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CO Chemisorption at Metal Surfaces and Overlayers
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A database ofab initio calculations of the chemisorption energy of CO over Ni(111), Cu(111),
Ru(0001), Pd(111), Ag(111), Pt(111), Au(11l), ;€t(111), and some metallic overlayer structures
is presented. The trends can be reproduced with a simple model describing the interaction between
the metald states and the CQ#* and % states, renormalized by the metgh continuum. Our
model rationalizes the results by Rodriguez and Goodman [Sc&5i6e897 (1992)] showing a strong
correlation between the CO chemisorption energy and the surface core level shift.

PACS numbers: 73.20.At, 71.15.Mb, 73.61.At, 82.65.My

Over the past three decades the field of surface schist of closed shells the metallip states have formed open
ence has produced a series of accurate spectroscopidalnds, which enable energy gain through hybridization of
techniques that can provide detailed information about thadsorbate and metal electronic states. These metal sur-
electronic structure at surfaces [1]. It would be extremelyfaces, thereby, build up bonds to many adsorbates, includ-
useful if spectroscopic data could also be used directly ting CO [7]. The surfaces of transition metals and noble
give information about the chemical activity of the sur- metals also have opetp bands and therefore also form
face. This would open up new possibilities in the futurebonds to adsorbates. However, the presence af #iates
search for, e.g., more efficient catalysts. Recently, Roin these metals enables a further bonding interaction be-
driguez and Goodman [2] have established a spectactween the metall states and the adsorbate related states
lar correlation between spectroscopical data (surface coighat are already renormalized through the interaction with
level shifts) and the chemisorption energy of CO on a sethe metalsp states) [8—13] as illustrated in Fig. 1. It can
ries of metal surfaces and overlayers. If such an approaatasily be shown in a tight-binding framework that the total
can be generalized, we would have a means of predicenergy change caused by this interaction takes the form of
ing the chemical activity of surfaces based on the surfaca hybridization energy gain and an orthogonalization en-
electronic properties alone. ergy cost. In the limit of a small overlap between the

In the present Letter, we discuss the physics of CO adadsorbate states and the metatates and of a small cou-
sorption over metal surfaces and overlayers by presentingling matrix elemenV compared to the energy separation,
an extensiveb initio database of CO chemisorption en-
ergies calculated within density functional theory (DFT)
using the generalized gradient approximation (GGA). We 5]
demonstrate that the trends in the database can be un
derstood using a simple two-level model describing the v
coupling of the CO & and 27" states to the metal va- o
lence states. One key surface parameter determining the=
strength of the bonding turns out to be the energy of the = |
center of the metall band. This surface property can =
be obtained from spectroscopical methods either directly 5 ™
with photoemission (UPS) or indirectly through the sur- _, =
face core level shifts [3,4]. Using this, we demonstrate 7
explicitly how our model of the CO chemisorption energy
can account for all of the experimental data of RodrigueZ|G. 1. The self-consistent electronic density of states (DOS)
and Goodman. projected onto théo and2#* orbitals of CO: in vacuum and

. . . over Al(111) and Pt(111) surfaces. Also shown is the DOS
Before presentlng the DFT-GGA d_atabase we _ﬂrSt d,'STrom théd b)ands in (the I)Dt(lll) surface. The sharp states of
cuss our simple model of the trends in CO chemisorptiorco in vacuum are seen to broaden into resonances and shift
energies. When an atom or a molecule is adsorbed on sindewn in energy over the simple metal surface (mixing with
ple metal surfaces like Na, Mg, or Al withodtstates, the the 4o state causes additional structure in fixe resonance).
ver the transition metal surfaces the CO resonances further

electronic state_s of the ad'Sorbate are broadeneq Into r(._:‘S}%bridize with the metall states. This leads to shifts in the
nances and Sh'fted_down in energy through the mte_rgcﬂoga and 27" levels and to antibondingo-d states at the top
with the broad continuum of metap states [5,6]. Thisis of the 4 bands and bonding=*-d states at the bottom. These
illustrated in Fig. 1. While the adsorbate states may constates have low weight in ther and27* projections shown.
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Ae between the two states, the hybridization energy gaifTABLE I. Parameters and results for CO chemisorption atop
becomes proportional t6% /| Ae| while the orthogonaliza- a metal atom (first column) in metal surfaces and overlayers

; ; ; 2 [second columnM /M, means a monolayer o¥/; on a M,
tion energy cost scales wiw (i.e., roughly as’=). substrate. “Ni@Cu(111)” refers to a Cu(111) substrate with

For (_:O' adsqrptlon experiments [14] as well as manyevery fourth surface Cu substituted by a Ni]. The cendgr
theoretical studies [10,11,15,16] suggest that the filled 5 of the locald bands at the metal atom measured relative to
and the doubly degenerate, empty* electronic states the Fermi level and the fractional filling of the these bands.
are the ones mainly responsible for the bonding to metalhe coupling matrix element/y; (normalized to 1.0 for
surfaces. We therefore write the following simple modelCY) and the chemisorption energ§chen from the DFT-

