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Temperature-Dependent Femtosecond Photoinduced Desorption in CO/Pd(111)
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The desorption of CO from a Pd(111) surface following absorption of 120 fs pulses of 780 nm light occurs
on two distinct and well-separated time scales. Two-pulse correlation measurements show a fast subpicosecond
decay followed by a slowery40 ps decay. Simulations based on the two-temperature model of electron and
phonon heat baths within the substrate, and an empirical friction model to treat coupling to the adsorbate,
support the assignment of the desorption mechanism as an electron-mediated process. The photodesorption
yield and overall width of the temporal response exhibit a marked dependence on the initial surface temperature
in the 106-375 K range despite the much higher transient electronic temperatur@9Q K) achieved. The
observed temperature dependences can be attributed directly to variations in the initial temperature within
the frictional coupling picture. Simulations of this extended data set imply that the activation barrier to
photoinduced desorption is equal in magnitude to that derived from thermal desorption experiments for this
system within the limits of a one-dimensional Arrhenius desorption model. The simulations also imply that
the slower decay is not the result of phonon-driven desorption. Though we cannot unambiguously determine
the strength of the adsorbatphonon coupling, our results suggest that its role is to moderate the degree of
the adsorbate excitation.

1. Introduction DIET on metal surfaces is attributed to short molecular

In recent years, the direct time-domain investigation of various ' onan® lifetimes due to the degeneracy of the molecular
y ’ 9 %ffinity level with the substrate conduction band.

physicochemical transformations at surfaces has been addresse . o ) .

by a number of different ultrafast laser-based techniduas. When the substrate electron_lc_ excitation s dn_ven by pico-
primary focus has been on photoinduced desorption. CleavageseconOI or shorter pulses_ of_sufﬂment energy derié_&?a large
of the molecule-surface bond is arguably the simplest surface Qegree of electronic excitation can be achieved W'th.OUt excegd-
chemical reaction, analogous to unimolecular bond dissociation'"Y the_damage t_h_reshold of the metal. The excited carrier
in the gas phase. On this basis photoinduced desorption Serveglenslty is then sufficiently large that multiple cycles of adsorbate

as a starting place for time-resolved studies directed at under-&'€ctronic excitation and de-excitation can occur before the
standing the dynamics fundamental to a microscopic under- substrate electronic system relaxes. Because the resonance

standing of surface chemical transformations such as thc)Selnfetlme is short, each cycle is believed to involve transfer of a

involved in heterogeneous catalysis and photocatalysis. How_slngle_slegtronl.l Each_tc%cletlt;:'avgs the tmgleetsl_xtirftace b_o?d th
ever, identifying the mechanisms and quantifying the interactions In a vibrationally excited state. Repeated excitations nto the

underlying the dynamics remains an experimental and theoretical resonance befor.e vibrational relaxation occurs can qleposu
challenge. sufficient energy into the bond for the molecule to desoFhis

One of the most important and well-studied surface chemical Process 1s kn0\_/v_n as DlMET _(desqrpt|on _md_u_ced by multiple
processes in this area of inquiry is electron-mediated photoin- electronic transitions), and it gives rise to significantly enhanced

X L : . desorption probabilities compared to DIEZF 14
duced desorption. We limit our discussion here to the case where | Vely. | . h |
adsorbed molecules do not absorb the incident light, so the . Alternatively, interactions between the adsorbate nuclear

absorbed energy is initially confined to the substrate electrons. degrees of freedom and electremole pairs (EHPs) within the

Thus, desorption is driven by interaction between the adsorbateSUPStrate may drive desorption. Such a mechanism is envisioned
and the excited substrate electron distribution. This class of S the reverse of EHP-mediated adsorbate vibrational relaxation,

photoinduced surface chemistry is a type of DIET (desorption Wherein energy flows from the adsorbate to the substiate:®

induced by electronic transitich)® and in its simplest form is In the case of_desorpt|on_, it is believed that energy released by
understood as the result of transfer of an excited electron (or EHP annihilation events is transferred from the substrate to the

hole) from the substrate into a molecular orbital. Relaxation of adsorbate, progressively exciting the moleederface vibration

. X ing i 9 Unli
the adsorbatesubstrate complex along a repulsive excited-state zahr}d fes“r']“”g n pond gleavagdé. UgllkedDIET .and' ?MET’
potential € or a repulsive region of the ground-state potehitial L ISI melc anllsm IS understoo éoh € ‘1 labatic with rekspect to
converts the energy of the electronic excitation into kinetic Mo'ecular electronic states, and the phenomenon is known as

energy, cleaving the molecutsurface bond with a probability electronic friction to distinguish it from the analogous interac-
that is’a factor of~10° smaller than dissociative electron tions between molecular degrees of freedom and lattice phonons.

attachment in the gas pha$e:! The relative inefficiency of Based on such mechanisms, numerous models have been
employed to describe ultrafast photoinduced desorption, with
T Part of the “Giacinto Scoles Festschrift”. varying degrees of complexity and succe$som a chemical
* Corresponding author. E-mail: nicholas@bnl.gov. point of view, it is most desirable to find links relating laser-
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driven time-resolved experiments to thermal processes such that
the dynamical insights garnered from the former may be
connected to the real-world processes involving the latter. A
direct link between the two is, in fact, implicit in models that
treat photoinduced phenomena as activated processes in a one-
dimensional (single reaction coordinate) mot&?°In some

such models, the overall process can be thought of in terms of
two steps-vibrational excitation and desorption. The vibrational
excitation process may be modeled quantum mechari¢alty

Mass 30 Counts | A. U.

with electronic and/or lattice frictions within a master equation 0.33 ML _.-' Bhang ¥
framework?? The desorption step is modeled as the crossing L s
of an effective activation energy barrier either governed by 100 300 500 700
bound-to-continuum transitions in the quantum-mechanical Temperature | K

approach or an Arrhenius expression in the friction approach. Figure 1. Temperature-programmed desorption B@WPd(111) with

In either_ approach, a simplt_a one-dimensiqnal potential energy 5 heating rate of 2.5 K™4. Both the saturated surface (0.74 ML) and
surface is assumed,; the activation energy is presumed to be thg./3x/3)R30 (0.33 ML) coverages are shown.

same as that used to describe thermal desorptihFew

studies, however, have systematically varied properties of a well-in magnitude to that derived from thermal desorption experi-
defined system to test the robustness of this assumption andments for this system. We also discuss the physical origins and
the desorption parameters employed. One way in which the implications of our proposed electron-mediated desorption

connection between photoinduced and thermal desorption canmechanism and compare the dynamics with CO photodesorption
be tested more concretely is to vary the energy of the systemmeasurements on other metal substrat@$32.33

on a time scale far removed from the nonequilibrium excitation.
In other words, both the equilibrium and nonequilibrium 2. Experimental Methods
excitations are controlled independently by using a combination
of thermal and laser-induced heating. We will show that this
approach allows the effective ground-state potential describing
the molecule-surface complex and the degree of moleeule
surface coupling to be established with a greater degree of
certainty than can be achieved by controlling the photoinduced
excitation alone.

