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A density-functional theory study of the interaction of N 2O with Rh „110…
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~Received 29 June 2004; accepted 18 October 2004; published online 3 January 2005!

The adsorption of nitrous oxide, N2O, on a Rh~110! surface has been characterized by using
density-functional theory. N2O was found to bind to the surface in two alternative forms. The first,
less stable form is tilted with the terminal N atom attached to the surface, while the second, more
stable form lies horizontally on the surface. Adsorption on the on-top site is more stable than that
on the bridge site. The tilted form remains linear on adsorption, while the horizontal form is bent,
with the terminal-nitrogen and oxygen atoms pointing towards the surface. At lower adsorbate
coverage,U&1/4 ML ~ML—monolayer!, the adsorption of a few horizontal N2O configurations is
dissociative, i.e., N2O→N2(a)1O(a). The N2O-surface interaction is discussed in terms of the
electronic structure analysis. ©2005 American Institute of Physics.@DOI: 10.1063/1.1829652#
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I. INTRODUCTION

Nitrous oxide, N2O, is an intermediate in the removal o
NOx on automobile three-way catalysts. Furthermore, N2O
itself is harmful and yields a remarkable greenhouse eff
Therefore its decomposition on noble metals has attra
much attention, because these metals are good catalyst
N2O is the main byproduct in this process.1 In particular,
much attention have been given to the decomposition of N2O
on rhodium surfaces, because rhodium is one among the
catalysts for removing nitrogen oxides.2 Despite the impor-
tance of this system, the interaction of N2O with rhodium
surfaces is not yet well understood. Peculiar inclined N2 de-
sorption observed recently on some fcc~110! surfaces3–12 is
expected to provide further insight. On a Rh~110! surface,
the nitrogen molecules produced during the thermal disso
tion of N2O were detected to desorb in inclined bidirection
lobes in a plane along the@001# direction.10,12 The collima-
tion angle was about 70°, which is larger than 43°–50° fou
on Pd~110!.7 Recent report of N2O adsorption on a clean
Rh~110! showed significant dissociation to N2(a) and O(a)
at temperatures around 60 K@whereX(a) refer to adsorbed
X species, this notation will be used hereafter# at small N2O
exposures,13 indicating that the dissociation barrier is rath
small.

Computational studies of N2O adsorption on transition
metal surfaces are very scarce.14–17 Instead, several author
have reported on the interaction and decomposition of N2O
with transition metal atoms18–20 or small clusters.21 Burch
et al.22 studied the formation of N2O via the NO1N reaction
on Pt~111! surface using density-functional theory~DFT!,
but the adsorption of N2O was not discussed. Bogicevic an
Hass23 performed DFT study of NO pairing and transform
tion to N2O on Cu~111! and Pd~111!. They briefly mentioned
that N2O is preferentially adsorbed on the on-top site, b
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geometry of the adsorbed N2O was not discussed. To the be
of our knowledge, the interaction of N2O with Rh surfaces
~or atoms! has not yet been studied by computational fir
principle methods. For this reason we have undertake
DFT study of N2O adsorption on Rh~110! surface. Since
very little is known about the nature of the N2O chemical
bonding with transition metal surfaces, we discuss in t
work to some depth the electronic factors that govern
adsorption phenomenon.

The structure of the adsorbed N2O is an important ingre-
dient to provide an explanation of the mechanism of
above-mentioned peculiar N2 desorption. Moreover, the
structure of N2O(a) immediately before dissociation can b
studied only by means of theoretical calculations. In our p
vious contributions14,15 we studied the adsorption structure
of N2O on Pd~110!. In this paper we report on a detaile
first-principle density-functional study of the geometry a
orientation of N2O(a) on Rh~110! at coverages ranging from
1/6 to 1 monolayer~ML !.

II. COMPUTATIONAL METHOD

All calculations were performed with the DFT using th
generalized gradient approximation~GGA! of Perdew–
Burke–Ernzerhof~PBE!.24 Nuclei and core electrons wer
described by ultrasoft pseudopotentials.25,26 The Kohn–
Sham orbitals were expanded in a plane-wave basis set
a kinetic energy cutoff of 27.5 Ry~220 Ry for the charge-
density cutoff!. Brillouin zone ~BZ! integrations have been
performed with the Gaussian-spreading special-po
technique27,28 with a smearing parameter of 0.03 Ry. Calc
lations have been done using the PWSCF package,29 while
molecular graphics were generated by the XCRYSD
~Refs. 30 and 31! graphical package.

