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We calculate the temporal profile of the photon echo signal from a collection of non-interacting two-level systems.
whose frequencies undergo Gaussian random modulations The model 1s exactly solvable and mnterpolates contmuously
between the mmhomogeneous broadenung himst m which a well-defined echo signal evusts and the homogeneous broadening
lunit i which 1t 1s no longer present The implications for the problem of coneentrauon-dependent dephasing 1 mived

molecular crystals arc discussed.

1. Introduction

The photon echo experiment has become an 1m-
portant tool in elucidating the excited-state dynanncs
of 1solated impurities [1] and strongly coupled impu-
nty dimers [2] in nuxed molecular crystals Currently,
there 1s an interest iz applying this technique to the
study of more concentrated impurity systems The
probiem of calculating the photon echo signal from a
muxed crystal for impurity concentrations at which
interactions among the impurities are significant, poses
a fornndable theoretical challenge. The echo experi-
ment probes the effects of a sequence of strong laser
pulses on a materal charactenzed by both spatial and
energetic disorder. Considerable progress has been
made recently in the understanding of the mformation
content of the photon echo signal from interacting
impuritles [3—35]. These treatments indicate that the
photon echo signal 1s very sensitive to the presence of
mnteractions among the mmpurities. The behavior of
the signal 1s well understood m two hmiting cases
low impunty concentration or short ime [3—5] and
arbitrary concentration with weak intermolecular 1n-
teractions [4].

Although the behavior of the echo signal for high
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mipurity concentrations and strong interactions is not
completely understood, one can make qualitative pre-
dictions regarding the effect of strong interactions
among the impunties on the echo signal. In the limit
of low impunty concentration, the impurity absorp-
tion spectrum 1s inhomogeneously broadened due to
the static distribution of impurity transition cnergies.
In this case, the photon echo pulse sequence will
produce a well-defined echo signal. In the limit of high
concentrations and strong interactions, we expect the
impunty absorption spectrum to be motionally nar-
rowed, and hence. no longer to be completely n-
homogeneously broadened [6]. For the extreme case,
m which the intermolecular interactions dominate the
static transition energy distnbution, the absorption
Iine 1s homogeneously broadened, and we would not
expect to detect an echo signal Thus, the progression
from low to high impurity concentration implies a
transition from inhomogeneous to homogeneous
broadening of the impurnity absorption spectrum.

In this Letter, we calculate the photon echo signal
from a collection of non-interacting two-level systems
whose transiiion energies are modulated by a Gaussian
stochastic process. The absorption lineshape of this
system has been calculated by Kubo [7] and forms
the basis of the unified theory of spectral lineshapes
1n single- and multi-photon processes [8}. This simple
model, which 1s exactly solvable, 1s very useful, since
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by varying a single parameter one may interpolate
between an inhomogeneously broadened Gaussian
lineshape and a homogeneously broadened Lorentzian
line. We show that the temporal profile of the echo
signal can be calculated exactly for this model. Our
calculation provides a qualitative insight into the
complex problem of interacting impurities 1n which
the Iine broadening can also be homogeneous, in-
homogeneous, or between these two limits.

2. The model

Consider NV two-level systems randomly distributed
in a volume V, interacting with a laser pulse. The sys-
tem is charactenized by the Hamiltonian

H=Hy+H, . (1)
N

H0=hlz=>laja/[Q+Al(t)], (1b)

Hy = —20p, E(t)cos(u —k-r,). (1c)
]

1, 1s the transition dipole operator for the jth two-level
system. E(r) 1s the amplitude, 2 1s the frequency, and
k 1s the wavevector of the applied electric field In
what follows. we will assume that all of the molecular
transition dipoles are oriented parallel to £(z) A, (2).
the modulation of the transition energy of the yth site
1s a Gaussian stochastic vanable obeying [6,7}

A,(»=0, @)

(B (1)) A, (t2)) =5,,, D%>exp(—Alty — 1) 1) 3

D represents the magnitude of the frequency modula-
tion, and A is its inverse timescale The dimensionless
parameter k = A/D determines the nature of the
absorption lineshape. In the limit of kK € 1 the line 1s
mhomogeneously broadened, and 1n the limut of k > 1,
the line is homogeneously broadened [7].

In a photon echo experiment, the sample 1s irradiat-
ed with a pulse of duration ¢, allowed to evolve in
the absence of radiation for a time ¢y, and then irra-
diated with a second pulse of duration ¢f;. A sample
with an inhomogeneously broadened absorption line
then enmits a pulse (the echo), whose temporal profile
is peaked at time 2z, and whose wavevector is 2kp; —
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%y, where ky and kg are the wavevec-ors of the first
and second pulses, respectively [1]. To obtain the
echo signal for the present model, we first calculate
the macroscopic electric polanization for a given con-
figuration of the system. A configuration average of
this quantity then yields a macroscopic polarization
that can be substituted into Maxweli’s equations to
obtain the echo signal. Within the *“‘slowly varying
envelope’ approximation, vahid for optically thin
samples [9,10], the signal is proportional to the square
of the polarnization.

The configuration averaged electric polarization 1s
related to the system’s density matnx p by

P(r,t) =(ZTr(mp)8(r —r, ). (G))

where the angular brackets denote an average over the
fluctuating site energies and the positions of all mole-
cules. It 1s convenient to define ’}\"(r_t), the slowly
varying part of the polarization by

P(r.n)= 'ﬁ(r,t)e.\p(—lﬂt) t+cc. (5)

This quanuty 1s related to 5. the density matns mn a
reference frame that 1s rotating with the angular fre-
quency of the radiation [3,11], by

P(r.t) =(Z,Tr@, B)8(r —r,)) (6)

pl' 1s amodtfied trans “10n dipole operator for molecule
j defined by

B =pa,, @

where g, 15 the excitation annihilation operator ofeq.
(1) and p1s the magnitude of the molecular transition
dipole. It can easily be shown from eq (5) that the
echo signal wall be proportional ¢to the absolute square
of P.

