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Intersubband polaritons in the electrical dipole gauge
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We provide a theoretical description of the coupling between the electromagnetic field and the intersubband
excitations of a bidimensional electron gas. Our theory, based on the electrical dipole gauge, applies generally to
an arbitrary quantum heterostructure embedded in a multilayer waveguide or in a microcavity. We show that the
dipole gauge Hamiltonian takes into account the Coulomb interactions in the system, without the need of adding
extra terms to the Hamilitonian. Furthermore, the bright excitations of the system appear as many-body collective
plasmon modes, interacting between each other and with the light field through dipole coupling. The electrical
dipole gauge therefore provides a suitable framework for the study of solid-state quantum electrodynamics
phenomena that occur at very high electronic densities, such as the ultrastrong light-matter interaction.

DOI: 10.1103/PhysRevB.85.045304

I. INTRODUCTION

In the description of a physical problem dealing with
light-matter interaction, there is always a degree of freedom in
the choice of the potentials associated with the electromagnetic
field. Even though the physical phenomena are obviously
independent from the particular vector or scalar potentials
used, the choice of the gauge is a critical issue, as it can
be more or less adequate for the physical interpretation of
the phenomena. In the literature, there is already a consensus
that the interaction of nonrelativistic bound charges is very
conveniently expressed in terms of the dipole gauge.' This has
been first identified by Power and Zienau in the 1950s (Ref. 2)
and subsequently by Woolley.? In this formulation, called
Power-Zienau-Woolley (PZW) gauge, the sources are electric
and magnetic polarization fields and the coupling occurs via
the intensities of the displacement field D and the magnetic
field H rather than using the scalar and vector potentials V and
A. In the case where the magnetic interactions in the system
can be neglected, the PZW gauge is also called dipole gauge
since the interaction Hamiltonian contains only the coupling
between the material polarization P with the light field.

In our paper, we propose to apply the dipole gauge
to the case of intersubband transitions interacting with a
photonic cavity mode. The motivation of our approach stems
from the fact that we are interested to investigate a regime,
called ultrastrong coupling, first introduced by Ciuti et al.*
This regime of light-matter interaction is attainable in a
bidimensional electron gas with very high density embedded
into a photonic microcavity*® and is characterized by the
fact that the coupling and the material excitation energies
are comparable quantities. However, the very high electronic
densities increase on one hand the light-matter interaction and
on the other renormalize the transition energies of the system
due to a collective effect, the “depolarization shift””” This
effect can not be neglected in the limit of ultrastrong coupling,
however, it was not explicitly considered in the initial study
described in Ref. 4. In our work, we show that the dipole
gauge Hamiltonian handles the light-matter interaction and
the depolarization effect on the same footing. The underlying
physical picture is that the active polarization that couples to
the photonic mode is not a single-particle electronic transition
between confined states, but rather a collective electronic
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mode (a plasmonic mode) arising from electrons distributed
in different subbands, yet phased by the Coulomb interaction.
The latter point is one of the main conclusions of our theoretical
investigation.

The correct description of the collective electronic excita-
tions and their interaction with light can be obtained in the
Coulomb gauge, only if both the vector potential A and scalar
potential V' are considered. This has already been noticed in
studies of ensembles of two-level systems interacting with
light.® In the absence of the cavity, thus in the weak-coupling
limit, collective effects can be identified with the scalar
potential V,” which describes an instantaneous interaction
between electrons. ! However, when dealing with the resonant
coupling of a microcavity with an electronic transition the
observable quantity is the retarded electromagnetic field that
can be obtained through a proper combination of both V
and A.'° In order to have a general Hamiltonian, which is
valid from the weak- to the ultrastrong-coupling regimes, it is
therefore essential to include the Coulomb potential V, thus
completing the study of Ref. 4. Such Hamiltonian is readily
obtained in the dipole gauge, where the matter degrees of
freedom are gathered in the polarization field P, which not
only describes the interactions between the electrons, but also
couples to a material-independent and retarded photonic field
described by the electric displacement D."! Indeed, as we
previously pointed out in Ref. 6, the depolarization effect in
the bidimensional electron gas is contained in the quadratic
P2 term of the dipolar Hamiltonian. As a result, our model
correctly describes the local field effects arising from the very
different spatial scales between the electronic and photonic
confinements. The results of Ref. 4 are contained in our
formalism and recovered only in the opposite limit, i.e., when
the electronic polarization fills the whole cavity volume. The
importance of the spatial overlap factor was also outlined in
our experimental study of the ultrastrong-coupling regime®!!
as it allows us to correlate both polaritonic and weak-coupling
absorption data. On a more fundamental level, we show how
the spatial confinement of the electronic polarization leads to
the no-go theorem for intersubband transitions.'>!3