The perfect Rh~110! surface was modeled by period
cally repeated slabs consisting of five~110! layers and
vacuum region of 12.5 Å. N2O molecules were adsorbed o
one side of the slab~by using the stated vacuum thickne
708-1 © 2005 American Institute of Physics
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TABLE I. Surface energiess, work functionsf, relaxations of the first layerDd12 , second layerDd23 of a
Rh~110! surface, andNlayers number of layers in the slab.

Nlayers

s
~eV/atom!

s
~eV/Å2!

f
~eV!

Dd12

~%!
Dd23

~%!

Present work 5 1.55a 0.146a 4.62 212.0 13.6
7 1.59a 0.150a 4.72 210.1 13.5
9 1.58a 0.149a 4.57 29.4 11.1
11 4.53 210.3 12.1

7,9,11 1.60b 0.150b

GGA FP-LAPWc 7 1.43 0.138 4.59 29.2 12.1
Experiment 1.69d 0.17d 4.98e 26.961.0f 11.961.0f

aSurface energies estimated by equations51/2$Eslab(N)2N/2@Eslab(11)2Eslab(9)#%.
bSurface energy calculated by fitting the equationEslab(N)52s1NEbulk .
cReference 38.
dData from Ref. 39,s corresponds to an ‘‘average’’ high-index surface.
eData from Ref. 34.
fData from Ref. 35.
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the N2O molecules are more than 8 Å away from the adja-
cent slab!. N2O adsorption was modeled at 1, 1/2, 1/3, 1
and 1/6 ML coverages and~231!, ~331!, ~431!, ~232!,
~332!, c~232!, and c~234! supercells were used. The B
integrations were performed with a 535, and 333 uniform
shiftedk mesh32 for the c~232!, and c~234! primitive super-
cells, respectively, while for~231!, ~331!, ~431!, ~232!,
and ~332! supercells the 436, 336, 236, 433, and 333
uniform shiftedk meshes were used, respectively. The cal
lated bulk lattice parameter was used as the in-plane la
spacing. The spacing of the bottom three layers of the s
was fixed at the bulk interplane spacing, whereas the ge
etries of the top two layers and N2O molecule were fully
optimized using the Broyden-Fletcher-Goldfarb-Shan
algorithm33 with analytically calculated forces according
Hellmann-Feynmann theorem. In all the optimized syste
the forces acting on the atoms, which were allowed to re
are below 1023 Ry/a0 .

The binding energyEb of adsorbed N2O was calculated
as Eb5(ERh(110)1EN2O)2EN2O/Rh(110), where ERh(110),
EN2O, andEN2O/Rh(110) are the potential energies of the pu
substrate, the isolated N2O molecule, and the N2O/substrate
adsorption system, respectively. With this definition, posit
binding energies indicate stable adsorption.

III. RESULTS

A. Isolated constituents: Bulk Rh, Rh „110… surface,
and the N 2O„g …

The experimental lattice parameter of bulk rhodium
3.80 Å,34 whereas our GGA calculations yield 3.87 Å—a
overestimation of 2%. This agrees with the results obtai
by the other GGA pseudopotential calculations, 3.85 Å~Ref.
36! and 3.87 Å.37 The lattice parameter predicted by GG
full-potential linearized augmented-plane-wave~FP-LAPW!
method is 3.83 Å.38 Our GGA calculated bulk modulus i
250 GPa, while experimental value is 269 GPa.40 This agrees
with the results obtained by the FP-LAPW method, 2
GPa,38 and other pseudopotential calculations, 244 GPa~Ref.
36! and 251 GPa.37
r 2006 to 133.87.26.100. Redistribution subject to AIP
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The properties of the clean Rh~110! surface have been
calculated using 5-, 7-, 9- and 11-layer slabs with a 131
surface geometry and the BZ integrations were performed
836 uniform shiftedk-mesh. All the layers have been re
laxed symmetrically for these calculations. The surface
ergy s was estimated~i! by applying the Boettgerlike
equation,41 s51/2$Eslab(N)2N/2@Eslab(11)2Eslab(9)#%,
and ~ii ! by fitting the slab potential energiesEslab(N) for N
57, 9, 11 to the equationEslab(N)52s1NEbulk , whereN
and Ebulk stand for number of layers in the slab and bu
energy, respectively. The work functionf was calculated as
the difference between the average electrostatic potentia
the vacuum and the Fermi level. The calculated propertie
the clean Rh~110! surface are reported in Table I. Our GG
calculations yields51.60 eV/atom50.15 eV/Å2 andf54.6
60.1 eV. The relaxations of the firstDd12 and secondDd23

layers are21061% and 1261%, respectively, while ex-
perimental values areDd12526.961.0% andDd23511.9
61.0%.

