20. Techniques for Ultrafast Spectroscopy
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Ultrafast Spectroscopy

In this chapter we discuss commonly used ultrafast spectroscopic
techniques, how they are implemented, and what they can be used to meas-
ure. The list of techniques in this chapter is not intended to be exhaustive,
but rather to give the reader a feel for the methods that are used most fre-
quently. Specific applications of these techniques and discussions of more
advanced techniques can be found in subsequent chapters.

Time-Resolved Fluorescence Spectroscopy

Probably the simplest ultrafast experiment involves exciting a sample
with a pulse of light and monitoring its incoherent emission of light as a
function of time. Ultrafast pulses are most useful for such an experiment
when the emission time scale is longer than the pulse duration by anywhere
from one to several orders of magnitude. Based on this criterion, ultrafast
pulses are useful for monitoring fluorescence from atoms or molecules,
which generally has a lifetime in the range of a few picoseconds to a few
nanoseconds. Luminescence from semiconductors, metals, and other solid-
state materials also can occur on time scales that are appropriate for this tech-
nique.

In a typical time-resolved fluorescence experiment (Fig. 20.1),[1, 2]
a solution of a molecule of interest is held in a square cuvette. A low con-
centration is employed to prevent reabsorption of the fluorescence by unex-
cited molecules. A train of excitation pulses enters the cuvette normal to one
of its faces. The polarization of the excitation pulses is usually vertical. The
spacing between the pulses must be at least several times the fluorescence
lifetime so that virtually no molecules are in the excited state when any pulse
arrives. A typical Ti:sapphire laser has a repetition rate on the order of 80
MHz, corresponding to an interpulse delay time of 12.5 ns. Thus, for mole-
cules with fluorescence lifetimes that are greater than approximately 4 ns, it
is necessary to use a pulse picker to lower the effective repetition rate of ex-
citation. It may also be necessary to flow the sample if, for instance, the
molecules have a long-lived triplet state or can undergo an irreversible reac-
tion from the excited state.
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Fluorescence is collected from another face of the cuvette that is per-
pendicular to the input face. The collected light often passes through a polar-
izer, and may also pass through a monochromator before being collected by a
high-efficiency detector. In the most complete experiment it is therefore pos-
sible to determine the fluorescence intensity as a function of wavelength, po-
larization, and time following excitation. As we will see, such data can pro-
vide a considerable amount of information about the dynamics of the mole-
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Fig. 20.1. Schematic of a typical time-resolved fluorescence
setup. The excitation light is polarized vertically, and the detec-
tion polarization is controlled with an adjustable polarizer in the
collection path. The monochromator is used to determine the
range of wavelengths over which fluorescence is collected.

The most commonly used method for time-resolving fluorescence
decays is time-correlated single-photon counting.[3, 4] In this technique a
highly sensitive, fast detector called a microchannel plate photomultiplier is
used to detect single fluorescence photons. A small portion of each excita-
tion pulse is picked off and sent to a photodiode to create an electronic signal
that represents zero delay time. The arrival times of photons are measured
electronically relative to this “start” pulse. For this technique to work well, it
is crucial that at most one fluorescence photon be collected per excitation
pulse. To ensure that this criterion is met, low enough excitation powers are
employed that one photon is collected for every hundred or even every thou-
sand laser pulses.

One of the advantages of time-correlated single-photon counting is
that it is a completely electronic technique, and so it is relatively straightfor-
ward to implement. However, by the same token, as an electronic technique
it offers only limited time resolution, typically on the order of tens to hun-
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dreds of picoseconds. In addition, the low intensities required to ensure that
at most one photon is detected per excitation pulse limit the rate of data ac-
quisition.

An alternative detection technique is fluorescence upconversion.[5,
6] In this technique the timing of fluorescence is measured optically. The
fluorescence is directed to a nonlinear crystal where it is mixed with a por-
tion of the output of the excitation laser, which is known as the “gate” pulse.
Light is then detected at the sum of the excitation and fluorescence frequen-
cies. The decay of the fluorescence is determined by scanning the gate pulse
relative to the excitation pulse. Because the gate pulse has the same duration
as the excitation pulse, superb time resolution can be achieved. So long as
the laser pulses are short enough and the nonlinear crystal is thin enough, it is
possible to attain time resolutions on the order of 100 fs.

The sum-frequency generation process works best when there are
many fluorescence photons. This means that in highly fluorescent samples
the data acquisition rate can be fast, but conversely in weakly fluorescent
samples data collection is slow. To achieve the best possible time and fre-
guency resolution, thin nonlinear crystals must be employed. However, such
crystals decrease the magnitude of the upconversion signal. The alignment
of the optics for fluorescence upconversion can also be considerably trickier
than for time-correlated single-photon counting.

The intrinsic radiative lifetime of molecules, 1., is generally on the
order of nanoseconds to tens of nanoseconds. The radiative rate constant, ki,
is the inverse of t,. In most molecules there are competing, non-radiative
processes that remove population from the excited state. Such non-radiative
processes can include, but are not limited to, intersystem crossing to a triplet
state, internal conversion to a different singlet state, electron transfer, and
other photochemical reactions. If all of these processes are unimolecular
(such their rates depend only upon the excited-state population), then the
fluorescence intensity as a function of time after excitation is given by:

I, (t)ec kal exp[ (k +ka,)] (20.1)

where the ky; are the rate constants for all of the competing non-radiative
processes and [E]o is the initial concentration of excited-state molecules.
Note that the observed radiative lifetime is given by:

r obs ™ (k + z knr |) : (202)

Thus, while the fluorescence emission often decays exponentially in time, the
observed radiative decay time may vary considerably from the intrinsic value
of ..

