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Stability of subsurface oxygen at Rl§111)
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Using density-functional theoryDFT) we investigate the incorporation of oxygen directly below the
Rh(111) surface. We show that oxygen incorporation will only commence afarly completion of a dense
O adlayer @,,~~1.0 monolayerwith O in the fcc on-surface sites. The experimentally suggested octahedral
subsurface site occupancy, inducing a site-switch of the on-surface species from fcc to hcp sites, is indeed
found to be a rather low-energy structure. Our results indicate that at even higher coverages oxygen incorpo-
ration is followed by oxygen agglomeration in two-dimensional subsurface islands directly below the first
metal layer. Inside these islands, the metastable hcp/octaiedralirface/subsurfagsite combination will
undergo a barrierless displacement, introducing a stacking fault of the first metal layer with respect to the
underlying substrate and leading to a stable fcc/tetrahedral site occupation. We suggest that these elementary
steps, namely, oxygen incorporation, aggregation into subsurface islands and destabilization of the metal
surface may be more general and precede the formation of a surface oxide at close-packed late transition metal
surfaces.
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. INTRODUCTION cently be showtf that exposure of the Rh11) surface to @
at moderatly elevated temperatures470 K) leads to the
Exposing a metal surface to oxygen can result in simpléormation of subsurface oxygen species, and there is evi-
adsorbate covered surfaces, O subsurface penetration or akence that at least 0.9 monolayefML) of O is adsorbed on
ide formation, depending markedly on the oxygen partialthe surface before subsurface sites are occupied. Interest-
pressure, substrate temperature, the crystallographic orientagly, the analysis of the x-ray photoelectron diffraction
tion of the surface, and the time of exposure. As the chemicalXPD) data of the corresponding study suggested that the
activity of the metal surface in these different states can vargubsurface species-(0.1 ML) occupies octahedral sites be-
significantly, knowledge of the interaction of oxygen with tween the first and second Rh outermost layers, which lie just
metal surfaces is critical for understanding technologicallyunderneath the fcc on-surface adsorption sites, while the
important processes such as, e.g., oxidation catalysis. Theeighboring on-surface oxygen hasitchedfrom its normal
formation of surface oxides on metal surfaces can in thidcc to the hcp sites.
respect both be beneficial, as well as detrimental. In particu- On theory sideab initio studies of O subsurface species
lar, for applications such as the CO oxidation on transitionon transition metal surfaces are even more s¢éré®and as
metal based catalysts, oxide formation at the catalyst’s suiet lacking for Rh surfaces. The present theoretical study
face in the reactive environment was primarily viewed astherefore specifically examines the incorporation of O into
leading to an inactive surface oxide poisoning the catalytiche close-packed Rh11) surface using density-functional
reaction, such as, e.g., in the case of Rh surfacémhile  theory. Extending preceding work focusing on ordered oxy-
recent experiments showed that the high catalytic activity ofjen phasesn this surfac&®we now discuss the stability of
the RY000Y) surface with respect to the CO oxidation relatesoxygenbelowthe surface, and address questions concerning
in fact to the existence of RuQL10) oxide patches that the minimum oxygen coverage at the onset of oxygen pen-
form under oxidizing condition$-® Thus, apparently, unre- etration(Sec. lll A), the stability of various available subsur-
active surface oxides are more likely to form on Rh than orface sites(Sec. Il B), as well as the effect of a continued
Ru surfaces. These findings call for an atomistic understanddxygen incorporation with increasing coverage up to 2.0 ML
ing of the oxidation of these transition-metal surfaces and ofSec. 111Q. The present results for subsurface oxygen on
the structure of their oxide surfaces. Rh(111) are discussed and compared with corresponding re-
There is general agreement that the mechanistic stemilts for the R(000D) surfacé®? as a first step towards the
leading to oxide formation involve dissociative oxygen understanding of the elementary steps governing the onset of
chemisorption on the metal surface, lattice penetration ofurface oxide formation. Questions remain as to the nature of
atomic oxygen, and the crystallization and growth of the stothe distinct chemical activity of oxidized R2001) and
ichiometric oxide phases. The sequence of these events m&h(111) surfaces.
be complex, and rather than successively, they may occur
S|mulfcaneously, dependlr_1g on the temperature and pressure. Il CALCULATIONAL DETAILS
The first of these steps, i.e., the chemisorption of oxygen on
Rh single crystal surfaces, has been the subject of intensive All calculations have been performed using density-
experimental and theoretical reseafcH but only few ex-  functional theory(DFT) and the generalized gradient ap-
perimental studies have addressed the ensuing formation pfoximation (GGA) of Perdewet al?! for the exchange-
subsurface oxygett2" In one of these studies it could re- correlation functional as implemented in the full-potential
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linear augmented plane wave meth@®-LAPW).?>=*The  all structures that contain the same amount of O alike. Con-