Our paper is organized as follows. In Sec. II, we establish
the Hamiltonian of the system in the dipole gauge. We
consider a very general case of an arbitrary heterostructure
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embedded into a general planar waveguide multilayer. The
microscopic expression of the intersubband polarization field
is derived in Sec. II D, in the long-wavelength approximation.
This microscopic expression relies directly on the electronic
wave functions, and therefore allows us to go beyond the
semiclassical model employed in Ref. 6, as it applies to an
arbitrary heterostructure potential, with an arbitrary number
of occupied subbands.

In Sec. III, we adapt the general dipolar Hamiltonian
obtained in Sec. II to the case of a series of highly doped
quantum wells and we express it in terms of the collective
electronic excitations of the system. We also provide a version
of this “plasma Hamiltonian” for the case of zero-dimensional
(OD) resonators (Sec. IIIC). In Sec. IIID, we study the
correspondence between the plasma Hamiltonian, truncated
for the case of a single intersubband transition and a single
waveguide mode, and the corresponding Hamiltonian in the
Coulomb gauge. This allows us to connect our formalism with
previous work.* In particular, we show that the dipole gauge
provides automatically the relevant contributions due to the
Coulomb interaction of the system, which were missing in
Ref. 4.

The formalism is applied to study the properties of the
polariton states in Sec. IV. In Sec. IV A, we examine the
polariton dispersion, and in Sec. IV B, we discuss the no-go
theorem for intersubband transitions. We show in Sec. IV C
that our formalism is consistent with the effective medium
approach, in full agreement with what has been proposed in the
literature.'* Most of the technical details have been gathered
in the appendices.

II. INTERACTION HAMILTONIAN

A. General considerations

The interaction between light and quantum heterostructures
is usually studied in planar multilayered systems. This geom-
etry is most naturally compatible with the epitaxial growth.
A very general system is described in Fig. 1(a). It consists
of homogeneous, nonabsorbing, and nondispersive dielectric
layers described by real dielectric constants &;, embedded
between two infinite semiplanes that act as optical claddings.
We can then define a piecewise dielectric function &(z), with
&(z) = ¢; in the ith layer, z being the growth axis. The
multilayered dielectric stack defines guided modes that confine
the light field around the heterostructures. Note that, at this
point, £(z) does not include the resonant contribution from the
electronic transition in the heterostructures. This contribution
will be included through the coupling between the guided
modes and the electronic polarization. The full Hamiltonian
of the system is written as

A~ A

ﬁ = He+ﬁp+Him- (D

Here, H, is the Hamiltonian of the electron gas in the
heterostructures, which is provided explicitly in Sec. II C, and
H,, is the photon Hamiltonian:

o 1 1Y) Mo a0 3
H, = / [2508(Z)D (r)+ > H (r)]d r 2)
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FIG. 1. (Color online) (a) General planar multilayered system
with a piecewise dielectric function &(z), supporting guided modes.
There are quantum heterostructures embedded inside the multilayered
stack. (b) TMy mode guided between two metallic plates.

with D(r) and H(r), respectively, the displacement field and
the magnetic field operators. The interaction Hamiltonian I-Zm
in the electrical dipole gauge is written as, neglecting the
magnetic interactions, '

Fin = f : [—ﬁ(r)'ls(r)+1132(r)}d3r. 3)
£0&(z) 2

Here, P(r) is the polarization density operator of the electron
gas. This is a central quantity in our theory, and it is provided
explicitly in Sec. II D from a microscopic model. One issue that
we will discuss in details in the paper is the role of the quadratic
interaction term 132(r), which describes the self-interaction of
the electronic polarization, and therefore contains the effects
of the dipole-dipole interactions.

Most generally, the expression of the interaction (3) should
be written as a nonlocal expression, which takes into account
the spatial dispersion of the electromagnetic response of
the medium.'® However, as illustrated in Fig. 1(a), in the
systems that we study, the heterostructures embedded in the
multilayered stack have a typical extension in the growth axis
(the z axis) that is much smaller than the wavelength. This
justifies the local form of the interaction postulated in Eq. (3).