The leading term on the right side of Eq. (20.1) is the ratio of the ra-
diative decay rate to the total decay rate of the excited state, which is also
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equivalent to the fraction of molecules that fluoresce after being excited. As
a result, this fraction is known as the fluorescence quantum yield, which is
often denoted ®;. Note that the denominator in @ is equal to the observed
radiative rate constant. This means that if the total emitted fluorescence in-
tensity and [E], can be determined, it is possible to back out the intrinsic ra-
diative rate constant from the time-resolved fluorescence decay. Determin-
ing I;(t) requires knowing parameters such as the total solid angle over which
fluorescence is collected and the efficiency of the detection system. [E], can
be determined from knowledge of the absorption cross section of the mole-
cules at the excitation wavelength, the intensity of the excitation, and the vol-
ume of the sample from which fluorescence is collected. Due to the inherent
uncertainty in determining @y, it is challenging (but not impossible) to deter-
mine t, with high accuracy from time-resolved fluorescence decays. Once T,
is known it is possible to glean information about the rates of non-radiative
decay processes in the system as well.

The time dependence of the detected fluorescence can also be af-
fected by the reorientation of molecules. Recall that the excitation light is
generally vertically polarized. The normalized probability distribution of
excited molecules is then P(8,) sin do do = (3/47)cos’0 sind do do, where
0 is the angle that the excitation transition dipole of the molecule makes with
the vertical axis. The polarization of the detected light is in the y-z plane. It
can then be shown that for our initial distribution of excited molecules, the
relative intensity detected at zero delay time with the polarizer set at a par-
ticular angle y to the z axis is given by:[7]

10, 7)= %(1+ 2c0s ) . (20.3)

At long enough delay times the orientational distribution of excited mole-
cules becomes isotropic, i.e. P(6,¢) sin6 d6 de = (1/4w) sin6 d6 de. We find
in this limit that

1t >> rm,z)%exp(—t/ Trops) (20.4)

where 1, is the orientational correlation time of the molecules. Note that, as
should be expected, this result does not depend on 7.

Two important special cases of detection polarization are vertical
(which, since the excitation polarization is vertical, is denoted as || or VV) and
horizontal (which is denoted L or VH). In the former case, according to Eq.
(20.3) the relative intensity at zero time is given by 1;(0) = 3/5. In the latter
case, the relative intensity at zero time is given by 1,(0) = 1/5. Thus, orienta-
tional diffusion will cause I(t)/exp(-t/t,qps) to decay from an initial relative
value of 3/5 to one of 1/3 at long time and similarly will cause I, (t)/ exp(-
t/tr00s) 10 increase from an initial relative value of 1/5 to one of 1/3 at long
times. Under most circumstances, including that of isotropic orientational
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diffusion, the changes in I;(t)/exp(-t/tos) and 1. (t)/ exp(-t/tqps) are mono-
tonic.

It is convenient to define a time-dependent quantity r(t) that is
known as the fluorescence anisotropy:

L(©)-1.()
r(t)= el
1,(t)+21,(t)
Note that because r(t) is a ratio of intensities, the exp(-t/t, o) term is divided
out. The decay of the fluorescence anisotropy is a direct measure of the ori-
entational correlation time(s) of the molecules. In the simplest case, in which
molecules reorient isotropically with a single orientational diffusion constant,
r(t) will decay exponentially with time constant t,,. Molecules that have ani-
sotropic diffusion tensors can exhibit multi-exponential decays, and even
greater complexity is added when the transition dipole moment is not parallel
to one of the principal axes of the diffusion tensor.

Note that Eq. (20.5) predicts that r(0) should take on a value of 0.4.
However, the initial anisotropy is often observed to take on values smaller
than 0.4. There are many possible sources for this reduction in r(0). For in-
stance, depending on how the fluorescence decay is time resolved, the time
resolution can be as short as the length of the pulses employed or as long as
tens to hundreds of picoseconds. Any dynamic processes that occur on a
time scale that is faster than the resolution of the apparatus will lower the
apparent initial value of r(t). As another example, in the above derivation we
assumed that the excitation and emission transition dipoles are identical.
However, they need not be, and if they are not at least parallel to one another
then r(0) will take on a value less than 0.4.[7]

Whereas r(t) makes it possible to study reorientation while removing
the effects of lifetime decay, it is also desirable to be able to do the converse,
i.e. to measure the lifetime decay without any influence from the reorienta-
tion of molecules. This goal can be accomplished by choosing a polarization
angle y such that 1(0,x) = 1(t>>to)/exp(-t/trops). Inspection of Egs. (20.3)
and (20.4) shows that this condition is met when cos®y = 1/3, in which case y
=54.7°. By setting the detection polarizer to this “magic angle” it is possible
to isolate the lifetime contribution of the fluorescence decay.

In the above discussion of the decay of the time-resolved fluores-
cence signal, we have assumed that the light was collected across the entire
fluorescence spectrum. If the fluorescence is instead collected over a small
range of wavelengths, the observed decay may not be exponential or even
monotonic. Furthermore, the shape of the decay depends on the set of wave-
lengths being monitored. In other words, the fluorescence spectrum can
change both shape and position as a function of time after excitation.

(20.5)
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Fig. 20.2. The source of time-dependent fluorescence spectra in
solution. The solvent is initially in equilibrium with the ground-
state fluorophores. The excitation process (upward arrow)is es-
sentially instantaneous, after which the solvent readjusts to the
excited-state species, simultaneously stabilizing the excited state
and destabilizing the ground state. As a result, fluorescence
(down arrow) red shifts as a function of time after excitation un-
til the solvent has equilibrated about the excited state.

