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%e examine the interactions between NO and the (100} surfaces of Rh, Pd, and Pt using the first-

principles pseudofunction method for slab geometries. This all-electron, full-potential, local-density-

approximation (LDA) approach is applied here to clean metal surfaces, free-standing NO monolayers,

and half-monolayer chemisorbed systems with NO linearly bonded in twofold bridge and atop sites. The

predicted clean metal surface electronic structures agree well with previous LDA results. Calculated to-

tal energies for NO monolayers yield an equilibrium bond length and N-0 stretch frequency at large
NO-NO distances close to experimental values for isolated molecules. The electronic structures and

N—0 bond lengths of the chemisorbed systems are similar for all three metals but show significant

differences between bridge and atop geometries. NO-induced states in the former case agree well with

photoemission and inverse photoemission data. On each metal, the bridge site is energetically favorable,

with the atop site becoming increasingly disfavored in the order of Pt~Rh —+Pd. This and related

trends in N-O and metal-N stretch frequencies are attributed to differences in bulk metal properties.
Bridge-site adsorption causes the N—0 bond to lengthen and soften. Difhculties in interpreting adsor-

bate vibrational spectra on metal surfaces are emphasized.

I. INTRODUCTION

Rhodium, palladium, and platinum are the usual active
ingredients in automotive catalysts. ' So-called three-
way catalysts, together with electronic control of engine
air/fuel ratios, allow recently manufactured automobiles
in the U.S. to meet stringent regulations on the emission
of the three polutants CO, hydrocarbons, and NO . The
simultaneous abatement of these three species is a re-
markable technological achievement given that it re-
quires the oxidation of CQ and hydrocarbons and the
reduction of NQ . Since the mid-1970s, it has been
known that Rh is particularly well suited for catalyzing
NO reduction in three-way catalysts. This realization
has stimulated a great deal of interest in the fundamental
surface science of NQ interacting with Rh and other met-
als. While much has been learned from the extensive
literature that has developed, the key reasons for the
efFectiveness of Rh in automotive catalysis have still not
been clearly identified.

To date, most theoretical work on NO chemisorption
on metal surfaces has been based on cluster models con-
taining small numbers of metal atoms. ' Such models
do not correctly describe the continuum of metal states
and the existence of a Fermi level at an extended metal
surface. Consequently, they often do not provide a realis-
tic picture of bonding to solid surfaces' ' or to larger
clusters (10—100 A) found in supported metal catalysts.
The only computational method that has been extensively
applied to NO on semi-infinite crystals is extended
Hiickel theory (EHT), as practiced by HofFmann and co-
workers. ' ' These studies have yielded many impor-
tant insights into NO chemisorption, and have recently
suggested that NO reduction on Rh may involve an ini-
tial coupling to produce N2Qz dimers. ' ' This is an in-
teresting alternative to the more traditional view that NO

reduction begins with NO dissociation. ' ' lt is well
known, of course, that EHT is very approximate, ' and
there are many examples where its predictions have been
superseded by those of more sophisticated calculations.
With this in mind, we have chosen to reexamine the
molecular adsorption of NO on extended Rh, Pd, and Pt
surfaces using a more reliable, first-principles approach.

The method we use is a slightly modified version of the
all-electron, full-potential pseudofunction (PSF) method,
as implemented for two-dimensional periodic slab
geometries. ' Exchange and correlation efFects are
treated within the local-density approximation (LDA) to
density-functional theory. The PSF method difFers from
but has similarities to the linearized-muon-tin-orbital
(LMTO), linearized-augmented-plane-wave (LAP W),
and ab initio pseudopotential methods. The PSF
method has been extensively tested on a wide variety of
covalent, ionic, and metallic systems. It was origi-
nally developed for problems involving molecules on met-
al surfaces, such as that considered here, and it is particu-
larly well suited for this task.

To narrow the scope of this study, we focus on the
(100) surfaces of Rh, Pd, and Pt, and consider the case of
a half-monolayer coverage (9=0.5) of NO. The (100)
surface is a convenient choice because it is intermediate
in packing density between the close-packed (111)and the
more open (110), and it was used in previous EHT studies
of NQ chemisorption in Refs. 16 and 17. The require-
ment of two-dimensional periodicity makes the present
method computationally tractable only for relatively high
coverages. Rh(100) and Pd(100) are saturated by NO at
0=0.67. ' A half-monolayer coverage is thus physi-
cally realizable but still high enough that it requires only
a doubling of the two-dimensional unit cell compared to
that of a clean metal surface. For simplicity, we consider
only the cases of linear NQ in twofold bridge and atop
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sites. The possibility that NO tends to bend, as has been
suggested by variational spectra on many metal surfaces,
including Pt(100), would be tedious to address with the
existing PSF method because of its inability to calculate
forces on individual atoms.

