
JOURNAL OF CHEMICAL PHYSICS VOLUME 115, NUMBER 17 1 NOVEMBER 2001
Spectral inhomogeneity induced by vacancies and thermal phonons
and associated observables in time- and frequency-domain nonlinear
spectroscopy: I 2 isolated in matrix argon
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The vibrational self-consistent field method is used to analyze the inhomogeneous spectral
distribution of transitions caused by vacancies and thermally populated phonons, specializing to
molecular iodine isolated in an Ar matrix. At experimentally relevant temperatures, for a vacancy
concentration of 1.4%, both defect-induced and phonon-induced spectral shifts contribute to the
spectral distribution. Both contributions scale linearly with vibrational overtone number. The
predicted widths are consistent with reported resonant Raman spectra. In time-resolved coherent
anti-Stokes Raman scattering~TRCARS! measurements, spectral indistinguishability implies that
all members of the inhomogeneous ensemble contribute coherently to the detectable homodyne
signal. The connection between spectral distribution and the observable in TRCARS is derived. The
predicted polarization beats and free induction decay due to the inhomogeneous ensemble are in
qualitative agreement with experiments. ©2001 American Institute of Physics.
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I. INTRODUCTION

Matrix isolated iodine has been extensively used a
prototype for investigating time-resolved molecular photod
namics in rare gas solids, which in turn represent a valua
limit in condensed phase dynamics in general.1 To date, the
majority of the experimental effort has been devoted to m
surements in the electronically excited states, designe
elucidate processes such as bond breaking and remak2

nonadiabatic dynamics,3 the relaxation of vibrationa
coherences,4 their controllability,5 and related issues. Th
first time-resolved measurements that interrogate vibratio
coherences on the ground electronic surface were rece
reported.6 In these time-resolved coherent anti-Stokes Ram
scattering~TRCARS! studies of I2 isolated in matrix Ar, vi-
brational superpositions are prepared on the ground e
tronic state and their evolution is monitored in real time. T
report was limited to packets prepared nearv54. More ex-
tensive measurements, as a function of vibrational quan
number and temperature, have since been obtained.7 The
gross information in such measurements is the coherence
cay time, which nearv54 occurs on a time scale oft
510 ps. This information should also be contained in wid
of resonant Raman~RR! lines. However, the implied width
of Dv5(2pt)2150.5 cm21 is significantly narrower than
the highest experimental resolution of;10 cm21 used in

a!Author to whom correspondence should be addressed; electronic
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reported RR measurements to date.8,9 Given that vibrational
relaxation in iodine, in liquid Xe at 280 K, proceeds on
time scale of 1029 s,10 and based on its known temperatu
and density scaling,11 it is safe to assume that the observ
decay in the cryogenic matrix is not due to relaxation, b
rather due to dephasing. Both homogeneous processes, i
form of pure dephasing and vibrational redistribution in t
lattice modes, and inhomogeneous distributions due to
fects and anharmonically coupled thermally occup
phonons, may contribute to the observable decay. Here
assess the potential roles of spectral inhomogeneity ca
by vacancy point defects and thermal phonons, and their
pected contribution to the dephasing of vibration
coherences.12 It should be noted that in the case of pol
impurities, long-range energy transfer and spectral diffus
are additional channels of dephasing, as has been rec
demonstrated in time-resolved infrared photon echo m
surements on CO isolated in solid nitrogen.13

Rare gas matrices are polycrystalline inclusion sol
that are grown under nonequilibrium conditions.14 As such,
all rare gas matrices must contain a significant density
lattice defects that may act as a source of spectral inho
geneity. Despite the recognition of this fact, the quantific
tion of defects and their role on time or frequency-depend
observables has all but been ignored. This omission may
ascribed to the practical consideration of the absence of c
venient and reliable experimental tools to quantify defect15

Moreover, in the specific system of matrix isolated iodin
much of the excited state pump–probe observables are
il:
6 © 2001 American Institute of Physics
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sensitive to defects, as evidenced by the success of sim
tions that assume a perfect lattice.2–5 General treatments fo
the effect of point defects on the optical line shape of imp
rities exist.16 Given a theoretical method of sufficient acc
racy, it should be possible to go beyond general model
assessing the contribution of defects to spectral inhomog
ity and dynamical implications therein. Such a tool is pr
vided by the adaptation of the vibrational self-consistent fi
~VSCF! method which we recently reported.17 This variant
of the method enables the computation of anharmonic en
levels and wave functions of molecules embedded in a s
matrix, in a framework that explicitly treats the vibrations
the lattice atoms and their coupling to the molecule.