One potential cause for the time-dependence of the fluorescence
spectrum is the existence of more than one fluorescent state of a molecule,
which can arise, for instance, from multiple excited-state structures. How-
ever, this phenomenon is generally observed even in molecules with a single
fluorescent state due to the dynamics of the surrounding solvent (Fig. 20.2).
When the fluorophores are initially in the ground state, the solvent has equili-
brated itself around them. Electronic excitation changes properties of the
fluorophores such as the dipole moment, the polarizability, and even the
shape and size. As a result, immediately following excitation the solvent
structure is not equilibrated to the new properties of the solute. As the sol-
vent adjusts itself to accommodate the excited-state solute, the energy of the
solute is lowered. The more the solvent structure adjusts itself to accommo-
date the excited solute, the farther it is from a structure that stabilizes a
ground-state solute. Thus, while the excited state is being stabilized the
ground state is being destabilized, and as a result the fluorescence spectrum
shifts to the red as a function of time after excitation until such time as the
excited state has been fully stabilized. If the “solvation potentials” in the
ground and excited states differ in their curvature, then the width of the fluo-
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rescence spectrum may change as a function of time after excitation as well.
Probing such solvation dynamics is a common application of time-resolved
fluorescence spectroscopy.[8-11]

Pump/Probe Spectroscopy

We now turn to nonlinear ultrafast spectroscopies,[12] the simplest
of which is pump/probe spectroscopy.[13, 14] The basic idea of this tech-
nique is that one ultrafast pulse (the pump) is used to affect a system of inter-
est and a second pulse (the probe), which arrives at a variable delay time, is
used to probe how the system has been altered by the pump pulse. The two
pulses can come from the same laser from different lasers. In the latter case
the pulses can be of different colors, providing added flexibility but increased
experimental complexity. The probe pulse can interrogate the time depend-
ence of a pump-induced change in the sample’s absorption, stimulated emis-
sion, refractive index, reflectivity, or some combination of all of four.

A typical pump/probe experimental setup is shown in Fig. 20.3. The
output of an ultrafast laser is divided into an intense pump beam and a
weaker probe beam using a beam splitter. One of the beams traverses a com-
puter-controlled delay line to control the timing between the pulses. The
beams may also pass through additional optics to control intensity and/or
polarization. The beams usually are made parallel and then pass through
symmetrical positions on the opposite sides of the center of a single lens that
focuses them into the sample. The probe beam may pass through one or
more spatial filters and/or a monochromator following the sample, after
which it is incident on a slow detector. Data collection involves monitoring
the probe beam intensity as a function of the delay time between the pump
and probe pulses. To improve the signal-to-noise ratio of the experiment, the
pump beam can be chopped and the detector can be connected to a lock-in
amplifier that is referenced to the chopping frequency. Alternatively, the
pump and probe beams can both be chopped at different frequencies, and the
lock-in can be referenced to the sum or the difference of the chopping fre-
guencies.

DL

BS Pump 1

—_— 7/

N\

N Probe

Fig. 20.3. Schematic of a typical experimental setup for
pump/probe spectroscopy. BS = beam splitter, DL = delay line.
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We begin by considering changes in absorption and/or stimulated
emission. In most cases, the atoms or molecules under study begin in their
electronic ground states (Fig. 20.4). Absorption will be strong at wave-
lengths that correspond to allowed transitions between these grounds states
and excited states. After the pump pulse induces absorption, three effects
influence the transmission of the probe beam. First, there is a depletion in
the ground-state population, which decreases absorption. Second, there is
now excited-state population that can be stimulated back down to the ground
state, causing gain in the probe pulse if it is at the appropriate wavelength.
Third, the excited-state population can also be driven to higher excited states
if the probe pulse is in resonance with allowed excited-state/excited-state
transitions. Which of these effects play an important role in pump/probe
spectroscopy depend both on the dynamics of the molecule and on the excita-
tion and probe wavelengths.

(a) (b)
000000 —— 000000
i
000000 ©00000
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Fig. 20.4. Energy-level scheme for transient absorption spec-
troscopy. (a) All of the population begins in the ground elec-
tronic state. (b) The pump pulse transfers some population to
an excited electronic state, leading to a bleach in the ground-
state absorption, stimulated emission from the electronic excited
state, and absorption from the electronic excited state to higher
excited states.

Let’s take a look at the effect of the reduction in the ground-state
population on the transmission of the probe beam. The absorbance A of a
sample is given by

A=a(d)e,l | (20.6)

where a()) is the absorption coefficient at the probe wavelength A, cg is the
concentration of ground-state species, and ¢ is the path length. The pump
pulse decreases the initial concentration of ground-state species, C’gs by
Acgs(t), where 7 is the delay time; note that for low to moderate pump inten-
sities, we expect that Acg(0) oc lpump. We will assume that for positive delay
times the concentration of ground-state molecules recovers exponentially
with time constant g, S0 that
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Cye(r > 0)=c, — Ac,, exp(— 7/ rgs) : (20.7)
The transmitted intensity is then given by
1, (2,72 0)=1,(2)expl- a(2)|cS, - Ac, expl-7/7,, )|
= Io(ﬂ)exp(a(l)cgsf) . (208)

X exp{a(/’t)ACgsf exp(— tl z-gs >}

If we now assume that o(A)Acys! « 1, we find
l,(1,7>0)
(4,7 <0)

In other words, the fractional increase in probe transmission due to the
ground-state bleach is given by

Algsb(/l,r)

1(2)

The “hole” in the ground state therefore results in an increase in transmission
that decays exponentially with time constant t4 as population returns to the
ground state.

Stimulated emission similarly depends upon the change in the ex-
cited-state population induced by the pump pulse, Ace. Note that in the sim-
plest case Acgs = ACes, but if other states (such as triplets) are involved then
these quantities will not be equal. By logic analogous to the above, the frac-
tional increase in probe transmission due to stimulated emission is given by

Alse(ﬂ, Z') B g
BAOR =a_(A)Ac, Lexp(-7/z,) (20.11)

where T is the excited-state lifetime and o is analogous to the absorption
coefficient.

While the ground-state bleach and stimulated emission serve to in-
crease the probe transmission, absorption between excited states decreases
the transmission. In this case we find that

Alea(ﬂ,r)

1,(2)

where ., is the absorption coefficient for excited-state absorption.
Putting all of these pieces together we find that the pump/probe sig-
nal is given by

S(r, /1) oc f{a(/l)ACgs exp(— z'/rgs)
+ [ase (/1) -, (/I)]AceS exp(— tlt, )}

=1+ a(2)Aclexpl-7/7,,). (20.9)

— a(A)Ac texpl-7/z,). (20.10)

=—a, (A)Ac Lexp(-7/7,,) , (20.12)

(20.13)
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Of course, the decay dynamics can be considerably more complex than de-
picted here, due both to the involvement of other states and to effects such as
the solvation dynamics discussed above. Shown in Fig. 20.5 is a schematic
depiction of the appearance of a transient absorption spectrum from a pump-
probe experiment in which all three of the above contributions are identified.

