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Ultrafast Coherent Raman Spectroscopy

W. Zinth and W. Kaiser

Physik Department E11, Technische Universitat Miinchen,
D-8000 Miinchen, Fed.Rep.of Germany

1. Introduction

During the past decade, time resolved coherent methods have attracted
much interest for the study of fast dynamic processes. In particular,
time resolved coherent Raman scattering allowed to measure - in the
time domain - rapid dephasing processes of molecular vibrations in
liquids and elucidated various line-broadening mechanisms /1-4/. It is
the aim of this paper to focus attention on two more recent subjects.
While time resolved Raman scattering is a method working in the time
domain, it allows to obtain valuable information in the frequency
domain /5,6/. The results of coherent experiments in the time domain
have to be transformed by appropriate methods, e.g. by Fourier trans-
formation, to show properties of the investigated system in the
frequency domain. We present here two different approaches to relate
time and frequency domain: (i) A time resolved coherent Raman experi-
ment is performed and the spectrum of the coherently scattered light is
recorded. (ii) A numerical transformation is applied to coherent data
of high time resolution giving precise values of frequency differences
of vibrational modes separated by several terahertz. Both techniques
give - when applied in an appropriate way - results superior to steady-
state spontaneous spectroscopy.

After a short theoretical description of the basic ideas of the two
techniques we give experimental results. Measurements are presented
where congested spectral regions consisting of several overlapping
bands are resolved and the vibrational transition frequencies of the
different components are determined. We also show that terahertz
quantum beats can be measured with advanced experimental systems; they
give precise values for the frequency differences between vibrational
transitions separated by more than 200 cm-1!.

2. Theory

Time resolved coherent Raman scattering is commonly treated under the
following assumptions /l/: Light fields are described by Maxwell’s
equation and the vibrational transitions are represented by two-level
systems. Changes in the population of the two molecular levels are
neglected (weak Raman interaction). Important is the coherent amplitude
<q>, i.e. the expectation value of the vibrational amplitude. First we
discuss a single homogeneously broadened transition with dephasing
time T2. We use the ansatz of plane waves for the coherent amplitude
<gq> = (1/2)Q exp(-iwgqt+ikqeqx) + c.c. and assume an isotropic Raman
tensor for the investigated vibration. The coherent amplitude of a
Raman active mode at frequency we is excited via transient stimulated
Raman scattering by a pair of light pulses, the laser pulse E. and the
Stokes pulse_Es /1,7/. The electric fields are considered to be plane
waves, e.g. EL = 1/2 EvL exp(-iwct+ikLx) + c.c. with the wave vector kL
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and frequency wL for the laser field. The driving force F(x,t) for the
coherent amplitude Q is proportional to the product of the laser and
the Stokes field, F(x,t) « EvEs*; as a result the carrier frequency of
the excitation force is wLr-ws. The linear response theory applied to
the excitation process leads to the following equation for the coherent
amplitude Q:

t
Q(t) = x [ dt’ EL(t’)Es*(t’) exp[(t’-t)/T2 - iawt’]. (1)

-

The constant « is defined in Ref./l1/ and contains material parameters
such as Raman cross section and vibrational frequency wq. T2 stands for
the dephasing time of the transition. Detuning between excitation fre-
quency and vibrational mode is given by Aw = wL-ws-wq. The coherent
amplitude <q> under the action of a short exciting force evolves as
follows: <q> rises to a maximum with the exciting force and, subse-
quently, decays exponentially with the dephasing time Tz. During the
free exponential decay the molecules oscillate at their resonance
frequency wq. In the experiments described here, the large bandwidth of
the short driving force allows to excite several vibrational modes
simultaneously. The additional modes may be treated with the same
ansatz, introducing the individual resonance frequencies wqj;, ampli-
tudes Q;, and phase factors ¢;.

in a time resolved coherent Raman experiment the amplitude <q>,
generated at time zero, is monitored by coherent Raman scattering of a
delayed probing pulse EL2. We investigate the anti-Stokes part of the
spectrum, which is generated by the nonlinear polarisation PNLas:

P¥Las = y<g>EL2 + x¢3)yr ELEs*ErL2. (2)

