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Adsorbate-Localized Excitation in Surface Photochemistry: Methane on Pt(111)
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Methane on Pt(111) dissociates or desorbs under irradiation by 193-nm photons. The polarization-
dependent cross sections of the photochemical processes have been measured as a function of
the incident angle by using postirradiation temperature-programmed desorption. The incident-angle
dependence of the cross sections obtained witholarization substantially deviates from that of the
substrate absorbance. This clearly indicates that an adsorbate-localized excitation plays an important
role in the photochemistry of methane.

PACS numbers: 82.50.Fv, 82.65.Pa

Photochemistry of molecules adsorbed on metal surexcited state of the adsorbate due to strong interactions
faces in the wavelength range from visible to UV is onewith the substrate [14]. If this were true, the direct exci-
of the current topics in surface science, and numerougation would be evident only for adsorbates whose elec-
adsorption systems have been studied [1-3]. Howevetronic excited state interacts weakly with the substrate.
in contrast to photochemistry of gas-phase molecules, thor instance, direct excitation in the photochemistry of
electronic excited states of adsorbed molecules responsiceakly adsorbed Mo(CQ)has been confirmed from the
ble for the variety of photochemical processes are not weklose resemblance of the wavelength dependence of the
understood. Thus a central and fundamental question ghotodissociation yield to that of gas-phase optical ab-
how adsorbed molecules are excited with photon irradiasorption. In other words, the electronic excited Mo(GO)
tion. A clear understanding of the excitation mechanismalso weakly interacts with the substrate. Thus the involve-
in surface photochemistry not only provides a solid basisnent of direct excitation is not unreasonable in this sys-
for further exploration of nuclei dynamics following the tem. However, the direct excitation model has not been
excitation, but also casts a new light to gain insights orcritically tested when adsorbate excited states significantly
adsorbate-substrate interactions particularly for electroninteract with the substrate.
cally excited adsorbates. Recently, we have found that methane adsorbed on

Basically, the excitation mechanisms in surface phoPt(111) can be readily dissociated to produce methyl and
tochemistry are classified into two categories: adsorbatdiydrogen adsorbates upon irradiation with 193 nm pho-
localized (direct) excitation and substrate-mediatedons [15,16]. Interestingly, only those GHadsorbates
(indirect) excitation. In the former mechanism, we which are in close contact with the surface are photochem-
include photon adsorption associated with an electronigally active. The activation energy for thermal desorp-
excitation localized in an adsorbate-substrate complex aton of CH, on Pt(111) is 0.23 eV [16,17]; CHabsorbs
well as strictly in an adsorbate. In the latter mechanisnweakly on Pt(111). CH in the gas phase is transpar-
a hot carrier created via photon adsorption by the subent at this wavelength and shows appreciable absorption
strate is transferred to an adsorbed molecule to form aross sections only above 8.5 eV (145 nm) [18]. Thus a
transiently charged species that undergoes photochemidalrge redshift(>2 eV) of the absorption band of CHs
processes. There have been several studies where direetjuired to account for the photochemistry with the di-
excitation is claimed to play a role in surface photo-rect excitation mechanism. Strong interactions in the ex-
chemistry [4—9]. However, to our knowledge, none ofcited state of CH responsible for the large redshift would
them has conclusively established the adsorbate-localizdthmper photochemical processes initiated by direct exci-
photon absorption as a dominant excitation mechanisnation according to the concept cited above. However, in
particularly when adsorbate coverages are below onthis Letter we show for the first time conclusive evidence
monolayer. An exceptional example where direct exci-of direct excitation in an adsorption system, where the
tation has been firmly established is photodissociation oélectronically excited adsorbate strongly interacts with the
Mo(CO)g on various metal and semiconductor surfacesnetal substrate.

