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Vibrational characterization of a high-density Ru„001…-„2Ã2…-„NO¿3O… phase

K. L. Kostov,* D. Menzel, and W. Widdra†

Physik-Department E20, Technische Universita¨t München, D-85747 Garching, Germany
~Received 11 January 2000!

High-density (NO1O) coadsorbate layers on Ru~001! have been studied for oxygen precoverages,QO ,
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 ofQO1QNO51. On the well-ordered (232)-3O oxygen layer
(QO50.75 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
(232) hole structure within the (232)-3O meshconserving the same symmetry. For this well-ordered
Ru(001)-(232)-(NO13O) layer the external and internal NO stretching modes show downward dispersions

of 16 and 23 cm21, respectively, from theḠ point to theK̄8 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 (NO1O) structures. It can be related to the occupation
of nearest- and next-nearest-neighbor sites. The internal mode shows chemical shifts between 12 and 30 cm21

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.
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I. INTRODUCTION

Because of its remarkable catalytic features ruthenium
been the object of intense experimental as well as theore
studies using the modern methods of surface analysis
understand its catalytic properties, which exhibit often co
trasting activities in UHV and under high-pressu
conditions,1,2 careful model investigations of the adsorptio
of simple molecules like O2, NO, and CO, as well as thei
coadsorption are necessary.3–8 Many surface-sensitive meth
ods, especially electron spectroscopies such as h
resolution electron energy loss spectroscopy~HREELS!,
x-ray photoelectron spectroscopy~XPS!, or low-energy elec-
tron diffraction ~LEED!, require UHV conditions. Often
catalytic experiments are therefore separated from real, h
pressure conditions by many orders of pressure, the so-c
‘‘pressure gap.’’ This limitation can be partly removed usi
high-exposure experiments that have led to the discover
new adsorbate structures. For example, on Ru~001! for oxy-
gen exposures up to 6 L (1 langmuir51 L51026 Torr s)
well-ordered (232)-O and (231)-O layers develop con-
secutively with corresponding coverages of 0.25 and 0.5 M
respectively.9–11 Using high oxygen exposures12 or atomic
oxygen from dissociation of NO2,13 higher oxygen cover-
ages up to 1 ML can be prepared with formation of an
dered (131) layer for 1 ML.12,14,15Recently we have dis
covered and characterized by HREELS and scann
tunneling microscopy~STM! an additional well-ordered in
termediate oxygen layer with a coverage of 0.75 ML.16 This
layer exhibits a (232) LEED pattern similar to the ordere
oxygen structures at 0.25 ML. However the unit cell conta
three oxygen adatoms. Since the (131)-O layer passivates
efficiently the Ru~001! surface for CO or NO postadsorption
PRB 610163-1829/2000/61~24!/16911~10!/$15.00
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only the high-density (232)-3O layer gives the possibility
to study coadsorption in the oxygen high-coverage regim
The purpose of the present work is to characterize NO p
tadsorption onto this new oxygen layer. It is a further exte
sion of the geometrical and vibrational studies of NO adso
tion onto (232)-O and (231)-O layers that have been
carried out in our institute.6,17

On the clean Ru~001! surface NO forms a variety of ad
sorption complexes depending on the NO coverage.5,18,19Fi-
nally, at saturation coverage (QNO50.75 ML) a layer with
(232) symmetry is found with three NO molecules in thr
different sites of the unit cell: threefold hcp, threefold fc
and on top20,21. The presence of ordered (232)-O or
(231)-O layers leads to on-top and threefold-adsorbed N
with formation of four different coadsorbate structure
(231)-(NO1O), (232)-(NO12O), (232)-(2NO1O),
and (232)-(NO1O).4 For (232)-O on-top and threefold
~fcc! adsorbed NO molecules are found by quantitat
LEED measurements4 in agreement with vibrational data.17

Here the oxygen atoms occupy—with and without coa
sorbed NO—threefold hollow sites. Upon low-temperatu
~150 K! NO adsorption on an (231)-O layer, NO molecules
occupy only the threefold hcp sites between the (231)-O
rows.6 Annealing this layer to 430 K leads to partial N
desorption and rearrangement of the oxygen adatoms, re
ing in a well-ordered honeycomb structure. Here the N
molecules are localized in on-top sites, each surrounded
six oxygen adatoms.4 In this study we show that for NO
adsorption on the (232)-3O layer no rearrangement of th
oxygen layer is observed during thermal desorption, in c
trast to NO adsorption on the (231)-O layer. The NO mol-
ecules are adsorbed on strongly localized sites with a st
ing probability close to unity. The structural and vibration
16 911 ©2000 The American Physical Society
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features of the adsorbed NO in this dense oxygen layer
the subject of the present work. Using different NO1O high
coverage-structures the influence of nearest- and next-ne
neighbor atoms on the internal and external NO stretch
frequencies~their chemical shifts! will be discussed.

