
PHYSICAL REVIEW A 67, 013401 ~2003!
Quantum beats induced by spectral diffusion between independent two-level systems

C. Crépin*
Laboratoire de Photophysique Mole´culaire, Bâtiment 210, Universite´ Paris-Sud, 91405 Orsay Cedex, France

~Received 8 August 2002; published 6 January 2003!

We analyze theoretically the time-resolved signal detected in three-pulse, photon echo experiments where
several independent two-level systems are involved, in a case when the time delayT between the two last
pulses is much longer than delayt between the two first pulses. A spectral diffusion process on a long time
scale is included in the calculation of thet-dependent response signal. If spectral diffusion occurs between the
different systems, the signal exhibits quantum beats instead of the polarization interferences observed without
spectral diffusion. This analysis provides different insights on dynamical processes and spectroscopy, as dem-
onstrated in examples of experimental results obtained on vibrational dynamics of molecules embedded in
matrices.
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I. INTRODUCTION

Time-resolved four-wave mixing~TR FWM! experiments
performed with short-pulse lasers are in constant deve
ment, especially for semiconductor nanostructures@1# and
molecules in condensed phase@2#. These experiments giv
essential information on dynamical processes. We discus
this paper one color TR FWM~OC TR FWM! experiments,
usually named three-pulse photon echo experiments. Co
ence, population relaxation, and also spectral diffusion p
cesses can be studied from the observed signal related t
third-order polarization of the sample@3#. Ultrashort pulse
sources allow the resonant excitation of different coupled
uncoupled transitions in the same spectral range. In spe
cases, the resulting time-resolved signal involves oscillati
corresponding to beat frequencies between pairs of th
transitions. Analysis of these oscillations in terms of th
period, phase, and amplitude provides information on th
origins and on new properties of the samples@4–7#.

Recently, we have carried out OC TR FWM experime
on vibrational transitions of small molecules~CO, DCl! em-
bedded in van der Waals solids@8,9#. Different species can
be excited in the same sample, e.g., monomers and dim
isotopic D35Cl and D37Cl, which have vibrational transition
with very close frequencies. We discuss here the total t
integrated OC TR FWM signal versus time delayt between
the two first pulses in such kind of configurations that cor
spond to the coherent excitation of several species. With
spectral diffusion, the signal would exhibit polarization inte
ferences@4# involving the response signals of each speci
In the molecular systems we studied, spectral diffusion
occur on nanoseconds to microseconds time scales, a
time scale, due to intermolecular vibrational energy trans
between the trapped molecules (V-V transfers! @10#. The ex-
perimental setup, described in Ref.@8#, is that of a two-pulse
photon echo experiment, with only two directions of prop
gation of the laser beams; as the laser source~a free-electron
laser! generates bunches of pulses, there are two bunche
pulses interacting with the sample. The third pulses~a bunch
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of third pulses! are thus the following ones in the bunch
either the first pulses or the second ones~cf. Fig. 1!. The time
delayTr between the first and the third pulse, or between
second and the third pulse, is fixed : it is the inverse of
repetition rate of the pulses of the laser source. This dela
in the nanosecond range, much longer than the tunable
delay t between the two first pulses in the tens of picos
onds. Spectral diffusion would be thus an important proc
to be taken into account during timeTr , and may be ne-
glected during time delayt.

In the first part of the paper, we evaluate theoretically
consequences of spectral diffusion on the detected signal
in the second part, we compare the model with the exp
mental results.

II. THEORETICAL CONSIDERATION

The signal results from the interaction of laser pulses f
lowing only two different wave vectorsk i andk j . It radiates
in a fixed direction :ks52 k i2k j . The notation used, from
Mukamel’s book@11#, includes a time-ordered process : i
dices 1,2,3 for the first, second, and third pulse, respectiv
There are two cases :~a! k15k j , followed byk25k i and~b!
k15k i , followed byk25k j , in any casek35k i . ~a! and~b!
correspond to positive and negative, respectively, delayt in

FIG. 1. Time ordering of the pulses: definition of timest i on the
top, of timest andTr in the experiments,~a! t.0, ~b! t,0, pulses
following wave vectorsk1 and k2 in bold lines and dotted lines
respectively.
©2003 The American Physical Society01-1
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C. CRÉPIN PHYSICAL REVIEW A 67, 013401 ~2003!
the stimulated photon echo signal~Fig. 1!. For the remainder
of the paper, we will use a notation in brackets@ # for specific
expressions corresponding to the~b! case. The wave vecto
of the fourth wave, the signal one, in~a! @~b!# case isks
5ka[b]5k31@2#k22@1#k1. The external fieldE(r ,t) is

E~r ,t !5E1~ t1T1t8!exp@ i ~k1r22pv l t !#

1E2~ t1T!exp@ i ~k2r22pv l t !#1E3~ t !

