experimental results and, more generally, underscores that
despite the computational cost ab initio path integral molecular dynamics simulations of surface and
subsurface adsorption are now feasible.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
The adsorption and absorption of hydrogen at palladium surfaces
has great implications to a broad range of disciplines such as catalysis,
nuclear materials, energy storage and superconductivity [1–3], to
name a few. As a result a considerable body of work has been devoted
to understanding at the atomic scale the adsorption and absorption of
hydrogen at palladium surfaces [4–11]. It is generally accepted that
palladium dissociates hydrogen molecules at its surfaces without
appreciable activation energies, and that on-surface adsorption is
favored over subsurface absorption which in turn is favored over bulk
(interstitial site) absorption. Nonetheless, fundamental issues such as
the adsorption and absorption positions are contentious, particularly
the questions regarding how high above the surface or where below
the surface the hydrogen atoms reside [12–17]. Despite the seeming
simplicity of these questions, an accurate description of the speciﬁc
hydrogen positions has proven challenging, not least because of the
signiﬁcant quantum nature of hydrogen atoms at surfaces (see e.g. ref.
[18]).
Taking Pd(100) as an example, considerable experimental effort
has been devoted to investigating the adsorption and absorption of
hydrogen and its isotopes. Many studies [19–22], such as low energy
electron diffraction (LEED) and electron energy loss spectroscopy
(EELS), have found that hydrogen chemisorbs at the surface four-fold
hollow site (4 F), as shown in Fig. 1; few however could provide direct
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information on the height of hydrogen above the surface. By means of
helium scattering, Rieder et al. [12] found that hydrogen adsorption at
110 K leads to the formation of a p(1 × 1) ordered phase at one
monolayer (ML) coverage and a c(2 × 2) phase at 0.5 ML. They
estimated that the normal distance from a hydrogen atom at the 4 F
site to the topmost Pd layer (d0) is ~ 0.35 Å and 0.65–0.70 Å for the p
(1 × 1) and c(2 × 2) phases, respectively. By using a transmission
channeling technique, Besenbacher et al. [13] found similar adsorption patterns for deuterium (D) at ~ 130 K, and they measured d0 to
be 0.3 ± 0.05 Å or 0.45 ± 0.15 Å for a p(1 × 1) phase or a c(2 × 2) phase,
respectively.
Experiments have also suggested the existence of stable subsurface hydrogen atoms at low temperatures. The subsurface hydrogen
atoms are believed to be more reactive than the surface hydrogen
atoms, and thus have important implications in low temperature
catalytic hydrogenation reactions [23–25]. In a series of experiments
by Aruga et al. [26–29], mechanisms of H and D absorption were probed
with temperature-programmed desorption and high-resolution EELS.
Of particular interest is that below 120 K, the absorption coefﬁcient
is independent of temperature and quantum tunneling was suggested
to be dominant in the process. It was also proposed that the absorbed
atom lies at the tetrahedral (Td) sites just beneath the surface (Fig. 1)
with a ~1 ML coverage.
Whilst it can be difﬁcult to determine the precise surface (and
especially subsurface) hydrogen positions from experiments, ab initio
calculations provide a useful tool in this regard. By using density
functional theory (DFT), many authors [8,14,30] found that the
subsurface Td site is actually less favorable (by ~ 0.2 eV per H) than
the subsurface octahedral (Oh) site where the H atom absorbs near
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Fig. 1. Top and side views of a surface 4-fold hollow (4F) site, a subsurface tetrahedral (Td) and a subsurface octahedral (Oh) site at the Pd(100) surface. H and Pd atoms are
represented by white and colored balls, respectively. For the top view of the subsurface Oh site, the ﬁrst-layer Pd atom, directly above the H atom, is shown as a small point for best
viewing of the H atom.

