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Density functional periodic study of CO adsorption on the Pd3Mn „100… alloy surface:
Comparison with Pd„100…

F. Delbecq* and P. Sautet
Institut de Recherches sur la Catalyse, 2 Avenue Albert Einstein, 69626 Villeurbanne Cedex, France

and Ecole Normale Supe´rieure de Lyon, 46 alle´e d’Italie, 69364 Lyon Cedex 07, France
~Received 13 May 1998; revised manuscript received 26 October 1998!

Self-consistent calculations based on density-functional theory with gradient corrections are used to compare
the electronic and chemisorptive properties of Pd~100! and Pd3Mn~100!. There are two types of Pd3Mn~100!
surfaces, one with only Pd atoms~A! and one with Pd and Mn atoms alternately ordered~B!. 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 Pd3Mn~100! ~A!, the adsorption sites are in the same stability order as for
Pd~100!, 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 Pd3Mn~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 interactions.@S0163-1829~99!03308-1#
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I. INTRODUCTION

The electronic, chemical, and catalytic properties
metal-alloy surfaces have been extensively studied in a
cent past. The reason is that metal alloys exhibit enhan
catalytic properties compared to those of their constitue
for instance a better activity and/or a better selectivity. It h
been observed that in most cases, the adsorption energi
molecules on a metal surface are reduced when the me
alloyed with another one. Carbon monoxide~CO! has often
been used as a probe molecule for bringing to the fore s
changes. The following experimental examples of CO
sorption on alloys can be quoted: on Pt/Sn,1,2 on Ni/Sn,3 on
Pd/Sn,4 on Pt/Fe,5 on Pd/Cu,6–8 and on Pd/Ni.9 A theoretical
understanding of how the properties of a metal are modi
when it is alloyed is important for catalysis since it can he
to improve the catalyst for a given reaction.

Most theoretical works deal with the electronic structu
of thin films of a late transition metal deposited on an ea
one.10–13 Adsorption of CO on such surfaces has also be
studied theoretically.14–16To our knowledge, only a few the
oretical studies deal with CO adsorption on real alloy s
faces: in Ref. 14 a calculation is done on Cu3Pt ~111! but
without details. Adsorption on Pt3Ti ~111! and~100! surfaces
has been more intensively studied with semiempiri
methods.17–18 Calculation for CO adsorption on pure meta
are much more numerous.19–25

We have performed in the past semiempirical exten
Hückel calculations~EHT! for CO adsorption on the Pt80Fe20
~111! and the Pd3Mn alloy surfaces.26–28 However to obtain
a more quantitative description of the phenomenon,ab initio
calculations must be envisaged. Hence, the purpose of
work is to use anab initio method based on the densit
functional theory~DFT! in order to compare the CO adsor
tion on Pd~100! and on Pd3Mn~100!. The relation between
surface magnetism and CO chemisorption will also be c
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sidered. The choice of this alloy comes from experimen
studies performed in our laboratory where Pd/Cr and Pd/
alloys are used as efficient catalysts of the reduction of
by CO.29,30Moreover, the Pd/Mn alloys have a more defin
structure than Pd/Cr ones.

In a first part, the electronic structure of the surfaces w
be studied. Then in a second part, the CO adsorption wil
considered on the~100! surfaces of pure Pd and of th
Pd3Mn alloy.

II. METHODOLOGY

The method used is a self-consistent band calcula
based on the density-functional theory in the Kohn-Sh
approach~Programm ADF-BAND!.31 The one-electron wave
functions are developed on a basis set of atomic orbit
These basis functions are divided into a core part~numerical
atomic orbitals NAO! and a valence part~NAO’s plus Slater-
type orbitals STO’s! that is of double-z type. For the Pd
atom, the core part includes orbitals up to the 3d ones. The
starting configuration has been chosen to be 4d95s1 in order
to have a 5s NAO. This configuration improves the qualit
of the basis, but has no influence on the final solution, wh
the convergence is reached. A 5p STO has been introduce
as a hybridization function. For the Mn atom, the core p
includes orbitals up to the 2p one. The starting configuration
is that of the ground state 3d54s2. A 4p STO has also been
added. For C and O, the 1s orbital has been frozen and 3d
orbitals have been included as polarization functions. Thes
and 2p orbitals are represented by one NAO and two STO
~triple-z basis!. The Slater exponents used in this work are
follows: Pd 4s:3.85; 4p:3.15; 4d:1.5; 5s:1.85; 5p:1.85
2Mn 3s:3.5; 3p:3.0; 3d:1.2; 4s:2.0; 4p:1.52C 2s:1.28
and 2.10;p:0.82 and 1.48; 3d:2.22O 2s:1.72 and 2.88;
2p:1.12 and 2.08; 3d:2.0. The ADF code uses an auxiliar
basis to fit the electronic density. A rather large set has b
used: 60 STO’s for Pd (21s,13p,12d,8f ,6g), 36 for Mn
5142 ©1999 The American Physical Society
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PRB 59 5143DENSITY FUNCTIONAL PERIODIC STUDY OF CO . . .
(15s,7p,6d,4f ,4g), and 20 for C and O (8s,5p,4d,2 f ,1g).
The wave function is calculated at the local density a

proximation level but gradient corrections for the exchan
and the correlation energies are introduced~generalized gra-
dient approximation, GGA!, either from Becke–Perdew32 or
from Perdew-Wang.33 Such gradient corrections proved to b
essential in the determination of the chemisorpt
energies.22,23 The calculations on Pd3Mn are spin unre-
stricted since it has been shown experimentally and by
previous calculations34 that the spin polarization is an esse
tial feature for this alloy. The surfaces are modeled by sla
infinite periodic in two dimensionsx andy, and composed o
a given number of layers in thez direction. Therefore, a
single slab is considered and there is no periodicity inz. CO
is adsorbed only on one side of the slab. The numbe
k-points depends on the symmetry of the adsorption s
This number is 15 for almost all sites except for the top s
on Pd3Mn(A) and the hollow site on Pd3Mn(B) for which it
is 25 ~for definition of A andB see below!. For the study of
the bare surfaces, slabs of up to five layers have been
sidered. For the adsorption, slabs of only two and three
ers have been used owing to the disk space required by
calculations. The lattice constant has been taken equal to
optimized for the bulk at the GGA level, which correspon
to a Pd-Pd distance of 2.85 Å for both systems.34 The M-C
and C-O bond lengths have been optimized for all adsorp
sites on the two-layers slab with no inclusion of surface
laxation. The calculation of the electronic populations
based on a Mulliken analysis.