II. EXPERIMENT

The experiments were carried out in a two-level UH
system at a base pressure of 4310211 mbar. On the lower
chamber it houses a HREEL spectrometer~Delta 05, VSI!
with a best resolution of 5.7 cm21 at an intensity of the
specularly reflected beam of 13105 s21 for the Ru~001! sur-
face. The vibrational spectra presented here have been
formed with a resolution of about 8 cm21, corresponding to
count rates up to 106 s21. More details are given
elsewhere.15 The upper~preparation! chamber is equipped
with LEED, XPS, Kelvin probe, and temperature pr
grammed desorption~TPD! facilities. The thermal desorption
equipment consists of a quadrupole mass spectrometer~Balz-
ers QMS 112! with a Feulner cup that allows quantitativ
reproducibility of the TPD spectra to a few percent.22 During
the NO adsorption onto the Ru(001)-(232)-3O layer and
also NO desorption, the work-function changes were mo
tored using a Kelvin probe with an experimental accuracy
about 1 meV.23

The Ru crystal was cleaned by standard procedures
cluding initial Ar-sputtering followed by heating in UHV
and in oxygen pressures of about 1027 mbar. Between ex-
periments only several heating cycles up to 1400 K in o
gen and annealing to 1570 K in UHV are necessary to p
duce a clean surface as was monitored mainly by HREE
The gas dosing for the HREELS and TPD experiments w
carried out in front of a microcapillary array in order to e
sure homogenous coverages.

III. RESULTS

A. NO adsorption onto oxygen-covered Ru„001…, QOÐ0.5 ML

Figure 1 shows HREEL spectra for the oxygen-cove
Ru~001! surface in the range fromQO50.5 to 1.0 ML, Figs.
1~a! to 1~g!, respectively. The spectra have been recorde
energy loss steps of 1.56 cm21 and a total measurement tim
of 1 s per channel for spectra~a! to ~f!. Spectrum~g! has
been measured with 0.5 s per channel. The vibrational s
trum for the (231)-O layer atQO50.5 ML, Fig. 1~a!, is in
good agreement with previous work with lowe
resolution.24,25 The asymmetric line shape of the O-R
stretching vibration results from an oxygen coverage sligh
above 0.5 ML. The additional oxygen atoms lead to a sho
der at about 600 cm21. With increasing oxygen coverage
Figs. 1~b! and 1~c!, the appearance of two new losses
541–547 and 632–637 cm21 indicates the growth of a new
phase. This new phase is completed as soon as the loss
ture due to the (231)-O domains at 580 to 588 cm21 dis-
appears. It corresponds to the well-ordered (232)-3Ophase
at a coverage of 0.75 ML as discussed elsewhere.16 For the
optimal (232)-3O structure both peaks at 641 an
550 cm21, Fig. 1~e!, exhibit maximal intensities and smal
est widths. They have been attributed to the O-Ru stretch
vibration and the dipole-active frustrated translation para
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to the surface~breathing motion! of the three oxygen ada
toms within the unit cell, respectively.16 A further increase of
the oxygen coverage as shown in Figs. 1~f! and 1~g! leads to
a frequency shift of then(O-Ru) stretch up to 660 cm21 as
for the ideal (131)-O layer15 which is accompanied by a
decrease of the 550 cm21 loss intensity due to remnan
(232)-3O domains. Note that the resolution in Fig. 1~g! is
slightly degraded to about 12 cm21 and that the tail of the
elastic peak extends to higher energies. Therefore one h
be careful comparing loss intensities between spectrum~g!
and the others.

HREEL spectra after NO saturation at 90 K for the sev
different Ru~001!-O layers of Fig. 1 are shown in Fig. 2
Subsequent NO thermal desorption data for these coads
tion layers are displayed in Fig. 3. The results for NO a
sorption onto the (231)-O layer, QO50.5 ML, Figs. 2~a!
and 3~a!,26 are in good agreement with previous infrared a
TPD data of Jakobet al.6 Here, NO is adsorbed in the three
fold hcp sites between the (231)-O rows. Due to the
(231) domain boundaries a small amount of NO (QNO
,4%) adsorbs in on-top positions.6 We observe both spe
cies withn(N-O) stretching modes at 1614 and 1839 cm21,
respectively. Compared to Ref. 6 more details are visible
the low-frequency region: Then(Ru-NO) stretching mode is
observed at 435 cm21. Additionally, a loss feature is de
tected around 490 cm21, which is attributed to the dipole
active O-Ru out-of-row bending mode based on isotope
periments as discussed in detail elsewhere.27 The O-Ru
stretching mode is strongly attenuated by the NO and
visible here. Spectra with better counting statistics clea
show this mode at 628 cm21 for the (231)-(NO1O)
layer.27 The structural model based on the vibrational d