3exp@ i ~k3r22pv l t !#1c.c.,

wheret8.0 andT.0 are the time intervals between puls
No. 1 and No. 2, and between pulses No. 2 and No. 3
spectively; ~a! t85t and T5Tr , ~b! t852t and T5Tr
1t. The time-integrated FWM detected signal@S(t)# is re-
lated to componentks5k36k27k1 of the third-order non-
linear polarization@P(3)(t)# by S(t)5*0

`dtuP(3)(t)u2. With-
out spectral diffusion,P(3)(t) is given @11# by

P(3)~ t !5S i

\ D 3E
0

`

dt3E
0

`

dt2E
0

`

dt1E
2`

1`

dvg~v!

3Ra[b]~ t3 ,t2 ,t1 ,v!exp$2ipv l~ t32@1#t12t !%

3E3~ t2t3!E2
1[* ]~ t1T2t32t2!

3E1*
[1]~ t1T1t82t32t22t1!. ~1!

t1,2,3 are the three ordered propagation periods till timet,
between the action of pulses No. 1 and No. 2, No. 2 and
3, the action of pulse No. 3 andt, respectively~Fig. 1!; g(v)
is the inhomogeneous distribution of transition frequenc
Ra[b] (t3 ,t2 ,t1 ,v) is the nonlinear-response function th
contains all dynamical information@11–13#.

We assume that the laser-pulse duration is short comp
with molecular dynamical constants andS(t) will be calcu-
lated in the impulsive limit@Ei(t)5Eid(t)#.

A. Single two-level system

1. No spectral diffusion

For a single two-level system, invoking the rotating wa
approximation, the nonlinear response function is written

Ra[b]~ t3 ,t2 ,t1 ,v!5Numu4exp$2ipv~ t12@1#t3!%

3~exp@2t2 /T1#1exp@2t2 /Tg# !

3exp@2~ t11t3!/T2#, ~2!

wherem is the transition dipole moment,N is the population
of the two-level system according to the assumption tha
t52`, all the population is in the ground state,T2 is the
dephasing time of the transition,T1 is the excited state re
laxation time, andTg is the ground-state recovery time.

Introducing G(t), the Fourier transform ofg(v), and
x(t)5G(t)exp(22ip^v&t), where ^v&5*2`

1`dvvg(v) is
the mean frequency of the transition, the inhomogene
contribution is involved in a time function and we get
01340
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E
2`

1`

dvRa[b]~ t3 ,t2 ,t1 ,v!g~v!

5G~ t12@1#t3!Numu4exp@2~ t11t3!/T2#

3~exp@2t2 /T1#1exp@2t2 /Tg# !

5x~ t12@1#t3!Ra[b]~ t3 ,t2 ,t1 ,^v&!. ~3!

In the general case of a symmetric inhomogeneous distr
tion g(v) centered tô v&, x(t) is a real and even function

Using Eq.~3!, Eq. ~1! becomes in the impulsive limit,

P(3)~ t !5S i

\ D 3

x~t82@1#t !Ra[b]~ t,T,t8,^v&!

3E3E2
1[* ]E1*

[1]exp~2@1#2ipv lt8!. ~4!

Without any spectral diffusion,S(t) is obtained from Eqs.
~2! and ~4!,

S~t!5A exp~22utu/T2!E
0

`

dtux~ t2t!u2exp~22t/T2!,

~5!

where A5(1/\)6N2uE3E2E1u2umu8@exp(2T/T1)1exp(2T/
Tg)#

2. Equation~5! results in the well-known behavior of
homogeneous transition@x(t)51# with a symmetric de-
creasing of the signal versusutu, and in that of a strongly
inhomogeneous transition@x(t)5d(t)# exhibiting a lifetime
equal toT2/4 for t.0.

