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Ultrafast Infrared Response of Adsorbates on Metal Surfaces: Vibrational Lifetime of ColPt(111)
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A picosecond time-resolved infrared technique has been used to measure the transient response of vi-

brationally excited CO adsorbed on the surface of a Pt(111) single crystal. Transient-bleaching signal

decay is interpreted as giving Tl for damping of vibrationally excited CO. Transient absorption is dis-

cussed in terms of transitions from the excited adsorbate band to overtone levels.

PACS numbers: 82.20.Rp, 68.35.Ja, 82.40.Js

Energy transfer at gas/solid interfaces is important in

physical processes ranging from sticking and oxidation to
catalysis and electronic materials processing. Presently,
information on microscopic rates and mechanisms of vi-

brational energy dissipation has come from theory' or
has been inferred from optical spectra. In this Letter,
we report time-resolved measurements of the optical
response associated with creation and relaxation of vi-

brationally excited adsorbate states on the surface of a
metal single crystal. Experiments were done on the
c(4x2) overlayer observed at 8=0.5 monolayer (ML)
for CO on Pt(111) at 150 K, a system for which exten-
sive theoretical and experimental work has been report-
ed. ' An intense picosecond infrared laser pulse
strongly excites the CO-stretching band of top-site CO,
and a weak time-delayed probe pulse at the same fre-
quency monitors the recovery of the surface absorption
to its equilibrium value. This ir transient bleaching
method has been used extensively to study vibrational
energy relaxation times (Tl) and decay mechanisms in

liquids, ' for adsorbates on dielectric surfaces,
and for CO chemisorbed on small metal particles.
The present experiments provide the first direct measure-
ment of the time scale of energy transfer in a vibration-
ally excited ordered monolayer bound to a metal single-
crystal surface. '

The experiments were performed in an ultrahigh vacu-
um chamber (base pressure ( 10 ' Torr) equipped for
Auger electron spectroscopy (AES), low-energy electron
diffraction (LEED), temperature programmed desorp-
tion (TPD), and ion sputtering. A 15-mm-diamx3-
mm-thick Pt(111) disk, aligned to +0.1' using an x-ray
diffractometer before polishing, was mounted on an

x,y, z, 0 sample manipulator which was liquid-nitrogen
cooled (T;„=115K) and heated by electron bombard-
ment (T,„=1300K). CaF.q windows permitted optical
radiation to propagate through the chamber while
reflecting from the crystal face at near-glancing in-
cidence (8; =87'). The sample was cleaned by oxida-
tion to remove carbon impurities and Ar+ sputtering to
remove Ca and Si impurities, ' ' and routinely moni-
tored using AES. Adsorbed CO layers were character-

ized using LEED, TPD, and Fourier-transform infrared
reflection-absorption spectroscopy (IRRAS). The ob-
served ordered overlayers and TPD features were con-
sistent with those reported in the literature for surfaces
with low ((0.01) defect and step densities. ' ' The
temperature and coverage dependence of the
CO/Pt(111) ir absorption features in the 1800-2200-
cm ' spectral region were in good agreement with pub-
lished data for samples of normal CO isotopic abun-
dance. ' ' ' The Pt sample temperature and CO cover-
age were fixed at 150 K and 0.5 ML for all measure-
ments reported here.

Single-color time-resolved infrared-pump-infrared-
probe measurements were performed using infrared
pulses generated by nonlinear difference frequency mix-

ing of two visible pulses in a LiIO3 crystal. The visi-
ble pulses were derived from two 82-MHz synchronously
pumped dye lasers with pulse durations (FWHM) of 3.5
ps at 15784 cm ' and 3.3 ps at 17889 cm ', amplified
at 20 Hz to energies of 400 and 750 pJ, respectively.
The resultant ir pulses at 2105 cm ' had a measured
bandwidth of 4 cm ' (FWHM) and a temporal dura-
tion of t„=3.8 ps (FWHM measured by autocorrelation
in LiIO3), with average pulse energies of 10 pJ. The
average energy of the p-polarized ir pump beam was
varied from 2.8 to 6.5 p J with attenuators. A fixed frac-
tion of each ir pulse (= 3%) formed the ir probe pulse,
which was optically delayed relative to the pump and po-
larized at 45' with respect to the horizontal surface nor-
mal. The laser pulses are focused onto the crystal with a
30-cm focal-length lens. Pump and probe beams are
parallel but displaced by 1 cm at the lens (beam radii
m=3 mm at this point). The plane of the two beams
bisects the surface at an angle 87' from the surface nor-
mal. Thus, they overlap on the crystal at the focus with
the same angle of incidence (8; =87') and beam waist
(wo=0. 16 mm). Relative intensities of the reflected p
and s components of the probe beam (I~/I, ) were mea-
sured by a pair of InSb detectors with wire-grid polariza-
tion analyzers. In the absence of the pump, this ratio is
denoted (I~/1, )o. In the pump-probe experiment, the
transient optical response P=(I~/I, )/(It, /I, )o was re-
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FIG. 1. Solid line is the Fourier-transform IRRAS of
CO/Pt(111) at 8 0.5 ML and T=150 K (right-hand axis).
Solid circles show IRRAS obtained under the same sample
conditions, but monitoring the p and s components of the pi-
cosecond laser pulse (left-hand axis). The observed 4-cm
width of the 2105-cm top-site absorption is consistent with
the convolution of the 2.0-cm ' Fourier-transform ir (FTIR)
bandwidth and a 3.5-cm ' (FWHM) sample absorption.