We can evaluate the convenience of the dipole gauge
already at the classical level, where the displacement field
D(r) is determined only by the charges exterior to the
system. On a quantum mechanical level, this means that D(r)
describes a purely transverse field.'? Therefore, neglecting the
dissipation in the system, we can consider D(r) as a free
photon field, independent from the electronic polarization
of the heterostructures. This can be clearly observed, for
instance, in the normal component of the displacement field
f)z, which, while it couples to the intersubband polarization,
is continuous across the interfaces. We therefore consider the
derivation of ﬁ(r) as a separate problem, which is dependent
only on the particular arrangement of the multilayered stack.
In this approach, the resonant contributions of the electronic
intersubband transitions taking place in the active media are
contained separately in the polarization operator density P,
and are active only through the interaction term I:Iim. Later on
(Sec. IV C), we shall see that this approach leads to an effective
medium treatment of the system.
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In our treatment, the dissipation effects will be neglected.
The latter can be taken into account as in the classical paper
by Huttner and Barnet'” by including a dissipative bath with
continuous degrees of freedom. This approach will, however,
require more precise definition of the displacement field D, as
it leads to a noise contribution from the dissipative bath.'>!7
Here, we will restrict to a fully Hamiltonian treatment. The
dissipation will be taken into account only in a phenomeno-
logical way in Sec. IV C by adding a small imaginary part to
the eigenfrequencies of the system.'®

B. Free photon Hamiltonian

For the quantum description of electromagnetic field, we
use the basis of the guided modes of the multilayered stack,
which are bounded in space. Due to the translational invariance
of the system in the plane perpendicular to the z axis, the guided
modes are characterized by their in-plane wave vector q and
their energy hw.q. The function w.q = wcq(Iq|) defines the
dispersion relation of the guided modes. The heterostructures
interact only with the Transverse Magnetic (TM)-polarized
modes in order to respect the selection rule of intersubband
transitions.'” By using the general quantization rules,'>*° we
can assign bosonic creation and annihilation operators ajl and
aq to each guided mode. The components of the quantized
electromagnetic TM free field are then

A= iAge, Ae) fo(0)e! M (aq +ay), (4)
q
D, =) iAge.
q

R 1 dfy(2) ;
Dy =- Z Aqeqw sze Hi(aq — aiq)7 (6)
q 4

Aq = hocg )" @)
7\ 2peSLy)

Here, S is the area of the system and rj is the in-plane
position vector. We have introduced the unit vectors e, and
€q = q/|q|, and the symbol A designs the vector product. The
constant A is the vacuum field intensity of the guided modes.
It has been derived, for this particular system, in Appendix A.
The function f4(z) describes the lateral profile of the guided
modes, and Lg is a normalization coefficient:

q fa(@)e' T (aq —al ), o)

|
Weq

+00
f fo@Pdz = Ly (8)

If we set the maximum of the dimensionless function f4(z)
equal to 1, with this definition, Ly can be regarded as the
effective thickness of the multilayer system. The function fq(z)
satisfies the Helmholtz equation

dzfq(Z) _

dz?
According to the boundary conditions for the electromag-
netic field, fy and e(z)~'dfy/dz must be continuous at the
interfaces between the different layers, and fq(z) must vanish
for z — 400. Such a function has been illustrated in Fig. 1(a).
Equation (9) will have in general multiple solutions, describing

s(z)a)gq

Q@ fo(@) + fa(2) = 0. ©

c?
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different modes labeled by a discrete index j, which can be
added in the notations if necessary.

One or two boundaries of the multilayer system can be
metallic. In the mid- and far-infrared frequency ranges, the
metals are described by a very large negative real dielectric
constant ¢y < 0, and the electromagnetic field density in the
metallic layers is vanishing. Therefore, in order to have a
consistent quantification scheme for the electromagnetic field,
without the burden of quantifying the conducting electrons
in the metallic boundaries, we neglect the electromagnetic
density energy in the metallic regions in the integrals (2) and
(3). However, the finite dielectric constant &, can be taken into
account through the dispersion relation of the guided modes
as for the example provided in Appendix A.

