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Surface femtochemistry of CO/O ,/Pt(111): The importance
of nonthermalized substrate electrons
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We studied the surface femtochemistry of Co/t(111) induced with 0.3 ps laser pulses over a
wide range of wavelength and fluence. Below A0'mn¥, the yields depend linearly on fluence.
Above 10xJ/mnt, the yields scale nonlinearly in the fluence. From the dependence of the yields on
wavelength, we determine that the nonlinear surface femtochemistry is influenced by nonthermal
substrate electrons. @998 American Institute of Physids50021-960808)00920-9

I. INTRODUCTION II. EXPERIMENT

It has been well established that high-intensity subpico- We studied the photochemistry of CQ/Pt(111) using
second laser pulses induce reactions among adsorbates otaaer pulses fam a 1 kHz regeneratively amplified Ti:sap-
metal surface by photoexcitation of electrons in the metaphire laser. The 100 fs, 800 nm pulses are frequency doubled
substraté:® There is an active debate, however, about thén a 1 mmthick lithium barium borate crystal and frequency
energy distribution of the electrons responsible for the reactripled in a 0.3 mm thick beta-barium borate crystal. The
tion between adsorbates on a metal surface. According to orl@ser pulse energy is varied with a waveplate and a polarizing
proposal, the adsorbates interact with an essentially therm&€am splitter. The 267 and 400 nm pulses have 0.26 and 0.3
substrate electron distributidnthat is, an electron distribu- PS duration, respectively. The 800 nm pulses are chirped to
tion described by a Fermi—Dirac function. Another proposal®-3 PS SO the pulse durations at all wavelengths are similar.
is that the nonthermal, photon-energy-dependent, electron _The energy of_each Iasgr pulse is measured with a pho-

- L . . todiode that is calibrated with a power meter. The response
distribution plays a significant role in the surface reactibns. ;
. of the power meter varies less than 3% over the range 267—

Whether the electrons that stimulate the adsorbates haveg% . : o
th | th | distribution. it i I ted th 0 nm. To ensure that there is no nonlinear absorption in
herm? ora nontherma _'S ”h u |on|, s vlvg X accep.i hatthe platinum, we measured the fraction of the laser pulse
the ee;:lt_r??_smare not in thermal equilibrium with eenergy absorbed into platinum. The measured absorption of
phonons.~™*

) ) the platinum is constant over the range of fluences used in
We measured the desorption of @nd production of  he experiments, and is in agreement with the reflectivity
CO, from CO/G,/Pt(111) induced with 0.3 ps laser pulses atcgiculated from the published dielectric function of
267, 400, and 800 nm to determine the dependence of thgatinum2® We also verified that the absorption of the cham-
chemical reaction on the electron distribution. We find thather window does not depend on fluence. These results con-
the reaction is sensitive to photon energy and therefore wéirm that the laser energy absorbed in the platinum is a con-
favor excitation of the adsorbates by nonthermal substratstant fraction of the pulse energy measured outside the
electrons. vacuum chamber.

The yields in subpicosecond photoinduced reactions The spatial profile of the laser pulses is measured with
have a nonlinear dependence on fluence, a high quantugf ultraviolet-sensitive CCD camera. The profile captured by
efficiency, highly excited nonthermal internal-state distribu-the camera is fit well by a Gaussian function. The fluence
tions, and increasing translational energy with increasing lalncident on the camera is reduced to a level where the cam-
ser fluencé:®468-12 Two.-pulse correlation experiments €& response is !lnear by reflectlng. the beam off the fropt
show that the excitation has a lifetime of about 41013 surfaces of MO pieces of glass qnd is further attenuated with
Time-resolved surface second-harmonic generation indicatdleutral-density filters. To confirm the accuracy of the

that desorption of CO from CO/@i1]) is complete in less camgra-baged spatial 'prof|le measuremgnt, we measured the
than 325 it spatial profile of a helium—neon laser with the camera and

When the oh hemi ¢ 111) is induced compared it with the profile determined by scanning a pin-
. en the photoc 1gmlstry of COA(111) is induced 16 through the beam while measuring the transmitted light
with continuous light**® or nanosecond pulséshe yields