A complete description of the experimental apparatus and
procedure is available elsewhéfeThe Pd(111) single-crystal
substrate is maintained in ultrahigh vacuum and prepared prior
to each experiment by Arsputtering, annealing, and oxygen
treatment. Finally, the surface is exposed to a saturation dose
of oxygen at room temperature and heated to perform temper-
. . . . ature-programmed desorption (TPD). The dose-TPD cycles are
Thus, experiments described in this work measure the repeated until desorbing CO and £@re below detectable

dependence of the photodesorption dyna_mics_ on the basgg,e|g Isotopically labeled carbon monoxidéq!®0, 95%180
thermal temperature. Our analysis aims to identify the nature substitution, 99% pure, Isotec), purified in a liquid-nitrogen-

gf thle desqrptiog Ime.chanismll (e ddetermirr]le the {oles played .ooied trap, was introduced into the chamber via a stainless
y electronic and lattice coupling) and use the results to extract a6 qosing tube that can be translated up to the face of the

the energetics and kinetics of the photodesorption event in thecrystal. A (/3x+/3)R30 structure was observed by low-energy
subpicosecond photoexcitation regime. Carbon monoxide ongjectron diffraction (LEED) of the CO-saturated surface at

Pd(111) is an excellent model system for such an investigation. 3gq k_The resulting TPD spectrum (Figure 1) was assigned to
Adsorption at 380 K results in the formation of a well-defined 5 coverage of 0.33 monolayers (Mt52628 Based on this

(v3x+/3)R30 0.33 ML overlayer with CO adsorbed in 3-fold calibration, the saturation coverage at 135 K is 0.74 ML,
hollow sites?>28 The 380 K onset of thermal desorption of  .qnsistent with the literatu®.
this structure provides a broad range of readily accessible ¢ photodesorption experiments are performed with a
substrate temperatures that is necessary for our study of theregeneratively amplified Ti:sapphire laser system (780 nm,
dependence of the photodesorption dynamics on the base surface 1o g sechpulses, 0.7 mJ/pulse) operated at a repetition rate
temperature. In addition, CO is perhaps the prototypical 4t g Hz. The output of this system is divided into two
molecular adsorbate for studies of chemistry on metal S“rfacesiorthogonally polarized beams with a variable delay between
and e_xtens_ive experi_menta_ll a_nd theoretical investigations havei,gm (Figure 2). Light encountering the fixed retroreflector is
examined its adsorption, binding energy, surface structure, and,_nq|arized; s-polarized light traverses the variable-length path.
thermal oxidation on P&:*° Studies have also shown photo-  The |aser polarization is rotated prior to the beam splitter (by a
enhanced CO oxidation rates on Pd! half waveplate, not shown) to adjust the relative intensity of
Our results show that the photoyietdnd its dependences  the p- vs s-polarized components and thus the relative energy
on the absorbed laser fluence and the delay time between pulsefrom each beam absorbed by the target substrate. The p-to-s
in a two-pulse correlation schemare significantly affected by ~ absorbed-energy ratio in our experiments was chosen to be
changes in the initial substrate temperature. We adopt a simple~1.45:1. A variable attenuator controls the total intensity of
empirical model of the photoinduced desorption and show that both beams, and a computer-controlled shutter regulates the
it satisfies globally the entire series of experiments by incor- admittance of the laser beams into the chamber. In all experi-
porating an electronic friction that depends on the substrate ments, the s- and p-polarized beams are spatially overlapped
electronic temperature. Furthermore, systematic variation of theand focused to a diameter 60.6 mm at the surface. Reflected
desorption and empirical friction parameters is used to place light exits the chamber and is measured by an energy meter on
bounds on the physical quantities and assess the limitations ofa shot-to-shot basis. A quadrupole mass spectrometer (QMS)
the model. The simulations of the extended data set imply that detects the photodesorbed species. To measure the dependence
the activation barrier to photoinduced desorption is, within of the photodesorption signal on absorbed laser fluence (energy
experimental uncertainty and the limitations of the model, equal per unit area), the two beams are used with zero time delay
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Quarter L+AL Figure 3. Photodesorption of 0.33 ML ¥0/Pd(111) performed at
Waveplate zero delay time as a function of initial temperatdteThe line shows
/ the result of simulations as described in the text.
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Figure 2. Schematic view of the optical delay setup for the two-pulse D
correlation experiments. f
. L . . nZ
between them while the total incident energy is adjusted. In
the two-pulse correlation (2PC) experiments, the photodesorp-
tion yield is measured as a function of the delay between the
pulses of the s- and p- polarized beams. We adopt the convention 5
that positive delays refer to the case where the more weakly 2 6 10 14 18

F/mlcem ~

absorbed s-polarized pulse arrives at the surface first. In all _ )
Figure 4. Fluence-dependent photodesorption of 0.33 MEQZPd-

Case.s’ .a lasfer Stht IS thehatr)nval O_f”? s]:_ngle ﬁalr Qéf{pulses (111) performed at zero delay time and two initial temperatufes (
consisting of one from each beam. The first-shot yielg, Lowering T; reduces the desorption yield (symbols) while raising the
comes from the first pulse pair to arrive at the surface after the power-law exponenn that empirically describes the process (solid

shutter is opened and gives the maximum photodesorptioncurves). In this datay is 6.7 (8.8) forT, = 375 K (200 K).
signal. In general, the yield decreases exponentially with an

