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Direct Observation of the Crossover from Single to Multiple Excitations in
Femtosecond Surface Photochemistry
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Laser pulses of 110 fs duration at 310 nm are used to desefo® a Pt(111) surface over a range
of laser fluences which encompasses the single electronic excitation regime at low fluences and the
multiple excitation regime at high fluences. The crossover between regimes is apparent in both the
desorption yield and the translational energies of the desorbing molecules. Similar results are obtained
for O, coadsorbed with CO, where irradiation also produces,@th a O,/CO, branching ratio which
changes by 2 orders of magnitude between regimes. The results are compared to those contained using
8 ns, 355 nm and 90 fs, 620 nm laser pulses. [S0031-9007(96)00918-0]

PACS numbers: 82.50.Fv, 78.47.+p, 82.40.Js

Recent experiments have shown that irradiation byared with an equal dose 8fC*¥0. Femtosecond laser
subpicosecond laser pulses leads to desorption induceguilses were produced at a repetition rate of 10 Hz by
by multiple electronic transitions (DIMET) [1-8], which an amplified colliding-pulse mode-locked laser operating
contrasts with conventional photochemistry using longeat 620 nm, with a pulse duration of 90 fs (FWHM).
pulses and lower intensities (DIET) [9,10]. The singlePulses at 310 nm with duration 110 fs were obtained
nonthermal excitation in the DIET regime leads to linearby frequency doubling in 450 um thick BBO crystal.
dependence of the yield and independence of the finalFhe p-polarized light was incident on the sample at 50
state distributions on the laser fluence (energy per univith a top-hat intensity profile. The beam quality was
area). In DIMET, the high degree of electronic excitationverified by scanning a pinhole and photodiode detector
at the surface produces an enhancement of the desorptiaoross the beam outside the vacuum chamber in a plane
yield, a nonlinear dependence of the yield on the laseequivalent to the sample location. Time-of-flight (TOF)
fluence, different branching ratios between competinglistributions of the desorbed molecules were detected
reaction pathways, and translational energy distributionalong the surface normal by the QMS operating in pulse
of desorbed molecules which vary with fluence. counting mode, with a-3% uncertainty in the measured

The existing data and discussions to date have falleflight times due to the finite ionizer size. The fraction
into one of these two regimes of single vs multiple excita-of molecules desorbed per laser pulse was kept below
tions. However, a unified picture including a crossoverl0~2 monolayeyfpulse to minimize gas-phase collisions.
between the two regimes is conceptually desirable an&hotodesorption was also induced using the 355 nm,
provides a more complete understanding of an overaB ns pulses of &-switched Nd:YAG laser, at intensities
photochemical mechanism which is applicable for allheld sufficiently low to limit transient surface heating
types of radiation. With nanosecond lasers, it is difficultto <40 K, so that desorption proceeds photochemically
(if not impossible) to reach the DIMET regime without rather than thermally. Similarly, the fluence of femtosec-
heating (thermal effect) or ablating the substrate. In thiond laser pulses was limited to 2.5 futh? to ensure no
Letter, we show convincingly that the crossover from thesignificant heating of the substrate. All the reported data
DIMET to the DIET regime is revealed by decreasing theare consistent with the nonthermal mechanisms.
fluence of 110 fs laser pulses at 310 nm and measuring The crossover from a single excitation process to a
three characteristic properties of the desorbed moleculesultiple excitation process is most readily observed in
yield, translational energy, and reaction branching ratiothe O, yield as a function of laser fluence shown in
The crossover is demonstrated for the photochemically ad=ig. 1. The photoyield (molecules detected per laser
tive systems of @ molecularly adsorbed on Pt(111), and pulse) produced using 310 nm irradiation is linear in laser
0O, coadsorbed with CO on Pt(111); these systems haviiuence at low fluences, and then switches to a nonlinear
been shown to exhibit many important aspects of surfacdependence near 0.5 ficin?. In the low fluence regime,
photochemistry [11,12]. the O, photoyield is in good quantitative agreement with

