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Density functional periodic study of CO adsorption on the PdMn (100) alloy surface:
Comparison with Pd(100)
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Self-consistent calculations based on density-functional theory with gradient corrections are used to compare
the electronic and chemisorptive properties of12d) and PdMn(100). There are two types of B&In(100)
surfaces, one with only Pd atont8) and one with Pd and Mn atoms alternately ordef®d The study of
five-layer slabs shows that, for both surfaces, the surface Pd atoms are negatively charged by an electron
transfer from the Mn atoms and that the “giant” magnetic moments existing on Mn atoms in the bulk are
retained. For CO adsorption on f/h(100 (A), the adsorption sites are in the same stability order as for
Pd100, with the on-top site less stable than the bridge and the hollow ones while the binding energies are
slightly weaker. In the case of Bn(100 (B), the stability order is totally different, with the on-top site on
Pd far more stable than the other sites. It is pointed out that CO adsorption on a magnetic atom is less favorable
than on a nonmagnetic one, in relation with an adsorption-induced diminution of the magnetic moment. The
results are interpreted in terms of orbital interactidi$0163-182@99)03308-1

[. INTRODUCTION sidered. The choice of this alloy comes from experimental
studies performed in our laboratory where Pd/Cr and Pd/Mn
The electronic, chemical, and catalytic properties ofalloys are used as efficient catalysts of the reduction of NO
metal-alloy surfaces have been extensively studied in a rddy CO?***Moreover, the Pd/Mn alloys have a more defined
cent past. The reason is that metal alloys exhibit enhancegfructure than Pd/Cr ones.
catalytic properties compared to those of their constituents, In a first part, the electronic structure of the surfaces will
for instance a better activity and/or a better selectivity. It had€ studied. Then in a second part, the CO adsorption will be
been observed that in most cases, the adsorption energies@nsidered on thg100 surfaces of pure Pd and of the
molecules on a metal surface are reduced when the metal R&sMn alloy.
alloyed with another one. Carbon monoxidgO) has often
been used as a probe molecule for bringing to the fore such Il. METHODOLOGY

changes. The following experimental examples of CO ad- The method used is a self-consistent band calculation
sorption on alloys can be quoted: on Pt/Smon Ni/Sn} on  pased on the density-functional theory in the Kohn-Sham
Pd/Sn’ on Pt/Fe; on Pd/Ci~®and on Pd/NF. A theoretical  approachProgramm ADF-BAND.3! The one-electron wave
understanding of how the properties of a metal are modifiedunctions are developed on a basis set of atomic orbitals.
when it is alloyed is important for catalysis since it can helpThese basis functions are divided into a core frammerical
to improve the catalyst for a given reaction. atomic orbitals NAQ and a valence patNAQO'’s plus Slater-
Most theoretical works deal with the electronic structuretype orbitals STO's that is of doublet type. For the Pd
of thin films of a late transition metal deposited on an earlyatom, the core part includes orbitals up to thet @hes. The
onel®13 Adsorption of CO on such surfaces has also beerstarting configuration has been chosen to Hés4® in order
studied theoretically*~*To our knowledge, only a few the- to have a 5 NAO. This configuration improves the quality
oretical studies deal with CO adsorption on real alloy sur-of the basis, but has no influence on the final solution, when
faces: in Ref. 14 a calculation is done onsu(111) but  the convergence is reached. A $TO has been introduced
without details. Adsorption on Bfi (111) and(100) surfaces as a hybridization function. For the Mn atom, the core part
has been more intensively studied with semiempiricalincludes orbitals up to thef2one. The starting configuration
methods’~*8 Calculation for CO adsorption on pure metals is that of the ground stated34s?. A 4p STO has also been
are much more numerod$:?° added. For C and O, theslorbital has been frozen andi3
We have performed in the past semiempirical extendedrbitals have been included as polarization functions. The 2
Huckel calculation§EHT) for CO adsorption on the RFe,,  and 2o orbitals are represented by one NAO and two STO’s
(111) and the PgMn alloy surface$®~2® However to obtain  (triple-{ basig. The Slater exponents used in this work are as
a more quantitative description of the phenomeraininitio  follows: Pd 4s:3.85; 4p:3.15; 4d:1.5; 5s5:1.85; 5:1.85
calculations must be envisaged. Hence, the purpose of thisMn 3s:3.5; 3p:3.0; 3d:1.2; 4s:2.0; 4p:1.5-C 2s:1.28
work is to use amab initio method based on the density- and 2.10;p:0.82 and 1.48; 8:2.2— 0 2s:1.72 and 2.88;
functional theory(DFT) in order to compare the CO adsorp- 2p:1.12 and 2.08; 8:2.0. The ADF code uses an auxiliary
tion on Pd100 and on PgVIn(100. The relation between basis to fit the electronic density. A rather large set has been
surface magnetism and CO chemisorption will also be conused: 60 STO’s for Pd (&]13p,12d,8f,69), 36 for Mn
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(15s,7p,6d,4f ,4g), and 20 for C and O (85p,4d,2f,19g). TABLE |. Characteristics of PA00 and PdMn(100) five-
The wave function is calculated at the local density apJayer slabs.S S-1 andC denote a surface atom, a second-layer

proximation level but gradient corrections for the exchangedtom and a center-layer atom, respectivelye™) and u (uB) are

and the correlation energies are introdu¢generalized gra- the charge and the magnetic moment, respectively. WMRdA)

dient approximation, GGA either from Becke—Perdéor th_e surface only contains Pd atoms. In;®d (B) the surface con-

from Perdew-Wang? Such gradient corrections proved to be t@ins both Pd and Mn atoms.

