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Vibrational characterization of a high-density Ru(001)-(2X2)-(NO+30) phase
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High-density (NO-O) coadsorbate layers on R01) have been studied for oxygen precoverages,,
between 0.5 and 1 ML by means of high-resolution electron energy loss spectroscopy and temperature pro-
grammed desorption. In this oxygen coverage range NO adsorption is possible on any remaining hcp threefold-
coordinated site, to a saturation coverage®y+ ®,o,=1. On the well-ordered (22)-30 oxygen layer
(06=0.75 ML) NO molecules adsorb at 90 K with a high sticking coefficient close to unity up to the
saturation coverage of 0.25 ML. The NO sublayer is ordered as the NO’s occupy the threefold sites of the
(2X2) hole structure within the (22)-30 meshconserving the same symmetry. For this well-ordered
Ru(001)-(2x2)-(NO+30) layer the external and internal NO stretching modes show downward dispersions
of 16 and 23 cm?, respectively, from thd™ point to theK’ point at the boundary of the surface Brillouin
zone. The dispersion of the internal mode can be completely described by dynamical dipole-dipole coupling.
This coupling is also dominant for the external mode dispersion for which additional substrate-mediated
contributions exist. Based on this understanding of the dynamical coupling the chemical shift of the NO
internal and external stretch is determined for various {NQ) structures. It can be related to the occupation
of nearest- and next-nearest-neighbor sites. The internal mode shows chemical shifts between 12 artd 30 cm
per neighboring NO or O but is insensitive to the structure beyond the nearest neighbors. For the external mode
significant chemical shifts due to the occupation of the next-nearest-neighbor sites have been determined.

. INTRODUCTION only the high-density (X 2)-30 layer gives the possibility
to study coadsorption in the oxygen high-coverage regime.
Because of its remarkable catalytic features ruthenium hashe purpose of the present work is to characterize NO pos-
been the object of intense experimental as well as theoreticgdsorption onto this new oxygen layer. It is a further exten-
studies using the modern methods of surface analysis. Téion of the geometrical and vibrational studies of NO adsorp-
understand its catalytic properties, which exhibit often contion onto (2x2)-O and (2<1)-O layers that have been
trasting activities in UHV and under high-pressure carried out in our institut&l”
conditions®? careful model investigations of the adsorption  On the clean R(©01) surface NO forms a variety of ad-
of simple molecules like @ NO, and CO, as well as their sorption complexes depending on the NO covera§e®Fi-
coadsorption are necessary.Many surface-sensitive meth- nally, at saturation coverag®go="0.75 ML) a layer with
ods, especially electron spectroscopies such as high2x2) symmetry is found with three NO molecules in three
resolution electron energy loss spectroscdpyREELS,  different sites of the unit cell: threefold hcp, threefold fec,
x-ray photoelectron spectroscofyPS), or low-energy elec- and on top®?% The presence of ordered ¥2)-O or
tron diffraction (LEED), require UHV conditions. Often (2x1)-0 layers leads to on-top and threefold-adsorbed NO
catalytic experiments are therefore separated from real, highith formation of four different coadsorbate structures:
pressure conditions by many orders of pressure, the so-callgg x 1)-(NO+0), (2x2)-(NO+20), (2x2)-(2NO+0),
“pressure gap.” This limitation can be partly removed using gng (2x2)-(NO+0).* For (2x2)-O on-top and threefold
high-exposure experiments that have led to the discovery qfcc) adsorbed NO molecules are found by quantitative
new adsorbate structures. For example, o0BD for oxy-  |EED measuremerftsn agreement with vibrational data.
gen exposures umt6 L (1langmuir=1 L=10"°Torrs)  Here the oxygen atoms occupy—with and without coad-
well-ordered (22)-O and (2<1)-O layers develop con- sorbed NO—threefold hollow sites. Upon low-temperature
secutively with corresponding coverages of 0.25 and 0.5 ML(150 K) NO adsorption on an (2 1)-O layer, NO molecules
respectively’ 1! Using high oxygen exposur€sor atomic  occupy only the threefold hcp sites between the(9-O
oxygen from dissociation of N higher oxygen cover- rows® Annealing this layer to 430 K leads to partial NO
ages up to 1 ML can be prepared with formation of an or-desorption and rearrangement of the oxygen adatoms, result-
dered (1x1) layer for 1 ML}*'*1®Recently we have dis- ing in a well-ordered honeycomb structure. Here the NO
covered and characterized by HREELS and scanningnolecules are localized in on-top sites, each surrounded by
tunneling microscopySTM) an additional well-ordered in- six oxygen adatom$.In this study we show that for NO
termediate oxygen layer with a coverage of 0.75 MiThis  adsorption on the (22)-30 layer no rearrangement of the
layer exhibits a (X2) LEED pattern similar to the ordered oxygen layer is observed during thermal desorption, in con-
oxygen structures at 0.25 ML. However the unit cell containgrast to NO adsorption on the §¢21)-0O layer. The NO mol-
three oxygen adatoms. Since theX(1)-O layer passivates ecules are adsorbed on strongly localized sites with a stick-
efficiently the R002) surface for CO or NO postadsorption, ing probability close to unity. The structural and vibrational
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features of the adsorbed NO in this dense oxygen layer are
the subject of the present work. Using different NO high
coverage-structures the influence of nearest- and next-nearest 14
neighbor atoms on the internal and external NO stretching
frequenciegtheir chemical shiftswill be discussed.
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The experiments were carried out in a two-level UHV
system at a base pressure of 20 ! mbar. On the lower
chamber it houses a HREEL spectrometeelta 05, VS)
with a best resolution of 5.7 cnt at an intensity of the
specularly reflected beam of110° s~ for the RY001) sur-
face. The vibrational spectra presented here have been per-
formed with a resolution of about 8 ¢m, corresponding to
count rates up to fos'l. More details are given
elsewheré® The upper(preparation chamber is equipped 4 c
with LEED, XPS, Kelvin probe, and temperature pro-
grammed desorptiofT PD) facilities. The thermal desorption
equipment consists of a quadrupole mass spectrorteatr- 2 L
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ers QMS 112 with a Feulner cup that allows quantitative
reproducibility of the TPD spectra to a few percéhburing
the NO adsorption onto the Ru(00{2x2)-30 layer and O S B T
also NO desorption, the work-function changes were moni- 0 200 400 600 800
tored using a Kelvin probe with an experimental accuracy of Energy Loss [cm™]
about 1 me\?3

