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In this work we useab initio Hartree-Fock effective core potentials to analyze N2 dissociation on doped
~bimetallic! Cr ~110! surfaces described by Cr4MN2 and Cr3M2N2 (M5Sc, Ti, V, Fe, Co, Ni, Zn, Mg, Ca) clus-
ters in both perpendicular and inclined configurations. Our results indicate that the inclined state is energeti-
cally more favorable than the perpendicular configuration. In comparison with monometallic surfaces, some of
the bimetallic systems, such as Cr4ScN2, Cr4TiN2, and Cr3V2N2, are found to have larger N-N distances,
surface→N2 charge transfers, higher Fermi energies, and smaller N-N stretching frequencies, indicating greater
efficiency of these alloys for dissociation. The theoretical parameters obtained from these bimetallic catalytic
systems are interpreted using a general mechanism proposed for dissociation of diatomic molecules on tran-
sition metal surfaces.@S0163-1829~99!02639-9#
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I. INTRODUCTION

The efficiency of transition-metal alloys for N2 dissocia-
tion is of considerable theoretical, experimental, and tech
logical interest. The N2 dissociative reactions are importa
in heterogeneous catalytic processes1–36 for the synthesis of
ammonia, the stability of ceramic-metal interfaces, as wel
the preparation of nitride layers. A comparison of isoele
tronic CO chemisorption and dissociation with that of N2

may provide useful information on how the latter intera
with metallic and alloy surfaces~Fig. 1!. In the linear
metal-CO complex, the interaction is described by the B
holder model in which a bond is formed by the electr
transfer from a 5s orbital of CO to unoccupied metal orbita
accompanied by the back donation of electrons from oc
piedd orbitals into unoccupied 2p* orbitals of CO. A simi-
lar picture can be used to describe the bonding of a meta2

complex for which the molecular orbitals that participa
predominantly in bonding to the surface are the donat
orbitals 3sg and 2su which are essentially nonbonding. I
CO the 2p* orbital is localized mainly on carbon so th
adsorption occurs via metal-carbon bonding whereas N2 is
adsorbed via a metal-nitrogen bond. On most densely pac
metal surfaces CO is adsorbed with the molecular axis
allel to the surface normal whereas on some surfaces, su
Fe ~100! and Cr ~110!, a tilted CO molecular state is als
observed. Although N2 generally chemisorbs with its in
tramolecular axis approximately perpendicular to t
transition-metal surface,9–15 some experiments16–19 have in-
dicated that N2 is strongly chemisorbed on Cr~110! and
other surfaces with its bond axis parallel to the surfa
PRB 600163-1829/99/60~16!/11789~6!/$15.00
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which is not explained by the Blyholder model. We ha
previously used a mechanism based on Pauling’s theor
nonsynchronized resonance of valence bonds5–8,20,28in order
to analyze the catalytic process of N2 dissociation on a Cr
~110! surface.8 This model will also be used in this work t
analyze the dissociation of N2 on model alloys.

Research efforts focusing on coadsorption of CO with
kaline metals on the surface of transition metals have s
gested various mechanisms21–36 to explain the observed de
crease in vibrational frequency and increase of catal
activity of the dissociated CO. Many of these mechanis
are based on some type of induced enhanced back bon
i.e., modifications of Blyholder’s model in which alkali

FIG. 1. Model for catalytic dissociation of diatomic molecule
on transition-metal or model alloy surfaces.
11 789 ©1999 The American Physical Society
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11 790 PRB 60GUIMARÃES, PAVÃO, TAFT, AND LESTER
metal atoms can also cause increased charge transfer t
2p* orbitals. This weakens the CO bond, decreases the
brational frequency, and increases catalytic activity. Our p
posed model for N2 dissociation on chromium alloys, with
out coadsorption, also uses a modification of the Blyhol
model in which induced enhanced back-bonding elect
transfer to N2 antibonding orbitals can be attributed to effec
to be described, including the inclination of N2 and doping of
the metals. Our work shows how orbital energies are mo
fied as a result of inclination and doping. We useab initio
Hartree-Fock calculations to study the N2 interaction with
doped Cr~110! surfaces described by Cr4MN2 and Cr3M2N2
(M5Sc, Ti, V, Fe, CO, Ni, Zn, Mg, Ca) clusters in both pe
pendicular and inclined configurations. We determine o
mized geometries, charge transfers, Fermi energies,
stretching frequencies. A general mechanism is proposed
dissociation of diatomic molecules on metallic and bimeta
surfaces based on the theory of nonsynchronized reson
of covalent bonds.5–8,28