The N2O molecule is an anomalous member ofAB2

family of triatomic molecules, as it has asymmetric arrang
ment of its nuclei, i.e.,A–A–B. For the ease of discussio
we define the symbolsNt and Nc which stand for the
terminal- and the central-nitrogen atoms, respectively.
the N2O molecule in the gas phase our calculations predi
linear geometry with a nitrogen-nitrogen distance (dNN) of
1.142 Å, and a nitrogen-oxygen distance (dNO) of 1.210 Å,
which agree with the B3LYP~Becke-3 Lee-Yang-Parr! cal-
culated distances~1.134 and 1.193 Å, respectively!.42 The
experimental values are 1.128 Å fordNN and 1.184 Å for the
dNO distance.34

B. Adsorption structures and energies

Several possible configurations of molecular adsorpt
on the Rh~110! surface were examined in order to determi
the orientation and site preference of the N2O molecule. In
particular, the adsorption was modeled by attaching the N2O
molecule either with the terminal nitrogen~hereafter labeled
asNt bonded!, the central nitrogen (Nc bonded!, or the ter-
minal oxygen atom~O bonded! to the surface, and by placin
the molecule horizontally on the surface so that its termi
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 1. Top and side views of opti-
mized N2O/Rh(110) structures for
c~232! supercells representing 1/2 ML
coverage. Larger balls are Rh atom
while smaller gray~dark-gray! balls
are N ~O! atoms.
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nitrogen and oxygen atoms are interacting with the subst
atoms ~hereafter designated ashorizontal form!. The hori-
zontal forms will be labeled assite1(Nt)-site2(O), meaning
that theNt atom is pointing toward thesite1 site and O atom
toward thesite2 . TheNt and O atoms can point either to th
same type of site, i.e., on-top(Nt) –on-top~O! or bridge
(Nt) –bridge~O!, or to different type of site, i.e., on-top
(Nt) –bridge~O! or bridge(Nt) –on-top~O!. For brevity, the
on-top(Nt) –on-top~O! or bridge(Nt) –bridge~O! forms will
be referred shortly as on-top and bridge, respectively.

1. Molecular and dissociative adsorption of N 2O

Calculations indicate that the N2O(a) binds to the sur-
face in two forms. The first, less stable form is linear a
tilted with the terminal N atom attached to the surface. T
dNN anddNO distances are almost unchanged on adsorpt
Precise estimation of the tilt angle is difficult due to t
flatness of the potential energy surface. The second, m
stable form lies horizontally on the surface and is bent, w
the terminal nitrogen and oxygen atoms pointing toward
surface. ThedNN and dNO distances are longer than in th
tilted structures. The optimized tilted and horizontal N2O(a)
structures at 1/2 ML coverage are shown in Fig. 1. Here,
horizontal molecular structures are oriented along the@001#
Downloaded 08 Mar 2006 to 133.87.26.100. Redistribution subject to AIP
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direction. The binding energiesEb and structural parameter
of N2O adsorbed on the on-top and bridge sites for the t
forms are listed in Table II. These adsorbed structures
analogous to those found previously on a Pd~110! surface.15

However, on Rh~110! the horizontal form is more stable b
0.2–0.3 eV than the tilted one, while their stabilities o
Pd~110! are very similar, theEb being;0.4 eV. Hence, N2O
binds more strongly to the Rh~110! surface, which is not
surprising as Rh has less occupiedd bands. Adsorption on
the on-top sites is energetically favorable on both surfa
and the bridge configurations are less stable.

An interesting result is that at lower adsorbate covera
U&1/4 ML the adsorption of horizontal bridge form is dis
sociative, namely, the N2O decomposes to N2(a)1O(a)
during the geometry optimization calculation, presuma
due to the absence of a dissociation barrier, leading to
sorbed nitrogen molecule and O(a).

