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1. Introduction

Femtosecond optical excitation of surfaces creates a unique environment
for molecular adsorbates that can initiate surface chemistry.! Recent ex-
periments along these lines have shown, for example, that nonequilibrium
substrate conditions can play a central role in laser induced desorption.?-8
The use of ultrafast vibrational spectroscopy to resolve the specific states
of molecules is particularly attractive for detailed descriptions of molecular
environments before and after a reaction. Thus far most measurements
of this nature have focused on vibrational energy relaxation of molecules
on surfaces, and have relied on the use of resonant IR pump pulses to create
nonequilibrium populations in specific bonds.>"!3 In these experiments
energy flows from the excited adsorbate to the unperturbed substrate reser-
voirs. An alternate approach to measuring adsorbate-substrate coupling, is
to deposit energy into the substrate and monitor energy flow into and out
of the adsorbate.**4716 It is this method of studying adsorbate vibrational
dynamics, and the particular application to the CO/Cu(111) system, which
forms the subject of this review.

How do simple vibrating molecular adsorbates respond to ultrafast sub-
strate heating? In what ways are IR probes sensitive to these phenomena?
In Sec. 2 we review the basics of IR spectroscopy on metal surfaces, and then
develop a description for the frequency-dependent temporal response of an
-adsorbate, that accounts for variations in adsorbate complex frequency and
population, The formalism enables us to predict the response of the adsor-
bate to various excitations and to compare experimental methods.

In Sec. 3 we describe the metal substrate response to the ultrafast
visible heating pulse. A two-temperature model'” will be reviewed and
discussed in context of the present experiment. The model enables us to
compute the bulk electron temperature and the bulk phonon temperature
following the absorption of energy from the visible pulse. The resulting
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temperature reservoirs will subsequently be coupled to the adsorbate.

The adsorbate responds to rapid changes in the substrate temperature
in various ways. These include variation in IR absorption strength, and
temperature-dependent spectral effects such as the shifting of vibrational
frequencies and line broadening. These latter processes can arise when the
observed high frequency mode is anharmonically coupled to a low frequency
mode. In Sec. 4 we outline an exchange theory which has been successfully
applied to account for the observed temperature-dependent steady-state
response of adsorbed CO. We develop a related description based on a
stochastic Brownian oscillator model to account for our time-resolved stud-
ies. .

Experimental details are described in Sec. 5, and the results and im-
plications of our measurements are discussed in Sec. 6. In particular we
find that at low levels of visible-pulse excitation the spectral variation of
the CO stretch vibration is produced via the heating of the frustrated
translational mode of the adsorbate. The molecular temperature is de-
termined and, interestingly, is found to be greater than the bulk electron
and phonon temperatures over certain time scales. At higher excitations,
deviations from the model are observed. In general, at excitation levels
nearly sufficient for desorption, temperature dependent coupling rates may
arise. Temperature-dependent extensions of the exchange model will be
discussed.

2. Vibrational Response of Surface Adsorbates to Infrared
- Probes

The vibrational response of an adsorbate on a metal surface provides infor-
mation about the orientation, site, temperature, interactions, and number
density of the species. In our experiments we probe the internal stretch
vibration of CO molecularly adsorbed on Cu(111). Since CO adsorbs with
its dipole moment perpendicular to the metal surface and since s-polarized
fields above a conducting surface are suppressed, we will focus our dis-
cussion on reflectivity changes associated with the p-polarized component
of our incident beam. We will further assume that the polarization pro-
duced in the adsorbate monolayer depends linearly on the electric field in
the layer. In general the molecules in the layer interact with one another.
Nevertheless, for most of our discussion we will consider the monolayer to
be a collection of independent damped oscillators.
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‘We shall see that our spectroscopic measurements are particularly sen-
sitive to changes in the molecular lineshape including oscillator frequency
and damping. Changes in magnitude, brought about by variations in ad-
sorbate population or oscillator strength, may also be observed. In this
section we will review the salient features of steady-state IR spectroscopy,
and then we will extend the discussion to encompass time-resolved reflec-
tion measurements. In the process we will consider several approaches to
time-resolved experiments, and the information contained therein. F inally,
we will touch on some of the complications that can arise in time-resolved
experiments on surfaces particularly as a result of temperature-dependent
changes in the underlying bulk material.

2.1. IR Reflection Absorﬁtion Spectroscopy: CW Results

The adsorbate/metal system is often modeled as three adjoined layers. Re-
flection spectroscopy in this case has been treated by several authors,18-20
Here we will summarize the development in Ref. 20. As depicted in Fig. 1,
we consider the adsorbate layer with dielectric constant €3, to be sand-
wiched between two semi-finite layers: vacuum with dielectric constant €,
and metal with dielectric constant ¢;. We are interested in the reflectivity
change of the p-polarized component of the incident IR beam. The eﬂ"ect
of the adsorbate layer is considered weak and is treated as a perturbation.

Generally an incident field of the form,
Eo(t) = & ei(k‘or+wt) ‘ (1)

with wave vector k; and carrier frequency w, impinges on the sample. The
basic plan is to compute the electric field above the surface, thef a.dsorl:ta.te
polarization in the monolayer, and then the field radiated by this p.ola‘uuzw
tion. The field in the monolayer is approximately the sum ?f' the mcxde{lt
and reflected fields just above the metal surface, This dnvfng field will
depend on the incident angle of the IR beam, and the ppolarfzed complex
reflection amplitude, 7, (i.e. Fresnel amplitude). For the particular case of
noninteracting'CO on Cu(111), the z-component of monolayer polarization
perpendicular to the surface is of the form,'®

P, = XLEO(TP + 1)(’“1:/’“1) ) (2)
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Fig. 1. Reflection of the incident IR field Eo(t) = Eoe*(¥*¥+¥%) from the adlayer and
metal substrate is treated with a three layer model. The adsorbate with dielectric con-
stant €3 is sandwiched between the vacuum with dielectric constant £; and the metal
with dielectric constant £3. The field in the monolayer is determined by Eg(t) and the
substrate reflectivity. The total reflected field is the sum of r, Egt and the specular field
reradiated by the induced adlayer polarization.

where x is the CO adlayer susceptibility, r,, is the p-polarized reflectivity
of the metal in the absence of the adlayer, and k); is the ith component
of ky. The reradiated field in the specular direction due to a thin sheet of
polarization P, (Ref. 19) is,

Fuss = (mﬁ"—"-‘-—m) [fﬁkma] . (3)

egky, + £1kg; €3

The total reflected field is simply the sum of the reflected field in the absence
of the monolayer, i.e. E, = rpEy, plus the adsorbate field Eaqs. In the small
signal limit, the differential p-polarized reflectivity is,

AR

& = ~2Im(Gx.), (4)
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where
2

> 87I’k1,k1$ - (5)
; ki, — (k1/k2) k3,
The angular-dependence of the signal is determined by G (Fig. 2). To
a first approximation G can be considered completely real and AR/R is
linearly proportional to the imaginary component of the adsorbate suscep-
tibility. However, for high incident angles (i.e. 89° for Cu) G can be 10%
imaginary [Fig. 2(b)] and therefore AR/R is a mixture of the real and
imaginary components of the adsorbate susceptibility, In our experiments
with Gincident < 85°, G is > 97% real.
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Fig. 2. The function G determines the Biycigent dependence of AR/R, the adlayer
absarption signal. Using optical coefficients of Cu the modulus (a) and argument (b) of
G = |Gle*® were calculated,
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In pump-pmbe experiments, particularly at high fluence, one must be
careful to include all potential changes in G induced by the pump pulse.
These include rapid changes in dielectric constants due to their temper-
ature-dependence, We will consider these effects in more detail in Sec, 2.3.2,

2.2, Time-Resolved IR Probes and the Adsorbate
Vibrational Response

Ultrafast laser pulses that are shorter than the vibrational dephasing times
of condensed phase systems are quite common. For example, spectral
linewidths of vibrational transitions in the steady state are usually narrower
than ca. 20 cm™! corresponding to dephasing times longer than 500 fs. If
vibrational states are caused to undergo changes on time scales less than
500 fs, it is evident that the interplay between the vibrational dephasing
and the dynamical processes of interest must be considered as part of the
interpretation of the experiment. In the particular case of CO on Cu(111)
the free induction decay time, as measured by sum-frequency generation
(Ref. 21) i3 Ty = 2.2 ps, This section addresses some issues related to the
probing of perturbed vibrational transitions using ultrashort pulses. There
are a variety of posgible approaches to obtaining transient IR spectra and
the experimental manifestations of the vibrational dephasing are depen-
dent on the method used. Two extreme approaches used in the study of
IR transients are the conventional pump/probe method (see for example
Refs. 9, 13), which uses short light pulses to pump and probe the sam-
ple, and the quasi-CW method (see for example Refs, 22, 23) which uses
ultrafast gated IR detection. These approaches generally yield different
signals from the same sample so that a comparison of the advantages and
disadvantages of each of them is considered worthwhile.