Rh(111) surface is modeled in the supercell approach, emsequently, the calculation of relative stabilities of different

ploying a seven-laye(111) Rh slab with a vacuum region phases, i.e., the difference between two binding energies, has

corresponding to six interlayer spacings 13 A). Oxygen a significantly smaller error than this variation in the absolute

atoms are adsorbed on both sides of the slab. Their positionglue ofE,,. Combining all these tests, we give a conserva-

as well as those of all Rh atoms in the two outermost subtive estimate of this latter error af 30 meV/O atom, which

strate layers are allowed to relax while the central three layin turn does not affect any of the conclusions made in this

ers of the slab are fixed in their calculated bulk positions. Inwork.

a preceding publication we have detailed the geometrical

properties and stability of ordered adlayers of O oriIRf).° . STABILITY OF SUBSURFACE O

Exactly the same calculational setup is used here, such that o ] .

the results of our prior study can be used for comparison. A. Minimum coverage for O incorporation

Further technical details of the calculations can correspond- The initial oxidation of the R{111) surface proceeds via

ingly be found in Ref. 9. the dissociative chemisorption of oxygen in the threefold fcc
We address the stability of O/RHL1) structures with re-  hollow sites of the basal surfaée’ O, exposure under UHV

spect to adsorption of Loy calculating the average adsorp- conditions leads to two well ordered superstructures, namely,

tion energy per O adatom a (2X2)-0 and a (X 1)-O phase at coverages of 0.25 and

0.5 ML, respectively. The latter coverage was for a long time
Ead 010t = Ep(61o) —D/2, 1) believed to correspond to a saturated surfaxet, after the-

whereD is the dissociation energy of the,@nolecule and  Oretical predictior,? a (1x1)-O phase fi=1.0 ML)
En(fy) the average binding energy per oxygen atom as gould be stabilized experimentally under UHV conditions us-

function of the total coveragé.e., on-surface+ subsurfacg ~ INg atomic O as oxidant, thus demonstrating that the appar-
O IN turn, Ep( 6y is defined as ent saturation results from a kinetic energy barrier tp O