II. COMPUTATIONAL DETAILS

The calculations were carried out using Gaussian 92~Ref.
37! in the Hartree-Fock method with effective core potenti
and the Hay and Wadt basis set.38 As in our previous work,8

we focus on Cr~110! in which tilted N2 configurations have
been observed. One or two metallic atoms of the Cr5 cluster

FIG. 2. Orbital self-consistent-field energies for CO, N2, the
bare cluster Cr5, as well as the inclined Cr5N2 and Cr4TiN2 configu-
rations.

TABLE I. Optimized gemoetry for the Cr4TiN2 cluster repre-
sentation of the Cr~110! surface.

Geometriesa d(N-N)d d(surf-N)e d(Cri-PrN)f ag bh

Inclinedb 1.474 1.020 1.530 11.31 53.9
Perpendicularc 1.364 1.084 90.0 0.0

aOptimized geometry with fixed Cr-Cr experimental interatom
distances.

bN2 inclined towards surface.
cN2 perpendicular to surface.
dd(N-N) indicate interatomic distances~Å! between N1 and N2.
ed(surf-N) indicates the perpendicular height~Å! of N1, first nitro-
gen, above the surface.

fd@Cri -Pr~N!#, i 51,2, indicates the distance~Å! between Cri ( i
51) and the projection of N on the Cr1-Cr2 axis.

ga indicates the angle~degrees! between the N2 bond axis and the
surface.

hb indicates the rotation angle~degrees! of nearly parallel N2 bond
axis from short axis towards long-axis direction.
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in the Cr ~110! plane were substituted by Sc, Ti, V, Fe, C
Ni, Zn, Mg, and Ca whereas the N2 geometry was fully op-
timized yielding relaxed interatomic distances and ang
Despite the often serious limitations to cluster quant
chemical methods, in our previous work5–8,28we have shown
that, in agreement with other workers using smaller clust
for transition-metal surfaces with adsorbed diatomic m
ecules in a comparative analysis among various geomet
that the calculated charge transfer is in reasonable agree
with experiment. We did not simulate doping by chargi
the cluster in an attempt to better describe the local inte
tion between the dopantM and N2. We have kept the crysta
atoms fixed at the isolated crystal geometry during the c
culations. Coulbourn and Mackrodt9~d! investigated relax-
ation effects in oxides and found regarding cation impuriti
after considering a wide range of possibilities including s
and charge states, no major differences in adsorption cha
teristics from those of the planar undoped surface. Our p
vious work using larger clusters with transition-metal do
ants in metal oxides indicated that freezing the positions
the crystal atoms in the calculations did not appear to af
our results and main conclusions.9~a!–9~c!

III. MODEL

The model proposed for the dissociation of diatomic m
ecules on pure and bimetallic transition-metal surfaces c
sists of a process of electron transfer fromM→X2 and X2
→M ~whereM is a metal andX2 is a diatomic molecule! via
molecular states. This mechanism is based on the theor
nonsynchronized resonance of covalent bonds introduce

FIG. 3. Interaction of N2 on the Cr4MN2 and Cr3M2N2 model
representations of the Cr~110! surface~we useM1 for Cr4MN2 and
M1 andM2 for Cr3M2N2 clusters!.

TABLE II. Total energies, Fermi energies, HOMO-LUMO
surface→N2 charge transfers, stretching frequencies for the Cr4TiN2

cluster representation of the Cr~110! surface.

Geometriesa
ETotal

b

(13103) EF
c DEd

Charge
transfere

N2 stretch
frequencyf

Inclined 24.755 26.009 25.858 20.79 1052
Perpendicular 24.071 25.683 25.620 20.53 1303

aOptimized geometries described in Table I.
bEtotal denotes total energy~eV!.
cEF denotes Fermi energy~eV!.
dDE denotes HOMO-LUMO energy difference~eV!.
eMulliken surface→N2 charge transfer~a.u.!.
fStretching frequency~cm21!.
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TABLE III. Optimized geometries for the inclined configurations for the systems Cr4N2, ScN2, Cr4TiN2,
Cr3V2N2, Cr4FeN2, Cr3Fe2N2, Cr3Co2N2, Cr4NiN2, and Cr4ZnN2 describing the Cr~110! surface.