With the use of the above expressions, the Hamiltonian (2)
of the free electromagnetic field takes the standard form

A, =" hoglalag +1/2). (10)
q

We now apply this formalism to a particular system. For
mid-IR and THz frequencies, the simplest confining system
is provided by the TMy mode guided between two metallic
plates, separated by a distance L,y, as illustrated in Fig. 1(b).
The semiconductor with a dielectric constant ¢ fills the space
between the plates. In this case, in the limit of perfect
metallic boundaries we have fq(z) =1 and Lq = L,y and
the dispersion relation becomes q* = sw?,/c* [Fig. 1(b)].
The in-plane component of the displacement field vanishes,
D = 0, and the remaining nonzero z component is

D, =ie, E
q

In the rest of the paper, we consider exclusively the TM,
mode, which simplifies greatly the calculations without a loss
of generality. In Sec. III C, we also consider the case of double-
metal zero-dimensional microcavities in which we have added
alateral confinement. In these structures, the propagation wave
vector q of the TMy mode becomes quantized.

e€hweq
S0 %eq iqr

f
- . 11
3SLon (aq —a_q) an

C. Electronic Hamiltonian

In a semiconductor heterostructure, the band offsets be-
tween different semiconductor layers provide a confining
potential V(z) in the growth axis. A typical example of
a confining heterostructure, the quantum well, is sketched
in Fig. 2(a), and a general heterostructure is illustrated in
Fig. 2(b). We consider the case where the Fermi level Ep
lies into the conduction band, due to intentional doping,
which leads to the formation of a bidimensional electron gas’
[Fig. 2(b)]. The potential V(z) yields discrete energy levels
hw,., labeled by an integer index A. Electrons are free to move
in the plane perpendicular to the growth axis, and we denote by
ik their in-plane momentum. This free movement is described
by the parabolic subbands illustrated in Figs. 2(a) and 2(b),
and the total energy of an electron in the subband A is

h2Kk?
2m*

how = hoy + 12)
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FIG. 2. (Color online) (a) Typical quantum heterostructure po-
tential V(z): a quantum well. There a two bound levels with wave
functions ¢, »(z). (b) General potential of a doped heterostructure,
including the Hartree correction Vy(z) due to the static Coulomb
interactions.

with m* the effective electron mass. In a highly doped
heterostructure, in order to determine the confining energies
hw,, one must take into account not only the heterostructure
potential, but also the Coulomb interaction between the
charges. In the Hartree approximation, this static Coulomb
interaction is described by a self-consistent potential Vg (z)
due to the presence of electrons and ionized impurities.”"”
The potential Vi (z) depends on the envelope wave functions
¢5.(2). Therefore, the energies 1w, and wave function ¢, (z) are
determined altogether by solving the one-particle Schrodinger
equation with a total potential V(z) + Vg (z) self-consistently
with a Poisson problem:’

K2 d?
[ + V() + VH(Z)j|¢A(Z) = hw, (), (13)

2m*dz7?
d’v, 2
d—Hz(Z) =~ 1@ ~ Na@). (14)
Z E€
p2) =~ > Nili )l (15)
th A

Here, p(z) is the electronic density, N;(z) is the dopant
density, and N, is the population of the Ath subband. The
exchange-correlation effect has been neglected in the above
equations. This set of equations leads to one-particle quantum
states |A,k) with normalized wave functions

(rjr k) = mm% exp(ikr)). (16)

The corresponding fermionic destruction and creation

operators are ¢;k and c;, . The electronic Hamiltonian acquires
the one-particle form

A, =) hocl o a7
Ak

At this point, we have determined the stationary state of
the system. The effects of the Coulomb interaction that we
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have considered so far are the static effects arising from
the inhomogeneous spatial distribution of charges. These
static effects have been lumped into the one-particle subband
energies hw;x through the self-consistent set of equations
(13)-(15).

In the next section, we use the stationary basis of single-
particle states ¢,(z) in order to define the microscopic
polarization density of the electron gas. This will allow us
to study the excited collective states, coupled with light, and
to recover the dynamic effects of the Coulomb interaction,
such as the depolarization shift.

D. Microscopic expression of the polarization

Usually, for the studies of the interaction of intersubband
transitions with light, one does not define a polarization
operator as an independent local quantity P(r), but rather
computes the linear response of the electronic system due to the
solicitation of an external harmonic electric field. The linear
response is described by the frequency-dependent nonlocal
susceptibility x(w),?! which is computed from the current-
current correlation function through the Kubo formula.?> The
collective excitations of the system are then obtained from the
analytical properties of x (w).