AOD (a.u.)

350 400 450 500 550 600
Wavelength (nm)

Fig. 20.5. Schematic depiction of a transient absorption spec-
trum. The solid line represents the total spectrum, the dotted
line represents the absorption bleach component, the dashed line
represents the stimulated emission component, and the dashed-
and-dotted line represents excited-state absorption.

In addition to information concerning the dynamics of electronic
states, pump/probe experiments can also be used to monitor vibrational dy-
namics. Consider a molecule for which there are two vibronic levels in the
excited state, |e;> and |e,>, that are within the bandwidth of the pump pulse
(Fig. 20.6). The pump pulse can then create a coherence between these two
states that evolves at frequency my = [E(e;) — E(e1)]/A, imposing oscillations
on the signal at this frequency. The decay rate of the oscillations can be re-
lated to the rate of vibrational dephasing.

Polarization can also play an important role in pump/probe spectros-
copy. All of the polarization tricks discussed above for time-resolved fluo-
rescence spectroscopy can also be used in pump/probe spectroscopy. For
instance, decays in which the pump and probe beams have the same polariza-
tion can be combined with decays in which they have orthogonal polariza-
tions to determine the time-dependent anisotropy and thereby gain informa-
tion on orientational dynamics. In addition, probing at the magic angle rela-
tive to the pump polarization allows the effects of reorientation to be re-
moved from the decay entirely.

-20.10-



20. Techniques for Ultrafast Spectroscopy
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Fig. 20.6. Energy-level scheme for observing quantum beats.
Excited states e; and e, are within the excitation bandwidth.

While time-resolved fluorescence spectroscopy involves an excita-
tion polarization and a detection polarization, pump/probe spectroscopy can
actually employ three different polarizations: the pump polarization, the
probe polarization, and the detection polarization. Consider, for instance, an
experiment in which the pump is polarized at 0°; we will call this polarization
X and horizontal polarizationy. The probe pulse is polarized at 45°
([X+ )7]/\/5), and the detection polarizer at -45° ([X — Y]/«/E). An iso-
tropic medium will not affect the polarization of the probe pulse, and so in
the absence of the pump pulse no light will pass through the detection (or
“analyzer”) polarizer. Following the pump pulse, the X component of the
probe pulse will experience a different change in absorption than the y com-
ponent, so that the probe pulse will no longer be polarized at 45° after the
sample and some of it can therefore pass through the analyzer polarizer. The
signal detected in this manner is called dichroism. The dichroism signal de-
cays as reorientation (or other effects) bring the absorption changes in the X
and y directions towards equality. Thus, a dichroism experiment allows for
the observation of orientational dynamics in a single decay, rather than hav-
ing to combine decays mathematically to calculate the time-dependent ani-
sotropy. In addition, because no light passes through the analyzer polarizer
in the absence of a pump pulse, dichroism is a zero-background technique,
which is to say that the signal of interest appears alone rather than as a small
change in the intensity of the probe beam.

We now consider the effects of changes in refractive index induced
by the pump beam. The most common technique used to study refractive
index changes is optical Kerr effect (OKE) spectroscopy.[15-18] OKE spec-
troscopy is generally performed in a liquid that is transparent at the pump and
probe wavelengths. The pump pulse induces a change in the refractive index
that can have both an isotropic component (i.e., one that is independent of
probe polarization) and an anisotropic component (i.e., a birefringence).
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This refractive index change occurs via a number of different mechanisms, as
shown in the typical OKE data in Fig. 20.7. When the pump pulse is present,
it distorts the electron clouds of the molecules, leading to what is known as
the electronic response. The pump pulse also initiates coherent vibration in
the sample, both in intramolecular and intermolecular modes. These vibra-
tions in turn modulate the refractive index of the sample until they have
dephased. Finally, the pump beam also induces torque on molecules with
anisotropic polarizabilities, making them tend to realign so as to have the
greatest possible projection of their most polarizable axis along the polariza-
tion vector of the pump beam. This small induced alignment leads to a bire-

In[Signal (a.u.)]

_8 L] L] L] L]
0 2 4 6 8 10
Delay Time (ps)
fringence that then decays via orientational diffusion.

Fig. 20.7. OKE decay for neat chloroform at room temperature.
The sharp feature at zero delay time is the electronic response.
The fast decay over the first picosecond is due to the dephasing
of intermolecular vibrations. The oscillations arise from Ra-
man-active intramolecular vibrational modes. The exponential
decay at long times is due to orientational diffusion.

There are many possible implementations of OKE spectroscopy, the
most common of which is a polarization spectroscopy setup that is similar to
the setup discussed above for measuring dichroism. The pump pulse is po-
larized at 0° and the probe at 45°. The probe passes through an analyzer po-
larizer set at -45° after the sample. Thus, unless the pump beam induces bire-
fringence in the sample, no signal will be detected. This polarization spec-
troscopy setup therefore measures the anisotropic portion of the change in the
refractive index.