Since the present model does not 1include 1nter-
actions among the impurntics, and every molecule 1s
assumed to be initially in the ground state. the many-
body density matnx in eq. (4) or eq. (6) factors into
a product of one-body density madtrices, so we nced
only calculate the density matnx of a single two-level
system after the photon echo pulse sequence. We will
make the following approximations. Our calculation
of the density matrix 1s carried out 1n the rotating
wave approxiunation {9.11]. We assumne that the echo
experument 1s cairied out witl: square pulses. (E(#) 1n
eq. (1) does not vary 1n time while the pulse is on )
We also assume that the pulses are sufficiently short
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and 1ntense that we may calculate the time evolution
of the system while a pulse is on, using only } in eq.
(1) and neglecting Hy [11]. Under these conditions,
P ineq.(6) is given by

‘5(’)260(’,’1 )G (1 y)Go(7y ,O)Gl(tl)'E(O) - (8)

Go(t,t') is the tetradic time evolution operator (super-
operator) in the rotating frame for the system in the
absence of the laser field [11]. G(#) is the tetradic
time evolution operator in the rotating frame n the
presence of the field [11]. Eqs (6) and (8) imply that
calculating the echo signal in the short, intense pulse
Limnit involves calculating the average of a product of
two G5 propagators, unlike the ordinary absorption
lineshape which requires the average of a single Gg.

3. Results and discussion

Within the approxiinations of the previous section.
the component of the macroscopic polarization 1n
the rotating frame with wavevector 2k — ky at a time
r>try1s

F('lk“ —ky,8)= —3 1cusin(A l)smz(A 2[2IR(t,ty) . (9)
A, 1s the area of the jth pulse, defined by
A, = pEL . (10)

7, 1s the duration of the yth pulse, ¢ 1s the molecular
transition dipole moment, and E 1s the elecinc field
amplitude. ¢ is the number density of impunities

R(r,7)), the temporal profile of the echo polarization
1s given by

R(1,t))=(xp {-ilf} drA(?) —fgdra(mih (D

The angular brackets denote an average over the
stochastic modulation process. R(¢,£) can be evaluat-
ed by performing a cumulant expansion of eq. (11).
For a Gaussian process, all cumulants beyond second
order vanish {6,7]. In this case, eq. (11) yields

Rty =exp[-2g(r — 1))~ 2(;) +g(1)] , (12a)

where
r 71
g= [ dn [ arkaG; —1)A0). (12b)
0 0
Substituting eq. (3) into egs. (12) yields
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R(1,17) = exp{(—D2/A2)[Ar + 2exp(—A(r — 1))

+2exp(—At;) —exp(—At) — 3]-} . (13)

Let us exammine R(z,£,) for various values of the ratio
k = A/D. In the static hmut (k<€ 1), g(7) = D272/2 and
eq. (13) becomes .

R(t.t))=exp[(—=D?%/2)(t —21,)*] . (14)

This 1s the temporal profile of the echo polarization
from a system with Gaussian, static site energy dis-
order. In this limit, 1f we detect in the direction

2ky — kj. there 1s a well-defined echo pulse centered
at t = 2r. In the Markovian limit (x > 1), g(+) = I'7.
and eq. (13) becomes

. (a) o15-] (8)
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Fig. 1. The temporal profile of the photon echo signal, given
by the square of eq (13) The time 1s scaled by D, defined
ineq (3) Dty =2, where 1, is the time batween excitation
pulses (A) k =001.(BYx=05.(C)rk = 1.0 (D) =5.0.1In
(A), the system 1s close to the inhomogeneous hne broaden-
ing hmit, and there 1s an echo signal peaked at £ = 2¢; As«
1s increased, the peak signal shifts to shorter times. In the x
— oo imit, the signal decays exponentally, starting directly
after the sccond pulse
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R(t,ty) =exp(—TIt), (15a)

r'=D%/A. (15b)

In this limit, 1f we detect in the echo direction, we
find an exponentially decaying signal that begins im-
mediately after the second pulse. The echo no longer
exists, 1n the sense that there is no longer a signal
peaked at r = 2¢t,. From eq. (13), we can calculate tr,
the nime at which the echo signal attains it maximum
value for fixed ¢, .

Ar* =In[2exp(Aty) — 1]. (16)

In the static (k¥ <€ 1) limit, eq. (16) gives the expected
result, £* = 2¢;. In the Markovian (x > 1) lmut, 1t
gives 1* = t). As k is increased from zero, the peak of
the temporal orofile of the echo pulse begins to move
to shorter times. This behavior 1s illustrated in fig. 1,
in which the echo profile (the square of eq. (13)) is
plotted for Dr; =2 and k =0.01,0.5, 1 and 5. Fig. 1
illustrates the manner in which the well-defined
temporal profile that characterizes the photon echo
signal is lost as we progress from a system with an
inhomogeneously broadened absorption spectrum to
a system with a motionally narrowed, homogeneous-
iy broadened absorption spectrum. This simple model
thus provides 1nsight into the far more complicated
problem of a photon echo from strongly interacting
impurnties As the impurity concentration is raised,
and interactions become important, the system passes
from the case in which there is an inhomogeneous
linewidth from static site energy disorder to the case
in which the absorption spectrum is motionally nar-
rowed. We expect the temporal profile of the echo
signal to behave in a way that 1s qualitatively similar
to that shown 1n fig. 1.
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