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A strong infrared field tuned in resonance with dipole-allowed intersubband transitions in quantum-
well conduction bands can act to coherently mix or dress the resonant states. The effects of dressing two
excited conduction subbands on the linear response of a weak probe field nearly resonant with one of the
excited subbands and the partially occupied ground subband is theoretically treated to arbitrary order in
the coupling-field strength. Three critical coupling-field strengths are identified that demark: (i) the
minimum coupling required to observe changes in the linear response, (ii) the onset of a resolvable dou-
blet in the response, and (iii) the strong-coupling limit in which the line doubling is fully developed. An-
alytic expressions for these three critical fields are obtained in terms of the Rabi frequency and the phe-
nomenological damping parameters associated with states in the three subbands.

I. INTRODUCTION

Since the observation of the very large dipole moment
associated with intersubband optical transitions of a
quantum well,! a great deal of attention has been devoted
to electromagnetic interactions with the quantum-well
conduction bands. These studies are motivated by both
practical applications, such as infrared detectors in
different wavelength ranges,>> and the semiconductor
physics, such as excitonic effects,* intersubband electron
relaxation times,’ and others. The effect of a dc electric
field on the resonant frequency and coupling strength of
intersubband optical transitions with external optical
fields has been considered.® It has also been shown that in
a two-conduction-subband system, a strong optical field
can produce nonlinear optical effects similar to those ob-
served in atomic two-level systems.’

In this study, we address the nonlinear effects, due to a
strong optical field nearly in resonance with transitions
between two of the conduction subbands. That such a
field can mix, or dress the electronic levels with which it
is resonant is well known,®® and the effect of this dressing
on the system’s response to optical fields that couple the
dressed states with the ground state can be considerable,
for both the real (refractive) and imaginary (absorptive)
components. These concepts have recently been theoreti-
cally developed and experimentally examined!®!! in the
case where the first and second subbands in an empty
conduction band are coupled by a strong CO, laser-
generated field, and this coupling is monitored through
its effect on the interband linear excitonic response.
Here, we theoretically study a different case where the
probe monitors the effect of dressing two excited conduc-
tion subbands on the linear intersubband response from
the partially occupied ground subband, all within the
conduction band. We show that the real and imaginary
components of the linear intersubband response are
modified for coupling-field strengths greater than a
characteristic value. A doubling in the probe spectrum is
predicted for coupling fields exceeding a second charac-
teristic value, and a strong-field limit is reached as the
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coupling strength increases beyond a third critical level.
Expressions for these three critical-field strengths are ob-
tained in terms of the dipole matrix element between the
two excited subbands, and the relaxation rates of the
states in the three coupled subbands. The field intensity
required to observe an effect due to this coherent cou-
pling using CO, laser radiation and a conventional n-
doped quantum well is of the order of ~250 kW/cm? at
low temperatures.

The remainder of the paper is organized as follows.
Section II contains a description of the formalism used to
calculate the effects of an arbitrarily strong 10.6 pum cou-
pling field on the linear response of a doped quantum well
system with at least three confined conduction subbands.
Due to the crucial role played by the damping rates in
this model, Sec. III discusses the underlying physics asso-
ciated with the population relaxation rates and identifies
ranges of realistic values for these parameters in different
quantum well configurations. Section IV presents
representative linear-response spectra calculated for this
system. Section V contains a discussion of the results and
concluding remarks are contained in Sec. VI.

II. INTERSUBBAND LINEAR RESPONSE
OF THE INFRARED-DRESSED QUANTUM WELL

In symmetric quantum-well heterostructures, such as
GaAs/Ga,;_, Al As, there can be one or more bound
conduction subbands depending on the value of the
conduction-band offset.!? These subbands can be strongly
coupled to an infrared field polarized along the growth
direction of the quantum well. For this reason the polar-
izations of both the coupling field, which is used to dress
the first and second excited states of the conduction band,
and the probe field, which monitors the intersubband
transition in the vicinity of the ground to first excited
subband, are assumed to be along the growth direction z.