The adsorption of horizontal N2O(a) was modeled ori-
ented either along the@001#, @11̄0#, or @11̄2# direction.
Binding energies and structural parameters of various h
zontal forms are reported in Table III, while top and si
views of optimized structures are shown in Fig. 2. T
N2O(a) oriented along@001# was predicted to be more stab
than that oriented along the@11̄0# direction, theEb being
n

TABLE II. Calculated binding energiesEb and structural parameters of the tilted and horizontal N2O(a)
moieties oriented in the@001# direction. The labelsdRhN, dNN , dNO , anddRhO stand for the distances betwee
the corresponding atoms.

Site Moiety Super cell
Coverage

~ML !
Eb

~eV!
dRhN

~Å!
dNN

~Å!
dNO

~Å!
dRhO

~Å!

On-top Tilted c~232! 1/2 0.53 2.03 1.15 1.22
c~234! 1/4 0.53 2.04 1.15 1.22

Horizontal c~232! 1/2 0.71 1.98 1.19 1.30 2.11
c~234! 1/4 0.82 1.96 1.20 1.33 2.08

Bridge Tilted c~232! 1/2 0.25 2.23 1.16 1.22
c~234! 1/4 0.24 2.22 1.16 1.22

Horizontal c~232! 1/2 0.42 2.13 1.22 1.39 2.20
c~234! 1/4 Dissociates to N2(a)1O(a)

N2O(g) 1.14 1.21
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE III. Calculated binding energies and structural parameters of the various horizontal N2O(a) forms,
oriented in the@001#, @11̄0#, and@11̄2# directions, or placed on the surface ‘‘asymmetrically’’—the terminalNt

and O atoms pointing toward the top~bridge! and bridge~top! site, respectively. The ‘‘asymmetric’’ forms are
labeled as bridge(N) t) –on-top~O! and on-top~O!—bridge(Nt). Other labels have the same meaning as in Ta
II.

Supercell
Coverage

~ML ! Moiety Orientation
Eb

~eV!
dRhN

~Å!
dNN

~Å!
dNO

~Å!
dRhO

~Å!

c~234! 1/4 On-top horizontal @001# 0.82 1.96 1.20 1.33 2.08
On-top horizontal @11̄2# Dissociates to N2(a)1O(a)
Bridge(Nt) –on-top~O! Asymmetric 0.67 2.03/2.15 1.24 1.32 2.11
On-top(Nt) –bridge~O! Asymmetric Dissociates to N2(a)1O(a)

~331! 1/3 On-top horizontal @11̄0# 0.60 1.97 1.20 1.36 2.05
~332! 1/6 On-top horizontal @11̄0# 0.65 1.97 1.21 1.37 2.05
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0.82 and 0.65 eV, respectively, while the adsorption
@11̄2#-oriented molecule is dissociative, namely, the geo
etry optimization calculation leads to dissociat
N2O(a)—presumably due to the absence of a dissocia
barrier or at least very small and narrow barrier—resulting
N2(a) and O(a). The molecule was also placed on the s

FIG. 2. Top and side views of optimized horizontal N2O(a) structures ori-
ented along the@001# and @11̄0# directions and asymmetric bridg
(Nt) –on-top~O! form.
r 2006 to 133.87.26.100. Redistribution subject to AIP
f
-

n
o
-

face ‘‘horizontally-asymmetric,’’ i.e., it bridged atomi
troughs of the substrate that are extending in the@11̄0#
direction and one of the terminal atoms (Nt or O! of the
molecule was pointing toward the on-top site, while t
other toward the bridge site, i.e., on-top(Nt) –bridge~O! and
bridge(Nt) –on-top~O! structures. The calculatedEb of
bridge(Nt) –on-top~O! structure is 0.67 eV. This structure
therefore less stable than the horizontal on-top struc
oriented in the @001# direction. Note that the bend o
bridge(Nt) –on-top~O! structure is somewhat peculiar as th
molecule is not bent only toward the surface, but also la
ally ~see Fig. 2!. The adsorption of the other ‘‘asymmetric
structure, on-top(Nt) –bridge~O!, is predicted to be dissocia
tive—a prediction similar to that for the@11̄2#-oriented mol-
ecule.

