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Interaction of Cs and CO on Ru(0001) for Cs submonolayer coverages

P. He and K. Jacobi®
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany

(Received 6 September 1996; accepted 18 November) 1996

The interaction of Cs and CO was studied for submonolayer coverages of C§@00RWbyY means

of high-resolution electron energy-loss spectroscpREELS), thermal desorption spectroscopy
(TDS), and low-energy electron diffractio.EED). From the HREEL spectra and the<2 LEED

pattern it is concluded that two-dimensional islands of-€€0 stoichiometry are formed first. For

high CO doses CO adsorbs on the bare Ru surface between the islands as concluded from the
(C-0) stretch-mode frequency and th@3Xxv3)R30° LEED pattern. Besides some local
interaction between CO and Cs, there is strong evidence found for a long range, through substrate
interaction. Our data can be understood in terms of a charge redistribution model; Cs donates a
given amount of charge to the surface which is then backdonated to and shared between the
adsorbed CO molecules within tk€s+2C0O)-islands and outside of them on the bare surface. The
desorption temperature of CO with.—0 increases nearly linearly witld indicating CO
desorption out of a two dimensional Cs gas in which the lateral interaction increasegwith

© 1997 American Institute of Physids$0021-960807)00608-9

I. INTRODUCTION sisting of a Ti sublimation pump, a turbomolecular pump

The coadsorption of Cs and CO molecules on transitior)(vIth magnetic suspenS|c(rN'I_'340M, Leybold, a drag pump
metal surfaces is of great importance as this system ETCPOlS, Balzejs and a dl_aphragm pumMDAT, Vacu-
thought to model the promotion effect in heterogeneou rang. The appgratus con3|steq of two chambers. The upper
catalysist? There have been several models discussed in th(éhamber contained an argon ion gun, a quadrupole mass
past. Some of them consider that the surface potential iSPECtrometer, a low-energy electron diffractiéieED) op-
locally lowered by the alkali metal which enhances the backlcS: and a Cs effusion cell. The lower chamber housed a
donation of charge to the CO molecdl&.Others propose a Migh-resolution electron energy-logsREEL) spectrometer
direct interaction between the alkali metal and the cofor recording vibrational spectra. The two chambers were
through the formation of a surface compfekFinally, a po- ~ Separated by a v_alll/e in order to keep the lower chamber at a
larization model was proposed which involves pure electroPressure of 310 =" mbar during preparation of the sample
static interactiof ! Besides a local, short-range effect we N the upper chamber.
believe that our experiment gives strong evidence for a long- _1he HREEL spectrometer was developed and mounted
range effect; Cs donates a given amount of charge to that the Iab_ore_ltory of Ibact HREEL spectra were taken at an
surface which is then backdonated to and shared between tR@9!€ Of incidence of 60° with respect to the surface normal
different CO molecules on the surface. Our analysis is baseff" SPecular geometry. The primary energy was 2.5 eV and
on recent structure analyses of théxv3)R30°-CO213 the energy resolution was set to 3.8 meV. Typically, count

2x2-Cs! and 2¢2-(Cs+2CO) Ref. 15 structures and their "2€S in the elastic peak of abouk 30> counts per s were
associat’ed vibrational spectra for &} Cs®1° and achieved. Energy loss intensities are normalized against the

’

Cs+2C020-22 intensity of the elastic peak. The HREELS data were taken at

Two further topics are discussed; HREELS and LEeD300 K. . L .
clearly indicate that, for submonolayer amounts of Cs, CO The sample was mounted using W wires N narrow slits
forms two dimensional islands first. Due to the high lateralat the edges of the sample. The wires were res_lst|vely heated.
mobility of Cs we suppose that this cannot easily be showr] N€ temperature was measured by a Ni—CrNi thermocouple
by scanning tunneling microscog$TM). Furthermore, the SPotwelded to the back of the crystal. The(BR01 surface
analysis of the thermal desorption spectrosc6pps) re-  Was prepared and its cleanliness was checked by LEED and

sults shows that, in the composite layer, CO desorbs from HREELS as in previous work. Cs was evaporated from a

two-dimensional Cs gas. break sgal ampoule. The Cs adlayers were prepared by
evaporating about one monolayer onto the sample at room
Il. EXPERIMENT temperature and subsequent annealing to characteristic tem-

peratures from Ref. 14 given in Ref. 24. The amount of Cs
The experiments were carried out in an ultrahighwas always checked with HREELS by the intensity of the
vacuum(UHV) apparatus with a base pressure ofID'*  Cs—Ru stretch mode as shown in Fig. 1. Coverages are given
mbar which was achieved by a pumping line free of oil con-relative to the number of substrate surface atoms.
The mass spectrometer was used to perform thermal de-