The Ru crystal was cleaned by standard procedures irﬁ
cluding initial Ar-sputtering followed by heating in UHV
and in oxygen pressures of about I0nbar. Between ex-

periments only several heating cycles up to 1400 K in oxy+o the surfacgbreathing motioh of the three oxygen ada-
gen and annealing to 1570 K in UHV are necessary to protoms within the unit cell, respectivelj.A further increase of
duce a clean surface as was monitored mainly by HREELShe oxygen coverage as shown in Fig€) And 1g) leads to
The gas dosing for the HREELS and TPD experiments werg frequency shift of the/(O-Ru) stretch up to 660 cit as
carried out in front of a microcapillary array in order to en- for the ideal (1< 1)-O layer® which is accompanied by a
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FIG. 1. HREEL spectra for different oxygen coverages on
u(001): (a) ~0.5 ML; (b) 0.57 ML; (c) 0.65 ML; (d) 0.71 ML; (e)
0.75 ML; (f) 0.85 ML; (g) 0.97 ML.

sure homogenous coverages. decrease of the 550 cm loss intensity due to remnant
(2x2)-30domains. Note that the resolution in Figglis
. RESULTS slightly degraded to about 12 c¢rh and that the tail of the

elastic peak extends to higher energies. Therefore one has to
be careful comparing loss intensities between spectigm
Figure 1 shows HREEL spectra for the oxygen-coveredand the others.
Ru(001) surface in the range frof®,=0.5 to 1.0 ML, Figs. HREEL spectra after NO saturation at 90 K for the seven
1(a) to 1(g), respectively. The spectra have been recorded idifferent R{001)-O layers of Fig. 1 are shown in Fig. 2.
energy loss steps of 1.56 crhand a total measurement time Subsequent NO thermal desorption data for these coadsorp-
of 1 s per channel for specti@) to (f). Spectrum(g) has tion layers are displayed in Fig. 3. The results for NO ad-
been measured with 0.5 s per channel. The vibrational spesorption onto the (X1)-O layer, ®=0.5 ML, Figs. 2a)
trum for the (2<1)-Olayer at®,=0.5 ML, Fig. a), isin  and 3a),?® are in good agreement with previous infrared and
good agreement with previous work with lower TPD data of Jakolet al® Here, NO is adsorbed in the three-
resolution?*?® The asymmetric line shape of the O-Ru fold hcp sites between the §1)-O rows. Due to the
stretching vibration results from an oxygen coverage slightl(2x 1) domain boundaries a small amount of N® \(o
above 0.5 ML. The additional oxygen atoms lead to a shoul<4%) adsorbs in on-top positioisiVe observe both spe-
der at about 600 cit. With increasing oxygen coverages, cies with »(N-O) stretching modes at 1614 and 1839 ¢m
Figs. Ab) and Xc), the appearance of two new losses atrespectively. Compared to Ref. 6 more details are visible in
541-547 and 632-637 cm indicates the growth of a new the low-frequency region: The(Ru-NO) stretching mode is
phase. This new phase is completed as soon as the loss fafbserved at 435 cit. Additionally, a loss feature is de-
ture due to the (X 1)-O domains at 580 to 588 cnt dis-  tected around 490 cit, which is attributed to the dipole-
appears. It corresponds to the well-ordereck@-30phase active O-Ru out-of-row bending mode based on isotope ex-
at a coverage of 0.75 ML as discussed elsewfeFar the  periments as discussed in detail elsewHérd@he O-Ru
optimal (2x2)-30 structure both peaks at 641 and stretching mode is strongly attenuated by the NO and not
550 cm !, Fig. 1(e), exhibit maximal intensities and small- visible here. Spectra with better counting statistics clearly
est widths. They have been attributed to the O-Ru stretchinghow this mode at 628 cnd for the (2x1)-(NO+O)
vibration and the dipole-active frustrated translation parallelayer?’ The structural model based on the vibrational data