2. ‘‘In-phase’’ versus ‘‘out-of-phase’’ tilt

The N2O(a) molecules can be considered tilted either
the same direction, i.e., in-phase tilt, or tilted such that ad
cent molecules point in opposite direction, i.e., out-of-pha
tilt. As the coverage of the admolecules increases
molecule-molecule lateral distances are becoming sma
and the lateral molecule-molecule interactions more imp
tant. The out-of-phase tilt provide a packing where the ad
cent molecules are avoiding each other better than the
phase tilted molecules~see Fig. 3!. The calculations indicate
that at full monolayer coverage, the out-of-phase tilting co
figuration is more stable than the in-phase one, theEb being

FIG. 3. Top-view of the ‘‘in-phase’’ and ‘‘out-of-phase’’ tilting N2O(a)
configurations at 1 ML coverage.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE IV. ‘‘Out-of-phase’’ vs ‘‘in-phase’’ on-top tilted N2O(a): calculated binding energies and structur
parameters. Full monolayer coverageU51 ML has been modeled by placing two molecules in a~231!
supercell, while forU51/2 ML two molecules were placed inside the~431! supercell. The labels have the sam
meaning as in Table II.

Site and moiety Supercell
Coverage

~ML ! Tilt
Eb

~eV!
dRhN

~Å!
dNN

~Å!
dNO

~Å!

On-top tilted ~231! 1 In-phase 0.23 2.04 1.15 1.22
Out-of-phase 0.39 2.03 1.15 1.22

~431! 1/2 In-phase 0.54 2.04 1.15 1.22
Out-of-phase 0.54 2.04 1.15 1.22
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0.39 and 0.23 eV, respectively. However, already at 1/2
coverage the difference inEb between the two tilting con-
figurations become insignificant. Table IV summarizes
binding energies and structural parameters of in-phase
out-of-phase tilted configurations at 1/2 and 1 ML covera

3. Less stable and unstable N 2O(a) forms

Calculations indicate that the N2O cannot adsorb on th
Rh~110! surface with the central-nitrogen atom—such an
teraction is predicted to be repulsive.

The calculations also predicted a highly tilted N2O form
adsorbed to on-top site and attached to the surface via
oxygen atom~see Fig. 4!, with very small binding energy o
0.15 eV and large oxygen-surface distance of 2.5 Å@note
that for the on-top tilted N2O(a) adsorbed via theNt atom,
the Nt-surface distance is only 2.03 Å#. Such a weakly oxy-
gen bonded and highly tilted N2O form is also predicted on
Pd~110!.43 The Eb for the highly tilted O-bonded molecul
adsorbed on the bridge site is similar, 0.12 eV. Results for
O-bonded N2O(a) forms are summarized in Table V. Thes
tiny binding energies for the O-bonded molecules are co
parable with energies given by dispersion forces, moreo
the molecule-surface distances are quite large. At such l
distances the dispersion forces are expected to be impor
and hence the DFT predictions less reliable. Whether th
GGA predicted energies are meaningful is questionable,
cause GGA is not able to describe the dispersion interacti
In our previous study,16 we calculated the interaction be
tween N2O and a single Pd atom—the N2O was bonded with
the oxygen atom to palladium. The current DFT impleme

FIG. 4. Side view of the optimized highly tilted N2O(a) structure adsorbed
with O atom to the on-top surface site.
r 2006 to 133.87.26.100. Redistribution subject to AIP
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tation predicted the binding energy of 0.28 eV, while t
binding energy predicted by the second-order Møller-Ples
perturbation theory44 was virtually zero.

IV. DISCUSSION

A. Stable adsorption and dissociation of N 2O

Calculations predict the attractive adsorbate-substrate
teraction when the molecule is adsorbed in a tilted confi
ration bonded to the surface with theNt atom, or lying hori-
zontally on the surface. At lower adsorbate coverageU&1/4
ML the adsorption of some horizontal N2O configurations is
predicted to be dissociative, i.e., N2O→N2(a)1O(a).

The geometry of the tilted N2O(a) is linear and intramo-
lecular distances are almost unchanged on adsorption. In
case of horizontal N2O(a), the geometry is not linear bu
bent, with theNt and O atoms pointing toward the surfac
The dNN and dNO distances are greater than in the tilte
structures—an indication of larger charge backdonation i
the antibonding 3p molecular orbital. This charge backdon
tion is evidenced in the projected density of states45 ~PDOS!
plots shown in Fig. 6, and by integrated local density
states46 ~ILDOS! plots of Fig. 8. This issue will be describe
in more detail below~see Sec. IV B!.

