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The use of Stokes difference spectra for picosecond studies of vibrational relaxation dynamics in condensed
matter is introduced and compared to the established techniques of measuring anti-Stokes scattering or IR
transmission changes. A simple quantum mechanical description reveals the principal similarities and differences
of the different probing processes for the case of moderately anharmonic oscillators, e.g., liquids with only
relatively weak interactions of the sample molecules. The outcome is illustrated by novel experiments on
neat liquid chloroform, whose relaxation is known quite well. It is shown that transient Stokes data allow
additional information, particularly about the behavior of low-lying vibrational levels and the type of energy
transfer during relaxation, to be obtained.

Introduction

The study of vibrational population relaxation processes has
become a widely used tool to investigate ultrafast dynamical
properties of condensed matter. Experiments allowing direct
time-resolved observations typically apply intense ultrashort
laser pulses for the excitation process. To create a significant
amount of excess population on a certain vibrational state, either
resonant IR absorption1-4 or stimulated Raman scattering1 can
be used. The desired information about the population dynamics
requires monitoring of the time evolution of the created
population at the best of all vibrational modes. Often population
relaxation is used as a probe for further properties such as
orientational motion,5 hydrogen bond dynamics,6 or structural
relaxation.7 For molecules in the gas phase, IR fluorescence is
well suited for this purpose.8 In condensed matter fluorescence
becomes negligible due to far more efficient nonradiative
processes; other probing techniques such as spontaneous anti-
Stokes scattering or detection of the induced IR transmission
changes (e.g., IR double resonance) have to be used. It has been
demonstrated previously that, as a consequence of different
selection rules of Raman and IR probing, in most cases a
combination of both techniques9 is necessary to get a really
comprehensive insight into the relaxation phenomena. In this
paper, it will be shown that transient Stokes difference spectra
can provide additional information, because they combine the
easy Raman access to low-frequency vibrations with the
possibility to directly observe ground state recovery. These
features are first discussed theoretically with the help of a simple
quantum mechanical description of the different experimental
approaches and then demonstrated presenting novel experimental
results on the well-known system of neat liquid chloroform.

Theoretical Considerations

The interaction between a light field and a molecular vibration
is treated quantum mechanically starting with a Hamiltonian
accounting for both infrared and Raman-type interactions. The

vibrational coordinate is expressed by creation and annihilation
operators (q ∝ [a+ + a]), and the light field (electric field vector
E) is written in terms of modes with frequenciesωi (photon
number densityni in this mode) and the corresponding photon
creation and annihilation operators (Ei ∝ ωi

1/2 [bi
+ + bi]). If the

molecular vibration is treated as a harmonic oscillator in a
quantum state|m〉 and only the resonant mode of the infrared
light field characterized by its photon number density (corre-
sponding wave function|nIR〉) is considered, the probability for
a photon number change by(1 (according to the selection rules
of a harmonic oscillator) is given by the difference of prob-
abilities for emission and absorption of a photon (and decrease
or increase of the oscillator quantum number by 1, respectively):

This equation is now multiplied by total number of molecules
Ntot, probability Pm for population of a vibrational state|m〉,
and absorption/emission cross sectionσIR (a singleσIR is used,
because all vibrational states of a harmonic oscillator are
equidistant, and line width and transition probability only depend
on the quantum numbers of initial and final state10); taking then
the sum over all vibrational states yields the rate of photon
number change for a macroscopic number of molecules:

∑m)0
∞ Pm ) 1 was used to derive the right side of eq 2. The

first term contains information about the population of vibra-
tional states, but does not depend onnIR; it describes IR
fluorescence (spontaneous emission), which is normally too
weak to be observed in condensed matter due to much more
efficient nonradiative processes. If eq 2 is transformed to a
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WIR ∝ |〈nIR + 1, m - 1|bIR
+ a|nIR,m 〉|2 -

|〈nIR - 1, m+ 1|bIRa+|nIR, m〉|2 )
(nIR + 1)m - nIR(m + 1) (1)

∂nIR

∂t
∝ σIRNtot∑

m)0

∞

Pm((nIR + 1)m - nIR(m + 1)) )

σIRNtot(∑
m)0

∞

(mPm) - nIR) (2)
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coordinate system moving with the velocity of light and then
integrated, it is easily seen that the second term simply represents
Beer’s law, i.e., describes conventional absorption and stimu-
lated emission. As this term is totally independent of the
population distribution (and fluorescence is negligible), in the
case of a harmonic oscillator no direct information about
vibrational relaxation is accessible with infrared probing.

