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Time- and frequency-resolved coherent anti-Stokes Raman scattering is used to carry out systematic measure-
ments of vibrational dephasing on I2(v ¼ 1–19) isolated in solid Kr, as a function of temperature, T ¼ 7–45 K.
The observed quantum beats, ov0,v00 allow an accurate reconstruction of the solvated molecular potential, which is
well represented by the Morse form: oe ¼ 211.56 � 0.14, oexe ¼ 0.658 � 0.006. Near T ¼ 7 K, the coherence
decay rates gv,0 become independent of temperature and show a linear v-dependence, indicative of dissipation,
which must be accompanied by the simultaneous creation of at least four phonons. At higher temperatures, the
T-dependence is exponential and the v-dependence is quadratic, characteristic of pure dephasing via pseudo-local
phonons. A normal mode analysis suggests librations as the principle modes responsible for pure dephasing.

1. Introduction

Vibrational phase and energy transfer in condensed media, in
the liquid phase1,2 and in the solid state,3 are fundamental
building blocks of many-body dynamics. The more modern
treatments of the subject aim at non-perturbative,4,5 and ex-
plicit accounting of the many-body quantum dynamics of
realistic systems,6–8 the prototype being a Morse oscillator
coupled to various types of baths.9 While earlier critical ana-
lyses of the process were based on frequency-domain linewidth
data,3 the advent of short pulse sources has enabled direct time
domain scrutiny,10–12 time-resolved coherent anti-Stokes
Raman (TRCARS) scattering,13–16 being one of the many
informative nonlinear spectroscopic tools.17 The database
nevertheless remains limited to studies of fundamentals and
first overtones, the more complete vibration-dependent studies
being limited to such systems as CO,18 NO,19 isolated in rare
gas matrices, where the relaxation rates are slow enough to
enable time-resolved studies that rely on detector speed. Using
electronically resonant TRCARS we, report measurements as a
function of excitation amplitude, v, and bath temperature, T,
on the prototypical system of molecular iodine isolated in solid
Kr. Given the well defined structure and interaction potentials
of this system, we expect the data to be valuable for rigorous
tests of theories on vibrational dephasing and dissipation in the
solid state. The experimental method was initially implemented
in Ar matrices,20 with limited success due to limitations im-
posed by multi-photon induced dissociation of the molecule.21

This consideration is unimportant in solid Kr, as established in
our TRCARS investigation of the low-lying vibrations.22 Here,
we report measurements on vibrational levels up to v ¼ 19, as a
function of temperature, T ¼ 7–45 K. The upper limit in v is
imposed by laser-induced fluorescence from the ion-pair states,
which overwhelms the TRCARS signal. The upper limit in
temperature corresponds to the onset of self-diffusion in solid
Kr, which leads to signal degradation during the measure-
ments. Although the lower temperature limit is dictated by
the cryostat employed, the data allow extrapolation to T - 0.
In a follow-up study by Pettersson et al., the low temperature
limit of measurements is extended to 2 K.23

2. Experimental

The measurements are carried out on thin films of I2 isolated in
solid Kr, at a dilution ratio of 1 : 5000. Krypton gas of stated

purity 99.995% (Air Gas) was used without further purifica-
tion. Iodine of stated purity 99.99 þ (Aldrich Chemicals) was
subjected to three freeze–pump–thaw cycles prior to use.
Matrices of high optical quality are obtained on a sapphire
substrate held at 35 K, by pulsed deposition of the premixed
gas from a 1 l bulb, at bulb pressures ranging from 500 torr to
1000 torr. The films, at an estimated thickness of B100 mm,
appear purple to the eye.
The excitation pulses are derived from two home-built non-

collinear optical parametric amplifiers (NOPA) pumped by a
commercial laser (Clark-MXR 2001): l ¼ 775 nm, 1 mJ
pulse�1, 1 kHz repetition rate. Save for small variations, the
NOPA design follows that described by Riedle.24,25 In its
standard configuration, the NOPA generates B800 cm�1