2. Total spectral diffusion

If spectral diffusion occurs during periodT, the nonlinear-
response function for a given transition frequencyv cannot
be used in Eq.~1! and, in the case of characteristic diffusio
times much shorter than delayT ~total spectral diffusion!, the
integration over the last period (t3) must be joined by an-
other integration over the transition frequency distributi
@3,8#. Equation~1! is recast in the form

P(3)~ t !5S i

\ D 3

Numu4E
0

`

dt3E
0

`

dt2E
0

`

dt1E
2`

1`

dvg~v!

3exp@2ipvt1#E
2`

1`

dv8g~v8!

3exp$2@1#2ipv8t3%exp$2ipv l~ t32@1#t12t !%

3exp@2~ t11t3!/T2#~exp@2t2 /T1#

1exp@2t2 /Tg# !E3~ t2t3!E2
1[* ]~ t1T2t32t2!

3E1*
[1]~ t1T1t82t32t22t1!. ~6!

In the impulsive limit, we get

S~t!5A exp@22utu/T2#ux~t!u2E
0

`

dtux~ t !u2exp@22t/T2#.

~7!
1-2
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QUANTUM BEATS INDUCED BY SPECTRAL DIFFUSION . . . PHYSICAL REVIEW A67, 013401 ~2003!
S(t) is a symmetric function oft, directly related to the
Fourier transform of the absorption profile}G(t)exp@2utu/
T2# @3#.

B. n-two-level systems

S(t) results from the summation of the nonlinear pola
ization overn systems:P(3)(t)5( i 51

n Pi
(3)(t). The inhomo-

geneous distribution of frequencies isgtot(v)
5( i 51

n Nigi(v)/( i 51
n Ni and, with N5( i 51

n Ni , Gtot(t)
5( i 51

n Nix i(t)exp@2ip^vi&t#/N, where Ni and ^v i& are the
population and the mean frequency of systemi, respectively,
x i(t) is a real and even function, assuming that each sys
i has a symmetric inhomogeneous distribution of frequ
cies.

1. No spectral diffusion

Without any spectral diffusion,Pi
(3)(t) is expressed by

Eq. ~4! and

P(3)~ t !5S i

\ D 3

E3E2
1[* ]E1*

[1]exp$2@1#2ipv lt8%

3(
i 51

n

$Ni um i u4x i~t82@1#t !exp$2ip^v i&

3~t82@1#t !%exp@2~ t1t8!/T2
( i )#~exp@2T/T1

( i )#

1exp@2T/Tg
( i )# !%. ~8!

In the experimental case analyzed in Sec. III, systemsi cor-
respond to vibrational transitions of different isotopic spec
or of different very weak complexes of the same molec
and we may assume

; i ,T2
( i )5T2 , T1

( i )5T1 , Tg
( i )5Tg , m i5m,

so that the total inhomogeneous distribution is directly
cluded in Eq.~8! and

S~t!5A exp@22utu/T2#E
0

`

dtuGtot~ t2t!u2exp@22t/T2#.

~9!

In the casen52, with the same inhomogeneous distributi
for both transitions@x1(t)5x2(t)5x(t)#, using notations
d5v22v1 anda5N2 /N1, we have

S~t!5
A

~11a!2
exp@22utu/T2#E

0

`

dtux~ t2t!u2

3exp@22t/T2#$11a212a cos@2pd~ t2t!#%.

~10!

IntroducingS0,c,s functions as
01340
-

m
-

s
e
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S0~t!5E
0

`

dtux~ t2t!u2exp@22t/T2#,

Sc~t!5E
0

`

dtux~ t2t!u2exp@22t/T2#cos@2pdt#,

Ss~t!5E
0

`

dtux~ t2t!u2exp@22t/T2#sin@2pdt#, ~11!

we get

S~t!5
A

~11a!2
exp@22utu/T2#@~11a2!S0~t!

12a$cos@2pdt#Sc~t!1sin@2pdt#Ss~t!%#.

~12!

This expression corresponds to the polarization interferen
@4#. Homogeneous transitions result in

S~t!5
A

~11a!2

T2

2
exp@22utu/T2#H ~11a2!

1
2a

11p2d2T2
2 ~cos@2pdt#1pdT2sin@2pdt#!J .

The signal exhibits oscillations involving an asymmetry d
to a dephasing time different from zero.

Large inhomogeneously broadened transitions resul
S(t)5A exp@24t/T2#u(t), whereu(t) is the heaviside func-
tion : the signal has the same feature as that obtained
only one excited transition.

