PRL 117, 146101 (2016)

PHYSICAL REVIEW LETTERS

week ending
30 SEPTEMBER 2016

Hot Adatom Diffusion Following Oxygen Dissociation on Pd(100) and Pd(111):
A First-Principles Study of the Equilibration Dynamics of Exothermic Surface Reactions

Vanessa J. Bukas and Karsten Reuter
Chair for Theoretical Chemistry and Catalysis Research Center, Technische Universitit Miinchen,
Lichtenbergstrafie 4, D-85747 Garching, Germany
(Received 30 March 2016; published 28 September 2016)

We augment ab initio molecular dynamics simulations with a quantitative account of phononic
dissipation to study the hyperthermal adsorbate dynamics resulting from a noninstantaneous energy
dissipation during exothermic surface chemical reactions. Comparing the hot adatom diffusion ensuing O,
dissociation over Pd(100) and Pd(111) we find experimentally accessible product end distances to form a
rather misleading measure for the lifetime of this hyperthermal state. The lifetime is particularly long at
Pd(111) where a random-walk-type diffusion leads only to small net displacements. A detailed phonon
analysis rationalizes the slow equilibration through long-lived Rayleigh mode excitations that spatially
confine the released energy within a nanoscopic “hot spot” around the impingement region.
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There is a long-standing notion that exothermic surface
reactions may result in products that are not instantaneously
thermalized and thus exhibit a high transient mobility. The
prospect of such species acting as “hot” precursors in
subsequent reaction steps can strongly influence rates, e.g.,
in heterogeneous catalysis [1], while their excessive mobil-
ity has also been suggested to play a vital role in epitaxial
growth mechanisms at low temperatures [2]. Concepts
embracing such “hot reactions” have become increasingly
established over the past decades [3], yet stimulate ground-
breaking implications for prevalent assumptions still fun-
damentally relied upon in models of chemical kinetics [4].
Assuming instantaneous equilibration at a constant global
temperature results, for example, in the Markovian state-to-
state hopping that underlies all present-day microkinetic
formulations in surface catalysis [5,6].

In the case of dissociative adsorption events, the actual
adsorption and any subsequent diffusion of the dissociated
products are thereby treated as decoupled, statistically
unrelated thermal processes. This presumption is chal-
lenged by persistent experimental reports of hyperthermal
diffusion or so-called “hot-adatom motion” ensuing the
(exothermic) dissociative oxygen adsorption at metal sur-
faces [7-13]. Corresponding scanning tunneling micros-
copy studies rely on well-defined single crystal surfaces
and controlled dosage in ultrahigh vacuum to produce
highest quality data. Working at temperatures that are
sufficiently low to suppress thermal diffusion, the transient
motion is then inferred from recorded separation distances
of adatom pairs in the low-coverage regime.

Even though not undisputed [14], the by far largest
separations reported this way are more than 14 surface
lattice constants (SLCs) in the case of dissociative O,
adsorption at Al(111) [7]. While this may be rationalized
with the exceptionally large exothermicity of this reaction,
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other factors like substrate symmetry must also play a role
for the dissipation mechanism. Otherwise it is difficult to
reconcile the 7-14 SLC separations found for O, at
Ag(100) [11-13] with the small O-O separations peaking
at two SLCs that have been recorded on more reactive Pt-
group (111) transition metal surfaces [8,10].

Unable to explicitly access the picosecond dynamical
motion, these experiments have unfortunately so far not
allowed for any deeper mechanistic analysis or an extraction
of the lifetime of the hyperthermal state. The recent develop-
ment of the QM/Me (quantum mechanics/metal) embedding
scheme instead offers this possibility from the perspective of
predictive-quality first-principles simulations [15]. This
scheme augments a density-functional theory (DFT) based
quantum mechanical description of the immediate reaction
zone with a quantitative treatment of phononic dissipation
into an extended classical heat bath and thus allows to
directly follow the dissipation dynamics through ab initio
molecular dynamics (AIMD) simulations. In a first appli-
cation to oxygen dissociation over Pd(100) QM/Me indeed
predicted a nonimmediate energy transfer to the substrate
with the resulting hot O adatoms traveling ballistically over
four SLCs [15].

