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Composition, structure, and stability of RuO,(110) as a function of oxygen pressure
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Using density-functional theory we calculate the Gibbs free energy to determine the lowest-energy structure
of a RuGQ(110) surface in thermodynamic equilibrium with an oxygen-rich environment. The traditionally
assumed stoichiometric termination is only found to be favorable at low oxygen chemical potentials, i.e., low
pressures and/or high temperatures. At a realistic O pressure, the surface is predicted to contain additional
terminal O atoms. Although this O excess defines a so-called polar surface, we show that the prevalent ionic
model, that dismisses such terminations on electrostatic grounds, is of little validity fo( RL@). Together
with analogous results obtained previously at @01 surface of corundum-structured oxides, these findings
on (110 rutile indicate that the stability of nonstoichiometric terminations is a more general phenomenon of
transition metal oxide surfaces.
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[. INTRODUCTION In contrast to these arguments, caly initio thermody-
namicscalculations show that on Ry(10) a polar surface

Density-functional theoryDFT) is often argued to be a termination with excess oxygen atoms is stabilized at higher
zero-temperature, zero-pressure technique. As such, the r@-chemical potentials. Hence, depending on the experimen-
sults of static total-energy calculations at surfaces have to bl conditions, either the stoichiometric UHV or the hitherto
transferred with considerable care to typical high-pressurgnaccounted for high-pressure termination can be present.
applications such as catalysis—a situation which finds it8oth cases must be considered in the modeling of physical
correspondence in the experiment in form of tke situ  processes such as catalytic reactions occurring at this sur-
methods of ultrahigh-vacuuguHV) surface science. Unfor- face. We will also show that the rejection of polar surfaces
tunately, extrapolation of the low-pressure results to technion electrostatic grounds is not valid, as the strong dipole
cal processes taking place at ambient atmosphere is often n@toment can be considerably reduced by surface relaxation
possible, which has been coined with buzz words pkes-  and electron rearrangement. Rather than conceptualizing the
sure and materials gap(see, e.g., the discussion in Stampfl surface as created simply by a given slice plane through the
et al! and references thergin bulk stacking sequendghich is the basis of the electrostatic

Trying to bridge these gaps, one needs to determine thdivergence argumentone should instead view the surface as
equilibrium composition and geometry of a surface in con-a material in which the structural and electronic degrees of
tact with a given environment at finite temperature and presfreedom of the top atomic layers allow a significant modifi-
sure. Under these conditions the stable surface structure iscation of the bulk properties of the atoms. These results for
result of the statistical average of adsorption and desorptiofhe rutile-structured Ruf§110) are analogous to previous
processes, and hence an analysis based on thermodynamiigslings at the (0001 surface of corundum-type oxide
must be employed. When we aim to describe experimentstructures;® supporting the argument that polar terminations,
that are conducted at constant pressure and temperature, fparticularly at realistic pressure, are a more general phenom-
appropriate thermodynamic potential to consider is the Gibbgnon of transition-metal-oxide surfaces.
free energyG(T,p). If DFT total energies enter in a suitable
way into a calculation of5(T,p) for a material surfaceab
initio thermodynamicss the result, and the predictive power
of the first-principles technique is extended to a more rel- This section describes the thermodynamic formalism and
evant temperature and pressure range. how it is combined with DFT total-energy calculations. For

This scheme has been successfully applied to, e.g., adhe sake of clarity this discussion is referenced explicitly to
dress the surface termination of corundum-type oxidehe present application to Ry(110) in an oxygen atmo-
structures;® and we will use it here to determine the com- sphere. However, the generalization to other compounds,
position and lowest energy structure of Ri®@10) in equi- M,O,, and even to an environment that contains multiple
librium with an oxygen atmosphere. In theoretical investiga-gas-phase species and not just oxygen, is obvious.
tions of oxide surfaces, typically only stoichiometric
terminations are consideréd,because they are believed to
be more favorable than the other, so-called polar
termination§ for two reasons: First, they often involve a  We consider a surface in contact with an oxygen atmo-
minimum of truncated bonds at the surface, and second, in sphere described by an oxygen presquaad temperaturé.
purely electrostatic model in which all oxide ions would be This means that the environment acts as a reservoir, because
in their bulk formal oxidation state, polar surfaces would beit can give(or take any amount of oxygen téor from) the
charged and should thus exhibit an infinite surface energy. sample without changing the temperature or pressure. The

Il. THEORY

A. Surface free energy
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appropriate thermodynamic potential required to describe , :

such a system is the Gibbs free ene@yT,p,Ngy.No), mm[,uo(T,p)]:%[ggﬂéz(0,0)—gg‘ﬂ"(0,0)] ©®)
which also depends on the number of Rlg,, and O,Ng, . o . . o
atoms in the sample. The most stable surface compositiofp Mark the “oxygen-poor limit’(or equivalently “Ru-rich

and geometry is then the one that minimizes the surface fretiMit) in the graphs discussed below. This is a good estimate
energy, ¥(T,p), defined as of the real physical limit and, most importantly, it is a theo-

retically well defined reference point on the, axis.

1 On the other hand, the most oxygen-rich conditions can
Y(T.p)= 2 [G(T.p,Nru,No) be defined as the point beyond which gas phase O would
start to condense on the sample. However, in the temperature
—Nrutrd(T,P) —Nopo(T,p) 1. (1) and pressure range we are interested in, a condensed

Here ug, and o are the chemical potentials of a Ru atom _Oz—solld phase does not exighe critical temperature of

and an O atom, respectively, andT,p) is normalized to i.e., above which gas and liquid phase are degenerale, is

. L ~150 K). Thus, similarly to Eq(5), an appropriate and
enﬁr%epesru?gf;sriss?grg“gd'Rq%égﬁgggg;hg Ssllj:;)aﬁi tﬁr'e;\‘jlvowelI-defined estimate of the upper limit of the oxygen chemi-

equivalent surfaces, E@l) gives cal potential is

1 L total
Y(T.p)= 55 [G*HT,p,Ney No) matolT.p)1=1/2Es," @

whereES® is the total energy of a free, isolateg @olecule
—-N Ty —N T, . 2 02 !
Ru4RrU T,P) —Nouo(T,p)] 2 atT=0 K.

