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Metastable precursors during the oxidation of the RY0001) surface
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Using density-functional theory, we predict that the oxidation of th€é0B@1 surface proceeds via the
accumulation of subsurface oxygen in two-dimensional islands between the first and second substrate layers.
This leads locally to a decoupling of an O-Ru-O trilayer from the underlying metal. Continued oxidation
results in the formation and stacking of more of these trilayers, which unfold into the(RL@ rutile
structure once a critical film thickness is exceeded. Along this oxidation pathway, we identify various meta-
stable configurations. These are found to be rather close in energy, indicating a likely lively dynamics
between them at elevated temperatures, which will affect the surface chemical and mechanical properties of

the material.
DOI: 10.1103/PhysRevB.65.165403 PACS nunier81.65.Mq, 68.43-h, 68.47.Gh, 68.43.Bc
[. INTRODUCTION and pressures. Moreover, we find these structures to be very

close in energy to the final bulk oxide. This points toward a
The interaction of metals with our oxygen-rich atmo- likely lively dynamics between these metastable configura-

sphere leads to the oxidation of the metal surfaces. Althougkons under realistic conditions, which might affect the
this is common knowledge, little is known about timcro- ~ chemical and mechanical properties of the surface.
scopic processethat actuate this oxide formation. Roughly
speaking, the reaction sequence may be divided into the ini- Il. THEORY
tial dissociation of @ and O chemisorption, followed by
oxide nucleation, and finally the growth of the formed oxide
film. In this scheme, particularly the transition from a two-
dimensional on-surface O adlayer to a three-dimension
surface-oxide nucleus has hitherto barely been addressed. . : ; .

surface is modeled using a slab with six metal layers for

Ba}sed on a host of densny-fgncUonaI-theojEyFT) ca - oxygen coverages up to 2 ML and a ten-metal layer slab for
culations, we present an atomistic pathway for the oxide for;

mation on the R001 surface! The situation for this sur- higher coverages. O is adsorbed on both sides, fully relaxing

face is in fact unique, as both the initial O chemisorption onthe outermost twdthreg R_u layers of the sixter) layer
slabs, as well as the position of all O atoms. A vacuum re-

the metal and the flnally'resultlng R'galO) oxide patches gion corresponding to five Ru interlayer spacings
were already characterized experimentally on an atomi :
~11 A) is employed to decouple the surfaces of consecu-

level 22 Bridging this detailed knowledge of the initial and five slabs in the supercell aoroach. The calculated qeom-
final state of the oxidation, we predict that after the comple- P bp : 9

tion of a full monolayer of chemisorbed O on ®001), the etries of the fqur ordered adlayers of O 09(9@0]? (O< 0
incorporation of O into the lattice leads to the formation ofgl ML) are in very g_ood agreement Wg}; existing low-
two-dimensional subsurface O islands between the first anﬁr.]?]rgy Ie_zlecltjrlg¥-d|ffragtlor(LEIE_Dl) arral;l/se Ogh_ éfs well as
second substrate layer. This implies that domains are forme\efIt hear Ier psebu ontenth ca iu at .f I Ru
that have a local (X1) periodicity, and that can be de- 1 N€ FP'LOAPW asis set Is taken as followRyr
scribed as a trilayered HRu-O,, film on top of RY0002. =23 bohr,RMT=1.3 bvcafhr, Wave-funct'|on expansion inside
Further O incorporation also occurs between the first andhe muffin tins up toly,,=12, potential expansion up to
second substrate layer, saturating the underlying metal arléha=4, and local orbitals for thestand 4p semicore states
almost completely decoupling the O-Ru-O trilayer. The on-0f Ru. The Brillouin-zone integration for the 1) cells is
going oxidation results in the successive formation of moreperformed using a (212X 1) Monkhorst-Pack grid with
of these O-Ru-O trilayers, which at first remain in a loosely1l9 k points in the irreducible part. For the larger surface
coupled stacking sequence. Once a critical film thickness isells, the grid is reduced accordingly, in order to obtain the
exceeded, this trilayer stack unfolds into the experimentallysame sampling of the reciprocal space. The energy cutoff for
reported Ru®(110) rutile structuré. the plane wave representation in the interstitial region be-
This suggested oxidation pathway proceeds via severdween the muffin tin spheres is 17 Ry for the wave functions
metastable states before the final bulk Ru@ide structure and 169 Ry for the potential.
is attained. Their experimental characterization would there- The central quantity we obtain from the calculations is the
fore provide the ultimate confirmation of our theoretical average binding energy of oxygen defined as
model. However, as these intermediate configurations are
only me.tastable,.t.heir exp_er_imental idgntification will be Eb(0)=—i[E§'§‘\?— Eilign— 1/2NoE8°"], 1)
challenging, requiring sophisticated choices of temperatures No '

Our DFT calculations employ the generalized gradient ap-
proximation of the exchange-correlation functiofalsing
atpe full-potential linear-augmented-plane-walfeP-LAPW)
method " to solve the Kohn-Sham equations. The(@a01)
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where Ng is the total number of O atom@n-surface and 1.0~ ; = ;
subsurfacepresent in the unit-cell at the considered cover- £ octahedral site
age . ES® ES2 and E“O“:" are the total energies of the g 15F

slab containing oxygen, of the corresponding cleafOR01)
slab, and of an isolated oxygen molecule respectively. Thus ¢
positive binding energ¥,(#) indicates that the dissociative
adsorption of Q is exothermic.

