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Past scanning tunneling microscopy (STM) experiments of H manipulation on Pd(111), at low
temperature, have shown that it is possible to induce diffusion of surface species as well as of those
deeply buried under the surface. Several questions remain open regarding the role of subsurface site
occupancies. In the present work, the interaction potential of H atoms with Pd(111) under various
H coverage conditions is determined by means of density functional theory calculations in order to
provide an answer to two of these questions: (i) whether subsurface sites are the final locations for the
H impurities that attempt to emerge from bulk regions, and (ii) whether penetration of the surface is
a competing route of on-surface diffusion during depletion of surface H on densely covered Pd(111).
We find that a high H coverage has the effect of blocking resurfacing of H atoms travelling from
below, which would otherwise reach the surface f cc sites, but it hardly alters deeper diffusion energy
barriers. Penetration is unlikely and restricted to high occupancies of hcp hollows. In agreement
with experiments, the Pd lattice expands vertically as a consequence of H atoms being blocked
at subsurface sites, and surface H enhances this expansion. STM tip effects are included in the
calculations self-consistently as an external static electric field. The main contribution to the induced
surface electric dipoles originates from the Pd substrate polarisability. We find that the electric field
has a non-negligible effect on the H-Pd potential in the vicinity of the topmost Pd atomic layer,
yet typical STM intensities of 1-2 VÅ−1 are insufficient to invert the stabilities of the surface and
subsurface equilibrium sites. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4917537]

I. INTRODUCTION

Scanning tunneling microscopy (STM) has become a
prominent tool for manipulation at the atomic scale in the
surface science community. It was recently revealed that the
use of STM as a manipulation tool is not restricted to the
surface region in experiments where diffusion of diluted H1

and D2 beneath Pd(111) surfaces was accomplished. In the
same context, too, it has been shown that upon application
of STM voltage pulses on densely H-covered Pd(111) it is
possible to achieve a reversible depletion of the adsorbed
H atoms, where subsurface H atoms are thought to play
an active role in the displacement of the adsorbates.1,3 It is
known that the catalytic properties of Pd extended surfaces and
nanoparticles during (de)hydrogenation reactions are modified
by the presence of H in the surface and subsurface.4–8 Although
the aforementioned experiments provide valuable recipes for
producing nanopatterned H-rich regions at Pd(111), a precise
characterisation of the final H-distributions is still missing.
This is in part due to the fact that these H-distributions are the
result of at least three major interacting factors: the inelastic
scattering of tunnelling electron with the initial arrangement
of H-impurities, thermal diffusion, and electrostatic effects
induced by the closely lying STM tip. From this perspective,
the outcome of the experiments cannot be easily anticipated.

As a matter of fact, the provided interpretations of the modified
Pd(111) STM images in Refs. 1 and 3 and the results of related
theoretical works are in apparent contradiction.

To lift this ambiguity, the present paper deals with two
ingredients that were either absent or incompletely investi-
gated in earlier models of these experiments: the presence of
preadsorbed H at the surface and the electric field exerted by
the STM tip, which are examined here by means of ab-initio
calculations within the density functional theory (DFT). In
particular, we study in detail the potential energy landscape
along fully relaxed one-dimensional reaction paths in order to
answer the following questions: (i) Do H-impurities depart-
ing from the bulk region stop at subsurface sites upon STM
manipulation of a Pd(111) surface in the absence of surface
H species? (ii) When manipulation is carried out at highly
H-covered Pd(111), does depletion happen as a consequence
of penetration toward subsurface sites or is it due to on-surface
diffusion?

The central experiment we aim at understanding is that
of Sykes et al.,1 which is carried out at T = 4 K in a highly
dilute regime, with little or no surface H. In this case, the
H-impurities are believed to be removed from buried layer
interstices, where the tip field is almost completely screened
out by the metal electrons. This means that H motion is mostly
promoted by non-adiabatic coupling (NAC) with tunnelling

0021-9606/2015/142(15)/154704/11/$30.00 142, 154704-1 © 2015 AIP Publishing LLC
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electrons. After application of tunneling currents, bright stripes
are observed in the STM images, with variable brightness and
thickness depending on the applied intensity and bias voltage.
In topographic mode STM, these features appear to be as
high as 0.1–0.6 Å with respect to the surrounding unmodi-
fied Pd(111). The stripes are interpreted as being formed by
H displaced from the bulk to subsurface cavities, while the
surface remains apparently clean. This interpretation is made
on the basis that Pd atomic planes are known to undergo a
net elevation when H is adsorbed at subsurface sites, albeit
previous theoretical and experimental values in the literature
are one order of magnitude smaller than those assigned by
the protrusion brightness.9,10 In addition, DFT calculations on
the energetics of the system in the diluted regime show that
the subsurface site is less stable than the fcc and hcp hollow
sites on the surface (by values ranging in about 0.10-0.30 eV
for coverages Θ = 1/3,1/410–14), and also that the energy bar-
rier for resurfacing at low coverages is rather low, of about
0.1 eV.10,13–15 Based on these thermodynamical considerations,
it appears that H atoms should lie on the surface after manipula-
tion, unlike proposed in Ref. 1. Inelastic effects do neither sup-
port the H population of subsurface sites in the diluted regime:
dynamical NAC modelling beyond the harmonic approxima-
tion has predicted that H atoms departing from buried sites
will preferentially populate the Pd(111) surface hollows at long
interaction times under simulation conditions comparable to
the experimental ones.16 In other words, the system has a quasi-
thermal behaviour at long times and the final distribution of H
is governed by the potential energy surface (PES) topography.
One objective of the present study is to determine whether
the observed protrusions contain H on the surface, too. This
seems plausible, considering that some adsorbed species have
a blocking effect for the resurfacing of interstitials. This is,
for example, the case of CO adsorbed on Pd(111), which
suppresses H resurfacing due to the strongly repulsive H-CO
interaction.17 Here, we might thus foresee that the first batch
of H atoms displaced from the bulk resurfaces to form a dense
(1 × 1) coverage, resulting in a blocking scenario where H
accumulates at interstitials in the few outer Pd layers. This
mechanism would answer our first question.

