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On a RY000) surface Cs and CO form a very well order6@s+CO)-(2x2) compound layer
whose structure was analyzed recentls on-top, CO in threefold sitesHere we present a
vibrational analysis of the same system using high-resolution electron energy loss spectroscopy
(HREELS), thermal desorption spectroscofiDS), and low-energy electron diffractiofi. EED).

The bonding of CO to Ru is both local and nonlocal. Ti@-O) stretch frequencies are observed
depending on whether there are one or two CO molecules inXt#c2ll. They change in energy
between 155 and 204 meV depending on CO coverlage SettingdLg=1.0, the evolution of the

C-O stretch intensities indicates that upftg,=0.22 the 1-CO2x2) phase is formed exclusively
implying some mobility of the Cs layer. Fdiz5>0.22 the 2-CO2X2) phase grows additionally

until at 6.0=1.0 only the 2-CO2X2) phase is found. Two Ru—CO stretch modes are observed for
the first time and are assigned to adsorption in the hcp and fcc hollow sites withix theriit cell.

They are very weak in intensity which is attributed to the threefold-hollow site and some screening
in the 2D compound. With CO adsorption a change of the electronic structure of the Cs adlayer is
observed; the adlayer loses metallicity and the Cs—Ru stretch becomes visible. Strong changes of
the Cs—Ru stretch energies are observed with CO coveragd998 American Institute of Physics.
[S0021-960606)02818-1

I. INTRODUCTION forms a well ordered two-dimensional compound whose
structure was determined recerftfy/Figure 1 shows a sche-

Alkali-metal overlayers adsorbed on transition-metalmatic top view of the C¢2x2) adlayer on R(0001) the
surfaces play an important role as electronic promoters istructure of which is also known from an independent sfudy.
heterogenous catalysisFrequently, they facilitate bond As one can see, thex2 unit cell exhibits two adsorption
breaking of adsorbed particles involved in the catalytic reacsites of high symmetry which are the hcp and fcc threefold-
tion, and the related modifications of the electronic properhollow sites. In th€Cs+C0O)-(2%x2) compound CO occupies
ties of these coadsorbates have been studied in detail, mainilyese two sites giving rise to a 1-CO- or a 2-CO-phase if
by using carbon monoxide as a test molecule. Recently, ionly the hcp-site or both sites are occupied, respectit2ly.
was demonstrated how these interactions in turn also affeds$ interesting to note that CO has changed its adsorption site
the properties of the adsorbed alkali-metal atériihie vi-  from on-top in the CO/R{©®001) system® to the threefold-
brations of Cs atoms adsorbed on a(@01) surface can be hollow site in the Cs-CO compound layer. Whereas in
excited by impinging low-energy electrons and are moni-many vibrational studies conclusions on adsorption sites are
tored as characteristic energy losses as long as the coveradeé@wn we are here in the good position to investigate how
is small. At higher coverages, the closer distances betweeihe known structure influences the vibrational pattern.
the Cs adatoms cause the overlayer to become metallic, and Using high-resolution electron energy loss spectroscopy
as a consequence, dipole fluctuations are screened very effdREELS we have been able to measure the complete set of
ciently by the two-dimensional electron gas so that an excidipole-active modes including the internal stretch mode of
tation of the vibrations via dipole scattering is no longer C—O and the Ru—CO and the Cs—Ru motisvo different
feasible. This becomes possible again, however, after subse—O stretch modes are found due to the occupation of the
quent adsorption of CO or oxygen, which is the way the2X2 unit cell by one or two CO molecules. We have found
electronic coupling between the alkali adatoms is supiwo Ru—CO modes which we assign to the two different
pressed. In addition, observed shifts of the Ru—Cs vibratiothcp and fcg threefold-hollow sites. The Cs—Ru mode
to higher energies indicate substantial strengthening of thig§hows characteristic differences for the three pHas®(2
bond, thus corroborating more indirect conclusions of a re>2),1-CO-Cs,2-CO-Cks
cent calorimetric study with a related systém.