. - : : GGA calculations. The last column gives the experimental
expression for the contribution to the CO chemisorption chemisorption energies for CO on Ni(111) [27], Cu(111) [28],

energy over transition metal surfaces: Ru(0001) [29], Pd(111) [30], Ag(111) [31], Pt{111) [32], and
V727 Al(111) [7]. All energies are in eV.
Eg-nyp = —4 fﬁ + fSxVa

Atop Surface €4 f VY Ecem  Eexp
v2 Ni | Ni(111) “148 09 116 —136 126
—2[(1—f)6d_76+(1+f)50‘/'f - DN NiJRU(1000) —127 09 116 151

S0
. . . : 1 Ni Ni@Cu(111) -—1.18 0.9 1.16 -1.56
where 2 is for spinf is the fractional filling of thed Cu Cu(111) 267 10 100 —-062 —052

bands,627,_ and es, are the positions in energy of the Cu Cu/Pt(111) —188 1.0 100 —094
(renormalized) adsorbate states, andis the center of Ni@Cu(11l) -2.56 1.0 1.00 —0.61
the metald bands. V and$ are labeled according to the ¢y cupy111) -235 1.0 1.00 —0.53

symmetry of the orbitals they describe. Ru Ru(0001) —141 0.7 387 —180 —-1.66
The fractional filling factors, the coupling matrix ele- Pd Pd(111) -2.16 0.9 278 —-130 -—147

ments, and the overlaps in Eq. (1) we take to be dependeifd Pd/Ru(0001) -2.86 0.9 2.78 —0.98

only on the atomic number of the metal atom to which theAg ~ Ag(111) —428 10 226  0.09 -028

CO bonds, i.e., independent on the environment of thi$t Pt(111) —-275 09 390 -145 -1.50

metal atom. The environment will manifest itself through Pt X:?JF_);_(]:_L)ll) _gg? 28 ggg _(l)'gi

the position of the center of théstates on the metal atom Al(111) 049 —021

in the surface before the CO adsorption. Values for the
center, determined by DFT calculations, are included in
Table . We approximatg with the idealized fractional
filling factor (v — 1)/10 wherev is the valence of the and1.5 eV?, respectively, have been used, both of which
metal atom. As we will be concerned with the variationare of the right order of magnitude compared to DFT
of the E4-nyp, from one metal to the next it suffices to es- estimates [17] 00.09 eV~! and2 eV2. We note that in
timateV,; andV, in an LMTO (linear muffin tin orbital)  Fig. 2 the slope of the least square fitted curve guiding the
framework [17], where they factorize as products of termseye is close to one, which means that the adsorbate-metal
dependent only on the adsorbate and the substrate prog-interactions described by our model can account for the
erties, respectively. This means that the present couplingiain trends in CO bonding from one surface to the next.
matrix elements must scale precisely as the LMTO base®@he curve is offset by~ 0.5 eV on the vertical axis for
Vyq used in Ref. [13] for a different adsorbate khter-  E;-,, = 0, which fits with CO forming a bond of this
acting with the transition metal surfaces. Introduciag strength on simple metal surfaces (see Table I). Outside
and B as adjustable parameters common to all the metthe scale in Fig. 2 is the result for GAu(0001). Here
als, we writeV2 = BVZ and S, = —aV,. From the the simple model [Eq. (1)] estimatesdacontribution of
DFT orbitals of CO and the various metals we find that—2.08 eV to the chemisorption energy. Both the model
S+/S» = 1.3 is a good approximation and we therefore and the full calculation thus show that the CO-Ru bond is
write V2 = (1.3)2BV2 andS, = —aV,. very strong. However, in this case (as for most of the
As the transition metal surfaces considered have verynetals to the left in the transition metal series) where
similar half filled s bands, the renormalization of the e, — €; is small and thed band width is large, the
CO states by the delocalized metal states will be venneglect of the latter in the two level model of Eq. (1) leads
alike. Guided by the results of DFT calculations forto a largely overestimatefl;-yp .
CO adsorption on Al(111) (Fig. 1) and on the transition As an important property of the model, we further note
metal surfaces with small coupling matrix elements, wethat it captures the shifts in the CO chemisorption energy
use+2.5 and —7 eV (with respect to the Fermi level) for from the single crystal surfaces to the overlayer structures.
the renormalized,,, andes, positions, respectively. This is apparent in Fig. 2 as seen by the dashed lines. For
In Fig. 2 we present the scaling of the chemisorptionCu;Pt, which is a very stable covalently bonded alloy, the
energy for CO within the model as compared to the seCu sites become less reactive than predicted by the model,
of ab initio DFT calculations given in Table I. Adjusting while the Pt sites behave roughly as expected. As the
only @« and B in the model, we obtain the excellent model only describes the coupling of the metaktates
correlation in Fig. 2. @ and 8 values of0.063 eV~!  to the renormalized CQ#* and 5o states we conclude
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—_ T T Ag( 1Y) for Pd and Cu surfaces [23,24] and by our calculations:
5 ° For CO in vacuum we get a bond strength of 10.88 eV
g 0.0 and a vibrational frequency af162 cm™! both of which
& Am) compare well with the experimental values of 11.09 eV
) and 2169.8 cm™! [25]. For CO adsorbed atop Pt(111)
§ 05 CuCuP(11) | we calcula’ge a downshift (_)f the CO sf[retch frequency to
g CuNi@Cu(111) # Cu(111) 2120 cm~! in agreement with an experimentally observed
g downshift t02104 cm™! [26]. Finally, considering the
g* PARU(000T) & use of fixed site and coordinates, the chemisorption en-
£ -10 | » /% CuP(111) ; ergies in our database agree well overall with the exper-
8 . imentally determined heats of CO adsorption included in
< Pd(111)g” N1 Table 1. In particular, for Ag(111) and Au(111) where the
S} PH111) — | ,’ orthogonalization terms dominate we expect an outward
Q -1s5 [ evcurain Y © Ni/Ru(0001) ! relaxation of the CO to influence the chemisorption ener-
» o . NENI@Cu(111) gies bringing theory and experiment in better agreement.
A -15 ~1.0 05 0.0 0.5 Our present model of the CO bonding is in complete

