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We augment ab initio molecular dynamics simulations with a quantitative account of phononic
dissipation to study the non-equilibrium aftermath of the exothermic oxygen dissociation at low-
index (111), (100), and (110) Pd surfaces. Comparing the hyperthermal diffusion arising from a
non-instantaneous dissipation of the released chemical energy, we find a striking difference in the
resulting “hot” adatom lifetime that is not overall reflected in experimentally recorded product end
distances. We rationalize this finding through a detailed mode-specific phonon analysis and iden-
tify the dominant dissipation channels as qualitatively different groups of localized surface modes
that ultimately lead to intrinsically different rates of dissipation to the Pd bulk. The thus obtained
first-principles perspective on non-equilibrium adsorbate-phonon dynamics thereby underscores the
sensitive dependence on details of the phononic fine structure, while questioning prevalent assump-
tions about energy sinks made in commonly used model bath Hamiltonians. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4973244]

I. INTRODUCTION

Surface diffusion is a vital step in a number of impor-
tant surface dynamical processes such as epitaxial growth,
the self-assembly of surface nanostructures, or catalytically
relevant chemical reactions. The prevalent notion of thermal
diffusion presupposes the adsorbate’s continuous equilibration
with the surface and correspondingly predicts a temperature
dependence dictated by the substrate temperature. This is con-
trasted by the concept of hyperthermal transient mobility,
which results from the intrinsic exothermicity of an immedi-
ately preceding elementary step like (dissociative) adsorption.
The hyperthermal diffusion is then governed by the delayed
energy dissipation to the underlying substrate rather than
the substrate’s overall temperature. A corresponding transient
mobility has been proposed recurrently and attracts increasing
attention for instance in view of its ability to generate “hot”
precursors for subsequent reaction steps.1 Ensuing, for exam-
ple, the (exothermic) dissociative oxygen adsorption, resulting
hot O adatoms have been suggested to promote oxide nucle-
ation at low temperatures2 while also offering promises for
opening up low-energy pathways in oxidation catalysis.3

Despite this suspected importance, it has hitherto proven
rather challenging to really grasp such hyperthermal diffusion
processes even in the idealized regime of single-crystal sur-
faces and ultra-high vacuum (UHV). Experiments providing
the required atomic spatial resolution are unable to explicitly
access the picosecond dynamical motion. Instead, the hyper-
thermal motion is at best indirectly inferred in scanning tun-
neling microscopy (STM) studies performed at temperatures
that are sufficiently low to suppress thermal diffusion. Such
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studies focused heavily on the dissociative and highly exother-
mic adsorption of O2 at transition metal surfaces.4–9 An ensu-
ing transient mobility is there derived from recorded larger
separation distances of adatom pairs—an indirect procedure
that has caused quite some controversy.10

Predictive-quality theoretical work would provide the
necessary spatial and temporal resolution, yet has struggled
with the necessity to both provide a reliable account of the
quantum-mechanical (QM) surface chemical interactions and
the heat dissipation into the phononic degrees of freedom.
Straightforward ab initio molecular dynamics (AIMD) simula-
tions in computationally tractable supercell geometries suffer
from unphysical phonon reflections at the periodic boundaries
and an inadequate description of the phononic band struc-
ture. Alternatively pursued Langevin-type approaches remove
the phonon reflections in finite-size supercells by relying on
bath Hamiltonians to describe the phononic degrees of free-
dom, cf., for example, Refs. 11–13. The practical bottleneck
here is the assumptions that have to be made with respect
to the bath Hamiltonian. With very little generally known
about adsorbate-surface or surface-bath coupling constants,
rather crude descriptions represent the state of the art. Based
mainly on energetic considerations, low-frequency Rayleigh
modes are, for instance, generally assumed to be predomi-
nantly excited upon first impact with the surface. Some jus-
tification for this conjecture has in fact been provided by
early studies of light atomic or molecular species scattering
off noble metals (cf., for example, see Ref. 14 and references
therein), while instances have also been reported to put it into
question.24 The validity extent of this assumption thus over-
all remains to its larger extent unknown. On the other hand,
there is vice versa the question of how well these microscopic
details need to be described from a modeling perspective in
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order to arrive at a reliable description of the actual adsorbate
dynamics.

In this situation, the recent advent of the QM/molecular
modeling (MM) embedding approach for metals (originally
coined, and hence referred to, as “QM/Me”) allowed for a big
step forward.15 Within a multi-scale modeling philosophy, this
embedding scheme complements a density-functional theory
(DFT) based treatment of the immediate reaction zone around
the adsorbate impingement site with a quantitative treatment
of phononic dissipation into an extended substrate described
at the molecular modeling (MM) level. In a first comparative
study applying this QM/Me scheme to different metal facets
we compared the hot adatom diffusion ensuing O2 dissociation
over Pd(100) and Pd(111).16 This revealed the experimentally
accessible product end distances as a rather misleading mea-
sure for the lifetime of the hyperthermal state. The latter was
found to be particularly long at Pd(111), where a random-
walk type diffusion leads only to small net displacements. In
contrast, the symmetry of the more “open” Pd(100) surface
allows for channel-type diffusion and concomitant longer net
displacements—yet at a rather short lifetime.