The Cs+CO coadsorption system is very interesting. It!l. EXPERIMENT

The experiments were carried out in an ultrahigh
dAuthor to whom correspondence should be addressed. vacuum(UHV) apparatus with a base pressure of1D™ !
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CO/Ru(0001)-Cs-(2x2)

Ep=2.5eV
T=300 K
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FIG. 1. Schematic sketch of a €2%2) unit cell on a R(@0001) surface. E 0.87
t .
Z 0.68

0.55
0.44

mbar which was achieved by a pumping line completely free
of oil consisting of a Ti sublimation pump, a turbomolecu-

larpump with magnetic bearind.eybold, NT340M, a drag WWWWWO-M
pump(Balzers, TCPO1f and a diaphragm pump. The appa- wwwwwwoz“
ratus consisted of two chambers—the upper chamber con- J “%«MWWMWWMMWS?Q;)
tained an argon ion gun, a quadrupole mass spectrometer, r — \———————clean,
and a LEED optics. The lower chamber housed a high- 50 0 50 100 150 200 250 300
resolution electron energy loss spectrometer for recording . LOSS ENERGY (meV)

vibrational spectra. The two chambers were separated by a

valve, in order to keep the lower chamber at a pressure ofiG. 2. HREEL spectra of a R0001)-Cs<2x2) surface onto which differ-

3x10 ! mbar during preparation of the sample in the upperent am?juntz 0('; CF?_—aS given by thed f?'aﬁve Csvgf@]gﬁ?(see te*ﬁt,—haved
chamber. The HREEL spectrometer was developed anff & o0 et e T o e ihout CO. The specra
mounted at the laboratory of IbalhHREEL spectra were pave been measured in specular geometry.

taken at a 60° angle of incidence with respect to the surface

normal and in a specular geometry. The primary energy was

1.5 eV and the energy resolution was set to 3.8 meV. Typi-

cally, count rates in the elastic peak of abowt1® counts first spectrum is for the clean surface, i.e., thdR01) sur-

per second were achieved. Energy loss intensities are nofac® covered by Cs witlfc:=0.25 and exhibiting a 22
malized against the intensity of the elastic peak. LEED pattern. The C$2x2) HREEL spectrum is known to

The sample was mounted using W wires in narrow SIitSexh|b|t a continuous background of electron-hole pair exci-

at the edges of the sample. The wires were resistively heateH’.t'o_n' throughout the whole window of F'g'. 2, '”C'“d”.‘g an
The temperature was measured by a Ni—CrNi thermocouplgqu'valent noise as can be seen from the fighiiEhe noise
spot-welded to the back of the crystal. The(@a0)) surface 2nd the background decrease whtgg increases from O to
was prepared and its cleanliness was checked by Iow—energ@p
electron diffraction(LEED) and HREELS as in previous a
work ! Cs was evaporated from a break seal ampoule. The
mal desorption spectroscogyDS) was used for the deter-
mination of the CO coveragé.g.

In the following the HREEL spectra will be presente

out 0.3. Interestingly, nearly no vibrational signal of CO
n be recognized in this coverage regime. #q=0.24 the

I;_:O intramolecular stretch vibration is observed; it changes
in energy and line shape with increasirgy. For the
Ru—CO stretch mode which is expected at energies between
d 40 and 60 meV only very weak signals are observed. This

depending on CO coveragk which was determined inde- contrasts fche CO adsorption on the bar_e surt_m*émut any
pendently by TDS measurements. The TDS signals Wergs) for which a strong Ru—CO stretch signal is observet.

calibrated with the help of the RD00D v3 CO structure This mode is completely suppressed in t.he 0.08 curve in Fig.
which is known to consist of one CO molecule per 3 Ru2 although, as checked by TDS, there is CO on the surface

surface atoms. The maximum CO coverage found for th ith a coverage obi;o=0.08. In HREELS this CO can only

Ru(0001-Cs<2x2) surface is two CO molecules pei<2 e detected by using the impact mode in electron scattering
unit cell. We define this value of two CO molecules per four@s: €9- by choosing an angle of 10° off-specular for the