The coupling field is near resonance with transitions
between the first, |1,k ), and second, |2,k) excited sub-
band states. Here, k refers to the in-plane component of
the electron wave vector and 1 and 2 are the excited sub-
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band indices. The probe field is near resonance with tran-
sitions between the ground, |0,k) and the first excited
subband state. Therefore, within the resonance approxi-
mation, all but these three subbands are ignored. In the
basal plane, a parabolic band structure is assumed with
equal in-plane masses for each subband. The detuning of
the coupling field from the first to second excited subband
states is, therefore, the same for all k.

The band-structure contributions to the electronic part
of the system’s Hamiltonian are given by

Hy=73 En.,kla;} \a, y - (1)

nc,k

Here, E%(n_,k) is the energy eigenvalue of the quantum-
well wave function. The operator a, , creates an elec-

tron in a conduction subband, which is specified by k and
n., and a, , annihilates the same electron. The lowest

subband of the quantum well is considered to be partially
occupied by free electrons, but all other subbands are as-
sumed to be empty. Due to the necessary presence of
these free carriers in this problem, the Coulomb interac-
tion between them should, in principle, also appear in the
Hamiltonian. By ignoring this term in the interest of
keeping the infrared coupling physics as transparent as
possible, we omit effects due to screening, renormaliza-
tion, correlations, and electron-electron scattering.
Electron-electron scattering processes are accounted for
phenomenologically below, while the other effects are
simply ignored without further justification. However,
we note that their neglect in this intersubband geometry
should be less serious than in the interband situation,
where excitonic correlations clearly must be included for
a realistic treatment of the problem near the band edge.

Now let us consider the coupling of this electronic sys-
tem with an infrared field. Within the rotating-wave and
dipole approximations the interaction Hamiltonian of the
system involves only the electric field, E(¢)=Ee'“’ and is
given by

H1=_ 2 {:u’n ,n'E(t)a:’ykanc,k
k,nc,né c’c c
+u E*(Daf e} 2)

Here, n, and n_ refer, respectively, to the lower- and
higher-energy states of transitions. The u’s are the elec-
tric dipole moments between the coupled conduction sub-
bands, along the growth direction (assumed to k indepen-
dent).

Since by assumption the coupling field is in resonance
with the first and second excited conduction subbands,
the sum over n is omitted in the following. In addition,
since the polarization of the coupling field is parallel to
the growth direction, the electric-dipole moments in Eq.
(2) are real.!*> We shall work in the interaction picture in
which the interaction Hamiltonian has the following
form:

—iA,t

, iAgt ’
leﬁ EQ{Q aI’kal,k‘i—e k aikaz,k} . (3)
k
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Here, Q= —u,E /# is the Rabi frequency, and the de-
tuning A, is

Akzwlg_wllc_w > (4)

where o is the coupling-field frequency, and wf%, and ¥
are defined as follows:

k=E2,k)/# , (5
¥ =E1,k)/# . (6)

Here, the E°(1,k) and E(2,k) are the first and second
excited conduction-subband energies, respectively. As
noted above, A, is, in fact, independent of k since we as-
sume each subband to have the same dispersion. The
equation of motion for the density operator p’ in the in-
teraction picture is!*

% Ligy,p )~ My +pT) @
ot #i
where T is a diagonal matrix whose elements I';; are the
inverse of the relaxation times for the states |i,k). The
term L(I'p’—p'T) is introduced phenomenologically to
account for the damping, due to intrasubband and inter-
subband relaxation processes, which are assumed to be
much faster than radiative relaxation rates. A more
rigorous treatment of these dephasing processes would
involve adding electron-phonon and electron-electron in-
teraction terms to H,. As our purpose here is to eluci-
date the coupling physics and its general dependence on
damping processes, we have purposely omitted specific
interactions in H,. The proper incorporation of such
terms is an area of research in its own right,15 and their
inclusion here would merely complicate the coupling
physics. Work towards including electron-phonon and
electron-hole interactions in a three-subband quantum
well system will be reported elsewhere.!®

