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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 ruthenium Ru(001) surface with ultrashort femtosecond infrared (IR) laser pulses. Broadband
IR excitation leads to the transfer of a significant fraction of the CO molecules to their first (~15%) and second (~5%)
vibrationally excited states. We reproduce the observed excited state spectra by solving the three-level Bloch equations
and discuss possibilities to optimize the degree of localized vibrational excitation of a specific bond of surface molecules
through IR excitation by tuning the pulse duration and central frequency.

Mode selective chemistry has been one of the long-time
goals in physical chemistry. It has long been recognized that
in achieving control over chemical reactions on a molecular
level, the vibrational state of a molecule plays a key role: exci-
tation of a specific vibrational mode is an important aspect of
state-selective chemistry. Indeed, control over the outcome of
a chemical reaction by mode-specific vibrational excitation has
been demonstrated in detail in the gas phase. For instance, the
outcome of the reaction between a hydrogen atom and (deuter-
ated) water to give H, (HD) and OH (OD), can be controlled to
a large extent by bond-specifically vibrationally exciting either
the O—H or the O-D stretch vibration of the reactant water'~;
the bond that is vibrationally excited preferentially reacts.
Moreover, a high degree of excitation (to high-lying levels of
specific vibrational states) will increase the selectivity. Due to
the anharmonicity of the vibrational ladder, broad-band infra-
red laser sources are ideally suited for the “vibrational ladder-
climbing” process.* In addition, these short laser pulses have
the advantage that the energy is inserted into the system faster
than vibrational relaxation (IVR) and energy redistribution can
occur, so that the energy remains localized in the relevant coor-
dinate long enough for the subsequent chemical reaction to
occur. This is particularly important for larger molecules and,
as will be demonstrated below, for molecules on surfaces. In-
deed, it has been demonstrated for gas-phase NO (N-O
stretch)® and W(CO), (C—O stretch) in solution’ that ultrashort
infrared pulses can be used to transfer population up to the
highest level of the N—O stretch vibration within reach of the
IR bandwidth, i.e. up tov = 5.

For molecules on metal surfaces, reaching high levels of vi-
brational excitation is complicated by the efficient vibrational
energy relaxation which occurs by electron-hole pair excitation
in the metal, typically on a picosecond time scale.*® This
means that there will be competition between excitation and
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de-excitation, especially relevant for picosecond pulses. This
would indicate that shorter pulses would be better for vibra-
tional ladder climbing, also considering that the anharmonicity
of the potential requires sufficient spectral bandwidth for effi-
cient vibrational ladder-climbing. However, on the other hand,
decreasing the duration of the excitation pulse leads to more
spectral bandwidth, and therefore a reduced spectral brightness
at the transition that must be excited; the reduced spectral
brightness of these short pulses will reduce the transition prob-
ability. In this paper, we address these competing effects.

We investigate the dynamics of the C-O stretch vibration of
carbon monoxide absorbed on a Ru(001) surface by IR—Vis—
Sum Frequency Generation (SFG).!° We demonstrate that, af-
ter vibrational excitation with ultrashort infrared pulses, a con-
siderable amount of CO molecules can be excited to their sec-
ond vibrationally excited state. The resulting excited states
spectra can be reproduced very well using the three-level opti-
cal Bloch equations that describe the time evolution of the vi-
brational polarization and population. Subsequently, we theo-
retically investigate the effect of variation of the IR pulse dura-
tion and central frequency on the excited state population and
excited state spectra. We observe a competition between the
high intensities of very short pulses, and the high spectral
brightness of long pulses, resulting in an optimal pulse dura-
tion of a few hundred femtoseconds for population in the sec-
ond excited state. The effects of chirped pulse excitation'!:'?
and energy delocalization as a consequence of dipole—dipole
coupling'>!* have been described in a previous manuscript.'>

Experimental

The experiments were performed with a femtosecond laser sys-
tem combined with an ultra-high vacuum (UHV) chamber. An
optical parametric amplifier (TOPAS, Light Conversion) pumped
by 4 mJ of an amplified Ti:Sapphire laser system is used to gener-
ate tunable mid-IR pulses (2—10 pm, at 5 pm wavelength ~ 130 fs
pulses with energies up to 25 pJ and a bandwidth of typically 100—
120 cm™! (FWHM) are obtained). In addition a narrow-band-
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width (5-8 cm™!) vis-pulse at 800 nm is generated. For the SFG
experiments the IR and vis pulses are spatially and temporally
overlapped and focussed into the UHV chamber under 70° with
respect to the surface normal. Typical pulse energies are 4 pJ for
the VIS and up to 11 pJ for the IR pulses at the sample (beam
waist at focus: 0.3 mm FWHM). The center frequency of the IR is
resonant with the C—O strech vibration.