the second Pd layer (Fig. 1). Hennig et al. [14], Tomanek et al. [15] and
Hafner et al. [16,17] also used DFT to study hydrogen adsorption,
predicting that at the 4F site the H atom is 0.24 Å, 0.11 Å and 0.20 Å
above the surface, respectively, at 1.0 ML. However, because these are
the results of standard total energy calculations, and neither ﬁnite
temperature nor quantum nuclear effects are taken into account,
caution must be exercised when comparing to experiments. Indeed,
an important aspect and key general motivation for the current study
is to examine the contribution from ﬁnite temperature and especially
the quantum effects on the positions of both H and D in the system. To
this end, we carry out both conventional ab initio molecular dynamics
(AIMD) and ab initio path integral molecular dynamics (PIMD)
simulations on H(D) adsorbed at and absorbed in the Pd(100)
surface. In doing so, we determine the statistically averaged
equilibrium positions. In particular, the PIMD approach [31,32], treats
the nuclei as quantum particles and it provides a suitable method for
exploring quantum nuclear effects on H(D) positions at ﬁnite
temperatures. This study is also relevant to efforts to perform better
and more realistic ab initio simulations. With the vast majority of DFT
simulations being performed at the level of zero Kelvin geometry
optimizations with classical nuclei (denoted as OPT hereafter), it can
be difﬁcult to establish if differences between experiment and theory
are down to an intrinsic error of a given exchange correlation
functional or to the absence of thermal and quantum effects. Thus the
current study by tackling a well-deﬁned experimental system may
provide some insight that assists the detailed comparison between
theory and experiment. Such studies are especially needed in solid
state systems, where in contrast to the gas phase there is a relative
paucity of accurate reference data.
The rest of the paper is organized as follows. In the next section,
details of the calculations are outlined. The simulation results for
hydrogen adsorption and absorption are presented in Subsections 3.1
and 3.2, respectively. In the former, we carry out a detailed
comparison between the OPT, AIMD and PIMD results of the H(D)
heights at the surface, and discuss the signiﬁcant thermal and
quantum effects observed. In the latter, instead of reporting the
exact values for the positions, we show that the classical and quantum
simulations differ in an even more signiﬁcant manner: the classically
stable subsurface tetrahedral position is unstable when quantum
nuclear effects are accounted for. We discuss further in conjunction
with experiments and conclude in the ﬁnal Section 4.