Now Afis the area of the surface unit cell aNg, andNg are Then, introducing the Gibbs free energy of formation,
the numbers of Ru and O atoms in the three-dimensional G, (T p), of the oxide,

supercell, respectively.

In Eqg. (2) the chemical potentials of O and Ru enter in a AGHT.0) =0k (T p)— % T p)— q®Y T 8
symmetric way. However, if there is enough bulk material to (TP)=ruo(TP) ~ Gru (T.P) ~ G5, TP, (B)
act as a thermodynamic reservoir, the potentials are in fact ng

ga . .
longer independent, but are related by the Gibbs free energyheregozs(T’p) Is the Gibbs free energ.y of anszF)IecuIe,
of the bulk oxide We see that the range of oxygen chemical potentials between

our theoretical boundaries is

prdT,P) +210(T,P) = GRIG(T.P), (3
1 1
where lower casg is henceforth used to denote a Gibbs free 5AG(0,0<po(T,p)~ 5E‘8§""'< 0. 9
energy per formula unit. Inserting this constraint into E2).
leads to We computeA G;(0,0)= —3.35 eV per formula unit, which
1 compares very well with the experimental Gibbs free energy
YT.p)=5x G T,p,Ngy,No) — NRugg‘ﬂéz(T,p) of formatloon at standard pressure in the limit of low tempera-
tures, AG{(T—0 K, 1 atm)=-3.19 eV per formula
7
+(2Nry=No) o(T,p) ], (4) unit.

_ It is important to note that our delineated boundaries for
which shows how the surface free energy depends now onle oxygen-rich and oxygen-poor conditions are theoretically

on the oxygen chemical potential. well-defined limits, yet they only represent an estimate of the
. . truly accessible range of the oxygen chemical potential. The
B. Range of allowed O chemical potentials range between our boundaries is A@;(0,0), but in reality

Since in experimental procedures it is normally the O the accessible range is WB(T,p), i.e., it is temperature
pressure and temperature which are varied, it is most usef@nd pressure dependent. At=1000 K andp=1 atm, the
to consider the dependence of the surface structure with r&2ibbs free energy of formation has |ncreas<7ad by 0.63 eV
spect toug(T,p). It is important to note that experimentally compared to the aforementiondd-0 K value. Since the
(and assuming that thermodynamic equilibrium applies accessible range of chemical potent_|al can thu_s vary by
cannot be varied without bounds. 4f, becomes too low, all 0-3 €V, we will always show the resulting curves in our be-
oxygen would leave the sample, i.e., the oxide would decomlow dlscu_ssed figures also some tenths of an eV outside the
pose into solid Ru and oxygen gas, which would start with ©XYgen-rich” and “oxygen-poor” boundaries.
the formation of Ru crystallites at the surface. Thus

__ ~bulk
M e TP)]=Gru(T.P). ® Total energies for extended systems are typically more
wheregR¥(T,p) is the Gibbs free energy of metallic ruthe- accurately described by DFT calculations than those for
nium. Together with Eq(3) and usingT=0 K and thep atoms and molecules. It is therefore suitable to rewrite
=0 atm limit for the bulk energies, we will employ Eq. (9) as

C. Oxygen-poor limit as a safe reference
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bulk bulk intend to provide as input total energies from DFT calcula-
5[9ru0,(0.0 ~gry(0,0)] tions. Therefore, we will now outline how both quantities are
related, and under which approximations they might be
1 ik bulk equated to each other.
<#o(T.P) <5 [9ruo,(0.0 ~Gru (0.0]+ 5 AG 1(0,0. DFT total energies are evaluated for a certain voliyos
the unit cell. The resultindE'®"?(V,Ng,,No) is related to a
(100 thermodynamical quantity only in a restricted way, corre-

If we then insert the oxygen-poor limit into E¢4), for the ~ SPonding to the Helmholtz free energy at zero temperature

surface free energy we obtain and neglecting zero-point vibrations. In general, the Helm-
holtz free energy can thus be written as
1 .
Yopool T,P) = [Gs'ab(T P.Nru:No) ~NrgRi&(T.P) F(T,V,NRu,No)=Emta'(V,NRu,No)JrF"'b'(T,V,NRu,NE;,l)‘,D
with
—(NRu )[gb“'k(o 0- g%ﬂ&(o,on] _
FVIb.(TileRUINO)
(1 " b
L N =E""(T,V,Ngy,No) = TS"™(T,V,Ngy,No)
Likewise, the oxygen-rich limit turns out to be (15
1 No comprising all contributions, which depend on vibrational
Yoriet T:P) = Yo.pool T,P) (NR” AG0.0 modes in the system. HeE® and S"® are the vibrational

(120 energy(including the zero-point energyand entropy, respec-

The result of this rewriting of Eq(9) is that atomic or mo- t|vely._ In turn, the Helmholtz free energy is associated with
the Gibbs free energy via

lecular quantities do not enter into the calculation of the
oxygen-poor limit, i.e., Eq(11), at all, which thus defines a _
safe reference involving only bulk or slab quantities. G(T.P.Nry:No) =F(T.p:Nry:No) + pV(T’p’NR”’NO()l'6)

On the other handAG;(0,0) depends on the Ototal
energy, andAG(0,0) defines the slope of the lines repre- Checking first on thepV term, we find from a simple
senting the surface free energy as a functionugf: The  dimensional analysis that its contribution to the surface free
slope is energy (normalized to the surface apeaill be [pV/A]
=atm A/A2~10"2 meV/A2. As we are only interested in a
pressure range that will not exceed about 100 atm, this con-
tribution is negligible compared to the Helmholtz free en-

