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We present an experimental and theoretical study of vibrational excitation of the C—O stretch
vibration of carbon monoxide adsorbed on a rutheniurtOR1) surface with ultrashort femtosecond
infrared laser pulses. After broadband excitation leading to transfer of a significant fraction of the
CO molecules to their first15%) and second~5%) vibrationally excited states, we observe a
competition between vibrational energy relaxation and energy delocalization through dipole—dipole
coupling. We reproduce the observed excited state spectra by solving the three-level Bloch
equations and accounting for intermolecular vibrational energy transfer on a picosecond time scale.
The rate of vibrational energy transfer, and its coverage-dependence, can be describedstgra Fo
energy transfer mechanism. We discuss possibilities to optimize the degree of localized vibrational
excitation of a specific bond of molecules at surfaces through chirped pulse IR excitati2D0©
American Institute of Physics[DOI: 10.1063/1.1404986

I. INTRODUCTION have been obtained after resonant broadband excitation the
It f th Is in phvsical chemistry t hi C-0 stretching vibration of WCO)g in solution/ Moreover,

IS one ol the goais In physical chemistry 1o ac Ievefrequency-chirped laser pulses can considerably enhance the
control over chemical reactions on a molecular level. Since

the vibrational state of a molecule plays a key role in deter-efﬂuency of the population transfer, both for gas-phase NO

mining its reactivity, excitation of a specific vibrational mode (Ref. § r_:md for liquid phase WCO)s. " These chirped pulses_

: . . : have a time-dependent frequency, that follow the consecutive
is an important aspect of state-selective chemistry. Control. . o . . o
over the outcome of a chemical reaction by mode—specifi(\:”bratlonal_ transitions in an anharmonic potential: flrst'th'e

vibrational excitation has been demonstrated in detail in th OI%CUIE '.Sdt(;lﬁ?reo:.ths tulgrll frequetncy c?r:;]pore(jrljts W'tfrt"n

gas phase. For instance, the outcome of the reaction betweg%e_ anaw 0 climb the lower steps ot the fadder, after

a hydrogen atom an@leuteratefiwater to give H (HD) and which the low-frequency components can be used to reach

higher-lying vibrational states.

OH (OD), can be controlled to a large extent by bond- ] )
specifically vibrationally exciting either the O—H or the O—D _FOr molecules on surfaces, steering reactions by means

stretch vibration of the reactant wafef the bond that is of infrared excitation has not yet developed to an equal de-
vibrationally excited preferentially reacts. It is clear that a9'€€ Of sophistication. Although on insulator surfaces very
higher degree of vibrational excitation, viz. excitation to Nigh degrees of vibrational excitation can be achieved
high-lying vibrational states, will increase the selectivity. through vibrational energy pooling, and adsorbates have
Due to the anharmonicity of the vibrational ladder, broad-Peen chemically activated through IR excitatfdron metal
band infrared laser sources are ideally suited for the “vibrasurfaces two severe complications occur: first, due to effi-
tional ladder-climbing” proces$® In addition, these short cient coupling with the electron continuum in the underlying
laser pulses have the advantage that the energy is insertédbstrate, efficient vibrational energy relaxation will occur
into the system faster than vibrational relaxati®viR) and by electron—hole pair excitation in the metal, typically on a
energy redistribution can occur, so that the energy remaingicosecond time scafé:*® This means that there will be
localized in the relevant coordinate long enough for the subcompetition between excitation and de-excitation, especially
sequent chemical transition to occur. This is particularly im-relevant for chirped pulses, which are inherently longer than
portant for larger molecules and, as will be demonstratedandwidth-limited pulses. Second, the proximity and prefer-
below, for molecules on surfaces. Indeed, it has been denential alignment of molecules on the surface may give rise to
onstrated for gas-phase NO that ultrashort infrared pulses cafipole—dipole coupling between adsorbates, effectively delo-
be used to transfer population up to the highest level of thealizing the vibrational energgfor CO and NO on Ru, see
N-O stretch vibration within reach of the IR bandwidth, i.e., for instance Refs. 14, 15, and 16 respectivelihe exchange

up to v=52° Equally high levels of vibrational excitation of vibrational energy on semi-conductor surfaces has been
observed among different Si—H stretch vibrations for hydro-
dauthor to whom correspondence should be addressed. Electronic mail€n adsorbed on a stepped silicon surfécé? However,
m.bonn@chem.leidenuniv.nl mode-selective chemistry requires localization of vibrational
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FIG. 1. Schematic representation of conventional sum-frequency generation
(SFG spectroscopyleft pane): An enhancement of the SFG intensity is Spectro-
observed when the infrared radiation is resonant with a vibrational transi- graph
tion. Right panel: For a sufficiently intengbroadbanginfrared pulse, sig-
nificant population transfer will occur to the first excited statel. Subse-
quently, SFG from the =1—2 transition can occur, which will be slightly
red-shifted from thex=0—1 due to the anharmonicity of the potential.

FIG. 2. Schematic overview of the experimental setup: Solid lines indicate
the optical setup used for broadband-IR sum-frequency-gener3ie®)
spectroscopy. Dashed lines refer to thdG@)s reference used for fre-
quency calibration as well as for optimizing the spatial and temporal overlap
between the IR and VIS-upconversion beésae texk

energy in a specific bond, as has been demonstrated for
multi-vibrational excitationand desorptionof H/Si induced

by inelastic tunneling in scanning tunneling microscépy, ) )
but so far not for optical excitation. A deeper understandingnd the infrared pulse. In Sec. IV we present experimental