Standard polarization spectroscopy measures the intensity of the sig-
nal, which is to say the magnitude squared of the signal electric field. Being
able to measure the signal electric field directly can also be desirable at
times. One method of doing so is known as optical heterodyne detection
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(OHD).[19, 20] In an OHD-OKE experiment, a quarter-wave plate is in-
serted into the probe path directly before the polarizer that is used to set the
probe polarization (Fig. 20.8). The quarter-wave plate is adjusted so that its
fast axis is along the direction of the polarization passed by the polarizer.
The polarizer is then rotated by a small amount, generally on the order of 1°.
As a result, some light passes through the analyzer polarizer. Since the ana-
lyzer polarizer is aligned with the slow axis of the quarter-wave plate, the
light that gets through the analyzer is 90° out of phase with the light that does
not get through it. The light that leaks through the analyzer polarizer is
known as the local oscillator. Because the OKE signal arises from changes
in index of refraction, it is also 90° out of phase with the probe beam, but it is
in phase with the local oscillator (LO). Thus, the total electric-field intensity
at the detector is given by

I= (ELO + By XELO + Esig) =lo +2E 0By + 1

sig sig ! (2014)
where we have made use of the fact that E_o and Egjq have the same phase. In
general, l.o >> 2E,oEsig >> lsig, S0 the last of these terms can be ignored.
Because 1o does not oscillate at the frequency at which the pump beam is
chopped, lock-in detection can be employed to isolate the 2E, oEsiq term. It is
therefore clear from the above inequality that the local oscillator effectively
amplifies the electric field of interest and also linearizes it.

DL
Pol
e I 45° Detector
. Pump |, M
il i (
N 1
N Probe || L
Pol QWP Sample
.-.1°

Fig. 20.8. Schematic setup for optical heterodyne detection in
OKE spectroscopy. BS = beam splitter, DL = delay line, Pol =
polarizer, QWP = quarter-wave plate.

The electronic response in OKE spectroscopy, which in effect tracks
the shape of the laser pulses, is one example of what is often called a “coher-
ence spike.” Coherence spikes occur in all nonlinear spectroscopies, and are
a consequence of the additional processes that can occur when more than one
laser pulse is present at the same time. Because of coherence spikes, great
caution should be exercised in drawing any conclusions regarding dynamics
that may occur on a time scale comparable to or faster than the duration of
the laser pulses used for an experiment.
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There are many varieties of pump/probe spectroscopy beyond those
covered here. Other transient effects can be probed, such as changes in re-
flectivity [21] or circular dichroism.[22] There are also other experimental
arrangements that can be used for specific measurements. For instance, the
setup for OKE spectroscopy described above only measures the anisotropic
response, and a different setup is required to measure the isotropic response.
While there is not space here to discuss the spectroscopies in the pump/probe
family exhaustively, the discussion here should give the reader a good flavor
for the basics of any of these techniques.

The Transient Grating

Another popular ultrafast spectroscopic technique is the transient
grating (TG).[23, 24] TG spectroscopy is closely related to pump/probe
spectroscopy, except that two pump pulses are employed instead of one. The
two pump pulses come from the same laser. They cross at some angle 6 and
are time-coincident at the sample. Because the beams meet at an angle, they
create interference fringes in the crossing volume. If the beams have
wavevectors k; and ky, then the interference pattern will have a wavevector
given by

K raing = Ky =K, (20.15)

grating
In other words, the two excitation pulses can be thought of as creating a grat-
ing with a fringe spacing d given by

)
~2sin(0/2)

This grating can be “written” within the sample in any of a number of ways,
including changes in absorption or in refractive index.

Once the grating has been written in the sample, it can be probed by
a third pulse that is delayed in time from the excitation pulses. The probe
pulse can come from the same laser as the pump pulses or from a different
laser. It must approach the grating at an angle that satisfies the Bragg condi-
tion, i.e.

(20.16)

2d

If this condition is met, then the probe beam can diffract off of the grating,
creating a signal beam with a wavevector given by

k

A
6 rone = 23in‘1(ﬂ]. (20.17)

=k, -k, +k (20.18)

signa probe *
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Thus, one advantage of TG spectroscopy, as opposed to pump/probe spec-
troscopy, is that the signal travels in a unique direction rather than along with
the probe beam.

A typical TG setup is shown in Fig. 20.9. The two excitation beams
travel parallel to one another and are focused into the sample with a lens.
The probe beam (if it is the same color as the excitation beams) travels either
directly above or directly below one of the excitation beams, so that the
beams define three corners of a rectangle. After the sample, the signal beam
appears in the fourth corner of the rectangle.

Detector

Fig. 20.9. Schematic setup for a TG experiment. The probe
beam usually traverses a delay line, whereas the pump pulses
remain fixed in time. The signal beam (black line) is diffracted
in a unique direction for background-free detection.

Another approach to TG spectroscopy that is gaining popularity is to
use diffractive optics to create and probe the TG (Fig. 20.10).[25, 26] In this
scheme, a single excitation beam is incident on a transmission grating. The
grating is imaged onto the sample, and all of the diffracted spots other than
the first-order spots are blocked. The probe beam is created in the same
manner, such that it automatically meets the Bragg condition for the TG.
One of the first-order diffraction spots from the probe beam can be blocked
so that there is only a single probe beam. Alternatively, the second first-
order diffraction spot can be imaged on the sample as well and used as a lo-
cal oscillator for the signal. The phase of this local oscillator relative to the
signal can be adjusted by placing a glass flat in the beam path and controlling
its orientation.

The diffractive-optic approach to TG spectroscopy has the disadvan-
tage that it throws away light from unused diffraction orders. However, this
problem can be minimized by using a high-quality transmission grating that
has a sinusoidal variation in refractive index. Diffractive optics also make it
more difficult to implement complete polarization control. However, the
ease with which the setup can be aligned and with which heterodyne detec-
tion can be incorporated in a diffractive-optic setup are significant advan-
tages. Furthermore, changing the fringe spacing is a simple matter of using a
different grating on the same substrate, whereas the conventional approach
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requires significant realignment of optics every time the fringe spacing is
changed.

PurrB)/

Probe

Fig. 20.10. Schematic setup for TG spectroscopy using a dif-
fractive optic. One of the diffracted beams (dashed line) acts as
a local oscillator for the signal beam (solid black line).

Because TG spectroscopy involves three laser beams and a signal
beam, there are four polarizations involved, affording many opportunities for
selectively enhancing or suppressing particular contributions to the sig-
nal.[27, 28] For instance, if both pump beams are polarized at 0° and the
probe and signal are polarized at the magic angle, the effects of reorientation
can be removed from the TG decay.