essential in the determination of the chemisorption

energie$??® The calculations on RMn are spin unre- Pd PdMn (A PdMn (B)
stricted since it has been shown experimentally and by our q © q u q “
previous calculatior’é that the spin polarization is an essen-

tial feature for this alloy. The surfaces are modeled by slabs, Pd(S) 002 014 -0.07 0.08 -023 011
infinite periodic in two dimensions andy, and composed of ~ Pd(S-1) -0.02 027 -018 011 -017 0.08
a given number of layers in the direction. Therefore, a  Pd(C) 0 032 -016 009 -017 0.07
single slab is considered and there is no periodicitg. i6O Pd bulk 0 0 -0.17 011 -0.17 011
is adsorbed only on one side of the slab. The number of Mn(S) +0.41 4.56
k-points depends on the symmetry of the adsorption site. Mn(S-1) 047 431

This number is 15 for almost all sites except for the top site Mn(C) 0.49 4.23
on PgMn(A) and the hollow site on RMn(B) for which it Mn bulk 051 4.29 0.51 4.29

is 25 (for definition of A andB see below. For the study of
the bare surfaces, slabs of up to five layers have been con- i

sidered. For the adsorption, slabs of only two and three layiStence of a magnetic moment on the Pd atoms whereas no
ers have been used owing to the disk space required by tHBagnetic moment had been found for bulk Pd with the same
calculations. The lattice constant has been taken equal to thRg-Pd distancd! This surface magnetic mome(.14 uB)
optimized for the bulk at the GGA level, which correspondsis smaller than that found for a monolayerwhich is not
to a Pd-Pd distance of 2.85 A for both systeth§he M-C surprising since the surface Pd atoms are less isolated than in
and C-O bond lengths have been optimized for all adsorptiod monolayer. In fact, we have already pointed out that Pd has
sites on the two-layers slab with no inclusion of surface re high-magnetic susceptibility. It results that a small modifi-
laxation. The calculation of the electronic populations iscation of the Pd-Pd interactions leads to the abrupt appear-

based on a Mulliken analysis. ance of a magnetic momettlt has been found that a mo-
ment appears when the lattice parameter is expanded, attains

lIl. ELECTRONIC AND MAGNETIC STRUCTURES a maximum valug0.36 uB) and then falls continuously to

OF THE Pd(100) AND PdsMn(100) SURFACES zero. Our value of 0.32B found in the central layer is near

this maximum value found previously for the bulk. In fact,

The PdMn alloy presents interesting magnetic propertiescalculations up to a slab of eleven layers have been done. A
since a so called “giant moment” is present on each Mnmagnetic moment still exists on the surfdca. 0.1uB) and
atom. The question is therefore to know how this magnetidgts value is 0.22uB for the central layer. Therefore, the
behavior evolves on the surface and whether the magnetizariations of the magnetic moment with the layer can be
structure of the surface has an influence on the chemisormscribed to small variations in the Pd atoms interactions.
tion. Theoretical calculations have predicted a large enhance- The density of states cur®OS) projected on a surface
ment of the magnetic moment ofl3ransition-metal surfaces Pd atom of P@LOO is given in Fig. 1. Due to a reduced
compared to the bul®~3" Most of the theoretical works in coordination number at the surfa¢® instead of 12 the d
this area also deal with monolayer of transition metals deband of the surface Pd atoms is narrower compared with the
posited on a substrate. For the metals considered in this wottkulk. The shape of the DOS begins to be very similar to that
(Pd, Mn) one can cite a full-potential linearized augmented-of the bulk when the central lay€€) is considered.
plane-wave (FLAPW) calculation of a Mn overlayer on The value computed for the Fermi level i5.35 eV in
Pd100.%8 In a recent work, the magnetic nature @00  the case of the two-layer slab. The considered system is a
surfaces of binary alloys has been studiédn what con-  single slab and the energy reference for the Fermi-level cal-
cerns pure P@00), one can wonder whether Pd surfaces carculation is the vacuum level at an infinite distance from the
be ferromagnetic since Pd has a strong magnetic susceptibgtab. For the three-layer slab the value depends strongly on
ity and since an abrupt paramagnetic-ferromagnetic phastae screening of Coulomb potentials in lattice summations.
transition occurs in bulk Pd for a 6% lattice expansion. Spin-The cutoff parameter must be large, which is restricted by
polarized FLAPW calculations show that the ground state fothe computation cost. For a very large cutoff parameter we
Pd111) and Pd100 is nonmagnetié®® Nevertheless a found Ex=—5.38¢eV, value close to that obtained for the
monolayer of PALO0) has been calculated to be ferromag- two-layer slab. In the following, we will only giv&g for the

netic with a moment of 0.42B per atonf*! latter. Experimental values of the work-function range be-
tween 5.3 and 5.8 e\Refs. 42—45and another calculation
1. The Pd(100) surface also gives 5.3 e\®

The electronic population and the magnetic moment of
the surface atoms P8, the second layer atoms F3¥{ 1) 2. The PdMn (100 surfaces
and the center-layer atoms RZ)( for a five-layer slab of Pd;Mn crystallizes in a disordered fcc structure gBu
Pd100 are given in Table |. The interesting fact is the ex- type) above 800 K and in an ordered tetragonal one;ZAl
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FIG. 1. DOS projected on a surface Pd atom for a five-layer sla
of Pd100 (a), PdMn(100) A (b) and PgMn(100) B (c) and DOS
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FIG. 2. Two-layer slab models of Bdn(100 with only Pd
atoms in(a) the surface layefA) and with both Pd and Mn atoms in
(b) the surface laye(B).

either type. Therefore, there are two types(dd0 surface
that are represented on Fig. 2.

