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Binding and dissociation of CO on transition-metal surfaces
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(Received 19 August 1980j

There is a systematic trend across the transition-metal series as to whether a given first-row diatomic molecule

prefers to adsorb in a molecular state or adsorb dissociatively. We use simple but well-defined methods to
understand the physics and chemistry leading to the observed behavior. We perform calculations for CO on the 3d

and 4d transition metals. These also elucidate the behavior of N„NO, and 0, on transition-metal surfaces.

I. INTRODUCTION AND SURVEY
OF EMPIRICAL RESULTS

In this paper we are concerned with understand-
ing the empirical trends observed in the binding
energy and the dissociation behavior of the diatom-
ic molecules CO, N„NO, and 0, on transition-
metal surfaces. Broden et a/. ' have noted the
remarkable facts that: (l) For a given transition-
metal (TM} series the further to the left a sub-
strate metal lies, the greater is the tendency for
such molecules to dissociate; (2) The approximate
borderline for dissociative or molecular (D(M}
adsorption moves to the left on going down from
3d to 4d to 5d metals; and (3) The borderline
moves to the right in going from CO and N, to NO
to 0„ i.e. , in the same order as the bond strength
in the free molecules, which are 11.1, 9.S, 6.5,
and 5.1 eV, respectively. A diagram from Broden

et a/. ' replenished with some more data, providing
the above facts for CO, N„and NO is shown as
Fig. 1. 0, seems to dissociate at room tempera-
ture on all TM. The D/M borderline, of course,
depends on the temperature, due to kinetic rea-
sons. The data in Fig. 1 are taken near room
temperature. The main point of interest to us is
that the total energies with molecular or dissocia-
tive adsorption cross over in the vicinity of the
boundaries shown in Fig. 1.

The variation of dissociation behavior with the
surface of a given metal is significant only for
the borderline metals where under the right con-
ditions both molecular and dissociative adsorption
can be observed. ' In general close-packed sur-
faces tend to be the least active in dissociation.
There is also evidence that surfaces with steps
and kinks may be extra active, as in the anoma-
lous dissociation of CO by a high Miller index
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FIG. 1. Room-temperature adsorption of the mole-
cules CO, N2, and NO. D means the molecule dissociates
spontaneously. M means it remains in molecular form.
Data are from Broden et g$. (Ref. 1), with extra data
referenced by letters in the upper right-hand corner of
each box.
N. A. Surplice and W. Brearley, Surf. Sci.72, 84 (1978).
M. P. Hooker and J. T. Grant, Surf. Sci. 62, 21 (1977).
T. W. Haas, A. G. Jackson, and M. P. Hooker, J. Chem.
Phys. 46, 3025 (1967).

M. E. Bridge, C. M. Comrie, and R. M. Lambert, Surf.
Sci. 67, 393 {1977).

eR. A. Marbrow and R. M. Lambert, Surf. Sci. 67, 489
(19vv).

~M. Housley, R. Ducros, G. Piguard, and A. Cassuto,
S rf. Sci. 68, 2VV (19VV).

gH. D. Shih, F. Jona, D. W. Jepsen, and P. M. Marcus,
Phys. Rev. Lett. 36, 798 (1976).
R.A. Shigeishi and D. A. King, Surf. Sci. 62, 379 (1977).
S. M. Ko and L. D. Schmidt, Surf. Sci. 42, 508 (1974).

~R. Liu and G. Ehrlich, J. Vac. Sci. Technol. 13, 310
(19V6).

"K. Kishi and M. W. Roberts, Proc. R. Soc. London
A352, 289 (1976).

M. E. Bridge, Ph. D. thesis Cambridge (unpublished).
m T. E. Madey, J. T. Tates, and N. E. Erickson, Surf.

Sci. 43, 526 (1976).