A. NO adsorption onto oxygen-covered R(001), ® ,=0.5 ML
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FIG. 2. HREEL spectra for the layers shown in Fig. 1 after FIG. 3. Thermal desorption spectra of molecular NO desorbing

saturation with NO at 90 K. from the layers presented in Fig. 2. The NO coverages were deter-
mined (see also textto be (a) 0.5 ML; (b) 0.43 ML; (c) 0.35; (d)
0.29 ML; (e) 0.25 ML; (f) 0.15 ML; (g) 0.03 ML.

that has been confirmed by a quantitative LEED study gives
a NO coverage of 0.5 ML for the satugzged and ordered
2X1)-(NO+O) layer at low temperatures. We will use N
'Ehis va)1lu(e to est?ma)t/e the absolutepNO coverages for all Othequency<1§80 cm* as can be seen in F|gs(@—2(d). It
layers. Assuming complete molecular NO desorption thef@n Pe attributed to NO molecules localized inX(2)-30
corresponding NO coverages in Figs. 2 and 3 fi@irto (g) domains, i.e., NO molepulgs that are surrounded by six oxy-
are 0.50, 0.43, 0.35, 0.29, 0.25, 0.15, and 0.03 ML, respedeh atoms. As is seen in FiggaB-3(d) the thermal desorp-
tively. Based on this NO coverage determination@f,  tion peak of the linearly bonded NO above 400 K decreases
=0.25 in Fig. 3e) it follows immediately that NO can ad- strongly, which can be explained as due to the increase of the
sorb in all vacant hcp sites of the ¥2)-30structure, form-  (2X2)-30 domain area. The high-temperature peak is not
ing a well-ordered (X 2)-(NO+ 30) structure. As we will observed for an ideal (22)-30 layer [Fig. 3()]. For the
show below the assumption of complete molecular desorptatter layer only one narrow(N-O) peak at 1580 cm ex-
tion is valid for the (2<2)-(NO+ 30) structure. In the case ists; see Fig. @). The two-peak structure of its TPD spec-
of the (2<1)-(NO+O) layer a small amount of NO disso- trum in Fig. 3e) is interpreted purely by NO-NO lateral
ciation has been reportédt depends on the quality of the interactions, which contain a nearest-neighbor repulsion as
(2X1)-Olayer and is here estimated to be about 4%. Fronwell as an attractive trio interaction as will be discussed in
the fact that all hcp sites of the §21)-O and (2<2)-30  more detail together with lattice gas simulations elsewf&re.
layers can be saturated by NO and also vacant hcp sites for A further increase of the oxygen coverage above 0.75 ML
oxygen coverages abo@,>0.75 ML are accessible to NO decreases the amount of adsorbed Neys. 3f) and 3g)],
[see Figs. &), 2(g), 3(f), and 3g)], it is straightforward to  ang shifts the/(N-O) stretch down to 1565 cit for a layer
assume that in all caséfor oxygen coverage®,=0.5) the  yjth ©,=0.97 and®o="0.03. It is most probably charac-
total coverage upon NO saturation is unio+Ono=1.  teristic for NO molecules localized in isolated vacant three-
The corresponding different partial coverages are indicategq sites in the (% 1)-O mesh. As seen from Fig.(8, a

in the captions of the figures. The particular form of the ; .
. strong screening of the O-Ru stretch at 580 émis ob-
thermal desorption spectrum for theXa)-(NO+ O) layer, served after NO postadsorption for theX2)-0O layer. The

relgip es;(;n)ﬁ . eh]aésBSge}?)n . eogﬁjcnuscsoefesggi\gguiygsreglrggr']ge_intensity of the O-Ru stretch peak increases with decreasing

ment of the oxygen atoms and the remaining NO molecule o govebrage; smultaneously alblue shift of t(;neO-Ru)

to a honeycomb (&2)-(NO+20) structure with the NO 0SS IS © servedFig. 2. On an amoflt ;aturate K1)-0

positioned in on-top sitek® layer [Fig. 2g)], »(O-Ru)=660 cm * is measured; the
Increasing the oxygen precoverage above 0.5 ML a sec3@me value has been recently reported for a fully saturated

ond internal N-O stretching mode appears at a lower frePure Ru(00)-(1x1)-O layer:®
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FIG. 5. Thermal desorption spectra of molecular NO from satu-