Due to the small bond length, the total energy of the iso-

lated Q moIecuIe,Eg‘:", cannot directly be calculated with

the muffin tin radiusRy;= 1.3 bohr, chosen for the surface
calculations. Correspondingly we compute the total energy
of an isolated oxygen atom witRg;= 1.3 bohr inside a cu-
bic cell of a side length 15 bohr, with-point sampling of FIG. 1. Binding energies per O atof,(6), with respect to 1/2
the Brillouin zone and without spherically averaging the O, [cf. Eq. (1)]. Coverages withf<1 ML correspond to pure on-
electron density in the open shell. To arrive atE@g", we surface adsorptiothcp or fcc sit¢. For 6>1 ML an O(1x1) ar-

then subtract from the atomic energy one-half of the bindinqrangeme.nt 'S always present at the. surface, while the remaining O is
mol atom ocated in either the octahedral site or one of the two tetrahedral
energy,D/2, of the Q molecule: 1/EOz =Eg —DJ/2. In

sites between the first and second substrate layer. The insets show
turn, D/2 is calculated inside the same box using oxygenshe local atomic coordination of each of these subsurface Ges

with R3T=1.1 bohr, where, due to the smaller muffin-tin light, large spheres; O, dark, small spherégsom the six possible
radius, the kinetic-energy cutoff for the plane-wave basisstructures at each coverage, the three with the on-surface O in hcp
needed for the interstitial region has been increased to 24cc) sites are drawn with thickethinney lines.

12
Ry. present in the slab. We repeated all calculations for the (1

The numerical accuracy d(6) is limited by the finite - o :
FP-LAPW basis set, as well as by the finite size of the slalf- 1_) geometries at 0, 1, and 2 ML done originally with a
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accuracy we selectively increased these parameters and CoOfs gptained relative differences iy (§) between the differ-
pared the binding energies within a subset of the consideregy; tested geometries were within20 meV (30 meV).

structures. This' subset is formed by the two most stqble of "?‘H:ombining all these tests, we can give a conservative esti-
tested geometries at each full monolayer coverage in the dig$f,5te  of the numerical uncertainty  of=30 meV
ciussed 8 6=<3 ML sequence, i.e. the clean surface @t (50 mev) when comparing relative binding energies in
=0 ML and the two most stable O sites @1, 2, and 3 geometries containing an equahequal amount of O. This

ML. As the main error is introduced by the DFT description jnaccuracy never influences the energetic sequence among
of the atomic and molecular oxygen, a possible error cancene siryctures, i.e., the most stable geometry at one coverage
lation will be least effective for the absolute value of the always remains the most stable one: neither does it change
binding energy, which, however, is not the quantity enteringa trend ofE,(#) with coverage. Hence none of the physi-

our physical argument. Rather, it is the difference in binding.,| conclusions drawn are affected by the numerical error
energies of two geometries which determines which one ig ;.

more stablgif they contain the same amount of oxyger

how E,(6) evolves with coverag@f the structures contain IIl. RESULTS
an unequal amount of OThe accuracy will be largest in the _ ) o _
former case, where the molecular energy entering (Y. A. Oxygen chemisorption and initial incorporation

completely cancels out, so that we will always state two The initial O chemisorption on the clean ®001) surface
values indicating the numerical uncertainty when comparingyroceeds via the formation of four ordered adlayer phases, in
relative binding energies in geometries containing an equakhich with increasing coverage oxygen consecutively fills
(unequal amount of O. the four available hcp sites inside aX2) unit cell®® Al-

To assess the quality of the basis set, we increased though the calculated binding ener¢yf. Fig. 1), decreases
plane-wave cutoff in the interstitial region from 17 to 24 Ry, markedly during this coverage sequence; @<1 ML, the
which leads ta+ 5 meV (+ 10 meV) changes in the binding formation of a complete monolayer on the surface corre-
energy differences within the considered subset of geomsponding to the O(% 1)/Ru(0001) phase shown in Figa?
etries. Use of a denser (220X 1) mesh with 44 pointsin s still highly exothermi=° It is worth mentioning that
the irreducible wedge resulted in similar variations. Furtherdespite this decrease in the binding energy, the calculated
increasing the potential angular expansion parametéﬁf’a'gp O-Ru bond length remains almost constant, varying only
=6 and the plane-wave cutoff of the potential representatiofrom 2.01 A in the O(22) phase to 1.97 A in the O(1
to 256 Ry hardly affected the relative binding energies at alix 1) phase. We find the available subsurface sites to be sig-
(=3, and =5 meV). A similar result was obtained when nificantly less favorable compared to the on-surface sites, so
increasing the vacuum region to 19 A. The error due to thehat we can safely rule out O incorporation into the lattice
finite slab size is the larger the more subsurface oxygen ibefore the full chemisorbed overlayer is formd3A simi-
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a) 6=1ML, hcp each coverage considered. To obtain the tren&ggfd) in
the coverage range<l6<2 ML we employ (2<2) unit
4 -LI9A (1975 @, =LA (1978) cells and calculate the binding energy of geometries with one
u m (=1.25 ML), two (#=1.50 ML), and four §=2.00 ML)
subsurface oxygens.
B The corresponding average binding enerdig$6), for
d, =2154 1ML <6#<2 ML, are markedly lower than the ones in the
chemisorption regime for any of the possible site combina-
tions, as shown in Fig. 1. This reflects the aforementioned
fact that the now additionally occupied subsurface sites are
b) 6=2ML, hep/octa considerably less favorable.)/Neveertheless, all of the struc-

dy, = 216A (+1%)

Tk T (1 %L ® tures are still exothermic with respect to clean®01) and .
4,,= 198 (216A) ( e ‘ J —,, _molecular oxygen, and should thus be able to form. Strik-
i L= 1934 (249A) . 3=341A (+59%) ingly, E,(6) for 1 ML<#<2 ML no longer decreases
monotonically with coverage, but shows an inflection, so that
- ————— the most stable configuration in this coverage range is found
d, =215 for a 2 ML geometry with the on-surface O in fcc sites and
the subsurface O in tetra-l sites; cf. Figs. 1 arfd).2This
implies that it is energetically more favorable to place a
_ given amount of subsurface oxygens in a finite area at the
¢) 8=2ML, fec/tetral high local 2-ML coverage into this fcc/tetra-l geometry,
rather than to distribute the same number of subsurface oxy-
- gens homogeneously over the surface, where then only the
d;;=3484 (+62%) lower binding energy corresponding to the lower local cov-
erage is gained. Contrary to the chemisorption regime, where
e the decreasing binding energy with coverage indicates that a
d, =2.15A repulsive interaction between the electronegative adsorbates
favors the formation of sparse ordered adlayers, we thus find
a tendency for the subsurface oxygen to accumulate in dense

dyy =209 (-3%)

d, =1.23A (1.99A)

dl =141A (2. 11A)