2. Methodology
All calculations are carried out using the plane-wave pseudopotential DFT package, CASTEP [33]. Electron exchange and correlation is
treated within the Perdew–Burke–Ernzerhof (PBE) generalized gradient
approximation (GGA) [34], and the ionic cores are described by ultrasoft
pseudopotentials [35]. The cutoff energy for the plane-wave expansion
is set to be 400 eV, sufﬁciently high to give well-converged total
energies and structures [36]. The maximum k-point spacing used is no
greater than 0.02 Å− 1, corresponding to a 12 × 12 × 1 k-point mesh per
(1× 1) surface unit cell. With this setup, our calculations reproduce
reasonably well the lattice constant (3.94 Å), bulk modulus (1.98 Mbar)
and cohesive energy (3.83 eV) of Pd bulk, compared to the experiment
data [37] (3.89 Å, 1.81 Mbar and 3.89 eV, respectively).
For the adsorption and absorption calculations we consider two
unit cells, p(1 × 1) and c(2 × 2) of the Pd(100) surface, both of which
were observed experimentally at low temperatures [12,13]. The slab
used in the calculations has four Pd layers, with a vacuum region of
around 11 Å along the surface normal. The bottom layer is kept at the
bulk-truncated position whereas the remaining Pd layers and the H
(D) atom are allowed to relax during the calculations. With this setup,
the OPT calculations predict the height for a hydrogen atom adsorbed
at the 4 F site, d0, to be 0.129 Å at 1.0 ML. This value agrees with the
0.11–0.24 Å range obtained in previous DFT studies using various
setups [14–17].
We have also carried out tests on the number of Pd layers used in the
slab. Speciﬁcally, we ﬁnd that when a seven-layer slab is used, d0
is ~0.04 Å larger compared to the value obtained with the four-layer
slab. In addition, we have also considered how possible expansion of the
lattice induced by absorption may alter d0. To this end, we examined
hydrogen on a Pd surface with a larger lattice constant corresponding to
a PdH0.25 crystal (i.e. 25% H in Pd hydride). This test predicted a ~0.05 Å
smaller value of d0 than that obtained with the regular lattice constant.
These differences are not particularly small. However, they are not
critical in the present study, which aims primarily to explore the
importance of thermal and quantum effects on the positions of
hydrogen by examining the differences between OPT, AIMD and PIMD
simulations. Indeed, this was conﬁrmed with additional AIMD and PIMD
tests on the seven-layer slab or the four-layer slab with the larger lattice
constant, which showed that the magnitude of the thermal and
quantum effects was not affected upon going from one slab to the other.
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As opposed to OPT and standard DFT-based AIMD simulations, in
which the nuclei are approximated as classical particles, the PIMD
approach treats both electrons and atomic nuclei quantum mechanically.
Very brieﬂy, the PIMD method includes quantum effects on the nuclei in
the framework of Feynman's path-integral formulation of quantum
statistical mechanics [31,32]. The partition function of a many-body
system can then be evaluated through a discretization of the density
matrix along cyclic paths composed of a number of Trotter points (P).
This means that each quantum degree of freedom is represented by a
classical ring polymer consisting of P classical particles (termed beads)
along the ring, connected by harmonic springs. To sample the
conﬁguration space of the classical isomorph of each quantum system,
we use the molecular dynamics technique, as implemented by Probert
and co-workers in CASTEP. Meanwhile, the many-body internuclear
interactions can be obtained simultaneously from DFT calculations. The
ab initio PIMD approach has successfully been applied to e.g. molecular
[38], aqueous [39] and very recently surface systems [40].
Our PIMD calculations are carried out in the canonical ensemble at
100 K, close to the typical experimental temperatures used to study this
system [12,13,17]. Both hydrogen and Pd nuclei are treated quantum
mechanically. A Langevin thermostat is used to control the temperature
and staging is employed to improve sampling efﬁciency [41]. The energy
tolerance in the PIMD simulations is set to be 10− 6 eV and the time-step
for the dynamics is 0.5 fs. Because the path integral is discretized using P
Trotter replicas, it is important to use a sufﬁcient number of beads in the
simulation to accurately capture the quantum nuclear effects of interest.
Here, as in many other quantum studies [38–40], we choose P = 16, a
common choice given the extreme computational cost of ab initio PIMD
simulations. Convergence tests with P = 32 beads, which we now
discuss, show that 16 beads is indeed a good compromise between
accuracy and computational cost for the properties of interest in this
adsorption system.
Of the various quantities produced in the PIMD simulations, we
pay close attention in the convergence tests to the radius of gyration
(RG) [42] and the height of the hydrogen isotopes above the surface.
The radius of gyration along the surface normal (z), RGz, is given by
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P 
2
1
i
, where riz and r z are the z coordinates of the hydrogen
P ∑ rz −r z

h

i=1

i

beads and the hydrogen centroid1, respectively, and 〈...〉 indicates an
ensemble average. RGz describes the dispersion of the (D) nucleus along
the surface normal, and thus is an important indicator of the extent of
quantum nuclear delocalization. On the other hand, the height, d0, is
directly relevant to the central question of this study. It is deﬁned as the
difference between the z coordinates of the hydrogen centroid and the
centroid of the Pd atoms in the top layer (using the z coordinates of
beads produces nearly identical averaged heights). Because of the
thermal and quantum ﬂuctuations of RGz and d0, it is important to
achieve well-converged results for these quantities. Taking the PIMD
result of 1.0 ML H as an example, we illustrate in Fig. 2 how a wellconverged ensemble-averaged value is achieved. After an initial
equilibration for ~4 ps (not shown), we start the data collection, and
monitor the instantaneous values and cumulative running averages of
RGz and d0. As can be seen, both quantities are quite stable for the ~18 ps
shown. In particular, for the last 8 ps, the standard deviations of the
cumulative averages are no more than 0.001 Å. We then choose the last
8 ps to calculate the mean value of the radius of gyration (RGz ) and the
height (d0 ). These mean values are also veriﬁed with a bootstrapping
resampling method, which shows negligible difference. We ﬁnd that the
differences from using 16 beads and 32 beads are very small. The values
of RGz and d0 from using 32 beads is only 0.005 Å and 0.002 Å larger
than those from using 16 beads. We shall see later that this difference
does not affect our conclusions.