Systems
Charge of

N2a d(N-N)b d(surf-N)c d(Cri -PrN)d ae bf

Cr5N2 20.306 1.428 0.996 1.482 14.18 59.08
Cr4ScN2 20.242 1.466 0.997 1.450 15.97 60.09
Cr4TiN2 20.306 1.474 1.020 1.474 11.31 53.93
Cr3V2N2 20.205 1.462 0.995 1.482 15.13 59.08
Cr4FeN2 20.297 1.428 0.995 1.443 13.88 60.62
Cr3Fe2N2 20.308 1.438 0.983 1.482 14.10 57.68
Cr3Co2N2 20.296 1.428 0.994 1.442 13.80 60.61
Cr4NiN2 20.298 1.424 0.965 1.493 14.90 58.80
Cr4ZnN2 20.311 1.424 0.973 1.453 15.56 60.71

aMulliken charge~a.u.! on N2, the nitrogen atom furthest from the surface.
bd(N-N) indicate interatomic distances~Å! between N1 and N2.
cd(surf-N) indicates, perpendicular height of N1, first nitrogen, above the surface.
dd(Cri -PrN), i 51,2, indicates the distance between Cri ( i 51) and the projection of N on the Cr1-Cr2 axi
ea indicates the angle~degrees! between the N2 bond axis and the surface.
fb indicates the rotation angle~degrees! of the nearly parallel N2 bond axis from the short-axis toward
long-axis direction.
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Pauling20,5–8to explain the movement of negative charges
a metal as a resonance of covalent bonds from one pos
to another, via successive changes of simple bonds. Fig
2~a! and 2~b! describe the resonance components of the2
dissociation process and the latter two panels@2~c! and 2~d!#
describe the dissociation processs induced by this resona

The first stage of the model@Fig. 2~a!# shows molecule
AB at the M-M surface; hereM denotes a transition-meta
atom!. Figure 2~b! depicts the transfer of an electron fro
the surface to the diatomic molecule, followed in Fig. 2~c!
with the redistribution of charge into an antibonding orbit
In the catalytic process, however, the transferred elec
must return to the surface in order to restore the electron
trality of the catalyst. In the last stage, Fig. 2~d!, the A-B
bond is broken with resultant bonding ofA and B to the
metal. Inclination has resulted in a configuration more fav
able for the formation of bonds to the surface due to
gradual increase of the negative charge on atomB, making it
attracted more to substrate atoms that possess a formal
tive charge. The electron returns to the surface, restoring
electroneutrality of the catalyst, while theA-B bond is bro-
ken.

IV. RESULTS AND DISCUSSIONS

We begin with transition metals, afterwards we will di
cuss alkaline metals. In Table I we give the optimized geo
etries of the Cr4TiN2 cluster description of the Cr~110! sur-
face. In Table II we list total energies, Fermi energ
@highest occupied molecular orbital~HOMO!#, HOMO-
LUMO ~lowest unoccupied molecular orbital! energy differ-
ences, charge transfers, and stretching frequencies. In F
we show the orbital energies for CO, N2, the bare cluster, the
inclined Cr5N2, and the Cr5TiN2 cluster configurations~Fig.
3! which reflect changes in positions, densities, and Fe
levels with inclination and doping. In agreement with o
previous work,8 the present results indicate that the predis
ciative inclined state of Cr5TiN2 is more favorable for disso
on
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.
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ciation than the perpendicular configuration. In the inclin
configuration, the N-N distance increases, the surface→N2
and N1→N2 ~nitrogen atoms closer and further from th
surface, respectively! charge transfers increase, the Fermi e
ergy goes to higher levels and the N-N stretching freque
diminishes. Similar effects were also observed for the ot
bimetallic systems investigated, namely, Cr4ScN2, Cr3V2N2,
Cr4FeN2, Cr3Fe2N2, Cr3CO2N2, Cr4NiN2, and Cr4ZnN2 ~Fig.
3!.

In Tables III and IV we give optimized geometries fo
inclined Cr5N2, Cr4ScN2, Cr4TiN2, Cr3V2N2, Cr4FeN2,
Cr3Fe2N2, Cr3Co2N2, Cr4NiN2, and Cr4ZnN2 configurations
describing the Cr~110! surface as well as the HOMO

TABLE IV. HOMO-LUMO, Fermi energies, surface N2 charge
transfers, stretching frequencies of the most stable inclined confi
rations for the Cr5N2, Cr4ScN2, Cr4TiN2, Cr3V2N2, Cr4FeN2,
Cr3Fe2N2, Cr3Co2N2, Cr4NiN2, and Cr4ZnN2 clusters describing the
Cr ~110! surface.