FIG'_4' Detailed HREEL spgctra for the1(<22)—30_structure " rated NOHO layers for different oxygen precoverages between
Ru(001): The spectrum for an ideal ¢22)-30 layer is marked by 0.70 and 0.75 ML

stars. Spectra corresponding to slightly higher and lower oxygen
coverages than the ideal ¥2)-30 structure (0.75 ML) are layers on R(001). Figure 5 shows NO TPD spectra from

marked as solid line and by circles, respectively. NO saturated N@ O layers for a series of oxygen precov-
B. NO adsorption on the ideal R(001)-(2% 2)-30 layer erages between 0.7 and 0.75 ML. The domlnant.two.desorp-
_ ) tion features that agree well with the spectrum in Figg) 3
1. Preparation of an optimal saturated §2)-30 coverage are characteristic for the ideal &2)-(NO+30) layer.

We control the formation of a well-ordered defect-free However, for slightly lower oxygen coverages two additional
(2x2)-30 layer by means of HREELS and TPD. As has NO desorption features around 330—340 and 420—440 K are
been discussed for Figs.(d to 1(d), the remaining clearly visible. With oxygen coverages decreasing below
(2x1)-O-like domains are characterized by a third oxygen0.75 ML first the 340 K peak grows. Subsequently the de-
loss at 586—590 cm'. This peak disappears with the sorption peak at 420—4_140 K develops, which might be inter-
completion of the ordered (22)-30 phase. Our signifi- preted_ as NO desorption out of small (econstructed honey-
cantly improved resolutiotabout 1 meV allows us to moni-  comblike areas where one on-top NO is surrounded by six
tor the frequency region between 550 and 640 érim de- ~ OXygen atoms. The latter interpretation is supported by the
tail, as is demonstrated in Fig. 4. The existence of missingnalogy with NO desorption & ,=0.5 ML; see Figs. @&
oxygen atomsbelow 0.02 ML) within the (2x 2)-30layer 0 3(d). From the TPD spectra in Fig. 5 it follqws that this
can be monitored by a low-intensity peak at abouthigher-temperature peak decreases and vanishes when the
590 cni L. This implies a local environment containing oxy- 0XYgen precoverage approaches.72 ML. Therefore up to
gen atoms with only three nearest-neighbor oxygen atomghis value small (1)-O domains exist. Between 0.72 and
On the other hand, at an oxygen coverage slightly above 0.78.75 ML mainly a shoulder at about 340 K is visible. In view
ML a shoulder(at about 660 cm') on the higher-energy of the d|scuss_|on above it is attr_lbuted to NO desorption out
side of the O-Ru stretching loss at 640 this detectable, ©f light domain walls or NO sites at an oxygen vacancy
which might be interpreted as additional oxygen atgwigh ~ Within the (2<2)-30. In theabsence of (X1)-Orows the
five or six oxygen nearest-neighbor atomsthin the layer. dense NG O layer cannot reconstruct to the honeycomb
Since individual (2 2)-30 domains can have an offset of Structure for geometrical reasons. In conclusion, the shapg of
half a (2x2) unit cell against each other, the existence ofthe high-temperature edge of the NO thermal desorption
domain boundaries is most likely. These domain boundarie§Pectrum is a reliable indicator for the perfection of the
form stripes of either higher or lower local coverage, i.e.,RU(001)-(2<2)-(NO+30) layer.
containing oxygen atoms with 3 or 5 nearest-neighbor oxy- o
gen atoms, respectively. Therefore the additional losses at C. Vibrational results
590 and 660 cm® shown in Fig. 4 are likely to correspond NO postadsorption at 100 K onto the oxygen covered
to light and heavy domain walls, respectively. As we dis-Ru(001)-(2x 2)-30Olayer reveals a high sticking coefficient
cussed here HREELS is very sensitive to the formation otlose to unity up to saturation and causes a work-function
the ideal (2<2)-30 layer, which can be optimized by addi- increase ofAd®=0.190+0.005 eV. As follows from the vi-
tional oxygen adsorption or desorption. An alternativeprational data shown below, NO is adsorbed only in one
method based on thermal desorption spectra of coadsorbe#emisorbed state, and weak dynamical interactions with the
NO will be discussed in the next section. other NO neighbors exist. Up to saturation of the NO sub-
layer the work-function changes linearly with exposure.
Therefore the existence of a weakly bound precursor state

As mentioned in Sec. Il A the study of NO coadsorption can be assumed. The® and TPD data will be discussed
gives information about the structure of the dense oxygemlsewhere together with detailed kinetic modeltfig.