1
The centroid of the quantum paths of a particle is deﬁned as r =
the coordinates of the beads in the associated ring polymer.

1
P

P

∑ ri , ri being

i=1

Fig. 2. At 1.0 ML coverage, (a) the radius of gyration for the nucleus along the surface
normal (RGz, deﬁned in the text) from PIMD simulations using 16 and 32 beads; (b) the
H height, which is the difference between the centroid coordinates of the H and ﬁrstlayer Pd nuclei, calculated from PIMD simulations using 16 and 32 beads. In both
(a) and (b), we start data collection after equilibrating the system for ~ 8000 steps (i.e.
4 ps, not shown), and we plot the instantaneous value (the black dotted line) and the
cumulative running average (the red solid line).

3. Results and discussion
3.1. Adsorption at the surface
Fig. 3a shows the probability distribution of ﬁnding hydrogen at a
certain height above the surface from the AIMD and PIMD simulations,
along with the height predicted by the OPT calculation. Taking 1.0 ML H
as an example, let us ﬁrst compare the results from the OPT and AIMD
simulations. The thermal effect is found to be signiﬁcant, even though
the temperature of the simulation is quite low. Whereas OPT predicts a
H height of 0.129 Å, the distribution peak from the AIMD simulation
appears at a noticeably higher position. The probability distribution has
a reasonably large thermal broadening: the full width at half maximum
(FWHM) for the height distribution, calculated from the standard
deviation of the ﬂuctuation, is 0.24 Å. Comparing now the results from
AIMD and PIMD simulations, there is a noticeable shift towards higher
height in the probability distribution in the latter, clearly indicative of
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Fig. 3. (a) The probability distribution of ﬁnding hydrogen isotopes at a certain height
above the surface from the ab initio molecular dynamics (AIMD) and ab initio path
integral molecular dynamics (PIMD) simulations, along with the height predicted by
the geometry optimization (OPT) calculation. (b) The potential well (PES, along the
surface normal z) near the surface 4F site (in the 1 × 1 cell), represented as a function of
the H height with respect to the 4F site (dH). The minimum of the PES at 0.129 Å (i.e. the
result from geometry optimization) is indicated by the dashed line.

the nuclear quantum effect. In addition, the FWHM for the PIMD result is
0.42 Å, indicating the large quantum ﬂuctuation of the H nucleus. These
differences between OPT, AIMD and PIMD can be also seen at 0.5 ML and
for D at 1.0 ML and 0.5 ML.