Ru surface atoms a8.o=1.0 throughout this contribution. analysis. In Fig. 3 we compare the results for specular and
Our calibration is in agreement with that of Owatral** for off-specular geometry. For the two sets of spectra and for
the same system small coverages of CO the CO stretch mode is clearly ob-

served at about 160 meV.
IIl. RESULTS A. The CO stretch mode

Figure 2 exhibits a set of HREEL spectra with the full First we analyze the CO stretch mode because it gives
energy window between 0 and 250 meV in which energyrise to the strongest signal. The loss energy as function of
losses were observed. Parameter is the coverage of CO. Tligy is given in Fig. 4. For smalbq there is only one fre-
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T T T T T T T
CO/Ru(0001)-Cs-(2x2) ~ | CO/Ru(0001)-Cs-(2x2)
3
Ep=2.5eV S PY °
T=300 K Oco >
%) @ Cs+2CO species PY
E O Cs+CO species
0. =
e z
S5 . L o °
S L '::
> X100 e P i
= BN @
G s 0.13 = ° 8 o o
L '."-r.'..:' Z O |O .. I 1 L O.ol
E specular 0.0 0.2 0.4 0.6 0.8 1.0
- CO COVERAGE 9co
S, 10%-off
g Cs A . . . i
,:><100 T ' ..v"".-.‘»..'.' FIG. 5. Integrated intensity of the internal stretch mode of CO as a function
xzoé\-".'y_.:.;;;-, ¢{~‘r\~ . 0.08 of the CO coverag@o.
T specular
J. . ‘ . . observed. This part starts already at abéyt=0.22, i.e.,
0 50 100 150 200 250 much earlier than af.o=0.5. The latter value is expected

for a situation when a complete 1-CO-phase is formed first
and later the 2-CO-phase. Quite obviously there is an over-
FIG. 3. Specular and off-specular HREEL spectra for small CO coverageé2PPING regime, i.e., the 2-CO-phase starts forming earlier
6co- The other parameters are as for Fig. 2. than the 1-CO-phase has been completed. For CO saturation
at -0=1 one single loss remains at 204 meV. This shows
o ) o that the CO stretch mode frequency is not influenced by the
guency which is 155 meV in the |!m|ﬁco*>0- Very soon  itference between the hcp and fcc hollow site. If there is an
two losses are observed. Following the LEED structurgnfiyence, it is smaller than about 1 meV. The linewidth of
analysis we assign these two losses to CO with one CO mole cO stretch mode was 4.2 meV foo=1 and the
ecule or two CO molecules in the @8x2) unit cell. We  pywHM of the elastic peak was 3.3 meV in this experiment.
will call this the 1-CO- and the 2-CO-phase in the following. por the CO/R(D00) system (without C9 we have
The integrated intensity of these modes is plotted in Fig. 5opserved an inhomogeneous broadening of 1.85 meV, a

First, there is a remarkable delay in the appearance of the C(yye which is larger than that observed here. This confirms
stretch intensity. Quite obviously CO is embedded within theyhe high degree of order in the GETs layer.

metallic Cs adlayer which screens the CO stretch mode ex-

citation. _In this region b_a5|cally one s_lngle CcoO stretc_h fre-B. The RU—CO stretch mode

guency is observed which smoothly is connected with the

lower frequency branch in Fig. 4 assigned to the 1-CO-  The most surprising result is the very weak intensity of

phase. Second, there is a regime where two frequencies aifee Ru—CO stretch mode. This is contrary to the CO/
Ru(0002) system(i.e., without C$ for which the intensity of
this mode is as high as for the intramolecular stretch

LOSS ENERGY (meV)

220

mode®*!*In the latter system CO is adsorbed at an on-top

| CORU(0001) Cs-(2x2) ' ' ' site up to a coverage of.o=0.33. In the C3CO com-
210 | pound, on the other hand, CO is shifted to the threefold-
PO X ) hollow site and the Ru—CO mode intensity is weaker than
%200 i for the internal CO stretch mode by a factor of 20.