The simplest approach to calculating time-dependent vibrational spec-
tra is to solve the damped Liouville equations (Bloch equations) for a two
level system with Hamiltonian:

H=Ho +S(t) +V(1), (6)

where Hg is a two-level system with Bohr frequency wyp = wy —wp which in
the present case will be a vibrational frequency. S(t) is a time-dependent
perturbation such as a first-order Stark effect that will usually be slowly
acting compared with V(t), the interaction of the two-level system with an
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electromagnetic field E(t): ie.
V(t) = —uo1 E(t), Q)

where the field magnitude is E(t) = £(t) cos(wt). The system is considered
to be in contact with thermal reservoirs and the relaxation processes are
introduced phenomenologically. '

The Liouville equation for the off-diagonal elements of the density
matrix in the representation of Hy or Hp -+ S(t) is written with a time-
dependent dephasing rate I'(t) as follows:

. i

po = 3 [p, Moy = T(t)evs - (8)
Equation (8) can be integrated {see Appendix A and comments below) to
yield:

—iwyt )
e Lipg(t) = — 5

¢ i '
dtE(ty )e(mmﬂo)(el—t)m‘f(“ drliaSor(r) (7))

e (9)

x

where ASy (1) = :[Soo(r) — S11(7)] represents the time-dependent Stark
shift and Ag; = wp; + w. is the zero-order detuning in the rotating wave
approximation. The parameter I'(t) has a time-dependent part v{7) to ac-
count for any changes in the bath to which the system is coupled, as well as
a time-independent part 4. The t dependence in the ground state popula-
tion ng(t) allows for the effects of the optical field bleaching the population
and the coherence which are not included in (8). Bleaching in this context
means a diminishing of the generated polarization at frequency wy. This
can occur for example when the optical excitation generates a new popula-
tion with no new coherence in the system. Any population in v == 1 of the
CO stretch is ignored, but will be considered later. The ny(t) in Eq. (9)
accounts only for the changes of population arising from light induced des-
orption and not excitation to other vibrational states. The changes in the
propagator in Eq. (9) are initiated by optical excitation of electron hole
pairs in the metal. Since the dephasing time for the electron hole pairs
is extremely short (< 20 f5), there is virtually no contribution to the sig-
nal from IR fields coupling to the system during this excitation process,
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"This is an important condition under which Eq. (9) will be evaluated: It
will be assumed to include only two time orderings: one with the probe
field coupling before, and the other with the probe field coupling after the
externally induced changes in complex frequency. In Sec. 4 a more funda-
mental justification of Eq. (9) is given by means of a stochastic model for
the dynamics. '

The purpose now is to compare two different experimental approaches
to measuring py;{(t) or its spectra. We defer the inclusion of substrate
effects to Sec. 2.2.1 and consider here a sample probed in transmission.
When infrared light pulses are employed in the experiment, the envelope
£(t) is finite and presumably has a width shorter than the dynamics of
interest. On the other hand, with the gating technique the IR field is
quasi-monochromatic and E£{t) = & is effectively a constant over the time
scale of the experiment,

First, the gating technique (9) is considered: The CW or quasi-CW
infrared beam is gated by up- or down-conversion in a nonlinear crystal
after the sample by mixing with a short pulse having field envelope £(t—t,)
centered at the gating or delay time t,. Thus if the signal is small, the
current in the square law photodetector is proportional to:

(E2(t = tg)[€0 + Egen (V)]?) (10)

where Egn(t) (to be distinguished from the complex E,4, which explicitly
accounts for the reflection geometry) is the in-phase part of the IR field
generated at time ¢ by the polarization derived from p(t) given in Eq. (9).
The angle brackets denote time average. Note that if the gating pulse is
very short compared with the relevant dynamics, and if signal is small then
the detected light intensity is given approximately by:

I(ty) x €5 + 2E0Egen(ty) - (11)

It follows that the difference between the signals under pumped and un-
pumped conditions is just proportional to £gen(t,) which is obtainable
directly from Eq, (9) with ¢ = ¢, and £(t) = &. The cosine, or in-phase
part of the generated field enveloped is proportional to Im{pgre**}, 80
for the CW method the field is, apart from constants,

t * )
() =1 {inot) | atre” et (12)
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where we replaced the complex frequency in the exponent of Eq. (9) with
Qo1(7) = (iAo1 + Y0) + 1AS01(7) + (7).

The situation for a pump-probe signal is qualitatively different from
Eq. (12). The relevant part of the generated field is still Im{P(t)e~"**}
which is obtained from Eq. (9) using P = Tr{up} but an explicit form
for £(t) is required. With a filter in front of the detector enabling only
the frequencies near wr to be measured, the signal current is equal to the
product of the Fourier transforms of the probe and generated fields at wp,
In otherwords, the spectrum of the generated field is given by the Fourier
transform of Im{pge~*4*}. The pump/probe signal, apart from constants,
is thus given by:

ar - Egen (wr)E(wF)
7 = -ohe {SmlorlClon)} (13)

where wr is the filter frequency. These quaxtities are easily calculated
numerically for arbitrary pulses and functions S(t) and I'(t), but the basic
properties and limitations for time domain experiments are more clearly
exposed by considering §-function probe pulses as discussed below.

2.3, Discusgion: Model of an Impulsive Perturbation

The analysis described above is readily demonstrated for a specific model
that has applications in surface experiments involving hot electrons. The
sudden alteration in the properties of the electron bath might result in
concomitant changes in the population of the levels of the C-O vibrator
and of the spectral width and shape of the v = 0 to v = 1 transition
that is being probed. As has been discussed previously, the signal at the
C-0, v = 0 = v = 1 transition will exhibit a variation that follows the
rate of change of the population ng(#). If this change were to occur on
the time scale of the pulse width of the light field that is heating the
electrons, it could be seen as essentjally an instantaneous loss of absorption
in our experiment. Such instantaneous changes, could be brought about by
photodesorption or, if the oscillator is sufficiently anharmonic, by electron
induced vibrational excitations. These effects are clearly absent from the
spectra of CO on Cu(111) presented in Sec. 6.

In the present experiments, the spectral shift and broadening brought
about by the initially excited electron gas requires a deeper analysis as
do the effects of population changes without desorption. Suppose the CO
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resonance has a width -y, prior to heating the electrons and that the width
is altered to v, immediately after the elecirons are heated. We also include
the possibility that the detuning is immediately altered from Ayp to Aly.
“Immediately” in this context means faster than could be measured. Delta
function pulses are used to simplify the picture but without loss of the
gsignificant physics. The quasi-CW method yields a spectrum of the form
given by Eq. (12) with no constant, With the conditions of §-function pump
and gating pulses the differential reflectivity signal in the CW experiment
is readily obtained from Eq. (12):

Re{(ﬁl; - ﬁl-;) 1 -—e"“"“]}, (14)

where {ly = iAg; + Y and §}; = iAgy, + 7; are the complex frequencies
before and after heating the electrons. The delay between pump () and
gating (t,) pulses is 74, This result is specifically for 74 = t; —t, > 0.
Prior to 14 = 0, the absorbance or reflectance change is zero. Equa-
tion (14) determines how quickly the new signal can be observed and how
suddenly the original absorbance characterized by {1 can disappear as a re-
sult of the propagation of the complex frequency, Notice that the dynamics
are determined by the new complex frequency.

The pump-probe method, Eq. (13), with selection of a frequency ini-
tially detuned by complex frequency €y from resonance, yields the signal
intensity as follows:

Re{(f:'{"ﬁl'o)enm*’(ﬁ%‘ﬁ%)}» (15)

where the first term is for negative delay times (r4 = probe-pump) and
the second term is exclusively for the situation that the probe arrives
after the pump. The first term of Eq. {15), and hence time-dependence
of these signals, always grows in with time constant determined by the un-
perturbed resonance frequency {2y and the peak signal occurs at zero delay
of pump and probe pulses.

The significant differences between Eqs. (12) and (13) or (14) and (15)
are most readily seen by diagrams representing these processes as shown
in Fig, 3. In each case, the evaluation of the integral in Eq. (9) for delta
function probe and gating pulses requires consideration of three regions.
Region 2 where the probe field couples before the pump and is gated

e e e < = 0
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Fig. 8. Time ordering of the integrals for the impulsive perturbation model. ¢ is
the integration variable and ¢, is the arrival time of the pump pulse. {a) Quasi-CW
method: The delay time, Ty, is measured between the pump-pulse, and tg the time at
which the gate pulse up-converts the IR probe, (b} Pump-Probe method; The delay
time is measured between the pump-pulse and tg., the time at which the IR probe pulse
impinges upon the sample.

