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Effects of spectral diffusion in incoherent photon-echo experiments
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The application of the incoherent photon-echo experiment to complex systems is analyzed. In
systems in which spectral diffusion occurs, incoherent echo measurements do not yield the same
optical dephasing rate as conventional two-pulse photon-echo measurements. The difference can
be of major significance. To make the calculations explicit, optical dephasing in a glass is con-
sidered using the tunneling two-level system model.

Since first being observed in 1983,!"® the incoherent
photon echo has been generating a great deal of interest as
a new technique for the study of ultrafast optical dephas-
ing phenomena.* In an incoherent photon-echo experi-
ment, the laser field is purposely made to be non-Fourier-
transform-limited. The time resolution is determined by
the correlation time of the light source, 7., i.e., the inverse
of its frequency bandwidth. Thus ultrahigh time resolu-
tion can be achieved by increasing the laser frequency
bandwidth. It is frequently mentioned in the literature
that as long as . is much shorter than the sample’s phe-
nomenological dephasing constant T, the incoherent pho-
ton echo measurement will yield the same dephasing time
as that measured by the two-pulse photon echo’ using ul-
trashort coherent laser pulses.

While a good deal of attention has been focused on the
excellent time resolution of the new technique, little effort
has been made to clarify what this technique actually
measures when performed on complex systems. A central
feature has been overlooked. Since the method is essen-
tially an accumulated echo technique,® it is inevitably as-
sociated with a long characteristic time scale. The time
scale is long compared to the delay time between the two
laser beams, which is usually considered the time scale of
the experiment. This makes the incoherent photon echo
sensitive to spectral diffusion, i.e., slow frequency modula-
tions which appear static to and are rephased by a two-
pulse photon echo.

Spectral diffusion is induced by relatively slow environ-
mental fluctuations, such as the spin flips in a crystal lat-
tice™® or two-level system dynamics in an atomic or
molecular glass.>!” The rates of these fluctuations are
comparable to or slower than what is generally defined as
the homogeneous dephasing rate 1/T,. The effects of
spectral diffusion on the two-pulse echo and the three-
pulse stimulated echo are drastically different.”"'°

Here we discuss the dephasing of an ensemble of chro-
mophores embedded in a glassy system where, at very low
temperatures, the environmental fluctuations are attribut-
ed to tunneling between levels of the glass’s two-level sys-
tems!!"12 (TLS). Previous investigations have shown that
in such systems spectral diffusion plays an important rule
in optical dephasing.!*'® A significant difference be-
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tween the dephasing rates measured with photon-echo and
hole-burning experiments has been observed.!” (Similar
observations were made in doped crystals.!®) By consider-
ing the dynamic properties of the TLS and their interac-
tions with the chromophores in some detail, it will be
proven that the incoherent photon-echo measurement gen-
erally results in an optical dephasing rate differing from
that given by the two-pulse photon-echo measurement.
The incoherent echo dephasing rate can be considerably
faster than that measured by a photon echo.

In an incoherent photon-echo experiment, an input laser
field is split into two beams which are crossed in the sam-
ple. The second beam is delayed from the first by a time
interval 7 so that E,(z)=E@), E;(t)=E(t—1), and
k,#k;. The echo signal is detected along a direction
ks =2k, —k;. To the third order in the in;)ut field
strength, the echo polarization can be written as!

P(ks,t)cc—ij;wdtlj:)“dtzﬂ(n,tz)E*(t—tz—2t1)
xE({t—t,—t,—1)EGt—1t,—1),
¢))

where R is the nonlinear response function that contains
the necessary information about the sample.

The chromophore is modeled as having three levels.
Level a represents the ground electronic state and level b
the excited electronic state. Level b decays to levels a and
and c at rates 7y, and 7, respectively. Its total decay
rate is ¥, =7¥pqa + ¥5.. Level ¢ is a triplet or other transient
intermediate state which decays to the ground state at a
rate y.. Optical transitions only occur between levels a
and b. The transition frequency of the chromophore out-
side the glassy matrix is wg. The matrix causes a shift in
the transition frequency A that can be split into two parts,
A=Ag(S)+A(t). Ao(S) is caused by a set of coordinates
S that are static on all relevant time scales and can be
treated as inhomogeneous broadening of the system. The
time-dependent detuning A(z), however, is caused by the
set of coordinates D that fluctuate within the time scale of
the experiment. The distribution of the fluctuation rates
can span a very wide temporal range. In the problem con-
sidered here, D is a set of TLS in the glass.
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With this model, the nonlinear response function can be
calculated.!”!® After an average over the inhomogeneous
broadening, the response function becomes

ﬁ(tl,tz) -[.l4pA(12)eXp(_7!1)C(I1,12,11) , )

A(ty) =2e Mg (¢ T2 —e TN | (2a)
4y t +21| ' ,

Clertz,t0) =(exp [ awnar =i f " aaar ])D :

(2b)

where () denotes an ensemble average over the TLS. In
averaging over the inhomogeneous broadening, we have
assumed that A¢(S) is uncorrelated with A(¢). The num-
ber of chromophores is taken to be uniformly distributed
with a density p over the laser frequency bandwidth. This
is a reasonable assumption for the very broad inhomo-
geneous lines encountered in chromophore-glass systems.