_ ergy, which is of the order of tenths of meV#A
[cf. Eq.(12)], and sometimea G(0,0) may be affected by “This |eaves as the only additional contribution to

the error inES™, in which case it might be preferable to use G(T,p.Nry,No) apart from the DFT total energy the vibra-
its experimental value. Yet, for the present case of Rw@ tional termFV®(T,V,Ng,,No). Using the phonon density of
note that our DFT result for the Gibbs free energy of forma-states(DOS) o(w), this vibrational component of the free
tion is very close to the experimental val(see above Thus  energy can be written as an integral over the masdgs

here the error irfES™, which clearly exists, cancels out and

the calculated slopes are very accurate. As a consequence, FVib'(T,V,NRu,No)If doFY(T,0)o(w), (17

and in contrast to common belief, we note that the bulk total

e?(tarlgy of Ru@ must therefore have a similar error as \here an analytical expression Y™ (T, ®) is given in the

Eo, —otherwise the apparent error cancelatioliG(0,0)  Appendix.

Would not occur. Inserting this into Eq(11), we obtain, for the vibrational
We finally note in passing that Eqél1) and (12) nicely  contribution to the surface free energy of a stoichiometric

reflect the physics behind the dependence on the O chemictdrmination Ng,=Ng/2) at the O-poor limit,

potential. While a stoichiometrically terminated surface

1

No
ZA(NRU )AGf(0,0) (13)

structure Ng,=Ng/2) will exhibit a constant surface free Y\S?boo(T,V)

energy as a function ofo(T,p), a termination with an O 1

excess(deficiency will become more favorabléunfavor- doFY(T,w)[ 0 w) — NRUO'EL:JIK (w)].
able with increasinguo(T,p), i.e., higher O pressure and/or “2A ©

lower temperature. (18)

To obtain an estimate of its value, we use the Einstein model

and approximate the phonon DOS by just one characteristic
The formalism as described up to this point is entirelyfrequency for each atom type. If we further consider that the

based on the Gibbs free energies of the system, whereas wébrational mode of the topmost layer of Ru and O might be

D. Gibbs free energies vs total energies
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10.0 y T - y analogous manner. There the expression becomes consider-
ably more complex than in E@l11), and the vibrational con-
tribution includes not only differences between bulk and sur-
face vibrational modes, but also absol#é®(T,w) terms
due to the excess or deficient atoms. However, even then, the
vibrational contribution stays within-10 meV/& similar
to the above described stoichiometric case. In conclusion, we
therefore take this value to represent a good upper bound for
the vibrational influence on the surface free energy.

Such a+ 10-meV/& contribution is certainly not a com-

75

50

7™ 0-poor(ToV) (meV/A®)

et i pletely negligible factor, yet as we will show below it is of
the same order as the numerical uncertainty in our calcula-

-10.0 L L . L i i i i i
0 200 200 00 500 1000 tions. Furthermor(_e, as will b_ecome apparent in the discussion
of the results, this uncertainty does not affect any of the
Temperature (K) physical conclusions drawn in the present application. Hence

we will henceforth neglect the complete vibrational contri-

FIG. 1. Vibrational contribution to the surface free energy, of abution to the Gibbs free energy, leaving only the total ener-

stoichiometric terminatioficf. Eq. (19)], in the temperature range . total . .
of interest in the present study. The Ru and O modes are approx?gIIeSE (V,Nru,No) as the predominant term. In turn, this

mated in the Einstein model by characteristic frequent‘%‘fk allows us to rewrite Eq(11) as
=80 meV andw*=25 meV. Shown is the contribution if the 1
vibrational modes at the surface differs 150% from these bulk Yo-pool T,P) =~ 2A
values(solid lineg. To assess the dependence on the value chosen

No
E**V,Ngy,No) =5~ Erug,(V)

for the characteristic frequencies, the latter are variedt50% No

(dashed and dotted lines respectiyely all cases, the vibrational - ( Ngy— 7) Eg‘ﬂk(V) , (20
contribution stays below 10 meVPAin the whole temperature

range considered. which now contains exclusively terms directly obtainable

from a DFT calculation. We stress that this approximation is

significantly changed at the surface, we thus hafg® and ~ Well justified in the present case, but it is not a general result.
—bulk There might well be applications where the inclusion of vi-

wpy as characteristic frequencies of O and Ru in RbOlk, . .
Ru —surf _Sur? R brational effects on the surface free energy can be crucial.

as well aswg' and wg, "~ as the respective modes at the

surface. With this simplified phonon DOS, Ed18) E. Pressure and temperature dependence afo(T,p)

reduces to _ . . .
Having completely described the recipe of how to obtain
. 3 _ - _ v(T,p) as a function of the O chemical potential, the re-
Yool T.V) =~ ﬂ{[F"'b-(T,wﬁ‘;i,”')— FYb(T, 2] maining task is to relate the latter to a given temperafure
and pressur@. As the surrounding ©atmosphere forms an
+[Fvib.(-|—,5%urf.)_ Fvib.(-l—,ak())ulk)]}_ (19) ideal-gas-like reservoir, it can be shown that expression
) o p
Hence we see that in the O-poor limit’;,,(T.p) of a mo(T,p)=uo(T,p )+1/2kT|n<F , (21

stoichiometric termination arises primarily out of the differ-
ence of the vibrational modes at the oxide surface with reapplies, which already gives us the temperature and pressure
spect to their bulk value. To quantify this estimate, we usedependence, if we only know the temperature dependence of
o2k=80 meV andw2*=25 meVv3® and allow a 50% no(T,p°) at one particular pressurg; (see Appendix A 2
variation of these values at the surface, to plot B@) in We choose the zero reference statque{T,p) to be the
Fig. 1 in the temperature range of interest to our study. Adotal energy of LoXygen In - an isolated molecule, i.e.,
these particular values for the characteristic frequencies aréo(0K,p)=1/2Eg "=0. With respect to this zero,
not well justified, but should only be considered as roughuo(T,p°) is then given by
estimates, we also include the correspondj/é;@ooﬂ,p) in Ouich
the graph, if these values changed-b$0%. From Fig. 1 we ro(T,p%)=pno (0 K,p?)+1/2AG(AT,p°,0y)
see that the vibrational contribution to the surface free en- o °
ergy stays within 10 meV/& in all of the considered cases, =LZH(T.p%,0)—H(0 K.p®,0,)]
and that the uncertainty in the characteristic frequencies —1/2T[S(T,p°%,0,) —S(0 K,p°,0,)],
translates primarily to variations qf(’)'?r',oo,(T,p) at low tem-
. . (22

peratures, where the value of the latter is very small in any
case. where we have used the relati@®=H—TS between the