The configuration in which both excitation beams have the same po-
larization is often called an intensity grating.[29] As discussed above, this
configuration leads to a sinusoidal modulation of the intensity along the grat-
ing wavevector.  Another commonly-used configuration employs or-
thogonally-polarized excitation pulses. In this case it is not the intensity that
is modulated along the grating wavevector, but rather the polarization.
Across one period of the grating the polarization changes from right circular
to linear at 45° to left circular to linear at -45° to right circular (Fig.
20.11).[29] As a result, this configuration is often called a polarization grat-
ing. If the probe polarization is vertical, then the signal generated from the
polarization grating will be horizontal (and vice versa).

OPLZ2ONING

Fig. 20. 11. Variation of the polarization across one fringe of a
polarization grating.

As an example of an application of a polarization grating, consider
performing TG spectroscopy on a dye solution. If an intensity grating is cre-
ated, then a spatially-modulated population of excited molecules will be cre-
ated. The decay of this grating will occur through both reorientation and re-
laxation of the excited states. In analogy to what we have seen for
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pump/probe spectroscopy, reorientation will lead to a partial decay of the
signal. On the other hand, population relaxation will cause the grating to
decay completely. By probing at the magic angle, the population decay time
can be measured. Again in analogy to pump/probe spectroscopy, the reorien-
tation time can then be determined by making two more intensity-grating
measurements to determine the time-dependent anisotropy. If a polarization
grating is created in the same medium, there will be no spatial modulation in
the excited-state population. Instead, the spatial modulation will be in the
initial orientation of excited molecules. As a result, both reorientation and
population relaxation will cause the signal to decay completely, and so the
relaxation rate will be the sum of the rates of both of these processes. Thus,
if the population-relaxation time has been measured by probing an intensity
grating at the magic angle, then the orientational relaxation time can be de-
termined from a single polarization-grating measurement.

More complex polarization schemes can also be used for excitation
and probing. For example, using one excitation beam polarized at 0° one
excitation beam polarized at 45°, and a probe beam polarized at 90° makes it
possible to suppress different contributions to TG OKE signal simply by
choosing the polarization that is detected.[28] Under these conditions, de-
tecting the signal at -45° suppresses the electronic OKE response and detect-
ing the signal at 56.3° suppresses the nuclear OKE signal. Different detec-
tion polarizations are useful for suppressing other contributions to the TG
signal.

Essentially any measurement that can be made using pump/probe
spectroscopy can also be made with TG spectroscopy, thereby gaining all of
the advantages of TG spectroscopy discussed above. However, the greatest
advantage of TG spectroscopy is that it allows for additional types of phe-
nomena to be probed based upon the spatial scale imposed by the grating
wavevector.

One example of a phenomenon that can be monitored with TG spec-
troscopy is diffusion.[30] An intensity grating gets washed out as excited
molecules move from bright regions of the grating to dark regions, and as
unexcited molecules do the opposite. If this motion occurs diffusively, then
its contribution to the grating decay is proportional to exp(-2tA°D), where A
= 2n/d and D is the diffusion constant. Thus, a plot of the grating decay rate
as a function of 1/d” can be used to determine the diffusion constant of a spe-
cies. Of course, this measurement is limited by the lifetime of the excited
species, but this problem can be circumvented by, for instance, using the ex-
citation pulses for permanent photobleaching of the species for which the
diffusion constant is to be determined.

Another example of an effect that takes advantage of the spatial de-
pendence of the TG excitation process is acoustic spectroscopy.[31, 32] At
the bright regions in an intensity grating, processes such as heating and elec-
trostriction can lead to transient density changes. Because these density
changes vary sinusoidally in space, they are equivalent to an acoustic stand-
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ing wave. As a result, the TG excitation step can launch counterpropagating
acoustic waves along the grating wavevector. The acoustic waves in turn
modulate the index of refraction of the grating in a time-dependent manner,
creating oscillations in the TG decay (Fig. 20.12).[33, 34] The frequency of
these oscillations is determined by the grating fringe spacing and the sound
velocity of the medium. Being able to measure the acoustic dispersion of a
medium can be of great use in determining its mechanical properties.

7 330K

Signal

00 02 04 06 0.8
Time (s)

Fig. 20.12. TG data for glycerol at a set fringe spacing but dif-
ferent temperatures. In the upper panel the acoustic oscillations
show liquid-like behavior. In the center panel the liquid is su-
percooled. In this case the acoustic period is comparable to the
characteristic decay time of the liquid, and so the oscillations
are highly damped. In the lower panel the glycerol is a glass,
and the acoustic data are characteristic of a solid. Data courtesy
of Keith A. Nelson.

Coherent Anti-Stokes Raman Spectroscopy

Coherent Anti-Stokes Raman Spectroscopy (CARS) is another ul-
trafast spectroscopic technique that is related to pump/probe spectros-
copy.[17, 35, 36] As in the case of TG spectroscopy, CARS involves two
time-coincident pump pulses. However, in CARS the pulses are of two dif-
ferent colors, ; and w,, and the energy difference m; — ®, matches a Raman
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transition frequency in the sample of interest (Fig. 20.13a). Thus, the excita-
tion step creates a coherence between two vibrational states of the molecule.
The probe pulse arrives at the sample after a delay time t. The probe pulse
generally is of frequency ®;, in which case a signal is generated at new fre-
quency wmsig = 2 — . The intensity of this signal is a measure of the de-
gree of vibrational coherence remaining after delay time t, and so CARS is a
useful means of studying vibrational dynamics.

Fig. 20.13. (a) Energy-level scheme for CARS. |a> and |b> are
the ground vibrational state and an excited vibrational state, re-
spectively, and |v;> and |v,> are virtual electronic states. (b)
Phase-matching diagram for CARS.

Because CARS involves two excitation colors, phase matching is a
more challenging problem than for the spectroscopies that we have discussed
so far. The phase-matching condition (Fig. 20.13b) is that

Kgoa =K, —K, +K (20.19)

signa probe *
The problem of meeting this condition is compounded when the vibration
being studied is of high frequency, as dispersion in the sample may need to
be taken into account as well in choosing the experimental geometry.

