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Understanding the complex behavior of particles at surfaces requires detailed knowledge of both
macroscopic and microscopic processes that take place; also certain phenomena depend critically on
temperature and gas pressure. To link these processes we combine state-of-the-art microscopic, and
macroscopic phenomenological, theories. We apply our theory to the O/Ru(0001) system and calculate
thermal desorption spectra, heat of adsorption, and the surface phase diagram. The agreement with
experiment provides validity for our approach which thus identifies the way for a predictive simulation

of surface thermodynamics and kinetics.
PACS numbers: 68.45.Da, 82.65.Dp, 82.65.My

The study of the physical and chemical processes that
take place at gas-surface interfaces have long been an area
of intense research. This interest is both fundamental as
well as driven by the possible discovery of important tech-
nological applications, e.g., in the field of heterogeneous
catalysis, corrosion, etc. [1,2]. With respect to the field
of the theory of adsorption of gases on solid surfaces,
advancement in recent years has developed in two dis-
tinct, albeit complimentary, directions: (i) electronic struc-
ture calculations, at best done by density-functional theory
(DFT), to determine the geometries, energetics, and vibra-
tional properties of adsorbate covered surfaces, and (ii)
phenomenological models, both for the thermodynamics
and the kinetics [3] of the adsorbate. If one can assume
that the geometry of the solid surface does not change dra-
matically and that adsorption occurs at well defined sites,
one frequently employs alattice gas model. A number of
parameters enter this type of model, such as the binding
energies and vibrational frequencies of a single adparti-
cle in the various adsorption sites, and their mutual lateral
interactions with adparticles in close-by sites. Tradition-
aly, these parameters are adjusted in the theory in order
to fit a variety of experimental data such as phase dia-
grams, heats of adsorption, infrared spectra, and thermal
desorption data, etc. Such an approach, while useful, is
clearly not necessarily predictive in nature, nor the pa-
rameters unique, and may not capture the physics of the
microscopic processes that are behind the “best-fit” ad-
justed “effective’ parameters.
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In this Letter, with the aim to improve upon this
approach, we combine state-of-the-art procedures of (i)
microscopic theories, i.e.,, DFT electronic structure cal-
culations and (ii) macroscopic phenomenological ap-
proaches, i.e., lattice gas and rate equations, and Monte
Carlo schemes. On doing this, we present a consistent
first-principles-based approach for calculation of the ther-
modynamic and kinetic properties of an adsorbate, such
as heats of adsorption, temperature programmed desorp-
tion (TPD) spectra, and the surface phase diagram. We
have chosen the system of oxygen at Ru(0001) for which
detailed structural [4—9], thermodynamic [10], and kinetic
data[11,12] exist. We will show that, with the present ap-
proach, a realistic description of these physical properties
isindeed feasible.

The electronic structure calculations [13] are per-
formed using DFT and the generalized gradient
approximation (GGA) for the exchange-correlation
functional [14] (hereafter denoted as DFT-GGA). We
use the pseudopotentia [15,16] plane wave method
and the supercell approach to model the surface. The
positions of the O atoms and the top two Ru layers are
fully relaxed. The DFT-GGA Ru pseudopotential yields
a bulk hcp-fcc energy difference of =—0.072 eV, in
good agreement with all-electron calculations [17]. For
further technical details of the calculations we refer to
Refs. [6,18].