bandwidth, compressible to 1.5� transform limit using a pair
of SF10 prisms. To reduce the bandwidth, the white-light
continuum seed is pre-stretched using a 3 cm-long optical flat
made of SF10 glass. This arrangement yields pulses ofB100 fs,
at a bandwidth of 350 cm�1. Three non-collinear beams are
used. The output of one of the NOPAs is split to provide pump
and probe beams, while the second NOPA provides the Stokes
beam. Delay lines control the timing between the three pulses.
The three beams are brought to focus on the sample using a
single achromat (fl ¼ 200 mm). The experimental four-wave
coherence length is 500 mm, as determined by monitoring
CARS generated from a translating thin glass plate.
The CARS beam is spatially filtered using an iris pinhole,

and spectrally filtered using a 1/4-monochromator (McPher-
son, 218). The signal is detected using a cooled photomultiplier,
averaged using a boxcar integrator, digitized, and then stored
on a personal computer for further analysis. The data is
acquired during continuous scan of the delay line, while
simultaneously recording the interferogram of a tracer He:Ne
laser as an absolute time base. This arrangement is effective in
eliminating all frequency modulations (FM) caused by mechan-
ical imperfections. However, amplitude modulations (AM) may
persist. In our prior report on TRCARS in Kr, a sharp AM
signal at 42 cm�1 was observed and was tentatively analyzed as
signal.22 We have since verified that this AM was generated by
one of the translation stages, and have corrected the fault.

3. Results and analysis

The measurements are restricted to the P(0,3) component of the
molecular third-order polarization, in which the three input
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pulses act on the state ket (bra) while the bra (ket) evolves field
free.20 With coincident pump (P) and Stokes (S) pulses that are
resonant with the electronic X 2 B transition of molecular
iodine, a second-order wavepacket (Raman packet) is prepared
as a vibrational superposition on the ground electronic state:

jjð2Þi ¼
X
v

avjvi:

The vibrational coherence, which is created as a spatial grating
formed by the non-collinear P- and S-pulses, decays as it
evolves. The evolving coherence is probed with a time-delayed
copy of the P-pulse. The action of the probe pulse (Pr), and the
anti-Stokes radiation detected through a spectral filter, can be
reduced to the projective measurement of the evolving coher-
ence, which in the frequency integrated mode of detection,
reduces the observable signal to damped sinusoids:22

SðtÞ /
X
v;v0

2cvcv0f ðoÞ cos½ov;v0tþ fv;v0� exp½�ðgv þ gv0Þt� ð1Þ

The coefficients, cv, are determined by the spectral composi-
tion of the pump and Stokes pulses, and the detection band-
pass; f(o) is the experimental frequency response due to the
finite widths of the laser pulses; ov,v0 ¼ ov � ov0 are the beat
frequencies between the prepared vibrations; and gv� gv,0 is the
overall rate of decay of amplitude correlation between state v
and v ¼ 0. The reproduction of the signal in terms of eqn. (1)
suggests the decomposition of the coherence decay in terms of
constituent vibrational amplituides

jjð2Þð~kP � ~kS; tÞihjð0ÞðtÞj ¼ exp½ið~kP � ~kSÞ~r�
X
v

av exp½�gv;0t�

iðEv � E0Þt=�h�jvih0j exp½iE0t=�h�
ð2Þ

The information sought in these measurements are: (a) the
beat frequencies, to reconstruct the solvated X-state potential;
(b) the gv dephasing times associated with individual vibra-
tional states.

At low temperatures and for low-lying vibrations, the coher-
ences are sufficiently long-lived to show nodal patterns above
the fundamental beats, as illustrated in Fig. 1. In frequency
domain, this simply implies that the spectral components are
well-resolved, i.e., the spectral width associated with a given
beat is narrower than the anharmonic splitting between beats.
As long as this condition prevails, broad-band measurements
are gainful since a single measurement yields all of the sought
parameters for the entire superposition. This was demonstrated
for the v ¼ 1–6 superposition in our prior report.22 In contrast,
when the decay time is too short to allow the development of

