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The study of how molecules adsorb, diffuse, interact, and desorb from imperfect surfaces is essential for
a complete understanding of elementary surface processes under relevant pressure and temperature
conditions. Here we use first-principles calculations to study the adsorption of benzene and naphthalene on
a vicinal Cu(443) surface with the aim to gain insight into the behavior of aromatic hydrocarbons on
realistic surfaces at a finite temperature. Upon strong adsorption at step edges at a low temperature, the
molecules then migrate from the step to the (111) terraces, where they can freely diffuse parallel to the step
edge. This migration happens at temperatures well below the onset of desorption, suggesting a more
complex dynamical picture than previously proposed from temperature-programed desorption studies. The
increase of the adsorption strength observed in experiments for Cu(443) when compared to Cu(111) is
explained by a stronger long-range van der Waals attraction between the hydrocarbons and the step edges of
the Cu(443) surface. Our calculations highlight the need for time-resolved experimental studies to fully

understand the dynamics of molecular layers on surfaces.
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Microscopic understanding of the thermodynamics
and kinetics of organic molecules at inorganic substrates
plays an increasingly important role in modern surface
science and technology [1-6]. Obviously, the predictive
modeling and understanding of the structure, stability, and
dynamics of such hybrid systems is an essential prerequi-
site for tuning their electronic properties and functions
[7-10]. In recent years, remarkable progress has been
achieved in understanding the structure and stability of
molecules on close-packed surfaces by an intensive joint
effort between experiment and theory [11]. For some of
the well-defined model systems, such as benzene adsorbed
on close-packed (111) metal surfaces, state-of-the-art
calculations and experiments now often agree to better
than 0.1 A in vertical adsorption heights and 0.1-0.2 eV in
adsorption energies [11-13]. However, the functionality of
realistic interfaces with applications in catalysis, light-
emitting diodes, single-molecule junctions, molecular
sensors and switches, and photovoltaics is often determined
by interactions of molecules with more complex (“imper-
fect”) substrates [3,14—18]. Therefore, a complete under-
standing of the dynamics and reactivity of such interfaces
demands reliable modeling of the interaction of adsorbed
organic molecules with steps, kinks, impurities, and
defects. Obviously, the main difficulty here consists of
accurately capturing all the relevant energy contributions
involved in binding on imperfect substrates, including
Pauli repulsion, covalent hybridization, charge transfer,
and van der Waals (vdW) attraction. Especially difficult are
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cases in which both chemical bonds and vdW interactions
make substantial contributions to the overall adsorption
process.

In this context, this Letter focuses on modeling
and understanding the adsorption, diffusion, and
desorption (ADD) mechanisms of fundamental aromatic
hydrocarbons—benzene (Bz) and naphthalene (Np)—on
the vicinal Cu(443) surface. The temperature-dependent
behavior of these systems has been previously studied by
temperature-programed desorption (TPD), low-energy
electron diffraction (LEED), and scanning tunneling
microscopy (STM) [19]. It was concluded that a visible
increase in the desorption temperature for Bz on Cu(443)
compared to Cu(111) stems from a stronger adsorption
along the step edges in the former case. Our calculations
provide an alternative three-step mechanism for the dynam-
ics of Bz and Np on the vicinal Cu(443) surface. We find
that, upon strong adsorption on step edges at a low
temperature, the molecules then migrate from the step to
the (111) terraces, where they can freely diffuse parallel to
the step edge. This migration happens at temperatures well
below the onset of desorption. The increase in the desorp-
tion temperature observed in experiments for the Cu(443)
surface when compared to Cu(l11) is explained by a
stronger vdW attraction between the hydrocarbons and
the step edges of the Cu(443) surface.

All calculations in this work employ dispersion-inclusive
density-functional theory (DFT), specifically using the
DFT + vdW*f  method [20], combined with the
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Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional [21]. The PBE + vdW** method has already
been successfully applied to study the adsorption and
reactions of a wide variety of molecules on (111) metal
surfaces, often achieving quantitative accuracy for struc-
tures and adsorption energies in comparison to state-of-the-
art x-ray standing wave, TPD, and microcalorimetry
experiments [11,22,23]. In this study, the PBE + vdWs!
method is applied to a vicinal surface for the first time,
demonstrating that its relative accuracy also extends to
adsorption on stepped substrates. Most calculations in this
work were carried out using the all-electron code FHI-aims
[24]. Transition-state geometries were determined using
the CASTEP code [25,26]. See Supplemental Material
(Ref. [27]) for more details about our DFT calculations
and convergence studies. Our calculations are fully con-
verged in terms of numerical settings, using parameters
employed before in our study of Bz adsorption on transition
metal surfaces [12,13].