(Fig. 3a.2) or detected {Fig. 3b.2) after the pump. Regions 1 and 3 where
the probe field is coupled and gated or detected either before or after the
pump. In the quasi-CW case the integral only extends up to the gating
time. In the pump-probe experiment the detector senses the free induction
decay (FID) radiated starting from the arrival time of the probe (t,,) up to
infinity. Diagrams 3b.1 and 3b.2 correspond to the FID of the unpumped
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“sample being perturbed by the pump at ¢,. In that case, the system propa-
gates with complex frequency £y from £, to ¢, and with complex frequency
ﬂ; from ¢, to ¢’ and the detector response results in an integration over
. In the quasi-CW method the signal begins to change after the pump
arrives,
Consider some qualitative features of the two approaches. The pump
probe signal evolution is always shaped initially by the unpumped vibra-
tional properties in {2, On the contrary, the time-dependence of the quasi-
CW signal is determined by ,~ the new spectrum. Fig, 4(a) shows the
signals expected for the case where the absorption width is suddenly in-
creased. The only effect this increase has on the pump-probe signal is on
its amplitude at zero delay. On the other hand, the CW method yields a
signal growth kinetics that depends on the amount of line broadening that
occurred. In another example, the probe is chosen on resonance with the
unperturbed system and the perturbation causes an instantaneous line shift
Fig. 4(b). Again the pump-probe signal (bleach) grows up to zero delay
in accordance with ™7 and is constant thereafter at a level determined
by the magnitude of the frequency shift. A quite different response is ex-
pected from the quasi-CW method which will exhibit damped oscillations
with period éorresponding to the frequency mismatch. If this shift is suf-
ficiently large enough so that the time resolution is insufficient to isolate
the beats or if the sample is sufficiently inhomogeneous, then an instanta-
neous change in absorbance will be sensed. An example of this effect was
observed in the experiment on the photodissociation of carbon monoxide
from an iron carbonyl.?* On dissociation, the resonance frequency shifts in
about 50 fs from 1951 cm™! to 2135 cm™! without much change in width.
This shift of 184 cm™! corresponds to a beat period of 180 fs which could
not have been resolved in that experiment so an “instantaneous” bleach
signal is observed. An changes of integrated absorption cross-section that
occur as a result of the perturbation must also be included in the evaluation
of the responses, These appear in much the same way as the population
changes in Eq. (9). This is an example where the population kinetics give
a reasonable interpretation of spectral changes.

The comparison shows the advantage of the quasi-CW method when
the experimental objective is to study the change in position or width of
an existing absorption without population changes: the kinetics of the
change can be observed without direct interference from the free induction
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’ decay of existing absorption. For example if an absorption band is in-
stantaneously bleached, perhaps by a photochemical reaction that removes
the species, the observed response is immediate. On the other hand, the
pump-probe method has a clear advantage when the signal is a new ab-
sorption introduced by the pumping process. The pump-probe technique is
capable of tracking processes much faster than the equilibrium dephasing
times when there is no requirement to single out a particular frequency,
i.e. when no filter or monochromator is placed in from of the detector.
Consider a transition having a typical vibrational width of 10 cm™! that is

1 @

Aa

-10 0 10

Aa

Td
Fig. 4. Simulation of the difference between signals expecied for pump-probe (dashed
line) and quasi-CW gated method (solid line). (a) Signals for instantaneous line broad-
ening, in this example 7; = §* 0 and wy = wp. (b) Signals for an instantaneous shift
by 2 cm~! with w, = wg and 71 = 70.
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shifted by 100 cm™!, but whose stationary width is unchanged as a result
of a pumping process. If the shift is essentially immediate the signal at
the new frequency grows in with time constant T = 2.2 ps if a filter is
placed in front of the detector. However, without the filier and detecting
all the frequency components, the signal will track the profile of the probe
pulse. At times much less than the dephasing time the field corresponding
to the new transition is distributed over a broader frequency region, but
the probe pulse itself is by definition spectrally broad enough to detect the
whole absorption on the time scale of the pulse width.

Optical excitation of the surface can lead to a redistribution of popu-
lation amongst the modes of the adsorbate surface complex. We consider
here, the case where the v = 1 state of the CO stretch is populated at the
expense of v = 0, In this case, the generated field consists of additional
contributions corresponding to transitions from v=1tov =0 and v = 2,
Assuming n,(t) is the population in v = 1 at time ¢, the generated field is:

t t
Im{i/ dt’ [n;(t’)e" Joy ratrrar

- O

+ {nu(t) - /: m(?')d'r}e* f“! QM(T)&] } , (18)

with the same notation as in Eq. (12) and where 7, is population relaxation
rate from v = 1 to v == 0, This predicts a part that follows the pump pulse
and a slower response with magnitudes dependent on the difference between
the complex frequencies Qg; and Q5.

Before concluding our discussion of the optical response we will consider
two additional extensions to our model: effects due to a time-dependent
substrate reflectivity, and a manifestation of the exciton nature of the ad-
sorbate stretch vibrational excitation.

2.3.1. Static and Time Variant Substrate Reflectivity

The time-resolved results of the previous section can be incorporated
into the description of reflection absorption spectroscopy from Sec, 2.1. For
the gated CW probe method, we first consider the case of static substrate
optical properties. Introducing a time-dependent adsorbate susceptibility
x(t) the total field can be written,

Eior = 1 Ep[1 + iGx(1)]. (17
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Here, the parameter G accounts for the adsorbate geometry and is defined
by Eq. (5). The time-dependent susceptibility x(t) is obtained by dividing
the adsorbate polarization P(t), by the driving field and can be expressed
in a form similar to Eq. (12),

2 4 _r
x(t) = ittt / dtye™ Ju 2 (18)
h —o0
In the pump/unpump scheme, the differential reflectivity will be,
AR AR
(88) -(59).  =mico-x). 9
pump unpump

Note that when G has a significant imaginary component the signal will be
proportional to a mixture of the imaginary and real components of x(t).
When heated by a visible pulse the dielectric constant of the underlying
metal will change. For example, a change of temperature from 72° K to
275° K produces a 3% change in reflectivity at Ojpcident = 72°. Ultimately
a complete description of the total reflecied field Eyoi(t) = Ep(t) + Eads(t)
must account for the time variance of both the substrate optical properties
and the adsorbate layer polarization. We will estimate the effect of changes
in substrate reflectivity below. Following the development of Sec. 2.2 we
assume a small time-dependent component to the reflectivity amplitude,

rp(t) = 15[l + ((8)} - (20)

Using the wave vectors k; and k; for the field in vacuum and in metal
respectively, the time-dependence of the substrate optical response can be
deseribed in terms of a fractional change _s_%(g in complex kg, i.e.

=[R2 Shae) _ [2K3k2kn (28, — D)) kalt) )
Tp ak2 kg kﬂz(kgkfz e ki‘k;,) kg ’

The adlayer polarization P, = NTr{up}, can be calculated as in Sec. 2.3,
with the time evolution of p obtained from the integrated Liouville Eq.
(9), with the driving field,

E(t) = Eo(t){1+rpl1 +¢(2)]} % . (22)

Two different aspects of the reflection geometry which are combined
in the function G have different time-dependences. One factor which relates
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the incident field, Eyg, to the driving field, E,, must be convoluted with the
a:dsorbate response. The other factor which relates the adsorbate polariza-
tion to the specularly reradiated field is considered to have an instantaneous
effect on the reradiated field. These two factors must therefore be treated

) §8parately in considering a time-dependent substrate optical response. We
introduce the function H(t) to relate the adsorbate polarization to the spec-
ularly reradiated field. E can be written,

Eu(t) = rp{1 + ()] [Eo +iH()P,(8)], (23)
where
2
10 = 1+ o) { et} (24)
and '
L[ REE-2kE) ] 6k(t)
n(t)—[kzz(kgku—ékzz)] Pt (25)

In Eq, (24) we have accounted for the change in dielectric constants of the
metal through #(t), which is the same order of magnitude as {(t). From
Eq. (23) one can see that the leading contribution to Eyo due to changes in
substrate reflectivity is ((t)rpEo. This term does not involve the adsorbate
polarization. The terms which modulate the adsorbate polarization are at
least an order of magnitude smaller. Keeping only the ((t)r,Eo term, the
total reflected field can be written,

Eiov = 1pEo[1 + ((t) +iGx(t)]. (26)

For a pump/unpump scheme the difference signal will be,
AR AR .
(%) -(5). =meicw+iaan-x). @
pump unpump

The magnitude of the effect due to temperature-dependent substrate optical
Properties can be estimated by tuning the probe laser far from the CO
Stretch resonance, measuring ((t) directly. In our low fluence experiments
(Faps = 0.09 mJ/cm?) we have not observed any changes in reflectivity
far off resonance. However in the case of CO on Pt(111) the changes in
'substrate reflectivity were the same size as the differential signals induced
in the adsorbate absorption.!®
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2.3.2. Ezcitonic Nature of the Oscillators

The exciton nature of the adsorbed CO oscillators has several possible
effects not included in a two-level single oscillator description. Most no-
tably, population of the first excited state does not have a simple bleach
signature. Instead, the fundamental adsorption can shift linearly with the
population of the first excited state and overtone or two-phonon bound state
absorptions may occur.?® Some of these effects have been observed exper-
imentally. In the case of CO on Pt(111) time-resolved spectra of the CO
stretch revealed a shifting absorption following resonant IR excitation.!?

" The results were interpreted with a model for strongly coupled anharmonic

oscillators. For H on Si(111) a localized two-phonon bound state absorption
was observed.28 The nature of adsorbate excitations can therefore be both
collective and phonon-like or localized on single molecules. In the present
measurements however, the expected excitation of the CO stretch remains
below 1% (see Sec. 4.3) and we are not sensitive to these phenomena.