For Raman scattering processes the situation is different; two
frequencies, namely these of incident probe (“laser”, index L)
and scattered light (Stokes: index S and anti-Stokes: index AS)
have to be regarded, and the light fields must be written as sum
of (EL + ES) or (EL + EAS). The probabilities for changes innS

or nAS are again given by the differences between emission and
absorption probabilities:

In analogy to the case of a resonant IR light field (eq 2)
molecular density, population probability and (scattering) cross
sectionsσS andσAS for Stokes and anti-Stokes are introduced;
the sum over all vibrational states gives the corresponding
emission rates:

For the case of spontaneous Raman scattering, which is most
important for studies of population relaxation processes, the
number of scattered photons is very small, i.e.,nS, nAS , nL,
and accordingly eqs 4 can be simplified to

In contrast to the case of IR probing, both Stokes and anti-
Stokes scattering contain population information even for
harmonic oscillators. If only the ground state is populated (i.e.,
Pm)0 * 0, Pm>0 ) 0), the sum in eqs 5 is zero, and thus only
Stokes, but no anti-Stokes, photons will be observed. If also
levels m g 1 are populated, the number of scattered Stokes
photons increases due to the growing transition probability
between higher levels (the probability of a (m - 1) f m
transition is larger by a factor ofmcompared to the fundamental
0 f 1 transition); this increase is identical to the number of
anti-Stokes photons (except the factorσS/σAS). But it is important
to notice that onlymPm can be obtained and notPm alone. For
example, one molecule in am) 2 state cannot be distinguished
from 2 molecules in them ) 1 state. The conclusion of the
considerations so far is that in the idealized case of harmonic
oscillators principally Raman scattering and IR fluorescence

would be suited for population relaxation studies; practically
in liquids only Raman photons will be observable. But in any
case only effective relaxation rates covering the manifold of
overtones could be determined experimentally.

Turning to the more realistic case of a moderately anharmonic
molecular vibration modified selection rules and energetic shifts
of higher-lying levels must be regarded. But still transitions with
∆m ) (1 are the strongest ones; only these will be discussed
in the following. Now amf (m+ 1) or (m+ 1) f m transition
will be characterized by a central frequencyνm, bandwidthΓm,
and a frequency-dependent cross section (m + 1)σ((ν - νm)/
Γm), where the indexm refers to the quantum number of the
lower state of the considered transition. The prefactor (m + 1)
comes from the growing transition probabilities between higher
levels (which are further described in harmonic approximation,
which should be valid at least for moderate anharmonicities).
As all these parameters are in general different for different
transitions, the summation over all vibrational states cannot be
simplified as much as for the derivation of eqs 2 and 5. If again
IR fluorescence is neglected, the following expression is found
instead of eq 2:

Obviously for anharmonic oscillators also IR transmission can
be modified by excess population if the transition frequencies
for different m are sufficiently different. But at a distinct
frequencyνm always the population difference between the states
(m + 1) andm is probed. Only if there is no population in the
upper level of the considered transition, population of a single
(the lower) state can be determined separately. Experimentally,
the relevant information, i.e., transient population changes∆N(t)
) Ntot(Pm - Pm+1), is obtained calculating ln(T) - ln(T0) ∝
∆N(t) (whereT and T0 denote sample transmission with and
without previous excitation).

In a similar way, the spontaneous Raman scattering processes
can be treated resulting in

It is easily seen looking at eqs 7 that changes of Raman
scattering intensity at frequency shifts (νL ( νm) only depend
on single population probabilities, provided that the anharmonic
frequency shifts (νm+1 - νm) between different transitions are
significantly larger than the corresponding line widths (Γm); in
this case, population densities of single vibrational states can
be determined. Interestingly the same excess population is seen
at different frequency shifts; for example, the population of an
m ) 1 state can be measured on the anti-Stokes side at the
(fundamental) frequencyν0 or on the Stokes side at the (excited-
state transition) frequencyν1. The ground state (m ) 0)
contributes only to Stokes, but not at all to anti-Stokes intensity.
This difference has important consequences for experiments;
while the number of scattered anti-Stokes photons is directly
proportional to∆N(t) and thus provides a “background-free”
signal, in the Stokes case the same information is only found
from differences of spectra with and without excess population,
because there scattered intensity due to fundamental transitions

