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Adsorption-Induced Bending of a Triatomic Molecule: Near-Edge X-Ray Absorption Fine-
Structure Spectroscopy Investigation of NO Adsorbed on Different Ni(111) Surfaces
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A monolayer of NO/Ni(111), a submonolayer species, and a monolayer e®Mi(111) +
O p[2 X 2] were studied using near-edge x-ray absorption fine-structure spectroscopy. From the
polarization dependence we derive bentONmolecules for the monolayer species whereas the two
other species remain linear upon adsorption. Using Xhescattered-wave method the polarization
dependence of the three* resonances was calculated explicitly for linear and bes® Mholecules.
The calculations reproduced the experimental results quantitatively, yielding a bond arigte® ¢ér
the monolayer species. [S0031-9007(96)00447-4]

PACS numbers: 68.35.Bs, 33.20.Rm, 73.20.Hb, 78.70.Dm

The most prominent application aofear-edge x-ray- (negligible binding-energy shifts of all peaks with respect
absorption fine-structure (NEXAFS) spectroscopy is to the gas phase) clearly indicate molecular adsorption
the determination of the orientation of molecular adsorwith weak chemisorptive bonding to the Ni surface [5].
bates. For highly symmetric molecules the polarization The experiments were performed at the SX 700-I
dependence of certain absorption resonances is evaluatetbnochromator at the BESSY storage ring (Berlin) using
in terms of symmetry selection rules using simple groupa photon energy resolution &£0.8 eV at the N 5 edge
theoretical considerations. This method was described iand=1.2 eV at the O § edge, respectively. The energy
detail by Stohr and Outka [1]. The group theoreticalwas calibrated to better than 0.2 eV using the Ni 3p
approach, however, fails if the symmetry of the moleculephotoelectron peak. Photon absorption was measured
is reduced [2,3]. In this Letter we report the first clearrecording the Auger yield with a spherical sector analyzer
example of such a case, namely, the adsorption inducgCLAM 2) with the energy window (12 eV wide) set at
bending (i.e., symmetry reduction) of a linear polyatomic382 eV (N k) and 510 eV (O $), respectively. Nitrous
molecule, nitrous oxide (MD) which is weakly oxide multilayers were prepared by dosing through a leak
chemisorbed on Ni(111). We shall demonstrate thatalve and a stainless steel capillary which ended about 1
the polarization dependence of the NEXAFS spectra caonm in front of the sample. Monolayers and dilute layers
be interpretedonly by using explicit calculations of the were prepared by heating the sample to 85 and 95 K,
transition dipole moments (TDM). respectively, according to the thermal desorption spectra

Nitrous oxide is a linear triatomic molecule in the gas[5]. The O p[2 X 2] precoverage was prepared by satu-
phase [4]. It contains two nitrogen atoms in differentrating the cold (90 K) surface with adsorbed oxyger2(
chemical environments: theentral(N.) andterminal(N,)  Langmuir) followed by annealing at 800 K for 30 sec. On
nitrogen atoms which can be clearly distinguished by alkhe O-precovered surface only a saturate@®NMnonolayer
core level spectroscopies. The NEXAFS measurementsas prepared. Data evaluation included subtraction of
presented here are part of a comprehensive study am constant offset due to higher order radiation, division
the adsorption of MO on Ni(111) and on Nil11) + O by anl, signal representing the incident photon flux, and
p[2 X 2] [6]. Thermal desorption spectra reveal threeby subtraction of the (properly attenuated) spectra from
clearly separated adsorption species on the clean Ni(11ihe clean surface. For determination of peak intensities
surface: (1)multilayerswith a desorption temperature of the spectra were normalized to the intensity difference
=70 K, (2) a monolayerspecies which desorbs at92  between energies below and far above the ionization
K, and (3) a third species, clearly discernible from thethreshold (“edge jump”).
monolayer and containing about 10% of a monolayer, NEXAFS spectra of the different adsorbate states are
which desorbs at=100 K, and which will be referred to displayed in Figs. 1 and 2. The dotted spectra were
asdilute layerin the following. The rather low desorption recorded at an angle of incidence Hi° with respect to
temperature and the x-ray and UV photoelectron spectrthe surface normal (i.e., polarization vector almost per-
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. . . . of N,O/Ni(111) [5]. However, the three species shown