3. Response of the Bulk to Ultrashort Pulse Heating

The dynamics of adsorbates becomes particularly interesting when ultra-
short laser pulses are used to excite the underlying substrate. This is be-
cause, on very short time scales, it is possible to excite the pure electronic
degrees of the solid before energy can be substantially exchanged with the
phonon degrees of freedom of the solid. Eventually, we expect the elec-
tron and phonon temperature reservoirs to equilibrate, however just after
excitation a unique environment can be created for the molecule in which
the substrate electron and phonon temperatures are vastly different. These
conditions cannot be achieved through conventional thermal heating pro-
cesses.

In the present paper we are concerned with the variation of adsorbate
vibrational spectra just after substrate excitation. This response will
depend on the coupling between the adsorbate vibrations and the near
surface bulk phonon and electronic excitations. The population of the
adsorbate-like modes induced by these bulk excitations will depend on the
temperature of the respective substrate reservoirs. We briefly review the
conventional wisdom!727-34 regarding these temperature variations.

The initial interaction of the substrate with the visible electromagnetic
field produces a hot electron-hole plasma. This highly nonequilibrium dis-
tribution of electrons and holes will thermalize in less than a picosecond.
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For some metals such as Au, this thermalization time can be as long as
600 fs (Ref. 34), however for Cu this time is estimated to be about 70 fs
(Ref. 5). Our pulses of # 300 fs duration enable us to treat this electronic
thermalization as essentially instantaneous. Once the electrons have ther-

malized, the cooling problem can be considered in the context of a classical

heat flow model first suggested by Anisimov.}” In this model the cooling
of electrons occurs via energy transfer to the phonons through electron-

phonon collisions and via heat conduction away from the surface. These

equilibration processes are fast, but before the two reservoirs thermalize,
the electrons can reach peak temperatures much greater than those of the
phonons. The coupled differential equations that describe these processes
are as follows:

C,(Te}% = V(£ VT,) ~ g(T. — T1) + S(z, 1), (28)
oT,
Ciogp = =911~ T.). (29)

Here, a source term S{z,t) accounts for the initial deposition of heat by
the light pulse, and is assumed to interact with the electrons only. The
electrons have a heat capacity C, = +T,, and are subject to thermal diffu-
sion characterized by k., and energy loss to the phonons at a rate g. The
phonons, with heat capacity €}, relax towards thé electronic reservoir tem-
perature also with rate g. Diffusion of energy through phonon mechanisms
is negligible on these time scales and is ignored here.

The problem can be treated in three dimensions. In our experiments
however, the beam waists of ~ 100 um were > 10 times the optical skin
depth and electron diffusion length. In this case the temperatures can be
considered homogeneous in the plane of the crystal surface and the diffu-
sion problem is effectively one-dimensional. Using the appropriate bound-
ary conditions we have solved these equations numerically for our system
parameters (see Fig. 5). For a fluence absorbed of Fyp, = 0.09 mJ/cm? the

electrons have a temperature rise §7, = 305 K, which decays in ~ 1 ps pri--

marily through heat diffusion, The phonon temperature by contrast rises
more gradually by 67} = 7 K. Since the diffusion of heat away from the
surface, temperature is dominated by the electrons, T, 'drops slightly below
T; and both temperatures return to 95 K in < 1 ns.
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Fig. 5. Time evolution of the electron (dashed line), phonon (dot-dashed line}, and
adsorbate (solid line) temperatures at the surface of the Cu substrate for an average
fluence absorbed of Fype = 0.087 mJ/cm?®. Inset: Same plot on an expanded vertical
scale, Note, the adsorbate temperature was obtained using the best estimates for electron
and phonon coupling rates 7. and v (see text for details).

The adsorbate excitation and temperature profiles are calculated by con-
voluting a response function with T, and T} profiles. Errors in the substrate
temperatures will lead to errors in our estimated adsorbate-substrate cou-
pling rates. The accuracy of the parameters used in this problem therefore
need to be considered. The best measurements for the Cu electron-phonon
coupling parameter g have been derived from transient reflectivity measure-
ments of thin Cu films where the effect of diffusion is minimized %3233
For polycrystalline Cu this value is g = 1 x 10'7 W/m*K. Grain bound-
aries are believed to enhance the electron-phonon scattering process, so
that single crystals might be expected to have smaller values of g. For
Au, a comparison of polycrystalline films to single crystal thin films has
been made and the single crystal g was 10-20% smaller thaa the polycrys-
talline sample.?® The diffusion constant x,, has been treated in different
ways, both as temperature-dependent and temperature-independent. Here
we have assumed the temperature-dependence arises from a Sommerfield
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 model®* of the form,
Ke = Keg (TC/TI) ' (30)

The Sommerfield model does not however account for the static temper-
ature-dependence that has been observed in Cu.%® C, and C; on the other
hand are fairly well determined experimentally from 100° to 900° K
(Ref. 35). Our analysis is most susceptible to changes in g. A deviation
in x changes the effective penetration depth of the visible heat source but
does not greatly change the over all shape of the curves, A change of the
electron-phonon coupling constant g, however, proportionally changes the
decay rate of the electron temperature and thus produces an error in the
determination of the coupling rates of the adsorbate to these reservoirs.

4. Coupling of Harmonic Qscillators to Electrons, Phonons,
‘and Other Vibrations

The vibrational states of the adsorbate/surface complex are amenable to
study by infrared spectroscopy, Therefore some understanding of the force
field for the CO-metal unit is needed in order to establish a description
of the observed traasitions in the infrared. Of primary importance to the
dynainics of energy flow within this unit is some notion of the anharmonic
coupling between the various adsorbate-like modes and the coupling be-
tween metal-like phonons or electrons and these adsorbate modes, Table 1
lists the frequencies for the four principal modes that involve motion of
the carbonyl group. There are also calculations of these frequencies®® that
lend support to the experimental mode assignments. Some knowledge of the
spectroscopic parameters can be gleaned from studies of metal carbonyls,?”
however there is very little experimental information on the anharmonic
coupling between the various CO-adsorbate modes.

While in general a harmonic oscillator in contact with a large number of
other modes will interact with each of the modes separately, some assump-
tions about these couplings permit simplifications and make the system
amenable for study. For example, if the other modes interact strongly with
each other, but weakly and similar strength to the oscillator, then the sys-
tem can be described using a single average coupling rate of the oscillator
to the collective bath of modes. Such a description can be extended to
include explicit anharmonic couplings, both adiabatic and nonadiabatic,
with specific bath modes that couple preferentially to the oscillator, In
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particular for our experiment in which we probe the CQ stretch vibration,
the low frequency adsorbate-like modes are included explicitly, and the
metal substrate is described by electronic and vibrational baths, In this
section we will outline the expected response of the C-Q stretch resulting
from these possible interactions with the substrate. '

4.1. General Theory of a Harmonic Oscillator Coupled to a
Temperature Reservoir

We start by reminding the reader of the manner by which a harmounic oscil-
lator couples to a stochastic temperature reservoir. In particular we would
like to derive a differential equation relating the temperature of an oscillator
to the temperatures of the reservoirs. In our case there are two reservoirs
{i.e. bulk electron and phonon) whose temperatures vary in different ways
before equilibrating (Sec. 3). When an oscillator with average energy U,
characterized by a temperature T,y (in the Bose-Einstein sense), is placed
in contact with a thermal reservoir at temperature T, energy is exchanged
until the oscillator acquires the reservoir temperature Tg. For a harmonic
oscillator the time evolution of this process can be calculated explicitly
and, with some reasonable assumptions has a very simple form. The calcu-
lation depends only on the oscillator frequency, the average occupation of
elementary excitations in the reservoir at the oscillator frequency, and the
rate - associated with the population relaxation between the lowest two
oscillator energy levels in the presence of the reservoir. For this model, ¥
is temperature-independent and the elementary ezcitations in the temper-
ature reservoirs are bosons. By considering the energy flow or population
transfer in and out of the sth level of a harmonic oscillator (Fig. 6) we can
write the rate of change in occupation probability of the ith level, p; as
follows:

pi = PimiWisyi — (Wi + Wia) + piaWiga,i (31)

Here W, ; is the rate of population transfer from the level to the j level.
We can simply calculate the rate change of the average occupation number
fi =Y ip;, using 2 = 3 1p;. For a harmonic oscillator with a linear coupling
to a bath at temperature T,

Wi,i+l = nr’Y(i + 1)‘ (32)
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Wit = (ne + )y(i + 1), (33)

where n, = 7(T,), is the average occupation number for an oscillator in
equilibrium with the harmonic bath. Substituting Eq. (32) and Eq. (33) for
p; in Eq. (31) we find that # is,

i = ’7‘{% Zizpi—a - (2n, +1) Zizﬂﬁ +(n, +1) Zizpi-ﬂ
i ¥ i

-.n,.z:'p.'-l— {n, + I)Zip,'.n} . {34)
i i
The sums can all be rewritten in terms of 7, po, and ¥, i%p;, which when
collected, yield the simple expression,
fi = y(n, —a). {35)

In the high temperature limit, Eq. (35) reduces to the form below since

— 1
R = RTReT I

Tmc = YTy = Toue) - (36)
i+1
W’i#li Ws‘.ﬂ-l
i
W Wi
i1

Flg. 6. Energy flow between the ith level and the nearest levels, i — 1 and s -+ 1. The
individual rates W, ,n sssociated with the arrows are described in the text,