The geometry of adsorbed N2O on transition metal sur-
faces has not been widely studied experimentally~see recent
review of Zeigarnik47 or Matsushima48!. It has been pro-
posed that N2O adsorbs via the terminal nitrogen atom in
inclined49–52 or upright49,53,54 form. The inclined form was
proposed on the basis of vibrational spectroscopy work
Ru~001! ~Ref. 49! and Pt~111!,50 NEXAFS ~near edge x-ray
absorption fine structure spectroscopy! analysis on Ni~111!
~Ref. 51! and Cu~100!,52 and also use of the kinetic isotop
effects approach to polycrystalline Cu.55 However, the angle
of tilt is still unclear from experimental work, because the

TABLE V. Highly tilted N2O(a) forms adsorbed with the oxygen atoms
the surface, i.e., O-bonded forms: calculated binding energies and struc
parameters. The labels have the same meaning as in Table II.

Site Moiety Supercell
Coverage

~ML !
Eb

~eV!
dRhO

~Å!
dNN

~Å!
dNO

~Å!

On-top Tilted O-bonded c~232! 1/2 0.15 2.5 1.14 1.22
c~234! 1/4 0.15 2.5 1.14 1.22

Bridge Tilted O-bonded c~232! 1/2 0.12 3.15 1.14 1.21
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 5. ~Color! Charge density differenceDn(r )5nN2O/Sub(r )2@nSub(r )2nN2O(r )# for the horizontal on-top, andNt and O bonded tilted on-top

c(234) – N2O/Rh(110) structures. The contours are drawn in linear scale from20.01e/a0
3 to 0.01e/a0

3, with the increment of 0.002e/a0
3. The charge flows

from blue to red regions.
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are difficulties in NEXAFS analysis which would provid
the most reliable orientation~see discussion section in ou
previous study, Ref. 15!.

Very recent NEXAFS measurements of N2O on Pd~110!
at around 60 K suggest that a majority of N2O is in a hori-
zontal form oriented along the@001# direction and a minor
amount is standing,56 while no anisotropy was found in
NEXAFS spectra on Rh~110!, i.e., neither@001# oriented, nor
@11̄0# oriented N2O nor the standing form was excluded.13

The N2O(a) forms as predicted by the DFT-GGA calcul
tions for Pd~110! ~Ref. 15! seem to be in agreement wit
these NEXAFS measurements, while the analogous N2O(a)
forms on Rh~110! predicted in this work are contradicting th
NEXAFS results, namely, calculations indicate the@001# ori-
entation of the horizontal form is more stable than the sta
ing and@11̄0#-oriented horizontal form.

In order to reconcile the above mismatch between
NEXAFS results and DFT-GGA predictions of N2O/Rh(110)
we pass the discussion to the molecular versus dissocia
adsorption of N2O. In recent N2O/Rh(110)
experiments10–13,57a significant amount of dissociated N2O,
i.e., N2(a)1O(a), was observed already at a temperatu
below 100 K. The NEXAFS measurements13 indicate the
dissociative N2O adsorption takes place already at tempe
ture around 60 K. These findings suggest that for so
N2O(a) configurations the dissociation barrier must be ve
low. The DFT-GGA calculations indicate that indeed som
forms of horizontal N2O(a) dissociate readily~i.e., during
the geometry optimization the N2O is decomposed to N2(a)
and O(a) presumably due to the absence of a dissocia
barrier or at least very narrow and small dissociation barri!.
A similar dissociative behavior of N2O was also predicted by
Orita and Itoh—using DFT-GGA calculations—on step ed
sites of Ni~755! surface.17 Our preliminary constrained
optimization calculations, where the N–O distance was s
wise increased and all the other degrees of freedom w
optimized, indicate that the dissociation barrier for the m
stable@001#-oriented horizontal N2O(a) form is very small.
At 1/2 ML coverage it is;0.15 eV, and is expected to b
even smaller at lower coverage. This might indicate that
@001#-oriented horizontal N2O(a) is prone to dissociate al
ready at temperature at which the NEXAFS spectra w
recorded. The most remarkable difference in NEXAFS m
surements between Pd~110! and Rh~110! is in the amount of
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coadsorbed oxygen. At surface temperature of 60 K, no Oa)
was detected on Pd~110!, while about 20% of incident N2O
released O(a) on Rh~110!.57 At present, it is not known how
this O(a) affects the orientation of N2O(a).