nodes, or equivalently, if the spectral components are not
resolved, then the extraction of state specific information
becomes unreliable. It is necessary to reduce the laser band-
width, ideally to prepare a two-state superposition (single beat)
in a given measurement, even though this necessitates measure-
ments at many different Stokes shifts. The data set to be
presented was obtained using many colors, with bandwidths
adjusted to resolve state specific information. In the long-lived
coherences, the spectrally resolved components are individu-
ally fitted, and the parameters are optimized from the recon-
structed signal in time and frequency domain. With the
reduced bandwidth measurements, the most reliable dephasing
data is obtained by fitting the zero-frequency component in
eqn. (1), and invariably, this can be well represented by a single
exponential decay.
We have also collected frequency resolved TRCARS data,

by recording the entire CARS spectrum at a given probe delay,
as illustrated in Fig. 2. Such data is valuable to test the
possibility of coherent dissipation, which would appear as a
skewing of the spectrum as a function of time; or for establish-
ing whether different members of the packet decay at different
rates, which would develop asymmetry between the blue and
red edges of the spectrum with time. Although only a segment
of the time record is shown for clarity, within the sensitivity of
detection, the time dependent spectra simply decay symmetri-
cally: population relaxation proceeds with random phase. As
illustrated in Fig. 2, the two-dimensional data set can be
decomposed in terms of contributing beats in frequency do-
main. Within the spectral resolution dictated by the decay
times, the widths of the spectral components are nearly iden-
tical. It would seem that the entire packet decays at a fixed rate.
A non-parametric extraction of v-dependent decoherence time
is only obtained by preparing excitations centered on different
vibrations, otherwise, in the analysis of broad superpositions
we impose a virial expansion of g(v).22

The Birge–Sponer plot obtained from the beat frequencies, is
shown in Fig. 3. The data may be fitted to include cubic
anharmonicity:

ov11,v ¼ oe � 2oexe(v þ 1) þ 3oeye(v
2 þ v þ 13/12) (3a)

However, in such a fit the error bar associated with oeye is
larger than its magnitude, lending it indeterminate. The fit
shown in Fig. 3 is restricted to only the first anharmonicity,
yielding

oe ¼ 211.56 � 0.14 cm�1, oexe ¼ 0.658 � 0.006 cm�1 (3b)

The parameters extracted with this expanded set of vibrational
states are within experimental error of the prior determination,
which was based on a single measurement of the v ¼ 1–6
superposition.22 In effect, the solvated potential up to v ¼ 19 is
adequately described by the Morse form.
The temperature dependent dephasing rates of beats be-

tween states v ¼ 7–8, v ¼ 13–14 and v ¼ 17–18 are shown in
Fig. 4. The data between T¼ 7 K and T¼ 40 K can be fit to the
exponential form g(T) ¼ A þ Bexp(�y/T). This is quite
generally diagnostic of dephasing by pseudo-local phonons,3

which can also be reduced down to the exchange model of
Harris,26,27 and the scattering of uncorrelated phonons by de
Bree and Wiersma.28 Above T ¼ 40 K, which marks the onset
of self-diffusion of the host, the data is not very reliable, since
the signal amplitude decays during measurements. Near T ¼ 7
K, dephasing times reach a T-independent plateau. A plot of
the vibration dependence of the rates at T ¼ 7 K and at T ¼ 34
K is shown in Fig. 5. While the T-independent dephasing rates
show a linear dependence on v, the high temperature rates
show a quadratic dependence. Note, the very long-lived states
v p 3 deviate from the quadratic fit. In this limit, inhomoge-
neous contributions become significant, as evidenced by

Fig. 1 Time resolved CARS signals for v ¼ 2,3,4 and v ¼ 17,18
superpositions, obtained at 7 K. Single exponential decay times of the
two superpositions are 52 ps and 12 ps, respectively.
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variation of the extracted decay times from sample-to-sample.
Otherwise, the entire data set, T and v o 3 deviate from the
quadratic fit. In this limit, inhomogeneous contributions be-
come significant, as evidenced by variation of the extracted
decay times from sample-to-sample. Otherwise, the entire data
set, T and v dependence, can be represented by the single
formula:

gðv;TÞ ¼ v

t1
þ v2

t2
e�W=T ð4aÞ

with

t1 ¼ 350 � 12 ps, t2 ¼ 330 � 33 ps, y ¼ 65 � 4 K (4b)