1981 The American Physical Society



438 %ANDA ANDREONI AND C. M. VARMA

Pt surface. '
A related and important fact is that the binding

energies for molecular adsorption, where avail-
able, vary much less across the TM series than
the atomic binding energy to the TM of their con-
stituents. The available data have recently been
summarized by Toyashima and Somarjai. ' The
binding energy of atomic oxygen varies from about
8 eV for Nb to about 4 eV for Pd. On the other
hand the binding energy of CO on all polycrystal-
line transition-metal surfaces is about 2 eV, with-
in an error of about —,

' eV. It therefore follows
that an understanding of the dissociation systemat-
ics follows simply if we can understand why the
molecular binding energy is small and varies slow-
ly across the TM series, compared Fo the atomic
binding energy. The dissociation or molecular
boundary would then be given when

bHb ~(A)+~b „~(B)=lkPb, „d(AB)+&E~g,

where ~E» is the dissociation energy in free space
of the && molecule. If the left side is lower, one
has dissociative adsorption at equilibrium, and
if higher, molecular adsorption.

Becently, ' the systematic trends in the chem-
isorption energy of hydrogen and oxygen on TM's
have been understood and related to the fundamen-
tal parameters characterizing the TM electronic
structure on the basis of calculations employing
simple but mell-defined methods. These calcula-
tions are not of the ab initio variety but are based
on models incorporating the various physical para-
meters. In this paper we extend these models
for calculation of the trends in the diatomic binding
and dissociation on TM.

As in Bef. 4, we will explicitly calculate the
binding energy AHb, „z(AB) of CO with the whole
series of 3d and 4d TM's. Our values can be
compared to the experimental data' obtained at
low temperature and at very low coverage. Since
we do not take into account specific CO-metal-
atoms bonding configuration (geometry of the TM
surface, site specificity, orientation of the mole-
cule, etc.), our theoretical results may be com-
pared to the experimental data, ' which are rela-
tively insensitive to such details.

At this point, it is worth remarking on the fam-
ous correlation often drawn, ' ' for example, for
the heat of adsorption of CO in TM with the heat
of formation of transition-metal carbides and
oxides. Toyashima and Somarjay3 have noted that
the two are proportional to each other for a lot
of metals but independent of each other for others
(see Fig. 2). A look at Fig. 2 and comparison
with Fig. 1 reveals that the correlation exists
when the adsorption is atomic and breaks down
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FIG. 2. (a) Heats of adsorption of CO on TM surfaces
as a function of the heats of formation of the TM car-
bides (MC) (per metal atom); (b) Heats of adsorption of
CO on TM surfaces as a function of the heats of forma-
tion of the TM oxides (MO) (per metal atom).

when it is molecular. The significant point there-
fore is that the physics and chemistry of atomic
adsorption is akin to that of compound formation,
but that of molecular adsorption is not. The meth-
ods of Bef. 4 can also be used to calculate heats
of formation of compounds; the only change from
the surface problem occurs in the absolute value
of the numbers, due to change in coordination
number and to a lesser extent in the hybridization
parameters, with the trends remaining the same.
This reflects the similarity in the bonding mecha-
nism in the two cases. The positions of the orbi-
tals of the molecule, which are important in mole-
cular adsorption, with respect to the TM electron-
ic structure is, however, so completely different
from those of the constituent atoms (for the cases
we are considering) that the bonding mechanism
is quite different.

The bonding mechanism of CO adsorbed on TM
surfaces has long been related to the chemical
bonding in TM carbonyls. The correlation be-
tween the heat of adsorption and the heat of forma-
tion of gaseous carbonyls seems to be quite poor. '
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However, the main features of photoelectron spec-
tra of chemisorbed CO are found to be strikingly
similar' to those of a carbonyl complex with a
small number of metal atoms.

An interesting characteristic is exhibited by
photoemission spectra6' of molecular ly adsorbed
CO: they seem to be unaltered by the properties
of the metal surface. In particular, the level
associated with the 5g orbital of the free molecule
always occurs at 7- 8 eV below the Fermi energy.

No clear systematics has been recognized in the
vibrational spectroscopy' of adsorbed CO, except
for a decrease of the C-0 stretch mode frequency
from its gas value, which is common to all TM
surfaces. The other vibrational modes seem to
be particularly sensitive to the bonding configura-
tion.