. - with a photodiode. The camera and pinhole methods yield
of O, and CQ scale linearly with fluence and depend |aser profiles that are identical to within 1%.

strongly on photon energy. We previously reported the first  The absorbed laser fluence is determined from the en-
data on the transition from a linear to a nonlinear fluenceergy absorbed in the platinum, and the spatial profile of the
dependence under 267 nm pulse excitatfblater confirmed  laser pulse, accounting for the 45° angle of incidence. The
using laser pulses at 310 rfhilere we report observations of fluence varies over the profile of the laser spot; values quoted
this transition at 267 and 400 nm. below refer to the absorbed fluence at the peak of the spatial
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10° TABLE I. Wavelength dependence of the power law exponent. The yield is
& L linear in fluence below 1@J/mn?, but very nonlinear in fluence above
'IE o CO/Oz/Pt(-] 11 <& 10 wJ/mn?. There is no low-fluence yield with 800 nm laser pulses.
= 10} Ao, |
1]
] p
8 - LI F 267 nm 400 nm 800 nm
5 10°H i _pﬂ,; . <10 pwd/mn? 1.1+0.1 0.9+0.1
g | e ? & | >10 pJimnt 4.8+0.5 6.0+0.5 7.2:0.5
= 266 nm ggenmi™ ¢
=] 100 | AP ] 2“300 |
8 [ ] u (d &8{ nm
S r te 300 .
1072 ¢ I nm | tronics. The vyields reported below are divided by the laser
0.1 1 10 100 spot size to allow comparison between runs taken with dif-
absorbed fluence (1J/mm2) ferent laser spot sizes. Below 2d/mn?, less than 1% of

the adsorbates is depleted by a single laser pulse; to increase
FIG. 1. Yields of Q from CO/Q,/Pt(111) obtained with laser pulses of 0.3 the signal in this regime, we admit up to 10 pulsea & kHz
ps duration atk 800, ® 400, andM 267 nm wavelengths. rate to one spot on the sample and the mass spectrometer
measures the total yield.

profile. The tests described above confirm that there is ng
wavelength-dependent, nor any fluence-dependent systelw—' RESULTS
atic error in the calculation of absorbed fluence. Figure 1 shows the yield of oxygen molecules obtained
The experiments are conducted on a 12 mm diameteffom CO/Q,/Pt(111) with 267, 400, and 800 nm laser
Pt(111) crystal in an ultrahigh vacuum chamber with a basepulses. Around 1@.J/mnf there is a clear change in the
pressure of & 10! Torr. All experiments are performed at dependence of the yield on absorbed laser fluence. Above
a base temperature of 84 K. The crystal is cleaned using N80 x.J/mn?, the yield saturates because the pulse desorbs an
ion sputtering at an ion energy of 500 eV, annealing inappreciable fraction of the adsorbed oxyden.
vacuum at 1100 K, and annealing in f0Torr oxygen at Below 10 J/mnt the yield from 267 and 400 nm pulses
500-1000 K!’ Surface order is verified with low-energy depends linearly on fluence. To determine the linear cross
electron diffraction and surface cleanliness is verified withsection in this regime, we measured the decreasing yield
Auger spectroscoptf from a single spot on the sample as the surface coverage is
After cleaning, molecular oxygen and carbon monoxidedepleted by 3000 laser pulses. The linear cross sections thus
are adsorbed to saturation on the platinum surta¢&Mo-  obtained arec,g=(4+2)x10 2 cm? and o490=(4+2)
lecular oxygen is deposited on the platinum surface as soor 10 2° cn? for 267 and 400 nm pulses, respectively. We do
as the temperature has fallen below 94 K after a cleaningot observe any linear dependence of yield on fluence for
cycle. Carbon monoxide is deposited after the oxygen. T@00 nm laser pulses; continuous light sources with wave-
reduce background pressure, all adsorbates are deposited Usagths longer than 600 nm also do not induce reacfion.
ing a tube of 12 mm diameter brought to within 3 mm of the  Between 10 and 5p.J/mnt the yield depends nonlin-
platinum surface. early on fluence. The data can be described by a simple
The laser-induced £desorption yield and COreaction  power law, Y,~FP, wherep>1 andF is the fluence ab-
yield are measured with a quadrupole mass spectrometer operbed in the platinum. As Table | shows, the exponent
erating in pulse-counting mode. We alternate between dedecreases with decreasing wavelength.
tecting Q and CQ on successive laser shots. Between shots, The wavelength dependence of the yields is also appar-
we translate the sample to an unirradiated part of the samplent in a comparison of the absolute yields at a particular
preparation. A potential difference 6f90 V is applied be- fluence. Table Il summarizes the wavelength dependence of
tween the sample and the ionizer of the mass spectrometer the yields at 1 and 3QJ/mn’f’-, At both fluences, the yield
prevent stray electrons interacting with the sample. A tube ofncreases substantially as the wavelength decreases.
4 mm inner diameter extends from the ionizer to the sample.  Figure 2 shows the yield of carbon dioxide from the
This tube collects molecules desorbed from the surfacgame sample preparation as Fig. 1. The dependence of the
within 14° of the surface normal. The ionizer is enclosed inCO, yield on fluence is similar to that of OTable Il sum-
mesh to allow the laser-induced desorption and reactiomarizes the ratio of yield of ©to yield of CO,. When using
products to escape. Using a high-speed mechanical shutte¥67 or 400 nm pulses at fluences belowADmn? (i.e., in
we reduce the laser repetition rate to allow the gas-phase

