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The frustrated translational mode of CO on Cu  (110): Azimuthal anisotropy
studied by helium atom scattering—A comparison with time-of-flight
electron stimulated desorption of ion angular distribution measurements
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The frustrated translation of isolated CO molecules parallel to the surface,nwwde, has been
studied on a Cd10 substrate using helium atom scattering. A small but significant anisotropy in
T-mode vibrational frequencies was found for the on-top site species with oscillator frequencies of
3.6 and 3.2 meV along tHd.10] and thg001] directions, respectively. These results are compared
with recent results from time-of-flight electron stimulated desorption of ion angular distribution
measurementsAhneret al, Phys. Rev. Lett79, 1889(1997], where also a significant anisotropy

has been observed. @998 American Institute of Physids$§0021-9608)03713-]

The study of the frustrated translation mademode of  ture of T,=32 K, based on the assumption that the momen-
small molecules adsorbed on metal substrates has attract@fin of the adsorbed particle parallel to the surface is
increasing interest during the past decade. The energies pfeserved in the desorption process, yielded a surprisingly
the T modes typically lie in the thermal energy regime large anisotropy for th& energies, namely 3.1 and 4.9 meV
(<20 meV) and, as a result, the vibrations are thermallyalong the[001] direction and the[110] direction, respec-
occupied even at temperatures below 100 K. This fact hagvely. In the present study we have used He-atom scattering
consequences not only for the thermodynamical properties ab independently determine the energies of the low-en&rgy
the adsorbed layer but also with regard to a precise experinodes along the two different high-symmetry directions.
mental determination of molecular geometries, e.g., with low  The HAS experiments are carried out in an apparatus
energy electron diffractiofLEED)"? or electron stimulated (base pressurex10~1° mbay described elsewhetin more
desorption of ion angular distributiofESDIAD).® Most of  detail. Briefly, a helium beam with a typical velocity resolu-
the data available today oh modes were recorded for sub- tion of 1% is formed by a supersonic expansion of the gas
strates with threefold or higher symmetry, where—for on-topthrough a 10um nozzle. After scattering off the surface the
sites—theT-mode is twofold degenerate. For anisotropic ad-He atoms are passed through an electron bombardment ana-
sorbate sites, e.g., bridgand also on-toppositions on a lyzer followed by a magnetic mass spectrometer, and de-
face-centered-cubitfcc) (110 surface, an anisotropy in the tected by a particle multiplier. The angle between the inci-
thermally induced displacements is expected. Recent HASent beam and the detector was fixed to 90.5°. The precise
data obtained for CO adsorbed at the on-top sites of amounts of the energy loss and gain of the scattered He
Ni(110 surface surprisingly did not reveal any detectableatoms during the collision process are determined using the
anisotropy for theT-mode frequenc§.In a study on Nad- TOF technique.
sorbed on the same substrate a significant dependence of the The Cy110) crystal used in these experiments was ori-
T-mode energy on the adsorption site was s@mntop ver-  ented to better than 0.25°. The sample was mounted on a
sus bridgg® but again for the on-top site no anisotropy was homemade crystal holder capable of cooling the sample to 95
observed. For the Ni-bridge-site species a sefi) meV)T  and 40 K using liquid nitrogen and liquid helium, respec-
mode could be seen only along one direcfian,agreement tively. After several crystal cleaning cycles consisting of Ar-
with the expected behavior for this highly anisotropic adsor-ion bombardment45 min, 500 eV, 0.§.A/cm?) and heating
bate site(see also Refs. 6 and.7 up to 900 K, XP spectra did not reveal any traces of impu-

Recently published time-of-flight (TOF)-ESDIAD rities on the Cu surface. The CO g@gsurity better than
measuremenisave revealed a pronounced anisotropy in the99.99% was dosed by backfilling the scattering chamber
desorption pattern for CO adsorbed on the on-top sites ahrough leak valves.

Cu(110, which showed a strong dependence on the normal In order to be able to directly compare the present results
kinetic energy of the desorbing CO and on the surface temto the TOF-ESDIAD measurements utmost care was taken in
perature. An analysis of these data for a substrate tempertie preparation and coverage calibration of the CO overlay-
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FIG. 2. HAS results along thgEL10] and the[001] directions for sample