Eqn. (4a) divides the observed dephasing rates into a T-
independent term, which has linear v-dependence, and a quad-
ratic v-dependent term, which has exponential T-dependence,
characteristic of an activated process. The T-dependence can
also be well fit assuming that the activation is that of the
thermal occupation of a phonon:

gðv;TÞ ¼ v

t1
þ v2

t2

1

eW=T � 1
ð5aÞ

with

t1 ¼ 355 � 10 ps, t2 ¼ 560 � 70 ps, y ¼ 54 � 4 K (5b)

While without the incorporation of the phonon density of
states this form is not very meaningful, we include it here to
show that the extracted value of y is highly model-dependent,

and both eqns. (4) and (5) should simply be regarded as
formulae that can be used to summarize the data set within
its accuracy.

4. Discussion

In the range of the measurements, up to v ¼ 19 (E B 3500
cm�1), I2 isolated in Kr is well represented as a Morse
oscillator in a van der Waals solid. Solvation reduces the
harmonic frequency to oe ¼ 211.56 cm�1 from its gas phase
value29 of 214.57 cm�1, and increases the anharmonicity to
oexe ¼ 0.658 cm�1 from its gas phase value of oexe ¼ 0.6127
cm�1 (in Ar,21 oe ¼ 214.0 cm�1, oexe ¼ 0.638 cm�1). This is
consistent with the occupation of a bi-substitutional site,30

which is somewhat looser in Kr than in the equivalent cavity
in Ar, such that the molecule is subject to tensile stress. Given
the symmetry of the trapping site, the local potential can be
expected to be limited to an expansion in even powers of the
molecular intermolecular coodinate, q. Then the lowest order
term, k0q2/2, can be extracted from the shift in the harmonic
frequency of the molecule:oe

2(s) � oe
2(g) ¼ k0/m. Inclusion of

this local quadratic potential, V(q) ¼ Vg � k0q2/2, in which Vg
is the gas phase potential of I2(X) and k0 ¼ 2.27 � 103 cm�1

Å�2, fully accounts for the observed increase in the anharmo-
nicity. The effect of the quartic term is not discernible in the
energy range of the measurements. In Fourier transformed
TRCARS spectra of long-lived vibrational coherences, there is
evidence that a minority of the molecules, B1%, is trapped
near defect sites. The resulting spectra are in good agreement
with a model that assumes vacancy point defects.31 The

Fig. 2 Time and frequency resolved CARS signal for the v ¼ 16,17,18 superposition. The FFT spectra along the indicated optical frequency slices
are shown. Although the time resolution is sufficient to clearly distinguish the anharmonically shifted o17,16 and o18,17 beats, the frequency
resolution is not sufficient to distinguish the widths of the component beats. The symmetric temporal decay of the 2D spectrum reinforces this, and
establishes the absence of coherent dissipation.

Fig. 3 Birge–Sponer plot of the observed beat frequencies. The linear
fit to the slope and intercept yield: oe ¼ 211.56 � 0.14 cm�1, oexe ¼
0.658 � 0.006 cm�1: the solvated potential is well represented as a
Morse curve.

Fig. 4 Temperature dependence of the dephasing rates, g(v,T) for
v ¼ 8 (’), 14 (K) and 18 (m). The dashed lines are the analytical fits
to eqns (4)–(6).
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reported phase and population transfer rates are strictly for
molecules trapped in the principal isolation site.

