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of O,/Pd(111)
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Femtosecond laser pulses can induce desorption of oxygen adsorbed in the molecular state on
Pd111) surfaces. In this study, the behavior of t#©, and 80, isotopic species is characterized

for the saturated Rdl11) surface at a base temperature of 95 K. T#®, species is found to desorb

with a yield 1.8+ 0.3 times greater than that of th#0, species. The implications of this finding for

the desorption mechanism are discussed2@3 American Vacuum Society.
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[. INTRODUCTION of species desorbed under such excitation indicate that ad-
) ) ) . sorbate coupling to the highly excited substrate electrons is

The use of different isotopes of a given adsorbed specieg i ently responsible for the observed desorption or reac-
provides a powerful probe of the dynamics of noneqwhb—tion processes. Two-pulse correlation measurements in the

rlum surface processes. The ut|I_|ty of su_ch measurementt?me domain provide direct support for this conclusion by
rests on the fact that the electronic potential energy surface

. L monstrating the short lifetime of the excitation responsible
are essentially unaltered by variation of the mass of adsorbefi the surface proced@ 1417

species, while the nuclear dynamics on a specified potenti P In th cep e t d itation. th h b
energy surface change in a well-defined manner. The situa- n the regime ot temtosecond excitation, there have been

tion is illustrated by the predictions of the semiclassic::llfew studies to daFe Of, the isotope effect. Mazur and
Menzel-Gomer—RedhedMGR) model-? for desorption in- coIIabor.ator§° examined isotope effects for the, (Pt sys-
duced by electronic transitionIET).3 This picture pro- t€m, with the principal aim of distinguishing between
vides an understanding of how a slight change in the isotopiélissociative/associative and molecular desorption channels
mass can give rise to a dramatic change in desorption yield®y isotopic labeling. In a recent investigation of a surface
For small desorption probabilities, the modest increase ifieaction by Bonret al,? isotopic substitution was used to
velocity on the excited-state potential energy surface assocglucidate the relative importance of electronic and phononic
ated with a lower isotopic mass leads to an exponentiallyexcitation of adsorbates participating in a bimolecular reac-
enhanced desorption yield. The analysis also provides #on. On the other hand, in measurements of
means of inferring from the isotope effect a key parameter ilfNH;(ND3)/Pt(111) under femtosecond excitation, no iso-
the desorption process, namely, the probability of desorptiotope effect was observéd This result was interpreted as a
of the adsorbed species upon electronic excitation. This pogonsequence of the fully thermal nature of the desorption
sibility has been exploited in several studies of electronicallyprocess.
induced desorption over the yedrs. In the present investigation, we again examine the isotope
In this work, we examine the nature of the isotope effecteffect for simple molecular desorption, in a system where an
for desorption in a regime different from that of traditional electronic desorption mechanism is known to be operative.
electronically induced processes. Under conventional condipie have chosen for this purpose, [Bd(111), for which
tions, whether driven by impinging electrons or photons, thgemtosecond laser-induced surface processes have been ex-

rate of excitation is sufficiently low that only single- tensively investigatéd'® and for which complementary
excitation processes are relevant. One observes a desorptiggies  of thermal chemisf§2° and conventional
rate that is linear in the flux of exciting electrons or phom”s'photochemistﬁp‘% provide valuable points of reference
A different regime is entered through the use of surface eXEor this system, we find a strong isotope effect of1(83 in
citation by fem.togeco_nd. laser pulsEs? This regime d's.' he relative yield of femtosecond laser-induced desorption
plays characteristics distinct from both those of conventional LID) for 260, compared witht20,. In this work, we report
surface photochemistry that prevails for low excitation den- 2 2 . ! .
o, . . : the results and procedure for this experiment. We consider
sities and from those of simple transient heating of the sub:;

strates that prevails for laser pulses of longer duration. A'Ehe implications of the findings for adsorbate/substrate cou-

central feature of femtosecond laser-induced surface prdqllng and the mechanism of the femtosecond desorption pro-

cesses on metals is the decoupling of the substrate electrorfi€SS Ion qﬂu?lllltat|vgl!eyel. We find tha:]the results are mcohm—
and lattice excitations. This leads to the possibility of highPatible with full equilibrium between the adsorbate and the

transient electronic temperatures with relatively little latticeSUPStrate, whether at the lattice or electronic temperature.