We have also computed the vibrational contribution to theGibbs free energy and the enthalpHy This allows us to
surface free energy of nonstoichiometric terminations in arobtain the aspired temperature dependence simply from the
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TABLE I. uo(T,p°) in the temperature range of interest to our ynchanged to within 1 meV/Aby increasing th& mesh to
study. The entropy and enthalpy changes used to ob&g(ﬁ,p°l)0 a (7x14x 1) Monkhorst-Pack grid with 2& points in the
via Eq.(22) are taken from thermochemical tablespt=1  atm. irreducible part. A larger interstitial cutoff of 24 Ry reduced
the absolute values of the threg(T,p) by up to

T #o(T.P7) T #o(T.P7) 10 meV/&; however, as all of them were reduced, their
100 K —0.08 eV 600 K —0.61 eV respective differencesvhich are the only relevant quantities
200 K -0.17 eV 700 K -0.73 eV entering the physical argumenstayed constant to within
300 K -0.27 eV 800 K -0.85 eV 5 meV/A,

400 K —-0.38 eV 900 K —0.98 eV Overall we thus find the numerical accuracy of the calcu-
500 K —0.50 eV 1000 K —-1.10 eV lated surface free energies with respect to the supercell ap-

proach and the finite basis set to be within 10 me%/A
which will not affect any of the physical conclusions drawn.
differences in the enthalpy and entropy of ap @olecule  Note that the stated imprecision does not include possible
with respect to theT=0 K limit. For standard pressure, errors introduced by more general deficiencies of the ap-
p°=1 atm, these values are, e.g., tabulated in thermochemproach, namely, the use of the GGA as exchange-correlation
cal tables'® Inserting them into Eq(22) leads finally to  functional, on upon which we will comment below.
1o(T,p°), which we list in Table I.

Together with Eq(21) the O chemical potential can thus

be obtained for any givenT(p) pair. Although we prefer to . RESULTS
conveniently present the resulting surface energies as a one-
dimensional function ofto(T,p), we will also often convert A. RuO,(110 surface structure

this dependence into a temperat(peessurgdependence at  RuO, crystallizes in the rutile structure, in which every
a fixed pressurélemperaturgin a second axis to elucidate  metal atom is coordinated to six oxygens, and every oxygen
the physical meaning behind the calculated curves. to three metal neighborS.The oxygens that form an octa-
F. DFT basis set and convergence hedron around each Ru atom are not all equivalent, but can
. . ) be distinguished into four basal and two apical O atoms with
The DFT input to Eq(20) has been obtained using the ;510 jated O-Ru bond lengths of 2.00 A and 1.96 A, respec-
full-potential linear ~augmented plane wave methodyely Wwe note that along thél10) direction this structure
(FP-LAPW) within the generalized gradient approxima- -5 ‘then be viewed as a stacking sequence ¢R@D)-O
tion (GGA) of the exchangg-correlation functioﬁél_For the trilayers, in which each trilayer is simply composed of an
RuG,(110) surface calculation we use a symmetric slab conyiernating sequence of in-plane and perpendicularly oriented
sisting of three rutile QRuO)-0 trilayers, where all atomic oxygen-ruthenium coordination octahedicd Fig. 2b)]. Cut
positions within the outermost trilayer were fully relaxed. A 4100 the(110) direction, the rutile structure can therefore
vacuum region of~11 A is employed to decouple the sur- oypipit three distinct terminations of (41) periodicity, de-

faces of consecutive slabs in the supercell approach. Tegknging at which plane the trilayer is truncatied. Figs.
calculations with five and seven trilayered slabs, as well a%(a)-2(c)].

with a vacuum region up te=28 A, confirmed the good Traditionally, the stoichiometric Rug110)- G99 termi-
convergence of this Ch0256n setup with variations/6F,p)  nation is believed to be the most stable one for (4ll0)
smaller than+3 meV/ A - Allowing a relaxation of deeper gyrfaces of crystals with the rutile structdre because it
surface layers in the thicker slabs did not result in a signifiyaads to an uncharged surface in the ionic model and cuts the
cant variation of the respective atomic positions, nor did itjeast number of bonds. While the Bgee€ atoms possess
influence the near-surface geometry obtained in the calculgneir jgeal sixfold O coordination with two of their basal
tions with the standard three-trilayt_ar slabs. To ensure maXi()xygens forming the terminal % atoms, only the RS &
mum consistency, the corresponding Bullulk computa-  |5ck one apical on-top O, as shown in Figa2 Note that we
tions are done in exactly the sarffeL0-oriented unit cell as i yse a nomenclature for the surface Ru atoms, where,
used for the slabs, i_n. which the .prior vacuum region is Sim'apart from a site-specific characterizati@ng., cus for the
ply replaced by additional RuQrilayers. R coordinatively unsaturated site in the stoichiometric termina-
The FP-LAPW basis set is taken as followRyr  tion), the number of direct O neighbots.g.,  for fivefold
=1.8 bohr,Rjj;=1.3 bohr, a wave function expansion in- coordination is also stated. Conversely, we indicate the spe-
side the muffin tins up td,= 12, and a potential expansion cific site to which the surface O atoms birte.g., (o
up to1P% =4. For the Ru@(110) slabs the Brillouin-zone binds to the RE49¢% atoms.
integration was performed using a X8.0x1) Monkhorst- Alternatively, in the second possible Re(@10)-C" ter-
Pack grid with 15 points in the irreducible part. The energy mination, shown in Fig. @), terminal G' atoms occupy
cutoff for the plane-wave representation in the interstitial re-ssites on top of the formerly undercoordinated®®§ atoms,
gion between the muffin tin spheres was 17 Ry for the waveso that now all metal atoms in the surface possess their ideal
functions and 169 Ry for the potential. Checking on thesixfold coordination. This is, of course, compensated for by
convergence, the surface free energies of the three possiblee presence of both the only twofold- and onefold-
(1x1) RuQy(110) truncations discussed below were foundcoordinated &9 and U atoms, respectively. Finally, the
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a) Ru0,(110) - (Qbridge O, pressure at 600K (atm)
i : -15 10 o5 5
Obrldge Rucus,Sf Rubrldge,ﬁf 300 . 10. 10. 10. 1 1(.)
g g
250 & c‘,‘ -
Q
RY_—