∂nIR

∂t
∝ NtotnIR∑

n)0

∞ ((m + 1)σIR((ν - νm)

Γm
)(Pm+1 - Pm)) (6)

∂nS

∂t
∝ NtotnL∑

n)0

∞ ((m + 1)σS((ν - (νL - νm))

Γm
)Pm) (7a)

∂nAS

∂t
∝ NtotnL∑

m)0

∞ ((m + 1)σAS((ν - (νL + νm))

Γm
)Pm+1) (7b)

WS ∝ |〈nL - 1, ns + 1, m + 1|bLbs
+ a+|nL, ns, m〉|2 -

|〈nL + 1, ns - 1,m - 1|bL
+ bsa

+|nL, ns, n〉|2 ) nL(ns + 1) +
n(nL - ns) (3a)

WAS ∝ |〈nL - 1, nAS + 1, m - 1|bL bAS
+ a|nL, nAS, m〉|2 -

|〈nL + 1, nAS - 1, m + 1|bL
+bASa+|nL, nAS, m〉 ) nAS(nL +

1) - m(nL - nAS) (3b)

∂nS

∂t
∝ NtotσS((nL - nS)∑

m)0

∞

(mPm) + nL(nS + 1)) (4a)

∂nAS

∂t
∝ NtotσAS((nL - nAS)∑

m)0

∞

(mPm) - nAS(nL + 1)) (4b)

∂nS

∂t
∝ NtotσSnL(1 + ∑

m)0

∞

(mPm)) (5a)

∂nAS

∂t
∝ NtotσASnL∑

m)0

∞

(mPm) (5b)
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is much stronger than the changes to be observed. Another
interesting point is that, if different normalization factors are
not regarded, the difference between anti-Stokes and Stokes
spectra is completely comparable to an IR spectrum (where,
roughly spoken, the Stokes process corresponds to absorption,
anti-Stokes to stimulated emission).

The discussion up to this point was only valid for oscillators
with only one vibrational mode (two-atom molecules). For larger
systems, all vibrations including their anharmonic coupling have
to be taken into account. The principal contributions of this
extension can be demonstrated introducing at least one additional
vibrational state; that is, the wave function|m〉 has to be replaced
by |l,m〉. Assuming that the field-matter interaction still only
changes the quantum numberm, eqs 6 and 7 remain valid if
the single indexm is replaced by a double indexlm. Under
these conditions a fundamental transition|0,0〉 f |0,1〉 can be
distinguished from a|1,0〉 f |1,1〉 transition to a combination
state if the corresponding line parameters (νlm, Γlm) for these
two transitions differ. It is important to note that the level-
dependent prefactor (m + 1) for these two transitions in
harmonic approximation is equal (here,)1).

From the above considerations, it can be concluded that (i)
successful studies of vibrational population dynamics in liquids
are only possible if the investigated system is sufficiently
anharmonic and (ii) it depends on selection rules (IR/Raman
activity) for vibrational transitions if IR or Raman probing can
provide the desired information. The amount of needed anhar-
monicity depends strongly on the spectral resolution of the
experimental setup. The discussion will be continued in more
detail after the Experimental Section.

Experimental Setup

The two laser systems used for the presented experiments
are based on pulsed, Kerr-lens mode-locked Nd:YLF lasers with
parametric frequency conversion stages; repetition rates are 70
or 60 Hz, respectively.

For the infrared double resonance system, pump and probe
pulses are evaluated in two identical paths: First, a rather low
percentage (2-3%) of an amplified single pulse is frequency-
doubled (giving 523.5 nm); the second harmonic is then
separated from the fundamental and sent through a KTP optical
parametric generator (OPG); finally, the difference frequency
between the idler from the OPG (1.2-2.0µm) and the remaining
fundamental is generated and amplified in, depending on
wavelength range, LiNbO3 or AgGaS2 crystals. At the end of
this procedure, two separately tunable pulses (tuning range 2.5-
10µm) with pulse durations of about 2.5 ps and a spectral width
of 8-10 cm-1 are available; for the pump process up to 30µJ
of single pulse energy is produced, whereas in the probe beam
the energy is diminished to<1 µJ. For this investigation, only
LiNbO3 crystals were utilized. Transmission changes in a sample
produced by (resonant) pumping are monitored by the probe
pulses with time, frequency, and polarization resolution; a
rotation-free signal (∆Rrf), which is directly proportional to
vibrational population changes can be obtained calculating∆Rrf