In Appendix A, the expression has been calculated usin
Lorentzian shape for the inhomogeneous distribution. E
amples of signals are represented in Figs. 2~a! and 2~b!. The
obtained analytic expression shows clearly that there is
modulation of the signal resulting from the rephasing p
cess, i.e., the real photon echo process@cf. Fig. 2~a!#.

2. Total spectral diffusion within the inhomogeneous distribution
of each two-level system

We have to sum the expression Eq.~6! over indicesi,
whereg(v) and g(v8) represent the same inhomogeneo
distribution. We get

P(3)~ t !5S i

\ D 3

E3E2
1[* ]E1*

[1]exp$2@1#2ipv lt8%

3(
i 51

n

$Gi~t8!Gi~2@1#t !Ni um i u4

3exp@2~t81t !/T2
( i )#~exp@2T/T1

( i )#

1exp@2T/Tg
( i )# !%, ~13!
1-3
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FIG. 2. Simulation ofS(t) on two two-level
systems with an inhomogeneous Lorentzian d
tribution @~full width at half maximum! FWHM
5g l /p]; g51/T2 , a50.5. ~a! g1g l52d; g l

519g ~dotted line!, g l5g ~bold line!, g519g l

~gray line!. ~b!, ~c!, and~d! g l5g; g1g l52d/3
~dotted line!, g1g l52d ~bold line!, g1g l56d
~gray line!. ~a! and~b! Without spectral diffusion,
Eqs. ~12! and ~A1!; ~c! total spectral diffusion
within each system, Eqs.~14! and ~A2!; ~d! total
spectral diffusion within both systems, Eqs.~17!
and ~A3!.
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With n similar transitions in terms ofT2 ,T1 ,Tg , m, and
x(t), the expression of the signal is simplified

S~t!5A exp@22utu/T2#ux~t!u2E
0

`

dtux~ t !u2exp@22t/T2#

3U(
i 51

n
Ni

N
exp@2ip^v i&~ t2t!#U2

.

Interferences between transition frequencies are express
the same way as in Eq.~9! by u( i 51

n (Ni /N)exp@2ip^vi&(t
2t)#u2. With n52, using Eq.~11!, S(t) is given by

S~t!5
A

~11a!2
exp@22utu/T2#ux~t!u2@~11a2!S0~0!

12a$cos@2pdt#Sc~0!1sin@2pdt#Ss~0!%#.

~14!

Within the envelope ofux(t)u2, the asymmetry of the tem
poral signal, involving oscillations, appears with a behav
very similar to the case where no spectral diffusion occ
@cf. Eq. ~12!#. This feature can be observed@Fig. 2~c!# with
the expression developed in Appendix A.

3. Total spectral diffusion over the whole inhomogeneous
distribution

In this case, the sum of the expression Eq.~6! over indices
i must be performed withg(v8) covering all the inhomoge
neous distributions gj (v8), i.e., g(v8) becomes
( j 51

n (Nj /N)gj (v8). We get
01340
in

r
s

P(3)~ t !5S i

\ D 3

E3E2
1[* ]E1*

[1]exp$2@1#2ipv lt8%

3(
i 51

n

$NiGi~t8!um i u2exp@2t8/T2
( i )#%

3(
j 51

n H Nj

N
Gj~2@1#t !um j u2

3exp@2t/T2
( j )#J f ~Tpop!, ~15!

where f (Tpop) is a function of T and of the different
population times, very long compared toT2

( i ) ; f (Tpop)
5exp@2T/T1#1exp@2T/Tg# in the case ofn transitions in-
volving similar population relaxation times. Withn similar
transitions in term ofT2 ,T1 ,Tg , and m, the expression of
the signal is simplified

S~t!5A exp@22utu/T2#uGtot~t!u2E
0

`

dtuGtot~ t !u2

3exp@22t/T2#. ~16!

This expression is equivalent to Eq.~7! where we consider
the set ofn transitions as one inhomogeneous transitio
S(t) has thus a symmetric shape and is directly related to
Fourier transform of the whole absorption ban
}Gtot(t)exp@2utu/T2#. If n52 with x1(t)5x2(t)5x(t),

S~t!5A
ux~t!u2

~11a!4
exp@22utu/T2#~11a212a cos@2pdt#!