2. Preparation of the ideal (X2)-(NO+30) coadsorption layer
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FIG. 6. HREEL spectra of different NO coveragé3\) onan  from the experimental data shown in Fig. 8. After NO satu-
ration at 100 K and subsequent heating to the indicated tem-
fperatures no additional losses to those described above are
visible. When NO desorption is completed the characteristic

The indicated NO coverages have been determined from Sut\)/{branonal spectrum of the (22)-30 layer is observed as

optimal Ru(00}-(2x2)-30 layer.

In Fig. 6 HREEL spectra for different exposures to NO o
an optimal Ru(00)f-(2x2)-30 layer at 96 K are shown.

sequent TPD spectra assuming a saturation value of 0.25 ML
(see Sec. lll A. With increasing NO coverage two intense
losses grow and undergo shifts to higher frequencies. At
saturation the peaks that are attributed to#fiRu-NO) and

the v(N-O) stretching vibrations of threefold-coordinated
NO are located at 424 and 1580 cth With increasing NO
coverage the characteristic losses of thx@)-30 layer at

550 and 641 cm! are strongly attenuated and shift up to
555 and 649 cm! for the saturated (22)-(NO+ 30)
layer.

Figure 7 displays the vibrational spectrum of the
(2% 2)-(NO+30) layer with more details. Besides the
dominating modes already discussed, two additional modes
can be observed in the region above 3000 énthe features
at 3094 and 3160 cnt are interpreted as the overtone and
the double loss of the N-O stretch at 1580 cin respec-
tively. In the low-energy region of the substrate phonons we
detect three peaks at 146, 207, and 255 tim contrast to
the observation for the pure &2)-30layer® They can be
attributed to the Rayleigh mode and two longitudinal

phonons, respectively, which are back-folded from Me
point of the (1x 1) surface Brillouin zon® due to the pres-
ence of the (X 2) adsorbate overlayér.This back-folding

is strong for the (X 2)-(NO+ 30) but hardly visible for the
(2% 2)-30layer, indicating that the ( 2) Fourier compo-
nents that cause the back-folding increase with NO adsorp-
tion.

During annealing of the saturated X2)-(NO+30)
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layer no dissociation of NO is observed. This is obviouslayer after annealing to the indicated temperatures.

FIG. 7. Vibrational spectrum of the well-ordered Ru(001)-
(2X2)-(NO+30) layer:0yo=0.25 ML and®,=0.75 ML.

FIG. 8. HREEL spectra for the Ru(0p12x2)-(NO+30)
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before NO adsorption. In view of the discussion in Sec. Ill A Energy Loss [cm ']

this indicates that no additional oxygen is left upon NO de- g5 1. Off-specular HREEL spectra for the Ru(001)-

sorption, ~ which excludes any NO  dissociation (2X2)-(NO+30) layer along'K’M’ in the surface Brillouin
(<1%). Note that at oxygen coverages below 0.75 ML, NOzone for the indicated parallel momentum transfer.

dissociation during annealing is detected based on a shifted

O-Ru stretching mode. It is not clear whether the dissociageryed, which shows only weak dispersion. In the absence of
tion process can be connected to on-top adsorbed NO specigg) for the pure (X 2)-30layer, such a peak at 500 ¢rh
that still exist on the surface at oxygen precoverages beloWaq aiso been fourdd. Therefore we assign this loss to a
0.75 ML, or to NO adsorbed in the imperfectioflomain parallel O-Ru bending mode.

walls) of the mixed (2<1)-O and (2<2)-30 phases. We " Thg external NO stretching mode clearly exhibits a small
emphasize that the vibrational spectra for all annealing temgqwnward dispersion from 424 to below 410 chwith in-
peratures show the presence of only one threefold adsorb‘?ﬁieasingk”. The intense peak in Fig. 10 at lowest frequen-
NO species and a continuous frequency shift of both charagsies js attributed to the excitation of the Rayleigh phonon.
teristic Ru-NO and N-O stretching losses versus NO cover- rq reqyits of 35 spectra are compiled in Fig. 11. For the
age, as _comp|led in Fig. 9. To address the question if theSPZXZ)-(NO+ 30) layer the external and internal NO
shiits with NO coverage are due to dynamical couplinggyreiching vibrations exhibit downward dispersions of about
within the adlayer or if they represent a chemical shift, the16 and 23 cm?, respectively, with a minimum frequency

dispersion relation has been mapped out. . — .
So far we have discussed only the vibrational spectra af(t;jl:l thv?légfg;sl g;gs; aarto#inﬂ d;h@ F%?I?;é?r?sgrrrg?(ﬁg dseh?r:lé
the I point (no momentum transfgrwhich are dominated y we b gne .