The first term in Eq. (2a) describes the effect of the
excited-state population decay on the echo signal. The
second term describes the accumulation of a population
grating in the ground state from a net transfer of popula-
tion from the ground state to the triplet state, the “bottle-
neck” state. This term decays with the triplet lifetime
1/yca and has an amplitude given by the triplet yield
®c =7%calvs. A population grating will also accumulate in
the ground state due to transfer of population to the excit-
ed state b if the dephasing is rapid compared to the
excited-state lifetime 1/y,. This component of the accu-
mulated grating will decay with the excited-state lifetime.
If the grating is accumulated only by transfer of popula-
tion to the excited state b the excited-state lifetime is the
sample’s “memory time.” If the grating is accumulated in
a bottleneck state, then the lifetime of the bottleneck state
is the sample’s memory time.

The four-point correlation function (Refs. 17 and 19),
C(ty,25,11), describes the dephasing measured by a stimu-
lated photon echo if we take ¢, as the time delay between
the second and the first pulse, #;;, and ¢, the time delay
between the third and the second pulse, ¢3;. The limit
t2=0 gives the two-pulse photon-echo correlation func-

tion.
|

C(1,t2,7) =expl — at{cA{f (R1,R12))r)4] ,
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To resolve the optical dephasing in an incoherent
photon-echo experiment, the correlation time of the laser
field must be very short compared to the temporal varia-
tion of R(¢1t2), | R/z.| > |dR/dt,|, |dR/dt,|. In this
case the correlation function of the laser field can be re-
placed by a é function,

gt —1)=1.6(,—1) . 3)

By substituting Eqs. (2) and (3) into Eq. (1), we can
rewrite Eq. (1) as

Pks,t) « —ip*pt E(t—27) exp(— y51)

x f Tt | EG=1,-20 | AU Clrta 1) .
@

Equation (4) demonstrates that the incoherent photon
echo is the sum of a series of stimulated photon echoes
with a constant ¢;; =17, and variable ¢35’s, 0 < ¢33 < max,
where . is given either by the laser pulse duration or by
the memory time of the sample, whichever is shorter.

To evaluate the correlation function C(z,t5,7), we fol-
low Refs. 15, 17, and 19. The fluctuations of the TLS are
modeled by a Gaussian-Markoffian stochastic process'” so
that the transition frequency perturbation of the chromo-
phores induced by the fluctuations obeys

(6A()8A(¢")) =(8ADexp(—R|t'—¢ ) ,

where 6A=A—(A) is the deviation of the perturbation
from its equilibrium value, and R is the fluctuation rate
which is distributed over a broad range. Theoretical
analysis of photon-echo experiments and optical hole-
burning experiments in glasses, which yield exponential
decays and Lorentzian lines, respectively, demonstrates
that the amplitude of the perturbation of a chromophore
induced by a single fluctuating TLS is proportional to the
cube of the inverse of the distance between the chromo-
phore and the TLS.'>!” This is consistent with either a
strain-dipole or an electric-dipole coupling mechanism.
Thus the averages over the stochastic histories of the per-
turbation and the spatial positions of the TLS yields

Q)

f(Rt,Rty) =(\2/Rt){exp(— Rt) — 1+ Rt —expl — R(t,+ z)}cosh(R7) — 11} /2, (5a)

where a= % 7¥2p¢, pc is the density of the TLS, and o is
the relative deviation of the fluctuation, o2 =((5A)%)/A2.
The bistable nature of the TLS suggests that
o?=4p(1 —p), where p is the probability of finding the
TLS in its excited state.

We note that Eq. (5) reflects a general feature of opti-
cal dephasing in the presence of spectral diffusion. Since
f(R,Rt;) s cssentiall?' a constant between
R=(t,+17) "' and R=17"",'7 all fluctuations whose rates
fall into this range contribute to the dephasing. For
different systems, the fluctuation rate distributions can
vary, and the dephasing rate can relate to the average in a
different manner. However, it remains true that the total

I
optical dephasing rate is governed by a summation over a
fluctuation rate distribution with a weight function slowly
varying in the range of ((¢;+7) ~!,z71).

The distributions of the perturbation amplitudes, A, and
the fluctuation rates, R, can be related to the standard
TLS model, which is defined by the TLS energy splitting
E, and the tunneling parameter A =d QMV/h)'V2 d is
the distance of the tunneling motion, M is the reduced
mass of the tunneling particles, and V is the height of the
TLS potential barrier. To make the connection between
these parameters, we assume the following: (a) The per-
turbation amplitude is independent of E and A, and (b)
the fluctuations of the TLS are caused only by resonant
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single phonon assisted tunneling processes.'""'? The fluc-
tuation rate is equal to the relaxation rate towards equilib-
rium, R =QE coth(E/2kT)e ~?, where Q is a collection
of constants describing the coupling of the TLS to the
acoustic phonons of the glass.