Because the bandwidths of Raman transitions are generally on the
order of 10 cm™ or less, it is desirable to use laser pulses with durations in
the range of a few picoseconds for CARS. If shorter pulses are employed,
much of the laser bandwidth does not go into generating signal, and so the
efficiency of the CARS process is reduced.

As is the case with all of the other coherent spectroscopies that we
have discussed, there can be a coherence spike in CARS. In this spectros-
copy, the coherence spike arises from having two consecutive upward transi-
tions followed by a downward transition (Fig. 20.14). Note that this process
does not depend upon any vibrational resonance, and so it can happen in any
molecule. However, since it has no resonant step, the coherence spike is also
90° out of phase with the desired CARS signal. In applications of CARS in
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which all of the pulses arrive at once, such as many implementations of
CARS microscopy, this effect is also called the “nonresonant background.”

— [b>
— [a>

Fig. 20.14. Energy-level diagram for the nonresonant back-
ground signal in CARS.

Since CARS generally involves three laser pulses and a signal, up to
four different polarizations can be employed. As with the other spectro-
scopies discussed above, the CARS signal is affected by reorientation. Polar-
izing both excitation pulses at 0° and detecting and probing at the magic an-
gle removes the effects of reorientation from the CARS decay. As was the
case in OKE spectroscopy, this configuration probes only the isotropic por-
tion of the signal. Similarly, having excitation beams polarized at 0° and 90°,
a probe beam polarized at 0°, and detecting at 90° polarization measures only
the anisotropic portion of the CARS response. Which of these responses
dominates is highly dependent on the geometry of the vibrational mode being
studied. Other polarization conditions can be employed to suppress the non-
resonant background, if desired.[37]

Photon Echo Spectroscopy

The mechanisms for broadening of linear spectra can be divided,
more or less, into two categories: homogeneous and inhomogeneous. Ho-
mogeneous broadening mechanisms can be defined roughly as those proc-
esses that contribute to the width of the spectrum of a single molecule, such
as population relaxation and dephasing. Inhomogeneous broadening arises
when different molecules in an ensemble have different transition frequen-
cies, as can happen via Doppler broadening or from the distribution of differ-
ent environments in a solution. Of course, the transition frequency of a
molecule can also change over time, and so the dividing line between homo-
geneous and inhomogeneous processes also depends on the time scale in
question.
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Linear spectroscopy cannot discriminate between inhomogeneous
and homogeneous broadening. However, this distinction can be made using
photon echo (PE) spectroscopy,[38, 39] an optical analog of spin echo spec-
troscopy in nuclear magnetic resonance. In PE spectroscopy, a laser pulse
creates a coherence between the ground and excited states of the molecules in
a system. This coherence evolves at frequency meq = (Ee — Eg)/71, where e and
g signify the excited and ground states, respectively. In the presence of in-
homogeneous broadening, the system will have some distribution of transi-
tion frequencies weg.

After the first pulse, the system is allowed to evolve for a delay time
T, such that in the absence of homogeneous broadening each molecule accu-
mulates a phase wegt according to its transition frequency. A second laser
pulse then switches the coherence to evolve at frequency mg = -¢. After a
second delay period of t, each molecule has accumulated a total phase of
egT - WegT = 0. Thus, at time 2t coherence has been restored (barring any
dephasing that has occurred via homogeneous mechanisms) and the system
can radiate a coherent signal. The signal is collected as a function of the de-
lay time t, and the resultant decay gives a picture of the homogeneous re-
laxation dynamics.

In a PE experiment, the phase-matching condition is

k.., =k, —2K,, (20.20)

signal =
where 1 and 2 refer to the first and second pulses, respectively. Thus, if the
two beams cross at a small angle 6, then signal beams will be found ap-
proximately angle 6 over from each of the excitation beams. At room tem-
perature in condensed phases, homogeneous relaxation often occurs on a
time scale of tens of femtoseconds. In such cases it is useful to collect both
echo signals so that zero delay time can be determined accurately.

A more sophisticated version of this experiment is the three-pulse or
stimulated photon echo. In the three-pulse echo, the first pulse creates a co-
herence at frequency me. The second pulse, which comes at delay time t,
converts this coherence into a population. After waiting time T, a third pulse
converts the population into a coherence at frequency wge, after which an
echo is emitted. The stimulated echo makes it possible to monitor frequency
variations (also known as “spectral diffusion”) on time scales longer than the
dephasing time of coherences.

The phase matching condition for the stimulated echo is

Koo =K, — K, —K,. (20.21)

signal
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In the most common configuration for this experiment, the first two beams
are separated by a small angle 6 in the same horizontal plane, and the third
beam is between them but displaced vertically (Fig. 20.15). Two signal
beams are again generated. Often both of these beams are monitored. Gen-
erally the population time T is fixed and the coherence time t is scanned.
The spacing between the peaks of the two signals in the scans of t is then
determined as a function of T in a so-called three-pulse echo peak shift
(3PEPS) experiment.[40]

o

Detectors

Beam 1 Beam 2

Fig. 20.15. Schematic experimental layout for 3PEPS.

Surface-Selective Spectroscopies

The nonlinear optical spectroscopies that we have discussed so far
are all four-wave-mixing techniques, which is to say that they depend upon
the third-order optical response function, R® (which is related to the third-
order optical susceptibility y®).[41] Why is it that we have discussed linear
techniques and third-order techniques but not second-order techniques?
Within the electric dipole approximation, an optical signal can only be pro-
duced in isotropic media that have inversion symmetry (such as bulk liquids)
if each polarization index (X, y or z) in the response function appears an even
number of times. For instance, linear spectroscopy depends upon the first-
order optical response R®Y, which has two polarization indices (one for the
incoming light and one for the signal). Similarly, third-order techniques
have four polarization indices, and so elements of the third-order response
tensor in which each spatial index appears an even number of times can be
observed in isotropic media. The second-order optical response function has
three polarization indices, and so it is impossible for at least one of the spatial
indices to appear an even number of times. As a result, second-order tech-
nigues do not produce signals in centrosymmetric media.[41]

The fact that nonlinear-optical techniques that depend on even-order
response functions are not allowed in isotropic media is tremendously useful.
Because inversion symmetry is necessarily broken at the boundary between
two media, it is possible to probe interfaces selectively with such spectro-
scopies.[42-47] Such experiments generally employ ultrafast lasers, which
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have high enough intensities that appreciable signals can be generated de-
spite the relatively small number of molecules at an interface.