. . 0,33,34,3 :
increasing number of laser shots. usual way? %Nevertheless, we are able to express the first

; shot yield in monolayer units and the desorption probability in
For all photodesorption measurements, the surface Was bsolute termsYgs divided by the initial coverage) by calibra-

saturated and briefly annealed at 380 K, after which the tion at low surface temperatures where diffusion is negligible
temperature was lowered and maintained at a constant value P g'g

prior to pening the shutter. No change in the buk erystal [-E2BER e SO0, (TR SR SRR R Y
temperature is observed during laser irradiation at 8 Hz. After The i in vield with initial t ? Fi P 3 i )
~120 laser shots, the shutter is closed and the crystal is € Increase in yield with initial tempera ure (Figure )'.S

translated to a new position to perform the next photodesorption accompanied by changes in the fluence dependence of the yield

measurement on an undepleted region of the surface. When nq(sz'g;; ii(gia\t/}/grlll :: trr'gb%zagac;%gtﬁéggxritr'r?gn?;n(?:? cl)antehg)
suitable spots remain on the surface, TPD is performed to clean P y 9 )

the surface before redosing. At an initial surface temperature jgfr(;gggl!%’ tnthem?(;Zaosflrr:gr:lri]:gr;[erg?izgtﬁlirxz ggss:m\é?ar?ce
of 135 K, the desorption yield asymptotically approaches zero 9 ty P

completely depleted of CO. In addition, we find that the total ) g paragrap

desorption yield from~120 consecutive shots scales linearly eﬁgztﬁépaﬁumdn der femtosecond-pulse excitation. the first-shot
with initial coverage. Thus the total desorption yield can be Y, P '

used to express the QMS signals in terms of monolayers. At yielq depe.nds on the apgorbed fluence in a highly nonlinear
temperatures above 135 K, the asymptotic yield following many fashion (Figure 4). Empirically, the fluence dependence may

. N g
shots is nonzero and increases with surface temperature,bﬁ degcnbed_by a _pr?werbla}wps . Fd Ty%c;%lslg%n > 8 for
suggesting diffusion of chemisorbed CO into the illuminated p.ck)]to esoLpthn W'th su hplclf]oseco_n p‘é b consistent
area. Therefore, the conversion of QMS ion counts to mono- W'r:. amechanism where high transient adsor gte temperatures,
layers was based solely on data acquired at 135 K, where W ich may greatly exceed the thermal-desorption temperature,

e o : - - . P are needed to drive the photodesorption process. For CO/Pd-
diffusion into the illuminated area did not contribute significantly , A ;
to the total desorption yield. (111), we find thah decreases &k is raised. From the data in

Figure 4,n is 8.8 and 6.7 at initial temperatures of 200 and
375 K, respectively, with an experimental uncertainty of
approximately 1.1. These results are consistent with the observed
Figure 3 shows the dependence of the first-shot photodes-increase in yield with temperature at constant fluence
orption yield, Ygs, on the initial surface temperatur€, over (Figure 3); at higher initial temperatures the photodesorption is
the range 85375 K, with an initial coverage of 0.33 ML ata  more efficient; thus the degree of nonlinearity of the fluence
total absorbed fluence of 23.5 mJ tinThe effects of surface  dependence decreases. It is likely that the decreaseaind
diffusion at higher temperatures, as described in the previousincrease in photodesorption efficiency observed here with
section, preclude direct measurement of the cross section in thencreasing temperature reflects a strong dependence of the

3. Results
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30 and 50 ps time constants at 200 and 375 K, respectively.
1L.OF m 375K o The differences in the full width at half-maximum (fwhm) of
o 200K the 2PC measurements are significant3 ps at 200 K vs
» ~20ps at 375 K. The biexponential fits show that this
- broadening is largely due to an increased amplitude of the slow
. component at 375 K.
0.6 375: Although interpretation of the initial subpicosecond decay
I © as indicative of an efficient electron-mediated process is
o
0
o

0.8F

straightforwarcd?*3839the cause for the slower decay is not
o™ readily apparent. Coupling solely to lattice phonons would result
o = in a slow decay, as the time scales for phonon excitation and
- relaxation are at least 1 order of magnitude slower than electron
o © ° o° relaxation time$34°Thus the~40 ps decay time could indicate
00F ~ a secondary desorption process driven by a phonon-mediated
-120 -80 40 0 40 80 120 mechanism. Alternatively, a weak coupling to electrons could
. give rise to dynamics on this time scale, in contrast to the
Delay Time / ps relatively strong coupling required for subpicosecond decays.
Figure 5. First-shot yields from 2PC measurements performed at two In either case, the increased yield with increasinguggests a
different initial temperatures. Each data set is normalized to unity at thermally assisted barrier crossing that is effective in both the
zero delay. A slower decay of the correlation signal is observed at the subpicosecond andg40 ps regimes, and the dependence of
higher initial temperature (375 K, closed symbols) compared to the o 55 jngicates that the relative significance of the contribu-

identical measurement made at a lower temperature (200 K, open.. f he s| h i ith initial
symbols). The weak signal at the longest delays is largely due to the tion from the slower channel increases with initial temperature.

actions of two separate, uncorrelated pulses. The slight asymmetry withIn the next section, we discuss the results of numerical
respect to zero delay time is due to the use of pulses of unequal absorbegimulations that strongly support an electron-mediated desorp-
fluence (see text). tion mechanism on both time scales, while considering the

possibility that phonons may play a secondary role.