[10-13]. In numerous other adsorbate systems, surface We have examined the excitation mechanism by mea-
photochemical processes are thought to be initiated bguring the polarization-dependent photochemical cross
substrate-mediated excitation. Thus it is widely believedsection as a function of the incident angle This tech-
that “direct photoexcitation of adsorbed molecules is, innique has been reviewed and widely used [3]. Briefly,
most cases, overwhelmed by excitations in substrate” [1]both light absorbance by metal substrates and electric field

The insignificant contribution of direct excitation was strengths at surfaces can be evaluated by Fresnel's equa-
interpreted as a result of rapid quenching of the electronitions. Figure 1 shows the calculated results of the bulk
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The experiments reported here were performed

3.0 in an ultrahigh vacuum apparatus (base pressure
i =1 x 1079 Torr) that has been described in detail
25F - 3 elsewhere [24,25]. The sample could be cooled to 40 K
r <E?>fcosy . with a closed-cycle He refrigerator and resistively heated
20F : above 1200 K. Exposures of Ghivere carried out at the
! . surface temperature 55 K to make a saturated first layer
15 i <E,?>/cosy (saturation coverage 0.33 ML [16]). An ArF excimer

laser beam(A = 193 nm) was directed onto the surface

at 40 K. The laser beam was expanded with a beam
expander to irradiate the entire surface uniformly. Then
the collimated laser beam was polarized with a polarizer
composed of five pairs of UV-grade fused quartz plates
placed at the Brewster angle at 193 nm. Laser pulses

1.0

0.5

Absorbance, Electric Field Strength

0.0

_ , ' . . (2 mJ/cnt, 15 ns) at the repetition rate of 10 Hz did

0 30 60 90 not raise the time-averaged surface temperature over
50 K during photon irradiation. The maximum transient

Incident Angle temperature jump due to pulse-laser heating was estimated

to be 7 K [26] at the incident angle of°0which does

FIG. 1. Dependence of the electric field strengths and suby exceed the desorption temperature (see below). Thus
strate absorbance on the incident angle jerand s-polarized

light (A = 193 nm) impinging on a platinum surface. The re- thermaj effects were negligible. Standard cleaning and_
sults are calculated from Fresnel's equations. The inset showannealing cycles were necessary after repeated photolysis
a schematic drawing of the optical geometry and the orientatio@xperiments owing to accumulation of small amounts of
of a transition dipoleu at the metal surface. carbon supplied from photofragments of Chidsorbates.
Postirradiation  temperature-programmed  desorption
(TPD) was used to quantify the photoreacted fraction of
absorbance and the mean square electric field strengtkd, as a function of the number of accumulated photons
for platinum atA = 193 nm. Here published optical pa- incident on the unit surface are§,y.
rameters [19] were used in the calculations. If a pho- Methane on Pt(111) desorbs completely~&t0 K («
tochemical process is induced by the substrate-mediatgaeak), and no thermal dissociation takes place. When the
excitation, the cross section of the process,j = p,s), CHg-precovered surface is irradiated with 193 nm photons,
will be scaled with the polarization dependence of lightthe a desorption peak becomes smaller and a new des-
absorbance by the substrate, On the other hand, if the orption peak of CH appears at-260 K [15]. This new
process is induced by adsorbate-localized excitation, thdesorption peak denoted @sis attributed to recombina-
cross sections will be proportional tge - E|>, whereu  tion of CHz and H on Pt(111) [17,27,28]. A typical post-
is the transition dipole moment of an adsorbate-substratiradiation TPD is shown in the inset of Fig. 2. Thus the
complex andE is the electric field vector at the surface TPD result clearly indicates that Gl dissociated to CH
boundary. For a system with rotational symmeteeS;,  and H adsorbates by the 193 nm photon irradiation. Post-
the cross sections can be described as [3,20] irradiation TPD measurements were repeated as a function
. of N, at various incident angles for the impinging laser
op = [05 SIO(ET) + C°§0<E~3>]/COS}” () bear[;w polarized parallep(polarization) and perpendicular
. ) s polarization) to the plane of incidence. Representative
s = [0.5 Sm20<E>‘>]/COSy’ 2) Eespults are plo)tted in Fpig. 2. While the integrgted area of
whereé is the angle of the transition dipole moment with the o peak intensity/, decreases, that of the peak/sz
respect to the surface normal. Note that the factor oincreases withv,,. However, both/, and/z level off
1/cosy should be included to compare the experimentalvith more extensive irradiation. Post-irradiation XPS and
data normalized to the intercepted irradiance at the surfacEPD confirmed that about one-half of the CHdsorbates
[21]; this was neglected in previous studies [8,22,23].are ultimately either dissociated or desorbed, but the other
As pointed out by Richteet al.[21], it is practically half remains unreacted on the surface. The plausible ori-
impossible to distinguish between the two excitationgin of the quenching of the photochemical processes has
mechanisms with this method if the transition dipolebeen discussed elsewhere [16].
moment lies in the plane parallel to the surface. Thus Least-square fits to the equations
distinction between the two mechanisms can be made 1o(Nph) = [12(0) — I,(0)]exp(—ajNpn) + 14(),
only if adsorbed molecules have a nonzero component of
the transition dipole moment perpendicular to the surface (3)