In order to use the electrical dipole gauge, as formulated
by the interaction Hamiltonian (3), we need to express the
local polarization operator P(r) as an independent quantity.
Classically, the local polarization P(r) is defined as the
average dipole moment of the charge distribution over some
microscopic volume.?* For instance, in the case of the square
quantum well with a thickness Lqw illustrated in Fig. 2(a),
such volume could be the volume of the quantum well.
However, it is difficult to apply such a definition for an arbitrary
heterostructure, such as the one depicted in Fig. 2(b), where
the spatial extension of the confinement potential varies with
the energy. In this case, the averaging volume becomes an
arbitrary quantity. Since the microscopic intersubband dipole
is defined from the electronic wave functions ¢, (z), the truly
microscopic expression of f’(r) should involve directly ¢; (2).

A similar problem has been encountered in the attempts
to define the static polarization in ferromagnetic materials
as function of the electronic wave functions and nuclei
distributions.”* Then, the idea is to define the polarization
as the time integral of the microscopic current arising during
the adiabatic switch from one configuration of electrons and
nuclei to another.

In our case, the microscopic current that corresponds to the
intersubband transitions is a rapidly oscillating function at the
frequencies of the transitions. Then, we define the polarization
in such a way that its time evolution under the full Hamiltonian
would lead to a microscopic current

R _ 1 b iy o (18)
dr apc EI =N

This definition is valid in the absence of magnetic inter-
actions. Since the polarization operator commutes with the
electrical displacement field, the evolution of P(r) is driven
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only by the electronic part of Hamiltonian (17). The expression
of the total current operator in the PZW gauge is

" ihe . t u S

i) = 2—m*[\l’ @V (r) — ViV (W (). (19)

Note that the paramagnetic term, proportional to the vector

potential A, is absent since in the PZW gauge the momentum of

the particles is expressed as a function of their velocity only.”

Here, we have introduced the field operator \il(r), constructed
from the one-particle wave functions (16):

Wz = e (z) explikr))/V/S. (20)

Ak

Since we are interested in the intersubband transitions only,
we shall consider solely the z component of the current. The
latter is readily expressed as

jum) = 5o A;q &) By — B, ] 2D

with the following definitions:
B, = Z L qCrk (22)
£11(2) = Br(2)0:,(2) — Pu(2)0:41.(2). (23)

For simplicity, we have chosen the envelope wave functions
of the bound states ¢, (z) to be real. Note that the intrasubband
contributions all vanish since &, (z) = 0 according to the above
definition.

In order to establish the polarization operator in the long-
wavelength limit, we first compute the commutators of the B
operators (22) with the Hamiltonian (17):

[B] o Hel = =Y h(@kiq = @u)ChygCuk-  (24)
k

In the long-wavelength limit, the excitation wave vector q is
small compared to the typical electron wave vectors k. Since
we assumed parabolic bands, we can write

Wrktq — Opuk R W) — W) = Wy (25)
Then, (24) becomes
[B] . Hel = ~hen B . (26)

This commutation relation indicates that the polarization
density operator satisfying (18) is

Z gku (2) tqr”

A>;Lq

Aunq’

P.(r)=

n—q + BA;Lq]~ (27)

This is the expression to be used in the interaction
Hamiltonian Hi, (3). It is clear that this expression satisfies
the requirement stated in the beginning of this section. Indeed,
it is a local function of space through the microscopic current
density &,,,(z). The size of the confining potential enters only
implicitly through the wave functions that construct & ,(z) and
we do not need to define any arbitrary averaging volume.

To express the interaction Hamiltonian I:Iim as a function of
the electronic polarization, it is convenient to split it into two
parts:

Hy = Hy + Hp (28)
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with I:III the linear part and gle the part quadratic in the
polarization. The expression of Hj in the long-wavelength
limit, for the case of the TM, mode, is readily obtained with
the help of (11):
hiw,

=i ¥ i

:
_q)(B B .
2e80S Lcay 4-q)(B g T Bina)

T
ez,w(aq —

(29)

Here, we have introduced the dipole matrix element z;, =
(¢rlz|l¢,) of the transition p — A, and made use of the
following identity:

+00 ZM*wxu
/ Sz = g, (30)

This identity guarantees the equivalence between the current
and dipole matrix elements, which are more commonly used
in studies of intersubband transitions.'%?’