0.4}

Normalized Yield

02 m " o0

photodesorption efficiency on the initial level of thermal
excitation of th_e adsorbate_substrat_e complex (see Discussion 4 piscussion
below). We believe that this effect is analogous to that observed
in studies of the coverage dependence of the photodesorption In the following discussion we consider a physical model,
yield of O, from Pd, where an increasing coverage correlated based on frictional coupling, that is able to explain the
with a decreasing activation energy for desorpti&g* In that temperature-dependent trends in the photoyield, the degree of
study, the increase in the photodesorption efficiency with nonlinearity of the fluence dependence, and the time-resolved
decreasingE, was linked to a decrease in the degree of dynamics experiments. The model enables us to infer the relative
nonlinearity with increasing coverage. We will consider the link importance of the roles of coupling of the adsorbate to the
between initial surface temperature and desorption efficiency electronic and lattice degrees of freedom of the substrate,
guantitatively in the Discussion. suggesting that the desorption is exclusively driven by coupling
The dynamics of energy flow in the adsorbagibstrate to the substrate electronic excitation, and that the role of
complex can be probed in real time by two-pulse correlation coupling to phonons, if any, is to moderate the degree of
measurements of the desorption yield. In such measurementsadsorbate excitation. The physical picture that emerges from
the 780 nm excitation pulse is split into two parts separated by the model is that all of the observed temperature-dependent
a delay, and the photodesorption yield is measured as a functioreffects can be explained by the thermal increase in the degree
of the delay as described in the Experimental Methods. Becauseof vibrational excitation in the desorption coordinate with
the absorption of the light by CO is negligible at this wavelength, increasing initial temperature which brings the adsorbate closer
the energy absorbed in the substrate must be transferred to théo the top of the energetic barrier for photodesorption. Further-
desorption reaction coordinate through coupling of the substratemore, we find that the activation barrier to photoinduced
electrons and/or phonons to the adsorbatebstrate vibrational ~ desorption is, within experimental uncertainty and the limitations
modes*2333The strengths of the couplings among the various of the model, equal in magnitude to that derived from thermal
degrees of freedom of the system determine the time responselesorption experiments for this system. Finally, we compare
of the system to femtosecond-pulse excitation. By varying the our observations with temperature-dependent trends seen in
delay between the two excitation pulses, the relaxation time nanosecond photodesorption and with subpicosecond-pulse
scale(s) of the excitation driving the desorption can be measured.desorption of CO from Cu and Ru. The latter comparisons reveal
When a sufficiently short relaxation time, less thaf ps, is a trend in the dynamics that appears to correlate with the
observed, strong coupling of the adsorbate to the electronicelectronic structure of the adsorbateubstrate complex.
degrees of freedom of the substrate is indicated. More quantita- As noted in the Introduction, the overall photodesorption
tive information can be inferred by numerical simulation of the process is modeled as two distinct steps: (i) vibrational
2PC measurements based on a physical model for the desorptioxcitation and (ii) desorption. We have chosen to describe the
dynamics, as described in the Discussion. adsorbate excitation using the empirical friction model. This
The 2PC measurements for 0.33 ML coverage at both 375 approach has been shown repeatedly to be an effective empirical
and 200 K are shown in Figure 5. The normalized data clearly model for subpicosecond photodesorptfoi?-23:3338and is a
show that the overall decay is markedly slower at higheAt good starting point for discussing mechanisrn this model,
both temperatures, the decay is well-approximated by a biex- coupling of the substrate excitation to the adsorbate is under-
ponentiat* on either side of time zero. The fast response is fit stood to be a frictional coupling; the electronic and lattice
with a 0.6 ps time constant and indicates a strong coupling to degrees of freedom couple independently to the adsorbate with
the substrate electronic excitation. The slow response is fit with strengths given by the frictional coupling coefficienyg, and
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7ph, respectively. The rate of energy transfer to the adsorbate is 3000 (a)
governed by %
]\
dU, 4 S 6000
at Ne(Uel = Uagd T 7pn(Upn — Uagg 1) §
_ _ R,4000F | N,

whereU,qsis the energy of the adsorbate (along the reaction S |5 O\,
coordinate), antles andUp, are the energies that the adsorbate ST I P e S T
would possess if it were equilibrated to the electronic and lattice 2000 fsasczazams
temperaturesle and Ty, respectively. The adsorbate is treated
within a one-dimensional harmonic-oscillator approximation, 0Ff , . . .

such that the average energy of an oscillator at temperature
is

U,= e )
explw,/kgTy) — 1

with v the vibrational frequency characteristic of motion along
the reaction coordinate. We consider here the molecsueface
stretch, with a calculated frequengy = 103 s71;2%in previous
work, the choice of frequency was found to have only a minor
effect3® so, in principle, a different mode such as frustrated
rotatiort> could be substituted without changing the overall
conclusions.
The desorption step is modeled as a one-dimensional activa-

tion-energy barrier crossing governed by an Arrhenius expres- 0 2 4 6
sion, the PolanytWigner rate equation for first-order desorp- Time After Excitation / ps
tion, Figure 6. (a) Electronic Te), phonon Tpy), and adsorbateTgag
temperatures following the absorption of a pair of pulses with zero
Ry = —dbldt = Ovp,, exp[—E/KsT,qd 3 delay. The temperatures are calculated at initial temperaiured 75 K
using friction parameters found in Te_lble 1fBs = 1.43 eV andvpw
whered is the coveragd,is time, E, is the desorption activation ~ = 10°*s™. (b) Desorption rate resulting from the calculafegds

energy, and’py is the prefactor. The prefactor is often treated

as an adjustable parameter, although it may also be defined in .
terms of other system parameters for purely electron-mediated€duations,
desorption>33:39 Because we seek to include phonon-based

into the crystal,z, is described by two coupled differential

processes, the electron-only form cannot be used in the model. C,, %Ta(tvz) = (%Ka%Tel(th) — o[Ty(t2) — Ty(tD] + St.2)
One possibility is to assume separate activation energies and 4)
prefactors for electron-mediated and phonon-mediated desorp-

tion, modeling the problem as two separate populations des- 0. _ _

orbing by different means with different rates, but there is CphatTPh(t’Z) = 0lTe(t.2) = Tpr(t.2)] )