FIG. 1. HREEL spectra for different oxygen coverages
Ru~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.
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that has been confirmed by a quantitative LEED study gi
a NO coverage of 0.5 ML for the saturated and orde
(231)-(NO1O) layer at low temperatures.4,6 We will use
this value to estimate the absolute NO coverages for all o
layers. Assuming complete molecular NO desorption
corresponding NO coverages in Figs. 2 and 3 from~a! to ~g!
are 0.50, 0.43, 0.35, 0.29, 0.25, 0.15, and 0.03 ML, resp
tively. Based on this NO coverage determination ofQNO
50.25 in Fig. 3~e! it follows immediately that NO can ad
sorb in all vacant hcp sites of the (232)-3Ostructure, form-
ing a well-ordered (232)-(NO13O) structure. As we will
show below the assumption of complete molecular deso
tion is valid for the (232)-(NO13O) structure. In the cas
of the (231)-(NO1O) layer a small amount of NO disso
ciation has been reported.6 It depends on the quality of th
(231)-O layer and is here estimated to be about 4%. Fr
the fact that all hcp sites of the (231)-O and (232)-3O
layers can be saturated by NO and also vacant hcp site
oxygen coverages aboveQO.0.75 ML are accessible to NO
@see Figs. 2~f!, 2~g!, 3~f!, and 3~g!#, it is straightforward to
assume that in all cases~for oxygen coveragesQO>0.5) the
total coverage upon NO saturation is unity,QO1QNO51.
The corresponding different partial coverages are indica
in the captions of the figures. The particular form of t
thermal desorption spectrum for the (231)-(NO1O) layer,
Fig. 3~a!, has been discussed previously.7 Its high-
temperature (.350 K) region corresponds to a rearrang
ment of the oxygen atoms and the remaining NO molecu
to a honeycomb (232)-(NO12O) structure with the NO
positioned in on-top sites.4,6

Increasing the oxygen precoverage above 0.5 ML a s
ond internal N-O stretching mode appears at a lower

FIG. 2. HREEL spectra for the layers shown in Fig. 1 af
saturation with NO at 90 K.
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quency,1580 cm21 as can be seen in Figs. 2~b!–2~d!. It
can be attributed to NO molecules localized in (232)-3O
domains, i.e., NO molecules that are surrounded by six o
gen atoms. As is seen in Figs. 3~a!–3~d! the thermal desorp-
tion peak of the linearly bonded NO above 400 K decrea
strongly, which can be explained as due to the increase o
(232)-3O domain area. The high-temperature peak is
observed for an ideal (232)-3O layer @Fig. 3~e!#. For the
latter layer only one narrown(N-O) peak at 1580 cm21 ex-
ists; see Fig. 2~e!. The two-peak structure of its TPD spe
trum in Fig. 3~e! is interpreted purely by NO-NO latera
interactions, which contain a nearest-neighbor repulsion
well as an attractive trio interaction as will be discussed
more detail together with lattice gas simulations elsewher28

A further increase of the oxygen coverage above 0.75
decreases the amount of adsorbed NO,@Figs. 3~f! and 3~g!#,
and shifts then(N-O) stretch down to 1565 cm21 for a layer
with QO50.97 andQNO50.03. It is most probably charac
teristic for NO molecules localized in isolated vacant thre
fold sites in the (131)-O mesh. As seen from Fig. 2~a!, a
strong screening of the O-Ru stretch at 580 cm21 is ob-
served after NO postadsorption for the (231)-O layer. The
intensity of the O-Ru stretch peak increases with decrea
NO coverage; simultaneously a blue shift of then(O-Ru)
loss is observed~Fig. 2!. On an almost saturated (131)-O
layer @Fig. 2~g!#, n(O-Ru)5660 cm21 is measured; the
same value has been recently reported for a fully satura
pure Ru(001)-(131)-O layer.15

FIG. 3. Thermal desorption spectra of molecular NO desorb
from the layers presented in Fig. 2. The NO coverages were de
mined ~see also text! to 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.
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B. NO adsorption on the ideal Ru„001…-„2Ã2…-3O layer