N,O/Ni(111) N K-NEXAFS in Figs. 1 and 2 were found to be much less sensitive to
N o, . 9=70° soft x rays, which can be explained by rapid delocaliza-
f’ E 7 9=0 tion of the x-ray induced holes into the substrate due to

j\ - Monolayer the substrate-adsorbate coupling.
__j ny \____/o-—-ﬁ\..._ The nitrogen spectra (Fig. 1) show two intense reso-
[\ \ nances which are assigned to the transition from the 1

Q\ Dilute layer orbitals of the terminal and the central nitrogen atom,

2
/~ ; respectively, into the first unoccupied molecular orbital

Auger Yield [a.u.]

A
B

AN . .

o L LN (37*). For the monolayer and the dilute layer their ener-
i gies (401.2 and 404.8 eV) coincide with those measured

f\ ,\ frgc(ivzfgd for free and condensed,® molecules [7,8] as expected

[-';\ ﬁ\ S| for a weakly coupled adsorbate. A small (0.2 eV) but

v systematic shift is observed in the.Ns — 37" (and O
: : ' 1s — 37*) resonances of the monolayer and the dilute
layer when comparing the spectra recorded at 0° and
6 = 70°, respectively. At least in the case of;. Nhis
FIG. 1. N K-NEXAFS spectra of three (sub-)monolayer shift is most likely due to the N1s — 3so Rydberg res-
species of NO/Ni(111). The spectra shown as solid lines onance, which is located at the leading edge of the N
o maet o s om0 — 3 resonance at 404.8 eV and prefrential cor-
] T 2 - tributes to this peak at normal incidence [9]. A more de-
Z? ef%o%%&ﬂ%?%iuﬁgog pE{EE'QSiCLTgﬁ"tf,“tﬁi S(Lfrfgé(é)_“ghﬁailed discussion of this interesting finding will follow in a
subsequent publication [5]. The N — 37" resonances
of N,O/Ni(111) + O p[2 X 2] are shifted by=0.7 eV
(N; 1s — 37™) and0.5 eV (N. 1s — 377"), respectively,
pendicular to the surface) and the spectra represented By higher photon energies. These shifts indicate a differ-
solid lines were recorded at normal incidence (polarizagnt chemisorptive bond as compared to that on the clean
tion vector parallel to the surface). T_he structure vi§ible3uncace and the differential shift suggests that th®©N
at =426 eV in some of the N spectra is due to the i 2 molecules are bound to the Ni surface via the Grbital
edge excited by second order synchrotron radiation whichwhich is predominantly located on the terminal N atom)
could not be completely eliminated by background subys opserved earlier by Bornemann [10] and as found also
traction. Gaseous nitrous oxide is dissociated very easilyr other substrates like Ru(001) [11,12] or Pt(111) [13].
by soft x rays following the Auger decay of core holes|n the N-K edge spectra of the complete monolayer and
[6]. We also observed rapid dissociation in multilayerspf the monolayer on O-precovered Ni(111) the relative in-
tensities of ther™ resonances are very similar to those in
the spectra of free molecules hence indicating molecular

400 410 420 430
Photon Energy [eV]

. adsorption without significant dissociation. The spectra
N.O/Ni(111) © K'NEXAFSO of the dilute layer are somewhat different (see below).
‘ Too 9;_780 The O-K NEXAFS spectra (Fig. 2) of all three species
—_ ' B show one dominant resonance which is identified as
3 Monolayer O 1s — 37* excitation. The energy (534.6 eV) again
3] | . . . L
- =~ coincides with the value for the free molecule [7] within
© experimental error; the only qualitative difference to the
> Dilute layer spectra of free DO is a small shoulder a¢531 eV, which
S ey can be attributed to small amounts of molecular /amd
b= atomic oxygen as discussed below. In the case of oxygen
s O p(2 x2) precovered nickel the oxygen spectra are superpositions
] /w of the spectra of BO and the Op[2 X 2] precoverage
) which is shown as shaded spectrum at the bottom of

Fig. 2. In this case the resonance is slightly shifted

by 0.3 eV to lower energy again indicating a different
Photon Energy [eV] chemisorption state as for the N-K spectra.