In a recent report we described a method for impleme
ing VSCF calculations on matrix isolated species.17 We illus-
trated the method through the analysis of the vibratio
modes of molecular iodine isolated in a perfect Ar matr
We showed that the use of the anisotropic potential
Naumkin et al.18 could predict the experimentally observe
frequencies, up to the highest observable overtones,
therefore is consistent with the assumed structure; namel
impurity trapped in the double-substitutional site of an o
erwise perfect fcc lattice. More generally, the VSCF meth
can accurately account for anharmonicities, both intra-
intermolecular.19 Therefore given a choice of interaction p
tentials, the VSCF method can be expected to produce a
rate frequencies. We take advantage of the inherent sens
ity of this tool to analyze the role of defects and therma
occupied phonons on spectral distributions. We limit the
vestigation to the effect of vacancies as point defects.
limitation is motivated in part by the TRCARS experimen
considerations. These nonlinear, four-wave mixing meas
ments are extremely sensitive to phase front distortions
the laser beams, and therefore only possible in samples
are grown with great care to reduce optical scattering. Mo
over, once such a nonscattering solid is grown, crystallite
<100 mm are selected after an extensive search.7 In effect,
grain boundaries and large-scale dislocations that may sc
the visible radiation are avoided. Small scale defects, an
particular point defects, remain in the observation volum
and therefore their role deserves a careful assessment
yond these specific considerations, we hope with this st
to provide a useful calibration of the role of lattice defects
nonlinear spectra of isolated impurities.

II. METHOD

The VSCF method has been extensively used for trea
the vibrational spectroscopy of polyatomic systems, bey
the harmonic approximation.19 The method has proved suc
cessful in a wide range of applications for highly anharmo
systems, such as van der Waals and hydrogen-bonded
plexes. It is computationally, highly scalable to large s
tems. The version of the VSCF method applicable to ma
isolated species has already been described in some de17

The calculations are carried out in a cell of 450 atoms,
which the outer two shells of 376 atoms are kept stationar
their equilibrium lattice positions. The inner two shells su
rounding the impurity, a total of 74 atoms, are allowed
move. I2 is introduced as a substitutional impurity that occ
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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pies a divacancy at the center of the simulation cell. T
anisotropic potential of Naumkinet al.18 is used to describe
the I2–Ar interactions, and the Rydberg-Klein-Rees~RKR!
potential of Leroy is used to describe the I–I coordinate.20 To
simulate the effect of vacancies, an Ar atom is removed fr
the mobile set, the lattice is allowed to relax to its minimu
energy configuration, then wave functions and energies
vibrational eigenstates are calculated. The frequencies o
Raman lines are then obtained as the difference between
VSCF energy with the molecular vibration in vibration
level v and the VSCF ground state energy. In this study,
consider only monovacancies in the vicinity of the molecu

Vacancies can be classified by the polar angle they fo
relative to the molecular axis. As indicated in Fig. 1, vaca
cies in the first shell fall into four different symmetry categ
ries: two polar atoms at 0°, four atoms at 30°, eight atoms
60°, and four equatorial atoms at 90°. The effect of vacanc
in the second shell, and their site dependence within the
ond shell, is significantly smaller. As such, we do not furth
categorize them.