200 R“Ololo

150 | k
- ;

100 F===+- "o RUOZ(IIO)—Obn dge 1

b) RuO,(110) - 0%
Rucus,6f ocus

50

R"OZ(IIO)\Ocus \

=20 -1.5 -1.0 -0.5 0.0 0.5

Surface energy (meV/f\Z)

O chemical potential (eV)

FIG. 3. Surface free energiegT,p) of the three Rug(110)
terminations depicted in Fig. 2. Additionally shown by the dashed
¢) RuO,(110) - Ru Iine_ is the surface free energy of a Ry(@10)-G"¢ termi_nation, in

which only every second ©& site along the trenches is occupied.
The dotted vertical lines indicate the allowed range of the oxygen
chemical potentialu(T,p), using 1/:155‘;“' as zero reference as
explained in Sec. IIB. In the tox axis, the dependence on
1o(T,p) has been cast into a pressure scale at a fixed temperature
of T=600 K.

Rucus,Sf Rubridge,4f

sure scale we see that the stability of the stoichiometric
termination therefore extends roughly around the pressure
range corresponding to UHV conditions.

However, this is different at higher O pressures, where the
RuO,(110)-CG*° termination becomes the most stable sur-

FIG. 2. Three possible terminating planes of the rutil&0)
surface: (a) Stoichiometric Ru®(110)-3"9% termination with
fivefold, sixfold, and twofold-coordinated R4S, RP99e.8 and
QPridge gtoms, respectivelytb) RuG,(110)-GS termination, where

additional G“ atoms sit atop the formerly undercoordinated - o L o
RIS atoms. () RUO,(110)-Ru termination, which lacks the face structurgcf. Fig. 3]. In the O-rich limit, it exhibits a

OPrd%e atoms in comparison to the stoichiometric terminati®u, 7° rICh(T’p)_’ Whlc_h is by 49 me\r/iéi lower thar_1 the one of
large, light spheres; O, small, dark spheres the stoichiometric Rug{110)-Q surfacg, e, the de-
duced crossover between the two terminations is far beyond
third RuG,(110)-Ru termination exhibiting the mixed the e_stlmated uncertainty "’*ﬂo F"eV”S@ due_to the ne-
(RuO) plane at the surface is achieved by removing thegle(_:tIon of the V|brat|ona_l (_:ontr|bu_t|on to the_ G'bb.s free en-
OPfd%e atoms from the stoichiometric terminatigof. Fig. ergies and due to Fhe finite basis set. This estimate does,
2(c)]. Here no undercoordinated oxygens are present anugowever, not comprise the more general error due to_the use
longer, but this occurs at the expense of the fourfold- an f the GGA as exchange-correlation functional. To this end,
fivefold-bonded RE9%¢4 and RG“SY atoms. we havg also cglcu_lated the_surface free energies of the two
competing terminations within the local density approxima-
tion (LDA).2° Although the absolute values of both
yOP(T p) turn out to be by=15 meV/& higher, their
The calculated surface free energies of the three possiblespective difference is almost unchanged, which is eventu-
terminations are shown in Fig. 3. As explained in connectiorally what determines the crossover point of the two lines in
with Eq. (12), the RuQ(110)-G*° [RuG,(110)-Rd termi-  Fig. 3. The RuQ(110)-G"Stermination is therefore the low-
nation with an exces¢deficiency of O at the surface be- est energy structure foo(T,p)>—0.85 €V in the LDA,
comes more favorabl@infavorable toward the O-rich limit,  which is almost the same as tjg(T,p)>—0.93 eV found
while the stoichiometric Rug§110)-G"9% termination ex- with the GGA, shown in Fig. 3. Consequently, while the
hibits a constanty(T,p). Indeed, we find the traditionally choice of the exchange-correlation functional may affect the
assumed stoichiometric Ry(110)-3"9% surface to be the exact transition temperature or pressure, the transjtérse
most stable over quite a range of oxygen chemical potentials untouched. In turn, we may safely predict the stability of a
above the O-poor limit. To clarify the physical meaning of polar surface termination on Ry(110) at high O chemical
this range, we have used E@1) to convertuo(T,p) into a  potential, corresponding e.g. to the pressure range typical for
pressure dependence at a fixed temperature, as can be seenadalytic applications.
the topx axis of Fig. 3. The temperature =600 K cor- Note, that Fig. 3 summarizes only th€T,p) of the three
responds to a typical annealing temperature employed eX41x1) terminations, which arise by truncating the RuO
perimentally for this systei*®~° From the resulting pres- crystal at bulk-like planes in thel10) orientation. However,

B. Prediction of a high-pressure termination
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it is a priori not clear that the terminal atoms at the surface Additionally, we compute a very high barrier of almost
must be in the sites corresponding to the bulk stacking set.5 eV for diffusion of G atoms along the trenches, indi-
guence. To check this, we have additionally calculated theating that the latter species will be practically immobile in
surface free energies of surface structures, where tH#0 the temperature range where the oxide is stable. This, to-
(0“9 atoms occupy atop (bridge sites over the gether with the small lateral interaction, indicates that at in-
RuPidees (Ri£Us€) atoms, instead of their normal bridging creasing O chemical potential the Ry®10)-G**surface is
(atop configuration. In both cases, we find th€T,p) con- formed from the stoichiometric termination by a random oc-
siderably higher, which excludes the possibility that theséuPation of G sites, until eventually the whole surface is
adatoms occupy non bulklike sites at the surface. Similarly, £0vered. Even so, at finite temperatures there will still be a
RUO,(110)-G termination, where the ¥59° atoms have certain vacancy concentration even at O chemical potentials

been removed, can also safely be ruled out as alternative f&bove the crossover BO”“ of the two terminations. As the
a stoichiometrically terminated surface. undercoordinated REF~ atoms exposed at such a vacant

O site [cf. Fig. 2], might be chemically active sites for
surface reaction it is interesting to estimate how many of
these sites will be present under givenf§) conditions.