To get a clearer picture of the height, we summarize in Table 1 the
values of d0 , the calculations and accuracy tests of which are described in
Section 2. The error bar of less than 0.001 Å in d0 gives us conﬁdence to
make comparison between the AIMD and PIMD calculations. We also
report the thermal and quantum ﬂuctuations of d0, which are
characterized by the standard deviation of d0 in AIMD (σdAIMD
) and
0
the standard deviation of d0 in PIMD (σdPIMD
).
Of
course,
thermal
effects
0
will also be present in the ﬁnite temperature PIMD simulation, and thus
PIMD
AIMD
differences between σd0
and σd0
provide an estimate of the pure
quantum contributions.
From Table 1, thermal and quantum effects can be clearly seen.
First, by comparing the AIMD to the OPT results, the thermal effect is
large, suggested by the ~ 0.1 Å difference between them. Second, by
examining the differences of d0 from the AIMD and PIMD simulations,
the quantum effect on the height is small but signiﬁcant, being on the
order of 0.04 Å for H and 0.03 Å for D. Isotopic effects also emerge
from the PIMD results: the differences between the values of d0
obtained for H and D in the PIMD simulations is noticeably larger than
those obtained from the AIMD simulations.
It is interesting to note that both PIMD and AIMD predict a higher
position than OPT does, and PIMD also predicts a higher position than
AIMD does. Both effects are likely a consequence of the asymmetric
potential well the hydrogen isotopes experience along the surface
normal. To illustrate this, we plot the potential for a hydrogen atom in
a range along the surface normal that is slightly above and below the
surface. As shown in Fig. 3b, the potential to move hydrogen away
from the surface (i.e. d0 N 0.129 Å, the OPT minimum indicated by the
dashed line) is shallower than the potential to push hydrogen towards
the surface (d0 b 0.129 Å). This is the standard asymmetric bonding
potential that leads to thermal expansion in materials and in this
system to the H residing further from the surface. Speciﬁcally, in the
AIMD simulations, thermal ﬂuctuations allow the particle to distribute
more on the shallower side of the potential with the consequence that
the particle ends up at a position higher than that predicted in the
geometry optimization; In PIMD, the quantum ﬂuctuations enable
the beads representing the particle to populate the shallower side of
the potential well, and thus the particle resides even higher above the
surface.
Before moving on to consider subsurface hydrogen, we brieﬂy
address several other aspects of the chemisorbed hydrogen system.
First, in both AIMD and PIMD, the distribution of H or D is centralized at
the 4F site, and there is no diffusion to neighboring 4F sites throughout
the simulations. Second, although hydrogen remains localized at the 4F
site, pronounced quantum ﬂuctuations are also observed for the
adsorbed hydrogen within the surface plane (i.e. parallel to the surface).
To quantify this, we report in Table 1 the standard deviations of the

Table 1
Heights (Å) of hydrogen isotopes above the surface and the percentage change (Δd12, in %) in the ﬁrst Pd interlayer spacing relative to the bulk interlayer spacing. In AIMD and PIMD,
the averaged height (d0 ) is reported. The thermal and quantum ﬂuctuations (Å) of the instantaneous height are represented by the standard deviation σdAIMD
in AIMD and σdPIMD
in
0
0
PIMD, respectively. To describe the thermal and quantum ﬂuctuations parallel to the surface, we also report the standard deviation of hydrogen along the b 100N direction (see Fig. 1)
PIMD
in AIMD (σbAIMD
100 N) and PIMD (σb 100 N), respectively. The relevant experimental values are also included.
1.0 ML
H
Height

Fluctuation along b 100N
First Pd layer spacing (Δd12)

a
b
c

Ref. [12].
Ref. [13].
Ref. [44].

EXPT
OPT
AIMD: d0 (σdAIMD
)
0
PIMD: d0 (σdPIMD
)
0
AIMD
AIMD:σb 100 N
PIMD: σbPIMD
100 N
EXPT
OPT
AIMD
PIMD

0.5 ML
D

a

~ 0.35
0.129
0.219 (0.101)
0.253 (0.176)
0.056
0.172
+ 2.5–5.8c
+ 4.27
+ 4.83
+ 4.89