Let us consider first a five-layer slab of J&h(100) with
a surface containing only Pd atonitype A). Like for the
Pd100 slab, the electronic populatiompand the magnetic
momentsy of the various atoms are given in Table I. One
observes that for P(B (at the surfaceq is smaller than that
of the atoms of the other layers, which is close to the value
found for the bulk. Nevertheless, the electronic transfer from
Mn to Pd that exists in the bulk remains and the Pd surface
atoms in PgMn(100) are more negatively charged than in
the case of pure P@-0.07 vs+0.02. Both thed and thesp
orbitals gain electron€.05 and 0.04, respectivelyOur sys-
tem could be considered as a Pd overlayer deposited on a
four-layer slab of PgMn. There is a controversy in the elec-
tronic structure of metal atoms like Pd deposited on a more
electropositive metal: the experimental data show that the
binding energy of the Pd &, state is increased compared
with that on pure Pd. This fact has been interpreted by a
charge transfer from Pd to the more electropositive metal in
opposite to the situation found in the bdfkHowever, other
explanations have also been given, like the strength of the
bond between the two metaf$the changes in reference
level and hybridizatio?t or a charge transfer towards the
interface region? Our results based on a Mulliken analysis

l{ends to show that the electron transfer at the tmirface

of the PdMn alloy is in the same direction as in the bulk and
follows the electronegativity difference between the two
metals.

Concerning the magnetic momeunt one observes that it

CuwAu-type unit cells are separated by antiphase domaimloes not vary much with the layer and is very close to the

boundaries resulting in a unit cell four times gredtts at-

bulk value. The interesting fact is that the magnetic moment

oms. For a question of size we have chosen to consider heren Pd is smaller than in the slab of pure @®af instance 0.11
the single fcc unit cell of CyAu type, which retains the basic vs 0.32uB for the central layer Concerning the Mn atoms
properties of the alloy. Th¢100 planes of such an alloy of the second laye is large and very similar to its value in
either contain only Pd atoms or contain a mixture of Pd andhe bulk(4.31 vs 4.29uB).

Mn atoms in equal quantities. These two types of planes Compared to the DOS projected on Bji(for Pd100),
alternate and the surface of the resulting slabs can be dhe DOS projected on P8] for PbMn(100), type A is nar-
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FIG. 4. Representation of the three studied adsorption sites.

respectively. The DOS projected on each spin for a Mn

Mn Pd Mn Pd surface atom is also giveirig. 1(d)].

The Fermi leveEr has been determined for the two-layer
slab. A value of—4.94 eV has been found. Compared to

FIG. 3. Schematic interaction diagram of the spin-up and spin-—5.35 eV found for PALOO), the Fermi level has been raised
down d orbitals of Pd and Mn atoms. by 0.4 eV by the alloying with Mn, which is more electrop-
ositive than Pd.

In conclusion to the study of the electronic properties of

rower and farther from the Fermi leviigs. 1a) and 1b)]. )
. . . e PdMn(100) alloy surfaces compared with the ®00)
This results from the fact that the interactions between atom?urface, the important changes in the electronic occupations

of different metals are weaker than the interactions between d in the DOS shapes of the Pd surface atoms have been

atoms of the same metal Qne opserves a ;mall_peak at 1ﬁderlined. The existence of atorfddn) with a large mag-
eV corresponding to the antibonding interaction with the MnNpetic moment has also been pointed out in the case of the

orbitals, which are higher in energy. typeB P&;Mn(100 surface. We will now see how these

Let us consider now a five-layer slab of #h(100 with  changes influence the adsorption ability of the Pd atoms to-
a surface containing both Pd and Mn atoftypeB). The Pd |\~ 45 co.

surface atoms are more negatively charged than for the sur-
face of typeA and than in the bulk. Compared with surface
Pd atoms of pure Pd, theorbitals gain 0.16~ and thesp IV. CO ADSORPTION

orbitals gain 0.18 . Therefore, our Mulliken analysis The adsorption of CO on RH00) is well experimentally
shows that the electron transfer towards a Pd atom of a typ§ocumented*—° Bridge CO has only been detected and the
B surface of PgMn(100) follows the electronegativity scale |o\-energy electron diffraction LEED analysis led to 1.15
and is even larger than in the bulk. o _and 1.93 A for the C-O and Pd-C bond lengths,

The Pd magnetic moment doe_s not vary significantly W'threspectivel)ﬁ.‘r"% Nevertheless, a partial occupation of four-
the layer. However, the magnetic moment of a Mn surfacgyq sites at low coverage has been postul&fesi. binding
atom is larger than in the bulld.56 vs 4.29uB) in agree-  gnergy of 36 kcal/mol has been extrapolated at zero
ment with the literaturé®~3"-53This can be explained by con- coveragd® with a decrease of 8 kcalimol at a coverage
sidering the orbital interactions of Fig. 3. The spin-up orbit- _ g 5 Another determination gives, = 38.5 kcal/mol up to
als of both Mn and Pd atoms are full €5). Their 5 coverage of=0.45 andE .= 26 kcal/mol atd=0.65¢ At

interaction leads to an antibonding band concentrated on Mry_ g 5 the real structure is(2v2 X v2)R45° with two CO
the position of which relative t&r depends on the strength \,51ecules in the unit cell.

of the intt_arac_tion_. On the surface cpmpare_d with the bulk, Only a few data exist concerning the adsorption of CO on
the coordination is smaller and the interaction weaker. Th‘?vln. It seems that CO adsorbs in both the dissociative and the

antibonding band is less pushed abd¥e and is therefore  ojecylar form$! The heat of adsorption on polycrystalline

more occupied4.94e” vs 4.8%~ (Ref. 34]. The spin-down g\ rfaces have been measured for M8 kcal/mo) and Pd
orbital of a Mn atom is empty. By interaction with the full (43 kcal/mo).52