Since we have shown that eacli“Tsite at the surface is
filled independently from the others, we can estimate its oc-

The reasoning of Sec. IlIB leaves only the cupation probability within a simple two-level syste(site
RUO,(110)-39% and RuQ(110)-C*S termination as the occupied or vacahin contact with a heat bath. The vacancy
relevant surface structures stabilized in UHV and under higltoncentration then follows from a canonic distribution,
O pressure respectively. Both differ from each other only bywhere the energy of the two levels is given by @ ,p) of
the presence of the additionaf®atoms, which continue the the two terminations at the chosen chemical potential. As an
bulk stacking sequence by filling the vacant sites on top okxample, we first address room temperature, where the
the formerly undercoordinated R&¥ atoms. The way the RuO,(110)-0“S termination becomes stable at pressures
RuO,(110)-G"termination is formed at an increasing oxy- higher thanp~ 1022 atm. A vacancy concentration of only
gen chemical potential will therefore depend significantly on1% is in turn already reached jpt- 10~ 7 atm, so that at this
the details of the lateral interaction among this adatomtemperature there will only be a negligible number of vacan-
species. _ cies on the &*terminated surface for any realistic pressure.

The RuQ(110)-C""% surface has a trenchlike structure  However, this situation becomes completely different at
with a distance of 6.43 A between the rows formed by theglevated temperatures. At=800 K, the crossover to the
QPrdge atoms|cf. Fig. 2Aa)]. This renders any lateral interac- RuO,(110)-CS termination occurs ap~10 1 atm, with a
tion between @' atoms adsorbed in neighboring trenches10% vacancy concentration still present af 1&tm. In the
rather unlikely. On the other hand, the distance between tweange of atmospheric pressures the R{iQ0) surface will
O®* atoms occupying neighboring sites along one trench isherefore exhibit a considerable number of vacancies, which
only 3.12 A. To check on the corresponding interaction wecould explain the high catalytic activity reported for this
calculated the surface free energy of a R(10)-C*ter-  material®®?1-2*However, although we have deliberately
mination in a(2x1) supercell, in which the &°atoms oc- chosenT=800 K as a typical catalytic temperature, where,
cupied only every other site along the trenches. The corree.g., a maximum conversion rate for the CO/C@Xidation
spondingy(T,p) is drawn as a dashed line in Fig. 3. As now reaction over Rug(110) was found? we immediately stress
only half of the excess ©° atoms are present, the slope that our reasoning is at the moment only based on the O
of this curve has to be one half of the slope of the linepressure alone, and is therefore not directly applicable to
representing the normal Ry@10)-0“ termination catalysis experiments, which may also depend on the partial
[cf. Eq. (12)]. pressure of other reactants in the gas phase.

Interestingly, both curves cross the stoichiometric
RuO,(110)-3"9%€ line at exactly the same point. This can
only be understood by assuming a negligible lateral interac-
tion between neighboring & atoms: If there was an attrac-  As already mentioned in Sec. |, the predicted high-
tive (repulsive interaction between them, then it would be pressure Rug{110)-GYStermination is traditionally not ex-
favorable (unfavorablé to put G" atoms as close to each pected as it forms a so-called polar surface, which should not
other as possible. In turn, ti{gx 1) overlayer of G“atoms, be stable on electrostatic grourftisThe corresponding ar-
in which only every other site is occupied, would be lessgument is based on the ionic model of oxides, in which every
(more stable than the normal Ry(L10)-G"* termination, atom in the solid is assumed to be in its bulk formal oxida-
where all neighboring sites are full. Consequently, the stabiltion state. Along a particular directianthe crystal may then
ity with respect to the stoichiometric termination would be be viewed as a stack of planes with chaeggeach of which
decreasedenhancej] leading to a latefearliep crossover contribute withV(z)«qz to the total electrostatic potential.
point in Fig. 3. That both calculated lines cross theAs this contribution diverges at infinite distances, the crystal
RuO,(110)-3"9%€ line at the same point is therefore a re- as a whole can in turn only be stable if constructed as a
flection of a negligible lateral interaction between th&<0 neutral block in which all infinite values due to the indi-
atoms. vidual planes cancel. For Ry(110), which is a type-2 sur-

C. Lateral interaction
between G atoms and vacancy concentration

D. On the stability of polar surfaces
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T at 1 atm pressure (K) electronic differences as well. This is illustrated in Fig. 5,
1500 1300 1100 900 700 500 300 100 where we show thex(y)-averaged potential along tti&10)