dissociation:” This barrier can also be overcome by en-
hanced @ dosage at moderately elevated temperatdrég®
Eb( o) = — N—[Esélﬂgh(m)( Oro) — (Ednainyt NioES ], or by exposure to more oxidizing carrier gases, such as, e.g.,
fot @) NO,.13" In all cases, subsurface O incorporation or bulk
diffusion was reported for higher exposures at temperatures
whereNyy is the total number of oxygen atoms in the unit above~400 K, and as already mentioned a recent experi-
cell andE%'?F?h(m), EsR'ﬁf’lll), andE3°" are the total energies mental study brought evidence that at leash.9 ML of
of the O/RK111) adsorbate system, of the clean(RHl) sur-  oxygen is adsorbed on the surface, before subsurface sites
face, and of the free oxygen atom, respectively. A positivebecome occupietf.
value of the average adsorption energy indicates that the dis- To address this initial incorporation theoretically we study
sociative adsorption of Ois exothermic. That is, the binding the stability and properties of subsurface oxygen species as
energy per O adatom on RI1)) is larger than that which the  function of the total coverage,, (0.25< 6,,<1.0 ML). We
O atoms have in gf{gas), i.e.D/2. The total energies of the employ (2x2) unit cells and calculate the average adsorp-
adsorbate system and clean surface are calculated using thién energy of fully relaxed structures containing fraig,
same supercell. Details on the calculations of the isolated G-1 (6,,,=0.25 ML) up toNiy=4 (6 =1 ML) oxygen
atom and the free Omolecule are given in Ref. 9. atoms[see Eq.(2)]. The occupation of subsurface sites will
To test the accuracy of the calculated binding energiegommence, when a structure with one of these O atoms lo-
Ep(0io) on numerical approximations due to the finite FP-cated below the surface becomes energetically more favor-
LAPW basis set and the finite slab and vacuum thicknessesble than the most stable one with all oxygens on the surface
in the supercell approach, selected calculations were repeatedthe same total coverage. That is, we compare the stability
with higher accuracy. The self-consistent calculation&Epf of (2X2)—[(Ni— 1)Ognt Osul/RN(111) mixed phases
were routinely conducted for a seven-layer slab, a 16 Ryelative to the (% 2)— (N,O,)/Rh(111) structure with Q)
plane-wave cutoff in the interstitial region, and a K122  atoms in fcc hollow sites foN,,=1, . .. 4.
X 1) Monkhorst-Pack grid for the (21) unit cell with 19k Between the first and second outermost metal layers, there
points in the irreducible wedge.Changing to densek  are three different high-symmetry interstitial sites available
meshes up to a (2818x1) grid with 37 k points in the for O incorporation. The octahedral sitbenceforth octa
irreducible wedge resulted in negligible variations Bf lies just underneath the fcc on-surface site, and one tetrahe-
within ~10 meV/O atom. Similarly, extending the RA1) dral site(tetra-) lies below the hcp on-surface site. A second
slab from 7 to 9 and 11 layers led only to changes in theetrahedral sitétetra-ll) is located directly below a first layer
calculated binding energies up t810 meV/O atom. The metal atom. Considering both threefold hollow sitfes and
only really notable effect on the computégl is caused by hcp) as possible adsorption sites on the surface, leads then to
variations of the finite plane-wave cutoff in the interstitial a many-fold of possible structural combinations of how to
region: Increasing this cutoff from 16 to 24 Ry decreases thelace theN,, oxygen atoms into the unit cell, in particular as
binding energies by=100 meV/O atom. Yet, this decrease at most coverages several symmetry inequivalent possibili-
can be largely attributed to an improved description of bothties for the same on-surface and subsurface site combination
the free O atom and the chemisorbed species and thus affeasist.
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TABLE |. Average adsorption energie§n eV/O atom of
Rh(111) geometries containing O in on-surface and/or subsurface
sites. The label on/sub indicates the site tyjec,hcp for on-
surface; octaltetra-l/tetra-1l for subsurface, see)téalculated val-
ues for the most stable on-surface adlayer with O occupying fcc
sites(fcc/—) are from Ref. 9. Fo¥,,,<1.25 ML, 0.25 ML of O is
contained below the surface, fdk,=2.0 ML, 1.0 ML of O is
contained below the surface.

—‘jgf 3

hcp/tetral

Sites Orot
on/sub 0.25 050 0.75 100 125 2.00
FIG. 1. Top view of all possible on-surface/subsurface site com-
binations atf,,;= 1.0 ML with one oxygen atom located below the fcc/— 2.24 195 166 1.40
surface(see text for the explanation of the different sjtégh = big —J/octa —-1.25
sphereqwhite = surface layer, gray= second layer O = small  _jtetral ~0.78
spheres(black = on-surface, gray= subsurface Oxygens in  fcc/octa 036 075 081 069 056
tetra-Il sites below the first layer Rh atoms are invisible in this plot.. heplocta 0.68
and are schematically shown as small white circles. Symmetry 'nhcp/octa(a) 081 102 092 081 089

equivalent occupation of the same kind of on- and subsurface sitehs

are denoted witl{a) and (b), respectively. fcip;igt(:r:(g) cl)gg gig 2;?’ 093 113

fce/tetral (b) 0.74
hcpl/tetral(a) 0.79
?%i'c/tetrau(ao 091 077 083
?cc/tetrall (b) 0.91
ﬁcp/tetrall(a) 0.80 0.68 0.86
cp/tetrall(b) 0.85

As will be shown below, the stability of structures involv-
ing on-surface and subsurface sites becomes only comp
rable to that of the pure chemisorbed on-surface phase
fier=1.0 ML. Thus, only at that coverage we will address
the complete set of possible structural combinations, show
in Fig. 1, while at the lower coverages we only exemplify the
stability trends by computing three likely combinations that
will become relevant at a later stage of our discussion. Th lculated d " . fall i fi-
Namely, these are geometries where on-surface oxygen is in € Calculated average adsorption energies of afl iInvest

fcc sites and the subsurface oxygen in either the octa or th%a'[ed structures are compiled in Table |, while Fig. 3 addi-
tionally visualizes the trends for three selected on-surface/

tetra-| sites, fcc/octa and fcc/tetra-1, respectively. Thirdly, Wesubsurface combinations as described above. Concentrating
included the experimentally suggested possibtfiithat oxy- )ii st on the lowest tested coveragi,=0.25 ML, we find