. . . . .. dispersion can be well described by long-range dynamical
by dlpole. scattering ant_:i where equivalent oscillators of ‘.j'f' ipole-dipole interactions between the adsorbed NO mol-
ferent unit CPT"S vibrate in phase.' However, due to dynam'_cagcules. The mathematical formalism is adapted from Ref. 31;
lateral coupling these modes might exhibit frequency shifts; 1o« been applied before to explain the steep dispersion of

W?th. momentum transf_er; ?.e., show pho_non (_Jlispersion_sthe vertical O-Ru stretching mode of the pure Ru(001)-
within the adsorbate Brillouin zone. The dispersion eXper"%lxl)-O layerd

ments that will be presented have been accomplished in a

electron energy range up to 144 eV at a constant scattering

angle of 120°. These off-specular measurements were car-

ried out with a scattering geometry corresponding to momen- I

tum transfer along th€K’'M ' direction in reciprocal space, Va

as shown in the inset of Fig. 11. Figure 10 represents some

off-specular HREEL spectra for the ¥2)-(NO+ 30) layer

for an electron energy of 64 eV, apart from the last spectrurﬁf\’here

at kj=1.149 A", which has been measured at an electron _
exp(lk“r)

energy of 100 eV. At higher electron energies, even althe 2 kj= - 2
point, a new loss peak at about 500 thnis clearly ob- laitice |3

@, 2 K|

1+ — 1)
1+ aez kH
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I ™' Compared to twice the singleton frequency of the NO inter-
| nal stretch of 3123 cmt it is red-shifted by 29 cm® due to
the anharmonicity of the internal bond. Since this value is
significantly below the bottom of the narrow two-phonon
band at 3113 cm* the coupling to the two-phonon band is
only weak (1.4 cm?! shift). Taking this coupling into ac-
count as has been discussed by Jakob and Pet&shis,
leads to an anharmonicity shift of 28 ¢rh This value
agrees with the gas-phase value of 28¢m° and with the
value found for NO adsorbed on Ru(Q0@2x1)-0O in the
limit of zero coverage of 29 cmt.’ It therefore indicates an

1600 f—F———"F——T—p——

15402 = unperturbed anharmonicity of this vibrational potential upon

—_ adsorption.
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Zz o o o =} A. Dynamical adsorbate-adsorbate interactions

& 400} . in the (2X2)-(NO+30) layer

- Although for the (2<2)-(NO+30) layer the separation
ago k- | between nearest-neighbor NO molecules is twice the Ru-Ru

nearest-neighbor distance with oxygen atoms in between, we
have shown that the dynamical lateral interactions lead to
measurable dispersions for the NO internal and external
Ak, AT stretching modes. The dispersion of 23 chifor the internal

mode with an initially linear red shift and a minimum kt
FIG. 11. Dispersion of the external and internal NO stretchingcan be completely described by dynamical dipole-dipole
modes alond’K’M’. The inset shows the surface Brillouin zone coupling. The extracted polarizabilities can be compared
for the clean surfacédashed lingand the (22) overlayer(full  with data for thec(4x2) NO layer on Nj111).3* This layer
line). consists of NO adsorbed in the threefold hollow sites with a
coverage of 0.5 ML. For this layer Stirnima al. found for
the internal stretch a dispersion with increasing momentum
transfer of 120 cm!, which was fitted by an azimuthally

00 02 04 06 08 10 1.2

va, @, ande, being the frequency of an isolated oscillator

(singleton frequengyand the electronic and the vibrational : ; . ; . D
polarizabilities, respectively, andis the location of the sur- averaged dynamical dipole-dipole coupling with polarizabil-

. . 4
rounding oscillators in their two-dimensional lattice. The cal—Itles @, anda, of about 1.24 and 8.0 A respectively’ The

: : P ingleton frequency was determined to be 1499 tymot
culation and the different sensitivities of the three parameter Ingle _
have been described in Ref. 15. From the data shown in Figfoo different from our 15615 cnt for the (2x2)-(NO

_ _ _ +30) layer. However, on the Ni surface their reported NO
11 values of v,=1561.5cm?, a.=2 A3 and «, ey 3 3
=0.42 A® have been extracted. The solid line indicates thispolanzabnmes of aboute,~124 A’ and a,~8.0 A

fit. The quality of the fit—especially the agreement at thegtrolnglfyl de(;/ifate from tze e alues I(I)f ?\'4 gnd 2, frespec-
zone boundary—indicates negligible contribution of anyt've y, found in our work. Especially the discrepancy dy