III. ELECTRONIC AND MAGNETIC STRUCTURES
OF THE Pd„100… AND Pd3Mn „100… SURFACES

The Pd3Mn alloy presents interesting magnetic propert
since a so called ‘‘giant moment’’ is present on each M
atom. The question is therefore to know how this magne
behavior evolves on the surface and whether the magn
structure of the surface has an influence on the chemis
tion. Theoretical calculations have predicted a large enha
ment of the magnetic moment of 3d transition-metal surface
compared to the bulk.35–37 Most of the theoretical works in
this area also deal with monolayer of transition metals
posited on a substrate. For the metals considered in this w
~Pd, Mn! one can cite a full-potential linearized augmente
plane-wave~FLAPW! calculation of a Mn overlayer on
Pd~100!.38 In a recent work, the magnetic nature of~100!
surfaces of binary alloys has been studied.39 In what con-
cerns pure Pd~100!, one can wonder whether Pd surfaces c
be ferromagnetic since Pd has a strong magnetic suscep
ity and since an abrupt paramagnetic-ferromagnetic ph
transition occurs in bulk Pd for a 6% lattice expansion. Sp
polarized FLAPW calculations show that the ground state
Pd~111! and Pd~100! is nonmagnetic.36,40 Nevertheless a
monolayer of Pd~100! has been calculated to be ferroma
netic with a moment of 0.42mB per atom.41

1. The Pd„100… surface

The electronic population and the magnetic moment
the surface atoms Pd(S), the second layer atoms Pd(S21)
and the center-layer atoms Pd(C) for a five-layer slab of
Pd~100! are given in Table I. The interesting fact is the e
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istence of a magnetic moment on the Pd atoms wherea
magnetic moment had been found for bulk Pd with the sa
Pd-Pd distance.34 This surface magnetic moment~0.14 mB!
is smaller than that found for a monolayer,41 which is not
surprising since the surface Pd atoms are less isolated th
a monolayer. In fact, we have already pointed out that Pd
a high-magnetic susceptibility. It results that a small mod
cation of the Pd-Pd interactions leads to the abrupt app
ance of a magnetic moment.41 It has been found that a mo
ment appears when the lattice parameter is expanded, at
a maximum value~0.36 mB! and then falls continuously to
zero. Our value of 0.32mB found in the central layer is nea
this maximum value found previously for the bulk. In fac
calculations up to a slab of eleven layers have been don
magnetic moment still exists on the surface~ca. 0.1mB! and
its value is 0.22mB for the central layer. Therefore, th
variations of the magnetic moment with the layer can
ascribed to small variations in the Pd atoms interactions.

The density of states curve~DOS! projected on a surface
Pd atom of Pd~100! is given in Fig. 1. Due to a reduce
coordination number at the surface~8 instead of 12!, the d
band of the surface Pd atoms is narrower compared with
bulk. The shape of the DOS begins to be very similar to t
of the bulk when the central layer~C! is considered.

The value computed for the Fermi level is25.35 eV in
the case of the two-layer slab. The considered system
single slab and the energy reference for the Fermi-level
culation is the vacuum level at an infinite distance from t
slab. For the three-layer slab the value depends strongly
the screening of Coulomb potentials in lattice summatio
The cutoff parameter must be large, which is restricted
the computation cost. For a very large cutoff parameter
found EF525.38 eV, value close to that obtained for th
two-layer slab. In the following, we will only giveEF for the
latter. Experimental values of the work-function range b
tween 5.3 and 5.8 eV~Refs. 42–45! and another calculation
also gives 5.3 eV.46

2. The Pd3Mn „100… surfaces

Pd3Mn crystallizes in a disordered fcc structure (Cu3Au
type! above 800 K and in an ordered tetragonal one (Al3Zr

TABLE I. Characteristics of Pd~100! and Pd3Mn(100) five-
layer slabs.S, S-1 and C denote a surface atom, a second-lay
atom and a center-layer atom, respectively.q (e2) andm ~mB! are
the charge and the magnetic moment, respectively. In Pd3Mn ~A!
the surface only contains Pd atoms. In Pd3Mn ~B! the surface con-
tains both Pd and Mn atoms.

Pd Pd3Mn ~A! Pd3Mn ~B!

q m q m q m

Pd(S) 0.02 0.14 20.07 0.08 20.23 0.11
Pd(S-1) 20.02 0.27 20.18 0.11 20.17 0.08
Pd(C) 0 0.32 20.16 0.09 20.17 0.07
Pd bulk 0 0 20.17 0.11 20.17 0.11
Mn(S) 10.41 4.56
Mn(S-1) 0.47 4.31
Mn(C) 0.49 4.23
Mn bulk 0.51 4.29 0.51 4.29
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5144 PRB 59F. DELBECQ AND P. SAUTET
type! below this temperature.47,48 In the latter structure
Cu3Au-type unit cells are separated by antiphase dom
boundaries resulting in a unit cell four times greater~16 at-
oms!. For a question of size we have chosen to consider h
the single fcc unit cell of Cu3Au type, which retains the basi
properties of the alloy. The~100! planes of such an alloy
either contain only Pd atoms or contain a mixture of Pd a
Mn atoms in equal quantities. These two types of pla
alternate and the surface of the resulting slabs can b

FIG. 1. DOS projected on a surface Pd atom for a five-layer s
of Pd~100! ~a!, Pd3Mn~100! A ~b! and Pd3Mn~100! B ~c! and DOS
projected on a surface Mn atom for Pd3Mn~100! B ~d!.
in

re

d
s
of

either type. Therefore, there are two types of~100! surface
that are represented on Fig. 2.