In another important study by Mitsui et al.3 conducted
on Pd(111) at higher temperatures (T = 40–90 K), STM
experiments at high H-coverage ((1 × 1) overlayer) were
performed (exposure at T > 50 K is necessary to form the
(1 × 1) overlayer18). Application of an STM current induces
surface H movement, resulting in triangle-shaped regions of
nm2 in size partially depleted from H. In these experiments,
thermal and tip field effects, with estimated typical values
of 1–2 V Å−1, come into play. DFT calculations show that
the field destabilises H, but it also seems that intense enough
fields contribute to stabilising subsurface H. Therefore, the
electrostatic effect is mostly responsible for the surface H
depleted triangles on the one hand. On the other hand, under
the experimental temperatures, thermal H diffusion is seen
to dissolve the triangles at longer timescales. The presence
of coadsorbed H hinders diffusion of surface species, which
happens across the bridge between the fcc and hcp hollows.
Experimentally, at coverages Θ > 2/3, a diffusion activation
barrier of 0.21 eV is found at T = 37 K, whereas for isolated H

adsorbates it is 0.09 eV, found at T = 65 K.18 In experiments
at T = 4 K, the onset of surface diffusion at low coverage is
observed at a bias voltage of 0.07-0.10 eV, but generalised
motion of surface atoms requires at least 0.15 V.19 These
values are consistent with DFT barriers of 0.12-0.15 eV.3,10,20

Calculated barriers for low coverage surface penetration are
0.40–0.46 eV.3,12,14,21 Although these are larger barriers than
for resurfacing and on-surface diffusion, precoverage effects,
an intense field, or the combination of both could eventually
favour penetration over the other mechanisms. Also, the
effect of preadsorbed H is not fully understood yet. It has
been studied by DFT at (1 × 1) periodic supercells, where
penetration barriers ranging from 0.33 eV11 to 0.74-0.76 eV12

have been reported depending on the surface model used. The
extent of the changes these effects induce in the H-Pd surface
interaction potential will help us answer the second question
posed above. As already mentioned, in the clean surface it
was found that the system behaves quasi-thermally under STM
current injection, but significant changes in the PES brought by
coverage and field effects might alter this picture. As a matter
of fact, the DFT investigations presented here serve as a basis
for a quantum dynamical study to be published elsewhere.22

The paper is organised as follows: Sec. II deals with the
calculations details. The results are split into two Subsections
III A and III B, that describe the effect of H-adsorbates
and electric fields, respectively, on the system energetics and
surface dipoles. The results are discussed in Sec. IV and finally
conclusions are drawn.

II. METHODOLOGY

We calculate self-consistently by DFT the potential ener-
gies for a H atom penetrating a clean and several H-covered
Pd(111) slabs. Since we use slabs of finite thickness in periodic
supercells to represent the surface, the DFT calculations are
carried out with plane wave basis sets, as implemented in the
Quantum Espresso package.23 We describe the ion cores with
scalar relativistic ultrasoft pseudopotentials24 and we treat the
exchange and correlation functional in the PBE formulation of
the generalised gradient approximation.25 The Pd(111) surface
is modelled by a slab consisting of six Pd layers separated
by a vacuum region equivalent to five times the interlayer
separation (11.43 Å) and (2 × 2) lateral periodicity, where
the in-plane Pd-Pd distance is a0 = 2.80 Å. In the plane
wave expansion, the cut-off energies are 25 Ry and 250 Ry
for the wavefunctions and charge density, respectively, and
we use a 8 × 8 × 1 Monkhorst-Pack special k-point mesh.26

The convergence energy threshold for the self-consistent
determination of the wavefunctions is 10−7 Ry. In the structural
relaxations, all the atoms except for the bottom Pd layer are
allowed to move, and the forces on the atoms are converged
with a tolerance of 2 × 10−4 Ry Å−1.

When H atoms are adsorbed on the slab, a dipole appears
on the surface. Its magnitude is calculated following the
procedure described in Refs. 27 and 28, which consists in
placing a dummy charged thin slab in the vacuum region
between the Pd slabs that compensates the linear term in
the crystal potential produced by the surface dipoles. The
perpendicular dipole per unit cell, µ0, results in a jump in
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the potential across the charged slab of

∆V = −8πµ0/A, (1)

where A is the unit cell area. This magnitude is thus equivalent
to the adsorbate induced change in the surface work function,
∆Φ. The same methodology allows to converge wavefunctions
self-consistently under an external electric field, Eext. In this
work, we have considered fields perpendicular to the surface
with magnitudes of the order of 0.02 a.u. (≃1 V Å−1), which
is a representative value of the characteristic electric fields
exerted by an STM tip on the surface.

Upon application of the perpendicular electric field, the
charge density in the slab is redistributed to ensure that the
field inside the metal is zero. For Eext > 0, charge depletion
occurs at the top of the slab and charge is accumulated at the
bottom, and vice versa for Eext < 0. Therefore, a net dipole
appears that is slab thickness dependent. This dependence is
avoided and the dipole value of the top face of the slab (where
adsorbates are placed) is isolated as follows. First, we define
a plane averaged charge density:

ρav(z; Eext) =
 

s .u .c .

ρ(x, y, z; Eext)dxdy, (2)

where the integral of the charge density, ρ, is performed in the
(2 × 2) surface unit cell (s.u.c.). The charge density difference
(CDD) between the field-switched-on and field-switched-off
states, is given by

∆ρav(z; Eext) = ρav(z; Eext) − ρav(z; 0). (3)

This quantity is then used to calculate the induced dipole at
the surface by a field Eext

29:

µind(Eext) =
 z2

z1

z∆ρav(z; Eext)dz (4)

where the integration interval [z1, z2] goes from the centre
of the metal slab, where the electric field is assumed to be
completely screened out, to the centre of the vacuum region
between periodic slabs.