In our case the oscillator can couple to phonons or electron-hole fluctua-
tions in the bulk. The occupation of both classes of elementary excitations
are described by Bose distributions at the appropriate electron or phonon
reservoir temperatures T, and T} respectively. If we assumed the couplings

et
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afe independent of each other, then the energy flow in and out of the os-
cillator equals the sum of the interactions with the two baths and Eq. (35)
can be extended to read,

i = % (M(Te) - #) + n(A(T)) — 7). (37)

In reaching Eq. (37) we have assumed that there are no off diagonal
density matrix elements induced by interactions with the bath, and that
the coupling to the bath is linear in the oscillator coordinate,

Table 1.
o o v
1 C o - 0 -
Modes C 1 C C~
] i O 0
w 2074 em™} 330 < 60 281
Ye 1-2 ps (9.2) 6.3 (0.8)
7 (> 1000 ps) (9.7 6.0 (6.0)

The normal modes of an adsorbed CO molecule. IRAS and EELS studies yield the
frequencies of the C-O stretch,’857 The Cu-CO stretch7'5® and the frustrated ro-
tation (FR).3"'3% Though not measured for the Cu(111) surface, inelastic helium
scattering studies determined the frustrated translation (FT) frequency for CO
on Cu(100)(wpr = 34 cm™!} [Ref. 15}, Ni(111)(wpr = 60 cm™') [Ref. 50} and
Pt{(111)}{wpr = 60 cm™!) [Ref. 50]. An upper limit of 60 cm~! therefore seems
reasonable for this mode. Relaxation rates of the C-O stretch mode were deter-
mined using ultrafast IR experiments for CO on Pt(111) {Ref. 9] and CO on Cu(100)
[Ref. 13]. These results can be transfered with reasonable accuracy to CO on Cu{l11)
[Ref. 14]. Calculations (Bracketed values) from Ref. 53 for T = 150 K were used
where experimental values were not available,

4.2. Coupling Through Low Frequency Modes

The temperature-dependence of vibrational bands in polyatomic molecules
is generally understood to arise from anharmonic coupling.*® The molecular
nuclear motions are coupled to each other and also to the bath modes.
This situation permits any particular vibrational frequency to be modulated
by the bath fluctuations and hence yield line-shifting and line-broadening
phenomena. What is required to shift a high frequency transition is a low
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frequency mode, whose occupation number is significant. The magnitude
of the temperature shift or broadening will then depend on the size of
the anbarmonic coupling between the high and low frequency modes. The
theory that describes this situation is termed exchange theory.3®3° In the
present context, we prefer to regard the dynamics in terms of Brownian
oscillator models, 3940

The simplest type of vibrational dynamics consists of an oscillator,
representing say a diatomic molecule, coupled to a bath. In this case,
the temperature-dependent spectral shifts are caused by the changes
in molecular potential that arise because of coupling to the motions of
molecules in the bath.’® When some modes of the bath are efficiently
anharmonically coupled to the oscillator, the spectral properties of the
oscillator may be described by its coupling to these modes only. The fluc-
tuating forces due to the remaining solvent modes will then cause these
coupled modes to have a stochastic behavior and hence the diatomic oscil-
lator spectra become dependent on the correlation functions of these other
modes. This Brownian oscillator model?! would seem to have obvious util-
ity in surface dynamics involving high frequency modes of the adsorbate,
such as the CO stretch of a top site structure on a metal surface.®® In such
a case, the other modes of the top site structure (these are described in
Table 1) are expected to be coupled to the stretch mode and also to the
electron~phonon bath of bulk and surface states of the metal. Thus an
attractive model for the temperature-dependence of the vibrational spec-
trum is that these bulk reservoirs cause stochastic modulation of the lower
frequency modes of the adsorbate unit and that the relevant spectroscopic
properties of higher frequency modes are obtained in terms of correlation
functions of the lower frequency mode displacements,

In considering the relaxation of the CO stretch, in accordance with the
discussion above, we treat the adsorbate modes as stochastically modu-
lated displacements, ;. These few modes are considered to be Brownian
oscillators satisfying Langevin equations of the type:

4
50 (% \ 5. 1020, = £
Qm(m)o,w@ TR A (38)

having frequencies {1;, reduced masses y; and damping rates ;. Here
F(t) is a stochastically fluctuating force and @Q; is used as a mass weighted
coordinate Q? = pz?. Because of the existence of anharmonic coupling
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between the CQ stretch and the §; modes, the CO frequency and thus
the density matrix elements pp; will be modulated. This is readily seen by
considering the potential wells for the low frequency €; coordinate motion,
Fig. 7. The anharmonic coupling usually causes the frequency §; to be
lower when the CO stretch is excited than if it is not. The actual CO
gtretch detuning frequency is Ap1(@;) = we {@;) -+ wy which for a single
Brownian mode, @, is given by:

B0i(Q) = Ao + (¢/W)Q?, (39)

v=1:CO
wQ
@(0)

>
-

Q

Fig. 7. Anharmonic coupling between the CO stretch and a low frequency ascil-
lator @; will modulate the frequencies of both modes, The frequency {l; of the
coordinate Q; oscillator is determined by the width of the potential wells. The frequency
w{Q;) of the CO stretch mode is determined by the separation of the two potential sur-
faces. As (%) increases, the average stretch frequency decrease. Using a stochastic
Brownian oscillator model the temperature-dependence of the frequency shift can be

" obtained explicitly (see text).

where { = %(Qg ~ 1?) is a measure of the anharmonic coupling; £, is the
Brownian oscillator frequency in state v of the CO stretch. The pure case
density matrix, ¢, for the CO stretch now contains a stochastic frequency:
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dgy = ~ {ion + 7 + i%Q’(t)} ao1 . (40)

Such a stochastic equation has the following solution (Ref. 39) for the
ensemble average po; = (o1 ),

Pox(t) = po1(0)

-i[ametf f) a0 (@) =vot— & [ dtr [ dta (@)@} (i ~ta)) }
(41)

X

or alternatively,

poy = ~{ilAg + &(t)] + Ta' +¥()}oor, (42)

where ¥ is the population relaxation time of the CO-stretch resulting from
other mechanisms, 6(¢) = §(Q%()) and 7(t) = & [ a1 ({(Q2(1)Q*(t ~t1))).
This result provides the propagator for the density matrix, such that in the
presence of an IR driving field pg; (¢}, is given by Eq. (9).

From Eq. (42) it is seen that the mean value (Q*(t)) determines the
shift of the stretching mode and the cumulant average ((Q%(t1)Q%(t: —t2)))
determines the temperature-dependent dephasing width of the transition,
These averages of @ are readily obtained (Refs. 39, 40, 42) from the so-
lutions to the Langevin equation with the assumption that the fluctuating
force has no memory and there is no coupling between the parts due to
electrons and nuclei, i.e.

(F(0)F(t2)) = 2v/uaksT 0 §(t1 — t2). (43)

The shift and width parameters that are obtained depend on the value
of 2,/7i/a, but for the present purpose we assume the oscillator is strongly
overdamped since it is then straightforward to obtain the needed high tem-
perature results in terms of the relaxation time of the Brownian oscillator,
B =9%/i/a. In general the temperature of the bath, T in Eq. (42) will
have a time dependence. However, here we consider the case in which varia-
tions of the bath temperature are slow compared with g, i.e. 5%—‘-2 < BT(1).
The interaction of a harmonic oscillator with a harmonic bath whose tem-
perature is rapidly varying was previously presented in Sec. 4.1, In the fast
modulation limit (Bt 3 1) and small % 25{, the line shift and line broad-
ening can be written in terms of the bath temperature, since (Q?) = %‘;;7:;
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8§(T) = 6Q(ksT/hQ), (44)
¥(T) = (&(T))*/B, (45)

where 80 =~ (/9 is the change in the Brownian oscillator frequency on
excitation of the CO stretch. When :}-:5%51, becomes comparable to 4 a
more exact form of the line shift propagator in Eq. (9) is (Ref. 39):

§(t) = 6QU ke T/HY)28 / ' dt, T (1) )e~ 2Pt (46)

where 7i(t) is the Bose-Einstein occupation of the oscillator. These results
describe a very simple situation depicted in Fig. 7. Excitation of the CO
stretching mode from v = 0 to v = 1 generates a distribution of nuclear
positions and velocities in the new Brownian oscillator well. The dynamics
giving rise to the width and frequency changes corresponds to the evolution
of this distribution into one governed by the properties of the new surface
(dashed line in Fig. 8). This time-dependence is an experimental observable
which, along with the effects of an underdamped oscillator coupled to the
bath, is a subject of our current research.4? In the overdamped limit this
time evolution corresponds to a Kubo-like correlation function®?; that is,
a Gaussian decay at short times which tends to an exponential in the fast
modulation limit or long time averaging. Clearly the oscillators in Table 1
that have been observed as well defined transitions are by definition not
overdamped. It is therefore necessary to go further with the theory.