Let us consider first a five-layer slab of Pd3Mn~100! with
a surface containing only Pd atoms~type A!. Like for the
Pd~100! slab, the electronic populationsq and the magnetic
momentsm of the various atoms are given in Table I. On
observes that for Pd~S! ~at the surface! q is smaller than that
of the atoms of the other layers, which is close to the va
found for the bulk. Nevertheless, the electronic transfer fr
Mn to Pd that exists in the bulk remains and the Pd surf
atoms in Pd3Mn~100! are more negatively charged than
the case of pure Pd~20.07 vs10.02!. Both thed and thesp
orbitals gain electrons~0.05 and 0.04, respectively!. Our sys-
tem could be considered as a Pd overlayer deposited o
four-layer slab of Pd3Mn. There is a controversy in the elec
tronic structure of metal atoms like Pd deposited on a m
electropositive metal: the experimental data show that
binding energy of the Pd 3d5/2 state is increased compare
with that on pure Pd. This fact has been interpreted b
charge transfer from Pd to the more electropositive meta
opposite to the situation found in the bulk.49 However, other
explanations have also been given, like the strength of
bond between the two metals,50 the changes in referenc
level and hybridization51 or a charge transfer towards th
interface region.52 Our results based on a Mulliken analys
tends to show that the electron transfer at the typeA surface
of the Pd3Mn alloy is in the same direction as in the bulk an
follows the electronegativity difference between the tw
metals.

Concerning the magnetic momentm, one observes that i
does not vary much with the layer and is very close to
bulk value. The interesting fact is that the magnetic mom
on Pd is smaller than in the slab of pure Pd~for instance 0.11
vs 0.32mB for the central layer!. Concerning the Mn atoms
of the second layer,m is large and very similar to its value in
the bulk ~4.31 vs 4.29mB!.

Compared to the DOS projected on Pd(S) for Pd~100!,
the DOS projected on Pd(S) for Pd3Mn~100!, typeA is nar-

b

FIG. 2. Two-layer slab models of Pd3Mn~100! with only Pd
atoms in~a! the surface layer~A! and with both Pd and Mn atoms in
~b! the surface layer~B!.
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PRB 59 5145DENSITY FUNCTIONAL PERIODIC STUDY OF CO . . .
rower and farther from the Fermi level@Figs. 1~a! and 1~b!#.
This results from the fact that the interactions between ato
of different metals are weaker than the interactions betw
atoms of the same metal. One observes a small peak a
eV corresponding to the antibonding interaction with the M
orbitals, which are higher in energy.

Let us consider now a five-layer slab of Pd3Mn~100! with
a surface containing both Pd and Mn atoms~typeB!. The Pd
surface atoms are more negatively charged than for the
face of typeA and than in the bulk. Compared with surfa
Pd atoms of pure Pd, thed orbitals gain 0.10e2 and thesp
orbitals gain 0.15e2. Therefore, our Mulliken analysis
shows that the electron transfer towards a Pd atom of a
B surface of Pd3Mn~100! follows the electronegativity scal
and is even larger than in the bulk.

The Pd magnetic moment does not vary significantly w
the layer. However, the magnetic moment of a Mn surfa
atom is larger than in the bulk~4.56 vs 4.29mB! in agree-
ment with the literature.35–37,53This can be explained by con
sidering the orbital interactions of Fig. 3. The spin-up orb
als of both Mn and Pd atoms are full (5e2). Their
interaction leads to an antibonding band concentrated on
the position of which relative toEF depends on the strengt
of the interaction. On the surface compared with the bu
the coordination is smaller and the interaction weaker. T
antibonding band is less pushed aboveEF and is therefore
more occupied@4.94e2 vs 4.87e2 ~Ref. 34!#. The spin-down
orbital of a Mn atom is empty. By interaction with the fu
spin-down orbital of Pd the bonding combination can
pushed belowEF and hence the spin-down band gains el
trons. This gain also depends on the strength of the inte
tion. On the surface compared to the bulk, the weaker in
action leads to a smaller part of the upper band being pus
below EF and hence, to a smaller occupation of the M
spin-down band@0.53 vs 0.66e2 ~Ref. 34!#. Therefore on the
surface, the Mn spin-up band is more occupied and the
spin-down band less occupied. This leads to an enhan
magnetic moment. Thesp band also contributes to the ma
netic moment but to a smaller extent.

The DOS projected on a Pd surface atom looks very
ferent from that obtained for the pure Pd~100! surface or the
type-A Pd3Mn~100! surface@Fig. 1~c!#. It is much narrower
and farther fromEF . This is due to the decreasing number
neighboring Pd atoms and the concomitant increasing n
ber of neighboring Mn atoms when going from pure Pd
surfaceA and surfaceB ~8Pd, 0Mn; 6Pd, 2Mn and 4Pd, 4Mn

FIG. 3. Schematic interaction diagram of the spin-up and sp
down d orbitals of Pd and Mn atoms.
s
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respectively!. The DOS projected on each spin for a M
surface atom is also given@Fig. 1~d!#.

The Fermi levelEF has been determined for the two-lay
slab. A value of24.94 eV has been found. Compared
25.35 eV found for Pd~100!, the Fermi level has been raise
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
the Pd3Mn~100! alloy surfaces compared with the Pd~100!
surface, the important changes in the electronic occupat
and in the DOS shapes of the Pd surface atoms have
underlined. The existence of atoms~Mn! with a large mag-
netic moment has also been pointed out in the case of
type-B Pd3Mn~100! surface. We will now see how thes
changes influence the adsorption ability of the Pd atoms
wards CO.

IV. CO ADSORPTION

The adsorption of CO on Pd~100! is well experimentally
documented.54–60Bridge CO has only been detected and t
low-energy electron diffraction LEED analysis led to 1.1
and 1.93 Å for the C-O and Pd-C bond length
respectively.55,56 Nevertheless, a partial occupation of fou
fold sites at low coverage has been postulated.56 A binding
energy of 36 kcal/mol has been extrapolated at z
coverage54 with a decrease of 8 kcal/mol at a coverageu
50.5. Another determination givesEad538.5 kcal/mol up to
a coverage ofu50.45 andEad526 kcal/mol atu50.6.56 At
u50.5 the real structure isc(2&3&)R45° with two CO
molecules in the unit cell.