FIG. 2. O K-NEXAFS spectra of the three (sub-)monolayer. tShlgnlflcargt dlf;etL(edn;:ets IOf relative IntenSI(tjlets ?t:e Vlt“?:ble

species investigated corresponding to those in Fig.1. Thd! € Spectra o liute layeras compared to the other

shaded spectrum at the bottom shows the NEXAFS signal frorﬁ)repara_ﬂon53 .the Nl'S — 37" resonance shows a Signifi—
the O p[2 X 2] precoverage. cantly higher intensity for normal incidence. Comparison
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to multilayer spectra suggests radiation damage. However, The most striking result of the present study is found
since the intensities do hardly change following long-timein the monolayer spectra: The intensity ratios in the
exposure to soft x rays (thermal) dissociation during theN (Iy—o/Is—70 = 0.9) and O {y—o/ls—70 = 1.4) spectra
preparation process is more feasible. The enhanced firdisagree significantly The former ratio indicates a tilt
7r* resonance in normal incidence indicates molecular niangle of=60° whereas the latter indicates a tilt angle of
trogen to be coadsorbed with its molecular axis essentially=45° with respect to the surface normal. We emphasize
perpendicular to the surface [14]. The other possible fragthat this result is incompatible with a linear molecule.
ment of NO, nitric oxide, can be ruled out since the pro- As it appeared so unexpected we repeated the experiment
nounced shape resonance of NO at 414.5 eV [14] is ndivice with the same result in two additional beam times
observed. In the oxygen spectra the low energy shoulden order to rule out artifacts or impurity influences. We
at 531 eV indicating atomic or molecular oxygen [15] is can also exclude effects from coadsorption of fragments
increased as compared to the monolayer. Both findingsf N,O (N, and/or NO), since the relative intensities of
clearly suggest formation of some ldnd YO, by disso- the N and N. #* resonances are in full agreement with
ciation during the adsorption process. Note that this dissogas phase spectra. The only remaining explanation for
ciated species is a minority only (1%—2% of a monolayer)}the observed polarization dependence is a bending of the
and hence does not play any role in the discussion belowmolecule due to the chemisorptive bond and perhaps the
Next we address the polarization dependence of thateraction with neighboring molecules. To verify this we
NEXAFS spectra. The solid and dashed lines in Fig. onducted «a scattered wave calculations [16], which are
show the ratio of intensitiedy—_o/Is—70 [for normal described in the following.
(0°) and grazing 710°) incidence of the radiation] as a  For the calculations we used the interatomic distances
function of the angle between the molecular axis and thef the free molecule].126 A (N,-N.) and1.191 A (N.-
surface normal. The curves were calculated according t®), respectively, and tested bond angled 83° (linear),
Ref. [1] for 7* resonances of linear molecules adsorbed65°, 150°, and 120°. The last two angles can be
on a threefold or higher symmetric substrate. Theyruled out since the calculated energy splitting of thé
differ by the assumegolarization factor which takes resonances due to the reduced symmetry should be clearly
into account the incomplete polarization of the excitingobservable with the present energy resolution. We used
radiation. The horizontal arrows indicate the experimentah muffin-tin potential with overlapping atomic spheres
intensity ratios derived from ther”™ resonances in the (=20%) and a touching outer sphere centered at the
spectra shown in Figs. 1 and 2. For the dilute layer‘center of gravity” of the atomic valence charges. An
(Ig—=o/I9—70 = 1.5) and for NO on the O-precovered value of 0.7 was used in all regions. With the &hd N.
surface {y—o/Iy—70 =2) the ratios derived from the N excitation the transition matrix elements were calculated
and O spectra coincide exactly, indicating an average tilusing a simplified transition state with no electrons in the
angle of45° and30°-35°, respectively. final states [17]. For the Oslexcitation, however, this
approximation caused artifacts which disappeared when
the correct transition state was employed (self-consistent
potential with half an electron in the final state orbital
calculated for each core to bound-state resonance).