short-range interactions, e.g., from surface-mediated cmpy a factor of 3 is surprisin_g. Due to the presence of three
pling. The singleton frequency for the (2)-(NO+ 30) rotational domaln_s on the Nl surface and the I|n_1|te(_1 momen-
layer can be compared with the frequency of this mode in th&4m range of thew q!sper5|9n data the dgtermmanon of the
limit of zero NO coverage; see Fig. 9. The agreement of bottflectronic polarizabilityee might be less reliable than stated
frequencies within 2 cm! demonstrates that there is no NO- by the authors. Since around theé point a, and a, can
induced chemical shift for the internal NO stretch. However,cOmpensate each other to some extent, which, e.g., can be
for the external mode the zero-coverage limit of 397 ¢ris ~ Seen in Eq(1), the high value for, might have implied the
out of the range of the dispersion of this mode for thehlgh value 0faU . Note that an electronic polarlzablllty of
(2x2)-(NO+30) layer. Clearly, for this mode a NO- @.=8 A®implies that the depolarization factorHl,3 (k)
induced chemical shiftof about 15 cm?) is established. reaches about 4 dt. This quite unusually high value corre-
This emphasizes nicely the fact that external vibrations areponds to a drop of the dipole scattering intensity to 1/16
more sensitive to changes in the local environment than theompared to the value in the absence of depolarization.
internal modes as will be discussed below. Although it seem€learly, further studies on the NO polarizabilities for differ-
rather unlikely, in principle a coverage-dependent couplingent substrates and in different geometric structures are
between the external NO stretch and an oxygen bendingecessary.
mode of proper symmetry might contribute also to this shift. Based on the similarities of the dispersions of the external
The last vibrational feature that will be discussed here isand the internal stretch vibrations the dynamical dipole-
the overtone of the NO internal stretch. For thedipole coupling is also likely to be the dominant contribution
(2% 2)-(NO+30) layer it is clearly visible in Fig. 7 at for the external mode. However, since the data seem to have
3094 cm! in addition to the double loss at 3160 ¢  no minimum at K’ additional short-ranging substrate-
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TABLE I. Singleton frequencies for the external and the internal NO stretching modes of six different
layers on R(001) that contain exclusively threefold-coordinated NO. The numbers and kinds of next neigh-
bors, (A), and next-nearest neighbof8) and(C), for the NO molecule is stated in columns 2 to 4.

Layer Sites(A)  Sites(B) Sites(C) T,(cm 1) »(N-0) (cm?) Refs.
(2X2)-30+ @ yo—0 60 60 - 397 1564 This work
(2% 2)-(NO+30) 60 60 6NO 415 1562 This work
Oo—1, B0 60 60 60 429 1565 This work
(2x1)-(NO+O) 40+2NO  40+2NO  6NO - 1548 27
(2X1)-0+ O yo—0 40 40 - - 1524 17
Ono—0, Oo=0 - - - ~350 ~1400 19

mediated contributions are likely to contribute at the zonedominant shift is simply due to sité¢#\). By comparison of

boundary. Unfortunately, no dispersion data for the externalow-coverage NO data that show a stretching mode at about

NO stretching mode on any other single crystal surface ar@¢400 cm ! with data for low-coverage NO within the

available in the literature for comparison. (2%X1)-O row structure (singleton frequency at
1524 cm!), we extract a chemical shift of about 4

B. Chemical shifts and their sensitivities to the local structure X 31 ¢m %, i.e., 31 cm* per neighboring oxygen atom in

i i ) site (A). By comparing the value for NO at missing oxygen
Based on the extracted singleton frequencies which corresjtes in a (X1)-O layer (1565 cm?) with the low-

spond (for dipole-dipole coupling also to the “centers of coverage NO data within the ¢21)-O row structure, we
gravity” of the dispersions, we have shown that the internalyrive at a chemical shift of about 1565—1524 ¢ 2
NO mode shows no chemical shift with NO coverage: ItSy 20 5 cnil ie.. areduced value of 21 crh per additional
—1 : . . . , 1.C.,
frequency of 1562 cm is coverage independent in the ab- hejghhoring oxygen atom. This indicates a sublinear change

sence of dynamical coupling. Furthermore, this frequencyyt the chemical shift with the number of surrounding oxygen
seems to stay constant even with increasing oxygen Covekioms.

ages(decreasing NO coverageas discussed in Sec. Il C. From the data of the (21)-(NO+O) structure we find
Qn the other hand, a different singleton frequency of they, NO-induced shift of about 24 ¢ if compared to the
internal NO mode for NO adsorbed on anX2)-O layer 4 coverage NO within the (21)-O row structure. This
has been determined (1524 chy at low NO coverageS; corresponds to a NO induced shift of 12 thper NO mol-
which additionally exhibits a chemical shift Wlt.h NO ccule at site(A). Note that the oxygen-induced chemical
coverag€. Therefore, the frequency of the NO internal gpifi is ahout a factor between 2.6 and 1.8 higher than the

stretch seems to depend on the six nearest-neighbor atomgy._induced one, most likely due to its higher electronega-
only. Any change in the population or identities of the neXt'tivity.