Computational aspects of this work are described in
Sec. II. Results for clean Rh, Pd, and Pt (100) surfaces
are discussed in Sec. III. The hypothetical case of free-
standing NO monolayers is examined in Sec. IV to isolate
the effects of NO-NO interactions, which are significant
in chemisorbed systems at high coverages. Results for
coupled NO-metal systems are presented in Sec. V. The
significance of this work is discussed further in Sec. VI.

II. COMPUTATIONAL DETAILS

Like the LMTO method, the PSF formalism
ploys atom-centered, localized basis functions which are
derived from linearized solutions of the Schrodinger
equation within muffin-tin spheres. The pseudofunctions
themselves are spherical Hankel or Neumann tailing
functions in the interstitial region, with smooth exten-
sions into the muffin-tin regions. The spirit of this con-
struction is similar to that of smooth pseudopotentials.
PSF basis orbitals are constructed by augmenting the
smooth PSF's with appropriate linearized orbitals inside
the muffin-tin spheres. In the original PSF method, this
procedure was carried out by decomposing Fourier series
of Bloch sums of PSF's into partial waves. ' Here we
use a slightly modified approach based on calculated
structure factors ' for the spherical Hankel and Ne»-
mann functions. The PSF's are still expanded in Fourier
series, but the number of plane waves required for con-
vergence is reduced compared to the original method.

By taking into account the full variation in the poten-
tial in the interstitial region and the nonspherical varia-
tion inside each sphere, the PSF method achieves nearly
the same accuracy as the full-potential LAPW method.
It is noteworthy, for example, that the PSF method yields
excellent results for bulk Si without resorting to empty
spheres. The computational cost of the PSF method is
comparable to that of LMTO since both use small basis
sets. The combined accuracy and efficiency of the PSF
method make it particularly useful for studying chem-
isorption, where the simultaneous presence of short
molecular bonds and relatively large unit cells pose
significant computational challenges.

For Rh, Pd, and Pt, we use a basis of nine s-p-d orbitals
with a decaying tail and four s-p orbitals with an oscillat-
ing tail. For N and 0, we use a similar basis with the d
orbitals excluded. Energy parameters for the decaying
and oscillating tails are assumed to be —0.3 and +0.5
Ry, respectively. The results are not particularly sensi-
tive to these values, which are based on previous experi-
ence. Only in the case of atop-site adsorption do we
raise both of these energy parameters slightly to reAect a
noticeable increase in interstitial charge compared to that
found for bridge-site adsorption.

The choice of muffin-tin radii is also somewhat arbi-
trary, although there is a strict requirement that the
spheres do not overlap. Here we use rM&=2. 54, 2.59,

Atop Bridge

p(2x1)

KJ 4f &J

/& /& /A

c(2x2)

FICx. 1. Adsorption sites (circles) for a half-monolayer cover-
age of NO on a (100) surface, as viewed from above. Surface
atoms lie at intersections.

2.62, 1.00, and 1.00 a.u. for Rh, Pd, Pt, N, and 0, respec-
tively. To avoid overlap in calculations involving NO ad-
sorbates, rM~ is reduced by about 10%%uo for surface metal
atoms. The maximum wave-vector components (a=x, y,
and z) for plane-wave expansions of PSF's are determined
by G —7/rM& for pure metals and G —5/rM&(N) for
all systems containing NO.

The PSF method is implemented for slab geometries by
treating the vacuum regions as in Refs. 23 and 24. We
model the (100) surfaces of Rh, Pd, and Pt using three-
layered slabs. This number of layers is large enough to
provide reasonable results for face-centered-cubic met-
als' ' but not so large as to make the cost of this study
prohibitive. In all cases, we assume the metal atoms to be
frozen in their truncated bulk lattice positions, with
nearest-neighbor separations of 2.689, 2.7SO, and 2.774
A, respectively, for Rh, Pd, and Pt. Low-energy-
electron-diffraction (LEED) experiments confirm that
Rh(100) and Pd(100) are unreconstructed, ' ' but find a
5X20 structure to be most stable on Pt(100). The 1 X 1

Pt(100) surface studied here is also experimentally ob-
servable under certain conditions, particularly with ad-
sorbates present. ' The possibility that Rh(100) and
Pd(100) may actually exhibit small ((3%) anomalous
outward relaxations ' is not considered here, although
it is currently of great interest. Speculations on the
origin of this effect include the possibilities of undetected
adsorbates and surface magnetism.

NO chemisorption is modeled by adding NO molecules
perpendicular to one of the outer layers of the three-layer
metal slabs in either of the two p (2 X 1) adsorption
geometries for 0=0.5 shown in Fig. 1. Previous EHT
studies have found the symmetry of the overlayer to be a
relatively insignificant factor. ' The alternative c(2X2)
geometries also shown in Fig. 1 have been observed under
certain conditions in LEED studies of NO/Rh(100) (Ref.
40) and NO/Pd(100). We prefer to focus on the
p(2X1) case because of its smaller NO-NO separation,
which increases the competition between metal —NO
bonding and NO —NO bonding.