SFG is a second-order non-linear optical process in which two
incident waves at @,;; and mr generate an output at Wsgg = Wyis +
o where energy and momentum must be conserved.'” When us-
ing broadband-IR pulses, resonant enhancement will only occur
for frequencies wr within the bandwidth which are resonant with
the vibrational transition. Thus, vibrational spectra can be ob-
tained without scanning the IR frequency.'®'® The SFG beam is
focussed into a spectrograph and dispersed across an intensified
CCD detector.

The Ru(001) sample is mounted in a UHV chamber (base pres-
sure 1 X 107% Pa) and can be cooled to 95 K. An extensive de-
scription of the complete experimental setup and surface cleaning
procedures can be found in Ref. 19. CO exposure was performed
via a pinhole doser or a variable leak valve. The CO coverage is
determined by comparing the integrated desorption yield with
thermal desorption spectra obtained after saturating the Ru surface
with CO (0.68 ML%).

Results

The upper panel of Fig. 1 depicts SFG spectra as a function
of infrared intensity at a surface coverage of approximately
0.01 monolayers and a temperature of 95 K. The coverage was
kept sufficiently low to avoid effects of intermolecular cou-
pling on the SFG spectra.'* At low IR energies, a Lorentzian
resonance is observed associated with the transition from the
ground (v = 0) to the first excited (v = 1) state. With increas-
ing energy the fundamental transition (v = 0 — 1) is saturated,
and significant population is transferred to the (v = 1) state.
An additional interaction with the broad-band infrared field
gives rise to a polarization at the (v = 1 — 2) transition, from
which SFG is generated at a slightly lower frequency due to
the anharmonicity (~30 cm™!) of the vibrational potential.
This effect exhibits a strong non-linear dependence on the in-
frared pulse energy (as it is a fourth-order () non-linear op-
tical process, see below), which is obvious from Fig. 1: With
increasing IR power the v = 1 — 2 hot band of the CO-stretch
vibration becomes clearly visible at 1961.4 = 0.3 cm ™!, in ad-
dition to the fundamental transition at 19904 + 0.1 cm™'
which is also observed at lower IR energies. The third reso-
nance around 1938 cm™! arises from two contributions: The v
= 2 — 3 hot-band and the fundamental transition of the natu-
rally abundant BC1%0 in 12C0 gas. The SFG spectra Isgg ()
can be reproduced very well by an expression for the second-
order non-linear susceptibility consisting of a nonresonant
term y{{ arising from the surface region of the metal and a
resonant term ;(](f) associated with the vibrational transi-
tion:2!?2
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where the vibrational resonances are described by their reso-
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Fig. 1. Upper panel: Normalized SFG spectra of the CO-
stretch of CO on Ru(001) as a function of IR energy at 95
K (solid grey lines) together with the least-squares fits to
the data (dotted lines). Starting with an IR energy of 11 pJ
at a coverage of about 0.007 ML a series of spectra was re-
corded as a function of decreasing IR energy while dosing
CO via the background. At 11 pJ the fundamental and v =
1 — 2 hot band transition are clearly visible. The third res-
onance is partly due to the v = 2 — 3 hot band. Lower
panel: Resonant part of the fit depicted in the upper panel
for the 6 (lower trace) and 11 pJ (upper trace) experiments
(dotted lines) and the results of the calculation (solid line)
described in the text.

nance frequencies @,, linewidths 2T, and amplitudes A,, so
that the ¥ contribution is incorporated in ¥'?. A, is the ampli-
tude of the nonresonant susceptibility and ¢ its phase relative
to the vibrational resonance. The dotted lines in the upper pan-
el of Fig. 1 depict the fit to the experimental data using this
procedure. The dotted lines in the lower panel show the reso-
nant contribution to the non-linear susceptibility as obtained
from the fit.