heating!*123Analyses of the yield and energy distribution They can be understood in terms of a mechanism driven by

the high substrate electronic temperature, but with excitation

9Also at Department of Electrical Engineering, Columbia University, New !N the dfi‘sorpt'_o_n _coordmate of the adsorbate only coming
York, NY 10027; electronic mail: tony.heinz@columbia.edu into partial equilibrium with the substrate electrons.
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II. EXPERIMENT 1.0 T v T x T . T
~ L a. 16
The experiments were conducted using an ultrahigh:3 1 - 02
vacuum system with a base pressure below'2@orr. The g o8y 0 5080 | T
single-crystal PEL11) surface was cleaned by means of & L 18
argon-ion sputtering at 0.5 kV followed by annealing to 900 & Y3 P | A 02 ]

K. A chemical cleaning process was also employed in which;
the Pd sample was annealed in a relatively high partial pres-g;
sure of oxygen gas (I Torr). This step was effective in  §
reducing carbon and sulfur contamination through oxidationﬁ
of the surface species. The purity of the sample surface wa
checked by means of Auger electron spectroscopy, and thi«
ordering of the P@L11) lattice was verified using low-energy
electron diffraction. Since the carbon Auger peak is largely e R ez = 7 ™~ ~ T
obscured by a Pd feature, we checked for carbon contamina . a0 60 80
tion by looking for volatile reaction products. This was ac-

complished by exposing the surface to oxygen and measur Temperature (K)

Ing des_orbed CO and C?Oln temperature prOgrammEd Fic. 1. TPD spectra of the three distinct isotopic species of desorbed mo-
desorption(TPD) spectra with a quadrupole mass spectrom-ecyjar oxygen obtained for the Pd1) surface dosed & =95 K with a
eter(QMS). mixed monolayer ot°0, and'®0, . The three peaks in the 100200 K range

The laser source was based on a Kerr-lens mode-lockegprrespond to molecularly adsorbed species and show only trace amounts of
the isotopically mixed species. The high-temperat@rpeak arises from

T|.sapph|re oscillator, which was ampln‘led Ina regeneratlverecombinative desorption of adsorbed O formed on the surface by thermal

amplifier and produced pulses at a repetition rate Of_ 1 KHZjissociation of adsorbed,Qiuring the TPD scan. Isotope mixing during this
and a center wavelength of 810 nm. The pulse duration dufprocess leads to the observation of #6%0 species, as well as of the

ing the experiments was approximately 300 fs at the surfacigotopically pure molecular species.
and the energy per pulse was adjustable up to a value of 600
ud. For the experimental measurements, the laser beam wa

incident on the sample at an angle of incidence of 30° an ayer. The molecular TPD features were similar to those of
wasp polarized. The beam illuminated a region of approxi- yer. : . . I o
each of the separate isotopic species. Statistical mixing of

”.‘ate'y 1 mm diameter on the sample and Wazs arranged tﬂ30 and0 was also observed for the recombinative peak,
yield an absorbed fluence of approximately 25<Jhmear the : L : . .

e . although with a relative intensity favoring tH€0 isotope.
center of the beam. This figure was deduced using a char

. . . . e origin of this effect is unknown, but is attributed to
coupled devicd CCD) camera to provide a two-dimensional . S . S .
. . . . intermixing with subsurface oxygen, which is dominated by
image of the spatial profile of the laser beam at a distanc

equivalent to the sample, in conjunction with a careful mea—ﬁ]e more common light isotope.
’ For the LID measurements, the sample was brought into

surement of the total pulse fluence. - ) . ;
During the experiments, the substrate was held at a ba céose proximity with the QMS. The relative yield for desorp-

) . n induced by a single laser pulse was obtained by integra-
temperatur_e of 95 K_and was exposed to saturation dosing ??gn of the transient electrical pulse measured by the QMS.
oxygen using a capillary array doser. The sample tempera]—_he typical yield per laser pulse was approximately 3

ture was measured with a thermocouple spot welded to the, .~ 3
back of the sample. The quality of the sample surface and thfa‘< 10"~ monolayer(ML). In these measurements, the 1 kHz