E a0l o ° We have studied the Ru—CO loss peak furthermore in
o } ° greater detail. Some spectra are shown in Fig. 6. The loss
- Co o L4 6 © o ©° energies are plotted in Fig. 7. Most interestingly one ob-
ol o5 © serves _two losses which we assign to thg hcp and fcq sit_es.

o According to the LEED structure analysis the hcp site is

10| O @ Cs+2CO0 species occupied first and we assign the higher-lying loss to the hcp
O Cs+CO species site. In agreement with the appearance of a second line in the

80— — 4 YR Y S— C-0 stretch mode signal the fcc-site loss is observed only

for 6.>0.2. As can be seen from Fig. 6 the two losses differ

CO COVERAGE 6 . . - .
e in character; whereas the hcp-site loss is dipole active the

fcc-site one is not. From Fig. 6 one also notices that for
0:0=<0.26 the(dipole-active hcp-site mode cannot be ex-

FIG. 4. Internal stretch-mode frequency of GQ g as a function of the CO
coveragedco -

J. Chem. Phys., Vol. 104, No. 20, 22 May 1996
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FIG. 6. The Ru—CO stretch-mode region of HREEL spectra of CO adsorbed

on the R0001)-Cs{2x2) surface. The CO coveragg is indicated. The  FIG. 8. (a) Ru—Cs stretch-mode frequeney_cs as a function of CO cov-
spectra are measured in the dipole mésjgecular and in the impact mode eragefo. (b) Integrated intensity ofy_cs as a function offo.

(10° off). The other parameters are as for Fig. 2. The sensitivity factors are

1000 (speculay, 50 (10° off-speculay, and 400(6° off-speculay.

The Cs—Ru vibration is observed if the Cs atom is somewhat

. . ) ositively charged which is the case at submonolayer cover-
cited in specular geometry due to the screening of the Cg

| h he h ite | . ges or within a compound layer, i.e., in coadsorption with
ayer. Furt ermore, the hcp-site loss energy increases somgg, electronegative species. If the Cs monolayer becomes me-
what stronger withd-o. We also varied the surface tempera-

; hich did h h tallic, the Cs—Ru mode cannot be excited since the delocal-
t/lgs/ r?L:EhSOO K10 85 K which did not change the spectrajzeq charge screens out any dipole fluctuation. Interestingly,

the energy of the Cs—Ru mode varies strongly with Cs cov-
erage which we have interpreted as a change of the bond
strength to the surfac®.v, varies from 6.7 to 8.9 meV and

We have already shown that we can resolve the Cs—Rfalls back to 8.0 forf.s=0.25. Our second observation was
vibration v at about 8—10 meV with our spectrometé?:’®>  that any interaction with chemically active gases leads to a

reappearance of the.; mode. In this contribution we have

studied the latter effect in detail for the coadsorption with
T CO. Energy and intensity of the-; mode are plotted in Figs.
8(a) and 8b). The raw data have been published elsewfere.
The v, mode becomes observable #y,>0.2, i.e., behaves
similarly as the CO stretch mode. The delocalized charge of
the Cs layer screens every dipole-active vibrational mode
including the Cs—Ru mode for coverags,<0.2.

The energy of the Cs—Ru mode is maximal at about
0c0=0.34, i.e., for the 1-CO-phase. We argue that there is a
real maximum since we know thatcc=8.0 meV for
0@ M-CO (hep) 0co=0."° The value forv in Fig. 8@) rises from 8.0 meV
A A M-CO (fee) for 6.0=0 to 10.0 meV forf-o=0.34. At 6o=1.0 we have
L L only the 2-CO-phase anet,—9.0 meV. The intensity of the

0.0 02 04 06 08 1.0 Ru—Cs vibration increases up #,=1.0. This increase is
CO COVERAGE 0o not proportional to the CO coverage.
Finally, we mention that we also have reproduced the
FIG. 7. Ru—_CO stretch-mode frequencigg o as a_function pf CO cov- knowr? thermal desorption spectra of the €80 com-
eragefc. Circles are for the hcp threefold-hollow site and triangles for the - L
fec threefold-hollow site at which CO is adsorbed. The open and the fulPound. Both Cs and CO are thermally stabilized within the
symbols are for two different runs of the experiment. Cs+CO compound and part of the Cs and all CO desorb at