of the dynamics of vibrational energy transfer on metal surdata on vibrational energy transfer among molecules on sur-
faces and controlled vibrational excitation is therefore desirfaces. It is demonstrated that this can be described very ac-
able. curately in terms of resonant Fter energy transfer. We con-
We present here an investigation into the dynamics oflude by presenting a brief summary and conclusiqns. In the
vibrational excitations on surfaces, in particular into the C—OAPPendix we demonstrate some effects of saturation on the
stretch vibration of carbon monoxide absorbed on ¢€0R1) experlmen_tal re_sults, the interpretation and the correct treat-
surface. We demonstrate that, after a vibrational excitatiofnent of this artifact.
with ultrashort infrared pulses, there is a competition be-
tween localization on the one hand and quenchiigra-
tional relaxation and delocalizatiof"*>*'on the other hand. || ExPERIMENT
The delocalization is a consequence of dipole—dipole cou-
pling between the molecules on the surface. The degree of The experiments were performed with a femtosecond la-
delocalization can be controlled by varying the surface covser system combined with an ultrahigh vacuyibHV)
erage, and the delocalization dynamics can be described vechamber which is schematically displayed in Fig. 2. An op-
well by a Faster model for vibrational energy transfer. Vi- tical parametric amplifier (TOPAS, Light Conversion
brational relaxation is quite efficient and calculations showpumped by 4 mJ of an amplified Ti:Sapphire laser system
that the adverse effect of vibrational relaxation on populatingTitan I, Quantronix, 800 nm, 120 fs, 400 Hz repetition jate
higher-lying states can be circumvented only to a limitedis used to generate tunable near-IR pulggnal and idler,
extent by chirping the excitation pulses, in contrast to gas—~1-2.5um) in BBO. Mid-IR pulses(2—10 um) are subse-
phase experiments. quently generated by difference frequency mixif-G) of
We study these phenomena by means of sum-frequengignal and idler in AgGasS(Type [, thickness 1 mm At a
generation spectroscof$FG with intense, femtosecond in- wavelength of about Zwm femtosecond IR-pulses with en-
frared pulses. The basic scheme behind sum-frequency geargies up to 25uJ and a bandwidth of typically 100-120
eration is illustrated in Fig. 1. SFG allows one to record thecm™* (FWHM) are obtained. The residual 800 nm light after
vibrational spectrum of molecules adsorbed on a surface ithe parametric generation is separated from the signal and
the submonolayer coverage regifieror the high infrared idler by a dielectric beamsplitter and spectrally narrowed to a
intensities used in the present study, a considerable fractidmandwidth of 5—-8 cm! using a pulse shapef2000
of the molecules can be vibrationally excited. This allows forgrooves/mm grating, variable slit combinatjofihe spectral
the SFG from higher-lying vibrational states, as illustrated innarrowing results in a temporal spread for the 800(Wi®)
the right panel of Fig. 1. upconversion pulse between 1 and 4 ps, as verified by cross-
The behavior of the SFG signal as a function of coverageorrelation measurements. After passing a variable delay the
and infrared intensity contains important information aboutVIS upconversion pulses are spatially and temporally over-
different aspects of dynamics of vibrations at surfaces, atpped with the IR pulses in a Lil{crystal outside the UHV
will be demonstrated below. The experimental section is folchamber at a position equivalent to the samfég. 2,
lowed by a section regarding vibrational ladder climbing ondashed lines For the SFG experiments the IR and VIS
surfaces, and the theoretical description of this phenomenagpulses are focused into the UHV chamber under an angle of
in terms of the Bloch equations. We will also discuss the70° with respect to the surface normal. Typical pulse ener-
possibility of achieving higher levels of excitation by chirp- gies are 4uJ for the VIS and up to 11J for the IR pulses
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Vlbratlon'. . . . . FIG. 4. Upper panel: Normalized SFG spectra of the CO-stretch of CO on
SFG is a second-order nonlinear optical process in Wh'crﬁzu(OOI) as a function of IR energy at 95 Kjray line3 together with the

two incident waves atv,s and w,g generate an output at least-squares fits to the dtiotted lineg. Starting with an IR energy of 11

where energy and momentum must be wnJ at a coverage of about 0.007 ML a series of spectra was recorded as a

WSFG™ wVIS;_ PIR . function of decreasing IR energy while dosing CO via the background. At 11
conserved? When using broadband-IR pulses, resonant en-

. . T wJ the fundamental ang=1— 2 hot band transition are clearly visible. The

hancement will only occur for frequenciesg within the  third resonance is partly due to the=2—3 hot band. Lower panel: Reso-

bandwidth which are resonant with the vibrational transition.nant part of the fit depicted in the upper panel for thigover trace and 11

Thus. vibrational spectra can be obtained without scannin (_upper trac)ae_xperi_mentidotted lineg and the results of the calculation
! 325 . . olid line) described in the text.

the IR frequency>~?The SFG beam is focused into a spec-

trograph and dispersed across an intensified CCD detector.

As a reference for frequency calibrati@ 1 mm Cak ||| VIBRATIONAL LADDER CLIMBING
cell containing a 10° M solution of W(CO)g in CCl, is used ] )
in the IR beam patkFig. 3, dashed lingsThe transmitted IR The upper panel of Fig. 4 depicts SFG spectra as a func-

spectrum is upconverted in a Lil@rystal with the narrow- tion of infrared intensity at a surface coverage of approxi-

band VIS upconversion pulse and send to the spectrograpftately 0.01 monolayers and a temperature of 95 K. The
The resulting SFG spectrum is displayed in Fig. 3 in com-coverage was kept sufficiently low to avoid effects of inter-
molecular coupling(see below. At low IR energies, a

parison with the spectrum of the pure solvent. The Lorentz—L i i< ob d ated with the t .
ian absorptiorliterature value: 1980 cm' (Ref. 26] allows orentzian resonance Is observed associated wi € transi-

for an absolute calibration within 1 cm the peak for the UO" from the ground¢ =0) to the first excited =1) state.