1. Preparation of an optimal saturated (2Ã2)-3O coverage

We control the formation of a well-ordered defect-fr
(232)-3O layer by means of HREELS and TPD. As h
been discussed for Figs. 1~b! to 1~d!, the remaining
(231)-O-like domains are characterized by a third oxyg
loss at 586–590 cm21. This peak disappears with th
completion of the ordered (232)-3O phase. Our signifi-
cantly improved resolution~about 1 meV! allows us to moni-
tor the frequency region between 550 and 640 cm21 in de-
tail, as is demonstrated in Fig. 4. The existence of miss
oxygen atoms~below 0.02 ML! within the (232)-3O layer
can be monitored by a low-intensity peak at abo
590 cm21. This implies a local environment containing ox
gen atoms with only three nearest-neighbor oxygen ato
On the other hand, at an oxygen coverage slightly above
ML a shoulder~at about 660 cm21) on the higher-energy
side of the O-Ru stretching loss at 640 cm21 is detectable,
which might be interpreted as additional oxygen atoms~with
five or six oxygen nearest-neighbor atoms! within the layer.
Since individual (232)-3O domains can have an offset o
half a (232) unit cell against each other, the existence
domain boundaries is most likely. These domain bounda
form stripes of either higher or lower local coverage, i.
containing oxygen atoms with 3 or 5 nearest-neighbor o
gen atoms, respectively. Therefore the additional losse
590 and 660 cm21 shown in Fig. 4 are likely to correspon
to light and heavy domain walls, respectively. As we d
cussed here HREELS is very sensitive to the formation
the ideal (232)-3O layer, which can be optimized by add
tional oxygen adsorption or desorption. An alternati
method based on thermal desorption spectra of coadso
NO will be discussed in the next section.

2. Preparation of the ideal (2Ã2)-(NO¿3O) coadsorption layer

As mentioned in Sec. III A the study of NO coadsorptio
gives information about the structure of the dense oxy

FIG. 4. Detailed HREEL spectra for the (232)-3Ostructure on
Ru~001!: The spectrum for an ideal (232)-3O layer is marked by
stars. Spectra corresponding to slightly higher and lower oxy
coverages than the ideal (232)-3O structure ~0.75 ML! are
marked as solid line and by circles, respectively.
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layers on Ru~001!. Figure 5 shows NO TPD spectra from
NO saturated NO1O layers for a series of oxygen preco
erages between 0.7 and 0.75 ML. The dominant two des
tion features that agree well with the spectrum in Fig. 3~e!
are characteristic for the ideal (232)-(NO13O) layer.
However, for slightly lower oxygen coverages two addition
NO desorption features around 330–340 and 420–440 K
clearly visible. With oxygen coverages decreasing bel
0.75 ML first the 340 K peak grows. Subsequently the d
sorption peak at 420–440 K develops, which might be int
preted as NO desorption out of small reconstructed hon
comblike areas where one on-top NO is surrounded by
oxygen atoms. The latter interpretation is supported by
analogy with NO desorption atQO50.5 ML; see Figs. 3~a!
to 3~d!. From the TPD spectra in Fig. 5 it follows that th
higher-temperature peak decreases and vanishes whe
oxygen precoverage approaches;0.72 ML. Therefore up to
this value small (231)-O domains exist. Between 0.72 an
0.75 ML mainly a shoulder at about 340 K is visible. In vie
of the discussion above it is attributed to NO desorption
of light domain walls or NO sites at an oxygen vacan
within the (232)-3O. In theabsence of (231)-O rows the
dense NO1O layer cannot reconstruct to the honeycom
structure for geometrical reasons. In conclusion, the shap
the high-temperature edge of the NO thermal desorp
spectrum is a reliable indicator for the perfection of t
Ru(001)-(232)-(NO13O) layer.

C. Vibrational results

NO postadsorption at 100 K onto the oxygen cover
Ru(001)-(232)-3Olayer reveals a high sticking coefficien
close to unity up to saturation and causes a work-funct
increase ofDF50.19060.005 eV. As follows from the vi-
brational data shown below, NO is adsorbed only in o
chemisorbed state, and weak dynamical interactions with
other NO neighbors exist. Up to saturation of the NO su
layer the work-function changes linearly with exposu
Therefore the existence of a weakly bound precursor s
can be assumed. TheDF and TPD data will be discusse
elsewhere together with detailed kinetic modeling.28

n

FIG. 5. Thermal desorption spectra of molecular NO from sa
rated NO1O layers for different oxygen precoverages betwe
0.70 and 0.75 ML.
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PRB 61 16 915VIBRATIONAL CHARACTERIZATION OF A HIGH- . . .
In Fig. 6 HREEL spectra for different exposures to NO
an optimal Ru(001)-(232)-3O layer at 96 K are shown
The indicated NO coverages have been determined from
sequent TPD spectra assuming a saturation value of 0.25
~see Sec. III A!. With increasing NO coverage two intens
losses grow and undergo shifts to higher frequencies.
saturation the peaks that are attributed to then(Ru-NO) and
the n(N-O) stretching vibrations of threefold-coordinate
NO are located at 424 and 1580 cm21. With increasing NO
coverage the characteristic losses of the (232)-3O layer at
550 and 641 cm21 are strongly attenuated and shift up
555 and 649 cm21 for the saturated (232)-(NO13O)
layer.