Among the possible bonding configuration, CO
prefers either terminally bonded M-C-0 ligands
or bridge bonding, depending on the particular
conditions of the metal surface. In the former
cases, where very accurate LEED data are now
available, ' the molecule is almost perpendicular
to the surface and the bonding to the metal is done
through the carbon atom. This is easily under-
stood because both molecular. orbitals involved,
namely the 5a and the 2m orbitals, are mainly
localized on the C atom.

The decrease in C-0 stretching frequency indi-
cates an increase of the C-0 separation with re-
spect to the free molecule, and, in turn, a weak-
ening of the molecular bond. Broden gt al. ' argued
that an appropriate measure of this effect is the
change of the splitting of the 4g and 1n levels
b,(4o —lv), which are bonding with respect to C
and 0. They also found a strong correlation be-
tween b, and the tendency to dissociate (shown in
Fig. I).

In the following we will try to justify some of
the above empirical facts. There have been other
theoretical approaches to the chemisorption of
CO on TM surfaces" """which have focussed
on specific surface geometries and especially on

Ni, Pd, and Pt, in an attempt mostly to understand
the features of photoemission spectra.

II. PROCEDURE OF THE CALCULATIONS

For details of the general procedure, please
see Ref. 4, which we will refer to as I from now
on. We briefly summarize it here for application
to diatomic molecules.

The calculation is done with a self consistent-
phenomenological tight-binding method. The start-
ing point for the calculation is an expression for
~&b,„d, the bond energy in terms of the change
in the local density of states (LDOS) of the ad-

molecule and the transition-metal atoms, upon
adsorption. Let n (e) be the LDOS of any orbital
o. on an atom or molecule j involved in the ad-
sorption, before adsorption, and n,„(e) be the cor-
responding quantity after adsorption. Let C and

C, be their respective first moments. Then it
can be shown in a self-consistent one-electron
approximation (like the density-functional approxi-
mation) that

~ +bond = ' @$n 2 ~j8+D~ja ++jat

E,~= de e-C~ n~ e,

0] atj 8
= C~ —Cja, (5a)

Dixia Cin ~jB~ (5b)

and ~Nj& =+,& -N» is the change in the total
charge in jp.

The first term in Eq. (2) is evidently a covalent
or metallic-type bonding term and the second is
an ionic-type term, Note that for Q. =z. , i.e. ,
for the adatom far from the metal surface, D=D
= (p, —e~), where p is the chemical potential of the
ada'tonl. Ill this case b, Hbo„g = (Jl —E~)A¹

To calculate ~H,.„, into Eq. (2), we need to spec-
ify the LDQS of the relevant orbitals of the ad-
atoms and of the relevant transition-metal atoms
before and after adsorption. By relevant we mean
here the orbitals that change their shape in ad-
sorption (through hybridization) and/or change
their total occupation. For carbon and oxygen
only 2p orbitals are relevant. For the molecule,
the relevant orbitals are the 50 orbital and the 2w

orbital, which are completely filled and empty
in the free molecule, respectively. The orbitals
lower in energy than the 5o have very weak hybrid-
ization to be important-this is generally accepted.
In considering the d orbitals at the TM surface,
it is convenient, as in I, to perform calculations
in terms of the set of group orbitals which couple
to the orbitals of the molecule rather than to the
atomic orbitals. One must also consider the set
of group orbitals with which the orbitals of the
molecules do not (or very weakly) hybridize, but
to which they can transfer charge. From now on
the labels (i, u) will refer to these two kinds of
group orbitals at the TM surface and to the 5g
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Cin=C + U~a8&&z8~
(j8)& (in)

(6)

where U. ,-& axe the Coulomb-repulsion parameters.
In practice, we will only consider, the U parameter
on TM denoted by 9, a common parameter U,
for interaction between charges on any orbital of
the molecule and of any relevant group orbital of
the TM surface, and a common parameter U, for
interaction between charges. on any different orbi-
tal of the molecule. This is, of course, a consid-
erable simplification. However, we think, on the
one hand, that nothing new is gained in understand-
ing the broad general trends by introducing more
parameters, and on the other hand, that these are
the minimum number necessary to characterize
the essentials of the problem. How these para-
meters are determined is discussed in the next
section.