. . . : . With increasing energy the fundamental transitian=Q
reference is set at this frequency. The dispersion per pixel on, 1) is saturated, and significant population is transferred to
the CCD camera can simply be obtained by scanning th ' g Pop

the (v=1) state. An additional interaction with the broad-

spectrometer. ) . band infrared field gives rise to a polarization at the=(1

The RU00D sarI]POIe is mounted in an UHV chamber _ 5y 44 qjtion, from which SFG is generated at a slightly
(base pregsureﬁlq , mbap and can be coolgd 0 95 K. jower frequency due to the anharmonicity of the vibrational
An extensive description of the complete experimental Setu otential. This effect exhibits a strong nonlinear dependence
and surface cleaning procedures can be found in Ref. 27. C%.I the infrared energfas it is a fourth-order¥®)) nonlinear
exposure was performed via a pinhole doser or a variablgptica| process, see beldwwhich is obvious from Fig. 4:
leak valve. The CO coverage is determined by comparing theyitn increasing IR power the=1—2 hot band of the CO-
integrated desorption yield with thermal desorption spectratretch vibration becomes clearly visible at 1961013
obtained after saturating the Ru surface with (0068 ML c¢cm™?, in addition to the fundamental transition at 1990.4
(Ref. 28]. For all coverages reported here, CO is adsorbed:-0.1 cm * which is also observed at lower IR energies.
on atop Ru site§? Transient surface temperature increasesFrom these values the anharmonicity constant is determined
due to nonresonant laser heating by the VIS upconversioto be 13.6-0.36 cm *.2° The third resonance around 1938
pulse are below 30 K and are therefore unimportant in them™* arises from two contributions: The=2—3 hot-band
interpretation of the data. and the fundamental transition of the natural abundant
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1310 in *2C'%0 gas. The SFG specttardw) can be re- O =w;;—wr. w; is the transition dipole moment of the
produced very well by an expression for the second-ordetransition fromi toj and€ (t) the envelope of the incident IR
nonlinear susceptibility consisting of a nonresonant tgﬁﬁ% field.

arising from the surface region of the metal and a resonant The set of Eqs(1)—(5) is solved using a fourth-order

term y?) associated with the vibrational transitiét:° Runge—Kutta scheme, after decomposing Egs-(5) into
their real and imaginary parts, resulting in eight coupled dif-
@)2. @)=, @1 ,(2. _ _ , _
lsrd @)= X215 X =xirt xR ferential equations. In these calculations, we BEt=T3!,
A, 1) since the available phase-space for electron—hole pair cre-

2 i 2
A=A xP=2

_ ation in the relaxation processes are very similar, because
n (,L)|R_(1)n+ |Fn

almost the same amount of energy is involved in the two
where the vibrational resonances are described by their reséglaxation processes. We neglect population decay from the
nance frequencies,, linewidths I°, and amplitudes,,, second excited state directly to the ground state, since the
so that they® contribution is incorporated ig(?. A, is the ~ matrix element associated with this forbidden transition is
amplitude of the nonresonant susceptibility apdts phase —expected to be very small. Furthermore, we gf= 2oy,
relative to the vibrational resonance. The dotted lines in th@s for an harmonic oscillatdf, with pq,=2.1x10"%
upper panel of Fig. 4 depict the fit to the experimental datdC M.*> The T,’s are obtained from linewidth measurements
using this procedure. The dotted lines in the lower panepf the fundamenta] T3" corresponding to a linewidth of 3
show the resonant contribution to the nonlinear susceptibilitem * (Ref. 15], hot band transitiongT5” corresponding to a

as obtained from the fit. linewidth of 15 cm'* (Ref. 29], and overtond T3? corre-

The resonant contributions to the transient spectra can bgponding to a linewidth of 6 cm (Ref. 36] reported pre-
calculated from the time-dependent polarization of theviously. Finally, the observed resonant part of the SFG spec-
ground @ =0—1) and excited statev(=1—2) transitions trum can be calculated fromed w) | x{2|2=|P(w)|?, with
that are related to the off-diagonal elements of the densityhe polarization P(w)=e€"“vis'Tr(p u)=e"“Vis'[ (1g1p10
matrix, asP(w) = €' “Vis'x Tr(p ). The off-diagonal density #1000 T (12021~ #21012) |- The first two terms contain
matrix elementsp;; oscillate atw;;~wyg for near-resonant the signal at the fundamental transitian, and the second

excitation. In the rotating frame, the equations of motion fort€rms give rise to the signal ai;,, the so-called hot-band
the different matrix elements q_i:read3l—33 transition @=1—2). Here, we assume that the VIS-

upconversion pulse is continuous wave. We account for the
Poo=— V1ot C.CH Py /T, (2)  spectral width of the upconversion pulse and the instrumen-
tal resolution by convoluting the resultant spectra with a 5
cm ! broad Gaussian. Initially, the vibrational lifetinTg of

101=1Vox(Poo—p11) +iVarp
poi 01(Poo™ P12 21po2 both excited states was set to be 2.0 ps in the calculations, as

— ol (2T + 1M1 +i Q4] (3)  determined from previous time-resolved measurements for
_ CO on other metal surfacé$;® and from extrapolation of
1= —iViport+ C.CHIVopigtC.C— Py /T the linewidth to 0 K'°
_ The SFG light associated with the=1—2 hot band
+aol TH, (4)  transition is due to the interaction of the visible field with the
5 L o polarizationpq,. It is clear from the above set of equations
p12=1V1(p11—p22) —iVigpor— p1d 1(2T10) that the pathway for generating is poo— po1— P11 P12,
2 12, . each step comprising of one interaction with the incident IR
+UERTY)+UT+i10Q,], ) field [note that in Eqs(2)—(6) each of these terms has the
- ) ~ ~ ~ - preceding term multiplied by the infrared field/Y as a
poz=~1(Vowp12~ Vizpod) ~ pod 1(2T7) source term Hence, the polarization representeddyyis of
+1/T22+iﬂoﬂ. 6) third order, and the additional interaction with the visible

field makes it a fourth-order nonlinear optical process. A sec-
The above equations are the independent equations for tlend pathway leading tp,, proceedsria the overtone polar-
nine elements of the density matrix elements for the threeization pg,: poo— po1— Poz— p12. BY Setting either one of

level system. In addition we have: the source terms in Ed5), i.e.,iVi(p11— p2o) OF iVigpo2,
~ ~ o~ to zero, it is possible to distinguish between the relative con-
p22=1=poo~ P11, @) tributions of the two pathways. It turns out that the contribu-
~ Tk ®) tion via the overtone polarizatigs,, amounts to only 1% of
P10~ Po1 » the overallp,,; the pathway via population in=1 (pq,) is
;21:7)13 , (9) dominant. o .
The calculated resonant contribution to the spectra in
P20=Por . (100  Fig. 4 are shown as solid lines in the lower panel, and the
agreement with results from the fit to the resonant S&G-
In these equationsp;;=p;;e'®i', Vij=—pu;/(2h) ted lineg are excellent. The time-dependent envelopes of the