X rePetition rate was too high to permit convenient recording
adsorbate coverage were examined through measurementO the transients on the OMS. Consequently, we needed to
TPD spectra, as shown in Fig. 1. They revealeddhe «», ) q Y

. lower the repetition rate of the laser source. To optimize
and a3 peaks expected for molecular desorption from the L . . . ;

: stability, this was done by optical selection of the pulses with
saturated surface. The states are labeled in order of thej

binding energy,«; being bound the most strongly. At high Lﬁﬁzagpggﬁgrﬁ:isyswm continuing to operate at its usual 1
surface temperatures, tigpeak from recombinative desorp- P '

tion was also observe@ee Fig. 1 Its strength is a sensitive

measure of the cleanliness of the surface, particularly witf!l- RESULTS

respect to carbon contamination, and provided a further Table | shows the results of a preliminary LID measure-
check of sample cleanliness. When dosing with either thenent with the P@L11) surface dosed separately by the two
pure %0, or 180, isotope, we did not observe more than pure isotopic species of O The measurements were under-
trace levels of the oppositer mixed oxygen isotope in any taken to verify the correctness of the procedure and the in-
of the TPD measurements. Contamination levels were contegrity of the experimental data. As can be seen in Table I,
patible with the 97% purity of the commercially supplied when the sample was dosed wifO,, both the TPD and
180, feed gas. We also prepared a surface with a mixed.ID signals were present only fdfO,, without any signifi-
monolayer of the two isotopic species by dosing with a gasant %0, contaminant. Correspondingly, when the sample
containing a suitable admixture of the two isotopic specieswas dosed with0,, only trace®0, signals were observed,

|Sgure 1 shows a multiplexed TPD scan for the mixed mono-

JVST A - Vacuum, Surfaces, and Films



1314 D. P. Quinn and T. F. Heinz: Observation of an isotope effect 1314

TasLE |. Yields for saturation doses of specifit0, and *°0, isotopes of  molecules. The data points correspond to an average over six

molecular oxygen adsorbed on the(EH) surface. The TPD data represent genarate experimental runs. For each run, the data are nor-
the relative yields of the molecular desorption peaks during temperature- " . . .
programmed desorption; the LID data indicate the yields from femtosecondn@lized to correct for any slight departure from the nominal

laser-induced desorption. The results show that no appreciable contamin®0—50 admixture of the two isotopes in the initial state.
tion of the isotopic species occurs during the measurements. Since the area in which LID occurred was a very small frac-
tion of the total sample area((1%), wewere able to obtain

Dose*®0, Dose®®0, ’ ’ -
this correction factor for the actual experimental surface con-
TPD 1802 100 1 dition by recording a TPD spectrum after each LID measure-
LID 1 i 180 939 ment was complete. Although fluctuations in the individual
180, 0 97 sets of data were large, no systematic variation was observed

in the different corrected data sets.

The decay of the signal for each isotope reflects depletion
i _ ) ) ) of the corresponding species on the surface. Each signal
Cﬁn;]pat!ble ;N'th thg |sotoz|c?d%ur|lt83gof the fﬁ_e‘?' gas. Alvery drops to a negligible yield upon application of a sufficient
slight signal was detecte © as well; It was also  mper of laser pulses. As just indicated, only the oxygen in
W'th'.n appropriate purity levels. Thus, we conclude Fhat N0 small portion of the sample, corresponding to the area ex-
spurious sources of oXygen are detected, suqh as might ari Gsed by the laser beam, is depleted. In a separate experi-
from oxygen stored n the subsurface region of 'the P ent, however, the laser beam was thoroughly rastered over
sample or from des'orpuon fro”.‘.‘he chambe'r walls induce he entire sample. A TPD measurement was then performed.
by scattered laser “gh_t' In addition, we Conflrmed, for e_aci]n this fashion, we verified that repeated exposure to the laser
isotope, that the LID yield was a strongly nonlinear function Ises leads to the complete depletion of the adsorbed oxy-
of the laser fluence, as has been reported in earlier studies By : . 19 .
gen, as reported earlier for thBO, species® Also in agree-

this systert ment with the earlier study, we found no evidence for laser-
The primary experimental results are displayed in Fig. 2"nd ced dissociation of th,e adsorbed oxvaen. We observed
Shown in the lower part of Fig. 2 are plots of tH®©, and inau ' 'at xygen. v