In order to obtain the equation of motion for each
component of the density matrix, we make the following
substitution for each set of the three-subband states at a
given k:

, ., =il

Xoo=Po Xa=pue ©, (8)
, , bt

X1 =pl1 Xo1=poie © , 9)
, , @8yt

Xn=pn Xp=ppe * , (10)

where 8, =w¥—o0f and 8} =wk—wk—w, both of which
are k independent for equal subbands dispersions. The
transferred equations of motion are

dX o
dx
= Xy — X)X — XS (12)
dx
dt” =—i0(X;,—X,)—Ty(X,—X%) , (13)
dX,
N =[i8—y 1 Xo +iQX,, , (14)

dt
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dX,,
dt

X, .
dr =[iA—y X —

=[i8'—v]Xp +iQXy , (1s)

Xy —Xy) . (16)
Here, we have X;= X for whlch the k indices are
suppressed from now on The X? refer to the equilibrium
probability of finding electrons in the states |i,k) and,
therefore, they are represented by Fermi distributions.
I’y is the relaxation constant for slight perturbations of
the Fermi-Dirac distribution of carriers in the lowest sub-
band. In this form, Eq. (11) is equivalent to the relaxa-
tion time approximation of the Boltzmann equation.!’
The limits of applicability of this equation to treat the dy-
namics of the kinetic hole left in the Fermi distribution
following stimulated emission in an inverted semiconduc-
tor has been considered by others.!” The other relaxation
constants I'; and I', are associated with the decay of car-
riers excited into the higher subbands, where there is no
equilibrium population of free electrons. All three of
these rates are typically due to electron-phonon and
electron-electron scattering processes. As stated above,
microscopic expression for these rates can self-
consistently be obtained by including corresponding in-
teraction terms in the Hamiltonian, but here we treat
them purely phenomenologically. At this phenomenolog-
ical level, if polarization scattering is ignored the polar-
ization dephasing constants, vj» are related to the popu-
lation scattering rates as!’

v; =3 +T;) .

Egs. (11)-(16) can be further reduced to a simple linear
matrix equation of motion for a nine element column vec-
tor ®:

Q—LQH-K (17)
dt

where the ® elements are
P =Xy, ©=Xy, P3tXp,
D,=X51, Ps=Xy, Ps=Xyp, (18)
P;=Xgp0 , Ps=Xg, Po=Xy .

The elements of the matrix L and the column vector K
can be easily obtained by inspection of Egs. (11)-(16),
realizing that all of the X_ are zero except X 3.

Equation (17) describes a system consisting of a
strong-coupling field and three of the conduction sub-
bands of the quantum well. In the following, we use
linear-response theory to obtain the response of this sys-
tem to a weak probe field.!® The approach, explained in
detail in the Appendix, involves using the quantum re-
gression theorem to relate the linear response to the La-
place transform of two-time polarization correlation
functions. For simplicity, numerical results are only eval-
uated in the steady-state limit, which is formally obtained
by taking the infinite time limit of the polarization corre-
lation functions. In practice, the system will achieve a
quasi-steady-state that these results will adequately de-
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scribe so long as the coupling-field pulse duration, 7,, is
such that 1/7, <<y ,.

The imaginary and real parts of the system susceptibili-
ty in linear-response theory are related to the real and
imaginary parts, respectively, of the following two-time
correlation function characteristic of this system:!°

=3 f1{[Px (z,t'),p;f(t’)]ﬂz:,-mp . (19)
k

Here, fis the Fermi-Dirac distribution factor (nonzero
only for a range of states in the lowest subband) and o,
refers to the probe frequency. The py and p; are nega-
tive and positive frequency components of the polariza-
tion associated with the coherent superpositions of the
three subband states at different k; they are defined in the
Heisenberg picture by

SO=pgal (Va1 Fppal (Day, (1), (20)

Pr (D=pgal  (Dagy (D +ppal (e (0. Q1)

Here, p, (z,t') is the Laplace transform of p, (¢)
=p (t'+7), with respect to 7=t —t'; 7> 0.