Only a few data exist concerning the adsorption of CO
Mn. It seems that CO adsorbs in both the dissociative and
molecular forms.61 The heat of adsorption on polycrystallin
surfaces have been measured for Mn~78 kcal/mol! and Pd
~43 kcal/mol!.62

1. Adsorption on Pd„100…

The three possible adsorption sites have been conside
on-top, bridge and fourfold hollow~Fig. 4!. The unit cell is
composed of two Pd atoms and one CO molecule per la
which leads to a coverage ofu50.5 and ac(232) structure,
which is less stable than the experimental one owing
slightly stronger repulsions between the CO molecule56

Our choice is imposed by the size of the calculations. T
Pd-C and the C-O bond lengths have been optimized on
two-layer slab. Nevertheless, it has been verified that
Pd-C bond optimization with the three-layer slab gives
same result for the bridge site~2.06 Å!. A fragmentation of
the whole system in two parts, the metal slab and the
molecule, has allowed us to obtain the electronic populati
of the CO molecular orbitals~3s, 4s, 1p, 5s, 2p!. The bind-
ing energies~BE! are defined as the difference between t

-

FIG. 4. Representation of the three studied adsorption site
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5146 PRB 59F. DELBECQ AND P. SAUTET
energy of the whole system and the energies of each in
acting part, the bare slab and gas phase CO. A negative v
means a stabilizing interaction. All the results for adsorpt
on the three-layer slab, with the geometries obtained for
two-layer one, are given in Table II. The two values of B
correspond to two different gradient corrections, either
~Becke 88 and Perdew 86! or PW ~Perdew-Wang 91!.

Let us comment on these results. The optimized bo
lengths for the bridge site are slightly larger than the exp
mental one~2.05 vs 1.95 and 1.16 vs 1.15 Å!. Following the
experimental trends for surfaces and complexes, the P
bond length increases from the top to the hollow site@see
Refs. in 19#. Connected to a decrease in the C-O over
population, we observe an increase of the C-O bond len
This is in agreement with the experimental decrease ofnCO
from the top to the hollow site.

Concerning the binding energies, several comments
be made. First, the PW functional gives BE higher by ca
kcal/mol than the BP one but the relative order of the vario
sites is preserved. Secondly, the hollow site is slightly m
stable than the bridge one by 2 kcal/mol. This difference
not significant but leads nevertheless to the conclusion
the hollow and the bridge sites are close in energy. T
result confirms that occupation of fourfold sites at low co
erage can be postulated.56 This energy order between sites
not modified if the experimental Pd-Pd distance is used
the slab instead of the calculated optimal value of 2.85
The on-top site is far less stable. To evaluate the effect of
coverage on the binding energy, we performed a calcula
on a p(232) bridge structure~four Pd atoms and one CO
per unit cell, u50.25, two layers!. We found 235.9 and
239.1 kcal/mol for the BP and PW binding energies, resp
tively, which represents a gain of 3 kcal/mol relative to t
values atu50.5 for the two-layer slab~232.8 and236.1
kcal/mol, respectively!. Our values are in the range of th
experimental ones. How can the binding energies be rel
to the variations of the overlap populations~op!? From the
on-top to the bridge and the hollow sites, the Pd-C op
creases, which reflects a better interaction of CO with

TABLE II. CO adsorption on a three-layer slab of Pd~100!.
Optimized bond lengths Pd-C and C-O~in Å!, binding energies BE
~in kcal/mol!, overlap population op, electron loss~2! or gain ~1!
of the CO molecular orbitals.

Top Bridge Hollow

Pd-Ca 1.91 2.05 2.28
C-Oa 1.15 1.16 1.18
BE ~BP!b 225.4 230.2 232.5
BE ~PW! 228.5 233.4 236.4
C-O op 0.619 0.591 0.504
Pd-C op 0.335 0.420 0.514
Pd-Pd op~0.327!c 0.272 0.206 0.189
loss of 5s 20.46 20.50 20.47
gain of 2px 0.21 0.20 0.33
gain of 2py 0.21 0.27 0.33

aThe geometry optimizations are done for the two-layer slab.
bBP: Becke 88-Perdew 86; PW5Perdew/Wang 91. See text.
cop between the two Pd surface atoms shown in Fig. 4. In pa
thesis, values for the bare slab.
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surface. However, at the same time, the Pd-Pd op betw
the surface atoms decreases, which means a loss of su
stability. These two effects are opposite and the result
binding energy is a compromise. This fact has already b
pointed out.19 The variation of Pd-Pd op during adsorptio
explains the surface reconstruction observed experimen
but that we have not considered here.

Since a small magnetic moment exists on the Pd surf
atoms, we have also performed calculations with spin po
ization for the bridge and the hollow sites. No significa
effect is observed, the BE variation being 0.1 kcal/mol.

The Fermi level is calculated to be25.9,26.2, and26.6
eV for the on-top, bridge and hollow sites, respective
which yields an increase of the work function of 0.55, 0.8
and 1.25 eV@EF for Pd~100! being 25.35 eV#. The work
function changeDF induced by CO adsorption on the bridg
site has been measured experimentally.56,63,64The value var-
ies in a rather large range from 0.8 eV~Ref. 63! to 0.93 eV
~Ref. 56!. But it has been shown thatDF depends strongly
on the presence of carbon impurities and on the coverag
value of 0.7 eV has been assumed in Ref. 44 with a wo
function value for Pd~100! at 5.8 eV. TheDF value calcu-
lated in the present work for the bridge site falls in th
range.