H
b

0.3 ± 0.05
0.129
0.217 (0.096)
0.243 (0.156)
0.047
0.156
–
+ 4.27
+ 4.84
+ 4.68

D
a

0.65–0.70
0.190
0.323 (0.101)
0.365 (0.191)
0.037
0.188
–
+ 1.93
+ 1.99
+ 2.10

0.45 ± 0.15b
0.190
0.319 (0.096)
0.346 (0.159)
0.034
0.152
–
+ 1.93
+ 2.13
+ 2.07
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coordinates along b100N direction (Fig. 1) in AIMD and PIMD
PIMD
simulations, denoted as σbAIMD
100 N and σb 100 N, respectively. Differences
between the two quantities can be clearly seen. Results obtained from
the coordinates along b010N direction are nearly identical to those along
b100N direction and thus are omitted. Third, it has been shown before
that the quantum delocalization of hydrogen can also have an indirect
impact on the heavier atoms to which the hydrogens are bonded
[38,40]. Therefore, we considered the inﬂuence, if any, the quantum
hydrogen has on the Pd atoms, by speciﬁcally examining the interlayer
spacing between the top two Pd layers (d12)2. As reported in Table 1, all
theories predict an expansion of d12, as expected. However, there is very
little difference between the AIMD and PIMD results, suggesting
negligible quantum effects on Pd.
3.2. Absorption into the surface
When a H atom absorbs into the surface, the subsurface Td and Oh
sites are the two possible stable sites to accommodate it, as found here
and in previous calculations [16,30]. For absorption near the subsurface
Oh site, the H is 0.37 Å above the second Pd layer in the (1× 1) cell, which
agrees with the previous OPT result (0.39 Å) in the same cell [16]. For
absorption near the subsurface Td site, our calculations predict a position
which is 1.16 Å above the second Pd layer and 1.11 Å below the ﬁrst Pd
layer in the (1× 1) cell (no corresponding experimental or theoretical
data has been found). Questions however are how different the
absorption at these sites could be when thermal and quantum effects
are included. Before presenting the AIMD and PIMD results, it is useful to
examine the DFT total energy proﬁle for the absorption process. For
illustration purposes, we show the results obtained from the (1× 1) cell
in Fig. 4, where the binding energy relative to a gas phase hydrogen
molecule is indicated for surface and subsurface hydrogen and the
transition states that connect some of the sites considered. Note that we
have tested with the seven-layer model and found similar results. In
particular, the difference between energy barriers from the four-layer
and seven-layer models is less than 0.01 eV. As with previous studies
[16,30], our calculations show that on-surface adsorption is favorable to
subsurface absorption, and the subsurface Oh site is preferred over the Td
site. In addition, we also ﬁnd that the energy barrier3 for a H atom at the
subsurface Td site to diffuse to the 4 F site is quite small (~0.05 eV),
implying that the resurfacing process can be facile.
We have also considered the effects from the zero-point energies
(ZPE), based on the harmonic approximation, which is the simplest way
to account for quantum effects. Speciﬁcally, we plot in Fig. 4 the ZPEcorrected binding energy in which ZPE for the adsorbed (or absorbed)
hydrogen isotopes and the gas phase H2 or D2 molecule are all included.
As can be seen, ZPE stabilizes hydrogen adsorption at the 4F site by
~0.05, and conversely, ZPE destabilizes hydrogen absorption at the
subsurface Td site by ~0.05 eV. The resurfacing barrier from the
subsurface Td site becomes negligible. Similar ZPE effects are also seen
in the case of deuterium. These results are very interesting, as they imply
that if the quantum effect is signiﬁcant enough, the already small
classical barriers could be washed out so as to alter the resurfacing or
absorption mechanism. Indeed, as we now discuss, this was found to be
the case in our PIMD simulations.
As shown in Fig. 5, starting with a hydrogen atom at the subsurface
Td site at 1.0 ML, the potential energy from the PIMD simulation remains
ﬂat for the ﬁrst ~1 ps, then it ﬂuctuates drastically in the next ~1 ps until
the energy ﬁnally settles at a new lower value. This energy evolution
2
It is also known that d12 exhibits an anomalous expansion relative to the bulk
(Δd12 = + 2.5% ~ + 4.6%) in experiments (Behm, R. J. et al. Surf. Sci. Lett. 1979, 88, L59;
Burchhardt, J. et al. Surf. Rev. Lett. 1996, 3, 1339). As a plausible way to reconcile the
discrepancy, hydrogen contamination was proposed: H interacts with the surface,
weakening the Pd–Pd bonds, and thereby expanding d12 (Kim et al. Phys. Rev. B 2005,
71, 205418; Quinn, J. et al. Phys. Rev. B 1990, 42, 11348).
3
The energy barrier was calculated using a combined linear and quadratic
synchronous transit method implemented in the CASTEP code.

