Acta Phys. Hung. B 26/1-2 (2006) 19-28

DOL: 10.1556/ APH.26.2006.1-2.4 QUANTUM

ELECTRONICS

Local Field Effects and Multi-Peak Spectra in Coherent
Scattering of Resonant Light in a Two-Level Medium

Maxim G. Gladush® Alexey A. Panteleev and Vladimir K. Roerich

Troitsk Institute for Innovation and Fusion Research
Troitsk, Moscow region 142190, Russia

@ Corresponding author; E-mail: mglad@triniti.ru

Received 7 August 2006

Abstract. Scattering of a laser pulse is considered in a dense medium with ac-
count for local field effects. The interacting system of two-level atoms and
quantized field modes is studied in the second Born approximation of the
Bogolyubov-Born-Green-Kirkwood-Yvon hierarchy of equations for reduced
density and correlation operators. The local field correction is derived consis-
tently from the conventional interaction Hamiltonian and adjusted to presence
of a dielectric host. Time-dependent spectra of scattered light are calculated
both theoretically and numerically. Additional sidebands are shown to occur
including the cases when the distance between the peaks is proportional to the
Rabi frequency.
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1. Introduction

For a few decades it has been well established that in a dense ensemble the radiative
response of each atom to an external field may strongly depend on its neighborhood.
Cooperation of like light emitters via the radiation field produces the multiatomic
emission phenomena such as superradiance and superfluorescence. At the same
time the actual field that drives the atoms must meet the Lorentz local-field condi-
tion, i.e. be dependent on the light-induced macroscopic polarization. These effects
are known to change the pattern of resonance fluorescence and be the mechanisms
for optical bistabilities [1-3]. The current interest to this topic has been triggered
by observations of intrinsic optical bistability [4,5] and variations of the sponta-
neous decay rate [6] both explained by the local field effects among light emitters
embedded into dielectric hosts. The modern theories show that such embedding
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appreciably enhances the local field nonlinearities. Besides, in an absorptive di-
electric the dopant may experience cooperative, superradiant-like decay [3]. The
latter is a purely intrinsic phenomenon but may be used to generate some effects
associated with conventional, propagation-dependent superradiance.

As it was mentioned, cooperative atomic behavior was expected to modify the
fluorescence spectra as compared to the single-atom case. The lines emitted by a
collection of atoms may exhibit additional broadening and shifts [7,8]. However, the
most dramatic signature of cooperativity could be appearance of extra sidebands [7-
11]. This work aims to check for the possibility of these changes due to the intrinsic
local-field cooperativity of two-level atoms in an absorptive host. We suppose the
visible effects to be time-dependent in a nonlinear system so the choice of the calcu-
lation technique goes beyond the conventional methods of theoretical spectroscopy
[12]. The local field contribution to atomic dynamics is most commonly studied phe-
nomenologically in the semiclassical framework which cannot solve a spectroscopic
problem alone. Our analysis is based on the Bogolyubov-Born-Green-Kirkwood-
Yvon (BBGKY) hierarchy of equations for reduced density operators of atoms and
field modes and atom—field correlation operators where the atomic cooperative ef-
fects are naturally described by the mean field terms. Knowing the field mode
density operator allows prompt and handy calculation of the emission spectra.

2. Master Equation

The conventional Hamiltonian for a collection of atoms interacting via the electro-

magnetic field is
H=ZHA+ZHF+ZZVAF~ (1)
! k,s ! k,s

The free-atom, free-field and the interaction terms here are written in the electric
dipole approximation and 1// units:

_ —al 5B
Hy=wao.,  Hp=uwily 0y, Var = —(Exs, P1),

Bis = i\éi,s (€T, — e—ik'rﬁl,s) , P, =da (04 +0-)8(r—1;). (2)

where o, 04, o_ are the atomic population inversion, raising and lowering operators
for a two-level atom [ with transition frequency wo; and coordinates r;. For the field
part d{(,s?&k,s are creation and annihilation operators of a photon with frequency
wy, wave vector k and unit polarization vector €y ;. The interaction is expressed in
terms of operator Ey ; for the field at point r and the atomic polarization operator
P, determined by the dipole moment matrix element da;. Ay = /27wy /AW is the
coupling constant in the quantization volume W.