The coherent signal consists of two parts. The first part on the r.h.s.
of Eq.(2) describes the coherent Raman signal scattered from the ex-
cited vibrational mode. The constant y contains the Raman cross section
of the mode. This part of the coherent signal is emitted at the resonant
anti-Stokes frequency was = wi2+twq and contains information on the
dynamic properties of the investigated mode. The second part on the
r.h.s. of Eq.(2) is caused by the nonresonant nonlinear susceptibility
x¢3>nyr, which is related to off-resonant modes and electronic contri-
butions. Especially distant electronic transitions determine this
signal /8/. The nonresonant part of the signal gives an instantaneous
response, i.e. it follows the product ELEs*EL2 and decays very rapidly
with the time resolution of the experiment. The resonant part, on the
other hand, shows the slower response of the resonantly excited mode.
The nonresonant part of the coherent signal does not provide any infor-
mation on the investigated modes. It has to be separated from the
resonant signal. This fact is not possible in the steady-state coherent
anti-Stokes Raman spectroscopy (CARS). In the time-resolved coherent
anti-Stokes experiments described here the separation is possible.
Measuring at later delay times allows to obtain information on the
resonant part of the signal alone, while the nonresonant part has
vanished at that time.

The two time-resolved spectroscopic techniques discussed next apply the

same transient excitation process, but differ in the way the probing
process is performed.

2.1 Short Excitation and Prolonged Interrogation spectroscopy

We introduce the so-called short excitation prolonged interrogation
(SEPT) spectroscopy. Performing this technique one uses a short and
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broad-band excitation process followed - at later delay times - by a
coherent scattering process using a long probing pulse /5,9-11/. The
frequency spectrum of the coherently scattered signal is detected. In
order to gain optimum spectral resolution, a long and possibly Gaussian
shaped probing pulse EL2 interrogates the coherent material excitation
at a late delay time top after the peak of the exciting force. At that
time the coherent amplitude decays exponentially and the nonresonant
contribution to the coherent signal x¢(3’yr has disappeared. The anti-
Stokes spectrum becomes

Sas(Q) = |Eas(Q)|?

+o + o

c 1) dt e Bas(t) 1z = |y dt el (FTOvzTu)tg L by q(eylz. (3)

—o —®

The anti-Stokes signal is centered at the anti-Stokes frequency

wAa = wL2+wq, provided that the probing light field does not exhibit
phase modulation. Eq.(3) represents the Fourier transform of the
product (probing field E.z times the coherent amplitude Q), i.e. the
Fourier transform of the product of a Gaussian function times an expo-
nential function. This product is again a Gaussian function of the same
width, which is shifted in time. In other words, the width of the anti-
Stokes spectrum is determined by the Gaussian shape of the probing
field EL2, which may become very narrow provided one works with long
(i.e. spectrally narrow) probing pulses. When the probing pulses are
sufficiently long, tp > 1.4T2, the observed SEPI line is narrower than
the spontaneous Raman band with Avspont = 1/7T2. As a consequence, the
anti-Stokes frequency may be determined with high accuracy. Of special
interest is the application of the SEPI technique to congested spectral
regions made up of overlapping vibrational bands. In this case, the
narrowing of the different transitions below the spontaneous width
allows to resolve individual transitions buried under a broad inhomo-
geneous spectrum.

2.2 Fourier Transform Raman Spectroscopy

In a second approach we record the coherent signal for a long time
period in a pure time-domain experiment. In order to have optimum
temporal resolution pulses of very short duration for the exciting and
probing laser fields are required. Under these conditions the experi-
ment detects the time-integrated coherent signal as a function of the
delay time between exciting and probing process:

+
S(tp) « [ dt|Eas(t,tp) |2

-

+ ® +
« f dt|P¥Las(t,to)|2 = [ dt|y<q>EL2 + x¢3>wr ELEs*ErLz2]2, (4)