Here, we specifically analyze the role of substrate
symmetry and compare this to O, dissociation over
Pd(111), where previous experiments found hot-adatom
motion leading only to shorter O-O separations around /3
or 2 times the surface lattice constant [10]. Fully repro-
ducing these experimental end distances, our QM/Me-
AIMD simulations intriguingly reveal a much slower
equilibration on Pd(111); i.e., the O adatoms on Pd(111)
remain hot for a much longer time than on Pd(100). The
shorter end distances result instead from the (111) substrate
symmetry, which only allows for a random-walk-type
diffusion as compared to the directed motion along the
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surface channels of the Pd(100) surface. A detailed phonon
analysis furthermore relates the slower equilibration
dynamics to the random-walk induced excitation of
long-lived low-energy surface phonon modes that prevents
an efficient dissipation of the reaction energy into the
substrate bulk. Hitherto monitored O-O end distances are
thus a rather misleading measure of the lifetime of the
hyperthermal state.

The QM/Me embedding scheme effectively separates
long-range elastic contributions due to displaced substrate
atoms from the adsorbate-induced chemical interactions
[15]. The latter are then sufficiently short ranged to be
captured in periodic-boundary DFT supercell calculations,
treating electronic exchange and correlation (xc) at the
level of the semilocal Perdew-Burke-Ernzerhof (PBE)
functional [16]. As shown in Fig. 1, these supercells
contain three layer slabs with a (9 x 3) and (6 x 6) surface
unit cell for Pd(100) and Pd(111), respectively. The long-
range lattice deformation that occurs with the progressing
chemical reaction as well as the concomitant phononic
dissipation are in turn accounted for through a cubic bath of
125,000 Pd atoms described at the level of the modified
embedded atom method (MEAM) [17]. This large bath size
provides a quantitative description of the phononic band
structure and ensures that phonon propagation has not yet
reached the bath boundaries even for the longer AIMD
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FIG. 1. Dynamical information extracted from QM/Me-AIMD
trajectories for O, dissociating on Pd(100) (solid) and Pd(111)
(dashed lines). Top panel: O-O separation distances in units of the
surface lattice constant (SLC ~ 2.79 A). Hyperthermal adatom
hops between neighboring hollow sites are numbered and
schematically represented in a top view of the DFT-described
reaction zones in the figure’s insets (movies of the trajectories are
available electronically in Ref. [21]). Lower panel: Oxygen
kinetic energies EZ0* demonstrating the picosecond time scale
of energy transfer to the Pd(100) and Pd(111) phononic systems.
Note the significantly different decay rates on the two surfaces as
estimated from an exponential fit of the data (thin lines).

trajectories (3 ps) considered in this work. The QM/Me-
AIMD simulations are carried out within the Atomic
Simulation Environment (ASE) [18] by loosely interfacing
the FHI-aims all-electron DFT code [19] and the
LAMMPS [20] implementation of the MEAM potential.
At the employed computational settings, cf., Supplemental
Material (SM) [21], and a time step of At = 2.5 fs, a high-
quality molecular dynamics energy conservation within
0.5 meV per atom reflects a numerically well-defined
Hamiltonian with negligible embedding-induced errors.

At Pd(100) a direct dissociation mechanism via one
dominant entrance channel [26] provides suitable initial
conditions of particular statistical relevance for the QM/Me-
AIMD trajectory shown in Fig. 1. This channel steers the
impinging O, molecule to dissociate side on and with its
molecular axis centered above a fourfold hollow site [15].
To initialize trajectories in the precursor-mediated dissoci-
ation over Pd(111) [27] we focus instead on the relevant
transition states (TS) between molecular and dissociative
adsorption as identified via nudged elastic band (NEB) [28]
calculations. The trajectory shown in Fig. 1 results specifi-
cally from the TS for the dissociation of a molecular
precursor in the top-face-centered-cubic(FCC)-bridge con-
figuration, i.e., with the O, center of mass essentially above
a threefold FCC hollow site and the molecular axis oriented
along the [121] direction. On both surfaces, the O, molecule
is only given a negligibly small initial kinetic energy, so that
both reactions are dominated by the large intrinsic exo-
thermicity of the dissociation event.