E(1), T"i‘b andT%lb denote the population and pure dephasingpolarization at the fundamentdaPg;) and the hot-bandR;,)
lifetimes of transitiona—b, respectively, and the detuning transition are depicted in the upper panel of Fig. 5 for the
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FIG. 5. Upper panel: Time-evolution of the polarization at the fundamentaiClude that the lifetime exceeds0.5 ps(where it should be
(Pgy and hot-band®,,) transition. These calculations correspond to the 11 noted that a sharper lower limit may be obtained from the IR
wnJ data of Fig. 4. The insets depicts the same data around time zero. Noffhewidth at low temperaturé%.
the delayed rise oP,, compared toPy, . The pulse envelope is depicted The efficiency of the population transfer to higher lying
around zero delay. Lower panel: Time-evolution of excited state population . . . L
vibrational states may be substantially enhanced by chirping
the infrared excitation pulses, as has been demonstrated, for
example, for gas phase Nand W(CO)g in solution? The
) ) mechanism behind the enhancement of population transfer is
calculation that reproduces the -experiment. The lower y5; the frequency of the laser field is swept within the du-
panel depicts the time evolution of the population in the first. o+ of the laser pulse, so that the appropriaie., reso-
and second excited states. Note that, as expected, the riseﬁgm) frequency is offered to the system at all times during
the polarization at the hot-band transitiB@gis delayed with 4, pulse: the front of the pulse contains high-frequency
respect to that of the fundament&), . This is due to the fact ;o mponents for the transitions near the ground state at the
that the buildup of the polarizatioR,, arises from a se- oom of the potential well and the trailing edge of the pulse
quence of interactions with the electromagnetic field: the ini-. iains lower frequencies for transitions between higher-
tial interaction creates polarizatid?y,, and subsequently an jine states(the potential is anharmoniclt is not clear in
additional interaction causes population to be transferred tg 4 ance that this scheme works equally well for molecules
v=1. The third interaction with the IR field gives rise t0 , o rfaces as it does in the §amd liquid phase, since
P1>. The final, nonresonant interaction with the visible field {,o e are additional considerations on surfaces; in the gas
creates the SFG from this yibratipnal polarization. For thephase, most relaxation processes are very slow, whereas on
same reason the populationur-2 rises delayed when com- g, 5065 vibrational relaxation occurs on picosecond time
pared to the population in the first excited stdaver panel  go516 The application of a chirp necessarily lengthens the
of Fig. 5). Approximately 15% of the CO molecules excited , ation of the laser pulse for a given spectral bandwidth:
to the first vibrationally excited state, and about 5% to the,ance there will be a competition between an increase in
second vibrationqlly .exciteq state. The relatively _I,argepopulation transfer due to the presence of the chirp, and a
amount of population iw =2 is due to the larger transition yecrease in efficiency since population can decay during the
dipole moment associated with the-2 transition compared  |gngthened pulse. Here, we will briefly investigate the possi-
to the fundamental. _ bility of extending this technique to vibrations on surfaces.
The integrated intensity of the hot-band compared to that  "546 can use a pulse shaper to positively or negatively
of the fundamentallq,/lo,) depends on the precise value of ¢, hyises in the mid-infrared. The amount of chirp in the
the vibrational lifetimeT ; ; the degree of saturation increases |;qqr pulse can be characterizeddaywhich is proportional
with increasing lifetime for a given excitation density. This is ;5 the second derivative of the phase of the light wave of
demonstrated in Fig. 6 which depictis;£/1o7) as a function  qier frequency, (see, e.g., Ref. 37
of IR fluence. However, since the duration of our laser pulses
(120 f9 is appreciably shorter than the typical relaxation e )
times (T; and T, ~1 p9, the effect does not allow for an ax 2w (0= wo)*. 1D
accurate estimates of the lifetime given the error bars asso- w=wg

in the first and second excited state levels.
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FIG. 8. SFG spectra of the CO-stretch vibration ¢B /3)-CO/RY001)
(0=0.33 ML) as a function of IR energy at 95 K. Note the absence of
discrete vibrational transitions that are present for low CO covefsge
FIG. 7. Calculated population in the second excited stat@ as a function ~ Figs. 1 and %

of chirp. With negative chirp, the blue components within the bandwidth are

offered to the CO molecules first, and more efficient population transfer

takes place. The comparison between calculations for a realistic lifetim : : T P _
(T,—2 ps. solid line and a very long lifetime T,—200 ps, dashed line §f the vibrational lifetime is increased by two orders of mag

demonstrate the competition between the vibrational ladder climbing anditude tp 200 ps, a 4-fold increase in populat?on transfer can
energy relaxation. The inset shows the pulse characteristics for the chirpe obtained forw=—4.0 10 2% & (corresponding pulse du-
where population transfer is maximal fo; =2 ps: instantaneous frequency ration: 4.5 p$. For practical applications, these results indi-

(left axis) and intensity envelppe. Note that in the.chlrped pulse initially the cate that, for vibrations on surfaces, the losses associated
blue part of the spectrum is presefrtesonant with the fundamental at