C. The Cs—Ru mode

60

i T T T
CO/Ru(0001)-Cs-~(2x2)

Vico (Mmev)

J. Chem. Phys., Vol. 104, No. 20, 22 May 1996
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the same temperature within a sharp desorption peak at about — . .
640 K. Qualitatively, the desorption spectra look like spectra 1.0 L CO/Ru(0001)-Cs-(2x2) °
of order 1/2 compatible with desorption from the perimeter

of 2D islands. Under the assumption of island formation at % 08 L
small 6, this is in agreement with the observation that the z
peak temperature shifts by only 15 K to higher values be- E sl
tween 6-o=0.08 and 1.0. a
E 04
IV. DISCUSSION S
O
According to the structure analysis of the x«2)- Mooz}
Ru(0007) surfacé Cs is adsorbed at the on-top position. The Z

Ru atom below the Cs moves inwards by 0.1 A. This struc- 00 n . C .
ture gives rise to two different adsorption sites within the 00 02 04 06 08 10
2X2 unit cell; the hcp and the fcc sifeee Fig. 1 which may CO COVERAGE 0co

be occupied by CO. Compared to the Cs free surface the CO ) ] ) ]
adsorption site is changed from on-top to threefold hoIIow.;!?H eg b@tigrvaéffg?f_‘?ﬁyﬁfﬁzz g‘rt:rfr;;'nsgerf:dgocd; C?Jflég%zse ?ef)‘(i”a'on
Due to the existence of these two different sites and theypen and filled circles are for two different runs of the experiment.
observation of two distinct phaséhe 1-CO- and the 2-CO-

phase it is straight forward to assign the two different C-O

stretch frequencies to a difference in occupation of these two ¢ ¢, 36,

sites. dbco 1= 2(1-6co) (8

and

A. Formation of the CO +Cs phases with ¢

In order to explain the intensity variation of the C-0O 6= 6 0.50 9)
stretch mode we have set-up the following simple model. We 2 ~¢© — 7%
define in addition tofo the relative coverage), of the Equations(8) and (9) were numerically integrated and the
1-CO-phase and, of the 2-CO-phase. We differentiate be- result is shown as lines in Fig. 9. One recognizes that the
tween the two coverage regimég,<0.22 andf.o=0.22. data are reproduced quite well. The data points are from two
1 0..<0.22 runs of the experiment. The data points tyrare multiplied

TCoRT by a factor of 2 in order to meet the calculated lines. This

From our measurements we conclude that within the Csmay indicate that the excitation cross section of the CO

(2X2) structure, Cs is mobile so that always the 1-CO-phasgtretch mode is smaller by this factor in the 1-CO-phase

is formed only. It follows compared to the 2-CO-phase. There may also be some inten-
0,=20c0, (1) sity transfer from th_e IO\_N-en_ergy mode_to_ the high-_energy
mode. The assumptidi¥) implies equal sticking coefficients
and for the two CO species. One could make the reasonable as-
0,=0. (2)  sumption thak,<k; but one realizes that the factor, tiig
data have to be multiplied with, becomes larger than 2 in-
2. 005>0.22 stead of smaller. From this modeling of our experiment we

- . . . conclude that the 1-CO- and the 2-CO-phase do not develop
. The ex'lstmg CsCO ph'as.e is immobile so that addi- ;o after the other but there exists some coexistence for
tional CO is adsorbed statistically on an empty threefOId'O.ZZsacosl. This conclusion is different to that one of
hollow site independent of whether or not there is alreadyy, or ot 214 who concluded that the 2-CO-phase forms only
one CO molecule adsorbed in the2 unit cell. This gives ¢, completion of the 1-CO-phase &,=0.5. A recent

1 dé, LEED calculation has indicated that a CO occupation in fcc
i Ka(1=01—65)— . (3 and hcp sites according to the HREELS results of the 1-CO-
(2x2) phase improved indeed the agreement between experi-
dé, mental and calculated LEED spectfa.
g~ Kef1 4
déco B. The CO intramolecular stretch mode
ar (1= 0co), ®) According to the above intensity analysis the two differ-
_ ent branches of the CO intramolecular stretch mode are due
0co=0.501+ 65, 6) to different local Cs:CO ratios in the G&%2) unit cell. This