The quadratic term of the interaction Hamiltonian becomes

N e*n’?
Ap= —0
. 8£soSm*2 Z

A>p M >pq
( MUZI + Bm q)(B)L/ + Bk’u’q)a (31)

where I, )/, denotes the current-current overlap integral

Iku,k’u’

Wh Wy !

+00
Lyw = / & (2)dz. (32)

Note that the expressions derived above are exact and general,
except for the long-wavelength approximation that is satisfied
for the majority of experiments with intersubband devices.
For instance, they will apply for a heterostructure featuring
population inversion. In the following, we are interested in the
specific case of noninverted (thermalized) subbands.

III. BOSONIZED PLASMA HAMILTONIAN
A. Bright and dark states

In order to further study the interaction between the light
and the thermalized subbands, we replace the fermionic
Hamiltonian H, by an effective bosonic Hamiltonian, which
contains only the polarization degrees of freedom. In this way,
we obtain a fully diagonalizable Hopfield-type model. To carry
out this approach, we need to replace the B operators (22) by
effective bosonic operators. For this purpose, we compute the
commutator

[B/\uqul;Lq] = Z(cikcuk - cj\k+qclk+q) =N, — N,.
k

(33)

We recognize the difference between the number operators
N, and N, of the respective subbands. Let us define normal-
ized operators through the relation

Bl o= VANb . (34)
with
ANy, = (N,) — (N3). (35)
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Here, the mean values of the operators are computed in the,
say, thermal state arising from the Fermi-Dirac statistics. In

the limit of weakly excited systems, the operators bl' 1uq defined
above obey the bosonic commutation rules®

[b3uq-b ] = Saq- (36)

Taking into account (36), (34), and (26), we replace
the fermionic Hamiltonian H, (17) by an effective bosonic
Hamiltonian, which yields exactly the same time evolution of
the weakly excited system:

A=Y hwubl b (37)

A>u,q

The bosonic operators introduced here describe the only
intersubband excitations that couple with light,* and they are
therefore called “bright” states. To illustrate the bright states,
we consider the system to be in the electric quantum limit at
T =0 K, where only the first subband (A = 1) is occupied
by N electrons. The fundamental state is then given by |F) =
Ik <kr cIk|0), where kr is the Fermi wave vector. The lowest-
energy single-particle excitations can be spanned on the basis
of states

|Ex) = chewl F). (38)

These basis states are eigenstates of the electronic Hamil-
tonian I-L with eigenenergies hwy; + Efond, Where Efong 1S
the total energy of the ground state. In the following, the
energy scale is reset so that Efy,q = 0. The excitations |E)
are illustrated in Fig. 3(a). For simplicity, in our example, we
consider only vertical transitions q = 0. The dipole moment
operator d between the subbands 1 and 2 is

d=zp Z(C;kclk + C-lrkczk)- (39
K

It is easy to show that each excitation | Ex) holds a dipole
z12 = (F|d|Ex). We can, however, change the basis by using
any appropriate linear combinations of | E)’s:

1Ba) =Y BaxlEx), (40)
k
> BaxBiy = bas: 1)
k
(FId|Ba) =212 Y Bak- (42)
k
(a) E (b) E
2 2
1 1
k k

| Ex> = CoxCyid F> b;=0| F>

FIG. 3. (Color online) (a) One-particle excitation between two
subbands. The fundamental subband is filled with N electrons at
T = 0 K. (b) Bright excitation.
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Here, a,b = 1, ...,N label the new basis states. The coef-
ficients B, k are arbitrary within the normalization condition
(41), but let us define the a = 1 state so that all B, are
equal. Because of (41), we then have B;x = l/ﬁ and
therefore |B;) is exactly the state created by the bosonic

operator introduced above: | B;) = bjl=0|F ). This state, which
is a coherent superposition of all possible single-particle states
with equal amplitudes 1/+/N, is illustrated in Fig. 3 (b). Next,
because of (42) and (41), we have

(FId|B)) = z12v'N, (F|d|Buz1) = 0. (43)

These formulas express the fact that the whole oscillator

strength of the system is held by the single state bIl:O|F )

whereas all other N — 1 states, which are orthogonal to it,

have a zero oscillator strength and do not couple with light.
At a first glance, it might seem that the emergence of

the superradiant state bjl=0|F ) is due to a mere change of
the basis, and that this state does not have any particular
physical meaning. Indeed, this state is perfectly degenerate
with the dark states with respect to the electronic Hamiltonian
H,. However, the inclusion of the interaction Hamiltonian 3
lifts the degeneracy between the bright superradiant state and
the dark states |B,»1) since both the quadratic Hp, and the
linear Ay, parts renormalize the energy of the bright state.
The quadratic part Hy, leads to a blue-shift, as explained in
the next section, and the linear part to the emergence of two
polariton states. Neither FIH nor FIIz acts on the dark states,
which therefore remain at the energy of the bare intersubband
transition fiw;;. These heavily degenerated dark states hinder
the efficiency of the electronic injection into the polariton
states.”’