Before proceeding to study the ADD behavior of Bz and
Np on Cu(433), we start by systematically analyzing the
static potential-energy surface (PES) for these systems.
We have carried out extensive geometry optimizations
starting from different initial structures, where the Bz
and Np molecules are situated in different adsorption sites

(@)

and rotated by either 0° or 30° with respect to the [110]
direction of the Cu(443) surface. As can be appreciated in
Figs. 1(a) and 1(b), there is a clear preference for adsorption
of Bz and Np on top of step edges and the appearance of
many metastable states near the step edges and on terraces
of the Cu(443) surface. This complex situation is in marked
contrast with the close-packed Cu(111) surface, where the
PES for the adsorbed Bz and Np is essentially flat and their
ADD dynamics are well understood [13]. TPD studies of
Bz/Cu(111) exhibit a single peak in the desorption spec-
trum, and STM investigations suggest that the Bz mole-
cules are freely diffusing on the Cu(111) surface at a low
temperature [28]. On the Cu(443) surface, the preferred
adsorption on step edges can be explained by reactive
dangling bonds, and therefore both Bz and Np are able to
form weak chemical bonds with the Cu atoms there. In fact,
the most stable step-edge adsorption sites for both Bz and
Np exhibit adsorption energies that are larger by ~0.45 eV
for Bz and ~0.60 eV for Np compared to the binding
strength on the close-packed Cu(111) surface. The adsorp-
tion energies of Bz and Np and the structures of Bz on
Cu(443) for several characteristic configurations found
in our extensive exploration of the PES are shown in
Figs. 1(a)-1(c). The symmetry breaking introduced by step
edges leads to a range of adsorption energies on the
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FIG. 1 (color online).

Adsorption energy as a function of distance d measured from the molecule center of mass to the step edge of the

Cu(443) surface. Geometries and energies were obtained using the PBE + vdW* method for (a) benzene/Cu(443) and
(b) naphthalene/Cu(443). The letters “S” and “7” denote the “step” and “terrace” of the Cu(443) surface, respectively. Adsorption
heights and tilt angles for several Bz/Cu(443) metastable configurations are shown in (c). In (d), we show the TPD spectra for the
desorption of Bz and Np from Cu(111) adsorbed at low coverage and Cu(443) adsorbed at low and high coverages. The TPD spectra are

adapted from Ref. [19].
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Cu(443) terrace: from 0.8 to 1.1 eV for Bz (Bz-T'1 to Bz-
T11) and from 1.3 to 1.6 eV for Np (Np-7'1 to Np-79),
where the notation 71 to 711 denotes the possible
adsorption sites for Bz and Np on the terrace (T) of
Cu(443); see Fig. 1. The adsorption energies (E,q) on
the terrace depend on the distance d from the step edge; in
fact, E,4 in Figs. 1(a) and 1(b) exhibits a nearly linear
behavior with respect to d. This linear dependence can be
mainly attributed to the stronger vdW attraction near the
step edge, since the pure PBE adsorption energies are
essentially degenerate for all configurations of Bz and Np
adsorbed on flat terraces. However, also the variation of
vertical adsorption heights and local electric fields close
and far from the step contribute to the observed quasilinear
adsorption energy on the Cu(443) terraces. Although
some of the calculated metastable states may correspond
to saddle points, this fact does not change any of our
conclusions. The values of E,; obtained from PBE +
vdW*T calculations are in the range of adsorption enthal-
pies estimated from TPD desorption peaks [19,29]. In
contrast, pure PBE calculations [21] lead to a flat PES,
with adsorption on terraces being endothermic.

The equilibrium height and tilt of Bz are sensitive to the
adsorption position. On the terrace the molecules are
essentially flat with vertical heights between 2.70 and
2.89 A, while for the adsorption on step edges Bz tilts
from 22° to 30° relative to the terrace and forms covalent
bonds to the Cu atoms at the step with C-Cu distances
ranging from 2.27 to 2.78 A from the edge to the molecule
center. For Np, the most stable configurations correspond to
the long axis of the molecule aligned parallel to the step
edge. The adsorption height variation for different meta-
stable states of Np/Cu(443) is much smaller than for
Bz/Cu(443), its average value being 2.76 A.