gen in octahedral subsurface sites induces a site-switch of t ) ) ; :
nearby on-surface oxygens from fcc to hcp, viz hep/octa. Th at the occupatp n of just subsurface .S|tes without any on-
' §urface oxygen is not even exothermic and 8 eV/O

thus resulting set of considered structures is shown in Fig. atom less favorable than adsorption into the on-surface fcc
for 6;x=0.5 ML and6,,,=0.75 ML. At the latter coverage P

we also tested the possibility of a simultaneous occupation o ollow sites. We have recently shown that th.'?’ is generally
hcp and fcc on-surface sites and octahedral subsurface sité ? case for the closed-packed latel 4ransition metal

leading to the fcc hcp/octa structure. Figures 1 and 2 also
show the considered symmetry inequivalent structures with n
the same kind of on-surface and subsurface sites occupatiorg ®—®fcc/——
e.g., hcploctda) and hep/octab). ‘ &-—-Afcciocta

S :
5 v OO heplocta (a)
S -05¢ V-V fec/tetral (a)
)
R >. ‘. 5
oY b A
. g A
[ = 05 P
0 ) A8 § T
fcc/octa  hep/octa (a) hep/octa (b) fec/tetral (a) ) 3 g @ gl
o : N o
+ Ogup)/Rh(111), By = 0.75 ML 3 v
o e eene Nee ) (PP g 15
O < g
( y ( ]
¢ LA (g Ak X ¥ agh it ¢ w, ! z
xq 57 O D xS « ) <
cc/octa fcc hep/octa hep/octa (a) hep/octa (b) fec/tetral (a) 25

0 025 05 075 1 125 15 175 2 225

FIG. 2. Top view of selected on-surface/subsurface site combi- Total Coverage 6, (ML)
nations atf,,;=0.5 ML and6,,,;=0.75 ML with one oxygen atom
located below the surfacésee text Rh = big spheres(white FIG. 3. Average adsorption energigs eV/O atom of selected
= surface layer, gray= second layer O = small spheregblack  Rh(111) geometries containing O in on-surface and/or subsurface
= on-surface, gray= subsurfacg sites, see text and Table I.
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sur faces, which is largely largely due to the significant local
expansion of the metal lattice induced by occupation of sub- 45| gfee/—-
surface site$® The corresponding cost of distorting the metal Afeclocta
lattice and breaking metal bonds renders subsurface sites in O hep/octa (a)
tially always less stable than on-surface chemisorption. Yet,
upon increasing the on-surface coverage, repulsive interac;
tions between the adsorbates drive the adsorption energe
down, see Fig. 3, until eventually occupation of sub-surface€
sites might become more favorable compared to a continuec 0.5 |
filling of on-surface sites.

Turning therefore to higher coverages up to 1.0 ML,
where we continuously increase the number of adsorbed on ¢ |
surface oxygen atoms per unit cell, we find the average ad
sorption energies of all mixed structures now to be positive,
i.e., they should be able to form. Still, in the whole submono-
layer regime the values &, 6,y for the mixed phases are
significantly lower compared to that of the pure on-surface FIG. 4. Calculated work function change for the fcc/octa and
adsorption at the same total coverage, reflecting the abouscp/octa(a) structures at,,,=1.0 ML (see Fig. 1 Calculated val-
described fact that the occupation of subsurface sites is etes for the most stable adlayers with O occupying only on-surface
ergetically considerably less favorable. Only &,  fcc sites are from Ref. 9.
=1.0 ML does the adsorption energy of the selected mixed
phases approach that of the pure on-surface fcc phase {Re less stable of the two symmetry inequivalent possibilities
within ~0.3 eV/O atom(see Fig. 3. To make sure that no of the same on-surface/sub-surface site combindtiemder-
other structural on-surface/subsurface combination would bghg, e.g., the hcp/octéb) and fcc/tetralb) geometries unfa-
even slightly more stable and then eventually more favorablgorable, see Figs. 1 and 2 and Table |
than the pure on-surface phase, we tested all of the possible Moreover, we find the stability of all other combinations
structures shown in Fig. 1 at this particular coverage. As ca@at §,,=1.0 ML to be rather similar, i.e., withir=0.2 eV/O
be seen from Table I neither of these configurations leads tatom, see Table I. This suggests that at elevated temperatures
a more favorable binding than the pure fcc phase. Thereforgyxygen incorporation could start initially in all available
O incorporation into the RI11) surface can only occur at sjtes, and that kinetic factorsuch as penetration barrigrs
just about the completion of the full monolayer coverage onmore than energetic factors determine which of the possible
the surface, i.e.0,,~1.0 ML. metastable sites get populated first in an experiment with