180, yield for LID from the coadsorbed0,+ %0, mono- neither a substantial atomic oxygen signal in the QMS during

layer as a function of the number of consecutive laser pulseé‘?‘ser exposure nor the presence of a recombinative desqrp-
fion peak in the TPD measurements after thorough rastering

The data, all recorded for an absorbed fluence of approxi £ th | h lude that th  th
mately 25 J/i, were recorded by measuring alternately the®' € sample. Thus, we conclude that the exposure of the

QMS signal for each isotope in successive laser pulses. Thfgmtosecond laser leads solely and fully to the desorption of

fall off in the yield reflects the depletion of the adsorbed!N® molecular oxygen. - _
In order to compare the efficiency of desorption for the

two isotopes, we fit the experimental decay data to an ana-
lytic function. For this purpose, we adopted a double-
exponential decay function, which, as shown in the lower
panel of Fig. 2, provides a good description of the experi-
mental observation. The choice of the double-exponential
form reflects the fact that two binding sites are present for
the saturated @Pd(111) system in this temperature range.
1 They correspond to the singly charged superoxg) (and
2 ] doubly charged peroxo binding sites of, ORepulsive
18 . . . . .
1000 - o O2 | adsorbate—adsorbate interactions associated with their charge
are believed to cause the peroxo state to be observed as two
I R':"n distinct TPD features (labeleda; and a,). At higher sur-
500 |- Ween o . face coverage, _the adsorbate—adsorbate interactions cause
Toea0 oG oronaa s gt the peroxo species to be bound more weakly, corresponding
to thea, state; as the coverage decreases, the effective bind-
% 1 20 = @ a0 = ing energy increases, yielding thg feature. This subtlety is
not, however, reflected in the biexponential function, where
one decay is associated with the superoxo and one decay
Fic. 2. Measured isotope effect and its variation as the monolayer of oxygenvith the peroxo species. A more detailed analysis of the LID
is depleted by femtosecond LID. The lower panel shows experimental yield§/ie|d as a function of the laser exposure would undoubtedly

from the coadsorbetfO,+ 80, /Pd(111) surface as a function of the num- ~ . Id ad t f the simole bi tial f H
ber of pulses of irradiation by the femtosecond laser. The symbols represeb(t'e a departure from the simple biexponéntial form. How-

the average of six independent measurements, with error bars derived froRVer, since our primary emphasis is on the desorption behav-
the variance in these data. The fit curves are biexponential in form. Théor near saturation coverage, we have not pursued this issue.

signals are normalized to reflect an equal abundance of each isotope in the ; ;
initial state. The upper panel plots the ratio of the experimental yields shown I(lﬁ'ghe(lslzj)pper pziré[ of Fig. i; we dlsplay the rat®
in the lower panel, indicating an isotope effectRyj=1.8 and, as expected, — Y. 1Y'=2) of the =0, to the =0, LID yield computed

a trend toward a lower value as the mixed monolayer is depleted. from the fits to the decay curve 60, and*®0,. The sim-