currently no evidence to support the additional parameters that
would be required to implement such a model. We instead opt where Ce; and Cyp, are the heat capacities of the electron and
for the simpler, conventional approach whé&gand vpy are phonon heat bathg is the thermal conductivitySt,2) is the
used as effective desorption parameters describing all possibldaser heating source term, apé the electrorphonon coupling
mechanisms, including contributions from both electrons and coefficient. The source term is calculated by assuming a pair
phonons:2333There are several cases whegdrom TPD data of pulses with peak fluencé&sof 7.45 and 10.59 mJ cm for
have been used successfully in simulating photodesorption with2PC and temperature-dependence simulations. The time evolu-
an empirical friction modet33439 Due to strong repulsions  tion of the electronic and lattice phonon temperature baths is
between adsorbate molecufég! E, andvpy for CO/Pd(111) shown in Figure 6, along with an example of the adsorbate
change dramatically with coverage according to TPD, even over response and time-dependent desorption rate simulated using
the first 0.33 ML35 The change ifE, across this coverage range, coupling and desorption parameters determined as described in
which is not as rapid as the changevisy, is further supported  detail below.
by molecular-beam experimertfsAs a first, reasonable attempt We have considered four variations of the frictional coupling
to construct a phenomenological model, we neglect coveragemodel where the adsorbate is coupled (i) only to phonons,
and time dependence in the desorption parameters; variationgii) only to electrons, (iii) to both phonons and electrons where
in the desorption rate occur only through change3an As both coupling coefficients are independent of temperature, and
will be shown below, botfi,; andvey must be maintained within ~ (iv) to both phonons and electrons where the electronic coupling
ranges consistent with TPD to achieve reasonable agreementoefficient is temperature-dependent. In what follows, we
with experiment. discuss the adequacy of these models in turn, moving from the
As described in detail elsewheftthe response of the Pd  simplest to the more complex. We find that the increase in
to photoexcitation is simulated using the two-temperature complexity of the model is required to adequately simulate the
model?® in which the substrate electrons and phonons are observed effects.
approximated as temperature baihs and Ty, respectively. To begin, we consider a model where the adsorbate is coupled
The evolution of these baths in terms of tintg,and depth to the photoexcitation only through phonon interactions (i.e.,
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empirical friction model description of ultrafast photodesorption
and photoinduced diffusion, at least in some systems. Here, the

0.09 | O Data (375 K) temperature dependencegf is introduced through a power-
fay T Ty~ 7-5Ds law parametrization,
T 12.5 ps
1 0.06 e = 1o+ NTel (6)
=
~, where 8, 170, and iz are phenomenological parameters. The
b 0.03 physical significance of the temperature dependence is addressed

below and in our previous wo¥;3° as well as that of Hier
and co-workerg#-46
Allowing for coupling to lattice phonons introduces an
0.00 \ . s \ . ) ambiguity into this model. The parametgy, representing the
-120  -80 -40 0 40 80 120 low-temperature limit of the electronic friction, acts to regulate
the “memory” of the excitation within the system and is critical
Figure 7. Experimental (symbols) and example simulated (lines) first for simulating the 2PC of electron-mediated desorption at defay
shot yields from 2PC experimentsat= 375 K. Coupling to electrons times beyond£5 ps in the. DIMET system @d(lll)?"‘ﬁg
was neglected, with coupling to lattice phonons treated as a constant OWeVer, the phonon coupling ;) serves essentially the same
coupling timezpn = npn L. Desorption parameters for the example purpose® Because the correlated signal in the CO/Pd(111) 2PC
simulations areE, = 1.43 eV andvpw = 9.49 x 10" 5%, experiment (Figure 5) persists at delay times an order of
magnitude longer than those seen fofRI(111)343839it is
el = 0 in eq 1). Such a model might be expected to perform jmportant to evaluate the possible role of coupling to Pd
well on the basis of the results for CO/Ru(083)where a  phonons, which has been invoked to explain similarly slow
phonon coupling model was found to explain the slow 2PC relaxation rates in CO/Ru(00%J.Thus, in the absence of other
relaxation rate similar to the slow component we observe for evidence, we have chosen to incluglg and setyo = 0. This
CO/Pd(111). To test this mode}pn, Ea andvew, were varied  model therefore incorporates three adjustable coupling param-
to best simulate the 2PC results. The desorption parameters irbterS,nﬁ, ﬁ, andnph’ and two adjustab|e desorption parametersy
eq 3 were varied independently without regard to the peak g, andvpy, for a total of five parameters (i.e., two more than
desorption temperature in TPBhowever, a good fit could not  were used in the single coupling mode models and one more
be obtained. Results witk, = 1.43 eV andvpw = 9.49 x than was used in the model that involved temperature-
10s7 (Figure 7) exemplify the failings of this model. A independent coupling to both electrons and phonons).
coupling time ofrpn = 7pn~* = 7.5 ps can reasonably reproduce  Figure 8 shows the results of simulations conducted using
the maximum yle'd in the 2PC; however, the maximum is the temperature_dependent model V\E'ih: 1.43 eV andVPW
slightly offset from zero delay due to a brief rise time that is = 1013 571, A broad range of values foys, B, andpn, were
not observed (but possibly difficult to resolve) in the experi- employed at two different starting temperatures (200 and 375 K),
ment?’g"ngUrthermore, and more Significantly, the width of the and the simulated and experimental 2PC were compared to

simulated correlation is much too broad. Optimizing the calculate a global goodness-of-fit parameter for each set of trial
simulations for the slower time scale of the 2Rgh & 12.5 ps values:

in Figure 7) can simulate the slow decay of the wings in the
2PC signal but completely fails to reproduce the sharp peak
near zero delay. The simulations shown are Tpr 375 K,
but similar results were obtained at 200 K. Different combina- \yherey2 at each initial temperatur® is calculated according
tions of activation energies and prefactors also led to the sameyq
general trends. Therefore, a strictly phonon-mediated mechanism
cannot describe the desorption process in this system. 2 _ o )2

In a second model, simulations were performed with a T, Z(Ys'm”i Ymeas.) ®)
temperature-independent coupling to electrons, i.e., with
constant in eq 1. As in the phonon-only modgl,andvpy are In eq 8, first-shot yieldsY) at each delay time, are compared
treated as unconstrained adjustable parameters. The resultarftom both simulations (“sim”) and experimental measurements
2PC simulations are significantly narrower and a much better (“meas”). The friction parameters, listed in Table 1, that best
match for the experimental data than the phonon-only model. fit the data at both temperatures with this choic&Egandvpw
However, the temperature dependence of the 2PC is not well-slightly underestimate the peak yield at 200 K and slightly
reproduced by this model; we find that it can reasonably overshoot the experimental value at 375 K (Figure 8). In general,
approximate the 2PC at one temperature, but the same paramhowever, the shape and temperature dependence of the 2PC
eters do not correctly predict the yields at different temperatures. agrees well with experiment.
A third model, which added coupling to phonons similarly failed Significantly, the parameters chosen to best fit the 2PC data
to model the temperature dependence of the yield with a single also quantitatively predict the observed trends in the other types
set of coupling and desorption parameters. Laclangriori of experiments. The first-shot yield, calculated at zero delay
knowledge of the coupling and desorption parameters, we dofor a series ofTj, is in excellent agreement with the data; the
not think it reasonable to assume a different parameter set forvalues of the observed yields and their approximately linear