4.3. Direct Electronic Ezxcitation and Dephasing Processes

In considering the effects of a visible heating pulse, we need also to dis-
cuss vibrational excitation and dephasing of the absorbed CO via direct
interaction with the excited substrate modes. A variety of optical driven
processes are possible. If localized optical excitations of CO (such as b to
27 transition) were possible, the adsorbate would gain vibrational energy
by quenching of the electronic excitations.**~*7 The energy of the incident
photons however, precludes this mechanism in the present experiments.
Direct coupling of either nascent or thermal electron hole pairs with the
adsorbed CO can occur as the excited carriers scatter in and out of the
partially occupied 2r* orbital.*®4? These interactions can in general io-
duce either excited state populations or dephase the oscillators. The energy
transfer rate between the C-O stretch and substrate electron hole pairs is
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Fig. 8. Fractional population of the v = 1 state of the CO'stretch as a function of time.
Shown here is the induced population resulting from heating the Cu{111) substrate with
a pulse of 300 f5 duration and adsorbed fluence of Fape = 0.09 mJ/cm3. The calculation
18 described in the text.

known to be ~ 1.2 ps (Ref. 9, 13, 21). Thus, by using the rate Eq. (35) for
a harmonic oscillator from Sec. 2.2 and the calculated substrate tempera-
ture profiles, the population induced by thermal electrons can be estimated
{Fig. 8). Coupling to nascent electrons will occur only for the duration of
the-visible pulse with decay of the effect again governed by the T} time,
The time scale for the different direct interactions between the CO stretch
motion and the substrate electrons is limited by the decay time for T, and
adsorbate relaxation T} time. Signatures in the COQ stretch spectra such as
line broadening due to electronic dephasing or population induced decreases
of absorption strength and spectral shifts, should therefore also appear and
decay on these time scales. '
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5. Experimental Techniques
5.1, Basic Plan of Ezperiments

The experiment incorporates ultrafast visible, and tunable IR pulses with
ultrahigh vacuum {(UHV) technologies. Regarding the laser aspect of the
experiment it is necessary to generate short < 1 ps visible pulses and a
narrow band, continuously tunable, infrared source, For our experiment,
different frequency generation involving two visible pulsed lasers, one tun-
able, was used to produce the quasi-CW IR source. The resulting IR pulses
possess peak powers of ~ 1 kW facilitating an up-conversion detection
scheme which would not be feasible using a true CW IR source. The
pulse duration necessary to separate electronic and surface temperatures
varies from metal to metal according to the physical parameters discussed
in Sec. 3. For platinum which has a relatively fast electron-phonon equili-
bration time, a 300 fs pulse will create a temperature difference ratio of four
between the electrons and the phonons. In this section, the laser system
will be described and the UHV diagnostics and sample conditions will be
reviewed.

5.2. Laser System

A schematic of the apparatus is shown in Fig, 9. At the heart of the laser
system!4%123 is a mode-locked Nd:YLF master oscillator, which delivers
pulses of 70 ps in duration at a 76 MHz repetition rate. These pulses are
frequency doubled in a heated LBO crystal yielding 1.8 W of the 527 nm
radiation. The up-converted light is used to synchronously pump two dye
lasers, and 500 mW of the remaining fundamental radiation {(i.e. 1.053 pm)
seeds a Nd:YLF regenerative amplifier. One of the dye lasers with a hy-
brid mode-locked dispersion compensated design uses Rhodamine 590 as a
gain medium and a 2/3 mixed solution of DODCI/DQOCI as a saturable
absorber to generate 200 fs pulses at 590 nm. The other dye laser operates
with a single jet, a 3-plate birefringent filter and an intercavity etalon in
the cavity, producing narrow band (1 cm~!), tunable (580-610 nm}, 30 ps
pulses. The 1 kHz doubled output of the regenerative amplifier (1 mJ,
60 ps, 527 nm) provides pump energy for a series of dye amplifiers. The
dye amplification cells, arranged in two stage pairs, with pump energy ratios
of 20%-80% for the first and second stages respectively, use Rhodamine 610
with water as a gain medium and are pumped collinearly. The femtosecond
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Fig. 9. Schematic of the a
pparatus, FS DYE LASER, synchronousl i
3 y pumped hybrid
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SPDP et ye lager (p}xlsag ~ 30 ps); PDA, pulsed dye amplifier cells; ¥, spectral filter:
> silicon photodiode; L, lens; WGP, wire grid polarizer; P, polarizer; LEED low:
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pu'lses are amplified by a set of dye cells with 500 uJ total pump power,
using a copropagating first stage and counter-propagating second stage.
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The picosecond pulses are amplified by the other set of amplifiers with
100 uJ total pump power, and both stages copropagating.

The resulting femtosecond pulses (4 uJ, 300 fs) are then gplit into pump
and gating pulses, while the amplified picosecond pulses (3 uJ, 30 ps),
are down-converted by difference-frequency geneyation in a 1 cm LilO3
crystal with 200uJ of the remaining doubled regenerative amplifier output.
Tunable (1800-2100 cm ') quasi-CW, 10 nJ infrared pulses with a spectral
full width of 1 cm™! are produced.

The pump visible pulses and probe IR pulses were made collinear and
using a 2f focusing relay introduced into a UHV chamber containing the
Cu(111) crystal sample. The visible pump pulses are p-polarized, and
the IR beam polarization was adjusted to be 70% p-polarized and 30%
s-polarized. For low fluence experiments, at an incident angle of 85°, beam
waists of 90 pm and 176 um for visible and IR respectively, were used to
generate a fluence absorbed of Fans = 0.09 mJ/cm?. The higher fluence
experiments were accomplished at lower incidence angle (78°) with both
beam waists ~ 180 um. The resulting absorbed fluence ranged from 0.1 to
0.5 mJ/cm?,

Time-resolved detection is accomplished by different frequency mixing
of the IR beam reflected off the sample with the optically delayed visible
gating pulses in LilO3 crystals. A wire grid polarizer is used to separate the
p-polarized and s-polarized components of the IR beam. Subsequent up-
conversion of these components in separate LilOj crystals produces pairs of
visible pulses (~ 675 nm) which are detected by two sets of matched pho-
todiodes, amplifiers, and spectral filters. Since the adsorbed CO stretch
vibrations only absorb energy from the p-polarized IR field, the s-polarized
reflected beam provides a useful reference signal for normalization on every
laser shot. Timing and overlap of the pulses are independently checked by
examination of the transient reflectivity signal from a silicon wafer located
underneath the Cu on the same sample manipulator. Finally, gated am-
plifiers are employed to acquire and ratio of p- and s-polarized transient
reflectivity signals on a shot-by-shot basis,

5.3. Vacuum System (Including Details About Desorption)

The UHV chamber that houses the Cu(111) crystal sample utilizes a
dual level chamber design.?' The upper level contains an ion gun and
basic surface diagnostics including LEED, AUGER, and quadrupole mass
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; spect;rometry. The bottom level consists of a ring of view ports spaced by
~ 3:0 , s?mfa of which are CaFy, for carrying out optical measurements with
various incident angle geometries. Besides laser spectroscopy, the optical

level is also used for reflection absorption infrared speciroscopy using a

FTIR spectrometer.

A clean ordered Cu(111) surface is obtained by cycles of sputtering at
450 C and flash anneal to 600 C. The level of carbon, the major surface con-
taminant, as determined by Auger, is kept at less than 3% of a monolayer.
Be dosing with 3L of CO at 95 K, aud annealing to 125 K, subsequent cool-
ing to 95 K produces an ordered overlayer with a (v/3 x v/3) R30° pattern
as confirmed by both LEED and FTIR linewidth measurements.

Important to the study of desorption is the threshold level of substraie
exf:itation above which the desorption process occurs. We have determined
t‘hl'S level using both SHG and IR absorption as time-resolved coverage sen-
sitive probes. SHG from the Cu(111) surface provides information about
?he CO coverage (Fig. 10). Prybyla et al. were able to monitor desorption
induced by 100 fsec 640 nm pulses using an SHG probe.® Although our
observed SHG was not a linear function of coverage as in Ref, § (presum-
ably due to the diffetence in laser frequency), we were able to place limits

SHG signal (arb. units)

2.0 - 0.2 0.4 0.8 0.8 1.0 1.2
Exposure (L)

fI; ig. ‘10. Variation of surface SHG signal (at 295 nm) from a Cu(111) surface as a
nction of CO coverage (1 L = 1 x 1078 Torr 5). The arrow designates the exposure
for the (\/5 X V3 ) R30° ordered overlayer where the transient heating measurements
were performed, .
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on the desorption threshold. With a (V3 x V3) R30° CO adlayer using
the 590 nm visible pulse both as pump and SHG probe, we increased the
fiuence absorbed looking for deviations from the expected I(2w) = al*(w)
dependence. At fluence levels which cause the molecules to desorb, the
SHG signal changes in the direction of the undosed value. An upper limit
of 2.5 mJ/cm? adsorbed fluence for the desorption threshold can be es-
tablished from these measurements. Differential reflectivity also provides
information about CO coverage. By observing where the signal strength
decreases with an increase in fluence, a lower limit of 0.5 mJ/cm? absorbed
fluence, for the desorption threshold can be placed. Combining the tran-
sient IR probe results and the SHG results suggest that the threshold lies
between 0.5 mJ/cm? < Fape < 2.5 mJ/cm?.