The LDA exchange-correlation functional used in this
work is that of Hedin and Lundquist. A companion
local-spin-density approximation study shows that the
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neglect of explicit spin effects is reasonable in the present
systems, despite the existence of an unpaired electron on
NO itself. All of the present calculations include
scalar-relativistic corrections, which are essential for the
heavy 5d element Pt and significant for the 4d elements
Rh and Pd. Four special k points in the two-
dimensional irreducible Brillouin zones for slabs with
2X1 unit cells were used to achieve total-energy conver-
gence to within 1 mRy. This convergence was often very
slow due to charge sloshing, and was accelerated consid-
erably by the procedure of Johnson. ' Once a converged
potential was obtained, as many as 23 k points were used
to calculate charge densities, densities of states, and work
functions.

III. CLEAN METAL SURFACES

The calculated electronic structures for the three-layer
slab models reveal distinct differences between clean Rh,
Pd, and Pt (100) surfaces. Figure 2 shows the PSF total
densities of states for these systems on the same absolute
energy scale, with the potential infinitely far from each
slab set to zero. The vertical dashed lines denote the Fer-
mi levels, which decrease in the series Rh~Pd —+Pt. In
each case, the Fermi level lies near the top of a high den-
sity of states region associated with d orbitals. The d
bandwidth increases from about 5 eV in Pd to 6.5 eV in
Rh to nearly 7 eV in Pt. These bandwidths are in the
same order as in the bulk metals, but are consistent-
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ly smaller than the bulk values because of the lower coor-
dination at the surface. The Rh and Pd spectra in Fig. 2
agree well with previous first-principles results for seven-
layer slabs, with the slight differences explainable in
terms of the larger percentage of surface atoms in the
three-layer case. By contrast, the present results sharply
disagree with recent semiempirical EHT predictions for
three-layer slabs; ' that study yielded a larger bandwidth
for Rh compared to Pt, and a higher Fermi level for Pt
compared to Pd (see below).

The trends in Fig. 2, which we believe to be correct,
are understandable in terms of the atomic properties of
Rh, Pd, and Pt. Figure 3 shows the relative placement of
these elements in the Periodic Table, together with their
atomic numbers, ground-state electronic configurations,
and d-orbital radii. Rh has one fewer valence electron
than Pd and Pt, which places the Rh Fermi level in Fig. 2
lower in the d band. The decrease in d-orbital radius and
the corresponding downshift in d-orbital energies from
Rh to Pd are typical of the trend across most of the 3d,
4d, and 5d transition series. ' With increasing atomic
number, the d orbitals are more strongly attracted to the
nucleus because the additional nuclear charge is
ine%ciently shielded by additional d electrons. Since the
states near the top of the d band are primarily antibond-
ing in character, the extra electron in Pd compared to Rh
also weakens the bonding and causes the lattice to ex-
pand. This further localizes the Pd d orbitals and gives
rise to a very narrow d band. Pt, on the other hand, has a
very broad d band because it has nearly the same lattice
constant as Pd but a much larger d radius. The expan-
sion of the d shell and the different atomic ground-state
configuration of Pt compared to Pd results from its more
relativistic nature. Relativistic effects are largest near the
nucleus, and preferentially lower the energies of valence s
and p states relative to d states. This effect carries over
to extended systems and results in a smaller effective d-
orbital population in Pt compared to Pd in analogous
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FIG. 2. Calculated total densities of states for three-layer
slabs of Rh, Pd, and Pt with (100) surfaces. In each case the en-
ergy zero is the potential at infinity, and the Fermi level is
denoted by a vertical dashed line. The results are broadened by
0.2 eV.

FIG. 3. Portion of the Periodic Table showing atomic num-
bers, ground-state electronic configurations, and d-orbital radii
(in A) for Rh, Pd, and Pt. The thick lines denote boundaries be-
tween dissociative (left) and molecular (right) chemisorption of
NO at room temperature (from Ref. 70).
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bonding environments (e.g., 8.75 vs 8.95 for bulk met-
als'4).

The difference between Pd and Pt is further illustrated
in Fig. 4, which shows calculated valence charge-density
contours for one half of the three-layer slabs. The greater
localization of d charge in Pd is apparent from the fact
that the second highest level contour plotted completely
encloses a Pd site, but contributes to a bridge between
nearest-neighbor atoms in Pt. The larger bond charge in
Pt refIects stronger interatomic bonding, which results
from the slightly lower filling of antibonding d states.
The more delocalized Pt charge also spreads more into
the tetrahedral ( T) and octahedral (0) interstitial regions
and produces greater Smoluchowski smoothing at the
surface. ' The corresponding charge density for Rh
(not shown here, but see Refs. 55 and 58) is very similar
in appearance to that of Pt.