) [ln(T||/T0) + 2 ln(T⊥/T0)]/3, whereT||,⊥/T0 denotes the parallel
and perpendicular polarized component of measured sample
transmission changes. The spectral resolution of this system is
given by the spectral width of the infrared pulses. More details
on this setup will be given elsewhere.11

The system for observation of spontaneous Raman scattering
after IR excitation comprises a pump path quite similar to that
of the IRDRS system, but with an optical parametric oscillator
(OPO) instead of the OPG; the probe pulse in this case is simply

provided by efficient second harmonic conversion of a single
Nd:YLF pulse. The scattered Raman photons (the number of
which is directly proportional to vibrational population) are
collected and spectrally analyzed with a highly sensitive CCD
camera behind a monochromator. Here, the spectral resolution
depends on the grating used; for the experiments described
below, a 384.7 lines/mm holographic grating was applied
providing a spectral resolution of∼13 cm-1 (∼23 cm-1) at a
Stokes (anti-Stokes) shift of 3000 cm-1. This choice was the
best compromise between spectral resolution andS/N ratio. For
the data presented below, the Stokes spectrum for each delay
position was collected two times, once with and once without
IR excitation in order to have a reference spectrum under
identical experimental conditions in each case. Details of this
experimental setup have been described previously.12

To avoid stationary local temperature effects in the focal
region precautions are taken to have a fresh portion of the
(liquid) sample for each pump pulse: in the IRDRS system the
sample cell is continuously moved within the focal plane by
help of a motorized two-axes positioning stage, whereas in the
Raman setup the interesting liquid is pumped through the
capillary (d ) 200 µm) of a specially designed IR quartz cell
within a closed cycle.

Experimental Results and Discussion

This section has two aims: (i) the above theoretical consid-
erations shall be illustrated and tested by experimental data and
(ii) novel transient Stokes difference spectra will be introduced
and compared to anti-Stokes and IR data from the same sample,
and the additional information accessible from the Stokes data
will be discussed. For this purpose, chloroform was re-examined,
because this liquid provides sufficient IR and Raman activity
at nearly all its fundamental vibrations, and its principal scheme
of vibrational population relaxation has been cleared up in great
detail in a previous study,13 where the transient population
changes of all six fundamental vibrations could be traced using
proper normalized time-resolved anti-Stokes spectra; the results
are briefly summarized to facilitate the following discussion. It
was found that the created transient population on the CH
stretching levelν1 has a lifetime ofτ1 ) 23 ps, and the
corresponding primary relaxation process is a three-quanta step,
where oneν1 vibrational quantum is converted into oneν4 (CH
bending mode) and oneν2 (CCl3 stretching vibration) quantum.
It could not be determined if this means an intermolecular energy
transfer (IET) process or intramolecular vibrational relaxation
(IVR), i.e., transient population of a combination level likeν2

+ ν4. Further findings were lifetimes of 105 ps for theν4 quanta,
460 ps forν2 quanta, energy redistribution betweenν2 andν5