The resonant contributions to the transient spectra as well as
the transient population in the excited states can be calculated
with the density matrix formalism. In this formalism, a 3-level
system is described by a (3X3)-matrix. The time-dependent
polarizations associated with the ground (v = 0 — 1) and ex-
cited state (v = 1 — 2) transitions are related to the off-diago-
nal elements of the density matrix, as: P(@w) = e'®' X Tr (p 1).
The diagonal elements directly represent the relative popula-
tion in the three levels (0, 1, 2). In the rotating frame, the
equations of motion for the different matrix elements of p
read: >

Po = — Voo + e + pu/Ti" 2)
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Por = Vor(Poo — Pu) + iVaiPo

= Poi[l/QT) + 1/T" + iQq)] 3)
bll = _l.‘/lzpﬂ + c.c. + i‘/()lpl() + c.c.
= Pul/T® + pu/T @)

P, = Via(pu — Pn) — VioPo
— Pu[l/QT%) + QT + 1/T? + iQpn] (5)

f)oz = —i(Voiprz — VizPor)
= Poe[l/QT") + 1/ T + i8] 6)

The above equations are the independent equations for the
density matrix elements. In addition we have:

P =1—= P — P @)

* * *

Pro = Poi; P21 = P12; Pao = Pao ®)
In these equations, p; = pije’ " and the coupling matrix
element V;; = — w;/(2h)&(t). Ti and T5" denote the population
and pure dephasing lifetimes of transition a — b, respectively.
The detuning from the excitation resonance is given by £2; =
W — W, Wi is the transition dipole moment of the transition
from i to j and € (¢) is the envelope of the incident IR field.

The set of Egs. 1-5 is solved using a fourth-order Runge—
Kutta scheme, after decomposing Egs. 3-5 into their real and
imaginary parts, resulting in 8 coupled differential equations.
In these calculations, we set T1° = T?', since the available
phase-space for electron-hole pair creation in the relaxation
processes are very similar, because almost the same amount of
energy is involved in the two relaxation processes. We neglect
population decay from the second excited state directly to the
ground state, since the matrix element associated with this for-
bidden transition is expected to be very small. Furthermore,
we set L, = 2llo;, as for an harmonic oscillator,”® with ty, =
2.1 X 107% Cm.?” The T,’s are obtained from linewidth mea-
surements of the fundamental transition (75" corresponding to
a linewidth of 3 cm™',' hot band transitions (T3> correspond-
ing to a linewidth of 15 cm 1,2 and overtone transition (75>
corresponding to a linewidth of 6 cm™!,?® as reported previous-
ly. Finally, the observed resonant part of the SFG spectrum
can be calculated from I.(@) | 12| o |P(w)|?, with the po-
larization P(w) = €'« X Tr(pu) = €' [(Uo1p10 — MioPor) +
(U12P21 — M21P12)]. The first two terms contain the signal at the
fundamental transition @y, and the second terms give rise to
the signal at @y, the so-called hot-band transition (v = 1 — 2).
Here, we assume that the VIS-upconversion pulse is continu-
ous wave. We account for the spectral width of the upconver-
sion pulse and the instrumental resolution by convoluting the
resultant spectra with a 5 cm™' broad Gaussian. The vibration-
al lifetime T of both excited states was set to be 2.0 ps in the
calculations, as determined from previous time-resolved mea-
surements for CO on other metal surfaces,®® and from extrapo-
lation of the linewidth to 0 K."?

The SFG light associated with the v = 1 — 2 hot band tran-
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Fig. 2. Upper panel: Time-evolution of the polarization at

the fundamental (P(;) and hot-band (P,,) transition. These
calculations correspond to the 11 pJ data of Fig. 1. The in-
sets depict the same data around time zero. Note the de-
layed rise of Py, compared to Py;. The pulse envelope is
depicted around zero delay. Lower panel: Time-evolution
of excited state population in the first and second excited
state levels.

sition is due to the interaction of the visible field with the infra-
red polarization p;,. The main pathway for generating p, is:
Poo — Poi — P11 — Pros'> each arrow symbolizing one interac-
tion with the incident IR field (note that in the equations (2)—
(6) each of these terms has the preceding term multiplied by
the infrared field (V) as a source term). Hence, the polariza-
tion represented by py; is of third order, and the additional in-
teraction with the visible field makes it a fourth-order non-lin-
ear optical process.