B. Electronic structure of adsorbed N 2O

Since very little is known about the nature of the N2O
chemical bond with transition metal surfaces, the electro
factors that govern the adsorption phenomenon are discu
below.

We start the discussion of the electronic structure
observation that the oxygen-surface distance of the horiz
tal N2O(a) form ~2.1 Å for the on-top structure! is substan-
tially shorter than 2.5 Å predicted for the O-bonded on-t
tilted structure. Such short oxygen-surface distance is a c
indication that the horizontally adsorbed molecules also
teract with the surface through the oxygen atom. This c
clusion is supported by the accumulation of the charge in
Rh–O bonding region—as seen from the charge density
ferenceDn(r )5nN2O/Sub(r )2@nSub(r )1nN2O(r )# displayed
in Fig. 5—and is further evidenced by the ILDOS plots
Fig. 8. ThenN2O/Sub(r ), nSub(r ), andnN2O(r ) are the electron
charge density distributions of the N2O-on-substrate, clean
substrate, and N2O, respectively. Compare, for exampl
charge accumulated between oxygen and surface for
horizontal and O-bonded tilted structures. Clearly, as s
from Fig. 5, such accumulation is substantial only for t
former structure. TheDn(r ) plots in Fig. 5 show that the
redistribution of the charge on adsorption is larger for t
horizontal form than for theNt-bonded tilted form. The
charge redistribution of the O-bonded tilted form is t
smallest, thus being consistent with a very tiny predic
adsorption energy.

Now we describe in more detail the PDOS plots of F
6, where PDOS is projected to N2O molecule and to the
surface Rh atoms that interact with the N2O molecule for the
tilted on-top and horizontal on-top c(234) – N2O/Rh(110)
structures. An analogous PDOS plot is also shown for
‘‘noninteracting’’ system, where the N2O is located;6 Å
above the surface. Fermi level is chosen as the zero en
level for these plots. The molecular-derived peaks are labe
by corresponding molecular-orbital symmetries. To help
interpretation of the figure, we plotted the molecular valen
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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and LUMO ~lowest-unoccupied-molecular-orbital! states of
the isolated molecule in Fig. 7, while the visualization
molecular states of the interacting molecule is utilized by
ILDOS plots shown in Fig. 8. The valence molecular 4s and
5s states lie more than 10 eV below the 6s state and are no
shown in Figs. 6, 7, and 8. By comparison of the two PD
plots of interacting structures with that of the noninteract
one, we see that the PDOS of the tilted structure is affec
far less by adsorption than the PDOS of the horizontal fo
Although the symmetry of the horizontal N2O is reduced
from C`v to CS , and thep orbitals are split into correspond
ing a8 and a9 states, we will still refer—for the ease o
discussion—to thes and p orbital notation of linear N2O.
The only noticeable differences of the PDOS of the tilt
structure compared to the noninteracting structure is a
nificant downshift of 7s molecular orbital and broadening o
the 3p LUMO state. For the horizontal on-top structure t
7s orbital is also downshifted. The 1p orbitals are slightly
split ~see a double peak! and upshifted so significantly tha
the change in the relative order of the 1p and 7s states
occurs. The 2p ~i.e., 9a8 and 2a9) and 3p ~i.e., 10a8 and
3a9) states are substantially broadened. There is a signifi
contribution of the molecular states in between thep
HOMO ~highest-occupied-molecular-orbital! and 3p LUMO
peaks. As revealed by the ILDOS plots depicted in Fig.
this contribution is composed of molecular states of thep
and 3p character that are coupled with the substrated states
~see ILDOS plot labeled as 2p13p!. The 3p spill all the

FIG. 6. Density of states projected~PDOS! to the N2O molecule and to the
surface Rh atoms, labeled as Rhsurf that interact with the N2O molecule. The
top panel shows the PDOS for the ‘‘noninteracting’’ system~i.e., the N2O is
located;6 Å above the surface!, the middle panel shows the PDOS of th
tilted on-top structure, while the bottom panel shows the PDOS for
horizontal on-top c(234) – N2O/Rh(110) structure. The characters of th
derived molecular peaks of N2O are also shown~labeling of the molecular
states refer to the gas phase N2O). Fermi level is chosen as the zero ener
level for these plots and is indicated by a vertical solid line. The PDOSs
Gaussian broadened with a broadening parameter of 0.15 eV.
Downloaded 08 Mar 2006 to 133.87.26.100. Redistribution subject to AIP
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way down to the 2p peak, as can be recognized from th
ILDOS plot for the 2p energy window. The 3p-related fea-
tures present below the Fermi level are a clear indication
the substrate charge backdonation into the molecularp
LUMO level.