=2.06A (2.064)
dy, =216A (+1%)

d) 6 =3 ML, floating trilayer two-dimensional islands with a local 1) periodicity. To
verify that these islands are indeed two dimensional, i.e., that
the subsurface oxygen accumulates only between the first

= 1.26A (201A) .
du_lm 2.02K) a \ i and second substrate layers, we additionally calculated a se-

4= 465A (+116%) ries of geometries where the coverage between the first and
second metal layers was smaller than one, and where an
m additional oxygen atom was placed in sites between the sec-
- ond and third metal layer. All of these cases where signifi-
56 =2.17A (+1%) cantly less stable than the 2-ML fcc/tetra-1 geometry, so that
we can safely exclude a dendritic three-dimensional growth
of the subsurface O islands into the substrate.

In these two-dimensional islands, the incorporated oxygen
'induces a significant distortion of the metal lattice. The first-
layer distance is expanded by 62% compared to the Ru bulk
value, so that instead of an oxygen embedding in the host the
lar conclusion was recently reached in a thorough experigeometry is more appropriately described in terms of an
mental study by Bticher and Niehu$? O,Ru-Q, trilayer on top of a R(D007) substratdcf. Fig.

To address the ensuing O penetration into théOR0Y)  2(c)]. It is worth mentioning that we find similarly large
surface, we first consider all available high-symmetry sub-deformations for all of the tested structures: Even inside the
surface sites between the first and second substrate layetsystal the calculated O-Ru bond lengths are always close to
That is, one octahedral site with sixfold Ru coordination~2.1 A for O in tetrahedral sites and around 2.2 A for O in
(henceforth referred to as o¢tand two tetrahedral sites with octahedral sites. These optimum bond lengths are incompat-
fourfold Ru coordination(henceforth referred to as tetra-l ible with the available geometric space in the tetrahedral or
and tetra-l). The octa and tetra-| sites are the sites directlyoctahedral interstitial sites of the Ru lattice, which would
below the on-surface fcc and hcp sites, respectively, whereamly allow for bond lengths of 1.65 or 1.90 A respectively.
the tetra-ll site is located below a surface Ru atom, asdence O incorporatiofparticularly into the tetrahedral sifes
sketched in Fig. 1. A coverage beyond 1 ML is obtained byinvariably leads to a strong local deformation of the metallic
combining the O(X 1) adlayer in either hcp or fcc sites lattice.
with the surplus oxygen in one of the three available subsur- As such distortions are easier established at the surface,
face sites. This results in a total of six possible geometries ahis would then render oxygen incorporation deeper into the

dy3 = L18A (1.96A)

FIG. 2. Side view of several geometries along the oxidation
pathway(see text Ru, light, large spheres; O, dark, small spheres;
atoms not lying in the plane itself are white.
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bulk less favorable. Indeed, we find binding energies at total
coverages of=1.25 and 2.00 ML to be decreased by more
than 0.1 eV per O atom when placing O into the three sub-
surface sites between the second and third substrate laye B
compared to the hitherto discussed incorporation directly be- A
low the surface, i.e., between the first and second substrat
layer. To address the possibility of bulk dissolved oxygen, we
also calculate the binding energy of one O in an octahedra
interstitial site in a large (44X 4) Ru bulk unit cell with 64 &
metal atoms, where we allow its nearest Ru neighbors tcg
relax. Due to the finite size of the used supercell, the result-g
ing E,=—1.76 eV does not take the long-range elastic in-
tergctions of the metallic lattice properly into account. We & = 1. T T R T R T R R
estimate that the latter would not improve the binding energy Shift along [112] (A)

by more than 0.5 eV, so that we may state a conservative

upper limit of E,~ —1.25 eV for the binding energy of bulk FIG. 3. Atomic geometries and binding energy during the
dissolved oxygen. Although the latter species is thereforerilayer shift along the[112] direction. Starting from the hcp/
energetically significantly less stable than the aboveoctahedral configuratioritop left), the trilayer slides over the
discussed subsurface O, just the vast number of availablRu(000) substrate, and ends up in a fcc/tetrahedral-I arrangement
sites might still allow one to deposit considerable amounts oftop right, where the first Ru layer lies in a stacking fault position
oxygen into the sample at finite temperatures. To test this, theRu, light, large spheres; O, dark, small spheres; atoms not lying
concentratioN o/Ngjes Of Ng 0xygens in theNgsavailable  inside the plane itself are white

sites in the crystal can be estimated by minimizing the Gibbs

D,

1.6f

=
9

(eV / O atom)

=

free energy, which leadst® the particular stability of the 2-ML fcc/tetra-l structure. Fo-
cusing first on the internal trilayer geometry, we note that
No — eEo/kgT @) only the combinations hcp/octa and fcc/tetra-1 lead to O oc-
Niites ' tahedra formed by three on-surface oxygens and three sub-

surface oxygens surrounding each Ru atiah Figs. Zb)

where kg is the Boltzmann constant. Inserting our upper,pq 2c)]. This sixfold oxygen coordination of Ru, similar to

limit for the binding energy, the concentration would still be the situation in the Rupbulk oxide, is energetically pre-

21 8
as low as 10~ and 10° at room temperature and ferred to the fourfold coordination, with the Ru atoms lo-