III. RESULTS

A. Coverage dependence of geometries, potential
energies, and surface dipoles

We have investigated four different surfaces as hosts for a
H atom impurity: a clean Pd(111), two surfaces with coverage
Θ = 1, where H saturates fcc and hcp hollow sites, and a
fourth one with coverage Θ = 0.75, where H adsorbates lie at
fcc sites. The equilibrium heights of the H adsorbates in these
configurations are shown in Table I. A spontaneous electric
dipole, µ0, appears at the surface due to the coverage that
alters the work function value calculated for clean Pd(111),
Φ = 5.28 eV (the experimental value is Φ = 5.6 eV30). For H
atoms on Pd(111), the surface dipole points inward, which is
consistent with the adsorbates being electron acceptors, and
thus it increases the value of Φ. These electrostatic properties
are also summarised in Table I. The results found for the
highest coverage are in good agreement with the experimental
value ∆Φ = 0.18 eV.31 Agreement is also good between

TABLE I. Properties of bare slabs: vertical displacement of the top layer
(Pd1) of the slab (∆zPd1), height of the H adsorbate above the Pd1 layer (hH),
spontaneous dipole in the unit cell (a (3×3) one for Θ= 1/9 and a (2×2)
one for the other cases) and increase in the work function ∆Φ, with the clean
Pd(111) Φ= 5.28 eV.

Θ-site ∆zPd1 hH (Å) µ0 (D) ∆Φ (eV)

0 0.105 . . . . . . . . .
fcc−Θ= 1/9 0.064 0.811 −0.065 0.040
fcc−Θ= 1/4 0.126 0.816 −0.066 0.091
fcc−Θ= 3/4 0.159 0.816 −0.143 0.199
fcc−Θ= 1 0.173 0.824 −0.138 0.191
hcp−Θ= 1 0.189 0.827 −0.130 0.180

the quantities shown in Table I and theoretical literature
values.10–12,14,20,32,33 The properties at intermediate coverages
Θ = 1/9,1/4 are also shown (see Ref. 34).

The H atom impurity resurfaces through an fcc site. In the
Θ = 0.75 case, the empty fcc site is used. In the fcc − Θ = 1
case, the impurity displaces the adsorbates toward the hcp sites
as it passes by the topmost Pd layer, denoted Pd1 hereafter.
Transfer of the H atom impurity at the Pd near-surface region
happens through a similar pathway to that known for diffusion
in the bulk, namely, that the H atom jumps alternately between
octahedral and (less stable) tetrahedral sites. Therefore, a H
atom penetrating or resurfacing in Pd(111) is reasonably well
modelled by a staircase-shaped one-dimensional pathway, as
sketched in Fig. 1, which features perpendicular segments
and shorter lateral ones. The potential energies along the one-
dimensional pathways shown in Fig. 2 are calculated keeping
the z (x, y, z) coordinate(s) of the impurity constrained along
the segments perpendicular (parallel) to the surface and relax-
ing the remaining degrees of freedom in the system. In this
figure, the reaction coordinate, r , is the distance along the one-
dimensional pathway, taking positive (negative) values outside
(inside) the slab. We have verified using the nudge elastic band

FIG. 1. Sketch of the staircase-shaped one-dimensional pathway for resur-
facing of H atoms from bulk-like positions (b, at zH ∼ 5.6 Å) to the surface
through the fcc hollow. In the case of a fcc−Θ= 1 covered surface, the
curved arrow indicates that the H-adsorbate is displaced to the hcp site by
the repulsive interaction with the emerging atom.
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FIG. 2. One dimensional potential energy for H penetrating the host slabs
at different coverages along the minimum energy pathway. The reaction
coordinate and pathway segment labels are shown in Fig. 1 The dots are the
DFT calculated values and lines are a spline interpolation to guide the eye.
The common energy zero for all the slabs is chosen at the deepest octahedral
site (Ob). The reaction coordinate origin is set where the H impurity height
coincides with the equilibrium height of the topmost Pd layer in each host
surface.

method35,36 that the 90◦ turns in the pathway and the smaller
barriers in the potential found, in the constrained calculations,
are realistic. We will discuss the results in terms of the
four main minima corresponding to octahedral environments,
which are denoted as surface (S) at r ≃ 1 Å (zH ≃ 1.0 Å),
subsurface (Oss) at r ≃ −1 Å (zH ≃ −0.8 Å), sub-subsurface
(Osb) at r ≃ −4.2 Å (zH ≃ −3.3 Å), and bulk sites (Ob)
r ≃ −8 Å (zH ≃ −5.6 Å). We observe that the influence of
the surface coverage is of only a few meV at the Osb site, and
that it becomes negligible at the Ob site. In the clean surface,
we obtain a barrier for resurfacing Ea(Oss → S) = 0.065 eV,
and 0.42 eV for the reverse processes (same as found in
Ref. 21). These values, which are in agreement with those
of Ref. 17, are lower than the ones reported for a three-
dimensional potential in an unrelaxed Pd(111) lattice.10,11,13

In all the studied cases, relaxation has the effect of lowering
down the diffusion barriers by ∼0.1 eV and of further

stabilizing the S site. The diffusion barriers, Ea, and reaction
energies, Er = Ereactant − Eproduct, are summarised in Table II,
including both transfers to adjacent octahedral cavities and
intermediate tetrahedral ones. Finally, an activation barrier of
Ea = 0.138 eV is found for diffusion on the clean surface
from a fcc to a hcp hollow. This barrier is located at the bridge
position. The hcp site is slightly less stable than the fcc one
by 0.03 eV. A tetrahedral stable subsurface site exists below
the hcp, as found in Ref. 20, which we label Tss,hcp. The
barrier for penetration to the latter site from the hcp hollow
is 0.410 eV, and the reverse resurfacing process has a barrier
of 0.067 eV. Following a nearly horizontal pathway below
the surface, which has a 0.038 eV barrier, the H impurity
may arrive at the Oss site. Since these values are similar to
Ea(S → Oss) and Ea(Oss → S), respectively, we can expect
similar likelihoods for penetration and resurfacing processes
at the surface fcc and hcp hollows.