Figure 7 displays the vibrational spectrum of t
(232)-(NO13O) layer with more details. Besides th
dominating modes already discussed, two additional mo
can be observed in the region above 3000 cm21: the features
at 3094 and 3160 cm21 are interpreted as the overtone a
the double loss of the N-O stretch at 1580 cm21, respec-
tively. In the low-energy region of the substrate phonons
detect three peaks at 146, 207, and 255 cm21 in contrast to
the observation for the pure (232)-3Olayer.16 They can be
attributed to the Rayleigh mode and two longitudin
phonons, respectively, which are back-folded from theM̄
point of the (131) surface Brillouin zone29 due to the pres-
ence of the (232) adsorbate overlayer.25 This back-folding
is strong for the (232)-(NO13O) but hardly visible for the
(232)-3O layer, indicating that the (232) Fourier compo-
nents that cause the back-folding increase with NO ads
tion.

During annealing of the saturated (232)-(NO13O)
layer no dissociation of NO is observed. This is obvio

FIG. 6. HREEL spectra of different NO coverages (QNO) on an
optimal Ru(001)-(232)-3O layer.
f

b-
L

t

es

e

l

p-

s

from the experimental data shown in Fig. 8. After NO sa
ration at 100 K and subsequent heating to the indicated t
peratures no additional losses to those described above
visible. When NO desorption is completed the characteri
vibrational spectrum of the (232)-3O layer is observed as

FIG. 7. Vibrational spectrum of the well-ordered Ru(001
(232)-(NO13O) layer:QNO50.25 ML andQO50.75 ML.

FIG. 8. HREEL spectra for the Ru(001)-(232)-(NO13O)
layer after annealing to the indicated temperatures.
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16 916 PRB 61K. L. KOSTOV, D. MENZEL, AND W. WIDDRA
before NO adsorption. In view of the discussion in Sec. II
this indicates that no additional oxygen is left upon NO d
sorption, which excludes any NO dissociatio
(,1%). Note that at oxygen coverages below 0.75 ML, N
dissociation during annealing is detected based on a sh
O-Ru stretching mode. It is not clear whether the dissoc
tion process can be connected to on-top adsorbed NO sp
that still exist on the surface at oxygen precoverages be
0.75 ML, or to NO adsorbed in the imperfections~domain
walls! of the mixed (231)-O and (232)-3O phases. We
emphasize that the vibrational spectra for all annealing t
peratures show the presence of only one threefold adso
NO species and a continuous frequency shift of both cha
teristic Ru-NO and N-O stretching losses versus NO cov
age, as compiled in Fig. 9. To address the question if th
shifts with NO coverage are due to dynamical coupli
within the adlayer or if they represent a chemical shift, t
dispersion relation has been mapped out.

So far we have discussed only the vibrational spectra
the Ḡ point ~no momentum transfer!, which are dominated
by dipole scattering and where equivalent oscillators of d
ferent unit cells vibrate in phase. However, due to dynam
lateral coupling these modes might exhibit frequency sh
with momentum transfer; i.e., show phonon dispersio
within the adsorbate Brillouin zone. The dispersion expe
ments that will be presented have been accomplished in
electron energy range up to 144 eV at a constant scatte
angle of 120°. These off-specular measurements were
ried out with a scattering geometry corresponding to mom
tum transfer along theGK8M 8 direction in reciprocal space
as shown in the inset of Fig. 11. Figure 10 represents s
off-specular HREEL spectra for the (232)-(NO13O) layer
for an electron energy of 64 eV, apart from the last spectr
at ki51.149 Å21, which has been measured at an elect
energy of 100 eV. At higher electron energies, even at thḠ
point, a new loss peak at about 500 cm21 is clearly ob-

FIG. 9. Vibrational frequencies of the external and internal N
stretching modes versus NO coverage.
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served, which shows only weak dispersion. In the absenc
NO, for the pure (232)-3Olayer, such a peak at 500 cm21

had also been found.30 Therefore we assign this loss to
parallel O-Ru bending mode.