Systema
DEb

~eV!
EF

c

~eV! Charge transferd

N2 stretching
frequency

~cm21!

Cr5N2 25.93 26.114 20.79 1220
Cr4ScN2 25.59 25.755 20.74 1100
Cr4TiN2 25.86 26.009 20.79 1052
Cr3V2N2 26.04 26.063 20.69 1110
Cr4FeN2 26.00 26.219 20.77 1250
Cr3Fe2N2 25.83 26.042 20.79 1241
Cr4Co2N2 26.00 26.220 20.77 1251
Cr4NiN2 25.78 26.004 20.74 1245
Cr4ZnN2 25.74 25.739 20.80 1246

aOptimized geometries as described in Table I.
bDE ~eV! denotes the HOMO-LUMO energy difference.
cEF denotes Fermi energy~eV!.
dMulliken surface→N2. Charge transfer~a.u.!.
eN-N stretching frequency~cm21!.



f
e

t
tio

ia-

n

is

n
ifi

op

of
the
the
ly,
i-

its
.
mic
ole
the

ital
a

on
e,

acity
the
es
le
vor
in

the

e
r-
fre-

e

bital
ant
ns

lso

,
d to
re-
s-
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LUMO energy differences, Fermi energies, surface→N2
charge transfer, and N-N stretching frequencies. Results
the pure Cr5N2 system8 are also given for comparison. W
note that in relation to the pure Cr5N2 system, Cr4ScN2,
Cr4TiN2, and Cr3V2N2, show larger N-N distances~Table
III !, high Fermi energies, large surface→N2 charge transfer
~Table IV! and smaller N-N stretching frequencies, indica
ing greater efficiency of these systems for the dissocia
process. We note that the largest N-N distance~1.474 Å!, the
smallest stretching frequency~1052 cm21! as well as a large
charge transfer is found for CrTiN2. Our results from Tables
III and IV suggest that the most efficient alloy for dissoc
tion of N2 should be Cr4TiN2. A comparison of Cr4FeN2
with Cr3Fe2N2 ~Tables III and IV! shows that an increase i
the dopant concentration increases the surface→N2 charge
transfer and the N-N distance, leading to more efficient d
sociation. These tables also show smaller N2 stretching fre-
quencies and large N-N distances for doping with eleme
to the left of the Periodic Table whereas there are no sign
cant differences for Fe, Co, Ni, and Zn~Fig. 4!. These find-
ings suggest that the more efficient surfaces are those d

FIG. 4. Stretching frequency~cm21! and N-N distance~Å! for
Cr4MN2, Cr3M2N2 ~average values used for Cr3Fe2N2 and
Cr4FeN2! vs the number of 3d electrons ofM ~Sc, Ti, V, Cr, Fe, Co,
Ni, and Zn!.
or
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with atoms having low 3d occupation.
Geometrical effects may be important in dissociation

diatomic molecules on bimetallic systems. We note that
differences between the atomic radii of Sc, Ti, and V and
atomic radius of Cr are 0.36, 0.20, and 0.07 Å, respective
whereas the atomic radii of Cr, Mn, Fe, Co, and Ni are sim
lar. Zn constitutes an exception to the rule owing to
@Ar#3d104s2 configuration in which all orbitals are filled
This suggests that a geometric effect based on the ato
radius of the substituent transition metal may also play a r
in the catalytic process. Surface irregularities caused by
substitution of metals may alter the potential and orb
overlaps to which N2 is subjected when interacting with
surface leading to enhanced conditions for dissociation.

Our results in Table IV suggest that doping with transiti
metals can reduce the HOMO-LUMO energy differenc
raise the Fermi level and, consequently, increase the cap
of the metal for back donation. Doping can also lead to
formation of irregularities on the surface due to differenc
in atomic radius and modification of the number of availab
electrons and holes for charge transfer. These effects fa
an inclined predissociative state, which is a crucial phase
the cyclic process of electron transfer described by
present model; see Fig. 2.