3E
0

`

dtux~ t !u2exp@22t/T2#~11a212a

3cos@2pdt# !,

i.e.,
1-4



e
ys
ve
e
a

ys
gy
n

in
s
g

m
A
t

a
o

ac
ro
he
e

a
nt
r-

t
A
ge
ta

g

le
i-

th
U

gn

b
s-
e

ve

e
cule

est-
y
tral
e
nt

of
tion
cies.

re
he
by

r
-

-
-

ho-
e
e-
nal

ral
t
tive
of

Eq.
-
o-
Eq.

-

peri-
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S~t!5A
ux~t!u2

~11a!4
exp@22utu/T2#3~11a212a

3cos@2pdt#!@~11a2!S0~0!12aSc~0!#. ~17!

There is no dephasing in the oscillations involved inS(t)
and the maximum of the signal is obtained att50, contrary
to the results of Secs. II B 1 and II B 2@Fig. 2~d!#. These
modulations have the same behavior as modulations du
quantum beats obtained in OC TR FWM experiments in s
tems involving several transitions including a common le
(~ or ` diagrams! @4,14#. Spectral diffusion between th
independent two-level systems induces an oscillating beh
ior in the nonlinear-response signal, similar to that of a s
tem involving different transitions from the same ener
level : spectral diffusion has mixed initially independent e
ergy levels.

III. COMPARISON WITH EXPERIMENTS

The experimental results we discuss have been obta
on vibrational transitions of molecules isolated in matrice
DCl and CO in solid nitrogen. The bandwidths includin
homogeneous and inhomogeneous broadenings were
sured from infrared absorption spectra of the samples.
DCl and CO are diatomic molecules with sizes very close
that of N2, they are isolated in the well-defined subtitution
sites of the fcc structure of the nitrogen lattice. The inhom
geneous broadening results mainly from multipolar inter
tions between the guest molecules, and more precisely f
dipolar interactions. Assuming a statistical distribution of t
guest molecules in the lattice, these interactions produc
Lorentzian inhomogeneous distribution@10,15#. A detailed
analysis of the CO/N2 absorption profile reveals in fact
Voigt behavior@16#. We have used either Gaussian or Lore
zian g(v) functions, corresponding to the limit cases, in o
der to calculate the time-resolved signal of CO/N2 samples.
Clear difference appears only fort'0 and it does not affec
the behavior of the modulation that we want to analyze.
example of both fits obtained with both of these inhomo
neous profiles is reported in Appendix B on an experimen
result involving only 1 two-level system. For the followin
discussion, we choose to write functionx as x(t)
5exp(2glutu), related to a Lorentzian inhomogeneous profi
(FWHM5g l /p): it is in a good agreement with the exper
mental profiles and it gives simple analytic expressions~cf.
Appendix A!.

The reported experimental data exhibit a signal in
short time range of picoseconds or tens of picoseconds.
der these conditions, the relationutu!Tr (Tr is fixed to 16 or
32 ns!, is always verified so thatT'Tr when t,0, and
constantA defined in Sec. II A is the same whatever the si
of t.

A. DCl in nitrogen matrices

DCl trapped in nitrogen matrices exhibits a complex a
sorption spectrum@17# because of the presence of DCl clu
ters. Even at low concentration, the spectroscopic featur
01340
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the DCl monomers involves four bands within ten wa
numbers between 2062 and 2069 cm21 : two for each isoto-
pic species (D35Cl and D37Cl) with one band assigned to th
isolated molecule and another band assigned to the mole
close to another DCl molecule trapped in a next-near
neighbor site~nnn dimers!. All these bands are coherentl
excited with the picosecond-laser source within its spec
width of 20 cm21. The experimental results obtained in th
temperature range 7–25 K, involving samples with differe
concentrations are reported in Ref.@18#. We analyze here the
signals obtained in the simplest case of a concentration
guest molecules, low enough to present only two absorp
bands assigned to the isolated 35 and 37 isotopic spe
The frequency shift involved is thusd53 cm21

50.09 ps21. The vibrational transition characteristics a
not significantly modified from an isotopic species to t
other. The OC TR FWM signal can be described either
Eq. ~12! if the V-V transfer rate is much smaller than 1/Tr ,
or by Eq.~14! or ~17! if the V-V transfer rate is much faste
than 1/Tr , with a51/3 from the natural isotopic abun
dances.