Fig. 3 shows the vertical displacements from their
equilibrium average z coordinates of the five mobile Pd layers
in each slab (Pd1 to Pd5) as a function of the z coordinate
of the H impurity, zH , as it travels through the near-surface
region. The top Pd1 layer displacement is the magnitude that
can be compared directly with the observed lattice expansions
in the STM experiments. As a general trend, the outer Pd
layers are upward (downward) shifted by a H impurity that lies
immediately below (above) a Pd layer. As shown in Fig. 3, the
upward shifts are larger in magnitude, specially at the outer
layers in densely covered surfaces when the H impurity lies
below the Pd1 layer. The Pd1 layer shift takes a maximum
value of 0.40 Å for the fcc − Θ = 1 surface, in contrast with the
clean case, where it is only of 0.13 Å. Under this configuration,
the Pd1 layer appears to be non-negligibly buckled in theΘ = 1
cases (the heights of the highest and lowest Pd atoms within
the Pd1 layer differ about 0.05 Å, and values are slightly
larger when the H lies almost in-plane, as shown in Fig. 3).
This location of the H atom affects not just the closest Pd
layer position, but also deeper ones. For example, when the
H impurity lies immediately below Pd2, but still a few tenths
of Å above the Oss site, in the fcc − Θ = 1 (clean) slab, Pd2 is
shifted 0.27 Å (0.12 Å). In the studied intermediate coverage,
fcc − Θ = 0.75, relaxations take values that are closer to those

TABLE II. Reaction energies and barriers in Fig. 2 in eV considering only the octahedral site values. In brackets,
the two intermediate barriers for those processes that result from considering the tetrahedral sites, too.

Clean fcc−Θ= 3/4 fcc−Θ= 1 hcp−Θ= 1

E(Osb)−E(Ob) 0.006 −0.035 −0.031 −0.049
E(Oss)−E(Osb) −0.084 −0.036 0.090 0.043
E(S)−E(Oss) −0.358 −0.276 0.352 0.360

Ea(Ob→ Osb) 0.278 0.254 0.258 0.260
(0.181) (0.165) (0.176) (0.176)
(0.192) (0.184) (0.182) (0.182)

Ea(Osb→ Ob) 0.272 0.289 0.289 0.309
Ea(Osb→ Oss) 0.258 0.249 0.264 0.271

(0.171) (0.168) (0.165) (0.181)
(0.207) (0.198) (0.213) (0.203)

Ea(Oss→ Osb) 0.342 0.285 0.175 0.227
Ea(Oss→ S) 0.065 0.189 0.721 0.528
Ea(S→ Oss) 0.424 0.465 0.369 0.168
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FIG. 3. Average vertical displacements of the surface atomic planes from their equilibrium z coordinate as a function of the impurity zH coordinate. The
vertical dashed lines show the equilibrium heights of the Pd atomic planes, and the dotted lines indicate the equilibrium positions for the H impurity in each host
surface. The errorbars indicate the buckling amplitude of the atomic planes, i.e., the height difference between the highest and the lowest lying atom within the
plane, for Pd1 and the H coverage layer.

of the clean case than to those of theΘ = 1 cases. Nevertheless,
it is important to realize that the largest vertical shifts of the Pd
atomic planes of tenths of Å occur when the impurity passes
by the diffusion transition states (see Fig. 2), while they are
reduced to 0.05-0.07 Å when the H atoms are located at the
equilibrium octahedral sites. In-plane relaxations of Pd atoms
during penetration of the surface are also small in magnitude.
In the clean case, we find a lateral stretch of 0.075 Å at the
transition state between S and Oss sites, and 0.020 and 0.038 Å
in the fcc − Θ = 1 and hcp − Θ = 1 surfaces, respectively.

Fig. 4 shows the calculated values of the net surface dipole
per (2 × 2) unit cell as the H impurity penetrates the clean and
hcp − Θ = 1 surfaces. The µ0 values extracted directly from

FIG. 4. Surface (spontaneous) dipole for H penetrating the clean and hcp−
Θ= 1 covered surfaces. Height zH= 0 corresponds to the relaxed Pd1 height.

Eq. (1) for each zH value result in a slightly noisy curve due to
the small fluctuations in the vacuum potential level caused by
the finite thickness of the slab. To avoid this, the data shown
in Fig. 4 are smoothed according to this criterion: the vacuum
potential at the bottom of the slab is fixed to the value EF + Φ,
where EF is the Fermi energy of the slab and Φ = 5.28 eV
is the calculated clean Pd(111) surface work function. As
expected, changes in µ0 occur when the impurity passes by
the near-surface region, but it is soon screened by the metal
atoms at heights zH < 1 Å (see Fig. 4), where the µ0 values
of the host surfaces (given in Table I) are retrieved at clean
Pd(111). When the impurity is at the S site, it yields µ0 < 0,
as expected for an electron acceptor. On the densely covered
surface, conversely, the impurity has the effect of reversing the
net negative surface dipole.