The calculated energy difference 0.3 eV/O atom be-  controlled oxygen dosage. As noted in the Introduction, a
tween the pure fcc and the mixed phases for cover@iges recent analysis of XPD data indicated the presence of a sub-
~1.0 ML indicates that subsurface O penetration intosurface oxygen species-0.1 ML) in octahedral sites be-
RNh(111) is an energetically activated process and that aween the first and second metal layer at an almost oxygen-
small, but finite concentration of subsurface oxygen can bgovered (-0.9 ML) Rh(111) surface after 170Langmuir G
expected already at on-surface coverages slightly below 1.8xposure at 470 K. The analysis of the data yields to the
ML at elevated temperatures. Widet al. have found that suggested simultaneous occupation of neighboring on-
extended exposure of the RA1) surface to oxygen at 470 K surface hcp sites, which is different from the otherwise pre-
led to the formation of a sub-surface species, though theerred fcc sites on Ri11) before oxygen incorporatioff.
on-surface coverage remained slightly below 1.0 ¥lin This intriguing finding is in line with our calculations,
comparison, on Ri®001) we find the energy difference be- which indeed indicate, that subsurface oxygen was to oc-
tween the pure on-surface and the mixed phase®i@t cupy octahedral sites, then the site-switch combination hcp/
=1.0 ML to be~0.8 eV/O atonf,?that is about a factor octa would be considerably more favorable compared to the
of three larger than for Rfi11). Correspondingly, oxygen fcc/octa combination with the on-surface oxygens in their
penetration has at the prior surface only been reported taormal adsorption sites, see Fig. 3.
occur after the (1X1)-O phase on the surface has been In seeking for a qualitative explanation for the stability of
completec?®*° the hcp on-surface sites upon occupation of octahedral sites,
and consistent with the discussion on the preferred fcc site
adsorption begun in earlier papér® we examine the calcu-
lated changes in the work functickd as well as the differ-

Trying to understand the oxygen site preferences in th@nce in O b binding energy of on-surface O atom®; , of
various on-surface/subsurface phases at coverages up to 1@ mixed fcc/octa and hcp/octa phaseggt=1.0 ML rela-

ML, we note first that the low stability of a number of struc- tive to the values for the stable 11)-O/RH111) structure,
tural combinations can be understood in terms of electrowith O just occupying fcc sites. The calculatédb and
static repulsion between the oxygens, i.e., whenever the eleaxO,4 values are shown in Figs. 4 and 5, respectively. Ini-
tronegative oxygens come too close to each other. This holdsally, the work function rises as a function of the coverage,
for mixed fcc hcp combinationgsee Table)l, as well as for  while O remains in the surface fcc sites;&$~0.75 ML it

0 0.25 0.5 0.75 1
Total Coverage 6., (ML)

B. Site preferences and site-switch
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(2x2)~(30,,+0,,)RN(111) 6, =1.0ML TABLE Il. Calculated structural parameters in A for the hcp/
feclocta heplocta heplocta (a) octa and fcc/tetra-1 phases ét,=1.25 ML. O atoms and all Rh
atoms in the two outermost layers were allowed to relax. For the
interlayer distances, the center of mass of each layer is used. Num-
016 014 0:2 0.0 —6.2
A0, (eV)

SILSIESS L2

bers in parentheses correspond to bulk values, which were fixed.
Oqn.susRhy ;> indicate (averageyl bond lengths to first and second
layer Rh atoms, and zgy, , andAzg_  the magnitude of the buck-

FIG. 5. Calculated initial-state on-surface ® dore-level shifts  ling of the outermost Rh layers and of the on-surface O adlayer,
for the fcc/octa and hep/octa) phases ab,,,= 1.0 relative to the O respectively. The lateral displacements, radially away from the ideal
1s level for the adatoms of the O-(1)/Rh(111) structure at lattice positions, are denoted By gy, ,, andArq , respectively.
0,,=1.0 ML, with O occupying on-surface fcc sitéfec/—). The
label on/sub indicates the on- and subsurface adsorption sites, re- hcp/octa fccitetra-|
spectively. There are two symmetry inequivalent O adatoms in th% Rh 1.94 1.95
hcplocta phase, which is why two levels are shown for this struc--°"" _* ' '