nearest neighbors does not affect the internal mode within |, 511 cases the filing of empty neighbor sites with in-

the experimental error. The results for different NO  creasing coverage leads to a blueshift of the singleton fre-
coadsorbate layers are summarized in Table | together with @ ,encies. These frequencies are proportional to the second
listing of the occupations of the nearest-neighbor and nextyerjyatives of the potential with respect to elongation of the

nearest-neighbor sites: the sites), (B), and (C), respec- internal molecular or the external molecule-to-surface bonds.
tively. The positions of these different sites are illustrated iny; g interesting to compare their changes to the static lateral
Fig. 12. The first three rows in Table | compare three differ-

ent structures that are identical with respect to the occupation
of the neighboring site¢A) and (B) around a central NO
molecule. They differ only in the number and kind of adsor-
bates at sitéC): Whereas the internal NO stretch is not sen-
sitive to this difference, the external stretch shifts upwards by A A A

18 and 32 cm?® when these sites are occupied by NO or @ @ Q @
oxygen, respectively. The assumption of a linear shift with A A A A

the number of occupied sit¢€) results in chemical shifts of @ g Q Q @
3 and 5 cm? per NO or O occupied sitéC), respectively. “ *‘
The last three rows in Table | summarize data for the single- & @ B Q B g 2 @ =
ton frequency of the internal NO stretch for three structures ‘***‘
that differ from the first three by the number and kind of I @ | @ | @ |

nearest-neighbor sitg#\). Unfortunately, no corresponding
data for the external mode are available in the literature.

For the internal NO stretch we find a significant chemical
shift of 165 cm * between the different structures. Since we FIG. 12. Arrangement of nearest-neighbor adsorbate &kes
have demonstrated that this mode is insensitive to the occund next-nearest-neighbor sité® and Q with distances from the
pation of site(C) and since the distance to sité®) and(C)  central NO site(gray circle of 1, 3, and 2 substrate units, respec-
is not very different, it is straightforward to assume that thetively.
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interactions which are responsible for the double-peak strudy six nearest-neighbor oxygen adatoms. The dispersion
ture of the TPD spectrum for the §22)-(NO+30) layer?®  measurements of the external and internal NO stretching
Based on a lattice gas model we have found nearest-neighbotodes show downward shifts of 16 and 23 cimrespec-

NO-NO repulsion as well as esmalley attractive NO trio  tjyely, along the['K’ direction of the surface Brillouin zone.
interaction necessary for a satisfactory description of therhe dispersion of the NO internal mode is well modeled by
TPD dataZ® Correspondingly, the depth of the NO-Ru poten- dynamical dipole-dipole coupling with vibrational and elec-
tial becomes more shallow with increasing NO coveragetronic polarizabilities of 0.42 and 2 3 respectively. The
Similarly, with increasing oxygen coverage a lower NO de-gjispersion of the external modthe frustrated translation,J
sorption temperature compared to thex(2)-30 structure s also dominated by dynamical dipole-dipole coupling; how-
has been foundFig. 3(g)] for low NO coverages, which ever, some contributions from additional substrate-mediated
might be related to a more shallow NO-Ru potential. In bothcoupling cannot be excluded.

cases the reduced depth of the NO-Ru potential has to be From the comparison of six different (NGO) structures
related to a blueshift of the singleton NO-Ru stretchingwhich all contain exclusively NO in hcp sites the chemical
mode. Note that this shift is reversed to the behavior on@pifts of the internal and external NO stretch with respect to

would expect for a simple Morse potential. Such a reversedyrrounding oxygen atoms or NO molecules have been ana-
chemical shift with potential depth was already found for theyzed. For the internal mode an initial chemical shift of

O-Ru stretching modé' 31 cm'! per next-neighbor oxygen atom is found which
drops to 20 crn! per next-neighbor oxygen atom for the
V. SUMMARY AND CONCLUSIONS fifth and sixth neighbor. Next-neighbor NO molecules in-

The vibrational and structural features of dense (NOduce a smaller chemical shift of about 12 chnper mol-

) . Fcule. No chemical shift is found for the internal mode upon
+0O) coadsorbate layers have been studied experlmental\)/ariation of next-nearest neighbor sites. In contrast, for the
using HREELS and TPD. A well-ordered ¥2)-(NO g ) '

+30) structure was found, which is characterized by exter_external mode chemical shifts of 5 and 3 chper next-

nal and_internal NO stretchin_g ques at 425 and 158010m. nmeoﬁéiiﬁg’e;gggg&?\gg?ﬂ ;\}Zr{; : g: Q)i)r(; ;ggTest neighbor NO
respectively. Based on the vibrational and thermal desorption

features the experimental optimization of the formation of
ideal defect-free (X2)-30 and (% 2)-(NO+30) layers
on RU00)) is found. For an optimal (X 2)-30Oprecoverage
(®5=0.75 ML) the NO molecules adsorb in the remaining  This work was supported by the Deutsche Forschungsge-
hcp threefold sites of the ¢22)-hole structure surrounded meinschaft through SFB 338.
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