ExperimentalS(t) exhibits clear oscillations at low tem
perature~7–10 K! ~Fig. 3!. There is a slight asymmetry be
tween positive and negative times, withS(t.0)
>S(2t). Such a behavior occurs in the case of a real p
ton echo signal, whereS(t) provides from a rephasing of th
different transition frequencies included in the inhomog
neous distribution. Nevertheless, the experimental sig
cannot be fitted by Eq.~12! because when there is no spect
diffusion @cf. Eq. ~A1!#, the oscillations in the positive par
S(t.0) are smoothed compared with those in the nega
part. If V-V transfers occur only between guest molecules
the same isotopic species, Eq.~A2! must be applied, but it
cannot fit the experimental data. The signal derived from
~A2!, as from Eq.~A1!, cannot reproduce the clear oscilla
tion in the negative part. This clear oscillation is only repr
duced with a very good agreement with the expression
~A3! of the signal assumingV-V transfers between all the
DCl molecules~Fig. 3!. In fact, neglecting the small en

FIG. 3. Experimental data on a DCl/N2 sample (c50.13%, T
58 K) ~square points!; curve fit using Eq.~A2! ~dotted line!; curve
fit using Eq.~A3! ~solid line!, fits are obtained usinga51/3 and
d53 cm21 and lead tog tot50.16 ps21 and g tot50.10 ps21, re-
spectively; the second case gives a better agreement with ex
mental absorption data.
1-5
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C. CRÉPIN PHYSICAL REVIEW A 67, 013401 ~2003!
hancement of the signal in the positive part, the oscillatio
included in the experimental data are totally symmet
which is the signature of spectral diffusion processes in
whole inhomogeneous distribution of the excited transitio
The slight enhancement observed fort.0 is, therefore, as-
signed to a weak rephasing process involving a small pro
tion of the molecules excited by the first pulse, as what w
observed in experiments on CO/N2 samples@8#. In the case
of spectral diffusion, the coherence time cannot be de
mined fromS(t), only the total bandwidthg tot5g1g l is
extracted from the fit of the experimental curve. The fit
sults in g tot50.1060.01 ps21, whereas a value of 0.0
60.01 ps21 is deduced from the absorption spectrum of t
sample. This discrepancy may be explained by the appr
mation included in Eq.~A3! neglecting the role of nnn
dimers. Their coherent excitation induces oscillations wit
periodicity twice as large as that the detected modulatio
such oscillations cannot be clearly observed in the 20
range, but they shorten the signal, leading to a broadenin
g tot deduced from the time-resolved experiments.

B. Concentrated samples of COÕN2

Time-resolved experiments on the CO vibration in so
nitrogen have demonstrated thatV-V transfers among the
isolated CO molecules are very efficient for a concentrat
c.0.2%, involving characteristic times less than 15 ns aT
.20 K @8#. For T.20 K, S(t) is assumed to result from
total spectral diffusion processes taking into account exp
mental delayTr532 ns. In the case of concentrated samp
(c51%), weak and symmetric oscillations are observ
~Fig. 4! : S(t) reproduces the expected features describe
Sec. II B 3, involving two independent two-level system
The analysis of the modulation reveals a beat frequency
responding tod50.58360.005 cm21. Absorption spectra of
these samples have been recorded using a low resolu
(0.35 cm21) and only one vibrational band, assigned to C
stretching mode, has been detected. This band exhib

FIG. 4. Experimental data on a concentrated CO/N2 sample (c
51%), T520 K ~square points!; curve fit using a modified expres
sion of Eq.~A3! including two different inhomogeneous distribu
tions ~see text! leading tog tot(CO)50.033 ps2150.35 cm21 and
g tot@(CO)2#50.015 ps2150.16 cm21 ~solid line!.
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slight asymmetry with a blue wing larger than the red on
We deduced that two bands were hidden in this absorp
spectrum, the weakest band involving a blue shift
10.58 cm21 from the main one. As the oscillations appe
only for a high concentration, the weak band is assigned
CO dimers isolated in solid N2. This assignment is in agree
ment with previous works in matrices on CO absorpti
spectra : the stretching mode of (CO)2 is observed with a
blue shift in Ar and Kr matrices~shifts are 11.4 and
11.2 cm21, respectively! @19#, whereas calculations hav
evaluated it to10.3 cm21 @20#. The fit of the experimenta
time-resolved signal using Eq.~A3! overestimatesa to 2/3 in
disagreement with the ratio@(CO)2#/@CO#50.13 evaluated
from a statistical distribution of CO molecules in the latti
for c51%. A smaller valuea50.37 is deduced from the fi
shown in Fig. 4 obtained from Eq.~16! assuming two differ-
ent inhomogeneous Lorentzian distributions for the two tr
sitions. We have, thus, verified that the parameters dedu
from the fit agree with the low resolution absorption spe
trum of the sample, indicating that@(CO)2#/@CO#50.13
may be underestimated. In this example, the time-resol
experiments have revealed the transition frequency of
CO dimer in solid nitrogen and the efficiency ofV-V trans-
fers between monomers and dimers.