=800 K, respectively. A_S_ In ;urface sclence experiments Upzaeq in 4 tetrahedral configuration, present in the two geom-
takes are gsually quantl_ﬂed_ n monolz_;\yers, we convert theSgtries with the subsurface O in tetra-ll positions. Although
concentrations by considering a cubic Ru crystal of -cm

| the two remaining possibilities, fcc/octa and hcpl/tetra-l,
Yvould also result in a sixfold O coordination of the metal
5 atoms, they are electrostatically considerably less favorable,
to 1.56< 10'° atoms/cr. Hence the above-stated concentra- o5 thare the electronegative on-surface and subsurface oxy-

tions would translate into the equivalents of t6and 0.5 gen atoms sit directly on top of each other at rather close
ML at room temperature an@=800 K, respectively. From  qictance.
this we conclude that the total amount of bulk dissolved  \ypile the trilayer geometry itself thus favors the hcplocta

oxygen in a Ru crystal is completely negligible in the con-,nq fecptetra-1 configurations, it is the coupling to the under-
sidered temperature range and that incorporated oxygen Wiling supstrate that finally leads to the preference for the

predominantly stay as close as possible to the surface.  |3yer combination. Actually, the prior geometry is in fact
In conclusion, these results sketch the following picture of ,\ctapje against a registry shift of the whole trilayer along

the initial oxidation of the R(D001) surface: After the — . . - .
completion of a dense O{1) adlayer on the surface, sub- Lhaerrtéﬁsgsdérzcﬁfgénizn?ra:m r:.nd']: It%esc.opr\; tlr:ae egjl_ of this
sequent O incorporation occurs preferentially into sites di—.I ! lid ISP h R@é(;DW 'f i P Eﬁf Qb
rectly below the surface. This subsurface O accumulates iggssérgsloi\;?é q iﬁ foe sites S;r: dafﬁé suebs?unr}zlérea(geinoi(gra-l
two-dimensional islands with a local (1) periodicity, sites. As both the electronic and geometric structures within

leading to the formation of an O-Ru-O trilayer on top of the . " e "are found to remain virtually unchanged durin
Ru(000)) substrate. In this trilayer, the oxygens occupy fcc Y Y 9 9

and tetra-l sites on and below the surface respectively, iﬁhls motion, we attribute the substantial binding energy gain

contrast to the coexisting OKL1) domains, where the on- of 0.2 eV per O atom pnmar\]rlly to anf|mproved trilayer- h
surface oxygen sits in hcp sites. substrate bonding between the subsurface oxygens and the

topmost Ru atoms of the underlying metal ¢Ry. This is
also corroborated by the outward movement of the latter,
such that the corresponding layer distadggrelaxes from a

The already mentioned perception of the geometry in thelean-surface-like-3% contraction in the hcp/octa geom-
subsurface islands as an,fRu-Q,, trilayer on top of a etry to a+ 1% expansion in the final configuratidof. Figs.
Ru(0001)) substrate is also what yields an understanding oR(b) and Zc)].

is 7.25x< 10?2 sites/cnd, and a coverage of 1 ML corresponds

B. Trilayer formation and surface registry shift
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etry is that the O-Ru-O trilayer as a whole is rotated by 60°
with respect to the metal belojef. Figs. Zc) and 3. While -
this leaves both the internal trilayer geometry as well as the { |
direct coordination of the subsurface oxygens to its Ru |
neighbors identical, the first-layer Ru atoms now end upina { |
stacking fault position. We find both fcc/tetra-I geometries to

be energetically and electronically degenerate within our cal-
culational uncertainty, so that the first-layer Ru atdmkich

position with respect to the substrate is the only thing that
changescan no longer contribute noticeably to the bonding

to the underlying metal. The only remaining coupling fim- @
substrate thus occurs viag@Rung bonds, which are stron-
gest in the fcc/tetra-1 geometry.

This sliding instability of the hcp/octa configuration also
provides a possible mechanism with which the most stable
fceltetra-l geometry can be realized: At first glance, it ap-
pears that kinetics will hinder the formation of the latter, as it
seems to imply that all oxygen on-surface adatoms in the
O(1X1) phase, which initially occupy the hcp sites, would
have to change their position to fcc upon subsurface O in--._
corporation. Instead of a collective jump, which would of (J ] ]
course be penalized with a high barrier, the penetration pro- g 0-P-9--
cess could in reality and at finite temperatures commence = (J° () | " X J )
with finite-size islands of subsurface oxygen in all of the () Q J J J
available siteqwhich are energetically not very different - R
Above a certain critical extension, growing islands with the  FIG. 4. Energy per Ru atom required to lift off a complete Ru
hcp/octa configuration would then be liable to the slidinglayer from the R(000)) substrate. The strong decrease along the
motion, once the significant energy gain of 0.2 eV per Osequence clean surfad@p panel, 2-ML fcc/tetrahedral-(middle
atom due to the shift overcomes the cost due to edge effectgne) and 3-ML floating trilayer(bottom panelindicates a signifi-
(which are not considered in our periodic calculatiofis ~ cant destabilization of the R0001 surface upon increasing
mechanism would be particularly facilitated at step edgesoxidation.