This already demonstrates a complex dependence on
microscopic details of the dissipative dynamics. Here, we now
directly investigate the role of substrate symmetry by providing
a detailed mode-specific phonon analysis to compare the equi-
libration ensuing O2 dissociation at all three low-index (111),
(100), and (110) Pd facets. Despite the similarly high exother-
micity of the dissociative reactions and comparable barriers for
atomic diffusion, we find a striking difference in the degree of
the resulting hyperthermal mobility, i.e., the O adatoms remain
“hot” for shorter or longer periods of time on each of the sub-
strates. We rationalize this finding by identifying the dominant
dissipation channels as qualitatively different surface modes
that do not necessarily involve the Rayleigh modes at the lower
energy end of the phononic spectra. This ultimately leads to
intrinsically different rates of dissipation from the three sur-
faces to the Pd bulk, as verified by quantifying the phononic
energy uptake directly from the QM/Me-AIMD trajectories.
We thus overall underscore the importance of modeling the
“right” surface excitations, while offering a first-principles
perspective on the phonon parameters that enter prevalent heat
bath models.

II. METHODS
A. QM/Me: An embedding approach for metals

QM/Me is an embedding scheme specifically designed to
treat dynamical processes at metal surfaces.15 Its originality, in
comparison to QM/MM embedding as routinely employed in
the modeling of biomolecules or band-gap materials,17–19 lies
in avoiding the use of finite QM clusters. The embedded QM
region is instead calculated using periodic boundary condition
(PBC) supercells, as is required to fully capture the delocalized
metallic band structure and its crucial importance to adsorp-
tion. The embedding into the MM region is then achieved by
separating the chemical and elastic contributions in the QM
interaction potential, which leads to the following embedding
ansatz for an atom at positionR:

VQM/ Me(R) = VMe(Rbath)

+

[
EQM(Rslab ∪Rads) − EQM(Rslab)

]

︸                                         ︷︷                                         ︸
V∆QM(Rslab ∪Rads)

, (1)

where the coordinate sets Rbath, Rslab, and Rads correspond
to all metal atoms in the MM simulation cell, to the metal
atoms in the embedded QM supercell, and the adsorbate atoms,
respectively.

Equation (1) defines V∆QM as the specific chemical
adsorbate-substrate and adsorbate-adsorbate interactions. It
is obtained in practice from two successive DFT calcula-
tions within identical periodic supercells: The first includes
the adsorbate atoms and the second excludes them, while
in both cases the positions of the substrate atoms (Rslab)
remain unchanged. Forming the difference of these calcula-
tions thus cancels contributions of elastic interactions in the
metal substrate and leaves only the adsorbate-induced chem-
ical interactions. The latter are sufficiently short-ranged to
be well contained within the finite extent of computation-
ally tractable supercells. Even though calculated within PBCs,
V∆QM extends thus only over a finite region. VMe then pro-
vides the missing elastic contributions from substrate-substrate
interactions due to lattice deformations that occur with the pro-
gressing chemical reaction. They are accurately described by
many-body classical interatomic potentials and the numerical
efficiency of the latter allows to explicitly model them in an
extended MM region. Several tens of thousand bath atoms can
thus easily be included without the evaluation of VMe becom-
ing a computational bottleneck and without the simulation
being affected by the lateral PBCs which we impose on the
MM region for the sake of convenience.

“Embedding” V∆QM in VMe through Eq. (1) thus comple-
ments first-principles based dynamical simulations of chemi-
cal reactions at metal surfaces with an explicit account of the
energy dissipation into an atomically resolved heat bath. It
is exactly this atomic resolution that lays the foundations for
the phonon analysis described in Section II B and the thereby
derived important information on the microscopic details of
energy dissipation.

B. Phonon projection scheme

In the following we describe a rigorous projection scheme
used to quantitatively assess phononic excitations in a mode-
specific manner by using information that can be directly
extracted from AIMD simulations. As already indicated, such
an analysis is only made possible here by explicitly considering
the atomistic details in the extended MM region and thus incor-
porating a realistic description of the phononic fine structure
into the QM/Me Hamiltonian, cf. Eq. (1). A challenge remains,
however, in making contact with the phonon dispersion rela-
tion in order to identify the nature of excited modes through
their actual wave vector, while in the meantime circumvent-
ing the computationally formidable task of diagonalizing the
dynamical matrix of an MM region that contains in excess of
hundred thousand atoms.

We achieve this on the basis of a projection methodol-
ogy that allows to represent the complex atomic displacement
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pattern of the atoms in the large MM region as a superposition
of the normal mode displacement eigenvectors of a laterally
periodic surface primitive cell. Phonons realized in different
branches at the Γ̄-point in the small Brillouin zone of the super-
cell are thus effectively back-folded into the (larger) Brillouin
zone corresponding to the chosen surface primitive cell. The
target phonon mode expansion coefficients then depend on
time only through the real-space displacement field, which
can be straightforwardly obtained at any time step of an MD
trajectory. The projection scheme is thus rendered suitable for
instantaneous application without the need for an averaging
over time. This already offers a prodigious advantage over
methods that rely on time autocorrelation functions to arrive at
occupied phonon densities, in particular within first-principles
based approaches for which a quantitative phonon analysis
has thus far remained impractical or even impossible (cf., for
example, Refs. 20–22).

The rigorous formulation of the phonon projection scheme
was originally laid out by McGaughey and Kaviany for
the monatomic (Ncell = 1) bulk primitive cell of Lennard-
Jones model crystals.23 For the present application on a two-
dimensional slab that extends over a sufficient number of
surface layers (N layers) this has been appropriately extended
to a polyatomic primitive cell, a detailed derivation of which
may be found in Ref. 24. This cell specifically contains a single
atom per layer for the low-index fcc surfaces investigated here
(Ncell = N layers), while an arbitrarily large supercell can then
be constructed by (N1 × N2) repetitions in the lateral periodic
directions.