IV. CONCLUSION

The OC TR DFWM signals give a clear signature of spe
tral diffusion processes. We have demonstrated that, un
the coherent excitation of several independent two-level s
tems, they reveal whether or not spectral diffusion conne
the different systems. In the experimental examples
scribed, spectral diffusion occurs from energy transfers
tween isolated species in a solid sample. It is well kno
that such energy transfer can occur between different spe

FIG. 5. Experimental data on a CO/N2 sample (c50.2%, T
511 K) ~square points!; fits are obtained from expressions given
Ref. @8# including a partial spectral diffusion process characteriz
by the time constantTd ; curve fit using a Gaussian distributio
~solid line!: Td526 ns andg tot50.027 ps2150.48 cm21; curve fit
using a Lorentzian distribution~dotted line!: Td523 ns andg tot

50.026 ps2150.27 cm21.
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The time-resolved experiments show, therefore, whethe
not these energy transfers are more efficient between
same species than between all the species that can be c
ently excited. Other spectral diffusion processes may be
amined in the same way, for example, spectral diffusion
to the formation or the dissociation of molecular complex
embedded in a solid or a liquid. If different complexes i
volving the same chromophor molecule have close transi
frequencies, the described time-resolved signals may be
tected. The total spectral diffusion process may reveal
fo
n

al
se
-
tim
ee

01340
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e

existence of the different complexes, not detected in abs
tion spectra because of the nonresolved large inhomogen
bands.
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APPENDIX A: S„t… WITH A LORENTZIAN INHOMOGENEOUS DISTRIBUTION

The analytic expressions ofS(t) are obtained usingx(t)5exp(2glutu) and the notationg51/T2. Equation~12! becomes

S~t!5
A

~11a!2 S u~t!H exp@24gt#F ~11a2!
g l

g l
22g2

1aS 1

g l1g

1

11
p2d2

~g l1g!2

1
1

g l2g

1

11
p2d2

~g l2g!2
D G

2
exp@22~g l1g!t#

2~g l2g! F 11a21
2a

11
p2d2

~g l2g!2

S cos@2pdt#1
pd

g2g l
sin@2pdt# D G J 1

u~2t!

2~g l1g!
exp@22~g l1g!utu#

3F 11a21
2a

11
p2d2

~g l1g!2

S cos@2pdt#1
pd

g l1g
sin@2pdt# D G D . ~A1!

Equation~14! becomes

S~t!5
A

2~g1g l !~11a!2
exp@22~g1g l !utu#F 11a21

2a

11
p2d2

~g1g l !
2

S cos@2pdt#1
pd

g1g l
sin@2pdt# D G . ~A2!

Equation~17! becomes

S~t!5
A

2~g1g l !~11a!4
exp@22~g1g l !utu#~11a212a cos@2pdt#!S 11a21

2a

11
p2d2

~g1g l !
2
D . ~A3!
a
We
ge-

ved

, in
dif-
APPENDIX B: COMPARISON BETWEEN A LORENTZIAN
AND A GAUSSIAN INHOMOGENEOUS DISTRIBUTION

We have simulated the experimental data obtained
CO/N2 ~1/200! samples where only one vibrational transitio
~CO stretching mode! was excited. In the case of a parti
spectral diffusion during the interaction with the three la
pulses, the behavior ofS(t;0) has been carefully investi
gated because it depends on the characteristic diffusion
(Td) @8#. As the experimental absorption spectrum has b
r

r

e
n

successfully fitted using a Voigt profile, a Lorentzian and
Gaussian inhomogeneous distributions are limit cases.
use, therefore, both analytic expressions of the inhomo
neous distributions in order to reproduce the time-resol
data: the Lorentzian limit@x l(t)5exp(2glutu)# and the
Gaussian limit@xg(t)5exp(2gg

2t2)#. Both best curve fits are
reported in Fig. 5. Differences are not very important and
particular, both fits lead to the same main characteristic
fusion timeTd .
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