The experiments were carried out in an ultra-that of conventional photodesorption. This can be seen
high vacuum chamber equipped with low energy electrorby comparing the 310 nm photoyield curve to photoyields
diffraction (LEED) optics and a quadruple mass specproduced by 8 ns, 355 nm pulses, also shown in Fig. 1.
trometer (QMS). The clean Pt(111) at 67 K was dosedrhe O, photoyield at 310 nm is larger than that at 355 nm
with %0, to saturation coverage using a microcapillaryby a factor of~2, in accord with the previously measured
array. The coadsorbate system was subsequently preravelength dependence [12]. In the high fluence regime,
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the 310 nm photoyields are in good agreement with the o ns
photoyields produced using 620 nm irradiation, which S : . ituririry
follow a power law dependence given by F6_‘3J—'0‘5. 0.01 0.1 1
Crossover to a linear regime is also expected with 620 nm Absorbed Fluence (mJ/cm2)

irradiation. However, extrapolation of the wavelength

dependence [12] to 620 nm aives a first order cros&!G. 2. Photoyield versus absorbed laser fluencejslfmz
sec?tion which[islloo times Iow%r than that at 310 nm and “C0, desorbed from™*C™0,/ *0,/Pt(111) using (a)
* 110 fs, 310 nm pulses and 8 ns, 355 nm pulses, and (b) 90 fs,

This is just below the detection limit. o _ 620 nm pulses. The 310 nm ,CO, branching ratio (c)
The results from C@O,/Pt(111) are qualitatively sim- changes from the 355 nm value toward the 620 nm value as

ilar to those of the single adsorbate system, except thée fluence increases.

three laser sources also induce £@roduction and de-

sorption. The 310 nm ©@and CO, desorption yields,

shown in Fig. 2(a), vary linearly with absorbed fluence

in the low fluence regime, and are in good agreemenis well fit by a modified Maxwellian distribution [14]

with the yields obtained with 355 nm, 8 ns laser pulsesof the form f(z) = ¢t *expla/t*> + b/t + ¢) with flux-

At higher fluences, the ©and CQ yields crossover to weighted mean translational enerd¥)/2kp = 640 K

a nonlinear regime where they are in good agreemerand reduced widthw = [2((E2)/(E)* — 1)]'/2 = 1.06.

with yields obtained using 620 nm, 90 fs pulse irradia-The distribution shows a remarkable variation with flu-

tion, shown in Fig. 2(b). Most notable in Fig. 2(a) is the ence, as shown in Fig. 4. At low fluence%)/2kp is

change in the relative ©and CG, yields with 310 nm, constant, as is expected with a single excitation process,

110 fs irradiation which occurs near the crossover fluenceand the valugE)/2kz = 850 K obtained using 310 nm,

At low fluences, CQ yield measured normal to the sur- 110 fs pulses is only slightly higher than the value

face is larger than the Qyield with a branching ratio of of (E)/2kg = 805 K obtained using 8 ns, 355 nm laser

0,/CO, = 04, as it is in the case of 355 nm, 8 ns irra- pulses, and is due to the difference in the wavelengths.

diation. Near the crossover fluence, the branching ratié\t the crossover fluence of 0.5 yfein?, the mean trans-

changes by several orders of magnitude and approachkgional energy decreases rapidly to a new value of

the 620 nm value 00,/CO, = 80, as seen in Fig. 2(c). (E)/2kpz = 640 K and then begins to increase again in the

This change in th&®,/CO, branching ratio under subpi- high fluence region, where the 310 nm mean translational

cosecond UV irradiation was also reported in Ref. [13],energies are in good agreement with those obtained us-

although they were unable to probe fluences low enoughng 620 nm, 90 fs irradiation, also shown in Fig. 4. This

to observe the linear limit for @desorption, and thus phenomenon of translational energies which increase with

did not associate the change in branching ratio with théaser fluence under subpicosecond laser pulse irradiation,

crossover from single to multiple excitations. which is well illustrated by the 620 nm data in Fig. 4,
The crossover can also be observed in the fluence devas first reported in Ref. [7], and was attributed to the

pendence of the ©translational energy distribution. Fig- strong influence of the substrate electronic temperature at

ure 3(a) shows a TOF spectrum of, @esorbed from the time of desorption. The Qranslational energies from

0,/Pt(111) by 310 nm, 110 fs laser pulses at a fluenceCO/0,/Pt(111) exhibit similar variations with fluence,

of 0.7 mJycm?, which is just above the crossover flu- albeit with higher mean translational energies; for exam-

ence shown in Fig. 1. At this fluence, the spectrumple,(E)2kg = 845 K in Fig. 3(b).
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lower, and increases slightly with fluence. The relatively
constant value of the Cmnean translational energy under
310 nm irradiation can be understood through inspection
of Fig. 2(a). The CQyield remains linear over most of
the fluence range shown and begins to enter the nonlinear
regime only at the highest fluences used. Thus, @O
desorbed via a single excitation mechanism over most of
this range of 310 nm fluences, and a constant translational
energy distributions is expected.