; T T ———— direction perpendicular to the surface, In the bulk-
truncated, stoichiometric RyQL110)-3"99 termination in
Fig. 5@), the electrostatic potential at the topmost
O-(RuO)-0O trilayer is still almost identical to the corre-
sponding one in the deeper trilayers, thus enabling a descrip-
.. 1 tion in this case of this surface in terms of bulklike planes as

~~~~~ assumed in the ionic model. Conversely, we find a significant
100 | 1 deviation of the potential in the outermost layers of the
RuO,(110)- 0P 9% DT Ru02(110)-(§”5terminat@on[f:f. Fig. 5([_))], even for a bulk-
50 : \ 1 truncated geometry. This difference is further enhanced by
T the structural relaxation, shown in Fig(ch so that the top-
700 600 500 200 300 200 100 most(Ru0)-0-O planes of this termination are certainly not
1 well characterized by bulk properties, thus invalidating the
T at 10"~ atm pressure (K) electrostatic argument raised against this polar surface.
We argue instead that the surface fringe composed by the
: T topmost layers should be viewed as a new material, which
RuQ(llO)-d’”dge and .pOIar Ru@(llO)-G“SFermlqatlgns. .Sh(.)wn. properties might differ considerably from the bulk stacking
is the effect of relaxation at the surface, with solid lines |nd|cat|ngSequence due to the additional structural and electronic de-
fully relaxed surface structures, and dashed lines the correspondin o .
ees of freedom present at the surface. A similar conclusion

bulk-truncated geometries. The dependence on the oxygen chemi . .
potential has been translated into a temperature scale at 4m was previously reached by Wang and co-workeraho dis-

(bottomx axis) and 1 atm(top x axis) pressure. cussed the stability of oxygen-terminated pol@@01) sur-
faces of corundum-structured-Fe,O; and a-Al,0;. This

face in Tasker’s widely used classification schétide only  indicates that the traditionally dismissed polar terminafions
neutral repeat unit is a symmetric @uO)-O trilayer with a  Might indeed be a more general phenomenon, the existence
(—2)-(+4)-(—2) charge sequence. Correspondingly, the stoof which could be a crucial ingredient to understand the
ichiometric RuQ(110)-3"9®termination would be the only function of oxide surfaces under realistic environmental con-
surface termination without net dipole moment in this ionicditions. As particularly polar terminations with excess oxy-
model. gen can be stabilized at increaseg f@rtial pressure in the

On the other hand, the Ry(110)-G“S termination with ~ 9as phase, the different properties of the latter should be
its extra unmatched—2) charge plane formed by the®® taken into consideration when modeling high-pressure appli-
atoms would lead to a diverging potential and should thugations such as catalysis.
not be stable. That we indeed find this surface stabilized at
higher O chemical potentials points to the most obvious
shortcoming of the electrostatic model, namely, the assump-
tion that all atoms in the solid are identical, i.e., that also all This influence of the @ partial pressure on the surface
surface atoms are in bulklike states both structurally as welnorphology and function has recently become apparent in a
as electronically. The extent to which the additional struc-number of studies addressing the reported high CO oxidation
tural degrees of freedom at the surface already influence thates over Ru catalysts. While it was believed for a long time
stability is exemplified in Fig. 4, where the surface free en-that the active species is the Ru metal it$&i£°the decisive
ergies of the two relevant terminations are compared in eirole played by oxide patches formed under catalytic condi-
ther a bulk-truncated or fully relaxed geometry. While thetions was only recently realizéd-1°?1?This was primarily
small relaxation of the Rug0110)-3"9% termination hardly ~ due to the problem of preparing a fully oxidized surface in a
affects they(T,p), the bulk-truncated Ruf110)-G" sur-  controlled manner under UHV conditions. By means of more
face structure turns out to be considerably less stable conexidizing carrier gases or higher O partial pressures, how-
pared to its relaxed counterpart. This bulk-truncatedever, it is now possible to circumvent thisaterials gap™
RuG,(110)-CG** surface exhibits a work functior-2.5 eV enabling a detailed characterization of R(OL0) domains
higher than the stoichiometric termination, which indicatesformed on the model R0001) surface with the techniques
that the addition of the &° atoms indeed induces a consid- of surface sciencg!’~1921-24
erable dipole moment, as suggested by the ionic model. The results of the present study, however, show that the
However, the relaxation alone lowers this work function by 1surface termination of these domains changes with the O
eV, reflecting that the dipole moment can already be considpressure as well. Unaware of this dependence on thar€s-
erably reduced via a significantly shortened“@Ru*¢  sure, previous researchers proposed a reaction mechanism
bond length of 1.70 Acompared to the bulk value of 1.96 for the CO oxidation based solely on the stoichiometric
A), thereby considerably stabilizing the surface. RuO,(110)-3"9% termination that was characterized in the

Not only do the topmost layers in the Rp@10)-G"s  respective low-energy electron-diffractioLEED) study
surface differ structurally to an appreciable extent from theirunder UHV conditions®*®While it is presently not clear to
respective bulk counterparts, but there are also significarwhat extent the ©° atoms additionally present at atmo-

300

O-rich

.’a
=
250 £
C
200 |

Surface energy (meV/;&Z)

FIG. 4. Surface free energieg(T,p) of the stoichiometric

E. Importance of experimental preparation conditions
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FIG. 5. (x,y)-averaged Kohn-Sham effective, potentiéf(z)
(dashed lingand electrostatic potenti®®{z) (solid line), along the
(110 direction perpendicular to the surfageAlso shown is the
work function @, by the dotted line.(a) Bulk-truncated
RuQ,(110)-3"%€ termination @=5.7 eV). (b) Bulk-truncated
RuG,(110)-C*° termination @=8.2 eV). (c) Fully relaxed
RuG,(110)-G"* termination @=7.2 eV). The topx axis marks
the position of ORUO)-O layers in the crystal.
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spheric pressures are involved in the reactitf,we note

that their binding energy of 1 eV with respect to molecular
oxygen renders them a catalytically rather interesting spe-
cies. Consideration of high-pressuré'®atoms might there-
fore be of crucial inportance to understand the reactivity of
Ru0,(110), highlighting the delicacy with which the results

of UHV spectroscopies and post-exposure experiments have