~1990 cmY), followed by the red par{resonant with the hot band at with shaping an infrared pUIse\_(‘?’O%) may cancel out
~1960 cmY). some of the gain that can be achieved by doing so, although

the relative gain may be significantly higher for higher-lying
vibrational states. In addition, there may be other modes or

For a Gaussian laser pulse, the duration of the chirped pulgether adsorbates that have longer lifetimes, even on metal

0
chirp (1077

7o, for an originally bandwidth-limited pulse of duratiamn surfaces.
and bandwidthA w (full width at half maximun) is
8a In2\2 IV. VIBRATIONAL ENERGY TRANSFER
2_ 2
= —+ . .
Tp= 7o Ty ' (12) In the previous paragraph excited state SFG spectra were

presented at relatively low CO coverages. This was done to

and the instantaneous frequeneyt) varies linearly with . . ) .
g 1) y avoid the effects of intermolecular interactions between the

time, CO molecules, which is known to be present at higher cov-
(Aw2>2 erages. Extensive and detailed linear infrared spectroscopic
*n2 investigations(reflectance absorption infrared spectrosgopy
o(t)=wot ——— st (13)  of the C—0 stretch vibration of CO on RI01) have dem-
8+2a? 2 onstrated that with increasing coverage pronounced shifts

(frequency renormalizatigrand narrowing of the vibrational
We have calculated the maximal population in the secondesonance occufS.This is due to the fact that there exists
excited state =2 as a function of chirp solving Eg€l)—(5)  strong dipolar coupling between the CO molecules, effec-
without the rotating frame approximation, since the fre-tively delocalizing the vibrational excitation. This means that
guency now varies during the laser pulse. the discrete level picture of Fig. 1 breaks down and should
The result of this calculation for an IR fluence of 10 mJ/be replaced by a band structiife.
cn? are depicted in Fig. 7, and it is clear that the population  Indeed, at higher coverages very different excited state
transfer is indeed more efficient for a slightly negatively SFG spectra are obtained. For 0.33 ML, no hot band is
chirped pulse. As expected, providing the resonance freebserved—there are no longer discrete vibrational levels—
quency for the ¢=1—2) following the p=0—1) fre- but as shown in Fig. 8 increasing IR power leads to a broad-
guency can increase the efficiency of population transfer t@ning and red-shift of the resonance as a result of saturation.
v=2. A factor of 2 with respect to the transform limited The excited-state spectra show a single broadened feature
pulses can be gained with a chirp @f= —1.36x10 26 &, with a non-Lorentzian line shape and an asymmetric tail to
resulting in a pulse duration of 1.5 fgsee inset of Fig. 7; the long-wavelength side. These observations can only be
original pulse duration: 120 ¥sConversely, a positive chirp explained by taking into account CO—CO-interactions in ad-
leads to a strong decrease in population transfer. The fact thdttion to the anharmonicity of individual CO molecules. At
optimal population transfer is achieved for a pulse duratiorD.33 ML dipole—dipole coupling between the adsorbed mol-
similar to the energy relaxation lifetime, indicates that thereecules leads to a delocalization of vibrational energy within
is a large effect of the rapid vibrational relaxation at thethe CO adlayer. According to Shen al>® the observed red-
metal surface: Indeed, as shown by the dotted line in Fig. 7shift can be related to the number of excited CO molecules,
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CORRUO0T) | gyichange mode: for in_creasingly strong intermolecular couplingNitii in-
95K " exditation creasing coverage the=1—2 hot bandgradually disap-
_ CO coverage t’ie,jige';‘zfp pears, indicating a transition from discrete vibrational energy
H //'\—O—OZ—ST\ 12ps I(_avels to a contiriuum of_ _states: the delocalization of vibra-
z ~ \ 3 tional energy. This transition seems to be complete at a CO
g 0019 ML 20ps ? coverage as low as 0.025 ML, where the hot-band is no
= 0.018 ML 25ps | & longer discernible. The continuous character of the transition
g 0017 ML A aps g is in agreement with theoretical predictidhsnd previous
£ = observations in three-dimensional systefhs.
g 13 ML J\/\i £ The calculated spectra in the right panel of Fig. 9 result
2 on 0.008 ML Pl %© from a model which describes the energy delocalization as a
R e B P s B function of finite residence time of the &€ 1—2) excitation
1900 1950 2000 ~ 2050 1950 2000 2050 on one oscillator, before hopping to a neighboring oscillator.
IR frequency [cm ] IR frequency [cm ] This means that the molecule will exhibit the spectrum asso-

FIG. 9. Left panel: SFG spectra of the CO stretch as a function of coclated with the 6-1 trgnsition as |0n9.33 it iS_ in the ground
coverage at 95 K. With increasing coveragehel—2 hot band decreases State. Once the excitation finds this particular molecule
and disappears at a coverage of 0.025 ML. Right panel: Prediction of th¢“hops” onto it), its spectrum will be that of the-%2 tran-
exchange model for varying excitation residence times. sition. In this manner, the-0 1 frequency and the-12 fre-
quency become mixed, and the observed overall spectrum

or rather, the average degree of excitation per CO moIecuIé’Yi” then critically depend on the speed at which the mixing
since the excitation is shared coherently by the CO mol9Ccurs, viz., the hopping rate. This process of spectral modu-
ecules. In the limit of strong intermolecular interaction, thelation is very similar to that determining the vibrational line
red-shift equals &T', with C the number of excited phonons Shapes in the condensed phase through so-called excffange.
per CO molecule andl the vibrational anharmonicitj13.6 ~ The exchange model by Shelly al*? describes the effects
cm ! (Refs. 29, 38]. At the highest degree of excitation, a of thermal excitation and de-excitation of a low-frequency
shift of —9 cm ! is observed, corresponding ®=0.17, in  mode ), which is anharmonically coupled to a high-
good agreement with the excited state population observed f€guency vibration ). The anharmonic coupling leads to a
low coverage(see above frequency differencedw/2 between the(ny=0;n,=0|