Under the assumption of follows directly from the observation that the low-energy
Kk —ko—k @ branch appears first and looses intensity fég,>0.4,
172 whereas the high-energy branch grows strongly in intensity
this reduces to and is left finally as the only one when both sites in each unit

J. Chem. Phys., Vol. 104, No. 20, 22 May 1996
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cell are filled with CO. The energy of CO internal stretch 1-CO-phase the Cs—Ru bond is stronger than in the Cs-
modes depends on stoichiometry andéag, but not on the (2X2) phase and becomes weaker than in the 2-CO-phase.
kind of the threefold-hollow site since fé-o=1, when both  The latter effect is in accordance with chemical intuition.
fcc and hcp sites are occupied, we observe one single stretdiine bond to the substrate becomes weaker if the components
frequency only. According to our energy resolution the in-in the 2D adlayer form a stronger bonding network with each
fluence on the stretch frequency from the two different hol-other. Since the energy of the Cs—Ru mode differs by only 1
low sites is smaller than 1 meV. The low-lying branch of themeV between the 1-CO-phase and the 2-CO-phase it is not
1-CO-phase can be extrapolated fig—0 to 155 meV and possible to clearly decide whether the frequency change ob-
to 184 for 6.o—1. This energy agrees with the value found served is due to a local or nonlocal interaction.

by Kondoh and Nozoye who adsorbed CO onto a Cs layer

with 6.s=0.33 at 85 K}’ The CO seems to push some Cs out

of the surface layer into the second layer under these condR- The Ru—-CO stretch mode

tions. The small intensity of the Ru—CO stretch mode is the
The high-energy branch varies from 177 meV atmost surprising result of this investigation. We know already
6co=0.22 to 204 meV aBo=1. So, the coverage depen- from the development of the CO stretch mode witl, that
dencies of the CO stretch mode exhibit both a local andhe screening is observed only fég<0.24. Forf.0=0.24
nonlocal aspect of the CO bond to the surface. For a givethe CO stretch mode intensity is as large as on the bare Ru
fco the frequency jumps to the high-energy branch if a secsurface. In contrast, the Ru—CO mode intensity is small
ond CO is adsorbed in the unit cell. This is the local aSDECtthroughout the whole coverage regime_ Furthermore, we
On the other hand, for the given Cs concentratie=0.25  know also for the(Cs+0) split (2X2) compound coadsorp-
the frequency of a given CO molecule either in the 1-CO-tjon system that the O—Ru mode is clearly observed within
phase or in the 2-CO-phase increases strongly Wt i.e.,  the Cs matrix! Therefore it seems to us that the weak in-
depends on the occupation of all other CO sites whether thegénsity of the Ru—CO mode in th€€s+CO)-(2X2) com-
are at far distances or not. This long-range interaction mayound is mainly caused by the adsorption in the hollow site.
be explained by a sharing of a given charge among an inwe are not aware of any other surface for which CO is
creasing number of CO molecules. With increasig the  adsorbed on-top in one phase and in threefold-hollow sites in
charge back-donated into ther2 orbital decreases and the the other. From the literature the following general trend can
internal stretch mode frequency rises. As the coverage of C8e derived for the relative intensities of the C—O and
increases, more molecules will compete for the availablenetal-CO stretch modes; it is1 for on-top, 2—3 for bridge
charge and the effect on the individual molecule will be(or top bend, and 5-6 for threefold-hollow sites. For the
smaller. This nonlocal interaction between Cs and CO igatter case we know only one example, which i$iNil), for
likely to operate through the metal. Such a smooth change af/hich HREELS dat& and independent structural dtat*
frequency with6, as observed here for the internal CO are known. For Pd.11), at which CO adsorbs also at the
stretch mode, is also evident for the Cs—Ru and the Ru—Céhreefold-hollow sit€? the intensity ratio is about & For
modes discussed below. our case, the above noted intensity ratio is about 20, i.e.,
much larger than in any other case. We conclude that part of
the weak Ru—CO stretch mode intensity is due to some
screening of the mode by the neighboring Cs ions and the
The energy resolution of the used spectrometer is s€—O dipole. This may also be the difference to the+Cs
high that we could resolve the Cs—Ru stretch vibratipn =~ coadsorbate case. The O—Ru mode may be better accessible
The energy of this mode is 8.0 meV for the (&<2) struc- for the electric field of the incoming electron than the
ture atfo=0221°This value was derived by extrapolation Ru—CO mode.
for 6.s—0.25. At 6:,=0.25 the Cs—Ru vibration cannot be Finally, we note that the(K+CO)-(2X2) compound
observed since it is screened by the 2D delocalized chargiayer on R@0001) exhibits also a very weak intensity
We cannot decide whether., moves continuously up to ratic®?® which has been discussed in terms of side-on-
10.0 meV at abou#i-o=0.3 or whether it jumps to this value bonded CO (Ref. 24 and upright, bridge-bonded CO
since in this range oflco the adlayer is metallic and any shielded by K2° In the meantime it was shown that the ad-
vibration is screened out. The data show a weak maximursorption geometry is the same as {@s+C0O)-(2x2) (Ref.
around 6-5=0.33 which is consistent with a continuous 26) so that our interpretation of the influence of the
change. Atf-,=0.33 there is only the 1-CO-phase on thethreefold-hollow site seems also important forrKO sys-
surface whereas afo=1 there is the 2-CO-phase. From tem.
0:0=0.33 to 1.0 the energy of-s changes from 10 to 9 Despite its weak intensity we have been able to investi-
meV. These changes of vibrational energy are consistergate the Ru—CO stretch mode in detail and to differentiate
with the data from the structure evaluation making the reabetween the fcc and hcp sites here for the first time. The
sonable assumption that a stronger bond is connected withabservation that the vibrational energy quantum is larger for
shorter bond length. The Cs—Ru layer distances are 3.1the hcp site than for the fcc site in accordance with the idea
A+0.08 A for Cs¢2x2) (Ref. 6, 3.12 A+0.04 A for the that the Ru atom in the third layer is taking part in the bond-
1-CO-phase, and 3.16:80.04 A for the 2-CO-phastlnthe ing. In the limit 6.o—0 the frequencies of the Ru—CO