If the media on both sides of an interface are isotropic, then inversion
symmetry is broken only along the normal to the interface. This direction is
generally denoted z. It is the z polarization index that is allowed to appear an
odd number of times in an even-order response function or susceptibility.
For instance, the elements of x(z’ that are non-zero at such an interface are
1P = %P0 %Pax = AP AP = APy, and %@, Since each of these
tensor elements contains at least one factor of z, at least one input beam or
signal beam must have a projection of its polarization along the z axis. This
requirement means that the beams in second-order spectroscopies generally
are not normal to the interface. The input beams and signal generally lie in a
single plane that is perpendicular to the plane of the interface. Light that is
polarized within the plane defined by the beams (this polarization is denoted
P) has a z component, whereas light that is polarized perpendicularly to this
plane (this polarization is denoted S) has no z component. The allowed po-
larization combinations are thus SSP, SPS, PSS and PPP, where the list of
polarizations, by convention, begins with that of the signal.[48]

What does it mean for inversion symmetry to be broken at an inter-
face? In the simplest sense, inversion symmetry is broken because there are
different media on each side of the interface. However, we should really
think about the symmetry problem in terms of the species that generate the
signal, which are generally either molecules (as in a liquid) or specific
chemical groups (such as those that may decorate the surface of a solid sub-
strate). To a first approximation, if as many molecules (or chemical groups)
point along z as point along -z, then we would not expect a signal to be gen-
erated. Thus, for instance, a liquid composed of centrosymmetric molecules
might not be expected to generate a x® signal at an interface. Of course, the
presence of the interface may in itself break the symmetry of the molecule,
insofar as each side of the molecule is in a different chemical environment.
Nevertheless, even under such circumstances the y® signal would be ex-
pected to be weak. Thus, x® spectroscopies are powerful tools for studying
orientations of molecules at interfaces.

The simplest y® spectroscopy is surface second-harmonic generation
(SHG).[42, 47, 49] Generally in this technique, a single ultrafast laser beam
is employed. The sample under study is usually completely transparent at the
laser wavelength. The laser beam approaches the interface at an angle to the
normal (Fig. 20.16), and the SHG signal is collected either in transmission or
reflection. The strength of the SHG signal is dependent on the degree of or-
dering of molecules at the interface. By varying the laser and detection po-
larizations it is possible to gain significant insight into this molecular order-
ing. SHG can also have some degree of molecular specificity if there is a
species that has an electronic absorption that is near to resonance with two
photons of the excitation source, a condition that greatly increases the signal
strength.
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[}

Fig. 20.16. Schematic experimental geometry for surface SHG
spectroscopy in reflection mode. The input beam at frequency
o makes angle 6, with the surface normal, and the signal beam
of frequency 2w makes angle 0,, with the surface normal. The
refractive indices of the two media at the interface are n; and n,.

While for many years the majority of surface-selective x® experi-
ments involved SHG, the increased availability of high-quality, ultrafast, in-
frared laser sources over the past decade has facilitated the development of
surface-selective, y® vibrational spectroscopies.[42, 45, 48] While it is pos-
sible to perform either sum-frequency or difference-frequency generation at
interfaces, for practical reasons it is the former technique that is almost uni-
versally employed. Vibrational sum-frequency spectroscopy (VSFS) em-
ploys an ultrafast infrared laser as well as a visible ultrafast laser tuned to a
wavelength at which the sample is transparent. The two laser beams cross at
a point on the interface of interest (Fig. 20.17) at angles to the surface normal
that allow for good phase matching of the signal. The signal at frequency
Osignal = OR + Oyisipie 1S UsUally collected in reflection. When the infrared la-
ser frequency is resonant with a vibrational mode at the interface, there is a
strong enhancement of the VSFS signal, allowing for the collection of vibra-
tional spectra of those molecules at the interface of interest. As was the case
for surface SHG spectroscopy, the strength of the signal depends intimately
on the details of the molecular organization at the interface. Because it is a
vibrational spectroscopy, VSFS offers considerably more molecular selectiv-
ity than does surface SHG spectroscopy. In addition, VSFS can be used to
probe multiple vibrational modes in a single species, allowing for the devel-
opment of a much more detailed picture of the surface molecular organiza-
tion.
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Myis

O] surrr“ X (0] IR

Fig. 20.17. Schematic experimental geometry for vibrational
sum-frequency generation in reflection mode.

By convention, the polarizations for VSFS experiments are listed in
the order signal, visible, infrared. The SSP polarization combination is the
one that is used most commonly. This combination generally yields the
strongest (and most readily interpretable) VVSFS signal, as it relies upon the
mode of interest having a projection of its IR transition moment along the z
axis. However, obtaining VSFS data using additional polarization combina-
tions can also be useful for the more accurate determination of molecular
orientation.

VSFS experiments are generally performed with the visible and IR
pulses overlapped in time. Under these conditions, non-resonant background
signal is also created, as was the case in CARS spectroscopy. The processes
that lead to the non-resonant background are shown in Fig. 20.18. These
processes are weak due to their lack of vibrational resonance, but by the
same token they can occur for any and every molecule at an interface.

H

Vvis

vis

IR
la> — |a>

Fig. 20.18. Energy-level diagrams of the pathways contributing

to the nonresonant background in vibrational sum-frequency
generation spectroscopy.
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