Now we compare the tilted O-bonded form with th
horizontal N2O(a) form. It is interesting that the O-tilted
form is not able to form a bond with the surface, while the
atom interacts readily with the surface in the horizontal for
The latter is demonstrated by theDn(r ) plot of Fig. 5, the
ILDOS plot of Fig. 8, and the PDOS plots shown in Fig.
where the molecular PDOS is decomposed into the PD
projected toNt and O atoms. There is significant contributio
of O-projected density of states~DOS!, starting near the bot-
tom of the substrated bands and continuing to the Ferm
level—an indication of ‘‘through oxygen’’ N2O-surface inter-
action. In fact, the coupling of the molecularp states with
the metald states is more pronounced in the DOS projec
to O than toNt atom. Despite that, the O-surface interacti
is effective only for the horizontal form and not for the tilte
O-bonded form.

V. CONCLUSIONS

The adsorption structures of N2O on Rh~110! predicted
by DFT within the GGA approximation have been charact
ized in detail. As the main result two stable forms of N2O(a)
were found. The first, less stable form is tilted with the te
minal N atom attached to the surface, while the second, m
stable form lies horizontally on the surface. Adsorption
the on-top site is preferable for both forms. The tilted for
remains linear on adsorption with the intramolecular d
tances almost unchanged. On the other hand, the horizo
form is bent, with the terminal-nitrogen and oxygen atom

e

re

FIG. 7. ~Color! Plots of calculated square modulus of valence and LUM
molecular orbitals of the gas phase N2O moleculeuf i(r )u2. Contours are
drawn in a logarithmic scale~five contours from 1025e/a0

3 to 1021e/a0
3) and

plots are colored rainbowlike~the magnitude of the plotted orbitals increas
from red to violet!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 8. ~Color! Contour plots of integrated local density of states~ILDOS! for the on-top tilted and horizontal c(234) – N2O/Rh(110) structures. Five
contours are drawn in logarithmic scale from 1021e/a0

3 to 1025e/a0
3. The magnitude of the plotted increases from red to violet in rainbow fashion. Each sh

ILDOS is associated with a given energy window—Fermi level is chosen as the zero energy—as written above each plot~refer to corresponding PDOS plot
of Fig. 6!.
ce
c

s
u-

in
ting

ge
pointing towards the surface. The intramolecular distan
are greater than in the tilted form due to larger charge ba
donation into the antibonding 3p molecular orbital as evi-
denced by the electronic structure analysis.

At high coverageU;1 ML the adjacent tilted molecule
point in opposite direction, i.e., out-of-phase tilting config
Downloaded 08 Mar 2006 to 133.87.26.100. Redistribution subject to AIP
s
k-
ration, while already at 1/2 ML coverage the difference
binding energy between the out-of-phase and in-phase til
configurations is insignificant.

An interesting result is that at lower adsorbate covera
U&1/4 ML the adsorption of some horizontal N2O forms is
dissociative, i.e., N2O→N2(a)1O(a). This is presumably
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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due to the absence of dissociation barrier or at least v
narrow and small dissociation barrier.

The undissociated horizontal form is preferentially o
ented along the@001# direction and thus bridging atomi
troughs of the surface extending in the@11̄0# direction.
However, calculations indicate that also this N2O(a) form is
prone to dissociate, namely, the corresponding dissocia
barrier is rather small;0.15 eV at 1/2 ML coverage and i
expected to be even smaller at lower coverage. There
further calculations are required to address~i! the stability
and dissociation of the horizontal N2O(a) forms, ~ii ! the
effect of coadsorbed O(a) that is released during the decom
position of N2O, and~iii ! to provide a mechanistic insigh
into the peculiar inclined N2 desorption observed experime
tally during the thermal dissociation of N2O.58,59
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