on a time scale of 10 ps, and finally population of the low-
lying levelsν3 andν6 with a time constant of roughly 100 ps.
The two limiting cases (IET or IVR) feasible for the description
of the primary relaxation step are schematically given in Figure
1; levelsν3, ν5, and ν6 are omitted for clearness. The dotted
arrows symbolize transitions to over- or combination tones
changing aν1 quantum; these “hot bands” are observable only
in transient Stokes and IR spectra in accordance with the
theoretical discussion. The corresponding frequency ranges (CH
stretching region around∼3000 cm-1) of novel time-resolved
Stokes difference spectra and transient IR transmission changes
measured on neat chloroform at room temperature are plotted
as three-dimensional surfaces in Figure 2; the CH-stretching
modeν1 at 3020 cm-1 was excited. Figure 2a gives the relative
(rotation-free) IR transmission changes ln(T0/T), and Figure 2b
gives the difference of scattered Stokes intensities with and
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without previous IR excitation of the CH stretch, in both cases
as a function of delay time and frequency (shift). Both surfaces
are created directly by connecting experimental data points
linearly. It is easily seen that the time and frequency dependence
of the two signals are quite similar, with only one striking
difference: in the IR data, a much more pronounced negative
peak attdel ) 0 ps andνpr ) 3020 cm-1 is observed. Looking
in more detail, in both cases three common characteristic fea-
tures are observed, which can easily be interpreted regarding
the outcome of the mentioned anti-Stokes investigation13 and
similar experiments on bromoform.14 (i) At the fundamental
frequency (3020 cm-1), the signals decrease very fast to a mini-
mum near delay zero, then more slowly increase again, though
staying clearly below their equilibrium values even 300 ps after
the excitation process; this first feature is directly proportional
to ground state depletion in the Stokes case, whereas in the IR
spectra additionally stimulated emission contributes to the
observed change. It should be noted that this fully corresponds
to the theoretical considerations. (ii) At∼2900 cm-1, the
observed scattering intensity (or absorption increase, respec-
tively) increases steeply to a maximum neartdel ) 0 ps and
then returns to its equilibrium value within less than 100 ps;
this signal is due to excited state absorption (V ) 1 f V ) 2
transition of the CH stretch) confirming both theν1 lifetime of
23 ps and the anharmonic shift of 125 cm-1 for the first CH
stretch overtone obtained from conventional IR spectra. (iii)
Around 2995 cm-1, there is a moderately slow increase of the
signal to a maximum attdel ) 50 ps, followed by a quite slow
decay; this feature is caused by transitions starting from lower-
lying levels (which are populated in the course ofν1 relaxation)
and ending at the corresponding combination state withν1. This
type of transition was discussed at the end of the theoretical
section.

For the transient spectra at zero delay, i.e., maximumν1

population, the validity of the theoretical prediction of transition
probabilities in the harmonic oscillator limit can be tested. The
1 f 2 transition is expected to have two times the band integral
of the 0f 1 transition; this ratio should be found in the Stokes
spectra comparing features (i) and (ii), while in the IR case the
additional stimulated emission should lead to equal band areas
(denoted by∆ in the following). Calculating the band integrals
∆01 and∆12 at tdel ) 0 directly from the data yields ratios of
∆12/∆01 ) 2.0 for the Stokes intensity change and∆12/∆01 )
1.13 for the IR transmission changes. This agrees, within
experimental accuracy, quite well with the expectation; it can
be concluded that the use of amplitude arguments derived from

the harmonic oscillator model is well justified for the presented
data despite the rather large anharmonic shift of the 1f 2
transition.

One can now try to extend these amplitude arguments for
the Raman Stokes scattering to distinguish between the IVR
and IET relaxation processes as depicted in Figure 1. As just
discussed, the expectation of a normalized integrated Stokes
intensity of 1 around 3020 cm-1 (fundamental transition) and
2 around 2900 cm-1 (excited state transition) at early delay times
is approximately confirmed by the data. At later times, the
situation of Figure 1a would mean two lacking ground state
molecules (transitions) and two combination transitions for each
primarily excited molecule, resulting in a band area of 2 both
for the depleted fundamental and additional combination tone
scattering. In the situation of Figure 1b, these two band areas
would be 1. In consequence, a careful comparison of short and
long time behavior should allow a decision between the two
situations. Unfortunately, in the case of chloroform, the various

Figure 1. Simplified energy level schemes describing the vibrational
relaxation of chloroform after CH stretch excitation for two limiting
cases: (a) the first relaxation step being purely intermolecular and (b)
relaxation being completely intramolecular.

Figure 2. 3D surface plots of measured transient spectral changes in
the CH stretching region of liquid chloroform as a function of delay
between pump (at 3020 cm-1) and probe pulses: (a) ratio of IR
transmission ln(T0/T) without and with excitation; (b) difference of
Stokes intensities with and without IR excitation.