B. Effects induced by external electric fields

For each of the four host surfaces, we have calculated the
CDD induced by an external static electric field Eext according
to Eq. (3). As pointed out in Ref. 37, field emission might
happen under application of Eext. The electrons tunnel into the
vacuum region if this extends beyond an approximate distance
ofΦ/Eext. This sets, on the one hand, an upper boundary for the
vacuum region size in-between the periodic slabs. On the other
hand, the vacuum region must be large enough to allow for
a proper description of the charge spilling outside the metal,
in other words, to avoid interactions between periodic slab
images. In all the settings tested for our supercell calculations,
it was not possible to obtain a good compromise between
these two conditions neither for Eext = −0.04 a.u. nor for
fields of larger intensities. For this reason, we restrict ourselves
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FIG. 5. (a) CDDs for several Eext values in the clean Pd(111) surface as a function of height. The vertical dashed lines indicate the z coordinates of the outer Pd
planes of the surface. (b) Positions of the CDD peaks above the surface for several coverages. Height z = 0 corresponds to the relaxed Pd1 height in each host
surface. (c) Induced dipoles as a function of Eext calculated following Eq. (4).

to reporting the results obtained for Eext = ±0.02,+0.04 a.u.
Fig. 5(a) shows the CDD at the clean surface for these field
values as a function of the z coordinate measured from the top
Pd layer. The peaks at z ∼ 1 Å reveal the charge redistribution
above the surface (a counteracting redistribution occurs below
the bottom layer of the used slab). The figure shows that inside
the metal slab, the field is screened out and the CDD shows
negligible fluctuations. More charge is displaced when a more
intense field is applied, and the positive and negative CDD
peaks are consistent with the field direction: charge depletion
occurs above and accumulation below the slab for Eext > 0.
The CDD curves have similar behaviours for different host
surfaces, the main difference between the clean and covered
slabs being that the CDD peaks lie at a slightly lower z in the
former (around 0.15 Å lower). Fig. 5(b) shows the z position
of the peaks in the CDD above the slab (see Figure 5(a))
for the studied coverages and Eext values. Fig. 5(c) shows the
induced surface dipoles, µind, calculated from Eq. (4). They
are an order of magnitude larger than the spontaneous µ0 (see
Table I) and only minor differences exist between the clean
and H-covered surfaces, since the µind values are dominated
by the Pd charge density rearrangement.

Once the host surfaces have been characterised, we
examine the external electric field effects on the one-
dimensional H-Pd interaction potentials of Fig. 2. First of
all, we notice that the application of Eext causes negligible
changes in the geometries. Thus we can continue to use the
atomic coordinates found in the constrained optimisations
with Eext = 0. The changes in the µind values produced by the
presence of the impurity (not shown) are also minimal, since,
as noted above, they are dominated by the Pd polarizability.
The effect of Eext on the potential energies is small, but non-
negligible. The energies change <20 meV when the impurity

is located below the surface, at zH < −1 Å, and the changes
become significant only when the impurity charge is not
fully screened by the Pd atoms, as expected, albeit even for
zH > −1 Å energy changes are smaller than 80 meV. Fig. 6
shows the variations in the reaction energies and barriers along
the impurity penetration pathway of the clean and hcp − Θ = 1
cases.

IV. DISCUSSION

In the aforementioned STM experiments, a lift of the
Pd layers is considered as a fingerprint of the existence of
subsurface H. For this reason, it is timely to start our discussion
with the analysis of the relaxations induced by the impurity
under various coverage concentrations. In the experiment by
Sykes et al.,1 where hydride patterns are created on a clean
Pd(111) surface by manipulation of H diluted in the bulk, the
authors report that the heights range of the hydride features
varies between 0.1 and 0.6 Å with respect to the clean region
of the sample. In our calculations, we observe that, along
the diffusion pathway, the Pd layers tend to shift away from
a closely lying H impurity (see Fig. 3), moving upward or
downward, which reflects a strong Coulomb repulsion effect.
Upward shifts are less restrictive, as expected, and therefore
they are larger in magnitude.

However, the largest found values do not correspond to
local equilibrium positions of the impurity, but to positions
close to the transition states along the diffusion pathway. A
H atom located at the Oss site induces an upward relaxation
of all the upper Pd layers, and the Pd1 z-coordinate, which
is the theoretical counterpart of the observed hydride height
in STM, is raised by ∼0.05 Å (∼0.07 Å) in the clean
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FIG. 6. Diffusion barriers (Ea) and reaction energies (Er) under the application of Eext for the clean (open symbols) and hcp−Θ= 1 covered (filled symbols)
surfaces.

(saturated) surface(s). These vertical lattice expansions are
in accordance with early quantitative low-energy electron
diffraction [LEED-I(V)] studies, which find that the H atoms at
octahedral sites induce expansions of the Pd1-Pd2 interplanar
distance of 0.05 Å.9 However, these theoretical results are at
apparent variance with the STM experiment. The large lattice
expansions of 0.1-0.6 Å are obtained, in our calculations, only
when the H impurity lies immediately below a Pd atomic
plane close to the transition state for diffusion, and only in
the densely covered surfaces (see Fig. 3). Considering that
the lattice constant of a hydride of PdH stoichiometry is ∼5%
larger than that of Pd,38 one possibility that would yield larger
plane expansions is the stacking of H interstitials at Oss- and
Osb-like sites. However, it is unlikely that a H-rich surface
hydride alone can fully account for protrusions of >0.1 Å.
Besides, it is known that both isolated H adatoms on clean
Pd and vacancies on 1 ML covered Pd are imaged as large
protrusions in topographic STM mode of 0.15 and 0.50 Å,
respectively.39 For this reason, we cannot completely rule out
the possibility that the observed heights of the hydride features,
of unknown PdHx composition, are larger than the actual ones.
In any case, it is worth noting that, in our calculations, the Pd1
layer in the Θ = 1 covered surfaces lies ∼0.08 Å higher than
in the clean surface and the adsorption height of the H layer
adds an additional ∼0.08 Å to the observed height difference
with respect to the clean Pd(111). For this reason, we believe
that the STM images of the formed hydride nanostructures of
Ref. 1 are better explained by a H-covered structure than, as
initially proposed in Ref. 1, by a structure with no H on the
surface.