spin-down orbital of Pd the bonding combination can be
pushed belovEr and hence the spin-down band gains elec- _
trons. This gain also depends on the strength of the interac- 1. Adsorption on Pd(100
tion. On the surface compared to the bulk, the weaker inter- The three possible adsorption sites have been considered,
action leads to a smaller part of the upper band being pusheash-top, bridge and fourfold hollowFig. 4). The unit cell is
below Er and hence, to a smaller occupation of the Mncomposed of two Pd atoms and one CO molecule per layer,
spin-down bandi0.53 vs 0.66 (Ref. 34]. Therefore on the which leads to a coverage 6&=0.5 and ac(2 X 2) structure,
surface, the Mn spin-up band is more occupied and the Mwvhich is less stable than the experimental one owing to
spin-down band less occupied. This leads to an enhancegightly stronger repulsions between the CO molectfes.
magnetic moment. Thep band also contributes to the mag- Our choice is imposed by the size of the calculations. The
netic moment but to a smaller extent. Pd-C and the C-O bond lengths have been optimized on the
The DOS projected on a Pd surface atom looks very diftwo-layer slab. Nevertheless, it has been verified that the
ferent from that obtained for the pure @80 surface or the Pd-C bond optimization with the three-layer slab gives the
typeA Pd;Mn(100 surface[Fig. 1(c)]. It is much narrower same result for the bridge sit@.06 A). A fragmentation of
and farther fronEr . This is due to the decreasing number of the whole system in two parts, the metal slab and the CO
neighboring Pd atoms and the concomitant increasing nunmolecule, has allowed us to obtain the electronic populations
ber of neighboring Mn atoms when going from pure Pd toof the CO molecular orbitalé3c, 40, 1, 50, 27). The bind-
surfaceA and surfacé® (8Pd, OMn; 6Pd, 2Mn and 4Pd, 4Mn, ing energieSBE) are defined as the difference between the

spin-up spin-down
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TABLE II. CO adsorption on a three-layer slab of (Bd0.  surface. However, at the same time, the Pd-Pd op between
Optimized bond lengths Pd-C and C(@ A), binding energies BE  the surface atoms decreases, which means a loss of surface
(in kcal/mo, overlap population op, electron logs) or gain(+)  stability. These two effects are opposite and the resulting
of the CO molecular orbitals. binding energy is a compromise. This fact has already been
pointed out® The variation of Pd-Pd op during adsorption

Top Bridge Hollow explains the surface reconstruction observed experimentally
Pd-C 1.91 2.05 2.28 but that we have not considered here.
C-O? 1.15 1.16 1.18 Since a small magnetic moment exists on the Pd surface
BE (BP)® _254 ~30.2 _325 atoms, we have also performed calculations with spin polar-
BE (PW) —285 —334 —36.4 ization for the bridge and the hollow sites. No significant
C-0 op 0.619 0591 0.504 effect is observed, the BE variation being 0.1 kcal/mol.
Pd-C op 0.335 0.420 0.514 The Fermi level is calculated to b659, —6.2, and—6.6
Pd-Pd op(0.327° 0.272 0.206 0.189 eV for the on-top, bridge and hollow sites, respectively,
loss of 5 —0.46 —0.50 —0.47 which yields an increase of the work function of 0.55, 0.85,
gain of 2, 0.21 0.20 0.33 and 1.25 eV[Eg for Pd100) being —5.35 eV]. The work
. function changé® induced by CO adsorption on the bridge
gain of 2, 0.21 0.27 0.33 . . 64
site has been measured experimentXi?®4The value var-
2The geometry optimizations are done for the two-layer slab.  ies in a rather large range from 0.8 éRef. 63 to 0.93 eV
bBP: Becke 88-Perdew 86; P¥Perdew/Wang 91. See text. (Ref. 56. But it has been shown that® depends strongly
®op between the two Pd surface atoms shown in Fig. 4. In parer@n the presence of carbon impurities and on the coverage. A
thesis, values for the bare slab. value of 0.7 eV has been assumed in Ref. 44 with a work-

function value for PALO0) at 5.8 eV. TheAd value calcu-

energy of the whole system and the energies of each intetated in the present work for the bridge site falls in this
acting part, the bare slab and gas phase CO. A negative valuange.
means a stabilizing interaction. All the results for adsorption The interaction of CO with the surface can be expressed
on the three-layer slab, with the geometries obtained for thén terms of molecular-orbital interaction as it has been al-
two-layer one, are given in Table Il. The two values of BE ready pointed out in the Blyholder mod&lOur fragmenta-
correspond to two different gradient corrections, either BRion procedure allows us to obtain the variations of the elec-
(Becke 88 and Perdew 86r PW (Perdew-Wang 91 tronic population of the various CO orbita{$able 1l). For

Let us comment on these results. The optimized bondhe three adsorption sites, the contributions of thead 4
lengths for the bridge site are slightly larger than the experiorbitals are very negligiblénot given in the tablg as are
mental ong2.05 vs 1.95 and 1.16 vs 1.15 A ollowing the  also those of the # orbitals. The main electronic transfers
experimental trends for surfaces and complexes, the Pd-gccur from the & and toward the 2 orbitals, in agreement
bond length increases from the top to the hollow $itee  with the Blyholder model. By interaction withoSsomed
Refs. in 19. Connected to a decrease in the C-O overlagstates are destabilized and pushed atieye Inversely the
population, we observe an increase of the C-O bond lengthinteraction with 2r stabilizes them and pushed them below
This is in agreement with the experimental decreasegf Er. This interaction is qualitatively described in Fig(I8ft).
from the top to the hollow site. It explains why % loses electrons since the antibonding