C. The Cs—Ru stretch mode
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stretch mode are 54.2 meln-top'* 45.3 meV(hcp and  unit cell) and the upper branch to the 2-CO-phg8eCO
38.5 meV(fcc). Interestingly, the Ru—CO modes of the hcp- within the 2<2 unit cel). The occurrence of two frequencies
and fcc-site differ not only in energy but also in the dynami-at a givend.g value is a clear indication that the CO stretch
cal dipole moment perpendicular to the surface which isnode frequency depends on the local CO concentration. The
small for the hcp-site but below the detection limit for the strong and continuous shift of this frequency to higher values
fce-site. So, the Ru atom in the second substrate layer seemsth 6.5, on the other hand, documents the aspect of delo-
to enhance the bonding strength and the dynamic dipole mazalization of the Cs—CO—Ru interaction. For a given Cs cov-
ment perpendicular to the surface. erage, which i9-=0.25 in our case, the individual CO mol-
The Ru—CO stretch modes exhibit a strong increase ircule gets less charge backdonated if the number of CO
binding energy withf-n. This result is difficult to under- molecules increases.
stand since with¥.q there is a strong increase of the C-O For 6-0=1 there remains only one line at 204 meV
stretch mode which is connected with a reduction of backwhich means that the difference of the two adsorption sites
donated charge. If one assumes, that backdonation ariicp and fcc threefold hollowinfluences the intramolecular
o-donation are somehow in balance, a reduction ofstretch mode energy by less than 1 meV. The two CO stretch
o-donation, i.e., a reduction of the Ru—CO bond strengthmode branches can be used to differentiate between the two
has to be anticipated with increasidgy. At this point the  phases. From modeling of the CO stretch mode intensities
calculations of Schultzet al?” are of importance which we conclude the following: Fofi.o<0.22 the adlayer is mo-
showed that a pure electrostatic picture of &'Knteracting  bile to such a degree that only the 1-CO-phase grows. At
with (CO) ! locally would lead to a stable bonding configu- about §.,=0.22 the adlayer becomes immobile so that the
ration. They pointed out that ther2orbital of CO filled with ~ 2-CO-phase grows in addition. This finding differs from the
1 electron would be much less diffuse than in the gas phasaterpretation of the LEED result in terms of a sequential
thus leading to a much stronger reduction of the CO stretcliormation of the 1-CO-phase and the 2-CO-phdses.
mode as observed experimentally. In this picture also the
bonding of the CO is mainly to the C$ and only to a lesser
degree to the surface leading to a reduction of the Ru—C®. The Cs—Ru mode
stretch mode frequency. Although this model explains some .
of the trends in our experiment—including the weak dipole The Cs—Ru mode is observed at 8 meV loss energy for