The starting point is then the atomic displacement field
of the MM supercell containing N supercell (≡N1 ×N2 ×Nlayers)
atoms. This displacement field is described in the 3N supercell-
dimensional vector UMD(t) that denotes the Cartesian dis-
placements with respect to the equilibrium positions R0 at a
given time t during the MD simulation. The vector is defined
on the real-space lattice grid (Ln) of the atomic positions and
can be transformed onto the corresponding reciprocal grid
(qn) of exact phonon wave vectors by means of a discrete
two-dimensional spatial Fourier transform,

UMD
Ĩα

(Ln; t) =
1

√
N1N2

1√
MĨ

×

grid∑
qn′

*.
,

3Nlayers∑
b′=1

C(qn′ , b′; t)ûĨα (qn′ , b′)+/
-

eiqn′ ·Ln .

(2)

The transformation is performed component-wise with Carte-
sian vector coordinates α = (x, y, z) and for every atom in the
supercell. The latter are indexed by a number Ĩ in the primitive
cell (denoting the specific surface layer) and a two-dimensional
lattice vector L leading to the desired periodic image (n) in
the lateral directions. At every point qn′ the phonon mode
expansion coefficients C(qn′ , b′; t), which are the key quan-
tities of interest here, are represented in the orthonormalized
basis of generally complex-valued displacement eigenvectors
{ûĨα (qn′ , b′)}b′ ⊂ C

3Nlayers , where b′ is the phonon band index.
Finally, masses (MĨ ) are separated out of the latter which
are therewith given in mass-weighted coordinates as is the
common convention in lattice dynamics.

As already indicated above, q-points of the reciprocal-
space grid are chosen such that the two-dimensional periodic-
ity of the phonons is commensurate with the chosen supercell
and hence described exactly. Making use of the orthonormality
relations for both the discrete Fourier transform and the dis-
placement eigenvectors greatly simplifies the task of obtaining
the target C(qn, b; t) from Eq. (2) and leads to the following
ansatz:

C(qn, b; t) =
1

√
N1N2

N1×N2∑
n

Nlayers∑
Ĩ

√
MĨ [ûĨ (qn, b)]∗

· UMD
nĨ

(t)e−iqn · (R
0
nĨ
−R0

Ĩ
), (3)

where the double-index nĨ iterates over all N supercell atoms in
the MM supercell.

Following the same decomposition of Eq. (2) and the ensu-

ing formalism also for the velocity field Ṙ
MD

(t) yields corre-
sponding velocity expansion coefficients Ċ(qn, b; t). Under the
harmonic approximation, the total energy of a single phonon
mode can then be expressed as

εph(qn, b; t) = εph
kin(qn, b; t) + εph

pot(qn, b; t)

=
1
2
|Ċ(qn, b; t)|2 +

1
2
ω2(qn, b)|C(qn, b; t)|2, (4)

where the two terms correspond to the kinetic and (harmonic)
potential energy of the corresponding mode with frequencyω.
To the extent that the harmonic approximation holds, Eq. (4)
thus forms the foundation for quantifying the total phononic
energy uptake,

Eph
tot(t) =

grid∑
qn

3Nlayers∑
b=1

εph(qn, b; t), (5)

while the provided mode selectivity allows to also focus on
certain groups of modes and assess their role during the
dissociation dynamics.

C. Computational and technical details

The oxygen-Pd interaction energetics are obtained by
DFT calculations within the generalized gradient approxima-
tion and using the exchange correlation (xc) functional due
to Perdew, Burke, and Ernzerhof (PBE).25 The approximate
account of electronic xc in the semi-local PBE functional
is known to lead to spurious ferromagnetic ordering in bulk
palladium.26 To suppress this, we assume perfect quenching
of the O2 spin-triplet state close to the metal surface27 and
conduct all calculations in a non-spin polarized manner. Elec-
tronic states are described with an all-electron basis set as
implemented within the FHI-aims code.28 Specifically, the
“tier2” basis set with the internal default tight settings for
the numerical integrations is employed in the description of O
atoms and Pd atoms belonging to the topmost surface layer.
“Tier1” and light settings are chosen for all remaining Pd
atoms. For the optimized O adsorption energies at all three
considered Pd surfaces, this setup was found to significantly
reduce the computational effort at an insignificant additional
uncertainty <10 meV as compared to calculations performed
at full “tier2”/tight level.
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FIG. 1. Dynamical information extracted from representative QM/Me-AIMD trajectories for O2 dissociating at Pd(110) (left), Pd(100) (middle), and Pd(111)
(right). Top panels: Separation distance of the oxygen adatoms in units of the surface lattice constant (SLC, ∼2.8 Å). Hyperthermal adatom hops are numbered
and schematically represented in a top-view of the DFT-described reaction zones in the figure insets. Lower panels: Kinetic energy of the Pd atoms contained in
the QM embedding cell Ekin(Ṙslab) (dashed blue line), of all (125 000) Pd atoms in the heat bath Ekin(Ṙbath) (thick gray line), and of the adsorbates Ekin(Ṙads)
(thin red line). The area between the last two curves (shaded in gray) is correspondingly a measure of the heat dissipated outside of the QM reaction zone.