6. Results and Discussion

In the general description of the infrared response developed in Sec. 2, we
found that the physics of the relaxation phenomena is contained in the time
variation of the complex frequency AS(t,tp) and the population ng(t). As
mentioned above, at very high fluences there may be population in v =1
which will complicate matters, but the experiments and calculations show
this is minimal as discussed later. In principle, any theoretical model explic-
itly relating substrate evolution to the complex frequency and population
can be tested. A priori there exist many possible effects. In this section,
we will use the analysis developed in Sec. 2, along with experimental data
to discuss possible substrate—adsorbate interactions outlines in Sec. 4.
The data of Fig. 11 depicts the general features of our differential re-
flectivity measurements as a function of probe IR frequency. Taken at
a fixed time delay of 3.5 ps between the pump and the gate pulses, the
data is characteristic of a shifting Lorentzian absorption. Note that the
shift is a fraction of the linewidth, and since the feature is roughly sym-
metric we anticipate that the linewidth and integrated absorption remain
roughly constant. Hence, explanations which involve a loss of adsorbers by
mechanisms such as diffusion, desorption or dissociation appear unlikely
from the outset. Frequency scans taken at longer relative delay times
show that the feature remains basically the same with a decreased am-
plitude. Our conclusions are similar to those obtained in the other visible
pump/IR probe experiments by Germer et al. for CO on Pt(111) [Ref. 15]

and Cu(100) [Ref. 16].
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Fig. 11. Difference reflectivity signal as a function of the IR probe frequency. The data
were taken at a time delay of 3.5 ps with Fy,, = 0.4 mJ/cm®. The derivative shape is
characteristic of a shifted Lorentzian that often arises in temperature dependent studies
of vibrational line-shapes. Similar spectra were obtained at F,p, = 0.087 mJ/cm?,

6.1. Low Fluence: Fups = 0.09 mJ/cm?

The mechanisms brought out in Sec. 4, provide testable models for the
observed dynamics. In Fig. 12 we exhibit measured transient reflectivity
with the probe laser tuned off resonance by 1.5 cm™? to the higher energy
side of the 2073.5 cm™! resonance, We see that the signal rises, peaks
at ~ 3 ps, and then exponentially decays with a characteristic time of
~ 3 ps returning to a plateau ~ 40% the peak value. These features clearly
rule out direct excitation of the CO stretch by either nascent or thermal
electrons, Direct excitation by nascent electrons would occur during the
300 fs visible pulse duration. The new population would subsequently de-
cay with the CO stretch 7y time of ~ 1-2 ps. Neither the signal growth
kinetics, the 3 ps decay nor the plateau can be accounted for with such a
scenario. The magnitude of the signal due to thermal population of the
CO stretch can be estimated with Eq. (35). At the current fluence levels,
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the # = 1 C-O mode obtains a peak population of 1z10™%. Multiplying
this change in population times the 5% static absorption places an up-
per limit on the signal strength at 521078, about 1210~ smaller than the
signal we observe. Instantaneous dephasing processes involving substrate
electron hole pairs would cause line broadening. As evident in the model
for an impulsive perturbation [Eq. (14) and Fig. 4] an instantaneous line
broadening would grow in with the new T3 dephasing time which, by as-
sumption, would be extremely short. The smoothness of the rising edge
data in Fig. 12(b) rules out the existence of any fast components in the
new absorption at current signal to noise levels.

One simple model remains, whereby the CO internal stretch is anhar-
monically coupled to a lower frequency surface adsorbate mode, as de-
scribed in Sec. 4.2. We have performed static FTIR measurements as a
function of substrate temperature to confirm that this model adequately

5
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0.000
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-0.001
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Fig. 12. (a) Rise of the fractional difference reflectivity signal (4 R/R) at 2075 cm~! as
a function of time after the visible heating pulse. The solid line is the best-fit to the data
using the anharmonic coupling model discussed in the text with our best estimates for

the low frequency reservoir coupling rates, . = 167 GHz and 71 = 145 GHz. (b} Time

evolution of the fractional difference reflectivity signal over full time range. The solid
line is the same fit as in {(a).

T
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Fig. 12, (Continued)

describes the temperature-dependent complex frequency shift over a limited
range of temperatures 95° K ~ 125° K (Fig. 13(a)). For example, within
this temperature range the measured CO stretch lineshift varies linearly
according to wyo = [2078.4 — 0.052 « T'| cm™'. This variation indicates we
are in the high temperature limit of the exchange theory. That is, the low
frequency mode has an energy level separation considerably less than the
thermal energy at 100 K. Since the frequencies of the frustrated rotation
(wrgr ~ 281 cm™!) and the Cu-CO stretch (wou-co ~ 330 cm™!) are too
high to account for the FTIR data, the frustrated translation with a theo-
retically expected frequency < 100 cm™! is proposed to be the dephasing
mode. This assignment is also supported by studies of atop bound CO
on Pt(111) [Refs. 50, 51], and Cu(100) [Ref. 15], Ru(100) [Ref. 52]. In all
these examples the frustrated translation dephases and shifts the frequency
of the stretch mode, Separate line broadening measurements were consis-
tent with the lineshift measurements. Equation [13(b)] predicts a quadratic
high temperature limit for the dephasing rate (linewidth) of the CO-stretch
transition and we modeled v(T") accordingly obtaining a best quadratic fit
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HT) = (4.85 + 0.0000657%) cm ™.

We have analyzed the data of Fig. 12 using the anharmonic coupling
model. The temperature variation of the low frequency oscillator (Fig. 5),
was determined using Eq. (37), and the complex frequency of the CO

. stretch mode was obtained from the parameters derived from FTIR data.

Relating the features of the experimental data to the substrate tempera
tures, the phonon temperature profile seems an unlikely candidate as.the
sole driving force of the adsorbate response. If the electronic temperature

1074
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Wavenumber

2072

80 100 110 120 130

Temperature (K)
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5.54

Wavenumber

5.42

s.30
8 10 12 “ 16"

(Thousands)
Temperature? (K)

Fig. 18. Temperature dependence of the CO stretch complex frequency, obtained from
Lorentzian fits to FTIR spectra. The solid lines are best-fits to the data (circles) using
the stochastic Brownian oscillator model described in the text: (a) center frequency
wi0(T), and (b) linewidth v19(T?). ‘
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is responsible for the peak feature in the adsorbate response then something
delays the peak by 2 ps. This delay can again be understood by using the
model of an impulsive perturbation discussed in Sec. 2.3. From Eq. (14)
and Fig. 4(b), one can see that for an instantaneous shift in frequency, a
new absorption grows in with the inverse of the new linewidth. In the ex-
periment, the temporal profile of the frequency shift, following Toe, must
be convoluted with time variant complex frequency to obtain the measured
optical response [see Eq. (12)]. For small frequency shifts, and small de-
tunings the new signal will grow in with a response time of vo ~ 2.2 ps
and hence the signal measured peaks roughly 2 ps after the peak adsorbate
temperature.

Fits of the data using Eq. (12) reveal that couplings to both electrons
and phonons are present. Our best estimates® for the low frequency reser-
voir coupling rates, 7. = 167(24) GHz and v = 145(52) GHz, give the solid
lines shown in Fig. 12, and give the adsorbate temperature variation shown
in Fig. 5 (see solid line), The effects of finite laser spot sizes®, and finite
pulse durations® were measurable, and were explicitly included in these fits.
We note that 7, is not as well determined as .. The error in 7, was obtained
using . and its error, along with the measured exponential decay rate (and
its error) for data after 4 ps. The signal in this time regime is expected
to decay exponentially at a rate of approximately the sum of 7. and .

As noted in Sec. 3, the expected response is sensitive to the assumed
electron-phonon coupling constant g. In fact we have found that our mea-
surements can only be fit when g is in the range 0.5-2.0 x 10'” W/mK.
Therefore we use the value of 1.0 x 10'7 W/m?K reported by Ref. 28.
The mesasurements clearly reveal that a low frequency vibrational mode,
presumably the frustrated translational mode, couples to both electron
and phonon bulk temperature reservoirs on a time scale of 5 ps. These
times are of the same order of magnitude as recent temperature-dependent
theoretical predictions for electron and phonon coupling to the frustrated
translational mode of CO on Cu(100) [Ref. 53] and to the experimental
results for CO on Cu(100) [Ref. 16].