FIG. 1. Typical measurement of He beam reflectivity vs CO exposure timetemperatures of ;=40 K and of ;=110 K displayed in the upper and the
recorded aff¢=100 K. Inset: He atom diffraction in thE110] azimuthal ~ lower panels, respectively. Inset: TOF spectrum converted to an energy
direction corresponding to the completion of a well ordereck (3 CO  transfer scale for the Qu10) surface(at Ts=110 K) covered with isolated
layer with a nominal coverage @=0.5 monolayergML). CO molecules. The spectrum was recorded alond @] azimuthal direc-
tion. The solid lines were obtained by fitting the energy loss peaks by Voigt
functions(see the tejtand the peak at zero energy transfer by a Gaussian.
The CO-induced and the substrate phonon peaks are label@&daloyg S,
ers. Figure 1 shows a typical measurement of He beam reespectively.

flectivity versus CO exposure time, recordedTat 100 K.
During the exposure the CO partial pressure was monitored
by a mass spectrometer and remained at a constant value W can estimate that this exposure results in a coverage of
about 1x 10~ ° mbar. Initially the He-atom specular inten- CO adsorbed in on-top sites of 0.07 ML.
sity is strongly reduced due to the large scattering cross sec- The HAS energy loss spectra are displayed in Fig. 2. The
tion of adsorbed CO moleculel20 A2 (Ref. 10] and inset shows a TOF spectrum converted to an energy transfer
reaches a minimum of about 0.03% of the initial value afterscale for the C(110) surface(at Ts=110 K) covered with
about 700 s. The nearly exponential decay of the intensitysolated CO molecules. The spectrum was recorded along the
can be attributed to the fact that initially isolated CO [110]-azimuthal direction and the kinematic conditions were
molecules! are present on the surface, similar to the case fochosen such that the inelastic gain and loss features corre-
other metal surface$*Figure 1 reveals that after passing sponding to surface phonorigbeled byS) are well sepa-
through the minimum the He-atom specular intensity in-rated from the CO-induced inelastic pe@lenoted byT in
creases again until after about D1®a maximum is reached. Fig. 2). Only a part of the spectranarked by a dashed rect-
As confirmed by recording an angular distribution along theangle in the energy range of interest betweenl and
[110] azimuth(see the inset in Fig.)lthis maximum in re- —6 meV is presented in the other panels.
flectivity corresponds to the completion of a well ordered  Typical spectra recorded along th&l0] and the[001]
(2X1) CO overlayer with a nominal coverage 6&=0.5 directions for a sample temperature =40 K are dis-
monolayergML). The full width at half-maximum{FWHM) played in the upper and the lower left-hand panels, respec-
of the extra half-integer diffraction peaks is about three timegively. To determine the center of the peak precisely, in both
larger than that of the specular and the substrate diffractionases the loss peaks were fitted by Voigt functions and the
peaks. This observation indicates the formation of orderedesults are shown as solid lines in Fig. 2. This fit procedure
CO-(2%x 1) domains with a coherence length of about 35 A,accounts for the fact that the shape of a gain or loss peak can
roughly three times smaller than that of the (C10) sub- be described by a convolution of a Gaussian peak originating
strate. from the instrumental broadening, which can be predicted by
For the experiments described here a low-density adsom formula given in Ref. 17, and an additional broadening due
bate phase was prepared by using exposure times of 140tg@ a coupling to substrate phonons and electron—hole
under the above conditions. Inspection of Fig. 1 reveals thapairs:®°which is described by a Lorentzian peak. However,
for this exposurddenoted by a vertical arrovihe reflectiv-  in this work we will restrict ourselves to the discussion of the
ity decrease is still within the exponential regime, thus con-position of the CO-induced peaks.
firming the presence of isolated adsorbate species. Previous In analogy to the findings for CO adsorbed on other
work has shown that the sticking coefficiesg, of CO on  metal surface'S we assign the CO-induced peaks in the HAS
Cu(110 remains constant a;,=0.46 up to a coverage of energy loss spectra to the frustrated translatiofial fhiode
6=0.51° Since previous measurements have shown that aif the CO molecules parallel to the surfae mode. The
low coverages CO adsorbs in on-top sites on this sulfacefits give energy losses of (3.600.1) and (3.26:0.1) meV
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TABLE |. Comparison of HAS and TOF-ESDIAD measurements of the [001]
energy of the frustrated translatigh mode of isolated CO molecules ad-
sorbed in on-top sites on C1L0).