At this point, it is worthwhile to compare our calculated
E.4 values with the available experimental estimates
obtained from TPD desorption peaks. To determine adsorp-
tion enthalpies from TPD desorption temperatures, we
utilize the Redhead equation [30], which requires the
knowledge of desorption prefactors that depend on the
difference between the entropy of the adsorbed molecule
and its counterpart in the gas phase. The usual prefactor
v =103s7", derived for desorption of small molecules,
was frequently utilized due to the lack of knowledge of
precise entropy differences. The situation has been signifi-
cantly improved after the seminal work of Campbell and
Sellers [31,32], who have assembled an extensive data set
of AS values for adsorbed molecules. We recently used the
Campbell-Sellers method to determine a prefactor of
1012571 for the desorption of Bz on coinage metal
surfaces [13], which we use here for both Bz and Np. In
short, the Redhead equation can be written as

H, = kT, {111%—3.64], (1)

where T, is the desorption temperature, kp is the
Boltzmann constant, § is the heating rate, and v is the
preexponential factor. The adsorption enthalpies deter-
mined in this way were converted into energies by adding
3kgT /2 [13]. Starting with the simplest case of Bz on
Cu(111), the PBE + vdW*" adsorption energy of 0.86 eV
is slightly overestimated compared to E, = 0.71 eV
determined from the experimental TPD analysis. Since
our main interest is investigating the behavior of molecules
on Cu(111) vs Cu(443), this slight overestimation largely
cancels out in energy differences as discussed below.

The adsorption of Bz and Np on Cu(443) and Cu(111)
surfaces has been thoroughly studied experimentally by
Lukas et al. [19]. For adsorption at low coverages, they
observed an increase of 50 K in the desorption temperature
for Bz/Cu(443) when compared to Bz/Cu(111) [see
Fig. 1(d)]. This difference was attributed to the adsorption
of Bz on step edges of the Cu(443) surface. Until now, it
was not possible to rationalize this observation using first-
principles calculations due to recent developments of
reliable methods for treating vdW interactions for mole-
cules at surfaces. The increase of the desorption temper-
ature from 228 K for Bz/Cu(111) to 278 K for Bz/Cu(443)
corresponds to a difference in adsorption energy of 0.15 eV.
This is a factor of 3 smaller than the difference in
adsorption energy of 0.45 eV predicted by our calculations,
corresponding to adsorption of Bz on step edges of Cu(443)
vs terraces on Cu(111). However, such a comparison
assumes that the molecules remain in their ground state
geometric configuration close to desorption temperatures,
thereby ignoring any kinetic effects.

In the case of Np/Cu(443) vs Np/Cu(111), the difference
between experiments and our calculations is apparently
even larger. TPD experiments observe a desorption temper-
ature of 349 K for Np/Cu(111) and 410 K for Np/Cu(443).
This amounts to a difference in adsorption energy of
0.2 eV, compared to 0.6 eV found in our PBE + vdwsurf
calculations.

To rationalize this apparently significant discrepancy
between TPD experiments and first-principles results, we
systematically calculated the migration barriers for diffusion
of Bz and Np on the Cu(443) surface for different initial and
final metastable states. The energetics of some representative
diffusion pathways is shown in Fig. 2. An important
observation is that all of the computed barriers are much
smaller than the corresponding adsorption energies. This
suggests that the adsorbed molecules are likely to be mobile
on the Cu(443) terraces already well below desorption
temperatures. TPD experiments can only provide informa-
tion about the molecules upon desorption, given the macro-
scopic temperature increase rates. Therefore, the TPD
spectra do not contain information about the dynamics of
adsorbed molecules prior to the desorption process.

The lowest barrier for diffusion from step edges
to terraces of the Cu(443) surface determined in our

086101-3



PRL 115, 086101 (2015)

PHYSICAL REVIEW LETTERS

week ending
21 AUGUST 2015

b 8 6 A 8 6 6 & 4 8 & &

Bz-T1 Bz-T2

BaS1 B7-S2 % % ,
Py %ﬁmmmmo

wm )-F Bz
w== TS Bz
0.61eV 0.61eV
-0.60
-0.85 1 A 0.04eV
0.29¢ Bz-T1 ey
< 1104 v z-
S =
s 0.66eV
2 -1 —r 0.07eV
E 1.35 z-S1 . P
Np-T1 & 00ty o
-1.60 Np-12  Np-T3
-1.85
-2.10 INp-Sl1
L2 6. 6.0 0. 0.0 0.0 0.0 0.0 04
m )-F Np )
TS Np

‘Np-12 . Np;T3

Pt T T

P m 00000000000

Np-S1

FIG. 2 (color online). Adsorption energies (b — E) and diffusion
barriers (7'S) for Bz (upper blue line) and Np (lower green line),
determined from PBE + vdW*" calculations. Structural models
are also shown, where all stable configurations correspond to
Fig. 1, viewed from the top.