The absolute Fermi-level positions in Fig. 2 provide
theoretical predictions for the metal (100) work func-
tions. These results are compared in Table I to previous-
ly published theoretical i7, i 8, ss —s7, 63

tal values. The first three columns, which contain
self-consistent local orbital (SCLO), ' LAPW, and
LMTO (Ref. 63) results, respectively, are all based on
LDA calculations for seven-layer (100) slabs. Scalar-
relativistic effects were included only in the LAPW Rh
and LMTO Pt calculations. Additional LAPW calcula-
tions for Rh slabs as thin as two layers gave the same
value as in the table to within 0.1 eV. The present PSF
results agree reasonably well with these earlier LDA cal-
culations, and are within the likely experimental uncer-
tainties. With the exception of the EHT results already
discussed, ' ' all of the results in Table I agree that the
work function increases in the series Rh~Pd~Pt. The
large quantitative errors and incorrect ordering of Pd and
Pt work functions in the EHT method are due primarily
to the non-self-consistent nature of this approach and its
associated neglect of surface dipole effects.

The relative ordering of Fermi levels at different metal
surfaces is an important factor in determining the trends
in adsorbate bonding. ' Ward, Hoffmann, and Shelef ar-

TABLE I. Comparisons of calculated and experimental work
functions (in eV) for the (100) surfaces of Rh, Pd, and Pt.

SCLO LAPW LMTO' EHT This work Expt.

Rh 4 8'
Pd 5.0"
pt

5.5 5.24 8.62
5.30 10.97
6.11 9.76

4.51
4.96
5.89

4.6, ' 4.98, 5.2
5.12, 5.3'

5.65'

'Reference 63.
References 17 and 18.

'Reference 55.
Reference 57.

'Reference 64.
'Polycrystalline value, from Ref. 65.
gReference 66.
"Reference 56.
'Reference 67.

IV. FREE-STANDING NO MANSLAYERS

gued that NO chemisorption on Rh results in a weaker
NO bond than on Pd or Pt because Rh has the highest
Fermi level of the three metals. ' The present results do
not support this simple conclusion, although it is ob-
served experimentally that NO adsorbs dissociatively
on Rh at room temperature, but molecularly on Pd and
Pt. A portion of the dividing line in the Periodic Table
between these two modes of behavior is shown in bold
in Fig. 3.

Many other aspects of the electronic structure of a
metal surface are also important for understanding the
chemisorption of a molecule like NO. Particularly
relevant is the d-orbital decomposition of the surface lay-
er density of states. ' ' LMTO results for this decompo-
sition for Rh and Pd (100) surfaces were recently dis-
cussed at length in Ref. 72, so we will not present our
own similar PSF results here. SufFice it to say that the
unoccupied d states are primarily of x -y symmetry
(with x and y the nearest-neighbor directions in the sur-
face plane) in Pd and Pt, and of more mixed character in
Rh.

{a)

0

FIG. 4. Valence electronic charge densities for three-layer (a)
Pd(100) and (b) Pt(100) slabs plotted on a plane perpendicular to
the surface and passing through nearest-neighbor surface atoms.
Dashed contours denote charge densities of 0.01, 0.02, and 0.03
a.u. , and solid contours denote charge densities of 0.04, 0.05,
and 0.06 a.u. T and 0 denote tetrahedral and octahedral inter-
stitial sites, respectively.

To understand NO chemisorption at high coverages, it
is useful first to examine the properties of free-standing
NO monolayers. Figure 5 summarizes the results of PSF
total-energy calculations for a variety of two-dimensional
NO layers with both square (1 X 1) and rectangular (2 X 1)
unit cells. In all cases, every NO molecule is aligned the
same way perpendicular to the layer. The abscissa in Fig.
5 is the nearest-neighbor distance in the two-dimensional
lattice. For each NO-NO spacing and symmetry con-
sidered, a series of total-energy calculations was per-
formed over a range of N—O bond lengths. The results
were fit to parabolas to determine the equilibrium bond
lengths, harmonic stretch frequencies, and ground-state
energies shown in panels (a) —(c) of the figure, respective-
ly. The calculated stretch frequencies assume that the en-
tire N and O planes move in unison, with possible disper-
sion effects ignored. The horizontal dashed lines in Fig. S
denote the experimental bond length and harmonic
stretch frequency for gas-phase NO.
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FIG. 6. Calculated density of states for a square 1X1 NO
monolayer with a NO-NO separation of 4.9 A. States are la-
beled by their dominant molecular-orbital component. EF is
the Fermi level, and the zero of energy is the potential infinitely
far from the N side. The results are broadened by 0.2 eV.