The interaction of CO with the surface can be expres
in terms of molecular-orbital interaction as it has been
ready pointed out in the Blyholder model.65 Our fragmenta-
tion procedure allows us to obtain the variations of the el
tronic population of the various CO orbitals~Table II!. For
the three adsorption sites, the contributions of the 3s and 4s
orbitals are very negligible~not given in the table!, as are
also those of the 1p orbitals. The main electronic transfer
occur from the 5s and toward the 2p orbitals, in agreemen
with the Blyholder model. By interaction with 5s somed
states are destabilized and pushed aboveEF . Inversely the
interaction with 2p stabilizes them and pushed them belo
EF . This interaction is qualitatively described in Fig. 8~left!.
It explains why 5s loses electrons since the antibondin
states aboveEF have some 5s character and why 2p gain
electrons since the bonding states belowEF have some 2p
character. The donation from 5s does not vary much from
the on-top site, to the bridge and the hollow ones. In cont
the back donation to the 2p orbitals increases, especially fo
the hollow site. Our calculations verify the relation betwe
the increase of the back-donation and the increase of
work-function change~DF!, as it has been postulate
previously64 ~see above!.

From the calculation of projected DOS it can be seen th
after interaction with the surface, 5s and 1py give a peak at
the same energy~26.1 eV belowEF), 5s being more effi-
ciently stabilized. The peaks associated with 4s and 1px are
28.6 and25.6 eV belowEF , respectively. The 2p orbitals
have contributions belowEF and their main associated pea
aboveEF is broad~ca. 3 eV!, which means that they mix
strongly with the metal-d orbitals.

The inverse photoelectron spectroscopy is a technique
pable of probing the unoccupied levels of a molecule
sorbed on a surface. The ultraviolet photoelectron spect
copy leads on the contrary to the positions of the occup
orbitals of adsorbates. Such experiments done for CO
Pd~100! show that 2p gives a large peak~ca. 2-eV broad!

n-
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centered at 4.8 eV above the Fermi level44 and that the 5s
11p level and the 4s level are located at27.9 and210.8
eV, respectively, below the Fermi level.56,66 Although the
DFT one-electron energies have no connection to the exp
mental excitation spectrum and therefore the absolute va
are not reliable, the calculated broadening of the 2p peak and
the energy difference between 4s and 5s11p peaks are in
reasonable agreement with the experimental data.

The conclusion of this study of CO adsorption on Pd~100!
is that our results reproduce well the experimental data.
advantage of the method used is that it allows the interp
tation of the results by means of molecular orbital inter
tions. We have seen in Sec. III-2 that the metal orbitals
modified by alloying. We will, therefore, investigate in th
next section what changes are introduced by these modi
tions when CO is adsorbed on Pd3Mn. We will consider
successively the two types of Pd3Mn~100! surfaces.

2. Adsorption on Pd3Mn „100… type A

The same adsorption sites have been studied, on
bridge, and hollow. On this surface where only Pd atoms
present in the first layer, two different hollow sites can
found depending on the presence of a Mn atom~hollow 1! or
of a Pd atom~hollow 2! just below in the second layer~see
Fig. 2!. The results are given in Table III. As previously, th
Pd-C and C-O bond lengths have been optimized for
two-layer slab. The optimized geometries do not differ mu
from those found on Pd~100! ~compare Tables III and II! and
the variation of the electronic population of the CO orbita
is given for the geometries found on Pd~100! in order to
compare the effects at equal distances.

TABLE III. CO adsorption on a three-layer slab of Pd3Mn(100)
typeA ~only Pd atoms in the surface!. Optimized bond lengths Pd-C
and C-O~in Å!, binding energies BE~in kcal/mol!, overlap popu-
lation op, electron loss~2! or gain~1! of the CO molecular orbit-
als, magnetic momentm ~in mB!.

Top Bridge Hollow 1 Hollow 2

Pd-Ca 1.92 2.07 2.29 2.29
C-Oa 1.15 1.16 1.18 1.18
BE ~BP!b 219.7 226.8 221.9 232.5
BE ~PW! 222.9 230.2 225.8 236.4
C-O op 0.615 0.584 0.516 0.502
Pd-C op 0.327 0.426 0.494 0.506
Pd-Pd op~0.329!c 0.279 0.218 0.210 0.191
loss of 5s d 20.44 20.47 20.46 20.46
gain of 2px 0.20 0.21 0.32 0.35
gain of 2py 0.20 0.29 0.32 0.35
mCO 0 0.01 20.03 0.03
m Pd ~0.07!e 0.02 0.05 20.01 0.06
m Mn ~4.33!e 4.31 4.36 4.27 4.39

aThe geometry optimizations are done for the two-layer slab.
bBP: Becke 88-Perdew 86; PW5Perdew/Wang 91. See text.
cop between the two Pd surface atoms shown in Fig. 4. In pa
thesis, values for the bare slab.

dThe population analysis is given for the geometries optimized
Pd~100!.

eValues for the bare slab.
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Let us comment on Table III. The same observation
before can be done concerning the variation of the bo
lengths, of the overlap populations and of the binding en
gies when the various sites are compared. The hollow 2
@that is the same as on Pd~100! with a Pd atom below it# is
also the most stable. The hollow 1 site is significantly le
stable. If one considers the losses and gains of CO orbi
the variation are weak between the two hollow sites: sa
5s donation and small increase in the back donation intop.
This means that the stabilizing two-electrons interactions
only slightly stronger for the hollow 2 site, which is reflecte
by a slightly larger Pd-C overlap population. In our wo
with the extended Hu¨ckel method,28 we have pointed out the
important role of the destabilizing four-electron interactio
for explaining the relative order of the binding energies.
we look here at the negative atomic overlap populations
represent repulsions, we observe that the C atom has a n
tive overlap population with the atom just below it in th
second layer, which is only 3.08 Å away (op520.03 with
Pd and20.05 with Mn!. Hence, the repulsion is slightly
stronger for the hollow 1 site, which also tends to favor t
hollow 2 site.

Let us now compare the adsorption on Pd3Mn ~A! with
that on Pd~100!. First one observes a slight decrease in
binding energies except for the hollow 2 site. In all cases,
donation from 5s is decreased for the alloy compared to t
pure metal. The variation is not as clear for the back do
tion into 2p since it decreases for the on-top site and
creases for the hollow 2 site.