aAuthor to whom correspondence should be addressed. Electronic maifOrption SpE(ithSCOpYTDS) measurements with a hga_tting
jacobi@fhi-berlin.mpg.de rate of 3 K s . For this purpose the sample was positioned
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3418 P. He and K. Jacobi: Cs and CO on Ru(0001)
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FIG. 1. HREEL spectra for the clean R00J) surface and two different Cs  FIG. 2. HREEL spectra for a R000J) surface precovered by an amount Cs

coveraged,. EnergyE, of the incoming electrons and sample temperature of 6.c=0.08 and different doses of CC in units of langmuylr) (1

T are given. langmuir=1.33x10"% mbarxs). EnergyEp of the primary electrons and
sample temperatur€ are given. The observed LEED patterns are given.

in front of a short stainless-steel tube with a diameter of
about the sample size so that the ionizer of the mass spethe borderline cases, namel§s=0 and .s=0.25. For the
trometer accepted molecules only after desorption from thélean R¢000) surface the HREEL spectra show one C-O
sample surface. The coveragg, was determined indepen- stretch mode increasing in energy from 245 to 252 meV with
dently by TDS measurements. The TDS signals were caliCO coveragé®!'’ Recently, we observed also coverage-
brated with the help of the R@001) v3 CO structure which ~dependent changes in frequency of the Ru—CO stretch mode
is known to consist of one CO molecule per 3 Ru surfacdetween 54 and 55.5 meV. F@=0.25, CO adsorption
atoms. The gas doses are given in units of langrfiulang-  leads to a well ordered two-dimensional composite layer in
muir (L)=1.33x10 ¢ mbarxs). which Cs remains at the on-top position evaluated for the
bare Cs phase and CO adsorbs at the two threefold-hollow
sites within the Cs-22 unit cell’® From our analysis of the
C-O0 stretch mode spectra with increasing CO covérage

The Cs overlayer on RQ00Y) is characterized by repul- have drawn the following conclusion: First,1@C—0) peak
sive lateral interaction giving rise to a liquidlike behavior appears which shifts continuously from 158 to 182 meV and
and ringlike diffraction patterns in LEED. At appropriate is attributed to the local stoichiometry @0), i.e., a sto-
coverages, the Cs atoms lock into commensurate adsorptiochiometry with one CO within the Cs>2 unit cell. At
sites and give rise to, e.g.,, ax2 LEED pattern for somewhat higher CO coverages a second peak appears shift-
0cs=0.25, and av3xv3)R30° LEED pattern ford.c=0.33, ing from 177 to 204 meV withd-q which is attributed to the
when a complete monolayer is reached. The Cs submonolajecal stoichiometry G&€0),. This assignment is supported
ers with 6-,=0.08 and 0.17 were prepared by evaporation ofthrough the observation that fék—0 and -—0.25 only
a full monolayer and subsequent annealing to characteristiotne C—O stretch mode is observed.
temperatureé! The HREEL spectra of these Cs coverages  In Figs. 2 and 3 HREEL spectra are shown for submono-
are depicted in Fig. 1. The Cs—Ru stretch mode at about Biyer coverages of Cs and increasing amounts of coadsorbed
meV is resolved and both gaimegative energy logsand  CO. Both sets of spectra show similar changes of peak posi-
loss are observed. The Cs—Ru stretch mode and its coveragjens up to the coverage at which the C—-O stretch mode is
dependence has been discussed elsewfidfer the data found at 204 meV. The low-lying C—O stretch mode lines—
presented in this work the Cs coverage was controlled by th&50 meV in Fig. 2 and 162—170 meV in Fig. 3—are assigned
Cs—Ru stretch-mode intensity relative to the elastically scatto the local C&0), stoichiometry. They shift in frequency
tered intensity. and disappear finally when their intensity is transferred into

Before we present the results of the interaction of COthe higher lying frequency due to the (CO), stoichiometry.
with Cs at submonolayer coverages we recall the results foFhis indicates that during the early stages of CO adsorption