An additional important constraint we impose
is that the system be locally charge neutral, i.e. ,

++iai8 =
(7)

Here, "locally" means the molecular orbitals and
the group orbitals formed from TM atoms in the
immediate vicinity. Local charge neutrality is
brought about in real life through the long-range
nature of the Coulomb interactions which in metals
leads to screening lengths of atomic size. Within
the context of our model, we can use condition (7)
to determine the parameter U, .

The calculation proceeds in the following steps.
First, the parameters of the surface atoms of
the TM (moments of their LDOS, and charge on

and 2n orbitals of the molecule concerned.
One of our basic assumptions, fully discussed

in I, is that the bond to the adatoms is primarily
through the d electrons, with the sp electrons
primarily screening charge imbalances and re-
normalizing the Coulomb repulsion parameters,
etc. , so that the band through the d electrons is
most effective.

Another basic premise of I, which was justified
through detailed calculations in II (see Ref. 4),
was that the systematic features we seek to ex-
plain depend on some general features of the d-
electronic structure and not on the details. We
determine the general feature of the LDOS from
their first few moments evaluated in the tight-
binding (TB) method. These moments depend on

Cj8 and V,',.8, the hybr idiz ation mat r ix elements
in the TB matrix set. The further constraints on
the LDOS imposed are that their first moment be
self-consistent with the charge transfer and the
associated Coulomb interactions, i.e. ,

them) are determined insofar as they differ from
the bulk. The known bulk electronic-structure
parameters" and U are used in this calculation.
Next, the moments of LDOS on the orbitals of the
adatoms and the surface group orbitals which cou-
ple to them are self-consistently determined using
the free-molecule energy levels &„, &, , the hy-
bridization matrix elements p„, p„(for 5o orbital
and the corresponding metal group orbital and the
2w orbita. l and the corresponding metal group orbi-
tal, respectively), the molecular Coulomb para-
meter U, , the metal Coulomb parameter V, and
the molecule-metal Coulomb parameter p, . The
moments are used to form a canonical LDOS of
the form given in Ref. 4. These are integrated
up to the Fermi level to find the charge in each
orbital. The moments of the LDOS and the charge
are required to be self-consistent through Eqs. (6).
Local charge neutrality [Eq. (7)] is required and
is used to determine U,

I

III. CHOICE OF PARAMETERS

The parameters used in the calculations are
constrained sufficiently by a variety of information
that they have very good qualitative and some quan-
titative predictive ability. We wish to emphasize
that our aim is only to understand the general
trends in the experimentally observed adsorption
and dissociation behavior, and to understand the
bonding processes involved. Toward this limited
end the model is rich enough and the parameters
in it constrained enough to be meaningful. Copious
information on TM electronic structure is avail-
able through ab initio calculations. We have used
the calculations of Watson et al. ,

' which have
been summarized in Table I of I. The d-d on-site
Coulomb repulsion parameter appropriately
screened by the reverse flow of sp electrons is
known to have R value of about 3 eV. As discussed
in I, we believe that at the surface of a TM, the
screening is to a large extent from the overflow
gp electrons at the metal surface.

For simplicity, all intramolecular Coulomb
relusion parameters U, are taken identical. It is
important that U, be screened by the image effects.
Starting from a bare atomic value of about 14 eV,
the screened U, at a distance of 1 A from the sur-
face has a value of about 6 eV. A bare U, gives
an altogether incorrect position of the chemisorp-
tion level for the molecules as it does for the
atoms. ~ A variation of + 2 eV about 6 eV affects
the molecular binding energy by 0.5 eV and the
chemisorption level p,* by a constant amount of
+ 0.3 eV. The effect is counterbalanced by the
systematic variation of the molecuLe-surface-
atom repulsion parameter U, , which is deter-
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mined here, as in Ref. (4), by requirements of
local charge neutrality. 9, is found to have rea-
sonable values lying between 0.2 and 1 eV.