III. RESULTS

The VSCF method allows the calculation of vibration
eigenenergies of the supersystem consisting of chromop
and lattice, for a given set of mode occupation numbe
Ignoring intensities~analyses of RR intensities for matri
isolated I2 have been given previously9,21–23!, the spectro-
scopic observables consist of energy differences. In RR,
overtone progression of the chromophore is observed:E(v)
2E(v50), wherev is the quantum number of the mod
containing the molecular coordinate. Long progressio
with overtones as high asv525 are observed in matrix iso
lated iodine. In TRCARS, a pair of short laser pulses p
pares a superposition of two to three neighboring overton
The quantum beats among the members of the superpos
are observed in real time, and monitored until the cohere
decays.6 For a two-state superposition, the beat correspo
to the vibrational interval between the neighboring ov
tones: v5@E(v)2E(v21)#/\. Given the fact that elec-
tronic dephasing is extremely fast, the decay of the CA
signal may be primarily attributed to the time correlatio
between the prepared packet of overtones and the initial t
mal ground state. The Fourier transform of the same co
lation determines RR line shapes. When we consider
eigenstates of the supersystem, namely the multidimensi

FIG. 1. Iodine and the first solvation shell in the fcc Ar lattice. Vacancy si
in the first shell are classified based on their indicated polar angle relativ
molecular axis.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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vibrational wave functions,c(v,$nk%), wherenk are the oc-
cupation numbers of the lattice modes; then the decay
correlation occurs via two mechanisms. Homogeneous de
occurs if during the measurement there is a redistribution
amplitudes among the lattice modes. Inhomogeneous d
occurs either due to the distribution of trapping sites cau
by lattice defects or due to the distribution of different loc
lattice vibrations that are coupled to the chromophore. H
we are only concerned with the assessment of inhomo
neous contributions, limited to the effect of a single vacan
in the lattice. The principle result we seek through VSC
calculations is the distribution of vibrational intervals a
overtone frequencies that arise from the thermally occup
phonons and from a statistical distribution of vacancies.
then establish the relation between the spectral distribut
and the time-domain observable in TRCARS.

A. Vacancy-induced spectral shifts at 0 K

With all lattice modes in their zero-point states, VSC
calculations were carried out for the first 20 vibrational le
els of the molecular mode in the perfect lattice, and in
presence of the four different vacancy sites in the first sh

FIG. 2. Site splittings, shifts relative to the perfect lattice, of overtone tr
sitions by the four possible first-shell vacancies. The splittings of overt
transitions fan-out linearly as a function of vibrational quantum numberv,
with slopes of: (0°)50.53 cm21, (90°)51 cm21, (30°)520.14 cm21,
(60°)520.23 cm21.
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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The shift in vibrational overtone energy for a given defe
site, j, relative to the perfect lattice, 0, is defined as

dGj~v11/2!5@~EVSCF~v !2EVSCF~0!! j2~EVSCF~v !

2EVSCF~0!!0#/\. ~1!

The calculated shifts for the four possible vacancies
the first shell are illustrated in Fig. 2. The effect of equator
and polar vacancies is to blueshift the fundamental energy
0.95 and 0.51 cm21, respectively, while vacancies at 30° an
60° produce redshifts of 0.12 and 0.21 cm21. These site split-
tings of overtone transitions are linear functions of the vib
tional quantum numberv—the effect is linearly magnified
with increasing overtone number. Thus, for thev520→v
50 overtone transition, the equatorial vacancy leads to a
cm21 blueshift, while the vacancy at 60° leads to a redsh
of 4 cm21 ~see Fig. 2!.

The vibrational spacings for each of the four defect si
is illustrated in Fig. 3, in the form of a Birge–Sponer plot
DGv11/2 versusv where

DGv[G~v11/2!2G~v21/2!. ~2!