The effective separation of short-ranged chemical and
long-ranged elastic interactions, crucially relied upon by
QM/Me, holds only upon vanishing force differences F∆QM

for Pd atoms at the boundaries of the embedded QM supercell
and their larger distance from the adsorbate(s). Careful checks
were thus performed to ensure that such force components on
most distant atoms have decayed to ≤10�2 eV/Å2 in order to
minimize boundary effects for the embedding cells employed
in this work. These consist of three layer slabs which are
(6 × 3), (9 × 3), and (6 × 6) multiples of the Pd(110), Pd(100),
and Pd(111) surface unit cells, respectively. These QM super-
cells are illustrated in the insets of Fig. 1 and each features
a vacuum region of 30 Å. Calculations are performed using
(2× 4× 1), (2× 4× 1), and (2× 2× 1) Monkhorst-Pack grids29

for k-point sampling of the O2–Pd(110), O2–Pd(100), and
O2–Pd(111) systems, respectively. Using these computational
settings consistently for both DFT calculations required at each
time step (here, of a 2.5 fs length) during a QM/Me-based MD
simulation ensures a numerically well-defined construction

of F∆QM(Rslab) with negligible embedding-induced errors,
as also verified by the high-quality energy conservation
(<0.5 meV per atom) obtained for the investigated trajectories.

A cubic (50 × 50 × 50) MM region, incorporating a total
of 125 000 Pd atoms, is used to describe the long-range phonon
propagation in all investigated Pd substrates. Such system sizes
are still very much affordable within a classical treatment and
ensure that phonon propagation has not yet reached the bound-
aries of the employed simulation boxes even for the longer
trajectories (3 ps) considered in this work. The bath energetics
are evaluated using the LAMMPS30 package and at the level
of a modified embedded atom method (MEAM) as originally
developed by Baskes.31 For the Pd(100) and Pd(111) slabs we
specifically employ the MEAM reparameterization used in the
more recent work of Meyer and Reuter15 which was found to
better reproduce first-principles based relaxation effects32 at
these two surfaces. As already indicated, QM/Me forces are
evaluated independently on the DFT, MM levels of theory and
atomic positions are communicated between the two at each

FIG. 2. Rightmost panel: Energy resolved phonon excitation spectrum calculated at t = 50 fs along the QM/Me-AIMD trajectory of O2 dissociating at Pd(110)

as described in the main text. The total amount of energy (Eph
tot) along with the fraction assigned to surface modes (Eph

surf) are noted and correspond to the areas
shaded red and black, respectively. Middle and leftmost panels: The corresponding equilibrium bulk Pd phonon density of states (DOS) and phonon dispersion
along the boundaries of the irreducible wedge are shown for reference. In all cases modes are classified as surface phonons if their displacement eigenvector is
localized to ≥20% in the outermost two slab layers and their contributions are indicated by black markers/thick lines.
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FIG. 3. Same as Fig. 2 but for O2 dissociating at Pd(100).

MD time step. The latter are automatically re-scaled here
through the use of fractional coordinates in order to overcome
the limitation imposed by any residual lattice mismatches
between the MEAM and our PBE-DFT description of the Pd
substrate. We note that qualitatively similar results are obtained
in the context of the adsorbate equilibration dynamics for all
investigated systems when employing either the original or
reparameterized version of the MEAM potential.

Classical MD simulations are performed at a zero ini-
tial temperature within the NVE ensemble and according to
the QM/Me embedding scheme. We loosely interface the cal-
culations performed independently on the DFT and MEAM
levels through theAtomic Simulation Environment
(ASE).33 Extending on the latter, a simple “master” script is
responsible for the following: (i) properly communicating the
coordinate and force sets during each time step of the MD
simulation, (ii) collecting the ingredients needed to apply the
embedding ansatz of Eq. (1), (iii) propagating the system in
time via the Velocity Verlet algorithm, and (iv) book keeping
the large input/output files.

Static stand-alone DFT calculations are performed based
on the FHI-aims setup described above but employing five-
layer (3 × 3) (or (4 × 4)) surface slabs with (4 × 4 × 1) (or
(3×3×1)) Monkhorst-Pack grids for k-point sampling. Relax-
ations are conducted using the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) algorithm and a convergence criterion of
Fmax ≤ 10−2 eV/Å. Vibrational modes of adsorbed oxygen
atoms are obtained within the harmonic approximation by
diagonalizing a finite difference approximation of the Hessian
matrix as implemented within ASE. The forces are calcu-
lated for six displacements from the equilibrium state per
oxygen atom: ±δ for each Cartesian coordinate where δ is

set to 10�2 Å. Finally, transition state (TS) searches are con-
ducted with the ASE-implemented climbing image version of
the Nudged Elastic Band (NEB) method,34 while typically
constraining all but the topmost one or two Pd surface layers
for reasons of computational efficiency.

Phonon modes are calculated using the finite displace-
ment method, based on the implementation available within
ASE and after loosely interfacing with theLAMMPS30 package.
Atoms in the relaxed primitive cell of the Pd(110), Pd(100),
and Pd(111) slabs are displaced by ±10−3 Å along each of
the x, y, and z directions. Laterally converged results for both
the phonon band structures and spectral densities (as, e.g.,
those shown in Figs. 2–4 below) are obtained based on (6× 6)
multiples of the surface unit cell.