Although little difference is seen in Figs. 1, 2, and 4

Intensity (arb. units)
~—

between the 310 and 620 nm photoyields, branching ra-
tio, and translational energies at high fluences, we must
point out that the 310 nm intensity profile at the sam-
ple was onlyapproximatelytop hat, which leads to some
ambiguity in the determination of fluence. While we
attempted to factor the beam profile into the fluence
calculation, the 310 nm fluences presented could be in-
correct by an overall multiplicative factor as high as 30%.
Thus we cannot decisively conclude that the results ob-

o oo e Do, O e e 57 v G Wth 310 arl 620 o aclation ol equl
150, desorbed froni802/|5t(111), and (b0, and (c)*C0, n the_ hlgh fluence regime. However, when taken in
desorbed from3C80/1%0,/Pt(111). The dashed lines in combination, the agreement between the 310 and 620 nm

(@) and (b) are fits by modified Maxwellian distributions yields, translational energies, and branching ratios in the
with (E)/2kp = 640 K, w =106 and (E)/2kp = 845 K, multiple excitation regime supports the argument that
tar)ne:sd}g4éfrt8v§ged?2¥r?t%tioﬁz(?/lvi(t:h88% aEg’/':ZkSpe:ngg% '}3 fit by  the two wavelengths are equivalent. It is unlikely that
B ‘ the results at 310 and 620 nm could truly differ, but in
such a way that they could be brought back into apparent
Figure 5 shows the mean translational energy of phoagreement by a single multiplicative factor influence.
todesorbed CQas a function laser fluence using 310 nm, There is some dispute on whether the 310 and 620 nm
620 nm, and 355 nm pulsed irradiation. To adequately fiphotoyields are indeed equal in the multiple excitation
the TOF spectra, the sum of an ordinary Maxwellian and aegime. References [4] and [8] report power-law ex-
modified Maxwellian was required, and the reported valponents near 6 for the fluence dependence of the O
ues of(E)/2kp are the mean energy from both distribu- yield obtained with laser pulses in the red and near-IR,
tions; see Fig. 3(c). Under 310 nm irradiatidi;)/2kz  in good agreement with the results presented here, but
remains constant over the entire fluence range, and theignificantly lower power-law exponents obtained with
value of (E)/2kg = 2950 K is in good agreement with UV pulses. The difference between Refs. [4] and [8]
the value ofE)/2kp = 2830 K obtained with 355 nmir- and this Letter cannot be attributed to the possible er-
radiation. In contrast, the COmean translational energy ror in the UV fluence measurement, noted above, by an
obtained with 620 nm, 90 fs irradiation is significantly overall multiplicative factor, which does not affect the
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FIG. 5. Mean translational energy versus absorbed laser flu-

FIG. 4. Mean translational energy versus absorbed laser flience for 1*C*®0, desorbed from®™C!0/*®0,/Pt(111) using

ence for 0, desorbed from*0,/Pt(111) using 110 fs,

110 fs, 310 nm laser pulses, 90 fs, 620 nm laser pulses, and

310 nm pulses, 90 fs, 620 nm pulses, and 8 ns, 355 nm pulse8.ns, 355 nm laser pulses.
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power-law exponent. Currently, no definitive explanationlevel [7,16] of the adsorbed £are proposed for the single
can be given to explain this discrepancy; however, severaxcitation and the multiple excitations, respectively.
differences in the experimental arrangements favor the re- Support of this research by the National Science
sults presented here. References [4] and [8] used nof~oundation under Grant No. DMR-9417866 is gratefully
top-hat beam profiles, which can complicate the analysisacknowledged.
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