The pg, and py, are the electric-dipole moments for the
transitions from the ground state to the first excited state
and from the first to the second excited state, respective-
ly. Because, in practice, we are looking for the linear
response to a weak probe tuned near the transition fre-
quency from the ground to the first excited state of the
conduction band, the terms including u;, in Eqgs.
(20)—(21) are off resonant, and can be ignored.

In order to calculate {[p (z,7'), py (¢')]) in Eq. (19),
we have to find the correlation functions
(Py (zt)py (¢")) and (py (t')py (z,¢')). The details
are presented in the Appendix. Briefly, the quantum re-
gression theorem is used to obtain these unequal-time
correlation functions from {p (z,¢')).%°

In order to obtain {p, (¢)), we make use of the density
operator as follows:

(P (1) =Tr{p(thugia] xao}

zﬂolq)g(t) . (22)
The Laplace transform of Eq. (22) is given by
(P (2,1) =pgPylz,2") . 23)

Referring to the Laplace transform of Eq. (17), we now
obtain

$(z,t')=R(z)q>(z')+~;-R(z)K , 24)
with
R(z)=(zI—L)™!

where I is the identity matrix. Here again @(z t') refers
to the Laplace transform of ®(¢), with respect to 7. We
then can calculate & g(z,t") and (p Py (2t ')} as follows:

)= .umz

j=1

(Pi (1) @, (1’ )+—jo(z)K . (25)
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The  expression  for (Pr (zt")p (") and

{p (t')Ppy (z,t")) then follow,
([Px (2,54 (0)])=pdi{Ry3(2)Py(o0)
+R882[q)1( 0 )”(1)7( 0 )]} .

(26)

The detailed deviation of Eq. (26) is given in the Appen-
dix In order to impose steady-state conditions on the
above equation, we put t'— o (and t— o, t>¢'). The
absorptive and refractive components of the linear
response spectra are then obtained by substitution of Eq.
(26) in Eq. (19).

III. RELAXATION RATES

The set of equations implicit in Eq. (17) are valid for
any system that has three relatively isolated levels within
which there are two dipole-allowed transitions. Since the
dipole moments act only to scale the fields, the qualitative
effects of the coupling field on the linear response are
completely determined by the relative values of the de-
phasing rates, ¥4, Y02, ¥ 12- Because the resuits presented
below for the quantum-well case are so dramatically
different from those reported for ‘typical” atomic sys-
tems, we devote this section to a discussion of the dephas-
ing rates appropriate for quantum-well samples.

Before discussing these rates it should be noted that
the total intersubband linear response is the sum of the
individual responses, due to all sets of k states with
nonzero occupation probability [Eq. (19)]. Because we
assume that the dispersion of each subband is identical,
and that the dipole moments are k independent, the sum-
mation would be trivial if the dephasing rates were also k
independent (i.e., the correlation function would only
have to be evaluated once). In most practical situations
the dephasing rates will in fact depend on k (as discussed
below), however, it turns out that the qualitative effect of
the coupling field on the system’s linear response is simi-
lar for all realistic sets of v, Vg, V12- For simplicity
then, after discussing the origins and typical magnitudes
of the k-dependent relaxation rates, representative values
are used to generate numerical results, and no attempt is
made to evaluate the complete sum in Eq. (19). All of the
pertinent physics of the nonlinear coupling is thus re-
vealed without complications, due to model-specific
effects of averaging.

At low temperatures the range of occupied k states is
essentially from k =0 to k;, where the Fermi wave vector
k + is given in terms of the density, n, by

ky=Q2mwn)>> .