Concerning the binding energies, several comments castates abové&r have some & character and why 2 gain
be made. First, the PW functional gives BE higher by ca 3electrons since the bonding states belew have some 2
kcal/mol than the BP one but the relative order of the variousharacter. The donation fromp5does not vary much from
sites is preserved. Secondly, the hollow site is slightly morehe on-top site, to the bridge and the hollow ones. In contrast
stable than the bridge one by 2 kcal/mol. This difference ighe back donation to ther2orbitals increases, especially for
not significant but leads nevertheless to the conclusion thahe hollow site. Our calculations verify the relation between
the hollow and the bridge sites are close in energy. Thighe increase of the back-donation and the increase of the
result confirms that occupation of fourfold sites at low cov-work-function change(A®), as it has been postulated
erage can be postulatd&¥iThis energy order between sites is previously* (see above
not modified if the experimental Pd-Pd distance is used in From the calculation of projected DOS it can be seen that,
the slab instead of the calculated optimal value of 2.85 Aafter interaction with the surfacegfand 1, give a peak at
The on-top site is far less stable. To evaluate the effect of ththe same energy—6.1 eV belowE), 50 being more effi-
coverage on the binding energy, we performed a calculatiogiently stabilized. The peaks associated withahd 1, are
on ap(2x2) bridge structuréfour Pd atoms and one CO —8.6 and—5.6 eV belowEg, respectively. The 2 orbitals
per unit cell, #=0.25, two layers We found —35.9 and have contributions beloWr and their main associated peak
—39.1 kcal/mol for the BP and PW binding energies, respecaboveEg is broad(ca. 3 eV}, which means that they mix
tively, which represents a gain of 3 kcal/mol relative to thestrongly with the metat orbitals.
values at#=0.5 for the two-layer slalj—32.8 and—36.1 The inverse photoelectron spectroscopy is a technique ca-
kcal/mol, respectively Our values are in the range of the pable of probing the unoccupied levels of a molecule ad-
experimental ones. How can the binding energies be relatesbrbed on a surface. The ultraviolet photoelectron spectros-
to the variations of the overlap populatiofe)? From the copy leads on the contrary to the positions of the occupied
on-top to the bridge and the hollow sites, the Pd-C op in-orbitals of adsorbates. Such experiments done for CO on
creases, which reflects a better interaction of CO with the>d 100 show that Zr gives a large peakca. 2-eV broag



PRB 59

TABLE Ill. CO adsorption on a three-layer slab of J#h(100)
typeA (only Pd atoms in the surfageOptimized bond lengths Pd-C
and C-O(in A), binding energies BEin kcal/mo), overlap popu-
lation op, electron losé—) or gain(+) of the CO molecular orbit-
als, magnetic momenk (in uB).
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Let us comment on Table Ill. The same observation as
before can be done concerning the variation of the bond
lengths, of the overlap populations and of the binding ener-
gies when the various sites are compared. The hollow 2 site
[that is the same as on A®0) with a Pd atom below ]tis
also the most stable. The hollow 1 site is significantly less

Top  Bridge Hollow1 Hollow 2 gapie |f one considers the losses and gains of CO orbitals,

Pd-C? 1.92 207 229 2929 the varia.tion are weak. between the two hollow §ite$: same
C-O? 1.15 1.16 1.18 1.18 5o donation and small increase in the back donation into 2
BE (BP)° 197 -268 —-21.9 395 This means that the stabilizing two-electrons interactions are
BE (PW) 929 -302 _o58 364 gnly shghtly stronger for the hollow 2 site, WhICh is reflected
C-0 op 0615 0584 0516 0.502 y a slightly Iarge[ Pd-C overIaBp populat|on_. In our work
Pd-C op 0327 0426 0494 0506 M0 trt‘e thﬁ”didtr';“k;' Teg.rl‘.o‘.f e ha"le F;O'm‘?dtc’“t tthe

c important role of the destabilizing four-electron interactions
Pd-Pd op((?.329 0.279 0218 0.210 0.191 for explaining the relative order of the binding energies. If
loss of & ~0.44 -047  —0.46 ~0.46 we look here at the negative atomic overlap populations that
gain of 2, 0.20 0.21 0.32 0.35 represent repulsions, we observe that the C atom has a nega-
gain of 2, 020 029 0.32 0.35 tive overlap population with the atom just below it in the
HCo 0 0.01 —0.03 0.03 second layer, which is only 3.08 A away (ep-0.03 with
w Pd(0.07° 002 005 -001 0.06 Pd and—0.05 with Mn. Hence, the repulsion is slightly
mMn (4.33° 431 436 4.27 4.39 stronger for the hollow 1 site, which also tends to favor the

&The geometry optimizations are done for the two-layer slab.
bBP: Becke 88-Perdew 86; P¥Perdew/Wang 91. See text.

op between the two Pd surface atoms shown in Fig. 4. In pare
thesis, values for the bare slab.

9The population analysis is given for the geometries optimized o
Pd100.

*Values for the bare slab.

centered at 4.8 eV above the Fermi Ié0eind that the &
+ 17 level and the & level are located at-7.9 and—10.8
eV, respectively, below the Fermi lev&?% Although the
DFT one-electron energies have no connection to the expe
mental excitation spectrum and therefore the absolute valu
are not reliable, the calculated broadening of thep2ak and
the energy difference betweewr 4nd 5+ 17 peaks are in
reasonable agreement with the experimental data.

The conclusion of this study of CO adsorption or{ FaD)

n

hollow 2 site.
Let us now compare the adsorption onsMd (A) with
that on P@100. First one observes a slight decrease in the

nE)inding energies except for the hollow 2 site. In all cases, the

donation from & is decreased for the alloy compared to the
pure metal. The variation is not as clear for the back dona-
tion into 27 since it decreases for the on-top site and in-
creases for the hollow 2 site.

The CO overlap population does not vary much either
except a small diminution for the bridge site. The work-
function changeA® is smaller than for PA.00:0.44, 0.54,
and 0.77 eV for the on-top, the bridge and the hollow site,

"fespectively.
es Concerning the magnetic behavior of the;®d(100) sur-

face of typeA, one observes that a small magnetic moment

appears on CO in the case of the hollow sites. However, its
value is not significant. The small moment of Pd remains
roughly the same and that of Mn in the second layer is not

is that our results reproduce well the experimental data. Thgignificantly affected by CO adsorption

advantage of the method used is that it allows the interpre- The changes in CO adsorption induced by alloying are
tgtion of the results b_y means of molecular orbital !merac'therefore small in the case of surface of tybavhere only
tlons...We have seen in Seq. -2 that th‘? mete}l OI’bIFa|S 'Sy atoms are present at the surface and their interpretation in
modified by alloying. We will, therefore, investigate in the o115 o orhital interactions or DOS shapes is difficult. We
qext section wha.t changes are introduced by.these fT‘OdiﬁC‘Wm see in the next section that the changes are more impor-
tions when CO is adsorbed on fth. We will consider 5 for the surface of typB and we will give the interpre-
successively the two types of #dn(100 surfaces. tations for this case. Nevertheless, the main conclusion to the
study of surfaceé\ is the small decrease of the binding energy