Delay Time / ps

2_ 2 2
X" = X200k T X375 (7)

each initial temperature. increase with temperature are accurately simulated (Figure 3).
Our fourth and final model is thus an extension of a model Furthermore, the highly nonlinear fluence dependence (Figure 4)
used in our previous wofk3°and first proposed by Her and is reproduced (Table 1). The predicted power-law exponents

co-workers**—46 These models include a temperature depen- (n= 10.6 and 8.2 fofl; = 200 and 375 K, respectively) exceed
dence in the electronic friction that significantly improves the those measured (8.8 and 6.7; see Figure 4), but the disagreement
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agreement with all experiments is achievedEgbetween 1.29
0.08 (a) § and 1.56 eV. Lower values fdt, result in 2PC widths that are
substantially too broad and yields that change much too rapidly
with T;. Higher values foig, result in a 2PC peak to baseline
yield ratio significantly larger than observed, and beyond 1.7 eV
the yields fall far short of experimental values. Raising
(lowering) the prefactorpw While maintaining a fixeds, has
effects similar to lowering (raising}, at fixed vpw. With E; =
1.43 eV, satisfactory global agreement with all experiments is
achieved forvpy between 7.5x 10%2 and 2.0 x 1013 s™1,
Prefactors equal to or lower than 6 102 st fail to give
0.00 F sufficient yields and do not describe the temperature-dependent
PR (SRS, SRS TN (NP S—— yields and 2PC. Prefactors higher thanx210'® s™* can be
<120 -0 -40 0 40 89 120 ruled out because above this value damping the excitation
Delay Time / ps quickly enough to keep the yields at long delay times sufficiently
0.12 low requires unrealistically short phonon coupling timeg, (
(b) = npn * < 1 ps, much shorter than typical vibrational lifetimes
on metal surfaces in the absence of coupling to EH®s

Although our values foiE, and vpw are determined from
simulations of the photodesorption results, they are in quite
reasonable agreement with those obtained from TPD. The
activation energies in all successful simulations (Table 1) lie
within the range observed in TPD over the first 0.33 f#The
upper range, 1.56 eV, agrees with the zero-coverage limit of
E.. The value of 1.43 eV corresponds to the weighted average
of E4(0) from 6 = 0—0.33 ML using the data from Guo et #.

| and is close to their value at 0.20 ML. The prefactors in the
0.00F — photodesorption simulations, however, lie closer to those
-120 80 40 0 40 80 120 observed near saturation of thé3x +/3)R30 overlayer (0.28
Delay Time / ps 0.30 ML); they are roughly an order of magnitude lower than
Figure 8. Experimental (symbols) and simulated (lines) first-shot yields those derived fr(imi'eadlng-Edge analysis of TP_D spectra that
from 2PC experiments with initial temperatures of (a) 200 K and (b) 9VeS vpw ~ 10'* s™* at a coverage corresponding Ea =
375 K. Both temperature-dependent coupling to electrons and temper-1.4 €V2® This difference is likely not nearly as significant as
ature-independent coupling to phonons were considered simultaneouslyits magnitude might suggest, considering that {pw is
notoriously difficult to determine to a high degree of accuracy
from thermal desorption data alone and (i) an order of
magnitude difference impy corresponds to less than a 10%
difference inE, extracted from a TPD spectrum (e.g., using the
Redhead equatidh*d. In addition, there are physical consid-

0.06

0.04

Y. /ML

0.02

0.08

Y, /ML

0.04

TABLE 1: Optimized Parameters for Empirical-Friction
Model (# = 1.75) and Predicted Photodesorption Properties

np? Ti power- peak Rjfwhm
s

Ea Vpw N
(ev) (s (st lf’”f’) ( (K) lawn  Tas(K)  (ps)

1.29 1.0x 108 4.24x 10> 3.3x 10 200 8.7 3510 1.08

375 67 3980 108 erations that imply that the prefactor in an Arrhenius model for
1.43 2.0x 10'* 6.80x 1° 1.0x 102 200 7.2 3890  0.60 ultrafast photodesorption desorption may be significantly lower
375 57 4370 061 than that in a strictly thermal desorption experiment. In
143 15x10% 3.80x10° 2.0x 10" ggg 1% ggig igg connection with ultrafast photoinduced desorption of CO from
143 1.0x 108 350x 10 5.0x 10° 200 10.6 3450  1.79 Ru(001) Funk et at? proposed that, because of the short time
375 82 3930 166 scales involved, the prefactor should be interpreted as an attempt
143 7.5x 10 4.00x 1C° 1.0 10 3(7)(5) 3-3 i;gg i-gg frequency, which for their system was close to the moleeule
156 1.0x 108 4.70x 166 <101 200 9.7 4000  1.48 surface vibrational frequency. In fact, we observe a similar
375 7.7 4490 135 agreement:vpw ~ 1. In addition, the elevated temperatures

during femtosecond photoinduced desorption compared to

is not severe given the uncertainty in the experimental values thermal desorption may result in a lowering of the effective
(~1.1 as stated earlier). It is also important to note that the Préxponential due to a decrease in the entropic difference
simulations correctly reproduce the experimentally observed Petween the adsorbed and gas phases resulting from the
decrease im with increasingT,. enhanced mob|I|ty of the adsorpd?el.n summary, our quel
We have also varie@, and vew and find that their ranges for phoFodesqeron W-Ith. subplcoseconq pulses requires an
are restricted by the constraints imposed by a global fit to the energgtlc barrler.very similar to that seen in thermal dgsorpnon,
available data. To test the limits of their ranges, we performed and differences in the prefactor compared to that derived from
simulations for numerous sets Bf, and vpw with § fixed at a thermal desorption experiment may be due to differences in
1.75 andy; and, determined by minimizing? (eq 7). Values the time scale and temperature at which the desorption occurs.
for E; and vpw that gave reasonable agreement with the  The model makes quantitative predictions (Table 1) that give
experimental results are listed in Table 1. It is important to note insight into the dynamics and could, in principle, be verified
that these sets of values accurately simulate the observed trendd)y future experiments. The predictions are substantially inde-
namely (i) the increase in the 2PC width (Figure 5) and (ii) the pendent ofE, and vpw provided that these fall within the
decrease in the fluence-dependence power-law exponent withrelatively narrow range that accurately simulates our measure-
increasingf; (Figure 4). Withvpy = 1013 s71, satisfactory global ments. First, the model predicts that the peak adsorbate