-
e

FIG. 3. Birge–Sponer plot, Eq.~2! of the text, of iodine in a perfect Ar
lattice and for the four possible vacancies in the first solvation shell.
plot represents the vibrational interval for one-quantum transitions, wh
determine the dominant beat frequency in TRCARS measurements. N
the harmonic frequencies that can be obtained from the intercepts
shifted; however, the anharmonicity of the iodine stretch remains nearly
independent.
K;

TABLE I. The effect of various first-shell vacancies on the vibrational frequencies of I2 isolated in matrix Ar.
ve(h) is the harmonic frequency obtained from the normal mode analysis of the relaxed lattice at 0ve

[DG0 , is the VSCF frequency obtained by extrapolation of the Birge–Sponer plot of Fig. 2 tov50; vexe is
the anharmonicity obtained from the slope of the VSCF vibrational intervals ofv50 – 20 shown in Fig. 2;
DG20[G(2011/2)2G(1911/2) is the calculated vibrational spacing atv520: d—quantities represent shifts
from the perfect lattice values.

Vacancy site ve(h) ve DG20 vexe dve(h) dve dDG20

None 213.69 213.42 188.70 0.618 ¯ ¯ ¯

90° 214.64 214.38 189.74 0.617 10.95 10.96 11.04
60° 213.46 213.20 188.46 0.619 20.23 20.22 20.24
30° 213.57 213.31 188.54 0.620 20.12 20.11 20.16
0° 214.19 213.94 189.24 0.618 10.50 10.52 10.54
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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These results are also summarized in Table I, in which
addition to the VSCF calculations we give harmonic frequ
cies obtained by normal mode analysis. For each of the fi
shell defects, the Birge–Sponer plot is linear, and the lin
plots remain nearly parallel in the rangev50 – 20. Accord-
ingly, the vibrational term energies can be fitted with a sin
anharmonicity constant, and the extracted anharmoni
constants for the different defect configurations vary by l
than 0.5% from that of the perfect lattice~see Table I!. The
vacancy-induced inhomogeneous distribution of vibratio
intervals,dDGv , is a weak function ofv for v50 – 20. To
be precise, the vacancy-induced shifts forv520 andv50
are given underdDG20 anddve in Table I.

Inspection of Table I reveals that the VSCF results
trapolated tov50 are systematically shifted by 0.2 cm21

relative to those obtained from the normal mode analysis
effect, in the 0 K lattice, anharmonic effects are small even
the presence of vacancies. As such, we consider the effe
second-shell vacancies through normal mode analysis.
distribution of the calculated fundamental frequencies du
a vacancy at any one of the 72 possible sites in the first
shells, therefore, for a defect density of 1/7251.4%, is
shown by the stick spectrum in Fig. 4. The frequency shift
the molecular fundamental due to second nearest neig
vacancies is small. The mean of this distribution occurs a
blueshift of 0.05 cm21, and its standard deviation is 0.0
cm21. The spread of this distribution is also linear with qua
tum numberv, as in the case of first-shell vacancies expl
itly shown in Fig. 2.

The important result to emphasize is that the distribut
of site splittings of vibrational spacings is independent ofv,
or equivalently that the distribution of overtone frequenc
fan out linearly with increasingv.

B. The thermal contribution to spectral inhomogeneity

The experiments are conducted at finite temperatu
T54 – 35 K, under conditions where the full density
phonons is accessible. The thermal occupation of phon

FIG. 4. Site splittings on the fundamental transition of iodine in Ar for t
72 possible vacancy sites in the first two solvation shells. The probabil
represent a uniform distribution of vacancy density of 1.4%.
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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contributes to the inhomogeneous spectral distribution du
the anharmonic coupling between lattice modes and
chromophore mode. This contribution is inhomogeneous
the extent that phonon occupation numbers remain static
the duration of a given measurement. This will be the c
during the inertial period of evolution in the time-resolve
measurements, at least for a periodt5p/vph;1 ps, where
vph is a characteristic phonon frequency. The condition
undoubtedly violated at longer times, since the same an
monic couplings that lead to spectral shifts also lead to
brational redistribution. We will nevertheless restrict o
consideration to the static distribution of vibrational freque
cies due to phonons, with the recognition that we will on
obtain a lower limit to spectral widths, or an upper limit
coherence decay times.