2. Adsorption on Pd;Mn (100 type A relative to that obtained on pure Pd.

The same adsorption sites have been studied, on-top,
bridge, and hollow. On this surface where only Pd atoms are
present in the first layer, two different hollow sites can be
found depending on the presence of a Mn atbwoilow 1) or On this surface there are two on-top sites, one on a Pd
of a Pd atom(hollow 2) just below in the second layésee atom and one on a Mn atom. There is only one bridge site
Fig. 2. The results are given in Table IIl. As previously, the involving a Pd and Mn atoms and one hollow site between
Pd-C and C-O bond lengths have been optimized for théwo Pd and two Mn atoms and above a Pd atom in the
two-layer slab. The optimized geometries do not differ muchsecond layersee Fig. 2 In the CO adsorption study on
from those found on RA00 (compare Tables lll and)land  PtTi, it has been suggested that CO can lie parallel to the
the variation of the electronic population of the CO orbitalssurface, with the oxygen atom pointing towards®TBince
is given for the geometries found on ®60 in order to Mn atoms are present in the f/h surface typeB, such
compare the effects at equal distances. parallel geometries involving Mn have been investigated. In

3. Adsorption on Pd;Mn (100 type B



5148 F. DELBECQ AND P. SAUTET PRB 59

M d fr Rd TABLE IV. CO adsorption on a three-layer slab of Rth(100)
D type B (Pd and Mn atoms in the surfacéptimized bond lengths
L O\ Pd-C, Mn-C, and C-Qin A), binding energies BEin kcal/mol),
¢ C overlap population op, electron logs-) or gain (+) of the CO
P n Pd i molecular orbitals, magnetic momeat(in uB).
bridge // hollow // Top Pd Top Mn Bridge Hollow
FIG. 5. Geometries of CO adsorption modes parallel to the sur- py_a 1.92 205 237
face. Mn-C? 2.01 2.20 2.37
C-O 1.15 1.15 1.17 1.18
order to optimize them more easily, we used another pro- BE (BP) -24.3 —-154 —-204 -—17.38
gram, which allows conjugate gradient optimization. This is BE (Pw) —27.7 ~189 —240 -21.8
the VASP program(Vienna ab initio package simulation C-0 op 0.596 0.591 0.563 0.495
which performsab initio quantum-mechanical molecular dy-  pg-c op 0.354 0.257 0.271
namics using pseudopotentials and a plane-wave basi8 set. p-c op 0.306 0195  0.236
In the first geometry considered, called bridgeCO I[es _ Pd-Mn op(0.422° 0.331 0.318 0.255 0.260
bgtween a Ed and a Mn. atoms parallel to the PdMn d_|rect|on loss of 5r¢ _044 —044 —046 —044
(F|g. 5) 'I"h|s.geometry is not staple gnd_ e_volves during the gain of 2, 0.25 0.23 0.25 0.39
optimization into a geometry, which is similar to the on-top gain of 2 0.25 0.23 034 0.39
one. In the second geometry, called hollbwCO lies along y
the diagonal of a lattice square. A stable structure is found ** co . ~0.02- - ~0.08  ~0.03  ~0.01
with the following bond lengths: Pd<€2.26 A, Mn-C p Pd(0.14 0.01 0.19 0.06 0.09
: Y ' u Mn (4.56° 4.50 3.92 4.25 4.20

=2.07A, Mn-O=2.44A, and C-G-1.22A. The latter
value is similar to that found for aldehydes and ketonesarne geometry optimizations are done for the two-layer slab.
Nevertheless, th!s structure is !ess stable than the on-top omgp. gecke 88-Perdew 86: PWPerdew/Wang 91. See text.
by 0.4 eV and will not be considered further. Therefore, COc petween the Pd and Mn surface atoms shown in Fig. 4. In
adsorption parqllel to the surface is not favorable- on theparenthesis, values for the bare slab.
PdMn alloy. With the program VASP, we also optimized ¢rhe population analysis is given for the geometries optimized on
the bridge site in order to find the relation between the Pd-Cpq10q),
and Mn-C bond lengths. We found Mn-C longer than Pd-Cey/5)es for the bare slab.
by 0.15 A. Then we reoptimized this site with ADF-BAND
by keeping this difference constant. . _
The results for the four classical geometries described dgcted on Pd orbitals for RH00 on the left and on
the beginning of this section are given in Table IV. ContraryP&Mn(100 B on the right. In Sec. I, the total DOS pro-
to what happens on P00 and PgMn(100 type A sur- jected on Pd surface atoms on both surfaces have been com-
faces, the most stable adsorption site is the on-top one onRared. The same conclusions are found here: the DOS pro-
Pd atom and the hollow site is far less stable. In fact, it€cted ond,2 andd,, (dy,) are narrowefespeciallyd,2) and
appears that the sites involving a Mn atom are unfavorablefarther from the Fermi level on Béin compared to Pd. For
This means that, if on the two former surfaces the bridge anéx. (dy,) one observes small peaks abd¥ge corresponding
hollow sites are more populated at low coverage, ogMpd O the antibonding combination with Mn orbita(Big. 6¢).
type B the Pd on-top site must be more populated. For the on-top adsorption sites, the main interactions oc-
The CO overlap population is slightly decreased com-cur between & and thed,>. metal orbital and betweeni,
pared to the previous cases, which means that the CO bondagd 2m, and thed,, metal orbital(or 17, —27, andd,,)
a little weaker on the surface of tyf® The donation of the following Fig. 7. These interactions are depicted in Figs.
50 orbital is slightly decreased compared with the case of(b), 6(b") and @d), 6(d’) for the adsorption on a Pd atom.
Pd(100 and varies very little relative to BeIn(100) type A. Part of the antibonding interaction betweeo &nd d,2 is
On the contrary, the back donation intar,2which does not pushed abové, (Fig. 8. On the alloy surfaced,2 being
vary much for the surface of typ& compared to PA00) is  farther belowEg can less easily be pushed aboveFig. 8
significantly increased for the surface of type This ex-  right) and loses less electrons than on pure(P®.22 vs
plains the larger diminution of the C-O overlap population. —0.34), which leads to a less stabilizing interaction since
Concerning the magnetic behavior, we observe that theuch states are metal-adsorbate antibonding. The smaller in-
small magnetic moment of Pd is decreased except for thteraction is also reflected by the smaller loss of Bhed,,
on-top adsorption on Mn. More interesting is the variation oforbital interacts both with 4, and 2, [Figs. @d), 6(d")].
won Mn. This moment diminishes slightly for the top site on Following Fig. 8, the interaction with &, tends to shift it up
Pd but largely when Mn is involved in the adsorption site:and the interaction with 2, tends to shift it down. In the
—0.73,—0.34, and—0.50 uB for the top on Mn, bridge and case considered here, tg, orbital (or dy2 loses more elec-
hollow sites, respectively. trons for the PgMn alloy than for the pure metdh0.08 vs
Let us now consider the DOS projected on the various—0.03, which means that the interaction df, (d,,) with
orbitals of the surface atoms. We chose to stdgyandd,,  the m, () system is stronger. Besidess2 (2,) gains
(dy,) which stick out of the surface and are the most in-more electron in the alloy cag®.25 vs 0.2 Effectively,
volved in the adsorption. In Fig. 6 are drawn the DOS pro-the Fermi level being higher for the alloy, ther2 (27)
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FIG. 6. DOS projected od,> andd,, of a Pd surface atom for the bare (P@0 slab(a) and(c) and for the bare R¥n B slab (a)
(c')—DOS projected on the same orbitals for the CO adsorption on-top on Pd fd@®db) and(d) and for PdMn B (b’) (d’).