li lecules, | " P=85% . .
:f:sro::necce”ses — P=90% The bending of the linear X0 molecule leads to a re-
sk — e P=05% | duction of the symmetry fronC., to C,. The twofold

degenerater orbitals are split into more or less energy
oxvoen separated:’ anda” orbitals (e.g.37 — 74’,3a"). For
N~ prggovered 1 the165° bond angle the calculated energy splitting=df.6
monolayer: N L ditute layer eV is markedly smaller than the experimentally observed
O 1s =3n —™ . . .
linewidth of the resonances. Hence the experimentally
measured intensity ratiok—o/Is—79 of the “37*" reso-
nances are in fact due to the sum of the intensities of the

0 . \ - L ! 7a’ and3a’ resonances:
0 15 30 45 60 75 90

Tilt Angle [ °] |BmIEIX 1s)* = [(Ta'[#1X 1s)* + |(3a"|fIX 1), (1)

FIG. 3. Calculated ratios of intensity for normap € 0°)  WhereX is one of N, N¢, or O. To compare theoretical
and grazing § = 70°) incidence forz resonances of linear and experimental results we assumed the (bentp N
molecules on a threefold or higher symmetric substrate agnolecules only to be aligned and not to be changed in

a function of the tilt angle between the molecular axis an ; ; ; ;
the surface normal. Solid and dashed lines take into accoudr'%peIr electronic structure by the Ni(111) surface. This

different polarization factors of the synchrotron radiation. ThedPPears t(? be justified becagse we deal With weak
horizontal arrows indicate the experimental values for thechemisorption [5,10] as mentioned above. With the
different preparations of N0/Ni(111). geometry shown in Fig. 4 and taking into account the

N 1s =81 —=

Intensity Ratio (1g.o/16.70)
n
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azimuthal averaging of intensities due to the threefoldRecently, Adachi and co-workers [9] found gaseous nitrous
symmetry of the substrate the polarization dependencexide to be bent following excitation of Nsklectrons into
can be expressed in terms of the polar angle of incidencie 37" orbital. In our experiments, however, this “dy-
() and the inclination angle of the N-N axis of the namic” bending is not observable since the time scale of
molecules &), the photoabsorption is much faster than the time scale of
1 L0 2 . molecule bending. Hence we propose that thé 8rbital
10, @) = 3l(dyva COSX + dy SiNa)® + dj]siMTo becomes (partially) filled prior to the NEXAFS excitation
+ (dyg Sina — dyiy cosv)’cosf. (2) by a 7o-donatior/3w-back-donation bonding mechanism.
This occurs only on the clean Ni surface because of the
high electron density in the substrate. For very low cover-
ages £10%) partial dissociation occurs leading to (prob-
ably coadsorbed) linear molecules as in the case of the

Using this equation and the dipole transition-matrix
elements from the X o —scattered-wave calculations the

intensity ratios displayed in Fig. 4 were calculated. In
this case perfect linear polarization of the synchrotro O-precovered surface and as fof®fRu(001) [11]. The

radiation was assumed. It can be seen that for valu Qnding mechanism, however, appears to be more com-
of a between13° and 40° (indicated by the shaded plicated than the here usgd Blyholder-type [19] sing®N
area) the experimental observation ff_o/Ip—r < | on oxygen precovered Ni(111) is probably more strongly

for the nitrogen resonances aigl/Iy—79 > 1 for the bog.nd I?Ut doets nOttf]hf[)‘tAr’] significant ben;jlngi lar bend
oxygen resonance is correctly predicted. Comparison inafly we stress that the occurrénce of molecular bend-

with the intensity ratios determined for the monolayerIng of tri- (0( more) atomic molecules upon chemisorption
of N,O/Ni(111) (N, N,: 0.9, O: 1.4) leads to an may be an important effect both for the understanding of
/B . R . . . . . . .
averagew value of30° = ClO°. The very similar intensity chemisorption and chemu:a] (e.g., cat_alytlc) reactions on
ratios for the N and N. resonances are also reproducedsurfaces’ as well as for the interpretation of spectroscopic

correctly and therefore corroborate the assumption of esu!ts, and that adgquate calculations are required for a
bent molecule etailed understanding.
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