The observation of coherence decay rates that are much
longer than characteristic periods of motion of the lattice or
molecule; or equivalently, the presence of a sharp Raman
spectrum, implies a system weakly coupled to its environment:

H ¼ HS(q,p) þ HB(Q,P) þ HSB(q,p,Q,P) (6)

in which q,p represent the molecular coordinates, while Q,P
represent the set of normal coordinates of the lattice phonons.
It is then useful to carry out the discussion in terms of the
uncoupled basis set:

jv; fnigi ¼ jvi
Y
i

jnii ð7Þ

where |vi represent the eigenstates of the solvated Morse
oscillator:

HS ¼�
�h2

2m
d2

dq2
þDð1� e�bqÞ2

¼ �hoeN

2ðN þ 1Þ ðb
ybþ bbyÞ þ �hoe

4ðN þ 1Þ

ð8Þ

and |nii represent eigenstates of the normal modes of the doped
solid, Qi, which at the cryogenic temperatures of interest may
be treated as harmonic:

HB ¼
X
i

� �h2

2Mi

d2

dQ2
i

þ 1

2
Mio2

i Q
2
i

� �

¼
X
i

�hoiðaiayi þ 1=2Þ
ð9Þ

The observed v,T-dependent measurements of dephasing
then allow the characterization of the effective system–bath
interaction. Assuming a potential coupling given as an expan-
sion:

VSB(q,Q) ¼ qf(Q) þ q2g(Q) þ � � � (10)

mechanistic associations with a given expansion term can be
made by noting that for a harmonic phonon:

Q ¼ �hk

2o
ðaþ ayÞ ð11Þ

while for the quantum Morse oscillator:32

q �

ffiffiffiffiffiffiffiffiffi
�h

2mo

s
½ðbþ byÞ þ ffiffiffiffiffi

xe
p ðbþ byÞ2� ð12Þ

where xe is the anharmonicity coefficient, and a,aw and b,bw are
the annihilation and creation operators.

The observation of a linear v-dependent coherence decay in
the T - 0 limit uniquely identifies the process as dissipation,
which at the cryogenic temperatures of relevance is dominated
by the population relaxation v - v � 1 with rate kv-v�1 ¼ 2gv
p |hv0 |b |vi |2 ¼ vdv�1,v0. This process may only be driven by the
linear term in the system–bath coupling, qf(Q). To conserve
energy, the process must be accompanied by the creation of
minimally four phonons. We are lead to conclude that to the
lowest order, dissipation in this system is driven via the quintic
coupling: qf(Q) ¼ li,j,k,l

(1,4)qQiQjQkQl where the superscript on
the expansion coefficient identifies the order of coupling to the
system and bath coordinates.
Dephasing processes that consist of scattering of phonons

with preservation of the vibrational state of the molecule, to
lowest order, must be limited to the number operator along the
molecular coordinate: bbw þ bwb. For a Morse oscillator, this
can be induced either via the internal anharmonicity,

ffiffiffiffiffi
xe
p ðbþ

byÞ2 term in eqn. (12), in which case the coupling is linear in the
system coordinate, q. Alternatively, dephasing can be induced
via intermolecular anharmonicity which is quadratic in the
system coordinate, q2. In either case, a quadratic v-dependence
would arise, as observed in the high temperature decay of
the vibrational coherence. The requirement of tracing over the
bath implies that only even powers of the coupling along
phonon coordinates may contribute,33 therefore to lowest
order, dephasing via intramolecular anharmonicity is driven
by the cubic term l(1,2)qQ2, while the intermolecular anharmo-
nic term is quartic, l(2,2)q2Q2. The experiment does not distin-
guish between these two mechanisms.
The exponential temperature dependence of dephasing sug-

gests an activated process, rather than the Debye density of
states, which would predict a T7 dependence34—particular
phonons that are subject to an energy gap are involved. For
phonons sharply peaked at ok, the requisite Q

2 dependence via
awa operator would predict a temperature dependence g(T)a
n(ok)[nok) þ 1], where n(ok) ¼ 1/[exp(�hok/kT) � 1] is the
phonon occupation number. As shown in Fig. 4, the data can
be well fit to this expectation:

gðTÞ ¼ v

t1
þ v2

t2
nðokÞ½nðokÞ þ 1� ð13aÞ

with

t1 ¼ 353 � 16 ps, t2 ¼ 1550 � 800 ps,

ok ¼ 27 � 6 cm�1 or yk ¼ 40 � 10 K (13b)