We discuss next how the preadsorbed H atoms modify
the barriers and reaction energies for H diffusion at the near-
surface region. As expected, the presence of H-coverage has

a blocking effect on resurfacing processes (see Table II). For
instance, the resurfacing barrier raises from 0.065 to 0.189 eV
for Θ = 0.75, but even for this rather high coverage the S site
is still the most stable. Only at Θ = 1, absorption at the Oss is
preferred over adsorption at S site, with resurfacing barriers
Ea(Oss → S) > 0.5 eV. The reverse process, i.e., penetration
of the Pd1 layer, requires smaller activation energies: 0.369
and 0.168 eV for adsorbates saturating the fcc and hcp sites,
respectively. The large values of the resurfacing barriers in the
saturated surfaces confirm the expected blocking effect for H
impurities diffusing from the bulk that attempt to resurface.
Nevertheless, this does not guarantee that they will remain
at the Oss sites, since the deeper site Osb is slightly more
stable and Ea(Oss → Osb) ≃ 0.2 eV when Θ = 1. Below this
coverage, the Oss sites are more stable (by 36-84 meV) than
the deeper ones, and the resurfacing barriers are lower than
those of transfer to Osb sites.

Based only on the details of the one-dimensional potential
energy curves, we can propose the following model for
resurfacing of diluted buried H in Pd. The STM current, via
an electron-vibration coupling mechanism, triggers diffusion
of H atoms inside the sample, which jump from octahedral
to tetrahedral cavities and vice versa assisted by quantum
tunneling through the barriers, as described in Refs. 16 and
40. The H atoms that eventually reach cavities near a clean
region of the surface via these mechanisms will emerge, as
shown in Ref. 16, and occupy a fcc adsorption site aided
by the very low height (65 meV) of the last barrier from
a Oss to a S site (see Fig. 2). The latter configuration is
much more energetically favourable than the buried sites and
the penetration barrier is 0.424 eV, so that at this stage the
impurity may either remain at the fcc site or diffuse to a
neighbouring hcp site on the surface surmounting a barrier
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of just 0.138 eV located at the bridge site. An alternative
resurfacing pathway with similar energy barriers is that from
Oss to the surface hcp hollow, with Tss,hcp as intermediate site.
The barrier for on-surface diffusion is in good agreement with
other theoretical works10 and consistent with the observation
of rapid on-surface STM induced diffusion at bias voltages
>0.15 V.19 Note, however, that this diffusion mechanism on
the surface will be hampered if many neighbouring surface
sites have been occupied by the emerging impurities. If the
STM bias application is continued in time, a H-rich coating
is formed on the surface, since we have proved that even at a
moderate coverage of Θ = 0.75 resurfacing is preferred. The
coating causes a blocking effect, and additional impurities
that try to reach the surface will be trapped at sites of Oss (and
eventually Osb) type, resulting in the Pd atomic plane lifting
imaged by STM.1 At this point, it is important to mention
that the electron-vibration coupling diffusion mechanisms do
not impose any bias on the directionality of the H jumps (in
the theoretical work of Ref. 16 the impurities flow toward
the clean surface just because the potential topography itself
makes the dynamics prone for resurfacing), which is a fair
assumption bearing in mind that the only ingredient in the
model able to produce such a bias would be the tip field
polarity, and that this has a negligible effect on the potential
at zH < −1 Å. We will discuss in detail tip field effects later
on, in this section. Since an impurity located at deeper Osb

sites can also produce a significant lifting of the outer Pd
planes, from the experimental point of view it would seem
plausible that the surface remained clean, with empty Oss and
filled Osb sites. However, given the calculated potential profile
of Fig. 2, it is unlikely that impurities travelling toward the
surface under a steady STM charge injection will stop before
the Osb → Oss barrier if they have been able to overcome the
Ob → Osb one. We recall that tetrahedral local minima exist
along the (staircase-shaped) pathway from the bulk toward
the subsurface that make the highest barriers to surmount
to be ∼0.2 eV. Therefore, the potential topography details
point to a densely H-covered surface and added H atoms
at Oss or Osb sites as the most likely configuration of the
hydride features observed by Sykes et al. after manipulation of
buried H atoms.

We now turn our attention to other series of STM
experiments performed on H-covered Pd(111) where the
surface species themselves are also manipulated. On the one
hand, at low coverages of <0.33 ML, STM current pulses
are able to create small protruding regions that are regarded
by Sykes et al. as depleted of surface H.1 Considering the
differences in energy barrier heights discussed above (see
Table II), it seems clear that the existing surface H atoms will
diffuse on the surface rather than penetrate to Oss positions
upon application of a STM current pulse. Even at high
temperatures, the branching ratio between both processes
will be strongly skewed towards on-surface diffusion. If any,
penetration may happen under dense coverage conditions with
H atoms occupying hcp hollows (this implies that both hollow
sites must be occupied), where the penetration barrier of
0.168 eV is similar to the barrier for surface diffusion at low
coverage, 0.138 eV. However, the experimentally observed
protrusion, which is attributed in Ref. 1 to H atoms that have

travelled upward from buried regions in the Pd crystal toward
Oss sites, must feature S occupied sites, too, based on the
arguments used above. In the experimental work by Mitsui
et al., on the other hand, the manipulation of surface H takes
place on a densely covered surface close to 1 ML saturation.3

Here, injection of STM current results in two types of surface
patterning: (i) triangles with (√3 ×

√
3) − R30◦ periodicity

and size of a few tens of nm2, centred at the tip position, and
(ii) small patches of hydrides highly rich in H localised at the
boundaries of the triangles, which are imaged as very bright
features of sizes <1 nm2. The reconstructed structure of the
former patterned region has coverage Θ = 1/3 or 2/3, where
at least one H atom lies at a S site according to former LEED-
I(V) studies.9 These H-depleted triangles are not fully stable,
though, and the higher coverage can be gradually recovered
over a few minutes at temperatures 40-50 K.3 Penetration of
H below the surface is proposed to be one of the mechanisms
contributing to depletion of adsorbates in the vicinity of the tip
when the pulses are applied in the dense coverage regime, since
the on-surface H diffusion pathway (over the surface bridge
sites) must be hindered by many hollow sites being filled
with H adsorbates.3 However, as stated above, penetration
is unlikely to happen at non-saturated regions according to
our results, which is supported by the fact that there is still
some H on the surface at the large triangular patches after
pulse application. We have also shown that any buried H will
tend to emerge at the non-saturated regions surmounting low
barriers of 0.065-0.189 eV, and that the on-surface diffusion
barrier is comparable as long as there are empty surface sites.
These results are consistent with the observed refilling of the
triangles with H.