corded as a function of the pump-probe delay time, tp
Figure 1 shows a spectrum obtained by recording

(I„/1, )0 as the frequency of the picosecond ir pulses is

tuned across the CO/Pt(111) absorption band. Also
shown in Fig. 1 is the spectrum obtained under identical
conditions by Fourier-transform IRRAS with 2.0-cm
resolution, showing an absorption maximum of
hR/R =7% at 2105 cm ' with a FWHM of 4.0 cm
The picosecond ir spectrum reflects the additional spec-
tral width due to the 4-cm ' bandwidth of the ir pulses.

Figure 2(a) depicts the transient optical response,
S=lnP(tp), when the picosecond radiation is tuned to
2109.4 cm ', 4.4 cm ' higher in frequency than the
Fourier-transform IRRAS maximum. The transient sig-
nal, which corresponds to a pump-induced increase in

reflectivity (bleach), is shown along with the ir pulse au-

tocorrelation. The surface signal S(tp) is significantly
broader in time than the laser autocorrelation function,
G(tp) =sech (1.762tp/t~). In order to extract a numer-

ical value for the vibrational relaxation rate, the data S
were fitted by the convolution of 6 and R, ~here
R(tp) =exp( —tp/r), and a nonlinear least-squares rou-
tine determined the best-fit r. The data were also an-

tisymmetrized (to eliminate coherent pulse coupling ar-
tifacts sometimes observed in one-color pump-probe ex-
periments ) before being fit. Since autocorrelations
were not determined simultaneously with sample decay
data, the sensitivity of the deduced r to uncertainties in

t~ and the position of tD =0 was tested by fitting the data
assuming slightly different values for these parameters.
Analysis of direct and antisymmetrized convolutions for
the data in Fig. 2(a) and six other data sets obtained
from adlayers prepared on different days gave
v=4.9+ 1.6 ps for the mean value and standard devia-
tion (lo) in the best-fit r; the least and greatest of the
fitted r values were r =2.1 and 8.4 ps, respectively.
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FIG. 2. Transient change in reflectivity S lnP as a function
of pump-probe time delay to for CO/Pt(111) at 8 0.5,
T =150 K. (a) Open circles show sample bleaching following
excitation at v 2109.4 cm ' (3.6 tt3). Solid triangles show
null sample response for v 2125 cm ', far from any CO ab-
sorption. Plusses give laser autocorrelation (height is arbi-
trary); the line through points gives the best fit by a sech' laser
profile with t„3.8 ps. (b) Transient decrease in refiectivity
following excitation at v 2100.6 cm

20

Experiments conducted at this frequency on a surface
free of CO, or on a 0.5-ML CO covered surface with the
laser tuned 20 cm ' to higher frequency [see Fig. 2(a)],
did not indicate any transient response greater than
iSi Q.005. These null results lead to two important

conclusions regarding the transient in Fig. 2(a). First,
the signal is not dominated by a pump-induced tempera-
ture jump. Most of the incident 5-pm radiation ab-
sorbed by either clean or CO-covered Pt is absorbed
directly by the substrate. From the optical constants and
heat capacity of Pt, a peak temperature rise h, T =10 K is
calculated for our pump-laser fluence. This h, T should
give a peak transient decrease in reflectivity S=0.005,
decaying on the time scale of about 10Q ps. Second,
the transient is clearly a resonant effect associated with
vibrational excitation of adsorbed CO. The sign and
magnitude of the transient-bleaching signal in Fig. 2(a)
are consistent with the recovery time of a two-level sys-
tem where the excited state corresponds to CO(v=1).
Similar bleaching-decay curves have been observed for
CO modes in metal carbonyl compounds and for
OH stretching modes of alcohol and silanol molecules. '

In those systems, because of anharmonicity, the v=1
states absorb little of the probe, thus causing a bleach
which decays exponentially with the v =1 population de-
cay time, T&. This is the simplest and most likely inter-
pretation of the bleaching transient reported here, i.e.,
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t=Tl-
The deduced value of Ti should be viewed as a prelim-

inary result for several reasons. For the CO/Pt(111)
system there is not a well-tested model for the transient
infrared optical response to short pulses and strong reso-
nant excitation. While the data do not prove that the
response is a simple exponential, the signal-to-noise ratio
(S/N) is not sufficient to observe more complex decay
behavior. Even if the exponential response approxima-
tion is adequate, deconvolution of the sample response
from a laser pulse of approximately the same duration
(4.9 vs 3.8 ps) can be done with complete confidence
only when the S/N is much higher than for the present
data (S/N =10). Implicit in the deconvolution3 is the
assumption of a sample response S linear with laser in-
tensity I. Although the bleaching signal increased with
pump-laser fluence, the variation (2.6-6.5 pJ) does not
severely test the scaling of S with I.