To set up a lattice gas model for O on Ru(0001) we
require a Hamiltonian, which we express as
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The different unit cells of the substrate surface are la-
beled by an index i with i + a, etc., labeling neighboring
cells, and we introduce occupation numbers n; = 0 or 1,
depending on whether a site in cell i is empty or occu-
pied. Overcounting of cells is excluded in the summa
tions. Equation (1) includes consideration of hcp and fcc
sites. Theindicesa’, b’, and ¢’ indicate that the first, sec-
ond, and third neighbor distances between atoms in hcp
and fcc sites are different than when they occupy the same
type of sites. Here E+" = |Vo| — kzT€ngs is the bind-
ing energy of an isolated particle in an hcp site. |Vl is
the depth of the adsorption potential with reference to the
energy of a gas phase molecule which adsorbs dissocia-
tively. g3 isthe partition function of the atom accounting
for its vibration perpendicular, and its frustrated transla-
tion paralldl, to the surface. V<P, Vo and Vis® are the
first, second, and third neighbor interaction energies be-
tween two adsorbed O atoms in hcp sites. The analogous
terms labeled “fcc” represent the same quantities but for
adsorption in fcc sites. Terms labeled VheP-fec represent
the interactions between atoms in hcp and fcc sites. Trio
(and higher cluster) interaction energies, Vy;,, account for
additional modifications because the interaction between
two adsorbed O atoms is changed, when a third adatom
is close by. In fact, depending on the angles and dis-
tances, there are three different trio interactions taken into
account.

We determine the lateral interaction energies required
in Eq. (1) from DFT-GGA calculations of ordered struc-
tures of O on Ru(0001) (see Fig. 1). The adsorption
energy of a single oxygen atom on Ru(0001) is obtained
using a (3 X 3) structure with coverage # = 1/9. With
this large O-O separation (8.26 A), which corresponds to
the fifth nearest-neighbor distance of like sites, lateral in-
teractions are negligible. The adsorption energy, with re-
spect to 1/20,, is then expressed as

O/Ru

6=1/9 _ Ru 1 -0,
Ea /= Eiotal — Etotal - EEtotal- (2)

Here ngﬁu, ERY and Eg,ial are the total energies of the
(3 X 3)-O/Ru(0001) system, the clean Ru surface, and a
free O, molecule, respectively. Expressions analogous to
Eg. (2) have been used to derive the adsorption energies
for the other coverages (see Tablel). We expand the
adsorption energies in terms of two- and three-body
interactions. The interaction parameters are derived from
the eguations:
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FIG. 1. Adsorbate structures calculated using DFT-GGA.

(V3xv/3)R30° 2

E3=2/9 =V, + %(Vln + Vi),

EVTV4 = vy + 3V3,,

EVTV3 = vy + 3V,

E'TV2 = vy + Vi, + Vo + 3V, + Vi,

EST23 = Vo + 3V, + 3Va, + Vs, + 3Viy,

EOT4 = vy + 2Vy, + 2Va, + 3V3, + 2V + 2V,
+ 3V

EON0 = vy + 3(Vy, + Vo, + Vi) + 3V + 6V
+ 2V,

where Vi, Vi, and Vi, are linear, bent, and triangular
trios, respectively (indicated in Fig. 1). We point out
that only in the (3 X 3)-20 structure at 6 = 2/9 can
the atoms at nearest-neighbor sites move significantly
from the locally threefold symmetric adsorption sites to
reduce the repulsion, Vy,,. However, with strong-nearest
neighbor repulsion, isolated nearest-neighbor pairs are
highly improbable at any coverage. We have therefore

calculated E2 > for atoms at locally threefold symmetric
sites because if we were to use the relaxed structure
we would need to include higher many-body interactions
(e.g., longer-ranged trios, quartos, and quintos, etc.) to
account for the movement of the atoms back to the ideal
threefold sites which occurs for higher coverages.

We thus have, for O atoms in hcp sites (and analo-
gously for O atoms in fcc sites), seven equations for six
unknowns. Using the first six of these equations, we ob-
tain the interaction energies listed in Table II. The accu-
racy of these interaction values is gauged by calculating
the adsorption energy of the monolayer (seventh equa-
tion); we find a discrepancy of 0.034 eV smaller than that
of the DFT-GGA value. Along with our derived valuesin
Table II, we give in brackets the interaction energies de-
termined by Piercy et al. [10] for their best fit to the ex-
perimental O/Ru(0001) phase diagram. We also include
our derived interaction parameters for structures involving
O atomsin hcp and fcc sites (last three diagrams of Fig. 1)
obtained by writing down the appropriate equations in an
analogous manner to those listed above.