ACurrent investigations of the wavelength and fluence dependence of the cm:lpling rates
e, and v, indicate that the quoted values may require slight revision. This work will
be published soon. )
YFor our spot sizes, the peak fluence is 4 X the average fluence. To account for this, we
convoluted Eq. (12) with the appropriate gaussian weighted distribution of fluences,
“Equation (12) was convoluted with a 300 fs gaussian pulse.
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Up to now the analysis has presumed a single CO molecule on an infinite
copper surface. The actual adsorbate structure is a (v3 x v/3) R30° or-
dered overlayer. There is therefore a band of levels characterized by exciton
wave vectors {k}. The bandwidth is determined by interactions between
the dipoles created by oscillations of the CO bond. The infrared probe
absorption involves only the levels at k ~ 0. Such a pin cushion array of
dipoles is well-known to yield a negative coupling constant for each pair of
molecules and hence an inverted band, with k = 0 at the top, This picture
is consistent with IRRAS studies of isotopic mixtures of CO on Cu(111)
[Ref. 54]. The measured nearest neighbor coupling energy of 40 cm™! cor-
responds to a characteristic period of 415 fs for the damped oscillatory
motion of the probability that the vibrational excitation will remain on
any given molecule. Since the relaxation time of the mode is 1.2 ps it may
be safely assumed that the vibrational excitations are not completely lo-
calized by the coupling to the surface. However, when the excitation does
jump to another site during the relaxation time the argument used here to
describe the spectral changes would be unaffected if the sites were identical,
The motion corresponding to the frustrated translation does not generate
a dipole perpendicular to the surface, thus the bandwidth in this case is
expected to be small and these excitations will be immobilized on the time
scales of their coupling to the bath.

Before considering the system response to higher levels of excitation it
is worthwhile to review the limitations of our model. The model assumes
temperature-independent coupling rates, and essentially extrapolates static
FTIR data obtained at ~ 100° K to temperatures (albeit transient tem-
peratures} in considerable excess of these values. The model treats the
frustrated translation as an ideal harmonic oscillator, ignoring anharmonic-
ities that may be important at high temperatures. The possible effects of
other low lying vibrational modes, particulatly of surface waves that may
couple to or be involved in the frustrated translation motion are not incor-
porated and need to be considered in more detail. On the other hand, the
data clearly indicate that the model is a good starting point by which to
understand these phenomena at low levels of substrate excitation.

6.2. Higher Fluence: Temperature-Dependent Relazation

At sufficiently high levels of substrate excitation, the severe electron tem-
peratures induce the CO molecules to desorb. A model involving desorption
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Fig. 14. Differential reflectivity on the high frequency side of the CO stretch resonance
for Fype = 0.75 ml/cm?®, The dashed line is the model prediction using the lower fluence

coupling rates,
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induced by maultiple electronic transitions (DIMET) has been developed to
explain the highly nonlinear yields which charactetize femtosecond desorp-
tion processes experimentally observed for CO on Cu(111) [Ref. 5], NO on
Pd(111) [Refs. 2, 3], O; on Pt(111) [Ref. 55] and 0, on Pd(111) [Ref. 8].
In addition, studies of the vibrational states of desorbed NO molecules re-
veal that the NO stretch is vibrationally excited upon leaving the surface.!
Generally, as adsorbed molecules acquire energies nearly sufficient for des-
orption, anharmonic couplings between the diffgrent adsorbate modes play
an increased role in energy transfer processes. Approximations of the adsor-
bate vibrations as uncoupled oscillators become less valid and low excitation
coupling rates and models may not be applicable.

The data of Fig. 14 depicts the time evolution of the differential reflec-
tivity on the high frequency side of the CO stretch vibration t:or Fobe ~
0.75 mJ/cm?. The dashed line shows the preliminary prediction of the
model using the low fluence coupling rates. As can be seen, the decay of
the data is considerably faster (~ 2x) than the model prediction and the
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plateau is lower at about 20% the peak value. A comparison of these re-
sults with recent calculations of Tully and coworkers®® is worthwhile. Us-
ing molecular dynamics calculations which incorporate electronic friction
they predict temperature-dependent coupling rates for the CO/Cu(100)
system. They find that the FR coupling to the electron bath is much
faster than that of the FT at low temperature: As the temperature is
raised, the two rates become more comparable, although the coupling to
the FR remains larger at all temperatures. For example, the products of
the electron coupling rate constants and the Boltzman factors for the’ FR
and FT remain within a factor of three over the whole temperature range
of the calculation, 10-450 K. That calculation also predicts that the ef-
fective electron coupling to the FT, as measured by the foregoing product
will increase almost linearly with T whereas the FR coupling is closer to
quadratic. This suggests that at still higher T" the FR might be more im-
portant than the FT. However, if the FR and FT were anharmonically cou-
pled to the CO stretch to any reasonable extent, then exchange theory used
with the calculated rate constants would predict a nonlinear contribution to
the shift vs 7" curve by the FR., For the temperature range studied the ob-
served shift was quite linear, as shown in Fig. 13, indicating that the coupled
mode is in the high T limit. Another important prediction of this calcula-
tion is that the FT mode is very anharmonic, of course in our analysis it
was assumed to be harmonic.

A more serious caveat associated with the comparison of our results to
these calculations is that they refer to situations where the entire system
is in equilibrium, whereas our results are produced in a situation where
the adsorbate modes, the electrons, and the phonons are at different tem-
peratures. In order to make a comparison between theory and experiment
one must identify what combination of these temperatures determine the
coupling rates. For example, the increased coupling that appears to occur
when the fluence is raised may arise from changes in the bath, and not
from changes in the adsorbate nuclear configuration. However if this was
the case, the latter stages of the relaxation, after the substrate had cooled
rapidly (and nonexponentially!) to its low fluence temperature maximum,
would be expected to be the same for all fluences. This is not what is ob-
served, It seems unlikely that the small increases in the quasi-equilibrated
bath temperature (i.e. after ca. 2 ps but before conventional diffusion equi-
librates the surface and the bulk) resulting from the increases in fluence
could be the cause of the observed effects.
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Alternatively, the rates may be determined by the different adsorbate-
like mode temperatures. After the peak of the signal, the bath is equi-
librated at some slightly elevated temperature (67, ~ 87, ~ +5 K for
Fubs = 0.09 mJ/cm?) but the adsorbate FT is hot (6Tpr ~ +25 K) as
shown in Fig. 5. At higher fluence the FT temperature at the signal peak
may reach as high as 200 K above the substrate temperature. The other
adsorbate modes will similarly have elevated temperatures causing the ad-
sorbate structure to be much more severly shifted from equilibrium at higher
fluences. It is possible that this could produce a sufficient alteration of the
electronic structure so that the coupling to the substrate would be substan-
tially increased. To make a quantitative evaluations of such effects more
detailed knowledge about the adsorbate modes are needed. Systematic
studies of the excitation-dependence of the low frequency mode coupling
rates, however should provide a clearer picture of the complex development
of vibrational excitation in CO as it approaches the desorption threshold.

7. Conclusion

In this contribution we have discussed a novel way to measure the coupling
rate of the frustrated translation vibration to the substrate electrons and
phonons. The three low frequency adsorbate-like modes, are at frequen-
¢ies as yet not amenable to direct IR time-resolved spectroscopy. However,
their couplings to the substrate are of much interest, particularly because
they are the modes which, when sufficiently excited, lead to desorption.
The CO stretch mode, with A ~ 5 um, is the only vibration to be di-
rectly monitored by ultrafast IR spectroscopy this far. The experimental
method we have described, exploits the frequency shift of the stretch vi-
bration induced by the frustrated translation mode. By monitoring the
temperature of the frustrated translation, via the stretch frequency shift,
ultrafast measurements of the relaxation of a sub 100 cm™! vibration were
obtained. Applications of this technique may have some utility in studies
of other processes which shift adsorbate frequencies. A variety of other
surface properties are known to shift the vibrational frequency of an adsor-
bate, including; coverage, the presence of coadsorbed species, binding sites
and surface reconstructions to cite a few examples. Combining the novel
environment created by femtosecond visible excitation of surfaces with the
detailed mode specific descriptions of IR spectroscopy, much can be learned
about ultrafast surface photoprocesses.

v —
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Appendix A

For a Hamiltonian involving a time-dependent stark shift we integrate the
following Liouville equation, '

bos = £1p, Hlor ~ Toa(t)por (47)

The Hamiltonian is of the form;

(B 0 Sooft) O 0 V(@)
m=(5 0) (% svo) (i o) @

where V() = —un E(t) cos(th),ka.nd S5:(t) is the time-dependent stark
shift of the jth state. Writing out the commutator explicitly, Eq. (47) can
be expressed, )

por +a(lpo = F ARV (1), (49)
where a(t) = i{wo + ASo1(t)} + [(t), ASoi(t) = (1/R){Soo(t) — S11(t)},
and Ap = pgo — p11. The response of the system to a driving field can be
realized by multiplying Eq. (49) by

a(t) = u(to)edn (50)
and noting that
w02 4 u(tla(tlons = Slulthpo]. (51)

For our purposes, the small signal approximation is valid and we can use
Ap(t) = ng. It is then straight forward to obtain .

o ult) | dmg Y, u(ti)
por(t) = po1 ) + T/h) dtx';(';TV(tl). (52)
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By taking t; — —oo the first term goes to zero. Putting in explicit forms
of ﬂu(t) and V(t) and taking the rotating wave approximation, we arrive at

. 1 : H
ey (t) = _i‘,‘.‘%ﬁ& / dtiE(tr)e f‘} e, (53)
- KD g

where Qo1 (t) = i(w + woi + ASar(t)) + I'(¢).

For processes (such as desorption) which deplete ng, without creating a

new coherence at wr, po1(t) can be described by Eq. (9) which is Eq. (53)
with a time-dependent instantaneous population ng(t). In general, the
transferred coherence should also be considered,
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