The CO overlap population does not vary much eith
except a small diminution for the bridge site. The wor
function changeDF is smaller than for Pd~100!:0.44, 0.54,
and 0.77 eV for the on-top, the bridge and the hollow s
respectively.

Concerning the magnetic behavior of the Pd3Mn~100! sur-
face of typeA, one observes that a small magnetic momenm
appears on CO in the case of the hollow sites. However
value is not significant. The small moment of Pd rema
roughly the same and that of Mn in the second layer is
significantly affected by CO adsorption.

The changes in CO adsorption induced by alloying
therefore small in the case of surface of typeA where only
Pd atoms are present at the surface and their interpretatio
terms of orbital interactions or DOS shapes is difficult. W
will see in the next section that the changes are more imp
tant for the surface of typeB and we will give the interpre-
tations for this case. Nevertheless, the main conclusion to
study of surfaceA is the small decrease of the binding ener
relative to that obtained on pure Pd.

3. Adsorption on Pd3Mn „100… type B

On this surface there are two on-top sites, one on a
atom and one on a Mn atom. There is only one bridge
involving a Pd and Mn atoms and one hollow site betwe
two Pd and two Mn atoms and above a Pd atom in
second layer~see Fig. 2!. In the CO adsorption study on
Pt3Ti, it has been suggested that CO can lie parallel to
surface, with the oxygen atom pointing towards Ti.67 Since
Mn atoms are present in the Pd3Mn surface typeB, such
parallel geometries involving Mn have been investigated.
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order to optimize them more easily, we used another p
gram, which allows conjugate gradient optimization. This
the VASP program~Vienna ab initio package simulation!
which performsab initio quantum-mechanical molecular dy
namics using pseudopotentials and a plane-wave basis68

In the first geometry considered, called bridgei, CO lies
between a Pd and a Mn atoms parallel to the PdMn direc
~Fig. 5!. This geometry is not stable and evolves during
optimization into a geometry, which is similar to the on-to
one. In the second geometry, called hollowi, CO lies along
the diagonal of a lattice square. A stable structure is fou
with the following bond lengths: Pd-C52.26 Å, Mn-C
52.07 Å, Mn-O52.44 Å, and C-O51.22 Å. The latter
value is similar to that found for aldehydes and keton
Nevertheless, this structure is less stable than the on-top
by 0.4 eV and will not be considered further. Therefore, C
adsorption parallel to the surface is not favorable on
Pd3Mn alloy. With the program VASP, we also optimize
the bridge site in order to find the relation between the P
and Mn-C bond lengths. We found Mn-C longer than Pd
by 0.15 Å. Then we reoptimized this site with ADF-BAND
by keeping this difference constant.

The results for the four classical geometries describe
the beginning of this section are given in Table IV. Contra
to what happens on Pd~100! and Pd3Mn~100! type A sur-
faces, the most stable adsorption site is the on-top one
Pd atom and the hollow site is far less stable. In fact
appears that the sites involving a Mn atom are unfavora
This means that, if on the two former surfaces the bridge
hollow sites are more populated at low coverage, on Pd3Mn
type B the Pd on-top site must be more populated.

The CO overlap population is slightly decreased co
pared to the previous cases, which means that the CO bo
a little weaker on the surface of typeB. The donation of the
5s orbital is slightly decreased compared with the case
Pd~100! and varies very little relative to Pd3Mn~100! typeA.
On the contrary, the back donation into 2p, which does not
vary much for the surface of typeA compared to Pd~100! is
significantly increased for the surface of typeB. This ex-
plains the larger diminution of the C-O overlap populatio

Concerning the magnetic behavior, we observe that
small magnetic moment of Pd is decreased except for
on-top adsorption on Mn. More interesting is the variation
m on Mn. This moment diminishes slightly for the top site o
Pd but largely when Mn is involved in the adsorption si
20.73,20.34, and20.50mB for the top on Mn, bridge and
hollow sites, respectively.

Let us now consider the DOS projected on the vario
orbitals of the surface atoms. We chose to studydz2 anddxz
(dyz) which stick out of the surface and are the most
volved in the adsorption. In Fig. 6 are drawn the DOS p

FIG. 5. Geometries of CO adsorption modes parallel to the
face.
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jected on Pd orbitals for Pd~100! on the left and on
Pd3Mn~100! B on the right. In Sec. III, the total DOS pro
jected on Pd surface atoms on both surfaces have been
pared. The same conclusions are found here: the DOS
jected ondz2 anddxz (dyz) are narrower~especiallydz2) and
farther from the Fermi level on Pd3Mn compared to Pd. For
dxz (dyz) one observes small peaks aboveEF corresponding
to the antibonding combination with Mn orbitals~Fig. 6c8!.

For the on-top adsorption sites, the main interactions
cur between 5s and thedz2 metal orbital and between 1px
and 2px and thedxz metal orbital~or 1py22py and dyz)
following Fig. 7. These interactions are depicted in Fig
6~b!, 6~b8! and 6~d!, 6~d8! for the adsorption on a Pd atom
Part of the antibonding interaction between 5s and dz2 is
pushed aboveEF ~Fig. 8!. On the alloy surface,dz2 being
farther belowEF can less easily be pushed above it~Fig. 8
right! and loses less electrons than on pure Pd~20.22 vs
20.34!, which leads to a less stabilizing interaction sin
such states are metal-adsorbate antibonding. The smalle
teraction is also reflected by the smaller loss of 5s. Thedxz
orbital interacts both with 1px and 2px @Figs. 6~d!, 6~d8!#.
Following Fig. 8, the interaction with 1px tends to shift it up
and the interaction with 2px tends to shift it down. In the
case considered here, thedxz orbital ~or dyz! loses more elec-
trons for the Pd3Mn alloy than for the pure metal~20.08 vs
20.03!, which means that the interaction ofdxz (dyz) with
the px (py) system is stronger. Besides, 2px (2py) gains
more electron in the alloy case~0.25 vs 0.21!. Effectively,
the Fermi level being higher for the alloy, the 2px (2py)

r-

TABLE IV. CO adsorption on a three-layer slab of Pd3Mn(100)
type B ~Pd and Mn atoms in the surface!. Optimized bond lengths
Pd-C, Mn-C, and C-O~in Å!, binding energies BE~in kcal/mol!,
overlap population op, electron loss~2! or gain ~1! of the CO
molecular orbitals, magnetic momentm ~in mB!.