Let us denote byE(v;$nk%) the energy of the self-
consistent state withv quanta in the molecular vibration an
a set of lattice modes wheren is the occupation number o
the kth mode. Previously, we limited the calculations
E(v;$0%) and obtained the zero-phonon vibrational overto
frequency of the chromophore:

v~v;$0%!5@E~v;$0%!2E~0;$0%!#/\. ~3!

We are interested in the phonon-induced shifts in the ov
tone frequency:

dv~v;$nk%!5v~v;$nk%!2v~v;$0%!. ~4!

It is impractical to calculate these shifts for all the attaina
combinations$nk% of phonon occupancies. The task of ca
culating the distribution of phonon-induced shift
dv(v;$nk%), is greatly simplified under the good approxim
tion that the lattice is a collection of uncoupled oscillato
Thus, we first compute shifts induced by the singly occup
kth mode:

dvk~v !5v~v;0,1k,0,...!2v~v;$0%!. ~5!

We then assume~and verify for a number of selected mode!
that for a given mode the spectral shift is a linear function
the occupation number:

dv~v;nk!5v~v;0,nk,0,...!2v~v;0,0,0,...! ~6a!

5nkdvk~v !. ~6b!

In the same spirit, we assume that the spectral shift
to the simultaneous occupation of different modes is ad
tive:

dv~v;$nk%!5Sknkdvk~v !. ~7!

For a thermal distribution of uncorrelated modes, we m
assume the mean occupation number and its variance t
given by the Bose–Einstein distribution, i.e.,̂nk&
5@exp(\vk /kBT)21#21 and s2(nk)5exp(\vk)/(exp(\vk)
21)2, respectively. The resulting normal distribution of spe
tral shifts due to the thermal occupation of all modes w
have a mean̂dv(v)& and varianceG2(v) given by

^dv~v !&5(
k

^nk&dvk~v !, ~8!

s
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G2~v !5(
k

s2~nk!dvk~v !2. ~9!

We explicitly compute Eq.~5!, namely, the spectra
shifts forv51 – 20 and with single occupation of each of t
219 modes that arise from the consideration of I2 surrounded
by two complete mobile shells. To test the size-depend
convergence of this analysis, we also compute the same
tribution when the second shell is frozen and only the
modes that arise from I2 and its 18 nearest neighbors a
considered. Not surprisingly, the individual shifts due to d
ferent phonons are smaller for the 219-mode calculat
since the lattice modes are more delocalized. However,
overall effect with regard to the final distributions is neg
gible, since the smaller shifts are compensated by the p
ence of the larger number of modes. Due to extensive c
cellation, the overall shift in Eq.~8! is small ~0.02 cm21 for
v51 at 35 K!. While the variance of the normal distributio
is also small~0.11 cm21 for v51 at 35 K!, as in the case o
the defect-induced shifts, this width is also a linear funct
of v. This is illustrated in Fig. 5 for three different temper
tures~15, 25, and 35 K!. Thus, for thev520→v50 transi-
tion, at 35 K, the inhomogeneous contribution of therm
phonons is a Gaussian ofG52.25 cm21. As expected, the
phonon-induced spectral widths are greater at higher t
peratures, as there are more phonons in the warmer latt

The inhomogeneous spectral distribution due to b
thermal and vacancy contributions is obtained by convo
ing a Gaussian of variance defined in Eq.~8! with the stick
spectrum of Fig. 4 to produce the continuous spectral dis
bution,

gv~v!5(
j

P~ j !exp~2~v2v j~v !!2/2G~v !2! ~10!