To complete the specification of our Hamiltonian, we
need the vibrational frequencies of an O atom relative to
the Ru surface. These frequencies can also be calculated
using density-functional theory, for example, the vibration
of oxygen normal to the surface at the " point (cal culated
tobe v, = 509 cm™).

b4
b 8.8 4

x2)-30 (3x3)20 (2x

(For the first eight diagrams, analogous calculations were also

performed for O in fcc sites)) Small circles represent O atoms and large circles represent Ru atoms.
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TABLE I. Adsorption energies (in eV) for O on Ru(0001) with respect to 1/20, for various coverages.
Ste vy =EJ7'0 EZTP BV BV EPVE B EPR BT Ste ERN Eqnerre Eanepte
hep —2.503 —2417 -2577 —2370 —2307 -2.150 —2.091 -—1.895 hcp-fcc —2.294 —2209 —1.492
fcc —2.152 —2.107 —2.145 —2.105 —2.025 -2.015 —1.942 -1.865

We now proceed to calculate the temperature pro-
grammed therma desorption spectra.  Writing the ki-
netic equation for adsorption and desorption as d6/dt =
R.4 — Rges, We obtain, for an atomic adsorbate in contact
with a gas of diatomic homonuclear molecules, the rate of
adsorption R,q = 284i5(0, T)PasA,/h. Here P, isthe
molecular pressure above the surface, a; isthe area of one
unit cell of the substrate surface, A,, = h/(2amkgT)'/?
is the therma wavelength of a molecule of mass m, and
Sqis(0,T) is the dissociative sticking coefficient. For the
rate of desorption we have [3]

kT Z,, 62
A ¢3 (1 — 0)?

— (lat)
X e 2|VO|/kBT62/L /kBT' (3)

Ryes = 2Sdis(0’ T)as

Here Z,, isthe partition function accounting for the inter-
nal vibrations and rotations of O, in the gas phase. (12!
is the contribution to the chemical potential of the ad-
sorbate due to the lateral interactions in the Hamiltonian
[Eqg. (1)] and is calculated here using transfer matrix
techniques. Regarding the sticking coefficient, we note
that dissociation is not activated initially, but at (local)
coverages of 6 = 0.5, it is hindered by an energy bar-
rier [6,12]. Under these circumstances, to obtain the
coverage and temperature dependence of the sticking
coefficient ab initio would be a significant undertaking.
Therefore we use an analytic expression which well ap-
proximates the measured behavior in the temperature
regime of desorption [12]: The sticking coefficient drops
approximately as (2/3 — 6)> and for coverages above
2/3 it remains very small up to a monolayer. The ac-
tual equation we use is Sqis() = So exp[—(0/0)?], with
So = 0.27 and o = 0.3.

Our calculated TPD spectra [19] are shown in Fig. 2
which are compared to recent experimental data[20]. For
low initial coverage we note that in the theory the oxy-
gen desorbs at about 100 K higher temperature than in
experiment, reflecting an overbinding of the O atoms.
We believe that this size error is typical for present day

TABLE Il. DFT-GGA calculated interaction energies (in €V)
for O on Ru(0001). In parenthesis we list the interaction pa
rameters used by Piercy et al. [10].

Site Vin Vou Viu Vit Vit Vi

hcp 0265 0044 —0.025 —0.039 —0.046 0.058
(0.23) (0.069) (—0.023)

fcc 0458 0016 0002 —0.052 —0.044 0.076
(0.069)