I’y is the relaxation rate of small perturbations of the
electron distribution within the Fermi sea, towards a uni-
ty occupation factor. For Fermi energies less than the
longitudinal-optical LO-phonon frequency, this relaxa-
tion rate of the small perturbations created by optical ex-
citation out of the Fermi sea is determined by electron-
electron scattering among the free electrons.!”?! I’y is on
the order of ~ 10 ps ! near the band edge and ~0.1 ps™!
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near k, for effective bulk electron densities of
~5X%107cm 317

The scattering rates of the excited states at a given k,
I'y, and I',, depend strongly on the intersubband spacings
and the carrier density in the ground subband. For
excited-state electrons within an LO-phonon energy of
the Fermi level, their relaxation rate will be determined
by interactions with acoustic phonons?? and free carriers
in the lowest subband. Acoustic-phonon scattering rates
are on the order of 0.1 ps™! and relatively insensitive to
k. Excited-state electrons with energies more than an
LO-phonon energy above the Fermi level will scatter pri-
marily via LO phonon emission, with an additional con-
tribution from electron-electron interactions. The LO-
phonon scattering rate will be on the order of 1.2 ps™!,
due to intersubband scattering if the kinetic energy of the
electron is less than an LO-phonon energy above its sub-
band edge, increasing to ~5 ps~! if it is allowed to un-
dergo intrasubband LO-phonon scattering.

IV. RESULTS

To illustrate the overall effects of optical dressing in a
quantum well, we use representative values of ['j=7
ps !, T',=1.5 ps”!, and I',=1.5 ps~! in the evaluation
of the real and imaginary components of Eq. (19). These
values correspond to a case in which the energy spacing
between the ground and first excited subbands, SE,
[8E=E“(1,k)—E0,k)] is larger than 50 meV.

Figure 1 shows the linear-response spectra of the quan-
tum well at different values of the coupling-field intensity.
Here the Rabi frequency has been allowed to range from
zero to the level required to observe well-defined satellite
peaks. As Fig. 1 (solid line) shows, the resulting zero-
field linewidth with the chosen damping parameters is
~6 meV, similar to experimental absorption spectra of
8.5-nm GaAs wells with Al ;5Ga, ¢sAs barriers.’ The ab-
solute CO, intensities corresponding to these Rabi fre-
quencies depend of course on the dipole matrix elements.
As an estimate, taking u;,=e X2 nm, Q=1 ps~! corre-
sponds to an intensity 7 =0.06 MW/cm ™2, and of course
I scales as the square of the Rabi frequency.

As illustrated in Fig. 1, the coherent modification of
the linear absorption first manifests itself as a broadening
of the zero-field line shape, accompanied by a reduction
in the peak response. At higher Rabi frequencies the line
evolves into a doublet, and eventually each line in the
doublet becomes well defined and any further increase in
the coupling-field strength merely increases the separa-
tion, leaving the individual widths and amplitudes fixed.
The total area under the absorption curves (proportional
to the imaginary part of the susceptibility) is independent
of the coupling field strength in all cases. The evolution
of the spectra is qualitatively similar for other realistic
combinations of y;, Yo, ¥ 12: quantitative differences are
found in the widths and the peak heights of the
responses.

In order to determine the effect of detuning the cou-
pling field above the 1-2 resonance, we show in Fig. 2 the
absorption spectrum for the same parameters as those of
Fig. 1 for various detunings. At Q=25 ps~!, when the
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detuning, A, is zero, a symmetric splitting is created, as
shown by Fig. 1. But with nonzero detuning, the peaks
are asymmetric with the lower-energy peak stronger. At
A=6 meV, the interaction of the coupling field with the
quantum well is weak, hence the lower-energy peak ap-
proaches the uncoupled absorption peak.