10752 J. Phys. Chem. A, Vol. 103, No. 50, 1999 Seifert et al.



overlapping transitions to combination levels (which are re-
sponsible for the induced absorption around 2995 cm-1) make
it impossible to derive the desired information. In the appropriate
frequency region the following transitions have to be consid-
ered: ν4 f (ν1 + ν4) with anharmonic shift of 22 cm-1; ν2 f
(ν1 + ν2) andν5 f (ν1 + ν5), both with∼4 cm-1 shift; ν3 f
(ν1 + ν3) andν6 f (ν1+ν6), shiftse 2 cm-1; (ν2 + ν4) f (ν1

+ ν2 + ν4), where the anharmonicity cannot be determined
directly from overtone spectra, but estimated to be<25 cm-1

from the above numbers. As the anharmonic shifts are in most
cases clearly smaller than the spectral width of the CH stretching
band, positive and negative contributions compensate each other
to a large extent. A simulation using the two limiting relaxation
models of Figure 1 and three Lorentzian lines with realistic
anharmonic shifts revealed that the amplitudes of the expected
spectral features for inter- and intramolecular case, respectively,
only differ by less than 15% instead of the factor of 2 expected
for isolated bands. Accordingly, within experimental accuracy
the in principle available information if IET or IVR is dominat-
ing cannot be extracted from the data in the CH stretching
region.

But of course, the Stokes spectra were recorded in the whole
accessible frequency range, thus particularly also at low-lying
fundamentals (which cannot be monitored with our current IR
setup and are in general hard to measure using IR pulses). As
an example, the region around theν2 band (at 665 cm-1) is
presented in Figure 3, again as a three-dimensional surface plot.
Only two effects are seen: (i) at the fundamental frequency
the scattered intensity decreases rapidly due to ground state
depletion, then remains constant or even decreases slightly more
up to∼100 ps, and afterward begins to increase again; (ii) at a
red-shift of∼13 cm-1, the intensity increases more slowly to a
significantly stronger maximum around 70 ps and then decreases

quite slowly. Again, a detailed analysis of the observed features
suffers a little from the overlap of positive and negative effects,
but nevertheless in this spectral region important additional
information can be obtained from an evaluation of the data;
the results are presented in Figure 4.

First of all, the whole spectral range presented in Figure 3
can be integrated (Figure 4a, open circles) giving the changes
of population probabilities times quantum numbers (∑∆(mPm);
compare eq 5a). It is obvious that the population of theν2

manifold increases. This observation is in very good agreement
with the anti-Stokes results for theν2 band,13 where the time
evolution of its transient population could be described by the
proportionality∆n2(t) ∝ (exp(-t/τeff) - exp(-t/τ1)) with τeff

) 460 ps andτ1 ) 23 ps; using the same expression and exactly
the same time constants the solid curve in Figure 4 was
calculated (with an amplitude factor of 5.6). The better frequency
resolution of the presented Stokes data allows a more detailed
analysis: if higher levels (m g 1) of the ν2 manifold are
populated, one expects regarding eq 7a that the negative
component mainly belongs to the lacking ground state mol-
ecules, whereas the positive (red-shifted) contribution is due to
the population of the higher levels.

Fitting the transient Stokes intensity differences by two
Lorentzian lines, the band areas given in Figure 4b as full circles
(∆neg) and open squares (∆pos) were found (frequency and width
of the negative line, i.e., the lacking fundamental were fixed).
The difference of these areas (shown in Figure 4a as open

Figure 3. 3D surface plot of measured transient Stokes intensity
differences in theν2 (symmetric CCl3 stretching) region of liquid
chloroform as a function of delay between pump (at 3020 cm-1) and
probe pulses. Figure 4. Integrated band areas calculated from theν2 region of

transient Stokes difference spectra of chloroform: (a) direct integration
(circles) and sum of two Lorentzian lines (squares, see (b)); (b) areas
of two Lorentzian bands fit to theν2 region, (open squares) positive
contribution, (solid circles) negative contribution; (c) ratio∆pos/∆neg

of the bands given in (b).
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squares) nicely agrees with the direct integration result. Finally,
the quotient of the band areas is shown in Figure 4c.