. L =0.25 andf-o=0. Keepingf, constanty., increases to
perpendicular to the surface giving rise to the weak Ru-cdcs co” Cs Cs .
stretch mode intensity—it is right only to some extent sincet0-0 T%V alheo=0.3 wlh?_re ﬂ;ﬁ 1éC((:)(5phE\se p_rte\(/jalls. For
it predicts also an extended C—O bond distance of 1.27 A fofco—1.0, 1.e., In completing the 2-CO-phase it decreases

the CO™ species compared to the 1.15 A gas phase Valueagain to 9.0 meV. The bond of Cs to the Ru surface is

According to the recent structural analysis the bond length i§trengthened by the interaction with CO. This strengthening

1.15+0.13 A for the 1-CO-phase and 1:40.07 A for the is larger in the 1-CO-phase. In the 2-CO-phase the lateral

2-CO-phasd.Both values are much nearer to the gas phasgond network weakens the Cs bond to the Ru substrate.

value than to that of COand the pure ionic bonding picture
has to be discarded for this reason. Nevertheless, the model
calculations mentioned show an important aspect of th&: The Ru-CO mode
bonding situation. The increase of the Ru—CO stretch mode The ratio of the C—=0 and the Ru=CO stretch mode in-
energy withfco could mean a reduction in the ionic part of tensities is about 20, i.e., larger than any ratio found for CO
the bonding between €sand CO". species adsorbed on different sites at a given surface. We
argue that both the weak dipole moment of the Ru—CO bond
perpendicular to the surface at the threefold-hollow site and
some screening by Cs atoms and CO explains the large ratio.
Using HREELS we collected a complete set of theFurthermore, we observe for the first time different frequen-
dipole-active vibrational modes of the well order¢@s cies for the two different hcp and fcp threefold-hollow sites.
+C0)-(2x2) 2D compound layer on RQ001). The differ-  Surprisingly, the Ru—CO stretch energies increase with CO
ent vibrational modes exhibit characteristic changes in encoverage whereas from the increase of the C—-O stretch mode
ergy and intensity with CO coveragk. energy a decrease is expected. As an explanation we consider
that an increase of the Ru—CO bond strength may occur in
order to counterbalance the Cs—Ru bond strength decrease.
For 6:0—0 there is one single loss peak observed at 155 Finally, we underline that the CO bonding within the
meV. This energy is strongly reduced compared to the valu€s—CO—-Ru compound is both localized and delocalized in
for gas phase C@65 meVj or to that for chemisorbed CO character. The observation of two C—O stretch mode fre-
on RU000Y) (245 meV forf-o—0). The Cs atoms lower the quencies at a given Cs coverage supports a local picture. The
local potential so that strong backdonation into th& 2r-  smooth changes of all the modes withy, on the other
bital becomes possible. F#g,=0.22 a second frequency is hand, indicate some nonlocal character, i.e., some gradual
observed varying from 177 meV to 204 meV. The lowerchange of the charge distribution between the different
branch is assigned to the 1-CO-ph&$eCO within the 2<2  bonds. The charge backdonated to the individual CO mol-

V. CONCLUSION

A. The intermolecular CO stretch mode
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