The external NO stretching mode clearly exhibits a sm
downward dispersion from 424 to below 410 cm21 with in-
creasingki . The intense peak in Fig. 10 at lowest freque
cies is attributed to the excitation of the Rayleigh phonon

The results of 35 spectra are compiled in Fig. 11. For
(232)-(NO13O) layer the external and internal NO
stretching vibrations exhibit downward dispersions of ab
16 and 23 cm21, respectively, with a minimum frequenc
for the internal mode around theK̄8 point. Both modes show
only weak dispersion at higherki . For the internal mode the
dispersion can be well described by long-range dynam
dipole-dipole interactions between the adsorbed NO m
ecules. The mathematical formalism is adapted from Ref.
it has been applied before to explain the steep dispersio
the vertical O-Ru stretching mode of the pure Ru(001
(131)-O layer:15

n

nA
5A11

av( ki

11ae( ki

, ~1!

where

( ki5 (
latt ice

exp~ ik ir !

ur u3
, ~2!

FIG. 10. Off-specular HREEL spectra for the Ru(001
(232)-(NO13O) layer alongGK8M 8 in the surface Brillouin
zone for the indicated parallel momentum transfer.
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PRB 61 16 917VIBRATIONAL CHARACTERIZATION OF A HIGH- . . .
nA , ae , andav being the frequency of an isolated oscillat
~singleton frequency! and the electronic and the vibration
polarizabilities, respectively, andr is the location of the sur-
rounding oscillators in their two-dimensional lattice. The c
culation and the different sensitivities of the three parame
have been described in Ref. 15. From the data shown in
11 values of nA51561.5 cm21, ae52 Å3, and av
50.42 Å3 have been extracted. The solid line indicates t
fit. The quality of the fit—especially the agreement at t
zone boundary—indicates negligible contribution of a
short-range interactions, e.g., from surface-mediated c
pling. The singleton frequency for the (232)-(NO13O)
layer can be compared with the frequency of this mode in
limit of zero NO coverage; see Fig. 9. The agreement of b
frequencies within 2 cm21 demonstrates that there is no NO
induced chemical shift for the internal NO stretch. Howev
for the external mode the zero-coverage limit of 397 cm21 is
out of the range of the dispersion of this mode for t
(232)-(NO13O) layer. Clearly, for this mode a NO
induced chemical shift~of about 15 cm21) is established.
This emphasizes nicely the fact that external vibrations
more sensitive to changes in the local environment than
internal modes as will be discussed below. Although it see
rather unlikely, in principle a coverage-dependent coupl
between the external NO stretch and an oxygen bend
mode of proper symmetry might contribute also to this sh

The last vibrational feature that will be discussed here
the overtone of the NO internal stretch. For t
(232)-(NO13O) layer it is clearly visible in Fig. 7 a
3094 cm21 in addition to the double loss at 3160 cm21.

FIG. 11. Dispersion of the external and internal NO stretch
modes alongGK8M 8. The inset shows the surface Brillouin zon
for the clean surface~dashed line! and the (232) overlayer~full
line!.
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Compared to twice the singleton frequency of the NO int
nal stretch of 3123 cm21 it is red-shifted by 29 cm21 due to
the anharmonicity of the internal bond. Since this value
significantly below the bottom of the narrow two-phono
band at 3113 cm21 the coupling to the two-phonon band
only weak (1.4 cm21 shift!. Taking this coupling into ac-
count as has been discussed by Jakob and Persson,32 this
leads to an anharmonicity shift of 28 cm21. This value
agrees with the gas-phase value of 28 cm21,33 and with the
value found for NO adsorbed on Ru(001)-(231)-O in the
limit of zero coverage of 29 cm21.17 It therefore indicates an
unperturbed anharmonicity of this vibrational potential up
adsorption.

IV. DISCUSSION

A. Dynamical adsorbate-adsorbate interactions
in the „2Ã2…-„NO¿3O… layer

Although for the (232)-(NO13O) layer the separation
between nearest-neighbor NO molecules is twice the Ru
nearest-neighbor distance with oxygen atoms in between
have shown that the dynamical lateral interactions lead
measurable dispersions for the NO internal and exte
stretching modes. The dispersion of 23 cm21 for the internal
mode with an initially linear red shift and a minimum atK̄8
can be completely described by dynamical dipole-dip
coupling. The extracted polarizabilities can be compa
with data for thec(432) NO layer on Ni~111!.34 This layer
consists of NO adsorbed in the threefold hollow sites with
coverage of 0.5 ML. For this layer Stirnimanet al. found for
the internal stretch a dispersion with increasing moment
transfer of 120 cm21, which was fitted by an azimuthally
averaged dynamical dipole-dipole coupling with polarizab
ities av andae of about 1.24 and 8.0 Å3, respectively.34 The
singleton frequency was determined to be 1499 cm21, not
too different from our 1561.5 cm21 for the (232)-(NO
13O) layer. However, on the Ni surface their reported N
polarizabilities of about av'1.24 Å3 and ae'8.0 Å3