g
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plest regime to interpret is that of the initial phase, beforecant effect in the relative desorption yield. As presented in
substantial adsorbate depletion has occurred. Here the ptihe earlier work of Leunget al,* the isotopic ratio for de-
mary contribution to the signal is understood to be fromsorption efficiencyR is given by
desorption from the weaker binding site, the superexo
state. For the initial part of the measurement from the unde- o1
pleted surface, we find a value d®,=Y{®/Y{®=138 A
+0.3. The error bar has been calculated by consideration of
the uncertainty in the two fitting curves. The isotope riio Herem; andm, are the masses of the isotopes in question,
clearly changes as the monolayer is depleted. A drop is, idnd o, and o, are, respectively, their desorption cross sec-
fact, expected simply as a consequence of the unequal d#ons. P, is the probability that the isotope of masg will
sorption rate of the two isotopes: TH&O, species is de- desorb upon excitation: For an excitation cross secm'ﬁf‘?,
pleted from the surface more rapidly than ¥, species. the desorption cross section is given By through the for-
Consequently, the desorption yield f80, will fall off more ~ mulao;=o{®P;. These relations have been employed in a
rapidly than that of thé®0,, and the ratioR=Y1®/y(1®)  variety of earlier experimerfts® carried out with conven-
will decrease. The picture is complicated by the presence dional excitation.
the a, / a, (peroxg adsorption state of the adsorbed oxygen If we apply this treatment to our current experimental
molecules. The intrinsic ratio of the isotopic yields for this result ofRy= 1.8, we deduce a value & ~6x10"°. Such
state may differ from that of the; state which, because of a very low desorption probabilit{?; upon excitation is not
its lower binding energy, is presumed to dominate the deunreasonable for chemisorbed molecules on a metal surface,
sorption on the saturated surface. The observed trend of gince excited-state lifetimes are frequently as short as a few
decreasing isotope effect with increasing adsorbate depletidemtoseconds. Thus, this analysis can account for the ob-
would, however, still be expected. served isotope effect. We regard this discussion, however,
more as illustrative of the role of nonequilibrium excitation
than as a proper description of our experimental results. It
IV. DISCUSSION indicates that for strongly nonequilibrium conditions, a large
It is instructive to compare the observed isotope effecisotope effect can occur. A more detailed consideration of the
with the behavior predicted for the more conventional re-current experiment must recognize that under the conditions
gimes of desorption. First, for desorption occurring underof intense femtosecond laser excitation, we produce a high
equilibrium conditions, one would not expect any significantdensity of excited electrons. A mechanism involving the ex-
dependence of desorption rate on isotopic mass. This sanoitation of the adsorbate by a single phot¢émediated
reasoning would be expected to apply for a rapid transienthrough a substrate electron—hole paas in the conven-
heating, provided that the relevant adsorbate degrees of fregenal regime, is incompatible with the observed nonlinear
dom remain in full thermal equilibrium with the substrate. fluence dependence of the desorption yield. We may also
Thus, a traditional transient heating scheme can be excludedpte that the analysis of the isotope effect just presented is
based on the result of the present isotope measurement, aglao inconsistent with the behavior of a conventional DIET
mechanism for desorption under our experimental condiprocess. If we combine the inferred value for the desorption
tions. This conclusion, of course, has already been drawn iprobability after excitation oP;~6x 10" ° with the experi-
the earlier studies of this system performed under similamental value for the absorbed photon flux 1.0x 10°%m?
conditions!**® for a fluence of 25 J/A) and the measured desorption yield
The other limit in which we can apply existing paradigms (~0.003 ML/pulse), we infer an effective cross section for
to discuss the isotope effect is that of a single-excitatiorexcitation of 170 & for each absorbed photon. This value
model, corresponding to conventional electron- and photonappears to be unphysically large. It indicates the inadequacy
stimulated desorption via a DIET process. The familiarof a picture of desorption based on activation single
analysis considers a semiclassical model in which adsorbatedectron—hole pairs produced in the metal. As has been ex-
are promoted to an excited stateWhile the adsorbate is in tensively discussed in the literature, the distinctive character-
an excited state, it gains kinetic energy before returning to itéstics of the femtosecond desorption process can, however,
ground state. Upon returning to the ground state, the adsobe understood in terms of the high electronic temperature
bate may either desorb or remain trapped, depending on theduced in the substrate and the coupling of this transient
amount of energy gained during the transient electronic exelectronic excitation to motion of the adsorbate.
citation. In such a DIET process, an isotope effect is pre- In a separate work, we examine the isotope effect in the
dicted in the following way: Since the excited-state lifetime context of a model of desorption based on transient electron
is the same for two isotopes, the lighter one gains more kiheating®® Under the conditions of our experiment, we find
netic energy as it traverses the common potential energy suthat the substrate electrons achieve a temperature approach-
face. It thus has a higher chance of desorbing upon deing 2000 K for a period of a few picoseconds before cooling
excitation. In the limit of low desorption probability relevant by coupling to the substrate phonons and by diffusion into
for chemisorbed molecules on metdisith short excited- the bulk of the material. Heating of the phonon degree of
state lifetimeg, the small effect of the isotopic mass on the freedom is relatively modest because of its substantially
Newtonian dynamics of the adsorbate can lead to a signifigreater heat capacity compared with that of the substrate

1\ VT -1
5
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