Fig. 4. Variations of adsorption energy at zero Kelvin along the absorption (or
resurfacing) path calculated in the (1 × 1) cell. The adsorption energy is calculated by
subtracting the half total energy of the gas phase H2 molecule and the total energy of
the bare surface from the total energy of a speciﬁc adsorption state. The energy minima
represent adsorption at various sites, and the maxima represent the transition states.
The zero-point corrected adsorption energies (ZPE) are also plotted.

clearly indicates a transition from absorption at the initial Td site to a
new site with a lower energy, which is found to be the surface 4F site in
this case. In the conventional AIMD simulation, on the other hand, the
potential energy remains constant throughout the 40 ps run, and no
change in absorption site is observed. This fundamental difference
between the classical and quantum simulations is observed not only for
H at 1.0 ML, but also for H at 0.5 ML and for D at both 0.5 and 1.0 ML.
Thus, it appears that when quantum nuclear effects are accounted for
the subsurface Td site is not a stable absorption site at ﬁnite temperature.
To further test this conclusion, we repeat the AIMD and PIMD
simulations for a H atom absorbed in two Pd surfaces which are
modeled with seven layers of Pd and with an expanded lattice constant
(as described in Section 2) respectively. In both cases, the H atom at the
subsurface Td site is again found to be unstable and within 2 ps in the

Fig. 5. Starting with a H atom at the subsurface Td site, the potential energy evolutions
in the AIMD and PIMD simulations at 1.0 ML. In the AIMD simulation, the H atom
remains in the Td site and the potential energy remains ﬂat throughout the entire 40 ps.
In contrast, in the PIMD simulation, the H atom leaves the Td site after only ~ 1 ps.
Similar behavior is also observed for H at 0.5 ML and for D at 0.5 and 1.0 ML.
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PIMD simulations it moves to the 4F site, whereas it stays at the Td site in
the AIMD simulations. For a H or D atom initially absorbed at the
subsurface Oh site, our PIMD simulations show that there is no jumping
or transformation to a different absorption site. However, because of the
heavy computational cost, we did not strive to obtain a well-converged
position at the Oh site, as we did for the more stable 4 F site.
4. Conclusions
From the PIMD simulations, we see clearly that quantum nuclear
effects have a strong impact on both the adsorption and absorption of
H and D. In some cases, even fundamental differences are observed
between quantum and classical simulations. For the on-surface
adsorption, the PIMD simulations predict the hydrogen isotopes to
reside signiﬁcantly higher than those by the classical simulations, and
move the results in the right direction towards experiment. Moreover,
the PIMD simulations distinguish the heights of the hydrogen
isotopes, which again agrees with the experimental ﬁndings. These
results strongly suggest that to narrow the gap between experiment
and theory, a ﬁnite temperature quantum approach such as PIMD is
very useful.
For the subsurface absorption, the PIMD simulations reveal a
fundamentally different result from the classical simulations. The fact
that the subsurface Td site is unstable in PIMD provides some new
insight into the absorption and resurfacing processes. Apparently, we
can re-interpret the experiments of Aruga et al. [26] who assigned the
absorbed H atom to subsurface Td sites. That is to say, the observed ~ 1
ML H (or D) should be at the subsurface Oh sites. Moreover, the longheld classical absorption or resurfacing path [43,44], involving, in
sequence, a 4F site, a trigonal site (i.e. a transition state or the
maximum point in Fig. 5), a subsurface Td site, another trigonal site
and a subsurface Oh site, is not the actual route. Since the washing out
of the classical barrier, the absorption or resurfacing process could
occur without going through the unstable subsurface Td site, and the
process should also become more facile than that predicted by the
classical theory.
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