Next, we discuss the hybridization parameters
P and P . V can be adjusted by comparing the
sharp molecular-level. -derived features in our
LDOS with the corresponding features in the photo-
emission data. ' A molecular state which hybrid-
izes weakly with the metal atoms (like the 40 and
the lm states) shifts its energy on adsorption by
4E= U, &N,~, where AN „ is the total change
in the charge on the molecule upon adsorption.
Experimentally, for CO on Ni, ~E4 =sE„=3eV,
and their splitting in the adsorbed state remains
about the same as in the gas phase. The 5g level
is raised up by a smaller amount, A&, =1.5, be-

CO: 5dTM

LLJ

I

b
UJ

(a)

cause hybridization due to P alone pushes this
level further below the band.

We find, in our calculations, that, with U, =-6 eV
and with p, to be discussed below, a value p, =—2
eV gives AE „=1.3 eV for CO on Ni, compared to
a change AE, =DE„=—U, AN... =-2 eV. If, as is
reasonable, the Coulomb repulsion of the charge
in the outer orbitals with the charge in the core
orbitals 4y and lm was taken larger than U„cor-
responding layer values of AE4 and AEy would
be obtained.

The binding energy of the molecule to the surface
is found to be quite insensitive to the value as-
sumed for p, . This point is discussed later on.
The binding energy is, however, quite sensitive
to P . We fix P, by equating our calculated bind-
ing energy with the measured value for CO in Ni.
As explained in Sec. I, we have taken the value
of AII,~, -1.7 eV which is obtained' at low temper-
ature on polycrystalline surfaces. We consider
the data of calorimetic measurements to be the
most reliable ones, as suggested also in Ref. 3.
The value so found is P, =1 eV. This value for
P, reproduces the measured binding energy for
CO on Co and Fe as well. We leave the coupling
parameters p„, V unchanged throughout a given
TM series, just as we did for atomic oxygen ad-
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FIG. 3. Theoretical results for CO adsorbed on TM
surfaces of the 3d series. (a) Chemisorption level
(corresponding to the 50 level of the free molecule)
referred to the Fermi energy of each metal; (b) Charge
transfer from the metal surface to the fourfold-degen-
erate 27r level (empty in the free molecule). Bonding

gi s @bind= &Eco) of CO to the TM surfaces. The
values are compared to experimental data of the heats
of adsorption in the cases of molecular adsorption.
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FIG. 4. Same as Fig. 3 for 4d series.
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sorption for transition metals where we had fair
justification. Our justif. ication here is simply that
it is a working hypothesis with which we can deter-
mine how the basic properties of the substrate
metal affect the chemisorption process and, a
posterior, that we can obtain the right binding

energy in all cases known. The parameters in

the calculation needed to reproduce both the fea-
tures in photoemission and the binding energy are
interdependent to some extent. We have not made

any particular effort to fine tune our parameters—
that would be inconsistent with our broad aims.

It remains only to discuss the molecular levels.
They are simply taken from the measured ioniza-
tion energies of the various levels and including
the image correction as in the Coulomb-repulsion
parameter. We are also ignoring any change in
the CO bondlength on adsorption and the conse-
quent change of the position of the 5o and the 2w

levels. For CO on Ni this quantity has been meas-
ured' and is very close, = 1.15 A, to the gas-phase
value, =1.13 A. 5

IV. RESULTS AND DISCUSSiON

With the parameters constrained as discussed
in the last section, the calculated binding energy,
the charge transfer to the 2w orbital, and the posi-
tion of the 5g -derived .chemisorption level g*„
with respect to the Fermi level for CQ adsorbed
on the 3d 7M's are shown in Fig. 3. Results of
similar calculations for 4d TM's are shown in

Fig. 4. We find the charge transfer out of the 5g
orbital, in all cases, to be much smaller (& O. le)
than the charge transfer t'o the 2m orbitals.