B. Plasma Hamiltonian

The procedure of bosonization described in the previous

section assigns bosonic operators b;,q and bqu to each
intersubband transition © — A. Each transition now enters
the bosonized Hamiltonian with an energy %w,,. Therefore,
in order to avoid cumbersome notations, from now on, we
label each transition p — A with a single Greek index «,
i.e., « = [A,u]. This means that now we count the number of
excitations in the system instead of the number of subband
states.

We now seek to express the interaction Hamiltonian as a

function of the bosonic operators b,q and blq. To this end, we
introduce the plasma frequencies wp, through the formula

ZAN,
Gy CBNa )
seom*SLS;

Here, LS is the effective length introduced by Vinter
and Tsui.” This length is a function of the current-current
correlation integral introduced by Eq. (32), and describes the
spatial extension of the microscopic current density of the
intersubband transition o:

2m*w, 1
Ly =47 (45)
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We will also make use of the transition oscillator strength

*
o= 2m*wy ,
a T n Zoz‘

The linear part of the interaction Hamiltonian then becomes

(46)

A . h(,()pa We, i
Hy =i §a qj > w—:f;f;”(a(ﬂ — a_q)(b}_q + Dag).
(47)

Here, f.’ is the overlap factor between the cavity mode and
the current distribution of the transition o, defined as

faw = L:ff/Lcaw (48)

This definition, introduced here for simplicity for the special
case of a TMy mode, can be generalized for a mode with an
arbitrary shape, as shown in the end of this section.

We now turn to the quadratic part FID of the interaction
Hamiltonian. It is expressed as a sum over pairs of transitions
A>pu,M >u =a,B. Let us consider first the terms that
correspond to the same transition « = 8. By combining these
terms with the electronic Hamiltonian (37), we have

A+ Hola =) =) [hwablqbaq
a.q
hw%’a i T
+ W(baq + ba_q)(b —q + baq) .
(49)

This quadratic Hamiltonian can be diagonalized with the
Bogoliubov transformation”® by introducing new bosonic
Operators pqq, which satisfy

[paq, I:Ie/ + I:IIZ(O‘ =p)] = ha)otpaqa (50)

where @, denotes the new eigenvalues. This diagonalization
procedure yields the following results:

Dy = | W2 + 03, (51

B 5a+wab 4 Dy — Wy
Paq 2/ 0y wy «d 2/ Wy

In Eq. (51), the new eigenvalue @, is exactly the frequency
of the collective mode of the bidimensional electron gas known
as the “intersubband plasmon.’>> By using (44) and (52) to
express the remaining o # f terms of Hi,, we arrive at the full
Hamiltonian, which is now expressed in terms of the collective
plasmonic operators

A =" h@uplgpeqg + Y _hoeglalag +1/2)

]
bl_q- (52)

o,q q
+i ) hQuq(a) — a_g)(pl_q + Paq)
o.q
+ Z hEaﬁ(qu + Pa—q)(P;;_q + Pﬁq)- (33)
a#B.q

Here, we have introduced the light-matter coupling constant
in the dipole gauge

wpy |
Qg = TP /5—“1 fofw. (54)
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The quantity E,p is the plasmon-plasmon coupling constant

Wpu®
op = —E Cop, (55)

4‘ / 5(, wg
where the coefficient Cyg is the plasmon-plasmon correlation
coefficient, defined as

(1]