Top Pd Top Mn Bridge Hollow

Pd-Ca 1.92 2.05 2.37
Mn-Ca 2.01 2.20 2.37
C-O 1.15 1.15 1.17 1.18
BE ~BP!b 224.3 215.4 220.4 217.8
BE ~PW! 227.7 218.9 224.0 221.8
C-O op 0.596 0.591 0.563 0.495
Pd-C op 0.354 0.257 0.271
Mn-C op 0.306 0.195 0.236
Pd-Mn op~0.422!c 0.331 0.318 0.255 0.260
loss of 5s d 20.44 20.44 20.46 20.44
gain of 2px 0.25 0.23 0.25 0.39
gain of 2py 0.25 0.23 0.34 0.39
m CO 20.02 20.08 20.03 20.01
m Pd ~0.14!e 0.01 0.19 0.06 0.09
m Mn ~4.56!e 4.50 3.92 4.25 4.20

aThe geometry optimizations are done for the two-layer slab.
bBP: Becke 88-Perdew 86; PW5Perdew/Wang 91. See text.
cop between the Pd and Mn surface atoms shown in Fig. 4
parenthesis, values for the bare slab.

dThe population analysis is given for the geometries optimized
Pd~100!.

eValues for the bare slab.
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FIG. 6. DOS projected ondz2 anddxz of a Pd surface atom for the bare Pd~100! slab ~a! and ~c! and for the bare Pd3Mn B slab ~a8!
~c8!—DOS projected on the same orbitals for the CO adsorption on-top on Pd for Pd~100! ~b! and ~d! and for Pd3Mn B ~b8! ~d8!.
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orbital of CO in the gas phase is closer to it and therefore
bonding part of its interaction with the metal has a larg
contribution belowEF ~Fig. 8 right!. The better interaction o
the 2p orbitals prevails over the smaller interaction of thes
orbital and the interaction of CO in the top on Pd site
overall better for the alloy than for pure Pd. Accordingly, t
Pd-C overlap population is greater on the alloy~0.359! than
on Pd ~0.336!. Moreover, the overlap population with th
e
r
first neighbors in the surface layer is larger for the alloy~op
Mn-C50.09) than for Pd~op Pd-C50.05) which reflects a
supplementary better interaction between CO and the a
surface for the Pd on-top site.

Let us study now the on-top adsorption on a Mn ato
The DOS projected ondz2 and dxz for this Mn atom are
given in Fig. 9 for the bare Pd3Mn ~B! surface~a,c! and for
the on-top Mn adsorption~b,d!. One observes a large broad
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ening of the bands after adsorption, especially for thedz2

band. The Mulliken population analysis shows that these
bitals gain electrons instead of losing electrons as it was
case for the on-top adsorption on Pd~10.043 for dz2 and
10.065 fordxz or dyz). This comes from the fact that the M
orbitals are partially empty. Let us consider the DOS p
jected ondz2 @Figs. 9~a! and 9~b!#. For the bare surface th
spin-up band is full (0.99e2) and the spin-down band i
almost empty (0.08e2). The interaction of the spin-up ban
with the spin-up 5s orbital is of the same kind as previous
and shifts up this band aboveEF , leading to a loss of elec
trons (20.117e2). However, the interaction of the full 5s
spin-down orbital with the empty spin-downdz2 orbitals
leads to a partial filling of the latter (10.160e2). The result
is that dz2 globally gains electrons and that its associa
magnetic moment decreases from 0.91 to 0.64mB.

Let us consider now the interaction ofdxz (dyz) with 1px
and 2px (1py and 2py) @Figs. 9~c! and 9~d!#. The spin-up
dxz band, which is almost full for the bare surface (0.99e2),
loses electrons~20.06! since a small part of it takes part t
the antibonding interaction with 2px above EF and the
spin-up part of 2px gains electrons~0.105!. The spin-down
dxz band, which is empty for the bare surface (0.1e2) has a
stronger interaction with 2px since it is nearer in energy an
is pushed belowEF . This interaction is a typical interactio
between two empty orbitals, which leads to a bonding p
below EF and therefore yields a filling of both orbitals
Therefore, the spin-up part ofdxz gains electrons~10.13! as
does that of 2px ~0.122!. The result is that globallydxz ~or
dyz) gains electrons~10.07! and its associated magnetic m
ment decreases from 0.89 to 0.70mB. In the same time, a
spin polarization appears for 2px ~20.017mB!.

FIG. 7. Main interactions between the CO molecular orbit
and the metal orbitals in the on-top site.

FIG. 8. Schematic diagram for the interaction between the
molecular orbitals and thed band of the metal atom involved in th
adsorption.
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This detailed analysis of the orbital interactions shows
more important role of the 2p orbitals and the less importan
one of the 5s orbital for the on-top adsorption of CO o
Pd3Mn compared with pure Pd. It also explains why th
magnetic moment of the Mn atoms diminishes when the
sorption occurs on these atoms.