Our calculations indicate that in the range of
molecular adsorption the photoemission feature
g,*, is nearly constant throughout a given series
and changes only slightly from the 3d to the 4d
series. We find g,* —V.5 eV and - 8 eV below the
Fermi energy of the 3d the 4d TM series, re-
spectively. This is, in agreement with photoemis-
sion data. This result gives us some confidence
in our assumption of constant V and V, across a
given series. Note that AN, is changing signifi-
cantly in the range where E,*, is constant. We
find that the change AN, is clearly correlated to
the binding energy zg. AE is almost proportional
to 6N, with a proportionality factor of -4 eV
throughout both 3d and 4d TM series.

A popular model for molecular chemisorption,
the Blyholder model, "relies on the notion of
molecular charge neutrality and requires A&,

For the ease of TM carbonyls this as-
sumption has been criticized by Johnson and Klem-
perer, "who in extensive calculation of Cr(CO)„
complexes find [bN„(» (b,N„t, in spite of a weak-

er coupling matrix element. (y„& y, in our lan
guage. ) We find even smaller ~bN„~ for surface
adsorption. There are two reasons for this and

the relative insensitivity to P, in our calculations.
First, the antibonding continuum of the 5a level
with the TM density of states lies mostly below
the Fermi level for TM's to the right of the ser-
ies, i.e., where the covalent interactions are rel-
atively large. To the left of ihe series, the co-
valent interactions themselves are small since ihe
band lies far above the 5a level. The second rea-
son is that one will always pull up antibonding
states above the chemical potential in small com-
plexes for modera, te values of p„but not at the
surface of TM's where one has a continuum density
of states. Consequently, charge transfer out of
the 5o orbital for a given p, will be larger for a
small complex than for adsorption. We find an
antibonding pole appearing above the continuum

only for unreasonably large values of V, . Only

for further increase in V, we find large and rap-
idly increasing

~
b,N„~ as also a rapidly varying

binding energy.
The dominant binding mechanism in our calcula-

tions is the hybridization of the 27t orbital with

the TM surface density of states and the conse-
quent increase in the charge of the 2m bonding-
derived continuum. The mean energy of this con-
tinuum is always below the mean energy of the
TM continuum from where this charge comes from.
The antibonding 2m-TM surface feature lies above
the d-electron density of states and is a p function
in our approximation. Our calculations give its
position as - 2 eV above E„ for Ni. This feature
should in principle be observable in energy-loss
spectroscopy, if not obscured by interband tran-
sitions.

The qualitative differences in the bonding of
adsorbed CO and TM carbonyls that we have dis-
cussed above seem to give some insight into the
experimental facts mentioned in Sec. I. Indeed,
the similarity of the spectra does not imply cor-
relation between the binding energy of the former
and the heat of formation of the latter (ng is
dominated by V,).

In Fig. 5 we plot the molecular binding energy
to the TM surface plus the dissociation energy of

the molecule in the gas phase together with the
sum of the atomic chemisorption energy of the
constituents. For oxygen the latter are the same
values as calculated in I; for carbon they have

been calculated by similar methods using the same
hybridization parameter of the p orbita, ls with the
TM orbitals as for oxygen. The molecular curve
varies much more slowly across the TM series
than the atomic curve so that the two sets of

curves cross near Fe for CQ on 3$ series and
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In the extreme limit where one considers only the
center of gravity C as important as far as the
metal parameters are concerned, and ignores
Coulomb interaction, the binding energy due to
charge transfer to a doubly degenerate level, which
is only singly filled, is given by

P(, C)2, P2Pi2 (8)
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FIG. 5. Energy gain in molecular (CO' AEcp+ Dp)
and in atomic (C+p: DEc+ QEp) adsorption for CO or
3d (a) and 4d (b) TM surfaces. Note that the crossing
point shifts to the left on passing from (a) to (b).