- -

For short exciting and probing pulses this experiment measures the
component due to x¢(3)yr at time zero and, most important, the time
dependence of the coherent amplitude. When several modes are excited
simultaneously, the signal decay is complex. It contains contributions
of the different vibrational modes. It can be shown that for short
driving and probing pulses the coherent signal is equivalent to the
absolute square of the Fourier transform of the spontaneous Raman
spectrum /5,6/. As a consequence, frequency domain information may be
obtained from time resolved data by Fourier transformation.
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The two techniques introduced here analyze the molecular system in a
similar way. In the Fourier-transform spectroscopy the manipulation of
the mcasured data prior to the transformation may lead to improved
spectral resolution. In the SEPI experiment the handling of the
information starts with the prolonged probing process using Gaussian
shaped pulses. In this way, the exponential decay of the signal due to
the dephasing process - corresponding to the homogeneous Lorentzian
line shape in spontaneous spectroscopy - is removed prior to the
spectral analysis. This procedure is equivalent to a numerical
filtering of the time resolved data in the Fourier transform Raman
spectroscopy /6/.

3. The Experimental System

An experimental set-up used successfully in various coherent Raman
investigations is depicted schematically in Fig.l. A pumping laser
source generates synchronized exciting and probing light fields at the
frequencies w., wr2, and ws in several dye lasers. The durations of the
various laser pulses are determined by the special type of the laser.
For the SEPI experiment we use a picosecond (synchronously pumped) dye
laser emitting pulses EL and EvLz with w. = wrz of duration tp = 12 ps
and a second picosecond dye laser (pumped by the same mode-locked Ar-
ion laser) to produce the Stokes pulse Es (tp = 5 ps) /12/. For the

Pumping Laser

Frequency
w w w
s t Lz Convertors
Optical
0D Delay

Polarization
Control

Sample

Polarization and
Wavelength Filter

f Fig.l Schematic of the experimental
SP system used to study time resolved
W, Spectrometer coherent Raman spectroscopy. A mode-

locked Ar-ion laser synchronously
pumps dye lasers as frequency con-
vertors. The coherently scattered
Det Detection signal is recorded by a highly sen-
sitive detection system
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Fourier-transform coherent Raman experiment one works with the same
Stokes pulses, but the exciting and probing laser pulses are very
short, namely 60 fs. The latter are produced in a femtosecond uni-
directional ring dye laser /13/. The exciting Stokes and laser pulses
are focused into the sample generating the coherent material excitation.
The probing pulses are delayed relative to the exciting pulses in the
optical delay 0D and then traverse (at the phase-matching angle) the
excited volume of the sample. The weak coherently scattered light is
separated from the incoming pulses via diaphragms, polarizers, and
appropriate spectrometers. In the case of SEPI spectroscopy a high-
resolution spectrograph (ax/X2 = 10-5) serves to observe the anti-Stokes
spectrum. The detection system is a highly sensitive cooled photo-
multiplier.

4. Short Excitation and Prolonged Interrogation Spectroscopy of
Hydrogen-bonded Aggregates

With the SEPI technique mixtures of liquid pyridine and methanol were
studied. In these mixtures hydrogen bonds between pyridine and methanol
occur, strongly influencing the spontaneous Raman spectra. In Fig.2 the
spontaneous Raman data of pyridine:methanol mixtures are depicted for
the spectral range of 980 cm~! to 1030 cm~!. In neat pyridine (lowest
trace in Fig.2) the vi mode occurs at 990.5 cm-!. When methanol is
added to pyridine, an additional broad band appears around 1000 cm~1!,
which shifts with increasing methanol concentration /14/. Shoulders in
the spontaneous Raman spectrum indicate that this band is made up of
several components. The spontaneous Raman data do not allow to deter-
mine the number, the frequency positions, and the amplitudes of the
different components. In Fig.3b and 3¢ we present SEPI data taken of
two mixtures. For each mixture a dozen spectra were recorded. The laser
frequency w. was kept constant and different anti-Stokes spectra were
measured, when tuning the Stokes frequency in steps of 1 cm~1. Of
special interest are the narrow SEPI spectra around 1000 cm~!. One
finds two distinct bands at 997.3 cm-! and at 1000 cm-!, and a weaker
component at 1001 cm-!. The three frequency positions are marked in
Fig.3 by vertical dash-dotted lines. The relative amplitudes of the two
major components change considerably with concentration. While the com-
ponent at 1000 cm~! is strongest at xpy = 0.33 molar fraction (Fig.3b),
one finds the component at 997.3 cm-! to dominate at xpy = 0.66 molar
fraction (Fig.3c). A large number of SEPI spectra was taken for

Pyridine : Methanol

Fig. 2 Spontaneous Raman spectra of
pure pyridine (lowest trace) and of
mixtures of pyridine and methanol.