—3500
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3 4. 5
0

NO — NO Separation (A)

FICx. 5. Calculated (a) N—0 bond lengths, (b) N-O stretch
frequencies, and (c) total energies for square 1X 1 (filled circles)
and rectangular 2X 1 (open circles) NO monolayers as a func-
tion of the nearest-neighbor NO-NO separation. Dashed lines
in (a) and (b) are experimental values from Ref. 4.

As the NQ-NQ separation increases, the monolayer re-
sults must eventually saturate to the values the PSF
method would predict for an isolated NO molecule. This
saturation is already apparent in Fig. 5 at the largest sep-
arations it was practical to consider. The N—0 bond
length extrapolates to a value of roughly 1.12 A, which is
2.6% below the observed value of 1.15 A. The extrapo-
lated N-0 stretch frequency lies remarkably close to the—1observed frequency of 1876 cm

The calculated density of states for the 1 X 1 monolayer
with a 4.9-A NO-NO separation is shown in Fig. 6. Even
at this large spacing, the interactions between rnolecules
are strong enough to spread the NO molecular levels out
into bands. The most significant banding efFect occurs
for the NQ 2m' states, which are the most delocalize of
those shown. Each molecule contributes only one 2~*
electron, so the monolayer Fermi level lies near the bot-
tom of the 2~* band, which can accommodate up to four
electrons per molecule. The density of states associated
with this band exhibits one-dimensional singularities due
to the dominance of o. interactions between 2m* orbitals
a origlong the principal axes of the two-dimensional lattice. '

The 1~ band also exhibits such singularities, althoug
they are smeared together in Fig. 6 because of a 0.2-eV
b dening that was included in the calculations. Theroa en'n

11relative locations of the bands in Fig. 6 agree very we
with photoemission spectra for gaseous NO, and with
LDA results for an isolated NO molecule. The EHT

roononolayer calculations of Ref. 17, by contrast, give a
much larger separation between 40 and lm. bands (7.5 e )

and a much smaller separation between 50. and 2m*
bands (2 eV).

With decreasing NO-NQ separation, the banding
e6'ects become even more pronounced, and the total ener-
gy in ig.in Fig. 5 decreases due to delocalized metallic bond-
ing. At some point this energy must go back up due to
the Pauli repulsion between molecules, but the
minimum-energy spacing is smaller than any considered
here. The increased intermolecular bonding at smaller
spacings causes an elongation of the N—0 bond and a
d rease in the N-0 stretch frequency. This is consistentecrease n

76with bond-order-conservation arguments that suggest
that increased intermolecular bonding must be accorn-

anied by decreased intramolecular bonding. The samepanic
arguments account for the difFerences between the 1X1
and 2X1 monolayers since each NQ molecule in the
former has two more nearest neighbors than in the latter.
For comparisons to p(2X1) and c(2X2), 0=0.5 chem-
isorbed systems (cf. Fig. 1), the most relevant results in
Fi . 5 are those for 2 X 1 monolayers with the same latticeig. are
spacings as the metal surfaces (2.69—2.77 A) and for lx1
monolayers with spacings greater by a factor of 2 (i.e.,
3.80—3.92 A). Despite the similar densities, the NO-NO
interactions are stronger in the former case because of the
shorter minimum NO-NO separation. For either symme-
try, however, the direct NQ-NQ interactions are clearly
significant, and their inhuence on the chemisorbed sys-
tems may be difficult to separate from those of the metal.

V. CHENIISGRBED SYSTEMS

PSF calculations for p (2 X 1), 9=0.5 coverages of
linear NQ in twofold bridge and atop sites on Rh, Pd,
an d Pt (100) were performed for a range of N—0 bond

helengths, dwo, and metal —N bond lengths, dMN. T e
total-energy results were fit with smooth curves to deter-
mine the preferred values of these bond lengths and the
force constants kNO and kMN associated with N—0 and
metal —N bond stretching, respectively.
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TABLE II. Calculated N—0 and metal —N bond lengths
0

(dNo and dMN, respectively, in A) and the binding-energy
difference between atop and bridge (br) sites (AE„,„b„ in
eV/NO molecules) for 0=0.5, p(2X1) coverages of linear NO
on Rh, Pd, and Pt (100) surfaces. ML denotes results for a free-
standing NO monolayer at the same NO-NO separation as on
the corresponding metal surface.

dN0

dMN

(ML)
(br)
(atop)
(br)
(atop)

1.175
1.268
1.182
1.795
1.747
1.84

NO/Pd

1.256
1.168
1.772
1.760
2.91

NO/Pt

1.162
1.264
1.169
1.832
1.807
0.07

Table II lists the optimized bond lengths for the chem-
isorbed systems, together with the optimized N—0 bond
lengths for free-standing 2X1 NO monolayers with the
same spacings as on Rh and Pt. Compared to the mono-
layer results, the N—0 bond lengths increase slightly
upon adsorption in atop sites and increase by 8 —9%%uo

upon adsorption in bridge sites. The metal —N bond
lengths are also larger for bridge than atop sites. The last
row in Table II lists the energy differences between the
optimized atop- and bridge-site geometries. In all cases,
the bridge site is preferred, with the energy difference in-
creasing from nearly zero in Pt to nearly 3 eV/NO mole-
cule in Pd. A1though the magnitudes here may be sorne-
what overestimated, the predicted trend is qualitatively
consistent with vibrational studies of NO, which suggest
primarily bridge-site adsorption on Rh (Refs. 77—79) and
Pd, ' ' and both bridge- and atop-site adsorption
on Pt 33,83 —86