Note, the exponential fit in eqn. (5) yields a phonon frequency
of 45 � 3 cm�1. The data does not favor either of these limiting
models. Rather than a single phonon, the decay may be
ascribed to a spectral density of phonons, for which we
consider the likely modes.
We carry out a normal mode analysis on a cell of 108 Kr

atoms containing a single I2 molecule as a bi-substitutional
dopant. Pair potentials are used, and the normal modes are
computed after simulated annealing to thermalize the lattice.22

As a measure of the coupling between various phonons and the
impurity, we compute the percentile participation amplitude
wi ¼ q̂~Qk/ |Qk |100%, where the subscript i ¼ s, l, t identifies the
unit vector as the molecular stretch, libration, and center of
mass motion, respectively. The computed spectral densities are
shown in Fig. 6. As expected, the center of mass motion is most
strongly coupled to the acoustic modes, the magnitude peaking
near 15 cm�1 (due to truncation of the lattice the density below
10 cm�1 is not well represented). This coupling channel is
clearly ineffective, as evidenced from the T-dependence. The
coupling of phonons to the molecular libration is more than an
order of magnitude larger than to the internal vibration, with a
spectral density that peaks to B6% around o ¼ 34 cm�1. The

Fig. 5 Vibration dependence of the observed dephasing rates at T ¼ 7
K (m) and T ¼ 34 K (K). Solid lines are analytical curves correspond-
ing to the global best fits to g(v,T) – linear at 7 K and quadratic at 34 K.
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same modes are also among the most strongly coupled to the
stretch. As such, the coupling between the molecular vibration
and the librational phonons are suggested as the likely channel
for dephasing. For a spectral density G(o) that contributes to
dephasing the temperature dependence is modified:

gðTÞ ¼ v

t1
þ v2

t2

Z
do nðokÞ½nðokÞ þ 1�GðoÞ2 ð14Þ

As shown in Fig. 7, the data can be well fit by assuming G(o)
centered at o ¼ 34 cm�1, with a width of 3–5 cm�1 (the choice
of different widths is compensated by the magnitude of t2). All
of the data in Fig. 4 are combined to generate Fig. 7, by
plotting (g(v, T) � v/t1)v

�2 versus T. The width of the distribu-
tion may be ascribed to either the distribution of phonons that
couple to the molecular vibration, or to the lifetime of the
pseudo-local phonon. The accuracy of the T-dependence data
is not sufficient to directly extract a spectral density from the
experiments.

5. Conclusions

I2 isolated in solid Kr is prototypical of a Morse oscillator
trapped in a harmonic bath. This, we establish through the
reported time and frequency resolved CARS measurements.
Due to the long-lived vibrational coherences, the present time-
domain measurements constitute the highest resolution deter-
mination of vibrational frequencies of the matrix isolated
molecule for v ¼ 1–19. The solvated molecular potential up
to E ¼ 3500 cm�1, is well represented as a Morse potential, and
its modification is well described as resulting from a local
quadratic potential: V(q) ¼ Vg � k0q2/2, where Vg is the gas
phase molecular potential and k0 ¼ 2.27 � 103 cm�1/Å2. The
experiments provide the v-dependent dephasing rates as a
function of temperature. In the T - 0 limit, the vibrational
coherence lasts for 1/(2gv) ¼ 175 ps (B1000 periods) for v ¼ 1,
while for v ¼19, 1/(2gv) ¼ 9 ps (B50 periods). The linear
dependence on vibrational quantum numbers establishes the
low temperature decay to be controlled by dissipation, which
must be accompanied by the creation of minimally four
phonons, and hence is controlled by the quintic coupling
between the molecule and the lattice. The quadratic v-depen-
dence of the high temperature decay identifies it as pure
dephasing. The observed exponential T-dependence of this
process is generally consistent with the model of dephasing
via pseudo-local phonons.4 A normal mode analysis suggests
that the librations of the molecule act as the principal coupling
channel, however, a more rigorous analysis remains quite
desirable. We hope that the systematic measurements in this
prototype would serve as testing grounds for different theo-
retical approaches to this fundamental process.
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