products to be pumped out of the chamber between succes-
sive laser shots TABLE Il. Wavelength dependence of the laser-induced yield. At all flu-

. ._ences studied, the yield increases with decreasing wavelength.
The yield depends on the area of the sample preparation y 9 9

exposed to the laser pulses. To obtain an appreciable yield at Y

low fluence, a large laser spatial profile of full-width-half- F 267 nm 400 nm 800 nm
maximum up to 1 mrhis used. At high fluence, the spatial 1 i 3105 0.1:0.02 0
profile is decreased to as low as 0.05fta reduce the 30, 3mn? 80001500 2008-500 120+ 25

absolute yield and avoid saturating the pulse-counting elec
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) — complex?® Either way, the electron interacts with the, O
"Tg - CO/O/P(111) i while retaining a substantial portion Qf the in.itial photqn en-
E otl ergy. The surface photochem|str¥ in the linear regime is
o therefore governed by electrons with a nonthermal distribu-
§ ~ “%19 7 tion. The wavelength dependence of the cross section is due
S 10°} @gﬁﬁioﬁ i to the required matching of the energy of the photoexcited
g oro g@g‘gj\% | electron with the energies of the vacary @bitals.
£ e 266 nm _aq P A‘j; 1 Irradiation of a metal surface creates an electron distri-
3 o "n 0o @ 3@@ 800 nm bution with thermal and nonthermal components. For intense
o' B 20° 4%0 nm . 7 subpicosecond laser pulses, the thermal distribution of elec-
e 108 et trons can reach several thousand Kelvin for a few
01 1 10 100 picoseconds.Several authors attributed the nonlinear depen-
absorbed fluence (uJ/mm?) dence of yield on fluence, high desorption yields, and short
FIG. 2. Yields of CQ from CO/G,/Pt(111) obtained with laser pulses of excitation lifetimes to these transient hot eIeCtr%'__zs
0.3 ps duration af\ 800, O 400, and] 267 nm wavelengths. The electron temperature depends on the pulse duration and

the fluence absorbed in the platinum, but not on photon
wavelengtHf®
the linear regimg the yields of @ and CQ are the same. Our experiments show three ways in which the nonlinear
Above 20uJ/mnf?, the yield of Q is substantially more than surface femtochemistry depends on wavelength. The power-
the yield of CQ, and the ratio is smaller at shorter wave- law exponents summarized in Table | depend on wavelength,
lengths. The ratios shown in Table Il are not corrected forincreasing from 4.80.5 at 267 nm to 7.2 0.5 at 800 nm.
the small dependence of the mass spectrometer detection afhe desorption yields summarized in Table Il are also wave-

ficiency on species. length dependent: at 30J/mn¥, the yield from 267 nm
pulses is about 4 times that from 400 nm pulses, and about
IV. DISCUSSION 65 times that from 800 nm pulses. The ratio betwegrady