ture. OsurRhy 2.15 2.00
Oy Ry 2.21 1.94
. , , do_rn 1.14 1.15
reaches a saturation value. Such an increase in the wo%?on 1 279 278
function upon O chemisorption reflects the high electronega=*2 2'30 2'32
tivity of the adspecies that results in an induced inward di-d_23 ' :
pole moment, i.e., with the negative charge at the vacuurfizs (2.213 (2.213
side of the surface. The saturation at higher coverages is the¥Zrn, 0.30 0.23
a consequence of the dipole-dipole interaction giving rise ta\Zrn, 0.26 0.30
a depolarization with decreasing O-O distance. Azg 0.18 0.18
The initial incorporation of oxygen in the fcc/octa and Argn 0.06 0.08
hcp/octa phases leads to a decrease in the work functiofrrn, 0.03 0.00
compared to the saturation value at 1.0 ML with O just oc-Afo,, 0.07 0.07

cupying on-surface fcc sites. This decrease is considerably
smaller for the hcp/octa structure, see Fig. 4; where it should

also be noticed that the average bond lengtjy-Rh, and ] . . o
interlayer spacinglp s, between chemisorbed O and Rh We investigate t_he cont|nued_OX|dat|on after subsprface @)
on ™ has been initially incorporated in the coverage region 1.25

atoms at the sgrface are.practically independent of the occu= 0,<2.0 ML by calculating the average adsorption en-
pation of the sites at a given coverage, see Tables Il and Illg.rgy at both 1.25 ML ¢s,;,=0.25 ML) and 2.0 ML @gyp
Moreover, the calculated initial-state Gs Bhifts schemati- =1 g ML) coverages. Again, we find that the site combina-
cally shown in Fig. 5, indicate that the Gslevels of ada-  tions hcp/octa and fcc/tetra-I give the highest adsorption en-
toms in the hcp/octa geometry ared.5 eVlessbound com-  ergies, while the occupation of tetra-Il sites leads to energeti-
pared to corresponding levels of oxygen atoms in the fcctally slightly less favorable phases, see Table I. In the
octa geometry. This reflects a larger electrostatic repulsion dbllowing we will restrict our discussion to the two most
the hcp sites, where a somewhat more negatively charged §able phases, i.e., hcp/octa and fcc/tetra-l.
would be adsorbed, which in turn correlates with the smaller Tables Il (f,,,=1.25 ML) and lll (6,,;=2.0 ML) show
dﬁcrease in the work function for the preferred site-switchthat the geometrical changes in response to subsurface pen
ase.
P On comparing the values df® and AO,, for the hcp/ TABLE lIl. Calculated structural parameters in A for the hcp/
octa and fcc/octa phases with those for the pure fcc adsorgcta, fec/tetra-l, and fec/tetrggl, phases ab=2.0 ML. O atoms
tion in Figs. 4 and 5 it can thus be suggested that a Similarly"‘nd all Rh.atoms in the two outermost layers were allowed .to relax.
charged O would sit in hcp sitegather than in fcc sites Numbers in pare_nth_eses correspond to _bulk values, which were
upon octahedral subsurface occupation compared to the oxjf¥€d- G susRhy 2 indicate bondlengths to first and second layer Rh
gens adsorbed in fcc sites before O penetration. Hence, sin@toms, andl;; interlayer spacings.
larly to the pure on-surface fcc adsorptidt, we suggest

C. Continued oxidation: island formation and trilayer shift

that a strongetonic bonding favors the hcp sites in the site- hcp/octa fec/tetra-| fec/tetrgli
switch phases at the onset of 0] penetratiefat{s 1.0 ML) Oy RNy 1.96 1.97 1.97
Although we can Fhus rationalize the higher s_tab|I|1tg/ of O sRN; 210 205 206
the hcp/octa site-switch phase suggested by Wetal. 0. sRh, 251 201 202
compared to the fcc/octa phase, we nevertheless stress t it° 119 1.19 119
the occupation of octahedral subsurface sites is according (PoRM ' ' '
our calculations only of a metastable character, as the fcéhz 3.36 334 335
tetra-l structural combination is consistently energeticallyd,; 2.14 217 2.18
more favorable over the complete tested coverage range, sgg, (2.213 (2.213 (2.213

Fig. 3.
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6,,=2.0 ML

tot

o
©

o
©

Adsorption energy (eV/O atom)

do,,—Rn,=1-04 i1
d»=2.53 fec/tetral
dp3=2.10 12 | | st?cklng fault

0 0.4 0.8 1.2 1.6

dgy=2.21
shift distance (A)