Spin-restricted calculations have been done in the cas
the Pd3Mn~100! surface of typeB with the same geometrie
as for the spin-unrestricted ones and with the two-layer s

s

O

FIG. 9. DOS projected ondz2 of a Mn surface atom for the bar
Pd3Mn B slab ~a!, and for the on-top CO adsorption on Mn~b!.—
DOS projected ondxz of a Mn surface atom for the bare Pd3Mn B
slab ~c! and for the on-top CO adsorption on Mn~d!.
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The results are given in Table V. The CO adsorption en
gies are much stronger and the relative stability of the v
ous adsorption sites is totally different from that obtain
when spin polarization is taken into account. This time,
on-top adsorption on Mn is the most stable, then the bri
and the hollow sites are of equal stability and the top site
Pd is far less stable. The most important BE variation is
the top site on Mn. Let us compare this site for the magn
and the nonmagnetic slabs. First, the magnetic slab itse
more stable than the nonmagnetic one by 2.9 eV. Theref
the spin polarization induces a large stabilization. The Fe
level of the magnetic slab is 0.15 eV higher. The Mullik
population analysis gives a loss of 0.52e2 for 5s in the
nonmagnetic case, compared with 0.44e2 in the magnetic
case and a gain of 0.26e2 for each 2p orbital, compared with
0.23e2. Therefore, both interactions are stronger for the n
magnetic case, which explains the better BE and the be
Mn-C op. In the same time, thedz2 Mn orbital loses 0.455e2

instead of gaining electons as in the magnetic case anddxz
gains 0.362e2 compared with 0.066e2 in the magnetic case

Let us consider the DOS projected on these orbitals~Fig.
10!. The comparison of the nonmagnetic bare slab@Figs.
10~a! and 10~c!# and of the magnetic bare slab@Figs. 9~a! and
9~c!# shows the important splitting ofdz2 anddxz due to the
spin polarization. In the nonmagnetic case, the highest d
sity of states is at the Fermi level. This is the reason whydz2

can easily be pushed aboveEF by interaction with 5s and
lose more electrons than in the magnetic case. This poin
very important for the chemisorption strength since th
depopulated states have a surface-adsorbate antibon
character. For the same reason,dxz can easily be pushe
below EF by interaction with 2px and gain more electrons
as also does 2px . To summarize, both 5s and 2px have a
more stabilizing interaction with the metald bands for the
nonmagnetic case than for the magnetic one because o
position of these bands closer toEF . This explains the much
larger binding energy for the nonmagnetic case.

We can conclude from this study that the adsorption
CO on an atom having a magnetic moment is less favora
than on a nonmagnetic atom and that the adsorption is a
ciated with a decrease of this moment. This can be rela
with the closed shell nature of the CO fragment. For Mn
magnetic state corresponds to an almost full spin-up b
and an almost empty spin-down band. This situation
clearly less favorable for the interaction with CO than t
double half-filledd band associated with the nonmagne
state. The half-filled band situation indeed allows to optim
the donation and back donation interactions with CO. T

TABLE V. CO adsorption on Pd3Mn(100) typeB ~Pd and Mn
atoms in the surface!: spin-restricted calculations on the two-lay
slab.

Top Pd Top Mn Bridge Hollow

BE ~BP!a 224.1 247.3 235.9 234.4
BE ~PW! 227.4 250.6 239.4 238.3
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

aBP: Becke 88-Perdew 86; PW5Perdew/Wang 91. See text.
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less favorable adsorption on a magnetic atom explains
why the bridge and hollow sites are so weakly bound on
alloy compared with pure palladium, since they both invol
Mn atoms~one for the bridge and two for the hollow!. To
our knowledge, the relation between magnetism and mole
lar chemisorption has not been detailed in the literature
the adsorption of magnetic molecules on nonmagnetic

FIG. 10. Spin-restricted calculation: DOS projected ondz2 of a
Mn surface atom for the bare Pd3Mn B slab~a!, and for the on-top
CO adsorption on Mn~b!—DOS projected ondxz of a Mn surface
atom for the bare Pd3Mn B slab ~c! and for the on-top CO adsorp
tion on Mn ~d!.
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5152 PRB 59F. DELBECQ AND P. SAUTET
faces has recently attracted some attention@NO on Pd, Pt
~Refs. 69–71!#, only a few works deal with adsorption o
molecules on magnetic surfaces@N, C, O on Fe, V,72 O2 on
Ag, Pt ~Refs. 73 and 74!#. We are ourselves working on th
adsorption of NO on Pd3Mn.75

V. CONCLUSION

The results presented in this work are in good agreem
with the experimental data. The method used, based on
riodic calculations using the DFT theory at the nonloc
level, allows a good understanding of the phenome
chemisorption strength and variation of the magnetic m
ments, through the analysis of the orbital interactions. T
most interesting results are the following:

—On Pd~100!, the most stable adsorption sites are t
bridge and the hollow ones. The binding energy of the brid
site is close to the value found experimentally for the sa
coverage. As it was previously assumed, the main inte
tions involve the 5s and 2px orbitals of CO ~Blyholder
model!.

—On Pd3Mn~100! ~type A!, the relative stability of the
sites is the same as that found on Pd~100!, but with smaller
binding energies. The 5s donation to the metal is decrease
and, in opposite, the 2p back donation is increased.

—On Pd3Mn~100! ~type B!, which can be a good repre
r
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sentation of the real catalyst, the relative stability of the sit
is changed and the most stable one is the on-top site on a
atom. The hollow site is this time less stable than the brid
one and the less stable site is the on-top one on a Mn at
The best binding energy on Pd3Mn is smaller than the best
one on pure Pd, which means that globally CO is le
strongly bound on the alloy, as it is observed experimenta
for most alloys~no data are available for Pd3Mn).

—Our calculations have pointed out that CO adsorptio
on an atom having a magnetic moment is less favorable th
on a nonmagnetic atom.

—We can compare the present results with those obtain
previously with the extended Hu¨ckel method ~EHT! for
Pd~100! and Pd3Mn~100! typeA.27 The conclusions are simi-
lar although the absolute values are totally different and t
effects exaggerated with the semiempirical method. For
stance, we observed also a diminution of the binding ene
on the alloy, a diminution of the 5s donation and an increase
of the back donation. The only difference between the tw
methods is in the relative stability of the hollow 1 and hollow
2 sites, which is opposite. This is due to the presence of
magnetic Mn atom just below in the hollow 1 site. In fact th
EHT method does not take the spin polarization into accou
Likely, both methods would give different results for sur
faces containing magnetic atoms like Pd3Mn~100! type B or
Pd3Mn~111!.
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