The system is described by the density operator p which evolves in time ac-
cording to the von Neumann equation:

i (H, =0, (3)
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Calculation of time-dependent spectra is sensitive to the operation of a detector, so
the radiation loss during photon detection is later accounted for by introducing the
operator

Ck,s p= “iﬂk/Q(&L,sdk,sP - Qdk,sp&{c,s + de,sékyS) ’ (4)
where 7, characterizes the loss rate in each mode.

If initially no interaction is observed p(t = 0) can be written as a product of
single-atom p4(0) and single-photon pr(0) density operators where A and F' stand
for different atoms and modes. Assuming the atoms are then driven by a classic
(laser) field the initial conditions for each pr could be expressed via coherent states:

pF(O) = !ak,s)<ak,sl = D(ak,s)lok,s>(Ok,s|D+(ak,s) ) (5)

with D(o,s) denoting the coherent state operator, |ak s|? being the average number
of photons in the mode (k, s), and |0k ) describing the vacuum field state.

We substitute the von Neumann equation with the BBGKY hierarchy taken in
the generalized second Born approximation avoiding the thermodynamic limit for
single-atom and single-photon density operators and the atom-photon correlation
operator garg:

. d
i=pa—[Hat > Ua,pal =) Trr[Var,gar], (6)
k,s k,s
.d
i [Hp + ;UF,,DF] —Ly,s pF = EI:TTA[VAF;QAF] ) (7)
. d
Zd—tgAF—[HA+HF+ZUA+Z Ur, gar)—Lx,s gar = [Var—Ua~Urp, papr]. (8)
k,s l

The summations in the left-hand side of the set along with the compensating terms
in the right-hand side of Eq. (8) describe contributions of the mean fields. The
mean field acting on an atom is by definition found from

Us =TrrVarpr = —((Exs), P1), (9)

where

(Bis) = TrrBi spp = i\iéics (€ Bi,s — e "B ,) - (10)
The amplitude function Sy s is actually the eigenvalue of the annihilation operator
and obeys the equation obtained straightforwardly from Eq. (7):

d d . . , ikt /a -
7iPcs = i Trrai spr = —i(wk = 1/2)Bis = > e T (s, (Pm)) . (11)
m

Thus, one can see that (Ej ;) collects the external field perturbations as well as the
fields created by the atoms of the ensemble. At the same time U describes the
feedback of the atomic polarization to the field mode:

Up =TraVapps = —(Eis, (P1),  (P) =TraPpad(r—r), (12)
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(8
0o

and exp(—ilr) is indeed a coherent state operator. Thus, according to [13] we can
immediately write the unitary operator describing the solution for the homogenous
Eq. (7):
U(t) = exp(~i ) Up)(t) = exp(~i$) D(B.s) , (13)
m

The phase function here is found from d¢/dt = Im(G; ;dfx s/dt). From Eq. (5)
it follows that By s(0) = ai s. Performing the unitary transformation p = UpU !
and neglecting the effects of multiple scattering (inhomogeneity in Eq. (7)) one can
find that for the chosen initial conditions this picture yields jp = |0k s)(Ok, |- We
can now build the formal solution for §ar and substitute it into Eq. (6). Having
performed the integration over time and field modes we finally obtain [12]:

i%PA - [HA + ZUA,PA] =Tpa— [ZZ’{E’PA]; (14)
K ks

)

. - R ot ion (bt ) s /A .
Ui = ~((Br ), P, (Eyy) =Z/0 dt'Age (e (G, (P1)),  (15)

- R
where I'p4 is the radiative relaxation operator and (E, ;) is the reaction field of the
atom [14] each one following from Var and Up in the right-hand side of Eq. (8),
respectively. It now becomes apparent that the field which actually drives the atom

18 R - R
Eioc = Z((Ek,s> - (Ek,s>) . (16)
k,s

Changing it back to the initial picture and dropping the relaxation terms, as we
further investigate scattering of a short pulse, provides the final set of equations:

d .
'i('ﬁ/)A — [Ha — (Bioc, P1),pa] =0, PF = |Bi,s){Bx,s| (17)

plus Eq. (11) to find Sk s. The first one is the Bloch equation for a two-level atom
for which the local field is obtained explicitly in Section 3.