FIG. 7. Calculated average adsorption energy during the registry

hift of the Q,-Rh-Qy, trilayer along thg 211] direction over the
h(111) substrate. The initial hcp/octa phase ends in a fcc/tetra-|

FIG. 6. Top and side view of the fcc/tetra-l geometry éaf;
=1.25 ML. Small and large spheres represent oxygen and Rh afz

oms, respectively, where those lying in the same plane and equiva-_ " - . : ;
lent under the threefold rotation symmetry have the same color. Thconflguratlon with a fault in the stacking sequence of the surface Rh

arrows indicate the direction of reference for the atomic in-planele"jlyer after shifting the trilayer bydo/3)V3/2 (ap=3.83 A).

displacementﬁ\rRhlz, andArg of Table Il. Distances are in A. . ) )
: on form subsurface island§.e., nucleatg with a local (1X1)

etration of oxygen are significant and it is therefore not acperiodicity. For both the hcp/octa and fcc/tetra-l1 phase, the
curate to assume that the RMh1) lattice will remain essen- structure of these islands can be viewed as gpRD-Q,
tially undisturbed upon the occupation of subsurface sitestrilayer on top of a RHl11) substrate, see Fig. 8. Interest-
For both hcp/octa and fcc/tetra-l phases at 1.25(0IR5 ML ingly, the internal geometry of the strongly bound trilayer is
below the surface the mean outermost substrate interlayeralmost identical for both phases, see Table IIl and Fig. 8; it is
spacingd,,, expands by about 22 and~ 26 %, relative to  only the coordination to the underlying substrate which is
the corresponding value for the bulk-terminated surface, redifferent in both cases. In fact, we even find that the higher
spectively(see Table Ii. Prior to the present work, we have energy hcp/octa configuration is unstable against a registry
calculated an increase df, from 2.21 A for the clean sur- shift of this whole trilayer along th¢211] direction. The
face to 2.37 A for the (X 1)-O/Rh(111) structure with oxy- calculated average adsorption energy alongshikng of the
gens in fcc site§, which means that an additionat15 trilayer over the Rfl11) surface is shown in Fig. 7. We have
—19% expansion is induced by the 0.25 ML of subsurfacefully optimized the structures at the calculated points along

oxygen. the barrierless displacement, starting from the hcp/octa
For the (2x2)-(40,,+Os)/Rh(111) phases at 1.25 structure. At the end of the shift byag/3)y3/2 (ao
ML, symmetry allows for(in part considerablebuckling of ~ =3.83 A, Rh lattice constaf the on-surface oxygen at-

the outermost Rh and on-surface O layers, i.e., quite distin@@ms are located in fcc and the sub-surface oxygen atoms in
local contractions and expansions together with lateral shiftéetra-1 sites, but the surface Rh layer inside the trilayer does
(see Table I}, which can most often be understood as a locanot continue the fcc lattice stacking, but is now located in a
expansion of the metal lattice around the occupied subsustacking fault position. The calculated structural parameters
face site’® In view of keeping the paper within a limited (interlayer spacings and bond lengthsetween these two
length, we show only one example. For instance, in the fccfcc/tetra-},, and fcc/tetra-1 geometries have remained virtu-
tetra-l geometry, see Fig. 6, the first layer Rh atoms abovally unchangedsee Table Ill, and the average binding en-
the occupied subsurface site, are pulled out of the surface brgies differ by only~3 meV/O atom, i.e., they are degen-
~0.23 A, while the neighboring Rh atoms in the seconderate within our calculational uncertainty, which is plausible
substrate layer are pushed inwards-59.30 A. Also, there as the two structures differ in fact only by a 60° rotation of
are local vertical displacements of the O adatomghe trilayer with respect to the underlying substrate. We have
(~0.18 A), and considerable lateral shifts radially awaysimilarly compared the geometries and average binding en-
from the ideal lattice positions for both substrate and adsorergies of both, fcc/tetral and fcc/tetgg) structures at 1.25
bate atoms. ML and also found no significant difference; we find a dif-
The expansion of the first Rh layer distance becomes witfierence of ~1 meV/atom in the calculated binding
~51% even more pronounced &t,;=2.0 ML (1 ML O  energies.
below the surface see Table Ill. Despite this significant dis-  The reason behind the 0.2 eV/O atom (0.4 eV/unit
tortion of the metal lattice, we find increased adsorption en<ell) preference for the fcc/tetra-l structure compared to the
ergies for both the hcp/octa and fcc/tetra-1 phases comparditp/octa phase can be found when analyzing the coupling of
to the low subsurface O coveragetai=1.25 ML, see Fig. the formed trilayer to the underlying RHL1) substrate.
3. This reflects an attractive interaction between the subsu/hereas we consistently find O-Rh bond lengths of
face species, which implies that the latter have a tendency to2.0 A for both on-surface and subsurface oxygens in the
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FIG. 8. Left: Contour plots of constant electron density if2l1] plane perpendicular to thélll) surface of (%2)—(40,,
+40,,9/Rh(111) structures with oxygens in hcp/otap) and fcc/tetra-Kbottom) sites. Right: Plot of the difference charge density of the
same plane, i.e., where the charge density of the cleahlRhsurface(with distances between Rh atoms as in the chemisorbed syatem
those of the isolated oxygens have been subtracted from the electron density shown to the left. The distance between congdrs is 0.3
(left) and 0.06e/A2 (right). In both cases, the improved bonding of the trilayer to the underlyirdRhsubstrate can be seen as an increase
in the bonding charge density to the second layer Rh atoms.