orbital of CO in the gas phase is closer to it and therefore théirst neighbors in the surface layer is larger for the allog
bonding part of its interaction with the metal has a largerMn-C=0.09) than for Pdop Pd-G=0.05) which reflects a
contribution belowEg (Fig. 8 righ). The better interaction of supplementary better interaction between CO and the alloy
the 27 orbitals prevails over the smaller interaction of the 5 surface for the Pd on-top site.

orbital and the interaction of CO in the top on Pd site is Let us study now the on-top adsorption on a Mn atom.
overall better for the alloy than for pure Pd. Accordingly, theThe DOS projected oml,> and d,, for this Mn atom are
Pd-C overlap population is greater on the all@y359 than  given in Fig. 9 for the bare RMn (B) surface(a,0 and for

on Pd(0.336. Moreover, the overlap population with the the on-top Mn adsorptiotb,d). One observes a large broad-
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FIG. 7. Main interactions between the CO molecular orbitals
and the metal orbitals in the on-top site.

ening of the bands after adsorption, especially for dhe

band. The Mulliken population analysis shows that these or-

bitals gain electrons instead of losing electrons as it was th
case for the on-top adsorption on P#0.043 ford,2 and
+0.065 ford,, ordy,). This comes from the fact that the Mn

orbitals are partially empty. Let us consider the DOS pro-

jected ond,2 [Figs. 9a) and 9b)]. For the bare surface the
spin-up band is full (0.997) and the spin-down band is
almost empty (0.087). The interaction of the spin-up band
with the spin-up o orbital is of the same kind as previously
and shifts up this band abo:-, leading to a loss of elec-
trons (—0.11%&7). However, the interaction of the fulld
spin-down orbital with the empty spin-dowd,. orbitals
leads to a partial filling of the latter{0.16G27). The result

is thatd,. globally gains electrons and that its associated

magnetic moment decreases from 0.91 to Qu4

Let us consider now the interaction @f, (d,,) with 1,
and 2m, (1m, and 2m7,) [Figs. 9¢) and 9d)]. The spin-up
d,, band, which is almost full for the bare surface (@99,
loses electron$—0.06) since a small part of it takes part to
the antibonding interaction with 2, above Ex and the
spin-up part of 2r, gains electrong0.105. The spin-down
d,, band, which is empty for the bare surface @@.) has a
stronger interaction with 2, since it is nearer in energy and
is pushed belovE, . This interaction is a typical interaction

between two empty orbitals, which leads to a bonding part

below Er and therefore yields a filling of both orbitals.
Therefore, the spin-up part df, gains electron$+0.13 as
does that of Zr, (0.122. The result is that globallg,, (or
dy,) gains electrons+0.07) and its associated magnetic mo-
ment decreases from 0.89 to 0.ZB. In the same time, a
spin polarization appears formg (—0.017 uB).

Pure metal

Alloy
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FIG. 9. DOS projected od,2 of a Mn surface atom for the bare
Pd;Mn B slab(a), and for the on-top CO adsorption on Mb).—
DOS projected orl,, of a Mn surface atom for the bare fkth B
slab(c) and for the on-top CO adsorption on Md).

This detailed analysis of the orbital interactions shows the
more important role of the2 orbitals and the less important
one of the % orbital for the on-top adsorption of CO on
Pd&Mn compared with pure Pd. It also explains why the
magnetic moment of the Mn atoms diminishes when the ad-
sorption occurs on these atoms.

FIG. 8. Schematic diagram for the interaction between the CO Spin-restricted calculations have been done in the case of

molecular orbitals and theé band of the metal atom involved in the
adsorption.

the PAMn(100 surface of typeB with the same geometries
as for the spin-unrestricted ones and with the two-layer slab.
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TABLE V. CO adsorption on P@n(100) typeB (Pd and Mn
atoms in the surfagespin-restricted calculations on the two-layer
slab. d,2

Top Pd Top Mn Bridge Hollow

BE (BP)? -24.1 —-47.3 -35.9 —-34.4
BE (PW) —27.4 —50.6 -39.4 -38.3
C-O op 0.608 0.604 0.567 0.499
Pd-C op 0.354 0.256 0.254 —
Mn-C op 0.363 0.220 0.267 10 3 Energ

o 44— —| =
(4]

(eV) 10

<

3BP: Becke 88-Perdew 86; P¥Perdew/Wang 91. See text.