The desorption and reaction yields at fluences belonCOZ yields, summarized in Table I, depends on wave-

10 wJ/mn¥, shown in Figs. 1 and 2, scale linearly in fluence. r?;rﬁ'ts(’a;a%:gofgﬁ?m?ot at ffOCé:gm t? 12151 atd267enr:jm. oTnhe
The cross sections are in the range of ¥0and increase inear IStry . APt(111) epends
with decreasing wavelength. The yield of @nd CGQ ob- wavelength, and so the thermalized electron distribution can-

tained from CO/Q/Pt(111) with continuous light or nano- not be solely responsible for exciting the adsorbates. We

second pulsésalso scales linearly in fluence. The cross SeC_attrlbute the wavelength dependence of the nonlinear surface

tions measured with these low-intensity sources are in thgemt':otchemlltsr:rylont cor/ QfJPt(lll) t(;hlnteralcgpr: '(l))f 'f{.he ad-
range of 10 cn? and increase with decreasing wave- SCfP21€S WIth €1ectrons from a nonthermar distribution.

length. We therefore attribute the linear surface femtochem- /F?e\llirlal atl)Jth_orsd ha."ﬁ meas.urﬁ?l the yieldbg_fftbm d
istry to the same mechanism responsible for the surface pho=2 %(111) obtained with two high-fluence subpicosecon

tochemistry induced with continuous-wave or nanosecond—as‘.eerI)UIZeIS mct;ldtent ont:]he salgwb;a]?rp])ot don thz samplcfe tvr\1/|th a
pulsed light sources. variable delay between the pulsesThe dependence of the

The excitation of CO/QIP(111) with these low- yield on delay indicates that the sample retains memory of

intensity sources has been attributed to electronic transition:%e excitation for about 1 gsSeveral authors have measured

into normally vacant orbitals of the 3% This new electronic e time over which a nonthermal electron distribution per-

configuration causes the adsorbate atoms to move, accumﬁi-sts in a gold film following subpicosecond laser excitation.

ot 7
lating vibrational or translational energy that may lead toIn gold, electron thermalization can take about 0.5 F?é

desorption or reaction. Two mechanisms for the electronic-:rhough kbl no pu-b||sh_ed measur(_ement_s fqr platinum,
e electron thermalization time in platinum is likely less

transition have been proposed. The photon can stimulate tﬁ T .
than the observed two-pulse correlation time in desorption of

direct transition between orbitals in the ,®t(111) . .
complex®® Alternatively, the photon may excite an electron tQZ from O,/ Ztgllh)]' Tze c%rrflatlton dt_|m¢ C,?UIt?] ref!ECt che |
to a state above the Fermi level in thé1Atl) band structure, 'me,t rte.quw.ed ord E athso;' atels 0 'ST'pa ilt € V{. ral lor)ta
from which it crosses into an orbital of the,®t(111) exciiation induced by the Trst laser pulse. Allernatively, |
could indicate that the £esorption is also influenced by the
transiently hot thermalized electrons, which cool on this time
TABLE Ill. Wavelength dependence of the ratio o @ CG, yield. The scale.
ratio is one at fluences below }0)/mn?, but O, desorption is favored over There are practical benefits to being able to access two
production of CQ at fluences above 20J/mn?. At fluences above itterent femtochemistry regimes. At high fluence, where de-
20 wJ/mnt, the ratio is strongly wavelength dependent. . . .. .
sorption is more efficient than reaction, adsorbates can be

Yo, Yco, desorbed with subpicosecond time resolution for analysis.
F 267 nm 400 nm 800 nm The efficient desorption could also be used to create empty
<10 pJimn? 1401 1201 _reactl_ve S|_tes and |_ncr§3as_e_react|0n ratg in a_catalytlc process
>20 pdimn? 25+5 55+15 70-10 in which site blocking inhibits the reaction. Finally, because

the linear surface femtochemistry is caused by the same
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