3. Local Field Correction

The set of equations derived in the previous section contains the infinite number of
equations for functions Gk s. However, to solve a spectroscopic problem one needs
to find the density operator pa(r;) determined by the field strength at its location.
For the sake of simplicity we put 7, = 0 in this section. Thus, the formal integration
of Eq. (11) with the initial conditions (5) yields

t
Bies = tese™ = 3 / dt e~ Tt =g (@ (BL)). (18)
0
m
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After we substitute this result into Eq. (16) and change the summation over field
modes and atoms for the respective integrals we get

Eioc(r,t) = Eo(r, t)

/ at’ drmn( rm)/ wkdl: e (r=rm) sin(wi(t — t'))ér.s (b5, (Prm)) - (19)
0 V-5 (2m)? ’

The notation v — ¢ in the lower limit of the spatial integral reflects the fact that

~ R .
subtraction of (Ey ;) in Eq. (16) in practice eliminates atom ! from the summation.
6 is here a small volume around r;. The solution for the field can be written in a
shorter from:

¢

Eioc(r,t) = Eo(r,t) — / dt’ drmG(r —rp,t —t') P(rm,t'). (20)
0 V-5

Here P = n(r,,)(P;) is the atomic polarization and G(r —rp,t —t') is the Green’s

function of the electromagnetic field. However, it is known that the complete

Green’s function has a singularity at r = 0 which can be explicitly shown by taking

the Fourier transform [15,16]:

Gmwgz4gidh(MMﬂI+QQM) r)—%%@y
R(z):l—%-i—%, Q()=—1+§—% (21)

Remembering the full Green’s function in Eq. (20) and separating spatial integra-
tions over the small and entire volumes gives

Ejoc(r,t) — —P Eo(r,t) — / dt’/ drp, G(r — o, t —t') P(rp,t').  (22)

Eo(r,t) is by definition the solution of the homogeneous wave equation. At the same
time, the last term here represents a specific solution of the inhomogeneous wave
equation. Consequently, the right-had-side terms together form the macroscopic
field, so we come to the well-known relation describing the difference between the
acting field and the macroscopic average field:

4
Emmszmmﬂ+§P. (23)

For the resonant atoms imbedded into a dielectric host this relation is modified as

following:
4r

3e(wk)
with €(wy) denoting the complex permittivity. Finally, the operator describing the
field contribution to the dynamics of an atom may be written as

Va = —(Eioe, P)) = Vs + Vp,

Eioc(r,t) = Ear(r,t) + (24)
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Vi = —R(t)ekor—ionts L He., Vp = —%—ﬂ%(r)(é' +i&") o4 par + Hee., (25)
21
& =Re(e(w))/le(wa)*, & = —Im(e(wa1))/le(war)]?,

where R(t) = (de1, Ear) /27 is the Rabi frequency, pi2 is the matrix element of the
single-atom density operator, ko and wg are the carrier wave vector and frequency,
7 is the spontaneous decay rate, and k21 = wa1/c. The real part of Vp is responsible
for the renormalization of the resonance frequency while its imaginary part produces
intrinsic collective relaxation similar to superradiation. The complex operator was
used in [17,18]. However, the general relation (23) was not obtained consistently
within the kinetic equations except for the limit of the thin layer geometry [17].
Besides, the approaches used previously did not allow a straightforward calculation
of spectral characteristics.

4. Time-Dependent Spectra of Scattered Light from a Dot
Sample

The spectral intensity absorbed by a detector can be easily found from Eq. (7) if
estimated as irreversible loss of radiation:

Ikys(t) = lwlcTTF{_ick,sPFdLsdk,g} = 'r]kﬁwklﬂk,sIZ . (26)

Therefore, finding the fluorescence spectrum produced by a short pulse is reduced to
solving Eq. (11) with the atomic density operators found from Egs. (17). However,
despite the lack of the incoherent component in Eq. (26) we can expect various
frequencies of the scattered light. The aim of this work is to check for possible
occurrence of additional spectral lines due to the local field correction. To do so
we chose the dielectric host to satisfy €7 > £’ so the superradiant part of Vp is
dominant. In our derivation of the approximate analytical solution to Eq. (26)
we also select a simple case of a dot sample with dimensions smaller than the
resonant wavelength so the spatial dependencies are negligible. Further, for the
sake of simplicity, this sample is irradiated by a short rectangular laser pulse with
the carrier frequency in exact resonance with the atomic transition. In the rotating
wave approximation, i.e. operating in terms of v, = wy — wyp, the set of equations
to describe this model is

d 4
priZ i —i[Var + Vb, pal, (27)

d . .
Eﬂk.s = —i(vg — ink/2)Pr,s — NArdizpar - (28)