III. RESULTS AND DISCUSSION
A. Dissociative O2 adsorption at low-index Pd surfaces

The dissociative adsorption of oxygen on the clean
Pd(111), Pd(100), and Pd(110) surfaces is similarly exother-
mic, with PBE-DFT predicting the release of more than 2 eV
per dissociating molecule. This similarity does not extend,
however, to the underlying adsorption mechanism which varies
between direct and/or precursor-mediated dissociation.35–38

Aiming here at a reliable representation of the O2 bond scis-
sion as a starting point for the ensuing equilibration process, we
focus on establishing in each case initial conditions of partic-
ular statistical relevance for the representative QM/Me-AIMD
trajectories presented in the following. For modeling direct dis-
sociation at Pd(100), we thus investigate the dominant entrance
channel from the gas phase. To initialize trajectories in the
precursor-mediated dissociation over Pd(110) and Pd(111),

FIG. 4. Same as Fig. 2 but for O2 dissociating at Pd(111).



014702-6 V. J. Bukas and K. Reuter J. Chem. Phys. 146, 014702 (2017)

we focus instead on the more readily accessible transition
states (TSs) between molecular and dissociative adsorption
as identified via NEB calculations. A negligibly small initial
kinetic energy is then properly distributed in the direction of
the O2 reaction coordinate simply to enforce the forward reac-
tion which is subsequently dominated by the large intrinsic
exothermicity of the dissociation event itself.

1. O2 at Pd(100)

Classical MD simulations39 performed on a DFT-based
PES that has been interpolated within a neural-network
approach40 show direct dissociation at Pd(100) to proceed via
one dominant entrance channel. This has gas-phase O2 center-
ing side-on above a fourfold hollow site with its molecular axis
oriented along the [001] direction, i.e., in the direction of the
neighboring hollow sites. The representative QM/Me-AIMD
trajectory presented in the following is therefore initialized
with molecular oxygen in such a configuration and at a height
of 1.8 Å above the surface, where O–Pd energy exchange
can still be considered negligible. The molecule is assigned
an incident momentum normal to the surface that is consis-
tent with the present PES description. Exploring the dominant
entrance channel in nine further QM/Me-AIMD trajectories
initialized at slightly different positions showed no qualitative
effect on the central observables targeted here, i.e., the O–O
end distances and concomitant phononic response.

2. O2 at Pd(110)

A twofold adsorption mechanism is suggested on Pd(110)
that exhibits a strong energy dependence and has precursor-
mediated dissociation dominating in particular at low O2 inci-
dent energies.36 As we will describe in detail elsewhere,41

static DFT calculations exploring the high-symmetry adsorp-
tion sites on the relaxed, unreconstructed Pd(110) slab show
molecular chemisorption to be preferred when O2 lies parallel
to the surface. Energetically favorable pathways underlying in
fact both dissociation mechanisms are found to proceed via the
fourfold hollow site and with the molecular axis oriented along
the [11̄0] direction, i.e., along the surface troughs. Investigat-
ing the low-coverage molecular precursor state in particular
reveals a deep potential well (Eb = 1.1 eV) from which O2

can escape via a low dissociation barrier (Ediss = 173 meV)
that elongates the O–O bond and results in the adatoms sep-
arating along [11̄0]. The corresponding TS, combined with
an initial O2 kinetic energy of 25 meV, is used here as a
starting point for the QM/Me-AIMD trajectory presented in
the following. Qualitatively similar results are, however, also
obtained for investigating diffusion along the [001] surface
channels, i.e., by initializing O2 from the less exothermic TS
(Ediss = 653 meV) at a rotated top-hollow-top configuration
(not shown). Nine trajectories in total overall confirm the qual-
itative picture discussed in the following regarding phononic
dissipation and show no significant dependence on the initial
kinetic energy or dissociative configuration.

3. O2 at Pd(111)

Molecular beam experiments show no direct dissocia-
tion at Pd(111).37,38 The surface potential steers impinging O2

instead into molecular precursor states from which thermally

accommodated oxygen can then only proceed to dissociation
in a second step after sufficient heating. Here we predict the
most stable such precursor states at the limit of low coverages
as top-hollow-bridge configurations, i.e., with the O2 center of
mass essentially above a threefold hollow site and the molecu-
lar axis oriented along the [12̄1] direction. Adsorption is ener-
getically almost degenerate over the fcc and hcp hollow sites
(Eb = 891 meV and 831 meV, respectively) and yields vibra-
tional O–O stretching frequencies (903 cm�1 and 873 cm�1,
respectively) that are in good agreement with previous the-
oretical work.42,43 These values may equally well represent
the frequency measured for the most abundant molecularly
chemisorbed species at low coverages (800-840 cm�1, depend-
ing on experimental conditions) by high-resolution electron
energy loss spectroscopy (HREELS).44 Consistently, both
molecular configurations exhibit similarly high dissociation
barriers (Ediss = 686 meV and 621 meV, respectively) along
the calculated minimum energy paths that lead to a pair of
oxygen atoms optimally adsorbed at identical neighboring hol-
low sites (hcp-hcp and fcc-fcc). Having no formal justification
therefore for favoring either one or the other reaction path, we
consider both involved TS geometries as the most probable
candidate representatives for initializing nine O2/Pd(111) tra-
jectories in total. These start from exploring the strict vicinity
of the aforementioned TSs for molecular oxygen and differ
slightly in the assigned initial kinetic energy (in the range of
5-50 meV). While the latter yield qualitatively similar results,
the specific trajectory discussed in the following is initialized
from the (exact) dissociative TS above hcp and with an O2

kinetic energy of 25 meV.