agreement with the theoretical interpretations developed
by Blyholder [15], Bagus [11], and others. The language
FIG. 2. Comparison of the model and the full DFT-GGA of electron donation from the COo5to the metal and
chemisorption energies for a number of metal systems. backdonation from the metal to the CQOr2 describes
the concerted action of the coupling of the CO levels to
the metalsp states and thel states. With the present
that it is this interaction which is responsible not only for division of the donation and backdonation into separate
the gross trends in CO chemisorption energies over thmetal sp and d steps which follows the reasoning of
wide range of the late transition metal surfaces considereBagus and Pacchioni [11] we obtain a simple picture and
but also for the details for metallic overlayers and alloya quantitative model of the electronic reason for the trends
surfaces. We return to this below. in the CO chemisorption energies over metal surfaces and
The ab initio DFT calculations [18] are performed overlayers.
using the local density approximation (LDA) [19] for We now return to the experimental observation by
finding self-consistent charge densities and densities dRodriguez and Goodman of a strong correlation between
states (DOS) while using for the exchange-correlatiorthe surface core level shift of different overlayers and
energy in all reported total energy differences the GGAthe CO chemisorption energy [2]. Our analysis goes in
[20]. A quarter monolayer of CO is adsorbed on onetwo steps. First, we build on the extensive theoretical
side of slabs having six fcc (111)—for Ru: hcp (0001)—insight into the origin of the surface core level shifts by
layers of metal atoms. lonic cores are described witiWeinert and Watson (WW) [3] and Hennig, Ganduglia-
pseudopotentials [21]. The Kohn-Sham equations ar@irovano, and Scheffler (HGS) [4]. WW show that the
solved in a basis of plane waves of kinetic energy up tovariation in surface core level shifts for metal overlayers
40 Ry (for Ni and Cu: up to 50 Ry) at 6 and k5ooints in  is accompanied by a similar shift in the center of gravity
the C3, andC,, irreducible Brillouin zones, respectively. of the d bands—at least towards the right in the transition
For the present purposes, we choose to consider thmetal series, while charge transfer effects are inadequate
DFT-GGA calculations as a computer experiment of COfor explaining the shifts. The latter is confirmed by
adsorption on a number of metal surfaces with all ionicHGS, who also show that thieendsin variations in the
degrees of freedom kept fixed. Hereby we can concersurface core level shifts for different overlayers are given
trate on the ability of the model [Eq. (1)] to capture theby the initial state shift, that is, by the changes in the
trends caused by thelectronicfactors of the CO-metal electronic structure of the unperturbed surface. From this
bonding. Substrate relaxations are therefore not considwe conclude that we can view the variation in the surface
ered, but rather the truncated bulk geometries are usezbre level shifts as a measure of the variation in éhe
[22]. Further, for all surfaces, CO is put at the top posi-band center.
tion with a fixed metal-carbon distance of 1.94 A and a The second step in our analysis is then to use our
CO bond length of 1.14 A as reported from calculationsmodel [Eq. (1)] to establish the relationship between vari-
for CO/Pd(110) [23]. The use of fixed CO coordinatesations in thed band center and the chemisorption en-
is actually a good approximation. For CO on Pt(11l)ergy. We note that in Eq. (1) the hybridization energy
we find that the relaxed values argic = 1.88 A and  term related to the7* dominates the expression. It
rco = 1.15 A and that this relaxation influencegnem therefore also dominates the differential chang& jn,y,
by less than 0.05 eV. That the DFT-GGA is capa-for a changede, in the position of thed-band center,
ble of describing the CO itself and the CO-metal inter-which may be caused by changes in the surroundings
action well is suggested both by previous calculationof the metal atom at which the CO bonds. We have
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