strongly deviate from the values of 0.4 and 2 Å3, respec-
tively, found in our work. Especially the discrepancy inav
by a factor of 3 is surprising. Due to the presence of th
rotational domains on the Ni surface and the limited mom
tum range of their dispersion data the determination of
electronic polarizabilityae might be less reliable than state
by the authors. Since around theḠ point av and ae can
compensate each other to some extent, which, e.g., ca
seen in Eq.~1!, the high value forae might have implied the
high value ofav . Note that an electronic polarizability o
ae58 Å3 implies that the depolarization factor 11aeS(ki)
reaches about 4 atḠ. This quite unusually high value corre
sponds to a drop of the dipole scattering intensity to 1
compared to the value in the absence of depolarizat
Clearly, further studies on the NO polarizabilities for diffe
ent substrates and in different geometric structures
necessary.

Based on the similarities of the dispersions of the exter
and the internal stretch vibrations the dynamical dipo
dipole coupling is also likely to be the dominant contributio
for the external mode. However, since the data seem to h
no minimum at K̄8 additional short-ranging substrate
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TABLE I. Singleton frequencies for the external and the internal NO stretching modes of six diff
layers on Ru~001! that contain exclusively threefold-coordinated NO. The numbers and kinds of next n
bors,~A!, and next-nearest neighbors,~B! and ~C!, for the NO molecule is stated in columns 2 to 4.

Layer Sites~A! Sites~B! Sites~C! Tz (cm21) n(N-O) (cm21) Refs.

(232)-3O1QNO→0 6O 6O – 397 1564 This work
(232)-(NO13O) 6O 6O 6NO 415 1562 This work
QO→1, QNO→0 6O 6O 6O 429 1565 This work
(231)-(NO1O) 4O12NO 4O12NO 6NO – 1548 27
(231)-O1QNO→0 4O 4O – – 1524 17
QNO→0, QO50 – – – '350 '1400 19
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c-
mediated contributions are likely to contribute at the zo
boundary. Unfortunately, no dispersion data for the exter
NO stretching mode on any other single crystal surface
available in the literature for comparison.

B. Chemical shifts and their sensitivities to the local structure

Based on the extracted singleton frequencies which co
spond ~for dipole-dipole coupling! also to the ‘‘centers of
gravity’’ of the dispersions, we have shown that the inter
NO mode shows no chemical shift with NO coverage:
frequency of 1562 cm21 is coverage independent in the a
sence of dynamical coupling. Furthermore, this freque
seems to stay constant even with increasing oxygen co
ages~decreasing NO coverages! as discussed in Sec. III C
On the other hand, a different singleton frequency of
internal NO mode for NO adsorbed on an (231)-O layer
has been determined (1524 cm21) at low NO coverages,17

which additionally exhibits a chemical shift with NO
coverage.6 Therefore, the frequency of the NO intern
stretch seems to depend on the six nearest-neighbor a
only. Any change in the population or identities of the ne
nearest neighbors does not affect the internal mode wi
the experimental error. The results for different NO1O
coadsorbate layers are summarized in Table I together w
listing of the occupations of the nearest-neighbor and n
nearest-neighbor sites: the sites~A!, ~B!, and ~C!, respec-
tively. The positions of these different sites are illustrated
Fig. 12. The first three rows in Table I compare three diff
ent structures that are identical with respect to the occupa
of the neighboring sites~A! and ~B! around a central NO
molecule. They differ only in the number and kind of adso
bates at site~C!: Whereas the internal NO stretch is not se
sitive to this difference, the external stretch shifts upwards
18 and 32 cm21 when these sites are occupied by NO
oxygen, respectively. The assumption of a linear shift w
the number of occupied sites~C! results in chemical shifts o
3 and 5 cm21 per NO or O occupied site~C!, respectively.
The last three rows in Table I summarize data for the sing
ton frequency of the internal NO stretch for three structu
that differ from the first three by the number and kind
nearest-neighbor sites~A!. Unfortunately, no correspondin
data for the external mode are available in the literature.