Ej110) (MeV) Efooy (MeV)
TOF-ESDIAD (32 K) 4.9 +0.7 3.1*+0.5
HAS (40 K) 3.60+0.1 3.20:0.1 = CcO
HAS (110 K) 3.75+0.1 3.40:0.1 3

along theg/110] and the[001] directions, respectively, for the
measurements dt,=40 K. A dispersion of the positions of
the maxima with transferred wave vector could not be ob-
served along either tHe.10] or the[001] directions, consis-
tent with the presence of isolated CO-molecules behaving d:S!G' 3. Schematic diagram of the isolated (_ZO molecule adsorbed on a
Einstein-like oscillators. Cu(110 surfgce. The two arrows plenote the displacement yectors for the
o . modes polarized along the two different high-symmetry azimuths.
Similar results for th&'-mode energies were found for a
sample temperature df;=110 K. The TOF spectra corre-
sponding to this temperature are presented in the right-hanthe present experimental geometry because of selection rules,
panels of Fig. 2. Using the same fitting procedure as deef these two differenil vibrations only the mode with the
scribed above we find slightly larger energy losses of (3.7%lisplacement vector along the respective azimuth can be
+0.1) and (3.4&0.1) meV along thd110] and the[001] seen. In the TOF-ESDIAD measurement, on the other hand,
directions, respectively. This temperature-induced shift rethe trajectories of particles desorbing as a result of an elec-
veals a slight anharmonicity in the CO-substrate potential agonic excitation are detectéd which in turn are determined
discussed for the CO/@Q@01) system in detail in Ref. 19. by the orientation(tilt angle) and the lateral momentum of
Whereas the energies of tAiemodes in the two crystallo- the adsorbed CO molecule. In a previous experifhargro-
graphic directions differ only by about 10% there is a smallnounced elliptic shape of the ESDIAD pattern has been ob-
difference in the corresponding widths of the losses whichserved at low substrate temperaturdg=f 32 K), with the
are significantly larger for thE001] direction. longer axis along th¢110] azimuth. By assuming that the
The assignment to th& mode has been additionally lateral momentum of the CO molecule is essentially con-
confirmed along th¢001] direction atT;=110K by an ex- served in the desorption process the ESDIAD patterns were
periment where an isolated CO structure was prepared usiranalyzed in the context of a simple modeihe resulting
the heavy isotopomérfC®0. The corresponding TOF spec- T-mode frequencies are listed in Table I.
trum reveals now aT mode at an energy of 3.20 Both sets of data reveal an anisotropy in fhienode
+0.1 meV. As has been discussed previously in moresnergy with theT mode alond110] being higher in energy
detail}>*° this isotope frequency ratio shift can be approxi- than that alond001]. Thus the HAS data provide an inde-
mately expressed by the mass ratio factp*C'e0/*%C1¢0) pendent confirmation for the finding reported in Ref. 8 in that
=1.052. This is in accordance with the measured ratio othe anisotropy in the ESDIAD-desorption patterns is influ-
3.40/3.26-1.06. enced by the momentum of the adsorbed particle and by the
The HAS-TOF data for the CO mode presented in this dynamic tilt angle of the adsorbed CO molecule. Despite the
section are in accord with th€-mode energies of isolated fact that along th¢110] direction the value obtained from an
CO molecules adsorbed on several flat and stepped coppanalysis of the TOF-ESDIAD angular distributions and ki-
surfaces compiled in Ref. 20. Whereas for the flat, closenetic energies is larger than the corresponding HAS value,
packed C(l1ll) and Cy{001) surfaces al-mode energy of just outside the error bars, the present results reveal that TOF
4.0 meV was found, isolated CO molecules on the steppe@8SDIAD is a new, powerful tool in determining the two-
Cu(211) and Cuy511) surfaces reveal-mode energies be- dimensional lateral momentum distributions of adsorbed spe-
tween 3.0 and 3.1 meV. However, in these experiments aies. The remaining frequency differendsge Table )l are
dependence of thé energy on the azimuthal direction was attributed to neglecting possible anisotropic final state effects
not observed? on the measured angular distribution of the desorbing CO
The comparison of the HAS measurements with the remolecules in the analysis of the ESDIAD dasze Ref. 8 for
ported results of the TOF-ESDIAD pattern analysis as coma detailed discussion of the assumptions underlying the
piled in Table | is of interest, since the two methods areanalysis.
based on different physical principles. The HAS measure- The small(10%) but significant anisotropy seen for the
ments directly determine the difference in energy betwee-mode of CO adsorbed in an on-top site appears to be the
the vibrational ground state of the CO molecule and the low{irst case where a local anisotropy has been seen for a mol-
est excited states, which are determined by the correspondiregule chemisorbed in an on-top site. In previous work for
potential energy surface. In the present case the vibratiorisolated CO molecules adsorbed in on-top sites on(a19)
lowest in energy are twd modes, one polarized alofif01]  substrate no anisotropy could be sédiso in the case of N
and the other alonpl10], see Fig. 3. Note, however, that for adsorbed on the same surface, the difference in energy be-
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