The time dependence of the positive band alone is rather
similar to the integrated band intensity; the slight differences
can readily be explained by contributions of transitions such as
ν1 f (ν1 + ν2) and ν4 f (ν4 + ν2). More interesting is the
behavior of the negative band; in the limit of pure intramolecular
relaxation, the maximum ground state depletion would be
reached at the end of the pump process, i.e., after∼5 ps, and
from then on could only decrease. In contrast to this, the solid
points in Figure 4b indicate that in chloroform ground state
depletion is at least constant up to 100 ps or even increases
slightly up to this point of time. This cannot be explained by
population ofν2 from the thermal bath (due to already relaxed
energy) because this process is expected to occur with a time
constant slower by a Boltzmann factor (here, 5 with respect to
ν3 and ∼25 with respect to ground state) compared to the
lifetime of 460 ps; this means, direct thermal population can
only happen on a nanosecond time scale and should thus be
negligible within the first 100 ps. Accordingly, this observation
is a significant hint that in liquid chloroform there is a certain
amount of intermolecular interactions increasing the number of
vibrationally excited molecules within the first 100 ps after
excitation. The magnitude of this increase can be estimated to
be of the order of 20%. Another piece of information can be
obtained by looking at Figure 4c. On the basis of eq 7a one
would expect the intensity ratio∆neg/∆pos to increase from 1 at
early times (population ofν1) to a larger value at later times
due to population ofν2 modes; particularly, if any molecule
which is not in the ground state would contain oneν2 quantum,
a ratio of 2 should be found. The observed value at longer times
is slightly higher; this can either be interpreted as contribution
of 2ν2 population or by a rather strong anharmonic increase of
the transition probability compared to the harmonic approxima-
tion.

Finally, it must be discussed why the increase of ground state
depletion was not observed in the CH stretching region. A
possible explanation is found looking at the quite different ratios
of anharmonicity and bandwidth in the two spectral regions.
While, e.g., the transitionν2 f (ν1 + ν2) exhibits an anharmonic
shift of 4 cm-1 with a ν1 bandwidth of∼14 cm-1, theν2 f 2ν2

band is red-shifted by∼7 cm-1 and theν2 bandwidth is∼9
cm-1; similar numbers are found for other transitions. So it
seems plausible that in the CH region ground state depletion
and population of low-lying levels nearly perfectly compensate
each other, while they are well separable in the case of the CCl3

stretching modeν2. More details could be obtained analyzing
further spectral regions and/or data with higher spectral resolu-
tion, but this would go beyond the aim of this work.

Conclusion

The following conclusions can be drawn summarizing the
above theoretical considerations and the presented analysis of
experimental data on chloroform. First of all, studies of transient
vibrational population require anharmonic frequency shifts larger
than the applied spectral resolution. In the case of a moderately
anharmonic vibrational system (like the presented liquid chlo-
roform), on one hand it becomes possible to trace transient
populations of single vibrational levels by both IR and Raman
probing, on the other hand the harmonic approximation for the
ratios of transition probabilities may still be used in the data
analysis.

Transient Stokes difference spectra open up the possibility
to study not only population on all Raman active vibrations (like
in the case of anti-Stokes) but additionally also ground state
depletion in the region of any fundamental. In particular, a
spectral region with sufficient anharmonic shifts can be selected
in order to work on the question of inter- or intramolecular
energy transfer in the course of vibrational relaxation; this kind
of analysis could be demonstrated for the presented results in
the CCl3 stretching region (600-700 cm-1) with the outcome
that in liquid chloroform obviously an intermolecular energy
transfer is present within the first 100 ps, but intramolecular
processes are dominating the relaxation. The great similarity
of transient Stokes difference spectra and IR transmission
changes, which roughly spoken differ just by the corresponding
anti-Stokes photons, could be demonstrated on the same sample.

Taking a quite general, but experimental, point of view,
Raman probing of vibrational excess population is favorable
for studies of corresponding ultrafast dynamics, because there
is no need for tunability of the probe light and the comprehen-
sive information can in principle be obtained from a single
experiment. Even for low-lying levels the signal can be detected
in the visible, where in contrast to far-IR, highly sensitive
detectors are available. On the other hand, there are vibrational
modes with very low Raman cross section, where often the
signal cannot be distinguished from noise. As this is the case
particularly in the presence of hydrogen bonds, there is still a
wide range of interesting investigations, where IR probing is
the better (if not the only) choice. And, applying complete
polarization resolution, not only information on orientational
relaxation but also about the real part ofø(3) can be obtained
simultaneously from the IR experiment. So in general, the two
probe techniques complement each other quite nicely, and a
combination of both, particularly if both anti-Stokes and Stokes
scattering is analyzed, is a very efficient method to obtain real
comprehensive information about the equilibration of vibrational
excess energy.
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