Most aspects of NQ chemisorption on transition-metal
surfaces are understandable within the Blyholder mod-
el, ' ' which was originally developed for CQ chem-
isorption. In this model, CO binds to metals because of o.

donation from the occupied CO 5o. level to unoccupied d
states and ~ backbonding from occupied d states to the
unoccupied CO 2~* level. Both these CO molecular or-
bitals have a larger amplitude on C, so the binding occurs
with the C side down. NQ chemisorption is very similar,
although NO has one more electron than CO, which
causes the 2~* level to lie lower in energy and to be par-
tially occupied even in an isolated molecule. NO also
differs from CO in that an electron in the 50. level is more
evenly distributed throughout the molecule. ' Both
these differences cause ~ backbonding to be more impor-
tant for NO than for CO chemisorption. The relative im-

portance of o. donation is further weakened in the sys-
tems considered here by the nearly filled d bands of Rh,
Pd, and Pt.

The dominance of m backbonding makes bridge-site ad-
sorption energetically favorable in these systems. The
2~ orbital of a NO molecule in a bridge site has more
occupied meta1 d states of appropriate symmetry with
which to interact; in addition, it couples primarily to
metal d states of antibonding character, which lie closer
to the Fermi level. ' Bridge-site adsorption thus results

in a greater occupancy of NO 2~* antibonding levels,
which in turn produces weaker and longer N—0 bonds
than atop-site adsorption. The much stronger preference
for bridge sites exhibited by Pd, compared to Pt, is a
consequence of the higher Fermi level, higher band
filling, and narrower d band of Pd. All these effects place
more occupied d states of appropriate symmetry for m

backbonding closer in energy to the NO 2m. * level. The
weak site preference in Pt is also due in part to its relativ-
istic nature, which enhances o. donation to unoccupied s
states, thus reducing the energy penalty for atop sites.
The value of AE, top b for Rh is intermediate between
that of Pd and Pt due to its intermediate bandwidth and a
competition between the effects of Rh's higher Fermi lev-
e1 and lower band filling.

In contrast to NO, CQ often adsorbs in atop sites on
Rh (Refs. 71 and 89) as well as on Pt. This dift'erence is
consistent with the weaker m backbonding and stronger o.

donation in CO discussed above. These trends are not
su%cient to overcome the strong promotion of m. back-
bonding on Pd(100), which makes bridge-site adsorption
favorable even for CO.

The present prediction that a half-monolayer of NO
preferentially occupies bridge sites on Rh(100) is con-
sistent with a previous EHT study of this system. ' The
more recent EHT calculations of Ward, Hoffmann, and
Shelef, ' however, reach a qualitatively different con-
clusion from the present work as to the strength of the
N—0 bond when chemisorbed on Pd and Pt. The calcu-
1ated overlap populations in that work suggest that the
N—0 bond is strengthened in both bridge and atop sites
on Pd and Pt (100). Here, by contrast, the predicted
bond lengths in Table II show a weakening (elongation)
of the N—0 bond on all three metals, especially in bridge
sites. The largest elongation does occur on Rh, but this
may simply be due to the smaller NQ-NQ separation,
which causes a similar trend in monolayer results. The
qualitatively different EHT prediction is most likely due
to the inaccurate EHT work functions in Table I; these
cause the NO 2~* electron to spill over almost complete-
ly into the Pd or Pt d band, thus increasing the N—0
bond strength by depopulating an antibonding level.
Clearly, in the more accurate and self-consistent PSF
method, this effect does not occur to any great extent,
and the NO 2~* states, if anything, gain in occupancy.

Further similarities between the chemisorption
behavior of NO on Rh, Pd, and Pt (100) are apparent
from e1ectronic structure results for the coupled systems.
Figures 7 and 8 show densities of states projected on NQ
orbitals for optimized atop- and bridge-site geometries,
respectively. The two figures differ significantly, but in
both cases the results for the three different metals are
nearly indistinguishable.