The difference between the excited state spectra at low|na=0:n,=1) and the (ng=1;n,=0|—[ng=1;n,
and high coverage are due to the fact that at low coverage a1) transition (we will refer to these as thg0,d
fraction (~15%) of CO molecules is irv=1, whereas the —|0,1) and the(1,0—[1,1) transitions; s is a measure of
rest of the molecules remain in the ground state. At higthe anharmonic coupling strength between the two modes.
coverage, the excitation is shared by all the molecules and byhe spectrum associated with the high-frequency vibration is
adding energy to the system, the vibrational amplitude of alfetermined by the rate of energy exchange between the low-
molecules is increased. Thus with increasing coverage a trafequency mode and the bath, i.e., the rate of excitation and
sition from a localized vibration to a delocalized phonon-de-excitation rate of mod@. These rates are given .,
type excitation must occur. Figure 9 depicts the measure=vy n(Q) andW_=y(n({)+1), respectively, witm((2)
ments of this transitiodleft pane). On the right panel of this  =[e"**T—1]1 the average number of reservoir excita-
figure are calculations that reproduce the experimentally obtions at frequency(), and vy the lifetime of the low-
served spectra. The experimental SFG spectra were recordéequency mode. The expression for the resulting absorption
at a temperature of 95 K for increasing CO coverage., line was derived to @

W, (8w)2/(1+W, /W_)

l(w)= (14)

[0 % (80/2)2P+[W_(0' + dw/2)+W, (o' — 50)/2)]2,

where o' = w—wydwl/2 (with wy the fundamental transi- inverse of the excitation residence timehe ratio of excited

tion). to nonexcited oscillators,,. and the anharmonicity of the
Analogous, in our system, we can identif,d —|0,1) ~ C-O stretch vibratiod’, as

as thev =0—1 and(1,0 —|1,1) as thev =1—2 transition;

the rate at which an oscillator changes frequency is deter- W1 = ¥hop Nexc: (19
mined by the residence time of the excitation on one mol-
ecule. We can therefore use the above expression for the W_= yyqp, (16)

spectrum by expressing the parametéts, W_, y and dw
occurring in Eq.(14) in terms of the hopping ratey,, (the Sw=2T", (17)
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5 . to an unexcited acceptor dipole for arBter-type interaction
I 48
[ { m data read
4 e Forster <k, >/5 I
Yoo e Férster k, <r>+60 kd_,az—af 0q(v)ga(v)dw. (19

N 4n*g3h?c
s : In this expressiongg, h, andc are the vacuum permittivity,
Planck’s constant and the velocity of light, respectively.
Tl and u, are the absolute values of the transition dipole mo-
] T ments of donor and acceptor, X10 3° C m for CO on Ru
at low coveragesincluding the image dipo)e The distance

between the dipoles is given asn is the refractive index of

d-a (pS)
N
1

-1

0 . L . L . L . the medium between the dipoles ap{ v) andg,(v) are the
0.010 0.015 0.020 0.025 0.030 normalized homogeneous line shapes of the donor and ac-
CO coverage (ML) ceptor vibrations, respectively. The effect of the relative ori-

entations of the dipoles is taken into account by the orienta-
FIG. 10. Experimental(solid boxes and calculated(lines) coverage-  tion factor x? (0<«?<4), given by k=e;-e,—3(eyr)

dependent energy transfer timdg, () * as a function of coveragé of . 2 . .
CO molecules on the R002) surface. The dotted line represents the one- X(% r)/|r| , with e the unit vectors paraIIeI to the donor

dimensional calculation witlr=(r), the dashed line employing the dis- and acceptor dipoles and the vector jOining the dipoles
cretized 2D radial distribution functiog(r) (see text Scaling factors are  (|[r|=r). For parallel dipoles perpendicular to the surface
indicated in the legend. considered herex=1.
For the homogeneous system of CO{&lL) the overlap
integral between the two normalized Lorentzians which have

_ . . an equal full width at half maximurtFWHM) Svy,,,and are
S0 thatng,/(Nexct1) is the fraction of excited CO mol- centered at the same frequency, equals

ecules. The fact that the transition dipole moment for the
hot-bandu, is approximately twice that of the fundamental, f 9u(¥)ga(»)dv
can be accounted for in this model by defining an effective
“downrate” We"=0.5X y,,,,, and settingW_=W*" in Eq.
et o . ot =5, L ¥ nring ne values o E) and st
7 - . n= 1.0 (refractive index of vacuumwe obtain
Nexc=0.05, and considering we are interested only in nor-
malized spectra. Lifetime broadening along with the instru- 3.01x 107
mental response function are included by convoluting the Kd—a=———5— (20
resulting spectra wita 7 cm ! Lorentzian. Sincd” andney, '
can be obtained directly from low-coverage data of the lefwith r in A. For the well-ordered,/3x \/3-structure the dis-
panel, the only adjustable parameter in the model is the exance between two neighboring CO molecules is4.7 A,
citation residence tima/golp. For this datasefl’=14.5 and  resulting inky_.,= (36 fs) 1. This means that at high cov-
Nexc= 0.25 (corresponding to a fraction of excited oscillators erages the coherent energy transfer occurs on a time scale
of 20%). With increasing coverage the intermolecular cou-comparable to the vibrational motion of the CO molecules
pling increases and therefore the excitation residence timéhe frequency of 2000 cit corresponds to a vibrational
decreases. As can be seen from Fig. 9, the model describpsriod of 17 f$. In this limit, it is more appropriate to view
the data remarkably well: Both the gradual filling of the gapthe excitation as coherently delocalized over many coupled
between the two transitions as well as the red-shift of theCO molecules, rather than as hopping from one CO molecule
resonance frequency of the fundamental transition as a resutt the next® (note that, since the energy transfer is coherent,
of increasing energy exchange are reproduced by varyinthis does not lead to dephasing of the vibrational transition
Ynop DEtWeen infinity and 1.2 ps. The increased hopping rat@nd the associated line-broadeningt lower coverages, the
at higher coverages gives rise to motional narrowing of thehopping picture is appropriate and we can calculate an aver-
two absorption lines, that are observed to merge togetheage distancer), from which a value of the hopping rate
with increasing coverage. Figure 10, depicting the fitted enké’ia can be calculated. For example, fér=0.025 ML,
ergy transfer rates versus surface coverage, summarizes the =17 A andké’la— (80 ps) 1, which is much slower than
fits. 43 the (1.2 p9~* from the fit. Although the absolute numbers
The dipole—dipole interactions between CO moleculedor the hopping rate are off significantly, the coverage depen-
on the surface of R001) gives rise to energy transfer of dence of the hopping rate is reasonably reproduced by this
vibrational excitations. This is the so-called firsirfr en- simple model, as evidenced by the dotted line in Fig. 10.
ergy transfef* which is well-known for electronic However, at low coverages there will be a statistical dis-
system® 4 and has recently been observed at a surfacéribution of intermolecular distances on the surface, and due
among different Si—H stretch vibrations for hydrogen ad-to the r®-dependence of the transfer rate, there will be a
sorbed on a stepped silicon surfdée® The expression for relatively large contribution from molecules close to each
the rate of energy transféy_, , from an excited donor dipole other. We can account for this by noting that for an arbitrary