We now turn to alkaline metals. In Tables V and VI w
present optimized geometries, HOMO-LUMO energy diffe
ences, Fermi energies, charge transfers, and stretching
quencies for the Cr3Ca2N2, Cr4CaN2, and Cr4MgN2 systems
in their most stable inclined configurations. In Table VII w
list Mulliken atomic charge distributions for the Cr3Ca2N2,
Cr4CaN2, Cr3Fe2N2, Cr4TiN2, and Cr4MgN2 configurations.
The donated electrons are delocalized and occupy an or
with energy that depends on the cluster size and dop
atom; however, the present molecular-orbital calculatio
show that the electron is mainly localized on N2, in agree-
ment with the resonating valence bond description. We a
note that for Cr3Ca2N2, Cr4CaN2, and Cr4MgN2— although
indicating larger surface→N2 charge transfers of 0.97, 0.92
and 0.81, respectively—the amount of charge transferre
the second nitrogen N2 is only 0.279, 0.286, and 0.290,
spectively, i.e., it is smaller in magnitude than that tran
ferred by the Cr5N2 ~20.306!, Cr5TiN2 ~20.306!, and
s.

s

TABLE V. Optimized geometries for inclined configurations with Cr5N2, Cr4CaN2, Cr3Ca2N2, and
Cr4MgN2 describing the Cr~110! surface.

System
Charge of

N2a d(N-N)b d(surf-N)c d(Cri -PrN)d ae bf

Cr5N2 20.306 1.428 0.996 1.482 14.18 59.08
Cr3Ca2N2 20.279 1.431 1.059 1.300 10.33 63.10
Cr4CaN2 20.286 1.428 1.024 1.280 7.41 64.19
Cr4MgN2 20.290 1.434 1.045 1.345 11.27 59.97

aMulliken charge~a.u.! of the nitrogen atom furthest from the surface.
bd(N-N) indicate interatomic distances~Å! between N1 and N2.
cd(surf-N) indicates perpendicular height of N1, first nitrogen, above the surface.
dd(Cri -PrN), i 51,2, indicates the distance between Cri ( i 51) and the projection of N on the Cr1-Cr2 axi
ea indicates the angle~degrees! between the N2 bond axis and the surface.
fb indicates the rotation angle~degrees! of the nearly parallel N2 bond axis from the short axis toward
long-axis direction.
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Cr3Fe2N2 ~20.308! systems. Although the addition of Ca an
Mg atoms to the crystalline lattice increases surface→N2
charge transfer, it does not, based on our model, favor n
synchronized covalent bond resonances, due perhaps t
difficulty of the electron to move from the first nitrogen~N1!
to the second nitrogen~N2! and then from N2 to the surface
In the Cr3Ca2N2, Cr4CaN2, and Cr4MgN2 systems, the
surface→N1 charge transfer appears to be more effici
than N1→N2 transfer. The substitution of Cr for Ca and M
could, in principle, reduce thed orbitals available for receiv-
ing transferred electrons when they return to the surface

We note that although alkaline metals can contribute s
nificantly to the increase of the N-N distances, one must
careful with the excess negative charge on the surface
cause, according to the present model, dissociation is
related to the resistance to electron transfer during the c
lytic cycle. An increase of back donation may represen
necessary condition, but alone it is not sufficient for the m
efficient dissociation. We also observe from Table VII th
the first outer layer of the surface remains positive for
CrTiN2, Cr4CaN2, Cr3Fe2N2, and Cr4MgN2 systems, which
is not the case for the Cr3Ca2N2 system. In accordance wit
the present model a positively charged surface would h
attract the N2 atom to the surface. Hypothetically, cataly
like Cr3Ca2N2 and Cr2CaN2 may be less efficient due t
blocking of the catalytic cycle.

The largest surface→N2 charge transfers and the smalle
HOMO-LUMO energy differences are found in th
Cr3Ca2N2 and Cr4CaN2 systems. The most efficient alkalin

TABLE VI. HOMO-LUMO, Fermi energies, surface→N2

charge transfer, stretching frequencies for the most stable incl
configurations of the Cr5N2, Cr3Ca2N2, Cr4CaN2, Cr4MgN2 clusters
describing the Cr~110! surface.

Systema
DEb

~eV!
EF

c

~eV! Charge transferd
N2 stretching

frequencye ~cm21!