The low-energy 4o. peaks in Figs. 7 and 8 are largely
insensitive to the adsorption site. On all three metals this
peak lies below the d-band region and lies further below
the Fermi level than for an isolated NO monolayer (cf.
Fig. 6) because of interactions with unoccupied metal
states. The 4o. peak lies lowest in the case of Pt because
of the relatively strong o. donation in Pt discussed earlier.
The NO 5o.-derived states are also downshifted by ~
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donation on all three metals, with the efFect being larger
for atop sites. %'hereas in Fig. 6 the NO So. states lie
above the NO 1~ states, the two sets of states are largely
superposed in Fig. 8, and the NO 5o. states lie below the
NO 1~ states in Fig. 7. The other major difFerence be-
tween Figs. 7 and 8 occurs within +6 eV of the Fermi
level, where the states shown are derived primarily from

NO 2m. orbitals. For atop-site adsorption in Fig. 7 there
is a pronounced peak just above the Fermi level, with a
much smaller density of states elsewhere in the region.
For bridge-site adsorption in Fig. 8 there are two main
peaks at —2 to —3 eV and at +1 to +2 eV, with the
Fermi level lying near a density-of-states minimum. The
two peaks are a consequence of the strong m backbonding
at bridge sites, which give rise, respectively, to bonding
and antibonding combinations of 2~ orbitals and metal
d states.

The calculated NO-derived states in Fig. 8 are in excel-
lent agreement with photoemission ' and inverse
photoemission ' spectra for chemisorbed NO on a
variety of low-index Rh, Pd, and Pt surfaces. Photoemis-
sion spectra measured before and after NO adsorption
are remarkably consistent in showing the main NO-
induced features to lie between —14.8 and —14.5 eV, be-
tween —9.7 and —9.0 eV, and between —2.8 and —2.0
eV. Inverse photoemission spectra show the main NO-
induced feature on Pd(100) and Pd(111) to lie between
+1.5 and +1.8 eV. These features have generally been
correctly identified in the experimental studies, although
there has been some confusion over the appearance of
2m. * features in both occupied and unoccupied re-
gions. ' Figure 8 confirms that the NO 2m states are
indeed responsible for both features, although the NO
2m* states are everywhere strongly mixed with metal d
orbitals. Such strong hybridization has also been found
in most previous calculations for NO bonded to transi-
tion metals. ' ' INote, however, that in Fig. 7 of Ref.
17 the 2~ states are not strongly perturbed by adsorp-
tion on Pd and Pt (100) because the EHT parametrization
in that work places them too far above the Pd and Pt d
bands. ]

Because of the large role that vibrational spectroscopy
has played in determining NO adsorption
sites, ' ' * it is interesting to examine predictions
of the present PSF method for the N-O and metal-N
stretch frequencies, vNo and vMN, respectively. If one as-
sumes that these two modes are decoupled and that the
metal slab has infinite mass, the calculated force con-
stants kNO and EMN mentioned at the beginning of this
section yield the results in Table III. The values in
parentheses include the additional efFect of the mechani-

I
~ c

NO/Pt (bridge))
C3

I

c) NO/Rh NO/Pd NO/Pt

TABLE III. Calculated N-0 and metal-N stretch frequencies
(vNo and vMN, respectively, in cm ') for 0=0.5, p(2X1) cover-
ages of linear NO in bridge (br) and atop sites on Rh, Pd, and Pt
{100) surfaces. Main entries are uncoupled frequencies, and
values in parentheses include the coupling between the two
modes. ML denotes results for a free-standing NO monolayer
at the same NO-NQ separation as on the corresponding metal
surface.

—15 —'I 0 —5 0 5
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FICx. 8. Same as Fig. 7, but for bridge-site adsorption.

+MN

{ML)
(br)
{atop)
(br)
(atop)

1509
1537 (1735)
1771 (2037)
691 (612)
856 (744)

1411 {1512)
1757 (2004)
481 (449)
823 (721)

1590
1235 (1322)
1860 (2091)
420 (392)
823 {732)
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cal coupling between these modes, calculated using the
M~ ~ limit of the model of Ford and Weber. ' ' For
comparison, the first line in Table III lists the N-0
stretch frequencies for free-standing 2X1 NO mono-
layers with the same spacings as Rh and Pt.

The calculated N-0 stretch frequencies for atop sites
are significantly higher than those of either bridge sites or
isolated monolayers. Recall that the rnonolayer frequen-
cies are below that of gas-phase NO because of the lateral
coupling between molecules. This coupling is less
effective in the case of chernisorbed systems because of
the much stronger interaction between each molecule and
the metal (another example of a bond order conservation
effect ). The differences between N-0 stretch frequen-
cies for bridge and atop sites are due primarily to the
longer N—0 bonds at bridge sites (cf. Table II). The
metal-N stretch frequencies in Table III are also lower
for bridge sites, although the differences compared to
atop sites are too large to explairi in terms of bond-
length differences alone. The decrease in vM& from
Rh —+Pd~Pt for bridge sites is consistent with the trend
in metal-N bond strengths implied by the trend in metal
Fermi-level positions. The similar trend in vzo for bridge
sites is counterintuitive and most likely results from
differences in the amount of charge transfer and screen-
ing that occur, as well as the differences in clean metal
properties discussed in Sec. III. It is clear from an exam-
ination of PSF charges and potentials that the simple or-
bital interaction ideas discussed throughout this section
provide only a limited understanding of the self-
consistent electronic structures of chemisorbed systems.
Bridge-site adsorption, for example, leads to a significant
preferential increase in the charge around 0 atoms,
which can only be explained by allowing the NO orbitals
themselves to adjust to changes in the electrostatic poten-
tial.