B. Equilibration dynamics and “hot” adatoms

The top panels of Fig. 1 schematically illustrate the oxy-
gen trajectories obtained following dissociation over Pd(110)
(left), Pd(100) (middle), and Pd(111) (right), while dO–O

directly measures the adatom separation distance as a function
of time. The evolution of kinetic energies in the lower panels
shows how the released reaction energy initially accelerates
the resulting O adatoms and decays thereafter into the Pd sub-
strate. This decay clearly occurs on a picosecond time scale
on all surfaces, i.e., it is not instantaneous on the time scale of
the actual dissociation dynamics. An appreciable difference is,
however, observed in the rate of energy transfer that decreases
with increasing surface packing from Pd(110) over Pd(100) to
Pd(111). This is most prominently reflected in the fraction of
dissipated energy that has been propagated by phonons out-
side the QM embedding cells already on these time scales.
Depicted by the shaded gray areas in Fig. 1, this amounts to
82%, 73%, and 54% of the total energy that has been dissipated
to the substrate at ca. 1 ps after the initial O2 bond dissociation
over Pd(110), Pd(100), and Pd(111), respectively. This first
quantitative estimate of heat transfer thus already underscores
here the importance of augmenting self-standing AIMD sim-
ulations (that rely on, at most, several tens of substrate atoms)
with a proper description of bulk dissipation and has important
consequences for the actual adsorbate dynamics.

The varying dissipation rates on the three surfaces give
rise to dissociation products of an intrinsically different degree
of hyperthermal mobility. Efficient heat dissipation at Pd(110)
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results in slow oxygen adatoms that are promptly captured by
the surface potential at the immediately adjacent long-bridge
sites. Figure 1 thus shows the adsorbates equilibrating at a dis-
tance of only one SLC (∼2.8 Å) and already within a few tens
of fs after the O2 molecular bond breaks, i.e., even before they
reach the (second nearest neighbor) quasi-threefold coordi-
nated trough sites which are most favorable for atomic adsorp-
tion. This effectively lowers the amount of energy released
during the ps-scale “hot” reaction to ca. 1.7 eV, as compared
to the ideal 2.5 eV for adsorption over hollow. Dissociation
over Pd(100) and Pd(111) results instead in translationally
“hot” products whose transient mobility is marked by a series
of hyperthermal diffusive hops (indicated by arrows in Fig.
1) between neighboring binding sites. A largely increasing
separation distance dO–O is found on Pd(100) as the adatoms
follow a channel-type diffusive motion along the [001] direc-
tion. Two hyperthermal hops over bridge bring the adatoms
to (the preferred Ref. 55) fcc hollow sites at four SLCs apart
(∼11.2 Å),45 where they equilibrate within ca. 1 ps. A random-
walk type diffusion is instead found on the densely packed
Pd(111) surface which has the adatoms primarily trapped in
the vicinity of hollow sites. Collisions with neighboring Pd
atoms randomize the direction of the O lateral motion and the
adatoms eventually occupy hcp hollow sites at a much smaller
O–O separation distance of only two times the SLC (∼5.6 Å).
And yet, Fig. 1 reveals intriguingly hot adatoms on Pd(111)
with significant fluctuations in kinetic energy even after the
four barrier crossings counted along the presented 3 ps trajec-
tory. In full agreement with experiment,8 similarly short end
distances (in the range of 1-3 SLCs) are predicted by a total
of nine QM/Me-AIMD trajectories, from which the extracted
decay constants nevertheless suggest an average of 10 ps to a
full thermalization.

Experimentally accessible product end distances can thus
form a particularly misleading measure of adsorbate hyper-
thermal mobility.16 While not reflected here in the trend
of equilibrium dO–O values, transient hyperthermal lifetimes
increase by approximately one order of magnitude for O2 dis-
sociating at each of the three low-index Pd surfaces. This is a
particularly intriguing result given the similarly high exother-
micity of the dissociative reactions (2.5, 2.3, and 2.7 eV at
DFT-PBE level for the O adatoms optimally adsorbed at the
favored hollow sites on Pd(110), Pd(100), and Pd(111), respec-
tively) and barriers for atomic diffusion 421, 154, and 327 meV,
respectively). The substantially different oxygen equilibration
rates must therefore arise from qualitative differences in the
underlying mechanism of phononic dissipation toward which
we thus turn our attention in the following.

C. Exciting phonons

Based on the projection scheme laid out in Section II B,
we analyze the corresponding phonon dynamics by evaluat-
ing the time-dependent (harmonic) phonon energies at spe-
cific time steps along the obtained QM/Me-AIMD trajectories.
Even for the longest (3 ps) trajectories considered in this
work, the total phononic energy Eph

tot calculated through Eq.
(5) is found to be well contained within (40 × 40) repeating
units of 40-layer surface primitive cells, i.e., well within the

boundaries of the employed MM region. In order to minimize
the associated computational effort, commensurate reciprocal-
space grids of a slightly reduced density are thus hereby
employed to sample the corresponding twofold, fourfold,
and sixfold two-dimensional surface Brillouin zones of the
Pd(110), Pd(100), and Pd(111) substrates, respectively. Com-
paring to the equivalent Eph

tot representation obtained by directly
evaluating the anharmonic MEAM potential then provides a
measure for the total error introduced by projecting onto a har-
monic solid. The latter is found in all cases to yield an additive
offset contribution which is particularly small during the early
stages of the dissipation dynamics. For the results presented
in the following, we specifically calculate a negligibly small
absolute error of <15 meV which thus conveys confidence in
the emerging mechanistic analysis.