FIG. 5. The variance, Eq.~9! of the text, of overtone transitions induced b
thermal phonons, for three different temperatures. The inhomogeneous
broadening caused by the thermal population of phonons is a linear fun
of the vibrational quantum numberv. The good comparison between th
calculations with one mobile shell~57 modes, dotted line! and two shells
~219 modes, solid line! indicates that with regard to the statistics of lin
widths, the calculations are converged.
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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in which the indexj identifies one of the 72 possible vacan
sites, andP( j ) is the probability of its occurrence. The re
sulting function is shown for the fundamental transition,
various temperatures, in Fig. 6. The spectral function
overtonev is essentially the same, but on a linearly e
panded frequency scale. This models a thermal lattice, c
taining random vacancies at a density of 1.4%. We recogn
that in practice vacancy distributions need not be random
fact, mobility of atoms during the growth of the solid cou
entirely eliminate first-shell vacancies, in which case,
phonon-induced inhomogeneity would be the residual sou
of spectral broadening. It is indeed of considerable interes
pursue observable spectroscopic signatures of the rand
ness on nonradomness of the vacancy distribution, but
lies outside the scope of the present study.

C. The connection to TRCARS observables

A detailed analysis of the principles in TRCARS,24 as
applied to matrix isolated iodine, has already been given.6 In
the experiments, the monitored signal is the time-freque
integrated third-order polarization propagating along
anti-Stokes~AS! direction:

I CARS~ t !5E
2`

`

dt43uP~3!~ t21,t32,t43!u2, ~11!

where t21 and t32 are the two intervals between the thre
applied pulses, andt43 is the radiation interval following the
arrival of the probe pulse. Due to fast electronic dephas
the time evolutions ont21 andt43 are limited to be very short
The principle experimental observable is the modulation
the AS polarization as a function oft32, namely, as a func-
tion of the delay between the preparation of the Ram
packet on the ground electronic surface and its interrogat
With little loss of detail we may sett2150, a condition fur-
ther forced in the experiments by using coincident pump a
Stokes pulses. Then, a given member of the inhomogene
ensemble contributes polarization:

ine
on

FIG. 6. Line shape of the fundamental transition of iodine in Ar, with 1.4
vacancy point defects, and at different temperatures. The spectral dist
tions are obtained by convoluting the stick spectrum of Fig. 4 with Gau
ians of thermal widths given in Fig. 5@Eq. ~9! of the text#.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Pj ,nk

~3! ~ t43;t32!52
i

\3 P~ j !P~nk ;T!

3(
v

cv~ t43!e
2 ivv, j ,nk

t32e2 ivASt431c.c.,

~12!

whereP( j ) and P(nk ;T) are the probabilities of sitej and
phonon occupanciesnk at temperatureT. cv(t43) are the
four-wave mixing amplitudes of the prepared vibration
states determined by spectral characteristics of the lasers
transition matrix elements.

Fast electronic dephasing also dictates that the a
Stokes radiation occurs promptly after arrival of the pro
pulse (t43,30 fs). This limitation has important conse
quences. Since the radiation period is fixed,t43 may be inte-
grated out of Eq.~11! to reduce the time dependence to t
single intervalt32. Thus, after substituting Eq.~12! in Eq.
~11! and integrating with respect tot43, the homodyne
CARS signal from a single member of the ensemble
obtained:25

I j ,nk

~CARS!~ t32!}
2

\6 P~ j !2P~nk ;T!2

3 (
v,v8

cvcv8
* e2 i ~vv, j ,nk

2vv8, j ,nk
!t32. ~13!

This consists of thequantum beats, which occur at vibra-
tional difference frequenciesvv2vv8 , at all possible differ-
ence frequencies among the vibrational states containe
the Raman packet. Note, the time constant of the dete
enforces the rotating wave approximation, and the integ
tion eliminates the time dependence of the amplitudes,cv .
Since we have assumed no redistribution of the lattice vib
tions, the modulation of this signal persists indefinitely.

It is, however, not possible to isolate the contribution
a single member of the inhomogeneous ensemble to the
nal. The short duration of evolution overt43, as in the case
of using continuum states in the probe transition in the
phase,26 implies a broad AS spectrum which is several ord
of magnitude broader than spectral shifts induced
phonons or defects. As such, the polarizations contributed
the members of the inhomogeneous ensemble are spec
indistinguishable. The indistinguishability of polarizations
the measurement process necessarily implies that, e
though members of the thermal ensemble are uncorrela
their polarizations will interfere on the detector; or equiv
lently, each member of the ensemble contributes cohere
to the overall polarization. This is the origin of interferenc
among different molecules in solutions,27 or from different
initial rovibrational states in the gas phase.28 Thus, the over-
all signal collected with a square-law detector is the squa
sum of contributed polarizations~since the signal is only a
function of t32, herein we sett[t32!:
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\3 (
j

(
$nk%

(
v

Pv, j ,nk

~3! ~ t !U2

} (
$nk%,$nk8% j , j 8

P~ j !P~ j 8!P~nk ;T!P~nk8 ;T!