Figure 1 illustrates the ensuing equilibration dynamics
during both trajectories, where dg_q directly measures the
adatom separation distance as a function of time. The decay
of the adsorbate kinetic energies presented in the lower
panel shows both reactions to give rise to translationally hot
products that are not instantaneously thermalized. The
resulting transient mobility is marked by a series of
hyperthermal diffusive hops between neighboring binding
sites that occur on a ps time scale and are indicated by
arrows in Fig. 1. Specifically, two such hops yield a largely
increasing dg_g on Pd(100) as the adatoms travel along the
[001] surface channels and promptly equilibrate over
hollow sites at four SLCs (~11.2 A) apart. A random-
walk-type diffusion is instead found on the densely packed
Pd(111) surface that has the adatoms primarily trapped in
the vicinity of hollow sites. Collisions with neighboring
Pd atoms randomize the direction of the O lateral motion so
that even the four barrier crossings counted along the
presented 3 ps trajectory eventually lead only to the
occupation of FCC adsorption sites at a much smaller
distance of /3 times the SLC (~4.8 A). Trajectories started
at the dissociative TS above FCC or hexagonal-close-
packed (HCP) hollow sites (not shown) lead to similarly
short end distances (in the range of 1-3 SLCs) of which the
most common is two times the SLC, exactly as seen in
experiment [10].
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The formation of hot adatoms on both surfaces does not
come as altogether too surprising given the similarly high
exothermicity of the dissociative reactions [2.3 vs 2.7 eV
for O, on Pd(100) and Pd(111) at DFT-PBE Ilevel,
respectively] and barriers for atomic diffusion (179 vs
327 meV). Difficult to reconcile on purely energetic
grounds, however, is the markedly longer lifetime predicted
for this hyperthermal phase on Pd(111). Even after 3 ps
Fig. 1 reveals intriguingly hot adsorbates with fluctuations
in kinetic energy on the order of 0.5 eV, i.e., an effective
temperature amounting to several thousands of kelvin.
Similarly long equilibration times are obtained in a total
of nine other trajectories starting from the different TSs and
slightly varying initial conditions. In all cases we observe a
random-type walk with much longer absolute distances
traveled than suggested by the small final equilibrium
separation. Computed decay constants suggest an average
of 10 ps to a full thermalization that is to be contrasted
with the much shorter 1.2 ps obtained for the reaction at
Pd(100), cf., Fig. 1.

These substantially different equilibration rates on the
two surfaces arise from qualitative differences in the
phononic response that already set in during the very early
stages of the O, dissociation dynamics. We directly access
this phononic information from the QM/Me-AIMD trajec-
tories through the projection scheme originally laid out by
McGaughey and Kaviany [29], yet appropriately extended
here for the polyatomic primitive cell of a two-dimensional
slab model [30]. In short, backfolding I"-point phonons into
the (original) larger primitive Brillouin zone defines mode-
specific expansion coefficients that can in turn be used for
evaluating the energy contained within a single harmonic
phonon mode. Instantaneous application at any given
AIMD time step can thus quantify phononic energy uptake
“on the fly” without the need for averaging over time, while
the underlying mode selectivity allows us 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 eigen-
vector is localized to at least 20% in the two outermost slab
layers.

Figure 2(b) shows a corresponding phonon excitation
spectrum calculated at + =75 fs along the O,/Pd(100)
trajectory, i.e., when dissociation is right in progress with
the O-O distance having reached about one SLC.
Intriguingly, despite their negligible spectral weight illus-
trated by the also shown phononic DOS, surface modes
have taken up more than a third of the total energy that has
been dissipated into the substrate at that time. Quite in
contrast to what is predominantly assumed about energy
sinks in model bath Hamiltonians (cf., for example,
Refs. [31-33] and references therein), it is thereby not
the low-frequency Rayleigh modes that become domi-
nantly excited, even though they lie energetically below
the onset of the bulk part of the spectrum [30]. The energy
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FIG. 2. Rightmost panels: Energy resolved phonon excitation
spectra during the early stages of O, dissociation on Pd(100)
(top) and Pd(111) (bottom). The total amount of phononic energy
(EP%) along with the fraction assigned to surface modes (EE:rf) are
noted. Leftmost panels: The corresponding Pd equilibrium DOS
calculated for 40-layer slabs are shown for reference. In all cases
the contribution of localized surface modes is indicated by thick
blue/red lines.

is instead highly concentrated in a surface optical
phonon band, which lies in a pseudogap of bulk modes
at frequencies of 21-23 meV as shown in the SM.
Analyzing the mode eigenvectors, this unexpected result
can be rationalized 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 penetrate directly into the hollow
sites and subsequently diffuse laterally over bridge sites
along one of the [001] surface channels. Along this motion
they rather push the top-layer Pd atoms laterally away,
which corresponds exactly to the purely longitudinal
displacement pattern of the modes belonging to the afore-
mentioned surface optical phonon band.