The results are given in Table V. The CO adsorption ener- :
gies are much stronger and the relative stability of the vari- [ dz2
ous adsorption sites is totally different from that obtained :
when spin polarization is taken into account. This time, the 50 |

on-top adsorption on Mn is the most stable, then the bridge
and the hollow sites are of equal stability and the top site on
Pd is far less stable. The most important BE variation is for
the top site on Mn. Let us compare this site for the magnetic
and the nonmagnetic slabs. First, the magnetic slab itself is CTT T

|
; <10 -5 En ré oV 5 10
more stable than the nonmagnetic one by 2.9 eV. Therefore, ergy (eV)

the spin polarization induces a large stabilization. The Fermi
level of the magnetic slab is 0.15 eV higher. The Mulliken
population analysis gives a loss of 0eb2for 50 in the
nonmagnetic case, compared with @®44in the magnetic
case and a gain of 0.26 for each 2r orbital, compared with
0.23". Therefore, both interactions are stronger for the non-
magnetic case, which explains the better BE and the better
Mn-C op. In the same time, thég> Mn orbital loses 0.456°
instead of gaining electons as in the magnetic casedand
gains 0.362~ compared with 0.066 in the magnetic case.
Let us consider the DOS projected on these orbitaig. e PR
10). The comparison of the nonmagnetic bare d&imys. Energ
10(a) and 1@c)] and of the magnetic bare slgBigs. 9a) and
9(c)] shows the important splitting af,> andd,, due to the
spin polarization. In the nonmagnetic case, the highest den-
sity of states is at the Fermi level. This is the reason djy d
can easily be pushed abo%# by interaction with & and
lose more electrons than in the magnetic case. This point is
very important for the chemisorption strength since these
depopulated states have a surface-adsorbate antibondin
character. For the same reasaly, can easily be pushed )
below Er by interaction with 2r, and gain more electrons, x
as also does 2,. To summarize, bothd and 2r, have a S,
more stabilizing interaction with the metdlbands for the =10 S Energy (eV) 5 1o
nonmagnetic case than for the magnetic one because of the
posmon_of _these bands closerg . This e>.(pla|ns the much FIG. 10. Spin-restricted calculation: DOS projecteddyn of a
larger binding energy for the_nonmagnet'c case. . Mn surface atom for the bare Bn B slab(a), and for the on-top
We can conclude from this study that the adsorption of-q adsorption on Mrib)—DOS projected om,, of a Mn surface

CO on an atom having a magnetic moment is less favorablgiom for the bare P#n B slab(c) and for the on-top CO adsorp-
than on a nonmagnetic atom and that the adsorption is assgon on Mn (d).

ciated with a decrease of this moment. This can be related

with the closed shell nature of the CO fragment. For Mn theless favorable adsorption on a magnetic atom explains also
magnetic state corresponds to an almost full spin-up bandhy the bridge and hollow sites are so weakly bound on the
and an almost empty spin-down band. This situation isalloy compared with pure palladium, since they both involve
clearly less favorable for the interaction with CO than theMn atoms(one for the bridge and two for the hollgwTo
double half-filledd band associated with the nonmagnetic our knowledge, the relation between magnetism and molecu-
state. The half-filled band situation indeed allows to optimizelar chemisorption has not been detailed in the literature. If
the donation and back donation interactions with CO. Thehe adsorption of magnetic molecules on nonmagnetic sur-

o 44— L —
w

(V) 10

<!

Xz
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faces has recently attracted some attenfiN® on Pd, Pt
(Refs. 69-7]1], only a few works deal with adsorption of
molecules on magnetic surfacg$, C, O on Fe, V20, on
Ag, Pt(Refs. 73 and 74. We are ourselves working on the
adsorption of NO on Pdin.”

V. CONCLUSION

F. DELBECQ AND P. SAUTET
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sentation of the real catalyst, the relative stability of the sites
is changed and the most stable one is the on-top site on a Pd
atom. The hollow site is this time less stable than the bridge
one and the less stable site is the on-top one on a Mn atom.
The best binding energy on EMn is smaller than the best
one on pure Pd, which means that globally CO is less
strongly bound on the alloy, as it is observed experimentally
for most alloys(no data are available for Bdn).

The results presented in this work are in good agreement —Our calculations have pointed out that CO adsorption
with the experimental data. The method used, based on pen an atom having a magnetic moment is less favorable than
riodic calculations using the DFT theory at the nonlocalon a nonmagnetic atom.
level, allows a good understanding of the phenomena, —We can compare the present results with those obtained
chemisorption strength and variation of the magnetic mofpreviously with the extended tekel method (EHT) for
ments, through the analysis of the orbital interactions. Thé>d100) and PgMn(100) type A2’ The conclusions are simi-

most interesting results are the following:

lar although the absolute values are totally different and the

—On Pd100, the most stable adsorption sites are theeffects exaggerated with the semiempirical method. For in-
bridge and the hollow ones. The binding energy of the bridgestance, we observed also a diminution of the binding energy
site is close to the value found experimentally for the samen the alloy, a diminution of theddonation and an increase
coverage. As it was previously assumed, the main interaosf the back donation. The only difference between the two

tions involve the & and 2w, orbitals of CO (Blyholder
mode).

—On PdMn(100) (type A), the relative stability of the
sites is the same as that found on(FaD), but with smaller

methods is in the relative stability of the hollow 1 and hollow
2 sites, which is opposite. This is due to the presence of the
magnetic Mn atom just below in the hollow 1 site. In fact the
EHT method does not take the spin polarization into account.

binding energies. Theddonation to the metal is decreased Likely, both methods would give different results for sur-

and, in opposite, thes2back donation is increased.
—On P@Mn(100) (type B), which can be a good repre-

faces containing magnetic atoms like;Peh(100 type B or
Pd;Mn(111).
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