Ill. RESULTS
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FIG. 3. Same as for Fig. 2 with.s=0.17. FIG. 4. HREEL spectra for a R000J) surface covered with OF=0.17)

and dosed to C@dose of 3 L) which was annealed to different temperatures
as indicated. Sample temperatQreluring preparation and measurement is
indicated.E; is the primary energy of the electrons.
(Cst+2 CO)-2X%2 islands are formed. During adsorption all
Cs atoms are collected into the (C9), (n=1, 2 islands
due to attractive interaction between Cs and CO. The frewill not discuss this mode in detail here. We briefly mention
quencies of both species shift with CO coverage which indithat, similar to the CO adsorption on the bare surfddae
cates an appreciable amount of long-range interaction. All CM—-CO stretch mode shifts up in energy and shifts down-
atoms are rearranged and all incoming CO molecules areards later which is interpreted as due to a dipole—dipole
collected to built-up(Cs+2 CO)-islands with a single fre- interaction onto which at higher coverages a chemical shift
guency at 204 meV. into the opposite direction is superimposed. Figure 4 shows
The only difference with CO adsorption on the (2<2) HREEL spectra after annealing at different temperatures
precovered surface is the observation of a new peak at 7&hich clearly indicate that the adsorption process is revers-
meV. We attribute this peak to a bending mode of CO sincéble. The CO from the bare surface desorbs first. After an-
a tilted CO seems to be likely at least at the borderlines ofiealing to 50 K a HREEL spectrum is observed typical for
the anticipatedCs+2 CO)-islands. the (Cs+2 CO)-2x2 phase; one single CO stretch mode loss
Upon further adsorption of CO up to saturation cover-at 204 meV and faint peaks in the Ru—CO mode range.
age, the HREEL spectra are governed in the C—O stretch- The formation of th€Cs+2 CO)-islands and their coad-
mode region by two peaks of which one is due to CO ad-sorption with CO on the bare surface were also checked by
sorbed at the bare Ru surface and the other one developh&ED. At the very early stages of CO adsorption &2
directly from the 204 meV peaks, i.e., is due to CO in theLEED pattern can be observed which becomes more intense
(Cs+2 COj-islands. The latter observation is very remark-with CO dose until thgCs+2 CO)-islands have been fully
able. The stretch-mode frequency of the CO in the islandsleveloped. Upon further CO adsorption, CO molecules ad-
increases in frequency although there is no reason to assurserb on the bare Ru surface, where they formBatructure,
any structural change within the CO islands. The frequencyo that a superposition of thex2 andv3 is expected for the
for CO on the bare surface is smaller than for COR0J) LEED pattern which is actually observed in the LEED pat-
and the frequency for CO in tH€s+2 CO)-islands is higher tern. These observations are also indicated in Fig. 2. Thus,
than in the case when the whole surface is covered byZCs the LEED pattern supports our conclusion, derived from the
Co. HREEL spectra, that the€Cs+2 CO)-islands are surrounded
In addition to the two main peaks there is a third peak aby areas which are covered by CO alone.
intermediate coverages. Since it is observed before the mode Figures 5 and 6 show some TD spectra of CO adsorbed
from CO on the bare surface is seen, one may speculate thah Cs-precovered surfaces. For comparison the spectra from
it is due to adsorption at the edges of tls+2 CO)-islands.  a Ru surface without Cs and from tf@s+2 CO)-2X2 com-
The M-CO stretch mode around 55 meV exhibits alsoposite layer are shown additionally. For the pure CO adsorp-
changes in energy and intensity with the CO coverage. Wé&on the TD spectrum exhibits two peaks due to #igphase

J. Chem. Phys., Vol. 106, No. 8, 22 February 1997
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CO on Cs precovered Ru(0001) 6C5= 0.08 CO on Cs precovered Ru(0001) 90s= 0.17
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FIG. 5. Thermal desorption spectra from a(B201) surface, precovered by FIG. 6. Same as for Fig. 5 withi.c=0.17. Curve(c) is for a 3 L COdose
Cs (6:s=0.08 and subsequently covered with different amounts of CO and annealing to 200 °C.

(6c0). For comparison the TD spectra @) the bare Ru surface saturated
with CO and of(b) the saturatedCs+2 CO)-2X2 phase are also given. The
LEED pattern for the 1.7 L CO dose is<2+v3. Preparation and measure-