fcc-hcp 0586 0101 0.033

state-of-the-art calculations and don’t see that (or how)
better accuracy will be achieved in the coming five to
ten years. Aside from this, it can be seen that the the-
oretical spectra exhibit al of the features of the experi-
mental data: (i) a shift of the peak maxima to lower
temperatures for higher initial coverages (appropriate for
second order desorption and/or repulsive interactions)
and (ii) a stegpening of the leading edge for higher ini-
tial coverages. In our theory this steepening is a re-
flection of two facts. Firstly, for increasing coverages,
the repulsive next-nearest-neighbor interactions lower the
binding energy and thus lower the onset of desorption,
broadening the TPD spectra and stegpening the rising
edge; secondly, and more importantly, is the effect of
the rapidly decreasing sticking probability for increas-
ing coverage. Because the sticking coefficient is much
smaller for coverages above 2/3 ML, desorption is de-
layed to higher temperatures and the last third of a mono-
layer desorbs over a very narrow temperature range. We
can trace the two shoulders (at 1100 and 1300 K) to the
synergy of the interactions which at lower temperatures
lead to the formation of the (2 X 1) and (2 X 2) or-
dered structures, which will also be seen in the heat of
adsorption.

We investigated the affect of spillover into fcc sites;
we found that the overal features of the TPD spec-
tra remain essentially unchanged whether spillover is in-
cluded or not. We have also tested the importance of
the trio interactions on desorption. Neglecting them in-
creases the overall repulsion for coverages larger than
2/3 ML and consequently broadens the TPD spectra, re-
ducing the agreement with experiment. We therefore con-
clude that for high O-coverages, trio interactions play an
important role.
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FIG. 2. Theoretical (left panel) and experimental [20] (right
panel) TPD spectra (heating rate of 6 K/s). For the theoretical
results, initial coverages are ® = 0.1 to 1.0 in steps of 0.1;
the experimental results also span the initial coverage region of
6 — 0tolML.
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FIG. 3. The heat of adsorption as a function of coverage for
temperatures of 7 = 700 (sharpest features), 1100, and 1500 K.

Having the chemical potential as a function of temper-
ature and coverage, we can also calculate the equilibrium
properties of the adsorbate, such as adsorption isobars. As
an example, we present in Fig. 3 the isosteric heat of ad-
sorption [3] for a few temperatures. At the highest tem-
perature, a smooth decrease is observed. At the lowest
temperature, sharp peaks (and decreases) at 1/4, 1/2, 3/4,
and 1 ML occur. These coverages correspond to each of
the ordered phases that form in nature, i.e., (2 X 2)-O
[4], 2 X 1)-0[5], (2 X 2)-30 [7-9], and (1 X 1)-O[6].
[Note that the existence of the (2 X 2)-30 and (1 X 1)-O
adsorption phases was at first predicted by DFT-GGA cal-
culations [18] and subsequently confirmed by experiment
(a nice success of DFT).] The rises in between originate
from the third neighbor attractions, and also from the trios
for the higher coverages. Our results show no tendency for
the stability of a @ = 1/3 phase, i.e,, a (/3 X /3)R30°
structure, in agreement with experiment.

We now turn to the surface phase diagram. From
Table Il it can be seen that the overall agreement of
the interaction parameters determined from our density-
functional calculations and from the best fit to experiment
in Ref. [10] is, in general, astonishingly good; but there
are some significant differences (i.e., more than 50% for
Vi) which could be expected. We find that our Monte
Carlo smulations yield a surface phase diagram rather
similar to that of Piercy et al. [10], where coverage up to
half a monolayer was considered. Our present simulations
aso included higher O coverages and correctly predict the
formation of the (2 X 2)-30 phase.

In summary, we have presented a first-principles-based
approach for calculation of the thermodynamics and
Kinetics of an adsorbate on a surface. We used density-
functional theory to create a lattice gas Hamiltonian from
which we evaluated the partition function. Our theoreti-
cal temperature programmed thermal desorption spectra,
heats of adsorption, and the surface phase diagram for
O on Ru(0001) show very good overall agreement with

2996

available experimental results, providing confidence in
our approach. We found that trio interactions, as well
as the sticking coefficient, play an important role in
the TPD spectra of the present system. The attractive
trio interactions also apparently help stabilize the higher
coverage (2 X 1)-O, (2 X 2)-30, and (1 X 1)-O phases.
The effect of spillover into fcc sites was found to have a
minimal effect on the TPD spectra.
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