For the internal NO stretch we find a significant chemi
shift of 165 cm21 between the different structures. Since w
have demonstrated that this mode is insensitive to the o
pation of site~C! and since the distance to sites~B! and~C!
is not very different, it is straightforward to assume that t
e
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dominant shift is simply due to sites~A!. By comparison of
low-coverage NO data that show a stretching mode at ab
1400 cm21 with data for low-coverage NO within the
(231)-O row structure ~singleton frequency a
1524 cm21), we extract a chemical shift of about
331 cm21, i.e., 31 cm21 per neighboring oxygen atom in
site ~A!. By comparing the value for NO at missing oxyge
sites in a (131)-O layer (1565 cm21) with the low-
coverage NO data within the (231)-O row structure, we
arrive at a chemical shift of about 1565–1524 cm2152
320.5 cm21, i.e., a reduced value of 21 cm21 per additional
neighboring oxygen atom. This indicates a sublinear cha
of the chemical shift with the number of surrounding oxyg
atoms.

From the data of the (231)-(NO1O) structure we find
an NO-induced shift of about 24 cm21 if compared to the
low-coverage NO within the (231)-O row structure. This
corresponds to a NO induced shift of 12 cm21 per NO mol-
ecule at site~A!. Note that the oxygen-induced chemic
shift is about a factor between 2.6 and 1.8 higher than
NO-induced one, most likely due to its higher electroneg
tivity.

In all cases the filling of empty neighbor sites with in
creasing coverage leads to a blueshift of the singleton
quencies. These frequencies are proportional to the sec
derivatives of the potential with respect to elongation of t
internal molecular or the external molecule-to-surface bon
It is interesting to compare their changes to the static lat

FIG. 12. Arrangement of nearest-neighbor adsorbate sites~A!
and next-nearest-neighbor sites~B and C! with distances from the
central NO site~gray circle! of 1, A3, and 2 substrate units, respe
tively.
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interactions which are responsible for the double-peak st
ture of the TPD spectrum for the (232)-(NO13O) layer.28

Based on a lattice gas model we have found nearest-neig
NO-NO repulsion as well as a~smaller! attractive NO trio
interaction necessary for a satisfactory description of
TPD data.28 Correspondingly, the depth of the NO-Ru pote
tial becomes more shallow with increasing NO covera
Similarly, with increasing oxygen coverage a lower NO d
sorption temperature compared to the (232)-3O structure
has been found@Fig. 3~g!# for low NO coverages, which
might be related to a more shallow NO-Ru potential. In bo
cases the reduced depth of the NO-Ru potential has to
related to a blueshift of the singleton NO-Ru stretchi
mode. Note that this shift is reversed to the behavior o
would expect for a simple Morse potential. Such a rever
chemical shift with potential depth was already found for t
O-Ru stretching mode.14

V. SUMMARY AND CONCLUSIONS

The vibrational and structural features of dense (N
1O) coadsorbate layers have been studied experimen
using HREELS and TPD. A well-ordered (232)-(NO
13O) structure was found, which is characterized by ex
nal and internal NO stretching modes at 425 and 1580 cm21,
respectively. Based on the vibrational and thermal desorp
features the experimental optimization of the formation
ideal defect-free (232)-3O and (232)-(NO13O) layers
on Ru~001! is found. For an optimal (232)-3Oprecoverage
(QO50.75 ML) the NO molecules adsorb in the remaini
hcp threefold sites of the (232)-hole structure surrounde
c-

or

e
-
.

-

h
be

e
d

lly

r-

n
f

by six nearest-neighbor oxygen adatoms. The dispers
measurements of the external and internal NO stretch
modes show downward shifts of 16 and 23 cm21, respec-
tively, along theḠK̄8 direction of the surface Brillouin zone
The dispersion of the NO internal mode is well modeled
dynamical dipole-dipole coupling with vibrational and ele
tronic polarizabilities of 0.42 and 2 Å3, respectively. The
dispersion of the external mode~the frustrated translation Tz)
is also dominated by dynamical dipole-dipole coupling; ho
ever, some contributions from additional substrate-media
coupling cannot be excluded.

From the comparison of six different (NO1O) structures
which all contain exclusively NO in hcp sites the chemic
shifts of the internal and external NO stretch with respec
surrounding oxygen atoms or NO molecules have been a
lyzed. For the internal mode an initial chemical shift
31 cm21 per next-neighbor oxygen atom is found whic
drops to 20 cm21 per next-neighbor oxygen atom for th
fifth and sixth neighbor. Next-neighbor NO molecules i
duce a smaller chemical shift of about 12 cm21 per mol-
ecule. No chemical shift is found for the internal mode up
variation of next-nearest neighbor sites. In contrast, for
external mode chemical shifts of 5 and 3 cm21 per next-
nearest neighbor oxygen atom and next-nearest neighbor
molecule, respectively, have been extracted.
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