In the mixtures a new band appears
around 1000 cm~ !, which is due to
complexes of pyridine and methanol.

N The band is resolved by SEPI spectro-
scopy into three lines (see Fig.3)

Spontaneous Raman Signal

1

1 1
990 1000
Raman Shift Lcm™']
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e> 1 Xpy?0.33m.f: I | | spectrum measured at a pyridine concen-
29 L/ tration of 0.33 molar fraction taken with
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SE Lol (SEPI) spectra obtained for a set of ex-
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S citation frequencies JL.-3s < 994 cm~ 1,
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QOW in (b) and x0.02 in (c¢)]. The SEPI
> spectra resolve three Raman lines of
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£ e hidden under the broad band of the spon-
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"
T
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Fig. 4 Concentration dependences of the L
amplitudes of the two SEPI lines at 0 0.5 1
997.3 cm~! and 1000 cm-! Pyridine Concentration
pyridine concentrations between xpy = 0.1 and 1.0 molar fraction. The

concentration dependence of the amplitudes is shown in Fig.4 for the
two SEPI lines at 997.3 cm~! (full points) and 1000 cm- ! (circles). The

band at 997.3 cm-! rises to a peak value at xpy = 0.5 molar fraction,
while the band at 1000 cm~! shows a maximum at higher methanol concen-
trations with xpy = 0.25 molar fraction.

Qur data suggest the following picture of the hydrogen bonded complexes:
(i) There exist at least three distinct complexes of pyridine and
methanol. (ii) The species at 997.3 cm~! consists of one pyridine and
one methanol molecule (PM). This complex has its highest concentration
when pyridine and methanol are at equal numbers in the solution. (iii)
The component at 1000 cm-1 appears to be made up of one pyridine and
two or - more probably - four methanol molecules (PM2 or PMg). Indi-
cations for the latter complex are found in the literature; self-
association of methanol is reported to occur at high methanol concen-
trations with a predominance of methanol tetramers /15/. (iv) The

component at 1001 cm-! is tentatively assigned to complexes PMn with
n > 4.
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5. Fourier Transform Raman Spectroscopy of Transitions with
Terahertz Frequency differences

High-resolution Fourier transform coherent Raman spectroscopy was first
reported by Graener and Laubereau, who worked with light pulses of
twenty picosecond duration. The authors studied vibrational-rotational
transitions in CHs separated by less than 1 cm-! with high resolution
of 10-3 cm-!. The data were taken in a time interval of 12 ns.

In this paper precise measurements are discussed of frequency
differences between vibrational modes in liquids which are separated by
tens to hundreds of wavenumbers. These large frequency differences

may be studied in experiments which reveal the related beating
phenomena. For example, a frequency difference of 200 cm-! produces a
beating pattern with peaks separated by 167 fs. In order to resolve
this very short phenomenon, one has to work with femtosecond light
pulses. Light pulses of approximately 50 fs duration became available
only recently. We present two examples of time-resolved coherent

Raman spectroscopy with femtosecond time resolution /16/. First we show
data of pure liquid pyridine.

Liquid pyridine has Raman active vibrations at frequencies 991 cm-! and
1030 cm~!. They are assigned to two A1 ring modes /17/. Both vibrations
have similar spectral width (2.2 cm~!) and similar Ramn cross sections;
they are separated by 39 cm-!. In the Raman excitation process a
frequency difference of (wL-ws)/2nc = 1010 cm~! between the laser and
the Stokes frequencies is applied. Due to the broad spectral width of
the femtosecond exciting force of 200 cm-! both pyridine modes are
simultaneously excited in the experiment. Fig.5a shows the observed
anti-Stokes signal plotted as a function of the time delay between

| | | | | |
(a) Pyridine

v,(py) = 991 cm™

Vg lpy) =1030cm™’

S,
T
|

8
)

: ! ! |
f } T T T

|

(b) Pyridine : Cyclohexane
1:1 by vol

Vg lcyc)= 802 e’
v,ipy) = 991 cm’
ve (py) =1030cm’’