where the lateral ”"ayef shift _does not come Into- conflictyetormation cost renders sites closest to the surface most
with the atoms of the neighboring domain. stable, and will again favor the formation of dense O(1
Wrapping up the present argument, we believe that the, 1 jsjands, we address the continued oxidation by directly
key feature of our calculations concerning the initial O in- calculating structures including a total of 3-ML O, i.e. in
corporation into the metal is the formation of tWO- 4qgition to the hitherto considered X1) on-surface and
dimensional (1) subsurface O islands, in which a Ru gypgyrface oxygen, we place another ML of O in sites be-
layer is nearly detached from the bulk through the formationeen the second and third substrate layers. Testing all com-
of an Q,yRu-Oyp trilayer, which is more strongly bound in - pinations of the two possible on-surface sites and three pos-
itself rather than to the underlying substrate. Although thesipie subsurface sites totals to 18 trial geometries at this
sliding motion into the fcc/tetra-1 geometry helps to e”hancecoverage. Strikingly, the most stable geometry corresponds
this residual coupling of the trilayer to the substrate, it iSiq none of these, but is found when the additional O ML is
nevertheless significantly lower than that of the top Ru layen s, |ocated between the first and second substrate layer, so
to the substrate in the original pure metal. This is exemplifiedp ot hoth the tetra-I and tetra-ll sites are occupied as shown
in Fig. 4, where we compare the energies pex () cell Fig. 2d).
require_d_to completely lift off a metal Iaye_r in both cases: pye to the additional subsurface 0, the O-Ru-O trilayer
The original cost of 2.7 eV per Ru atom to lift off a Ru layer a5 thus not grown in thickness itself, but has been almost
from clean RU000Y is almost halved if the Ru layer is con- completely decoupled from the underlying Ru metal, as ex-
tained inside the O-Ru-O trilayer in the fcc/tetra-I structurepressed by the tremendous first-layer expansion of 116% and
(1.4'r eV / Ru atom thus reflecting a_con_siderable destabili- the now almost zero binding per Ru atom, as shown in Fig.
zation of the metal surface upon oxidation. 4% However, one should keep in mind that this virtual de-
coupling does not mean that the whole trilayer will lift off at
finite temperatures: The binding of 0.1 eV/Ru atom scales, of
course, with the large number of Ru atoms in a finite-size
From the understanding of a trilayer formation on top ofisland, which would total to a high cost for a complete de-
Ru(0001), we next turn to the question of how this film tachment of the island. However, when comparing the bind-
would continue to grow at higher O coverages. As the latticdng energies per Ru atom, shown in Fig. 4, the pronounced

2.7eV/

The only structural difference at the endpoint of the slid- tt ottt
B Ru atom

ing motion compared to the initially tested fcc/tetra-1 geom- \) \)
9.9 .9
P I

14eV/
Ru atom

0.1eV/
Ru atom

C. Decoupling and continued oxidation
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destabilization trend along the oxidation sequence is very
clear, and should be compared to the significantly lowered
emission temperatures of RyCragments from O-rich
Ru(000) surfaces observed in recent temperature desorptior,
spectroscopyTDS) experiments’ o
With the O-Ru-O trilayer almost decoupled, the underly- «i
. . : . . . Il
ing substrate will then primarily be influenced by the remain-
ing third oxygen ML sitting in tetra-II sites, i.e., in hcp sites
with respect to the second Ru layer. Indeed, when looking a
the Ru substrate below the trilayer in more detall, its elec-

tronic and geometric structure very much resembles a O(1 ’

a, =637 A (+35%)

o

X 1)-covered R(0D00J) surface with 1-ML O in hcp sitelf.
Figs. 2a) and Zd)]: The trilayer on top has apparently only <
a negligible influence. Comparing with the fcc/tetra-I con-
figuration at 2-ML coverage, the effect of the additionally
incorporated oxygen ML is thus to enable an efficient decou- FIG. 5. Atomic geometries of the O-Ru-O trilayéeft) and a
pling of the O-Ru-O film by saturating the underlying sub- RuG,(110) rutile layer(right). The top panels show a top view,
strate bonds. comparing the surface unit cells. The bottom panels depict a per-
It it interesting to compare these findings with recentlyspective view, where O coordination octahedra are drawn around
published data on the structure of ultrathin aluminum-oxidethe metal atoms. The trilayer can be transformed into the rutile
films on several metallic substratésin that case a O(1 9eometry by a lateral expansidalong the arrows keeping the
X 1) layer was also always found to reside below the oxidedrawn O-O bondswhite and black linesrigid. This way an alter-
film and above the underlying metal, at a similar position ad'ating sequence of fully coordinated Ru atofirsside the tilted
in the corresponding chemisorption phase. Hence the pre§¢tanedra, black boniisind coordinatively unsaturate@us Ru
ence of a terminal oxygen layer at the metal-oxide interfac&oms(surrounded by only four O atoms, white bohis created.

the coupling to the oxidecould in fact be a more general Ry(,(110) on a R(00D substrate. However, upon closer
phenomenon. inspection it becomes clear that the trilayer can be trans-

Given the negligibl_e effect of the floating trilayer on _the formed rather naturally into RuQ110) by a simple accor-
substrate below, we finally deduce that the continued intergion|ike lateral expansion, involving a tilting of the fixed O

action of oxygen with the RG00 surface will proceed in  octahedra around every second row of Ru atoms, as ex-
an analogous fashion as before: In the coverage sequengfyined in Fig. 5. During this expansion the self-contained
3 ML<6#=4 ML oxygen will be incorporated below the tijayer, which offers the preferred sixfold O coordination to
Ru,nq atoms, leading to the formation of a second O-Ru-Ogyery Ru atom, unfolds into a more open geometry, in which
trilayer. The latter will then become decoupled by the fifth every second Ru atom is now only fourfold coordinated, i.e.,

ML oxygen, after which the next trilayer will be formed, and g_called coordinatively unsaturate@us Ru atoms are
so on. This way, a stack of weakly coupled trilayers wouldgrmed.

successively be formed, below which a terminal subsurface Although this accordion effect thus offers a nice transfor-

O layer saturates the metal substrate. mation mechanism, without any material transport apart
from mere expansion, it is not immediately clear what drives
the self-contained trilayer into such a much more open and
) S ) coordinatively less favorable geometry. In fact, the key be-
At this point it is natural to ask whether the formation of ing the transition becomes apparent only when considering
the O-Ru-O trilayers would not already correspond to what iyigher film thicknesses. Whereas before the expansion two
often termed a surface oxide. Indeed, the sixfold coordlnatr”ayerS are found to bind only negligibly to each other
tion of Ru in the trilayer, together with the correct stoichi- (which is comprehensible, given that each trilayer alone al-
ometry (one Ru, two O, offers a strong resemblance to the ready offers a bulk-oxide-like coordination to the metal at-
bulk oxide, though one has to concede that the geometry igmg, a stacking of rutile layers increases the local coordina-
still distinctly different from the rutile structure of the stable o of the cus Ru atoms by the bridging O atoms of the next

bulk RUQZ- o layer, thus retrieving the ideal sixfold coordination for all
Experimentally, the end product of the oxidation of the metal atoms as shown in Fig. 6.