majority of tested structures, the,@Rh, bond length of the  of this structure is primarily due to an improved coupling of
subsurface oxygen to the second layer Rh atom in the hcighe formed trilayer to the underlying substrate.

octa phase ab,,=2.0 ML is significantly largen2.51 A). Hence, even if subsurface oxygen was initially incorpo-
This points to a weak coupling of the trilayer to the(Rhl)  rated into the metastable octahedral sites as suggested by
substrate in this geometry, which can also be seen in thexperiment® it would due to this instability transform into
density plots shown in Fig. 8, where the incorporation ofthe fcc/tetra-1 configuration upon continued oxygen penetra-
subsurface O in octahedral sites is found to induce only veryion into the RI111) surface. It is interesting to notice that
small changes on the valence charge of the second layer Rim the R0001) surfacé®?° a plausible oxidation pathway
atoms. These changes are considerably larger for the fct¥as been identified, in which after the formation of such
tetra-1 configuration, suggesting that the energetic preferendeilayers a phase transformation into the rutile R(T10)
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structure was obtained for local oxygen coverages exceedingas at the Ru surface only been reported to oedter the

5 ML. The local formation of such precursing structures via(1x1)-O phase on the surface has been completed.

the agglomeration of subsurface oxygen atoms below the The experimentally suggested occupation of octahedral
surface that follow the initial oxygen incorporation, could sites in connection with a site switch of the on-surface oxy-
therefore be a more general phenomenon in the oxidation afens from fcc to hcp sites is indeed found to be initially
transition metal surfaces. Once the local oxygen coveragpossible as a metastable configuration. Increased subsurface
exceeds a critical value, these precursor configurations wilD incorporation will then lead to the agglomeration of sub-
then undergo a structural change and actuate the formation efirface species. The hcp/octa phase is unstable against a reg-
bulk oxide phases. In this respect we notice that already iistry shift of the Q,+Rh-Qy,, outermost layers by which the

the preferred fcc/tetra-1 configuration the Rh first layer atomdnitial hcp/octa phase ends in a fcc/tetra-l1 configuration with
are sixfold coordinated to oxygens and the oxygen atoms im fault in the stacking sequence of the surface Rh layer. In
the tetrahedral site fourfold coordinated to metal atoms, i.ethis most stable phase, the on-surface and subsurface oxy-
they exhibit identical local coordinations as in the mostgens occupy fcc and tetra-l sites, respectively, and metal at-
stable, corundum-structured 5y bulk oxide. oms are sixfold coordinated to oxygens while the subsurface
oxygen atoms in tetrahedral sites are fourfold coordinated to
metal atoms.

) ) _ The similarities between these results and those of a si-
In conclusion we have presented a density-functionalyjtaneous theoretical study of the oxidation of the

theory study addressing the initial penetration of oxygen intary0001) surface provide a basis for the interpretation of the
the RR11)) surface. Due to the large local expansion of theyg|e of oxygen incorporation, and nucleation as precursors of
metal lattice induced by the occupation of subsurface sites, ¢he final bulk oxide structure. Addressing the phase transfor-
chemisorption on the surface is initially significantly more yation to the RO bulk oxide will thus be of considerable

favorable. In agreement with recent experimental findingsytyre interest, completing the atomistic pathway of oxide
we therefore find oxygen penetration to occur only after thgrmation at the RHL11) surface.

adsorption ofalmosta full monolayer on the surface. A par-
ticularly interesting result is that the calculated energy differ-
ence of~0.3 eV/atom between the pure on-surface and the
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