Fig.5 Time-resolved coherent Raman
scattering using femtosecond time
resolution. (a) Beat pattern re-
sulting from pure pyridine after
excitation of the two pyridine
modes at 991 cm-! and 1030 cm-!.
(b) Beat pattern recorded from a
mixture of pyridine and cyclohexane.
Ll ] l | ] ] ] Beating of three molecular modes is
0 observed

Coherent Anti-Stokes Signal Cau.l

Delay Time CpsJ
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exciting and probing pulses. During the excitation process, at time
zero, the coherent signal rises to a pronounced peak. It subsequently
decays quickly over more than an order of magnitude. Later, the signal
recovers and shows strong oscillations. The modulation depth exceeds a
factor of ten. Two features of the coherent signal are of special
interest here.

(i) The period of oscillation is 0.85 ps. Consequently, the frequency
difference between the two modes is 1.175:0.015 THz or

AV = Av/c = 39.2:0.5 cm~!. We emphasize that AV may be determined with
high precision, mainly depending on the signal-to-noise ratio of the
experiment and the accuracy of the optical delay line.

(1i) The envelope of the peaks of the oscillation decays exponentially
with the decay time T2/2 = 2.55:0.15 ps. The depths of the oscillations
slightly decrease for long observation times, indicating a slight
difference of 20% between the dephasing times of the two modes.

In Fig.5b we present an amazingly complicated but perfectly repro-
ducible anti-Stokes pattern. A mixture of cyclohexane and pyridine (1l:1
by volume) was investigated with femtosecond light pulses. (Note, that
there are no hydrogen bonded aggregates in this mixture). In this case
three vibrational modes with similar Tz values beat together; they are:
one cyclohexane mode at 802 cm-! /18/ and the two pyridine modes at 991
cm-! and 1030 cm~!. We find a rich beating structure originating from
the interference of the three modes.

The frequency differences of the investigated modes were determined by
the following procedure. The exponential decay was removed by multi-
plying the signal with an exponential rising function. An appropriate
window function was introduced to remove the influence of the boundaries
of the time range. After these arithmetical manipulations a Fourier
transformation of the time dependent data gave the results shown in
Fig.6. Three sharp and pronounced peaks are found at 39 cm~!, 189 cm 1,
and 228 cm-!, which correspond to the frequency differences between the
three modes excited in the mixture.

T T

1+
Pyridine : Cyclohexane
n 1:1 by vol
> av:=39cm™
S vglpy) - v, (py)
>
E AV =189 cm"
< Vi{py)-vglcyc) .
£05 ' ° sV = 228!
< VglPy) - Vgleyc)
E
°
@
o
w
1 |
o0 100 200

Frequency ¥ Ccm ']

Fig. 6 Difference spectrum of pyridine and cyclohexane obtained by
numerical Fourier transformation of the time resolved data from Fig.5b.
Note the strong peaks at 39 cm-!, 189 cm-!, and 228 cm-!, which
correspond to the differences between the three excited modes. The
highest difference frequency observed is av = 6.84 THz.
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An important aspect remains to be discussed here: In order to improve
spectral resolution in the time-domain experiment, the coherent signal
has to be measured over delay times as long as possible. Taking into
account the exponential decay of the signal, one immediately finds that
the spectral resolution is directly related to the signal-to-noise ratio
of the experiment. The following numbers should illustrate the situation
For dephasing times of approximately T: = 3 ps and with experimental
data of the coherent Raman signal available over threec orders of magni-
tude, one estimates an accuracy of the 4V values of approximately

0.3 cm 1.,

6. Conclusions

We have shown that time resolved coherent Raman measurements provide
spectral information hardly obtained from steady-state spontaneous
spectra or from coherent steady-state spectroscopy. We have presented
two different techniques which are of value in their own rights. The
short excitation and prolonged interrogation (SEP1) technique is well
adapted to resolve congested spectral regions; lines separated by

a few wavenumbers are resolved. On the other hand, Fourier-transform
coherent Raman spectroscopy using femtosecond light pulses is well
suited to measure accurately frequency differences of modes separated
by more than 200 cm~!.
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