Temperature-Dependent Photoinduced Desorption J. Phys. Chem. A, Vol. 111, No. 49, 20012531

temperatures are in the 3408000 K (3900-4500 K) range
for T, = 200 K (375 K). Second, the model predicts that the 0.016 k 2 4000
width of the desorption pulse, characterized as the fwhm of the ' -
Ry temporal profile, is between 0.6 and 1.8 ps (this should not —
be confused with the 2PC width). Surface-sensitive ultrafast
spectroscopic probes of the adsorBaté >3 could in principle

monitor desorption time scales and temperature.

In all cases the simulations indicate that the desorption is
driven by coupling to the electronic degrees of freedom of the
substrate; qualitatively, this is expected given the strong
subpicosecond decay in the 2PC measurement. The friction
model simulations can be used to gain some degree of
guantitative insight that goes beyond this basic qualitative 0.004 1 . 1 . 1 .
understanding. Specifically, the simulations indicate that the 100 200 300 400
coupling to the electronic degrees of freedom is quite strong. T /K
The optimal value for the electronic coupling coefficiept _ ) ! _
derived from the fitting is 3.5« 10° s+ K175, At the elevated Figure 9. Estimate of the dependence of the peak desorption rate on

. . : : - Initial temperature made by exponentiating the calculated maximum
electronic temperatures achieved in these experiments thlsa dsorbateT.y temperature (eq 3) with, — 1.43 eV. Inset: maximum

corresponds to a fast coupling witly = 77e * in the range of 1 t5jiowing excitation by a pair of pulses at zero delay calculated at
500 fs. The strength of the coupling is reflected in the elevated gifferent T, with the friction parameters found in Table 1.

temperature associated with the desorption coordifz . o
P P ale is clear that the model indicates that the CO molecules are heated

which reaches a maximum in the 4000 K range. Note that, h h their int " ith the phot ited elect q
though we can vary the model parameters and still achieve good rough their interaction wi € photoexcited electrons, an

fits, 55 varies over a fairly narrow range (Table 1), and is in all that interactions with the lattice do not contribute to driving

cases consistent with a strong interaction between the adsorbat € desqrptlt(;n butt ma{hp'alé’ ?hmtoderztlngt_r ole,_ |tt|s nott_ poss[?kl]e
and the substrate electrons. o specify the strength of that moderating interaction wi

. . . . . certainty.
q The smf1;1|at|é)ns glso |nd|ciate thalt gogplmg tﬁ tge Iattlpe It is perhaps surprising that an ultrafast process involving
egrees of freedom does not play a role in driving the desorption. 1141y excited electrons can be influenced so significantly by
Rather, we find that the role of phonon coupling is limited to

hat of d ing th o f the adsorb h ; the initial substrate temperature (Figure 3). According to the
that of damping the excitation of the adsorbate. The reason for, temperature model simulations, the substrate is excited to

this can be deduced from Figure 6. Because strong electronic, peakT, that exceeds; by more than a factor of 10 (Figure 6).
coupling is required to reproduce the observed yields and fast comparison, varying; from 85 to 375 K seems insignificant.
2PC response, the simulation indicates a fast rise in the However, the observe® dependence can be understood in a
temperature of the desorption coordinatgs Figure 6) such  gyaightforward manner based on the dependence of the ad-
that Tagsis higher thariTp, following the laser pulse excitation.  ¢5pate temperature o, and the activated nature of the
Under these conditions, any coupling to the lattice can only act desorption. Over the experimental range Bf the peak
to cool the adsorbate. One to two picoseconds following {emperature of the adsorbate increases roughly linearlyTith
excitation, when the substrate electrons cool and electronic 55 shown for zero delay in the inset in Figure 9. (We find the
coupling becomes less efficient (eq 6), the strength of the phonongame approximately linear relationship at nonzero delays, even
coupling can determine the cooling rateTafsand, therefore,  nose far exceeding 100 ps.) A simple way to consider the
the “memory” of the vibrational excitation retained in the consequences of this dependence ufipis to estimate the
desorption coordinate. This memory, in turn, determines the gesorption rate at the peak temperature by substituting the
slower decay time scale-@40 ps) observed in 2PC; increasing  ca|culatedT.gsinto the Arrhenius desorption rate (eq 3). In doing
the phonon coupling tends to decrease the memory of thegq we predict a nearly linear dependence of the desorption rate
adsor_bate excitation and reduce Fhe 2PC Wldth: We find the gyer the experimentd] range (Figure 9) that strongly resembles
best fit suggests a moderate coupling strength, with= 7pn* the experimental and simulated temperature dependences
= 20 ps. Hoyvever, there is a tremgndous uncertainty in the (Figure 3). Thus, the essential physics behind the strong
phonon coupling strength. As shown in Table 1, relatively small gependence of the desorption rate on the initial temperature is
changes irE, andvew result inyph values that span at least 2 explained within the context of this simple model for an
orders of magnitude; the corresponding coupling times range activated process driven by coupling to the electronic excitation
from 1 to =100 ps$* over the series of desorption parameters. of the substrate. The enhancement in photoyield with increasing
The moderating role of the lattice interaction can be seen in initial temperature, and, as a result, the decreaseand the
the relationship betweeny, and the desorption parameters broadening of the 2PC width, are the result of the thermal
shown in Table 1. For example, Bsis increased, energy must increase in the population of vibrationally excited states of the
be transferred more efficiently into the desorption coordinate adsorbate substrate system, which increases the probability of
to achieve sufficient yields. In the best-fit simulations, this reaching the desorption continuum.
increased efficiency with increasing, is achieved not by We are not aware of existing experimental studies of the
increasing the electronic coupling strength (which remains fairly temperature dependence of desorption in the subpicosecond
constant); instead, the requisite increase in energy transfer isphotoexcitation regime where DIMET is possible. However,
achieved by decreasing the phonon coupling strepgttOver temperature-dependent yields have been observed in nanosecond-
the Ea range that results in reasonable fits we fifd decreases  pulse photoinduced desorption of various adsorbates from
from 3.3 x 10" s1 to a value that is less than or equal td40  semiconducting?® insulating®® and metdl” surfaces. In these
s 1, corresponding to an increasesg from 3 ps to=100 ps. cases, enhancement of the yield with increasing initial temper-
A similar trend is seen with decreasimgy. Thus, although it ature is similarly attributed to the increased probability of