V. DISCUSSION

The values of Q used to obtain the spectra in Fig. 1
were chosen to demonstrate qualitatively different re-
gimes in the evolution of linear spectra with increasing
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FIG. 1. Intersubband absorption, (a), and refractive response
normalized to the peak magnitude of the uncoupled resonance,
(b), using average relaxation rates of [y=7 ps ™', I'/=1.5 ps™},
I',=1.5 ps™!, and detuning, A=0. The Rabi frequencies are
Q=0 ps~! (solid line), Q=2 ps~! (dashed line), @=5 ps~' (dot-
ted line), and Q=25 ps~! (dashed-dotted line). E, and E,, refer
to energies of the probe and ground to first excited state, respec-
tively.
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FIG. 2. Intersubband absorption at Q=25 ps~! for different
coupling-field detunings. The solid line corresponds to A=0,
dashed line to A=6 meV, and dashed-dotted line to A=18
meV. The dotted line is for Q=0 ps~! and A=0. All relaxa-
tion rates are the same as Fig. 1.

coupling-field strength. The effect of relatively weak cou-
pling fields is to broaden the uncoupled absorption peak,
thus coherently increasing the transparency at line
center. At higher fields the induced spectra develop a
doublet structure, and eventually a high-field limit is
reached beyond which two well-defined satellite peaks
maintain their width as they become further separated.
The width of the satellite peaks is at least as large as that
of the uncoupled absorption peak.

This evolution is qualitatively different from what has
been calculated and observed in ‘“‘typical” atomic sys-
tems.?® In the atomic case, even weak-coupling fields in-
duce a doublet structure, and further increases of the
coupling field merely separate two well-defined lines with
widths equal to half the uncoupled linewidth, and peak
amplitudes unchanged from those in the absence of cou-
pling. Figure 3 illustrates this case by showing the result
of solving the present model, using T[',=0.001 ps~',
I'y=1 ps_ !, and T',=0.001 ps~!, to mimic the typical
atomic situation where the ground state is stable, and the
excited-state broadening is primarily radiative in nature.

These seemingly disparate nonlinear responses of
atomic and quantum well systems, and in fact the overall
qualitative behavior of both systems, can be understood
using the dressed state picture.?* Within the approxima-
tions in our model, the coupling field renormalizes the
two nearly resonant excited states and leaves the ground
state unaffected. The spectra can, therefore, be con-
sidered to be due to weakly probing the renormalized ex-
cited states from a single, unrenormalized ground state.
One immediate consequence is that any structure that
may exist within the dressed manifold will only be resolv-
able from the ground state if its width is of the order of
the ground-state width, Ty. Thus, the ground-state width
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FIG. 3. Intersubband absorption with relaxation rates of
I'y=0.001 ps~ !, I',=1ps !, and I";=0.001 ps ! and detuning,
A=0 for various Rabi frequencies, Q=0 ps~! (solid line),
Q=0.5 ps~! (dashed line), and Q=2 ps~! (dotted line). The in-
set shows absorption spectra at an early stage of development of
the doublet for =0 ps™! (solid line), 2=0.05 ps~! (dashed
line), and Q=0.1 ps ! (dotted line).

enters the problem as a resolution, or convolution param-
eter that can be factored into the final spectra after ad-
dressing the more interesting issues associated with the
dressing of the excited states.

The strong-coupling regime is easiest to understand.
Once the Rabi frequency characteristic of the coupling-
field strength and the dipole moment between the excited
states is much greater than the dephasing rate associated
with the transition, y,, the effect of the coupling field is
essentially to lift the degeneracy of the first excited state
with N coupling photons present, |1,Nw), and the
second excited state with (N —1) coupling photons
present, |2,(N —1)w ). The well-known result is two non-
degenerate superposition states that share the linewidths
and oscillator strengths (with respect to the ground state)
of the original levels, and that are separated by 2. In-
cluding the effect of the ground-state width on the ability
to resolve this splitting, the strong-field regime occurs for
coupling-field strengths greater than 2(yq;+7vq,). In
both the atomic case and quantum-well regimes, this lim-
it corresponds to the point when the satellite peaks each
have essentially a Lorentzian shape, with a full width at
half maximum linewidth of (yy;+7,). Using the fact
that the area under the absorption peaks is independent
of the coupling field, it is straight forward to give a sim-
ple expression for the ratio of the strong-field satellite
peak amplitudes ( A’) to the uncoupled amplitude ( 4):

A _TYo 7o

A’ Yo1 .
In the atomic case, Yy, is usually negligible (Fig. 3),
whereas in the quantum-well case it is typically at least as
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large as y,; (Fig. 1).