Quantitatively, the results in Table III are not
sufficiently accurate to assist in the interpretation of ex-
perimental vibrational spectra. ' ' ' The metal-N
stretch frequencies, in particular, are much higher than
the 200—400-cm ' values usually observed for NO on
Rh, Pd, and Pt. This overestimate is probably a conse-
quence of our not allowing the metal atoms to relax; true
metal-N stretching vibrations undoubtedly involve the
concerted motion of several near-neighbor metal atoms
together with the NO molecule. The overestimates of
vM~ in Table III also lead to exaggerations of the effects
of the coupling between metal-N and N-0 stretching
modes. The predictions of v~o) 2000 cm ' for the cou-
pled vibrations of atop-site adsorbates are well above the
range (1650—1800 cm ') usually assigned to atop-site
NO on Rh, Pd, and Pt. The prediction that 1537
cm '&vzo& 1735 cm ' for bridge-site NO on Rh(100)
is in reasonable agreement with the experimental value of
1630 cm ' for 0=0.5 estimated from Ref. 77. The pre-
dicted values of vzo for bridge-bonded NO on Pd and Pt
(100), on the other hand, are well below the range usually
assigned to these species (1470—1700 cm ').

It should be noted, of course, that the usual practice of
interpreting the vibrational spectra of chemisorbed NO
based on comparisons to transition-metal nitrosyl com-

pounds has become increasingly questioned as more reli-
able methods for determining adsorbate structures have
become available. ' Although the present theoretical
method is not sufficiently quantitative, it does serve to il-
lustrate many of the complications that are unique to sur-
face adsorbates: e.g. , electrostatic' and bonding in-
teractions between molecules, metallic screening, and
competition for metal d electrons. These effects are
particularly important for understanding the significant
shifts that occur in vibrational frequencies with increas-
ing coverage. ' Assignments based on nitrosyl com-
pounds are also questionable because of the intrinsic
differences between NO bonding and the mechanical cou-
pling' ' between N-0 stretching and other vibrational
modes in compounds and on surfaces. Given the success
of density-functional theory, and the LDA in particular,
for calculating the vibrational properties of other sys-
terns, ' ' we expect that the inaccuracies in the present
calculations are primarily computational in nature and
not due to deficiencies in the underlying theory.

VI. CONCLUDING COMMENTS
The most striking aspect of the present results is the re-

markable similarity in predicted chemisorption behavior
for NO on Rh, Pd, and Pt (100). All three systems exhib-
it similar site preferences, bond lengths, and electronic
structures. With the possible exception of the stronger
metal-N coupling for Rh in Table III, there is very little
in these results to suggest why Rh is a more effective cat-
alyst for NO reduction than Pd or Pt. The situation is
certainly more complicated than the EHT conclusion of
Ref. 17 that the N—0 bond is weakened on Rh, but
strengthened on Pd and Pt. The present calculations do
not support this conclusion. They do, however, demon-
strate the superiority of the PSF-LDA approach over
that of EHT for calculating properties that are currently
testable against experimental data (e.g. , clean metal work
functions and bandwidths and adsorbate electronic struc-
tures).

Thus, while we are encouraged by the success of the
PSF-LDA description of NO chemisorption, the present
results do not succeed in explaining why Rh is particular-
ly well suited for NO reduction in automative catalysts.
Of course, any model based on single-crystal surfaces
cannot possibly treat the full complexities of practical
supported-metal catalysts in which the supports thern-
selves (in this case, alumina and other ingredients) in-
teract with highly dispersed metal clusters. NO reduc-
tion, in particular, is well known to be structure sensitive,
meaning that its behavior can be quite different in the
presence of single-crystal surfaces and supported-metal
particles. ' Even for single-crystal surfaces, however,
the present results do not explain why NO dissociates
more easily on Rh than on Pd or Pt; to understand this,
one would need to perform additional calculations for
bent NO and for atomic N and 0 adsorbates. Such cal-
culations would be cumbersome with the present ap-
proach, but may soon be tractable with one of the first-
principles (LDA) molecular-dynamics methods that is be-
ing developed to treat transition-metal systems. '

Such methods would also be better suited for further
study of the NO-NO coupling mechanism proposed in
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Ref. 17. As this mechanism would naturally explain the
strong selectivity of Rh-based catalysts for N2 instead of
NH3 products, it deserves to be tested with a more so-
phisticated method than EHT.
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