plane,u | . Ig(Npn) = Ig()[1 — exp(—ojNpn)] (4)
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FIG. 2. Representative plots of the integrated areas of the Incident Angle

CH, desorption peaks originating from GHmolecularly ad-

sorbed & peak) and originating from the photoproducts of FIG. 3. Incident angley) dependence of photochemical cross
CH3; and H via associative desorptio8 (peak) as a func- sections determined by using the (solid circles) and thes

tion of the number of 193 nm photons incident on the surface(open circles) desorption peaks in post-irradiation TPD with
The Pt(111) surface saturated with ¢ias irradiated with ei- various numbers of photons incident on the surface. The
ther p- or s-polarized 193 nm photons. Incident angles ate 0 impinging light was polarized (a) perpendicularpolarization)
(solid circles) and 70 (p: open circles;s. triangles) with re- and (b) parallel § polarization) to the plane of incidence.
spect to the surface normal. Curves are the results of fitting$he dashed curves are calculated absorbance of the platinum
to Egs. (3) and (4). The total depletion cross section®aisO substrate. The dash-dotted curve in the lower panels is
1.5 X 107" em™. The inset shows a typical post-irradiation (E2)/cosy. The solid curve in the upper panel represents the
TPD result revealing the- and theB-desorption peaks. best fitting result to Eq. (1), resulting = 66° at |e.s| = 1.

give effective total depletion cross sections of the photo- Some cautions are needed to apply Eq. (1). When the
chemical processes, (j = p,s). Thefittings were made surface is covered with an adsorbate coverage of one
for the two desorption peaks independently. Figure 3(ajnonolayer or less as in this study, effects of the adlayer
shows they dependence ofr;. The y dependences of on the reflection and refraction of light can be neglected,
the cross sections obtained from the two peaks agree witsince the thickness of the adlayer is sufficiently small [11].
each other to within the experimental errors. The dashetiowever, the assumption of a step function for the electric
and the dash-dotted curves represent the calculgteshid  field normal to the surface used in the macroscopic
oy, respectively. The observed cross sections are in exreatment is certainly not valid on a microscopic scale.
cellent agreement with the two calculated curves. Figinstead of a step function, the electric field normal to
ure 3(b) shows they dependence ofr,. In contrast to the surface is expected to change smoothly frBmto
they dependence aof,, o, is peaked ay = 70°. More-  E./e,, whereg;, is the dielectric constant of the substrate.
over, note that it deviates significantly frof), drawn by — Thus we describe the microscopic field Bg/ s at the
the dashed curve. This deviation clearly demonstrates thahcuum side near the surface.
the photochemical processes cannot be accounted for only Calculations by Feibelman [30] based on a jellium
by substrate-mediated excitation; direct excitation with themodel demonstrated that the macroscopic description is a
transition dipole component perpendicular to the surfaceeasonable approximation for distances greater than about
must be taken into account. 1 A outside the jellium edge. In this approximation,
Although CH, adsorbs on Pt(111) weakly, the symme-i.e., |ects| = 1, the satisfactory fit to Eq. (1) drawn by
try of the adsorbate is reduced to at legst from the the solid curve in Fig. 3(b) gave = 66°; u :u) = 4:9.
T, symmetry of gaseous CHaccording to IR absorp- If the classical treatment cited above is not appropriate,
tion measurements [29]. Thus we assume that transitiofz.¢;| takes the value between 1 ald| (3.38 at 193 nm).
dipoles are not distributed isotropically, but rather ori-Although the data ofc, were fitted with two free
ented in such a way that they possess the same or highgarameters|e.sr| and 6, they could not be determined
rotational symmetry as the substrate, i=(5. independently from the fitting. Thus we dets| = |&;l
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