Summarizing, the results above support the idea that
H interstitials diluted in the bulk diffuse upward to end
up in subsurface sites only if the surface sites have been
previously blocked by other H atoms (otherwise, they will
emerge to the surface) and that diffusion on the surface is
the preferred route for surface H atoms, while penetration
is unlikely. Thus, the experimental evidence of subsurface
H must be due to H atoms that were located below the
surface before the application of STM pulses. Molecular
beams experiments and DFT calculations have shown that
the barrier for surface H penetration into Pd subsurface
sites is reduced by adsorption of C species41 and by low
Pd coordination (for instance, it is more likely to happen
at the edges of Pd nanoparticles).8 A concerted motion of
surface atoms, at high H coverages, can facilitate penetration,
too.42 These processes, despite having low barriers, correspond
to narrow regions of the configurations space and require
highly dynamical scenarios, achievable under thermal and
hyperthermal conditions. In contrast, in the STM experiments
under analysis here, the calculations show that penetration
events are unlikely (dynamical simulations are currently
undergoing with the aim of confirming this trend).

We analyse next our results on the electric field effect on
the energetics of H diffusion. Fig. 6 shows the changes in the
adsorption wells and diffusion barriers upon application of an
external static field, obtained from a DFT calculation where the
wavefunctions are self-consistently converged in the presence
of the field. Mitsui et al. also make use of these type of DFT
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calculations to explain their observations.3 For a wide range of
H concentrations at Pd(111), ranging from isolated adsorbates
to a surface trilayer of PdH stoichiometry, the authors find that
the H adsorption wells are destabilised ∼0.1 eV by external
electric fields of intensities ±2 V Å−1 (≃0.04 a.u.). The net
effect is to drive H atoms away from the high-field regions
and, in particular, at intensities ≥3 V Å−1 configurations
where the S and Oss sites are simultaneously occupied are
slightly more stable than configurations with occupied S sites
only. Note that the H binding energies changes reported in
Ref. 3 are slightly larger than the ones we find in Fig. 6.
Nevertheless, it is important to point out that the quantities
of Ref. 3 cannot be directly compared with the data from
Fig. 6 (except for the case with one H atom per unit cell)
as those literature values represent adsorption energy changes
averaged over all the H atoms present in the cell, whereas
our calculations show the H-Pd interaction potential changes
experienced by a single H atom, namely, the diffusing impurity.
We observe that the energy changes shown in Fig. 6 are
significantly smaller than any of the barriers for penetration or
resurfacing, which are listed in Table II in the absence of the
field. Also for the mechanism of diffusion on the surface, we
find that the bridge site barrier is decreased by only ∼10 meV
under the most intense field used in the present work, Eext

= 0.04 a.u. Therefore, we extract the important conclusion that
the analysis made above on the likelihood and competition of
the different H diffusion processes in the outer layers of clean
and H-covered Pd(111) remains valid under a typical STM
tip induced electric field during a manipulation experiment, of
up to around ±2 V Å−1. Much higher field intensities may be
realized in STM experiments that will evidently have a more
significant impact on the energetics and eventually drive an
inversion of the different site stabilities. In fact, this mechanism
has already been proposed in the literature to explain NH3
desorption from Cu(111). This has been theoretically predicted
to be a realizable process at negative bias by coupling the
molecule dipole to an electric field of ∼1 V Å−1.43 This
intensity corresponds to a threshold situation where the
stabilities of the adsorbed state and a desorption-precursor
state are inverted, boosting the desorption probability from 0
to 1. In contrast, a IR-laser induced mechanism of vibrational
excitation would be much less efficient. In another example,
trans-cis reversible isomerization of azobenzene has been
experimentally achieved by STM without the interplay of
tunneling current at high bias voltages (>2 V).44 Regrettably,
with the methodology used here, we could not find the cell
height and dummy charged plane settings that would allow us
to safely converge an electron wavefunction for H in Pd with
no charge accumulation in the vacuum region for more intense
fields.

Finally, it is worth mentioning that the self-consistent
convergence of surface charge densities under external electric
fields is computationally demanding and very sensitive to
some calculation parameters. For that reason, it would be help-
ful to count on predictions made from calculations performed
at Eext = 0. In the Appendix, we show approximations made
using values of the surface dipole µ0 and the polarisability.

Even if a reduced one-dimensional description of the
H-surface interaction potential has been considered here,

we see that it has a very involved topography. As argued
above in the absence of external electric fields, under STM
current injection, the H-impurity is expected to behave quasi-
thermally at long time scales, governed by the PES minima
and barriers. We find that the latter PES features are not
greatly changed by fields of up to 2 V Å−1. Therefore, we can
reasonably anticipate that the quasi-thermal behaviour will
persist in the presence of the tip, at least at the moderate field
values discussed in the present work.