ments are performed d=300 K. IV. DISCUSSION

A. The (Cs +2 CO)-2x2 island formation

As it is well known, Cs submonolayers on ®002J),
like other alkali metal on transition metal surfacefyrm
at higher temperaturé430 K) and due to the compressed liquidlike structures due to repulsive interaction between the
phase at lower temperatuf@70 K) which are well knowrf®>  Cs atoms. This behavior changes in case of coadsorption
This spectrum is used for the calibration of CO coverages inith other adsorbates, especially, if the coadsorbed species is
the coadsorbed phases. The TD spectrum for theZ080  More electronegative than Cs which is the case for many
coadsorption layer is also shown for comparison. It is in@dsorbates. So far it has been proven for oxygend CO
agreement with a previously published dheThe peak is (Refs. 20, 2] that a composite layer can be formed with a
shifted by about 200 K to higher temperature ag=0.5 well defined stoichiometry. One of these cases is(@&-2
was verified C0O)-2X2 composite layer on RQ001) which has been al-
. H : : 7,21
The TD spectra for the coadsorption with submonolayelr ea(?y Welll cf:r?ractf;zceool bzyxsztructti':sahnd Cwbratl.o?a.ill it
amounts of Cs exhibit features known from other alkali®"ayS€s: N €Cs )- overiayer LS maintains Its

- on-top position, known from the>22-Cs overlayer, whereas
metal on transition metal surfacé$Some amount of the CO CO is shifted to the two hcp threefold-hollow sites. It is

|fs sh(;ftetd t:]O higher tdesorpnton tempkeraturefs, ant%ther parél haracterized by one single C—O stretch-mode frequency at
ound at the same temperature as known trom e pure &5, mev and two Ru—CO modes of very weak intensity.

phase. In Fig. 5, for the CO dose of 1.7 #;0=0.44 was More interesting for our discussion is the dependence of the
found. From 6.0,=0.08 we would expect that 0.33 of the \;p.nic properties on CO coverageo. For fog—0 One
surface is covered by G2 CO with fco=0.5 and 0.66 of  _q stretch-mode is observed at 155 meV. Upgg=0.22
the surface by CQ@3 with 6c0=0.33 giving rise t0 the adlayer is mobile and only a € CO phase is formed.
0c0=0.39 which compares reasonably well with the value ofor g ,>0.22 the mobility gets lost and statistically more
0c0=0.44 as derived from TDS if one takes into account thatyx 2 cells are filled with 2 CO molecules which show a
no special care was taken to exactly meet the composit§econd C—O stretch mode shifted to a higher value by 15—20
(Cst+2 CO+v3 phase. meV. The second frequency is interpreted as due to the
In both figures, one can see that the amount of CO ades+2 CO phase which locally starts forming. Féto—0.5
sorbed at saturation is larger than the amount of CO adenly the higher-lying branch remains. Interestingly, its en-
sorbed on the bare surface. Such an increase in the amounteigy is shifted up to 204 meV.
adsorbed CO was also observed for K-promoted CO adsorp- In the investigation, which we discuss here, both from
tion on Pt111).%° the 2x2 LEED pattern and the HREELS frequencies we

J. Chem. Phys., Vol. 106, No. 8, 22 February 1997
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P. He and K. Jacobi: Cs and CO on Ru(0001) 3421

conclude that islands of the €2 CO phase are formed. It is 200 T ————— ,
a reasonable assumption then that these Z€O islands CO/Cs/Ru(0001)

posses locally the same structure as the saturated phase for eso0|
0cs—=0.25. The driving force for the formation of islands is ]
the increased binding energy in the composite layer which 600 |- .
can be recognized in the TD spectra shown in Figs. 5 and 6 £

for the pure CO, C$2 CO islands, and the G2 CO phase. & > 1
This difference in binding energy is probably due to electro- | ]
static interaction between the differently charged CO and Cs I
species. After formation of th€Cs+2 CO)-2X2 islands, CO 450 |
is adsorbed on the bare part of the surface for which one L A T S T
expects a3 ordered CO adlayer. At this stage, actually one 000 005 010 015 020025 030
observes a LEED pattern which is a superposition from the Cs COVERAGE 6cs

2x2 andv3 domains from the two different phases.

For small alkali-metal coverages some authors have pr
posed the formation of chainlike nuclgLO+Cs/Pt111),%®
CO+K/Ru(0001),* and CO+K/Pt(111) (Ref. 29]. In our
LEED investigation we did not find any indication for such teraction increases strongly with Cs coverage leading to an
structures and, therefore, conclude that 2D-islands aricrease of the desorption temperature of CO véith.
formed from the very beginning. Our findings are in agree-
ment with those of Murrayet al>° who observed a dense B. Charge redistribution in the adlayer
network of small ki-CO islands on NiL0O) in scanning tun-

neling microscopySTM). The STM image was in very good Blyholder modef? Charge from the & orbital of CO is

agreement with the observep{2><_2) LEED pattern. Chain donated to the metal surface which backdonates some charge
formation was not observed. It is not known whether the.

islands are so small in our case t0o. For {i@s+CO)- into the antibonding 2* orbital of CO. This charge redistri

. bution weakens the internal CO bond. As a result the C-0O
Ru(0001 system STM always shows very larg&2 islands stretch mode frequency decreases from 265 meV in the gas
even atf in the percent regioti indicating that the STM q y 9

tip is helping for island formation. From this observation it phase to, €.g., 245 meV for CO on RAO0Y in the limit

seems that G5CO is more mobile on RG00) than K+CO 990—@- This decrease is called .the chemical shift. The sta-
. - . . ) bilization of the Ru—CO bond is thought to be due to a
on Ni(100 giving rise to larger islands in our case.