Ru(000) surface has been convincingly characterized as precisely this additional interlayer coordination in the

crystalline, well-oriented Rug110) oxide domains, which pytile case eventually leads to a stabilization of this structure
are incommensurate with the underlying Ru matrix, but argor higher film thicknesses. To this end, in Fig. 7 we compare
aligned along the threfel 12] directions on th€0001) basal the relative binding energies of a stack of trilayers with a
plane® Hence in Fig. 5 we compare the structure of ourcorresponding stack of rutile layers, where for the time being
O-Ru-O trilayer with such d110-oriented rutile plane. At we neglect any residual influence of the underlying Ru sub-
first glance, both have very little in common and one prima-strate. As the O-Ru-O trilayers hardly bind to each other, the
rily notes the largely different dimensions of the surface unitbinding energy turns out to be independent of the number of

D. Accordion effect and transition to the oxide structure
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more O-Ru-O trilayers have formed during the oxidation.
However, we note that in this energetic comparison, the re-
sidual influence of the underlying metal has been neglected.
While we have shown that this interaction is negligible in the
O-Ru-0O trilayer casécf. Fig. 4), this is not so clear for the
incommensurable rutile layers on ®001). However, the
exact value of this interaction, which is limited to the atoms
directly at the interface, is not really relevant, as it will cer-
tainly not prevent the transition to the rutile structure for
- . . thicker films, where the binding energy gain scales with the
' ' number of interlayer bonds formed throughout the whole
‘ ‘ ‘ film. Independent of the interaction with the underlying
. . metal substrate, the film will therefore switch to the rutile
structure once a critical film thickness is exceeded, which
concludes our suggested oxidation pathway. The involved
accordionlike unfolding of the trilayers then leads rather
FIG. 6. Comparison of the intertrilayer bonding of the O-Ru-O naturally to Ru@(110)-oriented domains, which are due to
trilayer (left) and of RuQ(110) rutile layers(right): perspective the large lateral expansion incommensurate, but aligned to
view of the atomic geometrytop panely and calculated electron Ru(0001), in agreement with the experimental data.
density perpendicular through the slabs along[th&2] direction In this respect it is interesting to note that the calculated
(bottom panels energetic difference between such ultrathin Rdins and
. the intermediate precursor configurations along the oxidation
trllgyers stacked onto each other. On the contrary, the mor athway is not large. At elevated pressures and temperatures
rutlle Iayer; one packs_ together, the more the average b!n 1 lively dynamics between these metastable configurations is
INg €nergy increases, |nd|c.at|ng that the increased COPrd'” erefore conceivable, which would of course affect the
.tlon of the cus Ru a_toms mdeed leads to the'forma'uon'o hemical and mechanical properties of the surface. In the
interlayer bonds. While one isolated O-R_u-O trilayer is Stl!| case of Ru, it was already shown that, contrary to common
more stable by 0.15 eV per O atom than its more open rutilgygjet the oxidic domains, which evolve on the surface in

counterpart, this situation reverses already as soon as Whq reactive environment, form an essential ingredient to un-
trilayers are packed onto each other. For thick rutile f'lms’derstand the catalytic activify® However, our findings sug-

the_ binding energy finglly gradually approach_es_tr_\e limit atgest that the situation might be even more complex, possibly
which bulk rutile RuQ is more stable than an infinite stack

" | ; also requiring an inclusion of the dynamics between various
%c O-Ru-O trilayers, namely at 0.64 eV per O atéeh Fig.  etastable configurations to achieve a reliable molecular-

level description of the catalytic reaction. To verify this for
the particular case of Ru and other metaidiere we expect
an analogous situationexperimental studies addressing the
microscopic structure of surfaces in realistic environments
(and/or under steady-state reaction conditjare obviously

02 W mandatory.
0.0

Nl tnee

b R ORNR— S S SSSS
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Based on this comparison, we would hence estimate
phase transition into a Ry(QL10) oxide film after two or

S
n

-0.2 E. Searching for the precursor
B4 W As is apparent from the preceding sections, the salient
feature of our suggested oxidation pathway is the formation

O ettt aaaaan of an O-Ru-O trilayer on top of R0O00) as a metastable

.. bukRuO, oxide precursor to the final oxide film. Up to now, to our knowl-
1 2 3 4 5 6 7 8 9 10 edge, there has been no direct experimental evidence of this
Dt e e TRl ens trilayer, which we attribute to the fact that all studies ad-

FIG. 7. Relative binding-energy difference between a stack opresslng the oxidation of the RI00]) surface hitherto .
O-Ru-O trilayers and of Rug)110) rutile layers as a function of _unanlmously employeq rather eIevatc_aq temperatu_res, which
layers in the stack. The negligible intertrilayer bonding in the !N tum _enabled a rapld_ pha_se transition to the final BUQ
former case leads to a constant binding energy per O atom, which fulk oxide structure. While it is presently not clear whether it
taken as the zero reference. Due to the formation of new bonds th#ill be at all feasable to stabilize the trilayer by gently oxi-
average binding energy per O atom increases in the rutile casélizing the R¢000) surface at sufficiently low temperatures,
rendering this structure energetically more favorable than theve still hope that our results may inspire carefully directed
O-Ru-O trilayers as soon as two trilayers are packed onto eacBXperiments by listing in the following a number of observ-
other. Also drawn is the average binding energy in an infinite bulkables that might be used as fingerprints.