V. CONCLUSION

We have performed ab initio calculations of H atoms
embedded in a Pd(111) surface under various H coverage
conditions and external static electric fields. This study is
mainly motivated by the STM manipulation experiments
of Sykes et al. where diluted H interstitials in the bulk
region are brought toward the surface and thought to lie
at subsurface sites after the STM current pulses have been
applied.1 In the absence of external electric fields, the H-Pd
interaction potentials calculated here show that subsurface
occupation is weakly stable in the absence of H atoms
blocking the resurfacing routes (we find that the barrier for
H resurfacing is only 65 meV). Therefore, we conclude
that the experimental observation of H occupying subsurface
sites after manipulation of diluted H from the bulk must be
accompanied by saturation of surface sites with H adsorbates.
The inverse process, i.e., penetration of H adsorbates, shows
barriers >400 meV, which confirms that during the experiment
H is being removed from the bulk and not from the surface.
Further support for covered surface configurations is found in
the relaxed geometries, which show larger expansions of the
Pd atomic planes than the clean surface, in better agreement
with experiments. As shown in the work by Mitsui et al.,3

STM manipulation of surface H can be accomplished, too.
The results we present here support a model where surface H
diffuses on the surface and where the observed fingerprints of
subsurface H are due to diffusion of atoms that were initially
located below the surface.

The external electric fields analysed in the present work
(up to 2 V Å−1), which are in the range of typical electric
fields exerted by a STM tip, are not intense enough to invert
the H-Pd potential energy minima and barrier heights found
in the absence of external fields, due to the small surface
dipole values and the weak variation of the energy landscape
caused by the electric field. In the particular case of surface
H manipulation, it had been suggested that diffusion and
even penetration of the H atoms could be accomplished by
these electrostatic means. Notwithstanding that H transfer by
coupling of the surface dipole to a sufficiently high static
electric field should not be completely excluded, our results
suggest that the efficient H transfer must be dominated by other
mechanisms, such as the vibrational excitation by inelastic
electron scattering proposed in earlier works.16,40 The latter
mechanism is ruled by the H-Pd potential topography details,
but it also depends on the bias voltage and STM current
intensity. A detailed dynamical study that considers those
ingredients is needed to account for the origin and final
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location of the H species more accurately, as well as to get
insight into the timescales of the transfer process, which are
unavailable in those manipulation experiments.
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APPENDIX: SURFACE DIPOLE APPROXIMATIONS

In the simplest approximation, the external field contrib-
utes a term −µ⃗0 · E⃗ext to the H-Pd potential energy, where
the surface dipole µ0 is given by Fig. 4. Thus, for a typical
Eext = 0.02 a.u., the largest change in the potential is ∼0.03 eV
with the impurity lying at the S site. We can also estimate that
the contribution of the H dielectric polarizability, using its
exact value α = 9/2a3

0 (in atomic units) in isolation, would be
∼0.025 eV, although the CDD curves in Fig. 5(a) indicate
that the dominating contributions have their origin in the
polarizability of the Pd surface. The model can be improved
with lateral interaction of dipoles and substrate induced effects.
Since the µ0 values of the covered surfaces with Θ = 1/9,1/4
are very similar (see Table I), we can consider that Θ = 1/4
represents a good zero coverage limit, i.e., that the value µ0
= −0.066 D is the dipole contributed by each H adsorbate.
Values for other faces must differ due to a different screening
of the adatom charge, which should be more effective the
higher the coordination number. The experimentally measured
values of µ0 = −0.071 D for Pd(110)45 and µ0 = −0.093 D
for Pd(311)46 confirm this trend. At higher coverages, the
increase in Φ is not proportional to the coverage or, in other
words, the effective dipole magnitude per adsorbate is smaller
than 0.066 D, as dipole-dipole lateral interactions become
non-negligible and each individual dipole is depolarised
by the electric fields induced by the neighbouring dipoles.
Electrostatic models have been proposed in the literature to
describe this lateral interaction of dipoles. At a given coverage
Θ, if the effect of image dipoles is neglected, the effective
dipole per adsorbate in a hexagonal lattice arrangement is47

µ0(Θ) = µ0(0)
1 + αF(a) ; F(a) = 8.89

( 2

a3
√

3

)3/2
, (A1)

where a is the distance between adsorbates on the surface and
α is their static polarizability. Alternatively, the depolarising
effect of dipole images can be considered in the model48:

µ0(Θ) = µ0(0)
1 + α(F(a) − 1/4h3) ;

F(a) = 4π

Ca3
√

3


1 +

(
1 +

( 2h
Ca

)2
)−3/2 , (A2)

where C = 0.658 and h is the distance of dipole to the
image plane, which we take equal to the H adsorption height.
Substituting the values for the fcc − Θ = 1 case from Table I,
we obtain that the adsorbed H polarizability is α = 23.37a3

0
or α = 12.64a3

0, depending on whether we include image
dipoles or not, respectively. Thus, the interaction with the
Pd substrate enhances the H polarizability (and thus also the
polarizability contribution to the potential energy) by a factor
∼3–5 with respect to the gas phase value. This polarizability
term alone already overestimates the typical reaction energies
variations as a function of Eext calculated by DFT (see,
for example, the E(S) − E(Oss) values in Fig. 6(c)), which
evidences that, although reasonable estimates can be done, the
H-Pd interaction varies non-trivially with the external electric
field.

As expressed in Eq. (4), the induced dipole at the host
surfaces, µind, is the cumulative result of the field-induced
rearrangement of the surface charge. Under external fields,
µind hardly varies with H-coverage due to the overwhelming
effect of Pd polarizability (see Fig. 5(c)). In all cases, the
charge depletion or accumulation maxima occur well above
Pd1, at z > 1 Å, and slightly further the larger the H coverage.
H-adsorbates displace the CDD peaks by an additional height
of 0.20–0.25 Å (see Fig. 5(b)). For each of the host surfaces,
the CDD peaks do not occur at the same height at opposite
polarities: charge depletion by Eext > 0 happens always closer
to the surface than charge accumulation by Eext < 0. This can
be understood in terms of a very simplified picture where
dangling (filled) d-orbitals, which lie further (closer) to the
Pd1 layer, are filled (emptied) under Eext < 0 (Eext > 0).
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