Energy resolved excitation spectra are calculated “on the
fly” through a straightforward discretization of Eq. (4) along
the energy (~ω) axis. While this greatly simplifies visualiza-
tion, it is still the mode selectivity naturally provided by the
underlying formalism that allows to focus on certain groups
of modes. In particular the surface phonons obviously form a
very prominent group in this context and are classified here as
modes whose displacement eigenvector is localized to at least
20% in the two outermost slab layers. We verify that modifying
this criterion has no qualitative effect on the presented results
but yields only quantitative changes simply because more or
less phonons are identified as surface modes.

Figures 2–4 show such excitation spectra calculated at
t = 50 fs along the presented QM/Me-AIMD trajectories, i.e.,
during the very early stages of the oxygen adsorption dynam-
ics. Intriguingly, despite their negligible spectral weight illus-
trated by the phononic density of states (DOS) in the middle
panels, surface modes are found in all cases to carry a substan-
tial fraction (45%, 45%, and 33% for Pd(110), Pd(100), and
Pd(111), respectively) of the total energy that has been dissi-
pated into the substrate at that time. Qualitative differences,
however, in the phononic response have already set in and are
clearly apparent.

At Pd(110) the dissipated energy is distributed within the
entire frequency range of the phonon band structure which
is given for reference in the leftmost panel of Fig. 2. The
latter is decorated by a rich spectrum of both pure and res-
onant surface states (outlined by black markers), as expected
by the large structural relaxation at this open surface.32 The
rightmost panel of Fig. 2 shows a strong non-equilibrium pop-
ulation of these modes (in black), with a significant fraction
(33%) of the surface energy lying within a bulk-hybridized
resonant state at intermediate frequencies (13-15 meV) that
displays a predominantly longitudinal displacement pattern as
it (partially) extends along Γ̄–Ȳ (confirmed also in previous
theoretical studies32,46). Quite in contrast therefore to what
is predominantly assumed about energy sinks in model bath
Hamiltonians (cf., for example, see Ref. 47 and references
therein), it is not the Rayleigh modes here that become dom-
inantly excited although lying energetically below the onset
of the bulk part of the spectrum. Anharmonic decay of the
different Pd(110) surface excitations overall leads, already at
this time, to substantial bulk excitation that obviously does
not (directly) result from interaction with the adsorbate alone.
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FIG. 5. Phononic energy uptake along the presented QM/Me-AIMD trajecto-
ries as a fraction of the theoretically predicted chemical energy released during
the “hot” reaction of O2 dissociation at Pd(110) (solid black line), Pd(100)
(dashed red line), and Pd(111) (dotted blue line). Insets (a, b, c): Distribution
of bulk Pd kinetic energy over the two-dimensional surface Brillouin zones of
the three surfaces at t = 100 fs. The coloring is based on a linear interpolation
between values at exact phonon wavevectors (~qn, black markers) at which the
kinetic energy of all bulk phonon branches has been summed.

Visualizing the distribution of bulk kinetic energy over the
two-dimensional Pd(110) Brillouin zone at t = 100 fs (cf. inset
of Fig. 5) reveals indeed a strongly perturbed phononic system
with excitations spreading primarily around the Ȳ symmetry
point.

Figure 3 shows a qualitatively different picture at Pd(100)
where the dissipated energy is highly concentrated in a single
surface optical band of high frequencies (21-22 meV) that lies
in a pseudogap between the bulk modes, in accordance with
Refs. 16 and 24. Analyzing the mode eigenvectors straight-
forwardly rationalizes this unexpected non-Rayleigh excita-
tion16,24 by the preferred binding site of the O adatoms. Rather
than indenting the topmost substrate layer upon impingement,
which is the picture suggesting a predominant excitation of
corresponding Rayleigh modes, the dissociating O atoms pen-
etrate directly into the hollow sites and subsequently diffuse
laterally over bridge sites along one of the [001] surface chan-
nels. Along this motion they rather push the top-layer Pd atoms
laterally away, which corresponds exactly to the purely lon-
gitudinal displacement pattern of the modes belonging to the
aforementioned surface optical phonon band.32,46

The random-walk type diffusion of oxygen on Pd(111)
leads instead to a weighted phonon population that essen-
tially follows the surface DOS, cf. Fig. 4. Similar to Pd(100),
high-frequency optical modes with a longitudinal character
promptly decay into large wavelength bulk modes that reside in
the strict vicinity of the Γ̄-point, cf. insets of Fig. 5. The larger
fraction of the released chemical energy is, however, contained
within low-frequency acoustic phonons at short wavelengths.
With their small group velocities, these notoriously long-lived
Rayleigh waves48 efficiently confine the released energy at
the surface and within a small reaction zone around the O2

impingement region. Within this region, anharmonic phonon-
phonon interactions quickly establish a quasi-equilibrium state
that is sufficiently well described by a Planckian distribu-
tion. An effective local temperature extracted therefrom shows
an increasingly “hot” surface that contrasts the correspond-
ing bulk behavior and confirms minimal coupling between
the two phononic sub-systems over the entire course of the
QM/Me-AIMD trajectory.16