Ru0,(110) arrangemenidotted ling, which is the limit ap- Along our suggested oxidation pathway, the O-Ru-O
proached by the rutile curve for thicker slabs. trilayer occurs in three different positions with respect to the

-0.8

Relative binding energy (eV / O atom)
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underlying metal substrate: first in a hcp/octa configuration,
then in a fcc/tetra-1 geometry after the surface registry shift,
and finally decoupled by the third incorporated O layer. y
From a structural point of view, all three precursor geom- «
etries are laterally still commensurate with the underlyingA % oS
Ru(000)). It is only the significant expansion during the ac- »
cordion unfolding that finally leads to the distinctly different 2 65¢
RuG,(110) lattice spacing of the oxide domains. Just up to®
this last transition, the surface should therefore only exhibit 6.0 1
the hexagonal (X¥1) LEED pattern corresponding to the
basal R@0001) plane. Whether or not the trilayer has 557
switched to the final rutile structure can therefore easily be
monitored by the appearance of new LEED spots, which, due 5.0 F——t—t : ’ " '
to the incomymensfrgbility of both lattices, show up at com- Clean O(Ed) Ofixt) hep! Kol oine  RuO,(HY)
pletely different positions on the scre&h.Samples, for Increasing local O coverage

which TDS curves tell that more than one oxygen ML have

been deposited, and for which a sharp<(l) LEED pattern FIG. 8. Calculated work functiod along the oxidation path-

without extra spots is observed, are therefore most likelyvay. The work function rises throughout the on-surface chemisorp-
candidates for subsurface oxygen. tion of O at 0<#<1 ML, but is even increased at the three meta-

If such a preparation has led to the formation of(1) stable precursor configyratiotrs‘. Fig. 2. For cqmparison_, al_so the
subsurface islands, could then be visible in scanning tunnefalculated work  function of the two possible terminations of
ing microscopy(STM) experiments: The subsurface oxygen (UC(110) domains is shown. The latter oxidation stage the
induced vertical relaxations are hugg. Fig. 2, and should gray-shaded argahould be clearly distinguishable from the sub-

. i A . surface O precursors by the appearance of LEED spots, as de-
enable an identification of the corresponding islands in theScribecl in the text
STM images. With respect to the surface registry shift, it '
would be particularly interesting to check whether the atomicfunction upon oxidation reported by ‘Boher and Niehué
lines in the (1xX 1) periodic islands are still in registry with (which was then attributed to the presence of subsurface oxy-
the surrounding domains across the island perimeter: Aftegen in fact already reflected the gradual formation &f'¢9°
the surface registry shift, the on-surface oxygens in the islandxide domains on the surface, whereas subsurface oxygen
will be in fcc positions, in contrast to the hcp site in the would in reality lead to increasing work functions. Note that
neighboring O(Xx 1) domains, which should correspond- oxide formation goes hand in hand with the aforementioned
ingly show up in a STM image. Of course, the largely dif- appearance of new LEED spots, so that a high work function
ferent layer distances in the subsurface patches will also leadue to the formation of €° terminated domains under
to distinctly different LEEDI (V) curves, which could there- oxygen-rich preparation conditions should still be clearly
fore also be used for fingerprinting. Even with only poorly distinguishable from a high work function due to the floating
defined long-range order on the surface, the significantly intrilayer. Concomitantly, we suggest that an increasing work
creased Ru-Ru bondlengths between the metal atoms in thenction for coverages o >1 ML without the appearance
trilayer and the metal atoms of the underlying substrateof new LEED spots would represent a likelyet rather am-
might still show up in extended x-ray-absorption fine- biguous fingerprint for the O-Ru-O trilayer. To better take
structure(EXAFS) data. the heterogeneity of a surface, which includes subsurface O

In Fig. 8 we show the computed work functiods for islands, into account, we therefore believe photoemission of
geometries along the oxidation sequence. Up to the compleadsorbed xenonPAX) experiments measuring the local
tion of the full (1X 1) on-surface adlayer rises continu- work function to be a more suitable technique.
ously, which was explained in terms of the increasing dipole Although x-ray photoemission spectrosco¥P9) is in
moment due to the chemisorbed oxydeimterestingly, and principle also a most eligible tool to study the oxidation of
contrary to common belief, we find that the incorporation ofmetal surfaces, we unfortunately find in the present case that
O into the subsurface region does not cause an analogoitswould not lead to a clearcut signal, allowing one to iden-
reduction of the work function due to the buildup of a now tify the precursor geometries. In a recent publication, we
inverted dipole moment. Instea®, continues to rise inside described that in a sequence of ordered adlayers thedRu 3
the (12X 1) islands, until it reaches a very high value of 7.53level shifts by up to 1 eV toward higher binding energies,
eV for the floating trilayer structure. In Fig. 8 we also in- while the O Is level remains almost unchang&dln con-
clude the work functions for the two possible surface termi-trast, the formation of the oxide domains is then character-
nations of the final Rugf110) oxide domainé>??In addi- ized by only a small back shift of the Rud3core level
tion to the traditionally conceived stoichiometric ru¢l¢0  toward lower binding energies compared to its position in the
termination, O™ oxygen-rich conditions can further stabi- coexisting O(1x 1)/Ru(0001) phase, while it is now the O
lize a so-called polar termination®, with excess terminal 1s level which largely shifts in the same directiéhTo as-