Figure 2(d) reveals a rather different phonon excitation
spectrum upon O, dissociation at the Pd(111) surface.
Here, the random-walk-type diffusion mechanism rather
leads to a weighted phonon population that essentially
follows the surface DOS and has the larger fraction of the
released chemical energy contained within low-frequency
acoustic phonons. Behold some quantitative variations; this
characteristic excitation of notoriously long-lived Rayleigh
waves [34] at short wavelengths, cf., insets in Fig. 3, is
consistently obtained for all QM/Me-AIMD trajectories
starting from the different dissociative TSs. With their small
group velocities, cf., SM, these modes efficiently confine
the released energy within a small reaction zone around the
impingement region. As reflected by the nonmonotonic
behavior in the total phononic energy uptake, cf., SM, this
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FIG. 3. Time-dependent temperature profiles for the Pd(111)

surface hot spot (open) and bulk thermal bath (closed markers) as
extracted from respective Planckian distributions at every QM/
Me-AIMD time step (standard errors indicate the fit quality).
Insets (a)—(c): Distribution of surface phonon energy (Els’flf) over
the two-dimensional surface Brillouin zone at the noted times.
The coloring is based on a linear interpolation between values at
exact phonon wave vectors (g,, black markers) at which the
energy of all phonon branches has been summed.

promotes a back and forth energy exchange between the
O adatoms and the surface Pd atoms. In contrast, the
(sub-ps) anharmonic decay of the highly populated surface
optical modes at Pd(100) quickly dissipates the energy at a
constant rate of ~2 meV/fs into the bulk at a concomitant
much shorter lifetime of the hyperthermal state.

The situation at Pd(111) carries thus all characteristics of
a phonon hot spot [35], in which the energy released into
the phononic system stays confined in a nanoscopic region.
After 3 ps we indeed find about one half of the system’s
total kinetic energy to still be within the confines of the
DFT supercell, i.e., in the immediate reaction zone. Within
this region phonon-phonon coupling quickly establishes a
quasiequilibrium phonon distribution that is sufficiently
well described by a Planckian distribution. This allows us
to assign a local phonon temperature that we contrast in
Fig. 3 to a similarly assigned phonon temperature of the Pd
bulk modes. These results confirm a minimal coupling of
the two subsystems over the entire course of the QM/Me-
AIMD trajectory, with the surface hot spot eventually
reaching an effective temperature that is five times larger
than its bulk counterpart and still rising. The small extent of
the hot spot leads thereby to an enormous effective energy
density of the order of 2.7 eV/10 nm?® ~ 10 J/cm? created
by a singular molecular event. Even though modern high-
fluency laser pulses reach even higher absorbed energy
densities than this [36], much of this energy is there
primarily deposited into electron-hole (e-%) pairs, which
efficiently dissipate this energy over a larger volume. At
present, our electronically adiabatic theory does not
account for this dissipation channel at all. However, we
do not expect this channel to be large. Using the calculated
average velocity of all Pd atoms in the QM reaction zone

over the course of the QM/Me-AIMD trajectory to evaluate
the accumulated loss due to electronic friction [37], we
arrive at a rough estimate of only 22 meV after 3 ps. This
suggests that the “hot chemistry” ensuing the exothermic
surface reaction is qualitatively different to laser-driven
photochemistry, where particularly for chemisorbed adsor-
bates the excitation of hot electrons is generally believed to
play a crucial role [41].

Similarities might instead be higher for radiation damage
aspects like the transient recoil of nuclei under neutron
bombardment. The presented QM/Me methodology is
generally suitable for application to any problem that
breaks a metal’s translational symmetry in any number
of periodic directions. Beyond its relevance within the
surface science context (for instance to address adsorbate-
induced reconstructions), it may therefore readily be
employed to follow bulk diffusion or address the chemistry
around bulk defects and dislocations [42].

In conclusion, we have studied the equilibration dynam-
ics ensuing the exothermic O, dissociation at Pd(100) and
Pd(111). The obtained ab initio molecular dynamics results
indicate that hitherto considered product end distances
provide a misleading measure of the transient hot adatom
mobility that results from a noninstantaneous dissipation of
the released energy. The lifetime of this hyperthermal state
might be particularly long precisely in situations where the
substrate symmetry or higher surface coverages enforce a
random-walk-type diffusion. While leading to small net
displacements, this type of diffusion favors the excitation of
long-lived Rayleigh surface phonon modes, which effi-
ciently confine the released chemical energy within a
nanoscopic hot spot around the impingement region.
This suggests that transient mobility might be more
common than hitherto anticipated, possibly extending
particularly to systems where it has been dismissed on
the basis of nearest-neighbor-type end distances. From the
computed decay constants, we estimate an average of 10 ps
to a full thermalization of the O adatoms at Pd(111). With
an initial kinetic energy corresponding to several thousands
of kelvin this is a long time to induce hot chemistry.
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