In the weak-field limit, all of the behavior exhibited in
the atomic and quantum well regimes can be understood
by considering the wider of the two excited states as
offering an effective continuum of states that can couple
with the narrower of the two states. When the dipole-
allowed first excited states, |1,Nw), is the narrower of
the two excited states, it can be thought of as mixing with
a continuum of dipole nonallowed states within the
linewidth of the second excited state. Borrowing the
nomenclature common in the discussion of Fano reso-
nances, this corresponds to the limit where the Fano pa-
rameter (in this case the ratio of the dipole matrix ele-
ments between the ground state and the narrower state
and between the ground and the effective continuum
states) is essentially infinite.?* The dressed version of the
dipole-allowed state that results after coupling is included
then consists of a single Lorentzian peak, broadened in
proportion to the coupling field, ). The transition to this
dressed state is dipole allowed from the ground state and
hence the absorption spectrum in this case evolves as a
broadened Lorentzian (see Fig. 1).

If the dipole nonallowed state, |2,(N —1)w), is the nar-
rower of the two excited states (corresponding to a Fano
parameter equal to zero), the dressed state develops as a
Lorentzian shaped “hole” driven into the broad, dipole-
allowed “‘effective continuum” associated with the state
[1,Nw).** This is the situation illustrated in Fig. 3. The
inset of Fig. 3 shows that the depth of the hole depends
on the intensity of the coupling field.?>?° In either of
these cases, no significant coupling effects are expected
unless the Rabi frequency exceeds the narrower of the
two excited-state linewidths. This concept can be gen-
eralized to include the resolution limits imposed by the
ground state, and to include the intermediate case where
the excited state linewidths are comparable. The result is
that coupling effects should become observable for Rabi
frequencies Q>1/[(1/y¢)+(1/yy)]. In the small
I,/ limit ( the “typical” atomic limit) this effect will
manifest itself from the outset as a doublet structure. In
the large I', /T"; limit it will first occur as a broadening of
a single line, and this will give way to a doublet structure
when the width of this dressed state becomes comparable
to the width of the broader, second excited state. In gen-
eral then, the doublet structure will become apparent
when Q > y,,. These threshold expressions have been nu-
merically verified by studying a wide range of v, Vo2,
Y 12 parameter space.

VI. CONCLUSIONS

In summary, we have studied the way in which an arbi-
trarily strong CO, laser field can theoretically modify the
linear response of the conduction subbands in a doped
quantum well system with three bound subbands. It was
shown that when the coupling field is in resonance with
the two excited subbands, the magnitude of the absorp-
tion peak associated with the ground-to-first excited sub-
band transition can be reduced significantly at the line
center when the associated Rabi frequency exceeds
1/[(1/701)+(1/7¢,)], where the y,; are the polarization
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damping rates associated with the subscripted levels.
This reduction is followed by a doubling in the absorp-
tion spectrum for Rabi frequencies that exceed y,, and
this doublet evolves into a set of well-defined satellite
peaks that retain their shape and merely shift further
apart for Rabi frequencies that exceed 2(yy;+7(,). Due
to the presence of the ground-state relaxation rate, I', in
all of these critical frequencies, the scattering rate of
small perturbations of the Fermi distribution in the
ground conduction subband plays a crucial role in deter-
mining the field strength required to observe coupling
effects.

The present formalism puts no limitation on the inten-
sity of the coupling field, and is extendible to include
more subbands and/or more than one coupling field.
Both of these more general cases offer new opportunities
for nonlinear quantum well optics.