W@Vhom (19

For low coverages at low temperatures 00 K), 6vnhom
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'-’E‘ 40F KFS model W — 424 m /ML well with experimental data. In particular, the coverage de-
x2S ~_ _model corrected for saturation e pendence is best described fy o) =ko 6, with ko=2.6
z e data: 36 il X 10" s~ ! (a factor of 5.0 smaller than the calculated value
c 35 4 data: 10 wJ -‘% { This linear dependence of the exchange rate on the cov-
£ i 1 i{{-"’ . erage is also in good agreement with observations of tem-
g /IH}' ___________ perature dependent lineshift of the C—O stretch vibration at
o 30 ,_'_‘__— - I various coverages with reflectance absorption infrared spec-
] “44%‘ 'I 3 i L I I troscopy(RAIRS). In these experiments, the dynamic dipole
s - shift, which is a qualitative measure for the degree of delo-
& o5h I I calization of the C-O stretch vibration, was found to in-
0.00 0.01 0.02 crease linearly with coverade.

coverage (ML)

V. SUMMARY AND CONCLUSIONS
FIG. 11. The frequency difference between #he0—1 and thev=1

—2 transitions(apparent anharmonicity, or two-phonon bound state fre-

quency as a function of CO surface coverage for Igeircles and high troscopy of the CO-stretch vibration of CO/R01) allows
(triangles incident IR energies. The dotted line is the result of the calcula-

tion according to the KFS-theory described in the text. Dashed lines are thl(eor the StUdy of the dynamics of the CO-stretch vibration at

same calculation corrected for saturation effects, observed to be large t¢eO coverages as low as 0.01 ML. The strong excitation

high fluences, but negligible for the lowest fluences used. (saturation of the fundamental transition of the CO-stretch
make the simultaneous observation of the fundamental and
subsequenv =1—2 hot band transition possible. At low

pair-distribution functiong(r), the number of acceptors Coverages, the vibrational excitation is localized on indi-
around an excited donor in the area delimited by the circleyidual CO molecules, and it is demonstrated tfat ap-
with radiusr andr +dr is given by 2rrarpg(r), with p the ~ Proximatg ~twofold increase in thev=2 excited state
density(per surface argaf CO molecules. The densifyis population can be achieved by chirping the broadband infra-
a function of the coverag®, given by p=0.158< ¢ (in red laser pulse. At higher CO coverages, a transition from

A ~2). Thus, the effective rate of transfer, averaged over thdocalized oscillators to delocalized phonons can be observed
distribution of molecules reads directly. Thev =1—2 hot-band transition of the CO-stretch

vibration serves as a sensitive indicator for vibrational en-
1) ergy localization. With increasing coverage the lateral inter-

actions between the adsorbed molecules and therefore the
delocalization of vibrational energy increases which leads to
the disappearance of the hot band at a coverage around 0.025
ML. In conjunction with a modified exchange model, the
dynamics of the delocalization process can be deduced, and
the excitation is found to “hop around” on time scales down
to 1.2 ps, further decreasing with increasing coverage. These
excitation residences times can be reproduced by a simple
model of resonant vibrational energy transfer.

To summarize, femtosecond vibrational saturation spec-

<kd~>a> = jO Zwrdrpg(r)kdﬂa "

We can consider the discretizg@r), since we know for
the hexagonal structure of the ®01) surface, that there are
N; sites for thdth “lattice site” at a distance; . For the first
11 shells,N;=6, 6, 6, 12, 6, 6, 12, 6, 12, 12, and 6, fiqr
=rg, V3rg, 2rg, \7rg, 3ro, 2y3rq, V13rg, 4rq, V19,
J21r,, and &, respectively, withr, the distance between
two nearest-neighboring lattice sité®.71 A). The average
transfer rate calculated in this way will be denoted ky , »)
and is given by

11

(kaa)= 2, ONikq_ o(Ti), (22
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i =11 results in an error smaller than 1%, due to the strong
r-dependence df,_.,(r;). Note that expressiofR2) can be
written as(ky_,,) =Ko 6, with ky=1.3x 10 s 2,

Throughout the experimental studies described in this
paper, we have employed the fact that we can saturate the

This procedure results in the value fofky_,a) C-O stretch vibration, i.e., excite a significant fraction of
=(0.3 ps) !, at a coverage#=0.025 ML, appreciably these oscillators to their first excited state, to obtain informa-
smaller than that obtained from the average distance. Thigon on the vibrational dynamics. In this Appendix, we will
value is in very reasonable agreement with the (1.2 ps) briefly describe the unwanted side-effects that may appear
obtained from the fit, especially considering that there are naising these techniques, and must be accounted for carefully.
adjustable parameters. The coverage dependengde; of,), The dipole—dipole coupling among the CO molecules
exhibiting a proportionalityke= 6, also agrees reasonably gives rise to the delocalization of vibrational energy, and the
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dispersion of the resulting delocalized phonon-mode cause(« 2000
by this intermolecular interaction can be obser¥ed. also
leads to an increase in apparent anharmonigite differ-
ence in frequency between the=0—1 andv=1—2 tran- 5
sition) with increasing coverage. Figure 11 depicts the appar-§ 1990 [===wiegy - pamaeli
ent anharmonicity versus the surface coverage. This quantitjg-

. . X
is sometimes also referred to as two-phonon bound stat«§

- data:35p) 000 e TTemeell .