The solution p%(t) for Eq. (27) with the Rabi frequency R(t) = R, 0 < ¢t < T and
Vp(pa = 0) is very well known. The next approximation pl (¢) with Ve(pa4 = p%)
is found easily as well:

Lo 1 1—sinQ(t) isin(¢)
Palt) = 2 < —isinQ(t) 1+ cosQ(t) ’ (29)
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mm(r)é 5
k3, 4R’

where B is the dimensionless parameter that describes the density of the light
emitters and, in order for the approximation above to be valid, should meet the
condition B < 1. Now we neglect the signal retardation to find Jy s from Eq. (28).
Leaving the residual luminescence out of our consideration we restrict the time
integration limit 7 to the pulse duration by putting 7 = 2RT for observations at
t>T and 7 = 2Rt at t < T. Under these assumptions the solution is

Q(t) = 2Rt + B(1 — cos(2Rt)), B =

Bk,s(t) = Afke_iC“gRt/ d2Rt' "R sin Q(¢') | (30)
0
where Nod -
;o AVAga _ Yk Uk
Mi=i—p— & °R
Using the Bessel-function expansions [19]
0 . . .
cos(Bcosyp) = Z (~—1)-”J|2j,(B)e‘2”,
j=—c0
i - . . .
sin(Beosp) = Y (—=1)7Jjg11)(B)e® V7. (31)
j=—00

in the integration of Eq. (30) we find that

[e o]

Lios(t) = N*Gre™™™ 3

j=—00

1+ e—m-T — Qe‘nkT/Q COS((Vk + QJR)T)

v;%, (32
(v + 2B + /4 .

Yom41 = (J|2m|€'iB+J[2m+2|(B)e_'iB) , Yo = (J2m41(B)eP—Jjam +3(B)e™*F)
Y om =Yy, Yo = 2J1(B) cos(B),

where 7 =0 fort < T and 7 =t —T for t > T. The prefactor Gy, = nihwy(Apdar)>.
The spectrum of scattered light is comprised of a series of peaks multiple to the
Rabi frequency with intensities proportional to |Y;|2. The structure of the numer-
ator function is better understood if taken in the limit of either long, compared to
detection time, or short pulse, i.e. N7 > 1 or nxT < 1, respectively.

In the first case the contribution from the exponential terms is negligible and the
spectrum becomes a series of equidistant sidebands with intensities determined by
|Y;|2 only. From the asymptotic expansion J;(B) ~ 1/v2rk(eB/25)? it follows that
intensities of the peaks complementary to the Mollow triplet decrease dramatically
with greater j. As it is shown in Fig. 1 this result is in good agreement with
precise numerical calculations of Eqgs. (17) and (11). Figure 1 shows the spectra for
densities beyond the approximation (29) where the sidebands tend to gather around
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the resonance. However, the intensity ratios remain similar to those estimated by
the analysis. The central peak is highly pronounced in the plot as it now depicts the
residual luminescence. The rib-like pattern in the time-dependent spectral diagram
demonstrates the Rabi oscillations in contrast to the short pulse picture shown in
Fig. 2.

In this limit the numerator describes modulation of peak intensities ~|Y;|*x
[1 — cos((vk + 2jR)T)] which gives a good qualitative explanation of the profiles
obtained numerically for 6 and 107 pulses. Nevertheless, one can see in Fig. 2
that the sidebands are actually displaced towards the center. Consequently, the
multi-peak pattern can be generated by the intrinsic cooperativity and is best seen
at moderate densities of the light emitters.

5. Conclusions

We have studied the scattering of resonant light in a dense medium with account
for local field effects. The set of equations describing the atomic dynamics and
spectral intensity of scattered light was derived from the second Born approximation
of BBGKY hierarchy of equations for reduced density and correlation operators.
The local field correction terms were obtained consistently from the conventional
interaction Hamiltonian. Scattering of a short laser pulse by a quasi-dot sample has
been investigated both theoretically and numerically. Multi-peak spectra are found
to occur in the transient regime including the cases when the distance between the
peaks is multiple to the Rabi frequency. Relative intensities are computable and
well observable for neighboring peaks around the resonance.
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