3 (
v,v8

cvcv8
* e2 i ~vv, j ,nk

2vv8, j 8,nk8
!t. ~14!

Distinct from the vibrational quantum beats contributed by
member of the ensemble~13!, now intermolecularpolariza-
tion beatsappear. Polarization beats due to all possible co
binations of differences indexed by sites,j, and phonon oc-
cupation numbers,$nk%, occur. The summation in Eq.~14!
can now be replaced by integration over the continuous sp
tral distribution derived above Eq.~10!, to obtain the final
result:

I ~CARS!~ t !5U2 i

\3 (
v
E dvgv~v!e2 ivvtU2

. ~15!

IV. DISCUSSION

The predicted spectrum of Fig. 6 is the observable in
measurements. However, only qualitative comparisons w
existing experiments are possible. The experimental res
tion of 10 cm21 used in the measurements of Andrewset al.7

is too coarse to be useful in testing the prediction for
lower overtones. However, the predicted fan-out of vacan
induced shifts with overtone number leads to sufficie
broadening of higher overtones to exceed the experime
resolution. Inspection of the published spectra indicates
this is the case. Overtones nearv515 and above appear t
be broader and more asymmetric than the lower member
the progression, and therefore appear to be parti
resolved.8 Convolution of the spectral distribution with th
instrument function, however, would preclude the obser
tion of structure. This is further exacerbated by the fact t
high overtones blend into the hot luminescence backgrou9

Similar considerations apply to the experiments by Alm
et al., precluding a more meaningful comparison betwe
experiment and prediction. An experimental detail of note
that the intense continuous wave lasers used in these m
surements are known to lead to local annealing of the ma
and therefore may significantly alter the nature and den
of as-deposited defects.

In the more recent TRCARS measurements, the poten
contribution of spectral inhomogeneity to the observed wa
forms has been speculated, based on the observation
Gaussian wave forms and their histories. The present m
accounts at least qualitatively for such contributions.

In the absence of vacancies, the model predicts a Ga
ian decay of the TRCARS signal, with a decay time of h
width at half maximum given ast1/25Aln 2/(2pcG)
54.42/G, whereG is the variance of the spectral distributio
in cm21 andt is given in ps. In the experimentally relevan
range of temperatures, a linear temperature dependen
predicted, with decay times ranging fromt1/2511 ps at 15 K
to 3.8 ps at 35 K. These time constants are in the range o
decay times observed experimentally.6,7
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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To be explicit about the role of vacancies, in Fig. 7 w
give examples of the wave forms predicted by the full sp
tral distribution of Fig. 6, and according to Eq.~15!. Note
that to simulate the observable signal with proper depth
modulation, it is necessary to explicitly carry out the integ
tion of the quantum equations of motion under the vario
pulses. This was discussed in some detail in Ref. 6, wh
the spectral predictions were compared to explicit but o
dimensional wave packet simulations. A similar treatmen
not possible in the full dimensionality of the lattice, which
of essence here. A practical method for explicitly simulati
the required three-time correlation function implied by E
~11! is through the semiclassical method recently imp
mented for I2 in liquid Xe.29 Here, the effects of space–tim
overlaps under finite pulses are entirely accounted for
adding a time convolution to the wave form predicted by E
~15!. A time resolution of 50 fs is assumed, and a Ram
packet consisting of equal amplitudes inv510 andv511 is
considered in Fig. 7. Several features deserve attention.