Interpreting the data in Fig. 2(a) as giving Ti
=4.9+ 1.6 ps, one may compare Ti to the ir absorption
spectral bandwidth, to previous T i measurements in oth-
er systems, and to possible damping mechanisms. Our
Fourier-transform IRRAS spectra agree with previous
studies' ' ' showing the low-temperature (&200 K)
bandwidth for c(4x2) top-site CO is hv (FWHM)=3. 5
cm . Using the uncertainty principle for a Lorentzian
band shape jT|=[2zchv(cm ',FWHM)] 'l, this cor-
responds to a decay time of Ti =1.5 ps, which is less
than Ti deduced from our time-resolved measurements.
Apparently there are dephasing processes (including,
perhaps, inhomogeneities) which broaden the spectrum
beyond the Ti width. The value Ti =4.9~1.6 ps is
similar to the decay time for CO on Pt particles ( = 20
A diameter) for which Ti 7+'1 ps for 100& T, (K)
&400. Ti for CO on platinum surfaces is much too

short to be due to multiphonon relaxation to low-

frequency adsorbate modes (e.g. , Pt-CO stretch '6's
v=467 cm ' or Pt-CO bend v=411 cm ') or sub-
strate modes (eD =195 cm '). Relaxation to such
low-frequency modes () 5 quantum relaxation) is
inefficient and has been measured ' to take at least
several hundred ps for CO(v =1) modes of metal car-
bonyl molecules. Vibrational damping due to coupling
with substrate electron-hole pairs has been proposed as a
mechanism to explain the low-temperature bandwidths
for high-frequency modes of adsorbates on metals. '
Energy relaxation by this mechanism is predicted to be
rapid and essentially temperature independent, con-
sistent with our measurements of T i for CO on Pt parti-
cles, and the fast decay for CO/Pt(111).

Figure 2(b) contains data obtained when the laser is
tuned to 2100.6 cm ', 4.4 cm ' below the absorption
maximum. A pump-induced decrease in reflectivity (i.e.,
transient absorption, S &0) is observed on a time scale
comparable to that shown in Fig. 2(a). These data are
suggestive of transient absorption eff'ects observed for

metal carbonyls. In those molecules, optical density
associated with the vl 2 transitions is anharmonically
shifted from the vo i transitions such that for pulses
tuned below vo i, the probe measures transient absorp-
tion due to resonant (vl z) interaction with the U =1
population. A rate-equation model which treats
CO/Pt(111) as a multilevel system, e.g. , CO(t. =0, 1,
2, 3), reproduces both the S ) 0 and S & 0 transients in

Fig. 2, consistent with Ti =5 ps for CQ(v=1), the
known laser parameters, and the vo 1 absorption profile
of CO/Pt(111). However, the model requires the fre-
quency shift between the 0 1 and 1 2 to be hv, =4
cm ', which is smaller than the anharmonic frequency
shift for isolated gas-phase CO (d, v, =27 cm '), but is

within the range reported for strongly coupled anhar-
monic metal carbonyl modes (3.0(hv, ( 12 cm ')."

The small d v, is not readily derived from a simple pic-
ture of dispersion of the modes of the coupled CO oscil-
lators. A model calculation of the dispersion co(k) for
the positively dispersive CO(U =1) band and the CO(v
=2) two-phonon bound states indicates that at the band
center the 1 2 transition is lower in frequency than the
0 1 by hv, 2xM+V2+X /8x~, where xM is the
Morse anharmonicity of a CO bond and X is the coupling
constant between two equivalent CO adsorbates
(xM = 12 cm ' and X=20 cm ' in metal carbonyls ).
At the band edge h, v, =2xM, so that throughout the
band Av, ) 2xM. Therefore the S &0 response in Fig.
2(b), which seems to require d, v, =4 cm, is difficult
to reconcile with this simple model.

A realistic model of the present optical experiments,
which must include CO anharmonicity, CO-CO cou-
pling, exchange dephasing by other modes, electron-
hole-pair damping, strong adsorbate excitation, and delo-
calization within excited-state bands, has not yet been
formulated. Similarly, many aspects of adsorbate-
adsorbate coupling are absent from the models currently
used to interpret vibrational spectral bandwidths. ' ''
For instance, excited-state-excited-state scattering
(known to cause vibrational up-pumping for CO mole-
cules ) and intraband relaxation may influence the
transient spectral response, as could excitation transfer
to naturally occurring ' CO adsorbates or CO in bridge
sites, or excitation trapping by impurities, steps, or de-
fects. Future time-resolved infrared experiments, with
improved time resolution and independent pump and

probe wavelengths, promise to directly address these
questions of the vibrational dynamics of adsorbed layers.
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