ads, max

0.012 } &

B

a

—E kT

0.008

exp(
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excitation to the desorption continuum with an increase in the temperature dependence of diabatic coupling originally con-
initial thermal population of excited adsorbateubstrate vi- ceived in the development of the model we have empldyed.
brational energy levels. A similar vibrationally assisted DIET However, the parametric description of the coupling strength
mechanism was proposed for the photodesorption of benzenewe use (eq 6) may be seen as describing an adiabatic process.
from Pt(111) by subpicosecond or subnanosecond pbfises. As a result, although we are confident that the excitation process
Taken together with these previous studies, our results indicateis electron-mediated, the exact nature of the coupling remains
that thermal desorption in both the linear (single excitation, e.g., an open question.

DIET) regime and nonlinear (multiple excitation, e.g., DIMET

or “ladder climbing™4) regimes can be thermally assisted and 5. Conclusions

are reasonably well-described by one-dimensional potential
energy surfaces that are closely linked to those conventionally
used to describe thermal desorption.

Carbon monoxide has been the target of subpicosecond

We have characterized the two-pulse correlation (2PC) and
fluence dependence of the subpicosecond photodesorption of
CO from a Pd(111) surface as a function of the initial substrate
temperatureT). Lowering T; increases the nonlinearity of the
Sluence dependence and reduces the 2PC width. This temper-
ature dependence can be understood in terms of the initial degree
of vibrational excitation in the adsorbate and adsorbate/surface
work on Cu(100) showed a highly nonlinear fluence depen_dence emfﬁgi?;\.t g\gg;u;né: rﬁ;imeg:gr;;en::;s rt%tlgr; :ggg? tec? dr:i]\(/)(;ethe
(n=8) gnd a narrow .2PC (fwhrs: 3 ps), and t_he deso_rp_tlon adsorbate over the desorption barrier. Furthermore, with increas-
mechanism was assigned as electron-mediated friction. '”ing T., the population remains excited for longer times as the
contrast, the CO/Ru(001) experiments showed a broad CorreIa’system cools, an effect that contributes to enhanced photode-
tion width (fwhm ~20 ps) with a slightly smallen = 4.5. In sorption efficiency. The temperature dependence is clearly

this case, the desorption is believed to be phonon-mediated. The strated through a simple experiment wharés varied from
hypothesized difference between Cu(100) and Ru(001) lies in g5 +5 375 K at zero pumpprobe delay.

the position of the CO 2* adsor_bate resonanégjnto which The concept of thermally assisted photodesorption is tested
substrate electrons may b?‘ excneq. A doublet resonance at 2'A“nore formally by a phenomological model that fits all available
and 3.9 eV above the Fermi levél) 1S observed for Cu(100}, experimental data with a single parameter set. The simulation
and a resonance at 4.9 ev _abcE[els det_ected on Ru(00Zj. results indicate that the desorption is driven by electronic
On this basis Funk et al. estimated that in the Ru case there arecoupling and that if lattice coupling is significant, it acts only

not enough ele3ctrons of sufficient energy to excite t_he molecule to moderate the excitation of the adsorbate. The model indicates
surface bond? However, because electron-mediated energy that a temperature-dependent electronic friction best describes
transf_er between the subsrate and adsorbate can occur via direcf, observations, consistent with resonantly enhanced coupling
couplllnsglgbetween .th? nuclear degrees_ of freedom and _theto the 2r* molecular resonance. Systematic variation of the
EHPs>"the po_ssmlllty _that C.O. desorption f_rom_ Ru(OOl)_ls activation energy and prefactor for desorption within limited
due Egsselectromc coupling driving ladder-climbing remains ranges indicates that the energy barrier to photodesorption is in
open-= good agreement with that found in thermal desorption experi-
Both of the commonly proposed mechanisms for ultrafast ments.
pulse photodesorption, DIMET and ladder climbing, are con-  The |imitations of our one-dimensional model come to bear
sistent with the temperature-dependent friction model that best,ynen considering that EHP coupling with molecular vibrations
describes our results. On the one hand, it is possible that thejg highly mode-dependefs16 A more complete description
photodesorption of CO from Pd(111) is driven by a resonantly of the process would involve a multidimensional model with
enhanced process, i.e., that the DIMET mechanism plays a role the possibility of energy transfer between motfesdditionally,
Qualitatively, we expect resonant enhancement to be more likely the observed temperature-dependent friction may result from
in the case of CO/Pd(111) than CO/Ru(001) because #fe 2 changes in the molecutesurface distand&or coupling among
orbital should be more accessible to excited electrons given thatyiprational modeg# rather than a resonance enhancement.
(i) the CO 2r* is nearly 1 eV closer to the Pd Fermi Iefél, Despite these caveats, the model employed here has provided
(ii) the Pd d-band center is 1 eV higher than in Rand (iii) physical insight into the dynamics of the CO/Pd(111) interface
the CO 2 width is expected to be significantly broader and may serve as the foundation for further work on this system.
because CO favors a 3-fold hollow site on Pd(111) vs the on- Finally, direct measurements of the transient adsorbate temper-
top site on Ru(0013? The influence of the site dependence of ture, the time scale for desorption, and activation energy would

the CO Z* width may be particularly significant: density-  fyrther elucidate the dynamics and provide a more stringent test
functional theory shows that on Pt, the width of the C2  of the adequacy of simple models.

resonance broadens with increasing coordination number and
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