The calculated resonant contribution to the spectra in Fig. 1
are shown as solid lines in the lower panel, and the agreement
with results from the fit to the resonant SFG (dotted lines) are
excellent. The time-dependent envelopes of the polarization at
the fundamental (P;) and the hot-band (P,) transition are de-
picted in the upper panel of Fig. 2 for the calculation that re-
produces the 11pJ-experiment. The lower panel depicts the
time evolution of the population in the first and second excited
states. Note that, as expected, the rise of the polarization at the
hot-band transition Py, is delayed with respect to that of the
fundamental Py, (See inset in Fig. 2); This is due to the fact
that the buildup of the polarization P, arises from a sequence
of interactions with the electromagnetic field: the initial inter-
action creates polarization Py, and subsequently an additional
interaction causes population to be transferred to v = 1. The
third interaction with the IR field gives rise to Py,. The final,
non-resonant interaction with the visible field creates the SFG
from this vibrational polarization. For the same reason the
population in v = 2 rises delayed when compared to the popu-
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lation in the first excited state (lower panel of Fig. 2). Approx-
imately 15% of the CO molecules is excited to the first vibra-
tionally excited state, and about 5% to the second vibrationally
excited state. The relatively large amount of population in v =
2 is due to the larger transition dipole moment associated with
the 1 — 2 transition compared to the fundamental.

From the point of view of controlling the yield and pathway
of reactions at surfaces by means of IR excitation, it is desir-
able to obtain maximal population in high-lying vibrational
states. Provided these states are efficiently coupled to the rele-
vant reaction coordinate, selective, vibrationally assisted
chemistry may occur. Although the pulses used in this study
are quite short (130 fs) and therefore quite intense, the spectral
brightness of these pulses is relatively low because of the large
bandwidth. To investigate the extent to which more population
may be transferred using longer pulses, we calculated the
pulse-duration dependence of the population and the SFG
spectra, using the three-level Bloch equations.

In these calculations, the pulse energy was kept constant (at
200 pJ incident on a 1 X 107> m? surface area — reasonable
experimental parameters, resulting in a fluence somewhat low-
er than in the experiments described above), and the pulse du-
ration (full width at half maximum) was varied from 10 fs (ul-
trashort Ti:sapphire system) to 20 ps (actively and passively
mode-locked Nd:YAG). The pulses are Gaussian and always
bandwidth-limited. The system parameters (vibrational life-
times, transition dipole moment) have been mentioned above.
The anharmonicity was set at 30 cm™': the fundamental transi-
tion at 1990 cm ™! and the 1 — 2 hot-band transition at 1960
cm™ !, all in line with the experimental system described above.
Unless otherwise mentioned, the central laser frequency was
set at 1990 cm ™! — resonant with the fundamental transition.

Indeed, as can be observed in the upper panel of Fig. 3, a
substantial gain in population transfer in both the first and sec-
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Fig. 3. Upper panel: Maximum population in the first and

second excited state as a function of laser pulse duration.
Lower panel: Spectral brightness at the fundamental (0-1)
and hot band (1-2) transitions vs pulse duration.
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ond excited state can be achieved with longer excitation pulses
due to the higher spectral brightness (depicted in the lower
panel). In this figure, we have plotted the maximum value that
is reached in time-traces such as those depicted in the lower
panel of Fig. 2. For infinitely short pulses, the maximum pop-
ulation achieved is 0, since the laser spectrum is spread out too
much to cause efficient excitation. The maximum population
in the second excited state v = 2 is reached for a pulse duration
of 400 fs, which is very close to the maximum in spectral
brightness at the 1 — 2 hot-band transition located at 200 fs
(see lower panel). A pulse duration of 400 fs corresponds to a
bandwidth of 37 cm™!. The v = 1 state population maximum
is reached around 2 ps, which is determined by the finite life-
time of the excited state. This maximum is a consequence of
the competition between increasing spectral brightness and vi-
brational relaxation that becomes more important for longer
pulse durations. If the vibrational lifetime were longer, the
maximum would be reached for longer pulses.