The results in this paper are not restricted to continu-
ous excitation conditions. The formalism can be applied
in a quasistationary way for pulsed-infrared coupling
fields so long as the pulse width, 7,, is long enough that
/1, <7

APPENDIX

Here, we present some intermediate steps of the devia-
tion of Eq. (26) from Eq. (25) by the use of the quantum
regression theorem. Before proceeding let us recall that
the restriction ¢ > ¢’ in the unequal-time correlation func-
tions {[py (8),p4 (¢')]) can be expressed explicitly by
putting ¢ =t¢'+7 for 7> 0. The linear susceptibility of the
system can then be related to the Laplace transform of
these correlation functions:

J i@ Hn,pl e dr (A1)

taken at z=iw, [as stated in Eq. (19)].'>*" In this paper,
all Laplace transforms with respect to 7 depend both on
t' and z.

The quantum regression theorem describes the motion
of a system operator M in terms of a set of system opera-
tors, {M,}. Here M could be one member of the set
{M,]} or a linear combination of them. The time evolu-
tion of such an operator can be written as follows:*°

(M(1)=T3 0,5, ){M,(t")+7,, (A2)
y7s

where t >¢’. If the numerical coefficients 0“(t,t') are
known for a single set of ¢ and ¢’, then the mean of a
two-time operator can be obtained by

(M(N@')=T3 O#(t,t')<Mu(t’)N(t')>
©

+A,(N(")) , (A3)

where N can be any system operator and ¢’ must precede
the time ¢.

In order to use this theorem for calculation of the
unequal-time correlation functions in Eq. (19), we first
identify a complete set of operators, {M,} which fully
describes our system. A suitable choice is the set of

operators {a;a ;} that are related to the averages ®; of
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Eq. (18). Here, i and j can take values of O, 1, or 2. The
next step is to find the O, by writing an expression for
the one-time average analogous to Eq. (A2). With respect
to the correlation functions we are looking for, we need
only to set M =p, (¢) and then compare Eq. (25) with Eq.
(A2) to specify O,,.

We proceed next by introducing the p;' (¢') as N(¢') in
Eq. (25). In this way the left-hand side of Eq. (25) is con-
verted to (P, (z,¢t')py (¢')), one of our desired results.
On the right-hand side, we must then evaluate the expec-
tation values of M, (t')p; (¢') and py (¢'). This has the

effect of replacing the {®} in Eq. (25) by

Q1) pppe' TR,

D,(1")—>ppe TODY ), Di(t)—pg Py,
D (1')—0, Ps(2')—>0,

Dyt ) —ppe' TOD(t) , Pt ) pgPelt’)
Dyt )—p @ (2') , Do(t')—0,

and the substitution of K; by Kj<p{f(t’)). The result
after putting z=iw, is a general result for the linear-
response theory for the susceptibility of the system. But
since in this paper we are interested in the response of the
system in the steady state, the condition ¢t'— o0 (¢ — o)
is imposed. Therefore, the {®}’s in Eq. (17) take the fol-
lowing simple forms:

P®;(0)=—3(L7"),K; (A4)

. J ’
J

Also because of the steady-state condition, the terms in
(Py (z,t")py (")) which correspond to e ‘' and e ~/¢",
make no contribution to the correlation functions and
only the terms which evolve as e ~‘®“~*)(¢i®") remain
effective.

The result, after removing the vanishing terms in the
steady-state limit and retaining only nonzero R;; is

(Pr (2)py (0))=pd; {Rg3(2)P,(0 )+ Rgg(z)P (o)

9
+3 -i—RSj(Z)(I%oon] . (AS)
j=1

Following the same procedure, one can obtain an ex-
pression for {p, (o0 )p, (z)) as follows:

(py (0)py (2))
9
='u(2)1 R88(2)®7( o0 )+ 2 %RSJ(Z)(DJ o0 )K] } ,
j=1
(A6)
and, therefore, Eq. (26) is obtained as
([P (2),Px (20)]) =5 {Ry3(2)Py( )
+R88(Z)[q>l( 0 )—¢7( o )]} .
(A7)
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