(TPBS shift,***9and is a measure of the effective dispersion e data. 10w
at low coverage. Due to the interaction between the mol- 1980 ... exchange model n,, .= 0.06
ecules at the surface, the energy difference increases wit - = - exchange model N, = 0.25

| | | | 1 1 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06

coverage (ML)

increasing interaction strengtboveraggin accordance with
theory®® The (0—1) and the(1—2) transition frequencies
are derived from a least-squares fits to a set of experimenta.
data taken at low IR energi€8—6 nJ) in order to minimize  FG. 12. Frequency of the fundamental C—O stretch vibration as a function
the effect of saturation, and a set obtained aJONote that  of coverage for two different excitation energigsangles: 3.5uJ; circles:
there is a Iarge difference in the apparent anharmonicities fof0 #J)- The lines are the results of calculations that incorporate the effect of
these different energies, implying that saturation effects havaaturatlon(see text, with degrees of excitation,,. denoted in the legend.

to be taken into account when considering the data. The dot-

ted line in this figure is a prediction from a model by Kim- f the system: with increasing coverage the hopping rate will
ball, Fong and ShelKFS mode)*® assuming a system of increase, resulting in an increased mixing of tBe-1) and
coupled anharmonic oscillators defined by anharmoniCity the (1—2) state, leading to a decrease in apparent anharmo-
and effective dispersiolV, which is a measure of the inter- picity. Effect i) is an artifact of the technique: with increas-
molecular interactionW is treated as a free parameter as-ing excitation, there will simply be more intensity of the
suming a linear increase as a function of CO coverage. Al{1_,2) state to mix in with the fundamental transition, which
though Ref. 39 does not provide an explicit expression for &yj|| also result in the merging of the two lines: this means
2D system, the expressions for a one-dimensional lineaihat as the excitation density increases, the two lines ap-
chain and a 3D lattice with a semi-circular density of stateproach each other and the apparent anharmonicity decreases,
results in very similar diSperSiOﬁ%.TO obtain the best agree- a|though the coverage and therefore the hopp|ng rate re-

ment between the experimental data at low excitation enefmains unchangedhis is an artifact of the measurement due
gies experiment and theorWW has to increase by 424 tg saturation.

cm™ /ML and 405 cm Y/ML at these low coverages, for the This effect is illustrated in Fig. 12, which depicts the
3D and 1D model, respectively. These values are very satigseak position of the fundamentdl— 1) transition as a func-
factory, since it means that at 0.025 ML coverage wher&ijon of coverage for the two energies; at low energy the
roughly the phonon-localization transition is observedfrequency is constant, whereas at higher energies, the funda-
(which is theoretically predicted to take place whé&nh mental transition is shifted to the red as dipole—dipole cou-
~W), the effective dispersion amounts to approximatelypling sets in with increasing coverage. In other words, at
(0.025<410) cm '=10.3 cm %, which is very close to the high excitation densities théd— 1) transition is no longer
anharmonicity of 13.6 cm’. purely (0—1), but has significanfl— 2) mixed in, causing

It is clear that the effective dispersidor, equivalently, the red-shift. This effect is an artifact of the measurement
the apparent anharmonicjtis a quantity inherent to the sys- and can be reproduced theoretically: the lines in this graph
tem, and should not depend on the energy of the pulses usedsult from calculations with hopping raté&y .,)=ko 6,
to establish it. Apparently, at an infrared energy ofdDthe  with k,=1.3x 10" s %, in agreement with the calculation
distortion due to saturation is very large least square fit to presented in Fig. 10. The values af,=0.06 andng,
those data results in a dispersion 3.5 times smaller than that0.25 (corresponding to excited state fractions of 0.06 and
obtained from the low-energy datd’he question that arises 0.2, respectivelywere obtained from the transient spectra. It
is to what extent the- 3.5 uJ-measurements also suffer from is interesting to note that experimentally the red-shift occurs
saturation effects. more suddenly and at a higher coverage than predicted theo-

To investigate the effect of saturation on this measureretically. It is clear from figure 12 the effect of saturation can
ment, and in particular whether the low-energy data set wabe quite significant at higher excitation energies, but that
recorded at sufficiently low energy to obtain an accuratehese effects can be reproduced and accounted for using the
value for the dispersion, we use the exchange model that wakeoretical approach described above.
introduced above. The exchange model, which can be used Returning to Fig. 11, we can use this same calculation to
to calculate excited state spectra, does not incorporate thestimate the effect of saturation on the apparent anharmonic-
increase in apparent anharmonicity. Rather, it predicts thaty measurement. In addition to the calculation where satura-
with (i) increasing coverage an@i) increasing degree of tion is neglecteddotted line$, two dashed lines are shown
excitation, the(0—1) and the(1—2) transitions will ap- depicting the result of the calculation corrected for the satu-
proach each other, finally merging together into one resoration at the two energies. It is immediately clear that for low
nance, as can be observed in Fig. 9. Effirts the physi- energies the effect of saturation is negligible, but indeed, at
cally interesting effect inherent to the vibrational dynamicshigher energies, the calculation demonstrates that the in-
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