However, if one is interested in vibrationally mediated
chemistry, the appropriate quantity to consider is the time-inte-
grated population in the excited states, since one would moni-
tor the time-integrated product yield, i.e. the integral of time-
traces such as those depicted in the lower panel of Fig. 2. This
is depicted in the upper panel of Fig. 4, which demonstrates
two maxima in the v = 2 state as a function of pulse duration.
This can be understood by noting that the pathway to the popu-
lation in the second excited state p,; iS: Poo — Po1 — P11 — P12
— P2 P22 can be maximized either by optimizing the first two
steps (creating a large first excited state population py;), or by
optimizing the last two steps. The former requires high IR
field intensities at the 0 — 1 transition frequency (optimized at
a pulse duration of ~ 2 ps), and the latter requires sufficient

0.015 _.
I 3
] ;
IS 3
c 0010 2
2 g
—§- 0.005 %
N =
9— <
e o
0.000
° ®
= e
> )
g 0005 @
2 o
£ )
1) =
[T 1
%) i N
O'Ol ol ol Lol L 0.000
10™ 107 1072 10"

pulse duration /s

Fig. 4. Upper panel: Time-integrated population as a func-
tion of laser pulse duration. Lower panel: Integrated SFG
intensity associated with a fundamental (0-1) and hot band
(1-2) transitions vs. pulse duration. The dotted line in the
lower panel depicts the larger of the (normalized) maxi-
mum population in v = 1 and v = 2; the envelope of the
two curves in the upper panel of Fig. 3.
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three different pulse durations indicated in the graph. The
associated spectral widths are 122, 37, and 9.8 cm™ ! re-
spectively. The inset in the lower panel depicts a close-up
of the 1.5 ps data, to illustrate the asymmetry of the v = 2
curve.

field strength at the 1 — 2 transition frequency (achieved for 7,
= 400 fs).

A similar double-peaked behavior (with the same physical
origin) is observed for the SFG intensity associated with the 1—
2 transition (proportional to |p}2]?), as shown in the lower pan-
el of Fig. 4. Also shown is the SFG intensity of the fundamen-
tal transition (proportional to |py|?). The dotted line in this
graph illustrates the physical origin of the double-peaked be-
havior: it is the larger of the maximum population in v = 1 and
v = 2, i.e. the larger of the two curves in the upper panel of
Fig. 3. The similarity between the two curves demonstrates
that efficiently exciting either one of the two transitions leads
to a high overall excited state population.

These results indicate that even higher population transfer
efficiency may be achieved using pulses with a central fre-
quency in between the two transitions. Figure 5 demonstrates
that this is indeed the case. Figure 5 depicts the maximum
population in v = 1 and 2 as a function of the laser frequency
for three different pulse duration: 120 fs, 400 fs, and 1.5 ps.
The first observation is that, for all pulse durations, the maxi-
mum population in v = 2, the v = 2—peak, is located at 1974
cm™ !, i.e. within 1 cm™! of the mean value of the the v = 0 —
1 and the v = 1 — 2 transitions. This demonstrates that in a
two-step transition, optimal population transfer is achieved by
setting the frequency in between the two individual transitions.
The v = I—peak is located at 1990 cm™!, i.e. precisely at the
frequency of the v = 0 — 1 transition, as expected. The as-
symetry in the v = 2—data (present in all three curves, but most
clearly for the 1.5 ps calculation, see inset) is again a conse-
quence of the fact that large amounts of v = 2 population can
be achieved either through excitation at the v = 0 — 1 transi-
tion or in the neighborhood of v = 1 — 2.

Conclusions

To summarize, femtosecond vibrational saturation spectros-
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copy of the CO-stretch vibration of CO/Ru(001) allows for the
study of the dynamics of localized CO-stretch vibrations at CO
coverages as low as 0.01 ML. The strong excitation (satura-
tion) of the fundamental transition of the CO-stretch make the
simultaneous observation of the fundamental and subsequent v
= 1 — 2 hot band transition possible. The considerable popu-
lation transfer associated with these excited states spectra can
be modeled with the density matrix formalism. The calcula-
tions demonstrate the competition between bandwidth (in-
creasing with decreasing pulse duration) required to cover the
anharmonicity of the vibration, and the spectral brightness (in-
creasing with increasing pulse duration). We present some
general guidelines for optimizing population transfer for vibra-
tions. The presented analysis and general conclusions are not
specifically for vibrations at surfaces, but should be relevant in
condensed phase systems in general.

This work was supported in part by a fellowship for M. B.
of the Royal Netherlands Academy of Arts and Sciences and
by the Deutsche Forschungsgemeinschaft through SFB 450.
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