Kondoh et al22 observed also island formation for the lowering of the potential near to the alkali metal which may

C5+CO an R4000D system. e agree i htr conc *17°1C% e beckonaton, Wi s beckgrung e enor
sion on the stoichiometry within the islands which is CO:Cs P P P

—2:1. They always worked at CO saturation so that theyF'on is discussed under the aspect of the range of interaction,

could not observe the(C—0) level splitting for smaller CO I.e., long range vs short range. Both aspects are found also in

coverages. We do not agree with their finding of a 4:3 sto2Ur results but most remarkable is the strong evidence for

ichiometry for fo,=0.25. Both their CO dose of 10 (com- long-range interaction. The most evident effect of a short

pare 10401 inou casend thein(C-0) equency of 189 519% MTScon s he occurence of o sighly aeret
meV (from Fig. 9 in Ref. 25 at 6.,=0.25 (which is lower d g

than our value of 204 me)Vindicate that they have not saturation. If there is only one CO molecule in the2unit
. cell its stretch frequency is smaller than for the case that
reached saturation.

there are two molecules in the unit cell.

So far we have discussed the island formation. Now we .
I . . . As we pointed out recenti# the long-range or nonlocal
turn to the decomposition of the islands. Inspection of Figs. 5 o ' . : .
effects can be qualitatively discussed in the following pic-
and 6 show—from the TD spectra for small CO coverages—; . : : .
ture. Depending o1 a given amount of charge is donated

500 |-

FIG. 7. CO desorption temperature for small amounts of GQ—0) as a
Gunction of Cs precoveragés.

CO chemisorption is discussed in the widely accepted

that th? C.O deso_rptlon peak temperature shn‘t§ to h|gher Va¥s the Ru surface. This donated charge can be backdonated to
ues with increasing Cs coverage as shown in Fig. 7. Th

desorption temperature changes nearly linearly Wigh Us- fhe adsorbed CO molecules. If, for a given donated charge,

ing the Readhead formula for first order desorption and ast—he number adsorbed CO molecules increases, the amount

. which can be backdonated per molecule decreases. So, the
suming a frequency factor of 1¥) one can calculate the CO chemical shift is large at small- and ets smaller with
binding energy as follows: 1.17 eV6c=0.0), 1.38 eV g co g

(60=0.08, 1.60 eV (Ae=1.17, and 1.71 eV(fo=0.25. increasingf-o. The »(C-0O) stretch-mode frequency rises

The CO binding energy increases stron@yt not linearly from 155 to 182 meV for the Cs1 CO phase and from 175

with Cs coverage. This observation can be qualitatively ex:[0 204 meV for the C$2 CO phase. This charge-

plained in the following way: Before CO desorption, the redistribution model is furthermore supported by the results

Cs+2 CO islands are dissolved and CO is embedded in a £or the Cs submonolayer coverages presented above.
D Cs gas. There is still lateral attractive interaction which(i) The frequency for the saturated islai@s+2 CO
may well be understood on electrostatic groutid$his in- phase increase further if additional CO is adsorbed

J. Chem. Phys., Vol. 106, No. 8, 22 February 1997
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3422 P. He and K. Jacobi: Cs and CO on Ru(0001)

on the bare surface. These molecules cannot directly We find a nearly linear dependence of the CO desorption

interact with those in the island. Instead—indirectly— temperature from the Cs coverage. This indicates that TDS

they take part in the overall charge thus reducing thedoes not measure the binding energy of CO which is stabi-

part backdonated to the molecules in the island. lized within the Cs-2CO composite layer but measures the
(i)  The CO molecules on the bare parts of the surfacedesorption energy of CO within a 2D €€0 gas phase in

i.e., between the Gs2 CO islands, show a stronger which the lateral stabilization increases with the Cs density.

chemical shift than on the bare Ru surface. That they

are adsorbed at the bare surface, is strongly supported
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