near Mo for the 4d series.
Why does the molecular binding energy vary so

slowly compared to that of the atoms? In I it was
shown that the primary binding mechanism of, for
example, oxygen to the transition metals is the
transfer of 4 electrons of the metals to the par-
tially empty oxygen p-metal d-bonding states which
lie below the d band. If the hybridization para-
meters of the adatom to the TM atoms were very
small, the TM parameter determining the charge
transfer would be the Fermi level. The hybridiza-
tion of the atomic p level with the metal d band is,
however, strong enough that the LQOS on the tran-
sition metals is significantly altered throughout
the d band. In this case the trends in the charge
transferred and the binding energy are determined
by the gross parameters of the metals, i.e. , the
position of the center of gravity of the d band with
respect to the atomic level and to a lesser extent
to the d-band width. The hybridization parameter,
and to a much lesser extent the Coulomb para-
meters, set the energy scale for the binding ener-
gy. (The Coulomb parameters are quite important

This expression describes the zero-order trend
in the binding energy of adatoms on TM.

For the adsorption of first-rom diatomic mole-
cules on TM's, the 5' level has been found by us
not to be important. T'he 2m level hybridizes with
the TMd band, and the LDOS on the molecule
acquires an image of the d band which is of the
bonding type (and an antibonding level above the
d band). Charge is transferred to this bonding
continuum. The average of the occupied part of
this continuum will in general be below the average
of the occupied part of the d bond. This is the
primary mechanism of molecular bonding to the
TM's. For the molecular case also, the hybridi-
zation with the d band is strong enough that only
the salient features of the d-electronic structure
are relevant. If we use the grossly oversimplified
model which gave Eq. (8) for a binding of an atom
with an unfilled level below the d band for the bind-
ing of a molecule with an empty level above the
d band, the binding energy is

(9)

This is much more slowly varying as a function
of (c„-C) than Eq. (8) is as a function of (e,-C).
Also, note that as we go the right of the TM ser-
ies, (e, —C) decreases while (e -C) increases, so
that although (9) is much more slowly varying than
(8), its variation is in the same direction as that
of (8). Also, for P of similar magnitude in Eqs.
(8) and (9) and molecular binding energy E(AB)
of similar magnitude as the atomic binding energy,
E .„+E(AB) is likely to cross E„+Ea somewhere
in the TM series, with the crossover point moving
to the right as F» decreases. On the right of the
crossover, the adsorption is molecular; to the
left it is atomic.

The definition of the borderline is obviously
delicate both from an experimental and a theoreti-
cal approach. However, if we compare our re-
sults with the pattern in Fig. 1, we see that we
have actually succeeded in obtaining the basis for
the observed behavior. In particular, for CO on
Mo, it is found that" at T = 77 K CO is molecularly
adsorbed and at room temperature it has already
dissociated. The shift of the borderline to the
left on passing from the 3d to the 4d TM series
is understood in our model. This is due to the
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corresponding decrease of the binding energies
of both molecule and atoms; this, according to
(1), shifts the crossing point toward the left. The
success of our theoretical scheme in reproducing
experimental trends shows that the basic proper-
ties of the chemisorptive bond and the driving
mechanism for the dissociation of the molecul. e
are both essentially determined by the gross fea-
tures of the I'M substrate.

From our calculations on CO, we can make qual-
itative remarks about the dissociation patterns
of other first-row diatomic molecule. The mole-
cule N, has energy levels close to that of CO. Be-
ing a symmetric molecule, however, it may prefer
to lie on the side on TM surfaces. The dissociation

energy of N, in the gas phase, AE~, is about 1.3
eV higher than that of CO. The dissociation sys-
tematics of N, (Fig. l) are observed to be similar
to that of CO.

The movement to the right of the molecular or
dissociated line when going from CO to NO to O,
seems primarily due to the lower dissociation
energy ~P». The chemistry of the adsorption of
NO and. O„we expect, is similar to that of CO,
involving primarily the 2m orbitals.
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