to be applied to effectively model catalysis and steady-state
conditions.

Only very recently has UHV equipment been able to sta-
bilize the high-pressure RyQL10)-G"* termination inten-
tionally by postdosing @at low temperature!”?*24Tem-
perature desorption spectroscoyDS) experiments found
the corresponding excess'®atoms to be stable up to about
300-550 K in UHV’ This agrees nicely with the calculated
transition temperature of 45060 K at the crossover point
between the two terminations for a pressure of #62 atm,
presumably present during a typical TDS experinterdf.
the bottomx axis of Fig. 4. However, the actual desorption
temperature is of course significantly higher for the orders of
magnitude higher © partial pressures present in catalytic
applications. This is exemplified by the temperature scale on
the topx axis of Fig. 4 at a pressure pf=1 atm, represen-
tative of the early high-pressure experiments addressing the
high CO/CQ conversion rates of Ru cataly${s?® The cor-
responding elevated transition temperature of 900 K shows
that Y atoms were most probably present on oxidized
RuG,(110) domains in all of these experiments.

The presence of the hitherto unaccounted for high-
pressure termination of RyQL10) might therefore be a key
to understanding the data obtained from grown RUQO0)
films or oxidized R@0001) surfaces, which are unanimously
prepared under highly O-rich conditions. An example of this
can be seen in a preceding publicatférin which it was
suggested that the controversially discussed, largely shifted
satellite peak in Ru @ x-ray photoemission spectroscopy
data from such surfacé&3might receive some signal from
the R§“>% atoms in the Rug(110)-G"S termination, which
experience a significantly different environment due to the
aforementioned very short bonds to th&'Gatoms.

Whether or not the high-pressure termination created dur-
ing the preparation of the crystal survives during the transfer
to UHV depends then on the details of the transfer itself, e.g.,
on whether or not the temperature is kept constant while the
pressure goes down to its base value after exposure. A de-
pendence of the TDS data of an oxygen-rich((01) sur-
face on these parameters has already been reported and con-
sidered by Btcher and Niehud’ On the other hand, the
final annealing step to 600 K after transfer to UHV employed
in the LEED work identifying Ru@(110) domains on oxi-
dized R§0001)'®' explains why there only the stoichio-
metric RuQ(110)-3"9% termination could be characterized
(cf. Fig. 3.

Such dependences on the experimental preparation have
hitherto often been neglected, entailing a low comparability
of data sets obtained in different groups. Instead, the present
results demonstrate that systematic investigations in the
whole (T,p) range are required to fully identify the surface
structure and composition of oxide surfaces at realistic con-
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ditions, which in turn is a prerequisite before tackling the , 9
long-term goal of understanding the function of the latter in EVO(T,V,N)=— %In Z, (A2)
the wealth of everyday applications.

and the entropy is defined as

IV. SUMMARY A A
_ _ , , SY0(T,V,N)=k(InZ+ BE"). (A3)
In conclusion we have combined density-functional

theory(DFT) and classical thermodynamics to determine thewriting FV*(T,V,N) as a frequency integral including the
lowest energy structure of an oxide surface in equilibriumphononic density of statesr(w), and using the relation
with an O environment. The formalism is applied to FVP=EVP—TS™ one arrives at

RuO,(110) showing that apart from the expected stoichio-

metric surface, a so-called polar termination with an excess ) 1 1

of oxygen (G is stabilized at high O chemical potentials. Fv'b'(T,w)=ﬁw<§+BﬁT)

Depending on the details of the experimental preparation emr-1

conditions, either of the two terminations can therefore be

L . . Bho
present, and their different properties have to be taken into —kT h——ln(l—e*/”“”) . (Ad)
account when trying to understand the experimental data or efho—1

aiming to extrapolate the results of UHAK situtechniques
to high-pressure applications like oxidation catalysis. 2. Ideal gas expression fopig (T,p)
A polar termination is traditionally not considered to be _ ) 2
stable within the framework of electrostatic arguments based FOr an ideal gas ol particles at constant pressyseand
on the ionic model of oxides. We show that this reasoning i§émperatureT, the chemical potential is simply given by the
of little validity, as it assumes all atoms to be in the sameGibbs free energy per atom:
bulk-like state. On the contrary, the additional structural and
electronic degrees of freedom at an oxide surface allow sub-
stantial deviations from these bulk properties and may thus
stabilize even nonstoichiometric surface terminations. A
similar conclusion was previously also reached for the O-richAs the Gibbs free energy is a potential function depending on
(0001) termination of corundum-structureetFe,O5 indicat- ~ pressure and temperature, its total derivative can be written
ing that polar surfaces might indeed be a more general fed@S
ture of transition-metal oxides. The concentration of oxygen
vacancies found for the polar termination of R@O10) at
atmospheric pressures and elevated temperatures could fi-
nally offer a possible explanation of the high catalytic activ-
ity reported for this surface. where we have inserted the Maxwell relations for the en-
tropy, S and volumeV. Using the ideal gas equation of state,
ACKNOWLEDGMENTS pV=NKT, the partial derivative of5(T,p) with respect to

) . pressure at constant temperature is consequently
We thank Anne Chaka for a careful reading of this paper.

p=log] =% (A5)

aG) G
T,p,N N

dG=

9G dT oG dp=—-SdT+Vvd A6
ﬁpJF%TP— +Vdp, (A6)

This work was partially supported by the Deutsche Fors- G NKT
chungsgemeinschafSchwerpunkt “Katalyse}. (%) =V=T. (A7)
T
APPENDIX In turn, a finite pressure change frquto p° results in

1. Vibrational contribution to the Gibbs free energy
p
The vibrational contribution to the Gibbs free energy G(T,p)—G(T,p°)=f
p°

aG
—) dp=NkTIn(p/p°®).
T

comprises vibrational energy and entrdpf. Eq.(15)]. Both p

can be calculated from the partition function of ldratomic (A8)
systent*

y Combining Eqs(A5) and(A8), for the chemical potential
3N - of O we can finally write
dk
= ~[n+(12)]Bhwi(K)
=3, | Gy 2 o AL (TP = 1200, (T.p) = ol T p°) + 12K T In(p/p°),

A9
whereB=1/KT and thew;(k) are the 3 vibrational modes. (A9)

The vibrational energy is then given by which is the expression used in Sec. Il E.
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