The substantially different equilibration rates on the three
surfaces are thus ultimately determined by microscopic details
of the interfacial energy exchange. Efficient heat dissipation
at Pd(110) is channeled through the multitude of surface exci-
tations at a constant rate of ∼10 meV/fs, as extracted from
the evolution of the total phonon energy (Eph

tot) in Fig. 5. The
vast majority (94%) of the theoretically predicted 1.7 eV is
thus already dissipated within the first 150 fs of the adsorp-
tion dynamics (while subsequent fluctuations around 100%
reflect oxygen’s metastable adsorption at the long-bridge
sites). This contrasts the corresponding value of 0.79 eV
for Pd(100) at this time. Nevertheless, a largely increasing
phononic energy uptake is also observed here through the
(sub-ps) anharmonic decay of the aforementioned highly pop-
ulated surface optical band. Saturation of Eph

tot (at the theo-
retical value of 2.3 eV) is thus reached within about 1 ps
after the initial O2 bond dissociation and at a concomitant
longer lifetime of the hyperthermal state. The substantially
slower equilibration at Pd(111) results instead from the dom-
inant excitation of long-lived Rayleigh waves which spatially
confine the released chemical energy. As reflected by the non-
monotonic behavior in the total phononic energy uptake, this
promotes a back and forth O–Pd energy exchange and ratio-
nalizes the exceptional hyperthermal mobility observed at this
surface.

The presented analysis thus offers a first-principles per-
spective on parameters entering effective models of substrate
mobility, such as the prevalent Surface Oscillator49 (SO) and
Generalized Langevin Oscillator11–13 (GLO) methodologies.
Our results show that phononic excitations are intrinsically
more complicated than postulated in common-practice repre-
sentations of a single (usually low-frequency) surface oscil-
lation50 and certainly not transferable even between different
surfaces of the (chemically) same substrate. As heralded how-
ever by recent first-principles based SO/GLO applications of
H2 at Pd,51 investigated statistical properties (typically stick-
ing or scattering probabilities) have so far demonstrated an
exceptional insensitivity with respect to such input frequency
parameters.

With increasing reaction exothermicity and/or concomi-
tant adsorbate-substrate vibrational coupling, a higher sen-
sitivity to the underlying phononic fine structure might
nevertheless still be expected. Occurrences of resonant phe-
nomena involving selective-phonon excitations are indeed not
unheard of and have, for example, been shown to play an
important role in the sticking of light H2, HD molecules at
metal surfaces.14 We observe here a similar effect for O2 dis-
sociation and subsequent channel-type diffusion at Pd(110)
and Pd(100) which, however, does not involve the predomi-
nantly assumed Rayleigh excitation but rather optical surface
modes at higher frequencies. The “right” surface excitations
can thereby only be extracted from a detailed microscopic
phonon analysis such as the one presented here. Picking up on
these frequencies to use as input parameters in more numeri-
cally efficient heat bath models is now an obvious step forward.
Whether the approximate nature of the latter will, however,
allow for lifting the aforementioned insensitivity and cap-
turing selective-adsorption resonances remains yet open to
investigation.
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IV. SUMMARY AND CONCLUSIONS

In summary, we augmented ab initio molecular dynamics
simulations with a quantitative account of phononic dissipation
and studied the equilibration process ensuing the exother-
mic oxygen dissociation at all low-index (110), (100), and
(111) Pd surfaces. The specific motivation was to elucidate
the influence of substrate symmetry on the resulting hyper-
thermal adatom mobility, while assessing the level of detail
required to be accounted for in the underlying phonon exci-
tations. We observe a striking difference in the hot O life-
time that decreases from Pd(110) over Pd(100) to Pd(111)
and is not overall reflected in experimentally accessible prod-
uct end distances. Whilst difficult to reconcile on purely
energetic grounds, this finding already demonstrates a com-
plex dependence on microscopic details of the dissipative
dynamics.

Relying on our atomically resolved description of a
macroscopic heat bath, we unravel mechanistic details of the
energy conversion process through a mode-specific phonon
analysis. This reveals qualitative differences in the phononic
response setting in already during the very first steps of oxygen
dissociation. Excitation of specific groups of localized sur-
face modes sets the initial conditions for the ensuing phonon
relaxation which is manifested through anharmonic phonon-
phonon interactions and leads to intrinsically different rates
of dissipation to the Pd bulk. Demonstrating how critically
these microscopic details may influence the actual adsor-
bate dynamics thus nicely highlights the strengths of QM/Me
embedding compared to previous theoretical treatments of
phononic dissipation. Wahnström and co-workers, for exam-
ple, entirely neglected such early surface excitations due to
limitations of their semi-empirical potential in describing O2

dissociation at Al(111) and concluded on minimal adsorbate-
phonon coupling.52 On the other hand, stand-alone AIMD
simulations provide the desired predictive-quality chemical
description but will unavoidably falsify the demonstrated
picosecond-scale adsorbate equilibration due to the finite
extent of computationally tractable supercells.15

With qualitatively different surface excitations observed
at both the high- and low-frequency regimes, we illustrate
from a first-principles perspective a complex multi-phonon
picture for the non-equilibrium adsorbate-phonon dynamics
such as the one suggested in early experimental work for NO
at Ag(111), for example.53 In the meantime, we highlight the
danger of generalizing the single-phonon approximation to
strongly chemisorbing adsorbates that go beyond prototypi-
cal studies of light atom/molecule scattering.54 In a system-
atic comparison with respect to surface symmetry, we relate
real-space trajectories to the specific oxygen-induced exci-
tations which can be subsequently used as input parameters
for computationally attractive models of an effective substrate
mobility.
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