PBE + vdW*" calculations is 0.61 eV for Bz and 0.66 eV
for Np. Using a prefactor of 10'%s~! in the Arrhenius
equation, these barriers would correspond to ~200 K for
Bz/Cu(443) and ~220 K for Np/Cu(443). Both temper-
atures are smaller than the desorption temperatures
observed in TPD experiments, thereby providing a strong
support for our alternative dynamic explanation of the
ADD mechanism for Bz and Np on the Cu(443) surface.
Another support for our theoretical predictions is the fact
that no ordered diffraction pattern could be observed for
Np/Cu(443) by LEED at temperatures slightly above 300 K
[19]. This strongly suggests that Np molecules freely
diffuse on the Cu(443) terraces well below their desorption
temperature of 410 K. We note in passing that our
conclusions about the migration mechanism would not
be modified by changes of the prefactor by 2 orders of
magnitude. In addition, we have carried out calculations

using a nonlocal vdW functional optB86b-vdW [33], fully
reproducing the PBE + vdW* results.

How then can we explain the increase of ~50 K in
desorption temperature observed in TPD for Cu(443)
compared to Cu(111)? Since the migration barriers between
different metastable states on Cu(443) terraces are signifi-
cantly below the desorption temperature, we can simply use
a Boltzmann average over the energies of all accessible
metastable states to calculate the adsorption energy on
Cu(443) at a given desorption temperature. Using this
procedure, we obtain an increase of 0.16 eV for the
adsorption on terraces of Bz/Cu(443) compared to
Bz/Cu(111), while for Np/Cu(443) the corresponding
increase is 0.19 eV. These values are in excellent agreement
with the peaks observed in TPD experiments that lead to an
increase of the adsorption energy of 0.15 eV when going
from Bz/Cu(111) to Bz/Cu(443) and to an increase of
0.20 eV when going from Np/Cu(111) to Np/Cu(443). This
analysis demonstrates that the desorption signal from
Cu(443) arises from mobile molecules adsorbed on the
terraces of the Cu(443) surface and not from molecules
located at step edges.

Finally, we rationalize experimental observations for the
adsorption of Bz and Np on Cu(443) for monolayer and
higher coverages, where the desorption mechanism is even
more complex. In this case, two well-resolved peaks appear
in the TPD spectra [see Fig. 1(d)]: for Bz/Cu(443) at 190
and 260 K, while for Np/Cu(443) the peaks are located at
300 and 385 K. The coexistence of two peaks was
interpreted as an indication of initial desorption from
terraces, followed by the desorption from step edges. It
is noticeable that the temperature of the higher desorption
peak remains similar as in the case of adsorption on
Cu(443) at low coverages, while the lower peak is
displaced to decreasing temperatures even when compared
to desorption from Cu(111). In experiments, it is evident
that both step edges and terraces are populated with Bz and
Np molecules upon increasing the surface coverage [19].
Since adsorption on terraces leads to lower stability, these
molecules desorb first, explaining the first TPD peak at
190 K for Bz/Cu(443) and 300 K for Np/Cu(443). The low
temperatures of these peaks arise from repulsive lateral
Bz-Bz (Np-Np) interactions at monolayer and higher
coverages. Our extensive calculations for full monolayers
and double layers (with up to six molecules per 4 x 1 unit
cell for Bz and 6 x 1 unit cell for Np) yield adsorption
energies for the “weakest” molecules of 0.65 £ 0.1 eV for
Bz and 0.96 + 0.1 eV for Np. These values agree particu-
larly well with the adsorption energies of 0.59 eV
(T, =190 K) for Bz and 0.94 eV (T; =300 K) for
Np, determined using Eq. (1) from experimental low-
temperature desorption peaks. Once some of the terrace
molecules desorb, the temperature is already sufficiently
high for the molecules on the step edges to overcome the
migration barrier and diffuse into the terraces. We note that
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this process can be rather cooperative, as suggested by the
very broad nature of the high temperature peak in TPD
experiments for high-coverage Bz and Np layers on
Cu(443), as shown in Fig. 1(d) [19]. Upon migration of
the “former step-edge” molecules onto Cu(443) terraces,
the lateral repulsion is now reduced, leading to a higher
adsorption strength compared to monolayer coverage and
explaining the high-temperature peaks observed in TPD
experiments for both Bz and Np. Our analysis also explains
why high-temperature or high-coverage peaks arise at
temperatures similar to desorption at low coverages.
Once the former step-edge molecules have diffused onto
Cu(443) terraces, their adsorption energy becomes identical
to the scenario where the molecules are adsorbed at low
coverage.

In conclusion, we have studied the adsorption, diffusion,
and desorption behavior of benzene and naphthalene
molecules on the vicinal Cu(443) surface. Our calculations
suggest a more complex dynamical picture than previously
proposed from temperature-programed desorption studies
of these systems. In general, our findings imply that the
understanding of molecular adsorption at realistic surfaces
at finite temperatures requires a consideration of dynamical
effects. This strongly advocates the need for time-resolved
experimental studies to understand the behavior of molecu-
lar layers on realistic surfaces.
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