In equilibrium, the probability of finding the TLS in its
excited state is p=exp(—E/kT)/[1+exp(—E/kT)],
which yields o =sech(E/2kT). Thus, the average in Eq.
(5) becomes

(GA{R)a=A fo'” dE P(E) sech(E/2kT)
° PQ)
x j; dR—im , (6)

where P(E) and P()) are the distributions of E and A, re-
spectively. Following the common assumptions that
P(A)=P, is a constant between Amax=A=Amin(E)
(Refs. 11 and 12) and P(E)=PgE* between Emax
= E = E min, '* we find that the fluctuation rate distribu-
tion function is in the form of 1/R over a range (Rmin,
Rmax), with

Rpin ™= QE coth(E/2kT)exp(—2Amax) ,

Rpax ™ QE coth(E/2kT)exp(—2Amin) .

Noting that the dominant part of the first integral in Eq.
(6) is within E < 2kT and that R, is insensitive to E in
this range, we replace the limits in the second integral
by Rumin— 2kTQexp(—2Amax) and Rpax— 2kTQ
xexpl =2 min(E)]. If we further assume Rpyax(2kT)
> 1/t, we can treat the two integrals independently, '

—pe [ ag LRERD) ] , @

C(1,1,,7) =exp R R

B=aA(kT)' *P,Pg j;” dx x*sech(x/2) , (7a)

where Rpax ™Rmax(2kT), x =E/kT, and we have as-
sumed E pax > kT > E nin.

In the In(R) scale, the relaxation distribution function
is a constant. Thus one can evaluate the integral simply
by examining the behavior of the function f(R1t,Rt;) in
the In(R) scale. For 7, =0, f(Rz,0) is a narrowly peaked
function centered about In(R7) =0. If the entire peak lies
within the range (Rpin, Rmax), We can safely change the
integral limits to (0,%) and perform the integration. As a
result, the two-pulse photon-echo correlation function be-
comes an exponentially decaying function,

C(z,0,7) =exp(—po7) , 8)
o=J"dx [5.0) 56 (8a)
x

Experimentally, it is found that two-pulse ?hoton-ccho
signal decays exponentially in many glasses.'*!” This in-
dicates that in these systems, the relaxation distribution
function is indeed in the form of 1/R for R >> R i, which
is consistent with the assumption made following Eq. (6).
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In general, we can write
C(1,15,7) =C(1,0,7)C\(1,t2,7) , )

where C, is the correlation function which describes the

dephasing arising from the spectral diffusion.!” The func-

tion i[ (Rt,Rt;) — f(R7,0) can be replaced by a step func-

tion 720

f(Rt,Rt3) — f(R1,0)=H(R —1/(z+1t2))H((1/7) —R) .
(10)

Using this approximation and knowing that Rp.> 1/,
we can carry out the integral in Eq. (7) letting the limits
be 0 to . The correlation function C; then becomes

C(z,t3,7)=expl—BzIn(t./7)] , (11)

where f, =min(t+1,,1/Rpni,). Thus the final expression
for the incoherent photon-echo polarization becomes

Pk,,t) < ippr.E(t —27)expl — (7, +pO) 7]

o  (|E@—1t—27)| DA@)
x.!:) dtZ (tc/’t)pt ’

where the integral describes an extra dephasing factor
caused by spectral diffusion.

Now we consider a concrete example. Let 8=(2
ps) ~ ! the laser pulse duration, Az =10 ns, and 1/At > y;,
Yea, Rmin. Substituting these numbers into Eq. (12),
we find the extra dephasing factor =[(1—p7)(1
+At/7)P*] 71, Thus the ratio between the dephasing rate
measured by the incoherent photon echo and that mea-
sured by the two-pulse photon-echo experiment is approxi-
mately

{e+in(ape) —11}/6=3 .

(12)

In general, our calculations predict that an incoherent
photon-echo experiment always measures a dephasing
rate larger than that measured in a two-pulse photon-echo
experiment by a factor of In[(80+ y; )t max], where max is
defined to be the shorter of the laser pulse duration and
the sample’s memory time. When #pax > 1/R min, the fac-
tor is given by In[(88+ y,)/Rmin]. These detailed predic-
tions are based on the assumption of a constant tunneling
parameter distribution in the TLS model. Although this
assumption may not be true in general, the fundamental
conclusion that the incoherent photon echo measures
larger dephasing rates than a two-pulse photon echo will
hold for glasses and other systems with broad relaxation
rate distributions such as complex crystals'® or proteins. 2!
Moreover, by varying fpnax, which could be accomplished
by choosing a system with a long “bottleneck™ lifetime
and varying the laser pulse duration, one can experimen-
tally map out the relaxation rate distribution and the tun-
neling parameter distribution.
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