Cr5N2 25.93 26.11 20.79 1220
Cr3Ca2N2 25.16 25.86 20.97 1236
Cr4CaN2 25.51 25.99 20.92 1234
Cr4MgN2 25.65 26.00 20.81 1208

aOptimized geometries as described in Table I.
bDE denotes the HOMO-LUMO energy difference~eV!.
cEF denotes Fermi energy~eV!.
dCharge-transfer~a.u.! surface→N2.
eN2 stretching frequency.
n-
the

t

-
e
e-
so
ta-
a
t

t
e
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metal introduced in the surface was Mg. We note the lar
N1→N2 charge transfer for Cr4MgN2 relative to Cr4CaN2
and Cr3CaN2. Further, Mg also has a higher ionization p
tential than Ca and, if it transfers fewer electrons to the s
face, we will have a more positive surface which should,
principle, facilitate a larger N2→surface charge transfe
needed to complete the proposed catalytic cycle, altho
the surface→N2 charge transfer is less than that for syste
with substituted Ca. In addition to yielding better char
transfer as anticipated by our model than that obtained
substituting Ca, Cr4MgN2 also has longer N-N distances an
smaller stretching frequencies. Despite the importance
back donation, other factors also have to be taken into
count for better overall efficiency of the catalytic process

V. CONCLUSIONS

The interaction of N2 with bimetallic surfaces serves as
good model for the study of the adsorption and dissociat
mechanism of diatomic molecules on promoted transiti
metal surfaces. Chromium surfaces doped with 3d transition
~or alkaline! metals can be more efficient for the dissociati
of N2 by raising the Fermi energy to higher levels and red
ing the HOMO-LUMO energy differences increasing ba
donation, inclination, and consequently dissociation. The
dition of other transition metals increases the number od
orbitals for back donation. Some 3d transition metals, for
example, Ti on a Cr~110! surface, also increase the numb
of d unoccupied orbitals available for the reception of t
electrons for formation of bonds to the surface. Our resu
indicate that the best alloy of chromium for dissociation
N2 is Cr4TiN2. Geometric effects caused by substitution c
result in modifications of potentials and overlaps between2
and the surface yielding important effects for dissociation
diatomic molecules on bimetallic systems. An appropri
electronic configuration for the charge-transfer cycle toget
with an intermediate difference of 0.20 Å between t
atomic radius of the substituted metal and Cr seems to
ideal. The efficiency of dissociation is related, according
our model, with an electron transfer cycle. The increase
back donation represents one necessary, but not suffic
condition for the optimization of a dissociation reaction. A
though the largest back donations correspond to
Cr4ZnN2, Cr3Ca2N2, and Cr4CaN2 clusters, these system
have smaller N-N distances and consequently larger vib
tional frequencies.

In this study we show that for a number of bimetall

ed
e

TABLE VII. Mulliken atomic charges~a.u.! for the systems Cr3Ca2N2, Cr4CaN2, Cr3Fe2N2, and Cr4TiN2.

Cr3Ca2N2 Cr4CaN2 Cr4MgN2 Cr3Fe2N2 Cr4TiN2

Atom Charge Atom Charge Atom Charge Atom Charge Atom Charg

Ca 0.739 Ca 0.824 Mg 0.777 Cr 0.116 Ti 0.369
Cr 0.139 Cr 0.287 Cr 0.270 Cr 0.384 Cr 0.229
Cr 20.106 Cr 0.046 Cr 0.017 Fe 0.116 Cr 0.147
Cr 20.125 Cr 0.052 Cr 0.104 Cr 0.340 Cr 0.168
Ca 0.327 Cr 20.294 Cr 20.291 Fe 20.240 Cr 20.126
N1 20.695 N1 20.630 N1 20.524 N1 20.477 N1 20.480
N2 20.279 N2 20.286 N2 20.290 N2 20.309 N2 20.306
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systems, the predissociative or inclined configurations
more stable. The calculations presented here support
present model proposed to explain the dissociation of N2 on
pure and doped~alloys, bimetallic! transition metals. We
suggest that this model can also be applied to the disso
tion of other diatomic molecules. The introduction of oth
transition metals to the lattice can introduce more electr
for donation and more unoccupied orbitals to receive
electron when it returns to the surface. An important int
mediate state with large charge transfer, in which the m
ecule is inclined to the surface, was observed for all
systems investigated. The results reported support the e
t
d

f

r

d

.
,

.

c

re
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tence of an inclined molecular state which can be identifi
as the precursor state of dissociation.
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