O atoms, which lead to a significantly higher work function sess the XPS signal received from the possible intermediate
compared to the stoichiometic c&dn light of the results precursors, we calculated all Rui3&nd O Is surface core
shown in Fig. 8, we argue that the decrease in the workkevel shifts for the hcp/octa, fcc/tetra-l and floating trilayer

lon—surface O sub-surface O oxide

X
Obrldge
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geometries inside the subsurface O islat@sFig. 2), using
exactly the methodology described in detail in Refs. 24 and
25. Unfortunately, the Ru @ levels in all three structures
turn out to lie very close to the position in the coexisting
O(1x1)/Ru(0001) phase, so that the incorporation of sub-
surface O would not lead to an unambiguously identifiable
new signal, but at best to a small shoulder aside an existing
peak. This situation is different for the GCslevels, which,
particularly for the floating trilayer, are shifted by 1.1 eV
toward lower binding energy compared to the position in the
chemisorption phases. However, there they almost coincide
with the O Is levels of the Ru@(110) domaing® so that the
presence of such a peak would only be a clear fingerprint oi=
the subsurface precursor, if one can safely rule out that nc‘;:i,
oxide domains have been formed yet. ~
This ambiguous situation between precursor and final ox-g
ide structure is similar in the case of ultraviolet photoemis—Q
sion spectroscopyJPS. There the disappearance of a broad
feature at about -2.5 eV with respect to the Fermi-en&rgy
was suggested as a marker for the oxidation of th€&0d)
surface” Well aware of the fact that calculated densities of
states(DOS’s) can only cautiously be used to interpret UPS
data, in Fig. 9 we show how this quantity evolves for the first
layer Ru atomgwhich would contribute most to the UPS
signa) along the oxidation pathway. The DOS for the clean
surface shows the Ruddband, which is slightly narrower

Ru(0001)

nits)

O(1x1)/Ru(0001)

floating trilayer

~
¥
\
\

than the bulk band due to the lowered coordination of the , _ Ru0,(110)
surface atom$? and which is dominated by a peak at -2.0 8.0 6.0 —4.0 2.0 Eg 2.0
eV. Analyzing the electron-density distribution of the states Energy (eV)

that contribute to this peak, we deduce that the latter is due to . . .
backbonding states to the second substrate layer. The forma- FIG. 9. Calculated @ DOS of first-layer Ru atoms in various
tion of chemisorption states at the edges of tdeband can geometries along the oxidation pathway. The DOS of the first-layer
clearly be seen in the DOS of the O(1L) on-surface phase Ru atoms in the hcp/octa and fcc/tetra-l positions of the O-Ru-O

. . ; trilayer (not shown are very similar to the one shown here, where
and goes hand in hand with a reduction of the feature aroun e tilayer is already almost decoupled from the underlying

-2.0 eV, which, according to the electron-density distributionRu(OOO]) substrate at a coverage 63 ML. The curves have
analysis, is still due to backbonding states to the seconfleen shifted and strongly smoothed for clarity.

layer. The depletion of such states agrees well with the 5%

expansion of the first layer distance upon O adsorption, as IV. SUMMARY

shown in Fig. 2a). We note in passing that the bonding

oxygen-induced states at the bottom of the band are split int% In conclusion, we have presented an atomistic pathway

ading from a clean R0001) surface to the Rugj110)

two peaks due to the different lateral interaction of states o omains, that were experimentally reported as the end prod-

P«/py andp, s.ymmetry within the densely paCkeq O over- uct of the oxidation of this Ru surface. Oxygen penetration
layer. Addressing, next, the DOS of the floating trilayer pre-jy, the |attice starts only after the full chemisorbed adlayer
cursor shown in Fig. @), we now find almost no states left 5 completed on the surface. The ensuing oxygen incorpora-
at energies around -4.0 to -2.0 eV, reflecting the fact that thop, jeads to the formation of two-dimensional subsurface O
floating trilayer has virtually no Ru-Ru backbonding to the jsjands between the first and second metal layer, in which an
underlying substrate anymore. Continuing to the DOS of they-Ru-O trilayer is decoupled from the underlying substrate.
RuG,(110) domains, this lack of direct Ru-Ru bonds in the Continued oxidation successively leads to the formation of a
oxide similarly leads to few states around this energy regionstack of such trilayers, which finally unfold into the
Instead, the predominant features now appear at -7.0 to -4RuO,(110) oxide structure once a critical film thickness is
eV due to O D—Ru bonding states and slightly below the exceeded.

Fermi level?® Based on these results, we suggest that the The salient feature of this suggested oxidation pathway is
depletion of the UPS feature around -2.5 eV, which was suga floating O-Ru-O trilayer as a metastable precursor to the
gested as an oxidation marker, simply indicates diminishindinal oxide film. Detailed structural and electronic data char-
Ru-Ru backbonds at the oxidizing surface, but would noftacteristic of this precursor were given in order to inspire and
allow one to distinguish between the intermediate precursoenable a directed experimental search for it at low oxidation
and the final oxide domains. temperatures. The large lattice relaxations induced by the
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subsurface oxygen render structural techniques like STMdicates a likely lively dynamics between the metastable con-
LEED, and EXAFS the most promising techniques for suchfigurations under realistic conditions, and which might affect
a search, while the precursor would not lead to clearcut finthe chemical and mechanical properties of the surface.
gerprints in XPS and UPS data. A rising work function be-
yond the completion of the adlayer together with ax(1L)
LEED pattern would be a positive signal for the predicted
intermediate, where particularly PAX measurements of the We gratefully acknowledge stimulating discussions con-
local work function would be ideally suited to take the het- cerning the experimental studies on oxidized 001 with
erogeneity of the oxidized surface into account. We find allA. Bottcher, B. Krenzer, R. Blume, and H. Conrad. This
intermediate precursors along the oxidation pathway to b&vork was partially supported by the Deutsche Forschungsge-
rather close in energy to the final oxide structure, which in-meinschaftSchwerpunkt “Katalyse}.
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