First, since we did not include the possibility of dynam
cal dephasing or dissipation, the observed decay of the si
must be ascribed to free induction, caused strictly by
inhomogeneous distribution of transition frequencies.

Second, the wave forms cannot be fitted to a sim
function of time. The Fourier transforms of the signals,I (v),
which are also shown in Fig. 7, are informative. They cons
of the cross correlation between the spectral distributio
gv(v), of v510 andv511. As such, although the spectr
function for a given vibration is asymmetric, the cross c
relations lead to a symmetric function: The transform a
pears as a central peak flanked by sidebands at;12 cm21.
The central frequency is that of the quantum beat, while
resolved sidebands correspond to polarization beats betw
molecules isolated at sites with a vacancy at 90° and th
near the perfect lattice site~see the spectral distribution fo

FIG. 7. Simulated TRCARS signal for a Raman packet consisting ov
510, 11, in a lattice with a vacancy concentration of 1.4%. In addition to
high frequency quantum beat, polarization beats among molecules iso
at different defect sites occur. The Fourier transforms of the wave fo
correspond to the convolution of the spectral distribution ofv510 andv
511, the resolved sideband arises from the equatorial vacancy in the
shell.
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the fundamental in Fig. 6!. This, in the wave forms, leads t
the low frequency modulation. The resolution inI (v) is lim-
ited by the decay of the signal, which in turn is limited by th
contribution of thermal phonons to the inhomogeneous d
tribution. As such, at 35 K, both time- and frequency-doma
signals approximate Gaussians. This model would there
predict a linear dependence of decay times on both vib
tional level,v, and on temperature,T.

Finally, note that the early time evolution of the sign
shows the inertial behavior of a Gaussian decay in time.
this time scale, the present treatment should be adequ
Clearly, at longer times, past a half-period of vibration alo
a given phonon mode, vibrational redistribution among
lattice modes should prevail, and exponential decay of
signal should ensue. Indeed, the tail-off in the experimen
wave forms is best described as exponential. It is usefu
recognize that the vibrational coherence will decay due to
loss of correlation between overtone and initial sta
Cv,0(t), and not due to loss of correlation among overton
Cv,v8(t). Since the beats are due to the correlation betw
the members of the packet, experimentally, the depth
modulation of the signal remains even as the overall am
tude decays.6

V. CONCLUSIONS

We have considered the role of spectral inhomogene
on time- and frequency-domain observables, specializing
the cases of RR and TRCARS measurements. Lattice de
are an obvious source of inhomogeneity, which although
avoidable, are usually ignored due to the difficulty in the
characterization, be it experimental or theoretical. We h
considered vacancy point defects as a representative c
Due to their linear dependence on vibrational quantum nu
ber, vacancy-induced spectral shifts become significant
high lying overtones. Indeed, this source of inhomogene
broadening may explain the observed linewidths of RR tr
sition in solid Ar atv>15. We have also considered inho
mogeneity due to the anharmonic coupling between ch
mophore and lattice modes, in the form of phonon-induc
shifts of the vibrational transitions. Since the treatment co
pletely ignores the dynamic nature of phonons and vib
tional redistribution among modes, it may be regarded a
baseline contribution to observable linewidths in frequen
domain, or to decoherence in time domain. The model c
tures decoherence time scales observed in experimental t
resolved CARS studies, and qualitatively captures the
served wave forms. The results suggest that at a vaca
concentration of 1.5%, the site splittings would domina
spectral distributions, and would have clear signatures in
time-domain measurements. There is, however, no direct
dence of vacancy concentrations at the assumed level in
experiments. The key to this analysis is the VSCF meth
which enables the calculation of accurate vibrational wa
functions and energies for the matrix isolated system. Wh
alternative methods have been implemented for accurate
terminations of vibrational frequencies in of molecul
trapped in matrices,30 the VSCF approach is uniquely suite
for analysis of the coupled vibrational modes without ma
ing any separations. Moreover, the success of the treatm
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suggests that time-dependent VSCF should be particu
fruitful in analyzing energy transfer, dephasing, and dissi
tion effects in these extended systems.
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