Ia.ﬂ _ ffa(z)fﬁ(z)dz
vV I(x,alﬂ,ﬁ vV Ia,alﬂ,ﬂ

The plasma Hamiltonian described in Eq. (53) is the central
result of this paper. It provides a fully quantum description of
the coupling between the light and the coherent collective
intersubband modes of a bidimensional electron system.
The Hamiltonian (53) contains both the interaction with the
electromagnetic field and the coupling between plasmons from
different subbands. The interplasmon coupling is contained in
the coefficients C,g. With the definition (32), it appears simply
as the normalized spatial overlap between the intersubband
currents associated to the transitions « and S. This overlap
vanishes when the subbands belong to spatially different
quantum wells. On the contrary, C,g takes values close to unity
when the subbands originate from the same quantum well.
The coefficients Cog provide thus a convenient description
for a number of cases, from spatially decoupled quantum
wells (tight-binding approximation) to strongly coupled het-
erostructures such as a superlattice. When several intersubband
plasmons are present in the system, the Bogoliubov procedure
can be further applied to the interplasmon coupling terms of
Eq. (53) in order to obtain the new normal modes and their
coupling with the light field. These results will be presented in
a separate paper.

We conclude this section by providing a very general ex-
pression of the light-matter coupling constant for an arbitrary
shaped guided mode f4(z). To establish this expression, we
use the general form of the z component of the displacement
field (5) instead of the special case of the TMy mode (11).
We then express the linear coupling term Hy; by following the
same procedure as described in Sec. II D and the beginning of
this section. This leads to the result

Wpy
erq = m \/ @Dcq COS GqCa’q. (57)

Here, we have introduced the normalized current-light
overlap coefficient

Cap = (56)

[ fa@Eu(2)dz
- VLglaa

and the angle 6y is the propagation angle between the guided
mode and the in-plane direction

lqfc

\/Ewcq.

In the previous expression, ¢ = £(z & z,) is the background
dielectric constant of the media surrounding the current density
£4(z). The expressions (55) and (57) reveal the striking
resemblance between the plasmon-plasmon and the plasmon-
light coupling constants E,p and £2, 4. Indeed, the two
coupling constants are proportional to a normalized overlap
factor, respectively, Co g and C, g [Eqgs. (56) and (58)). In
the same way as C, g represents the overlap integral between

Caq (58)

cos by = (59)

045304-7



YANKO TODOROV AND CARLO SIRTORI

Microcavity L Q_23 q
;3% ;J ¥
Quantum well
1 —7
Z Qg

FIG. 4. (Color online) Scheme of all possible interactions be-
tween a microcavity and a three-level quantum well. The thick arrow
corresponds to the electromagnetic mode and the thin arrows to the
intersubband plasmon modes.

the two currents arising from transition @ and B, C, q is the
overlap between the current distribution « and the electrical
field profile of the optical mode f(z). Moreover, each plasmon
enters the interaction with a weight factor wp,/2+/@,. The
weight of the light mode is /@cq COS ¢, the cosine term
expressing the selection rule for intersubband transitions. '
Therefore, the interaction between the different plasmons and
the interaction with the light mode have the same form in the
dipole gauge. Indeed, the Hamiltonian (53) describes a set
of coupled oscillators, one of which is the electromagnetic
resonator, the other being the collective plasmon modes. This
is schematized in Fig. 4.

In most experimental situations, the function f4(z) varies
slowly at the scale of the intersubband current density &,(z),
and therefore can be taken out from the integral in Eq. (58).
In this case, we recover the usual expression for the oscillator
strength f¢ (Ref. 25) using (46) and (30). This leads to the
expression (54), where instead of the definition (48), we use a
generalized filling factor of the form

L fq(z = 24 )

I 0s” 0. (60)

fU) —
o
[The definition (48) for the TMy mode is recovered by
setting 0q =0 and Lq = Lca.] The dipole gauge provides
therefore a very compact description of the interaction between
the light and intersubband excitations. In particular, the simple
structure of the coupling constants allows us to disclose
the role played by the collective effect, described by the
plasma frequencies wp,, and the microcavity geometry, which
sets the overlap coefficients. Finally, in this formulation, the
weak-coupling regime is naturally recovered for the case of
vanishing plasmon-light overlap (Co q — 0 or f;” — 0), as
expected. In this situation, which is common for absorption
experiments, one measures solely the collective effects in
the intersubband system contained in the matter part of the
quantum Hamiltonian (53).7%

C. Case of 0D microcavities

So far, we used the expansion of the electromagnetic field
into the basis of guided modes labeled by the wave vector
q. Our choice was motivated by the microscopic definition
of the polarization density in Sec. II D, which is naturally
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expanded into electronic plane waves propagating along the
heterostucture slab [see, for instance, Eq. (22)].

The approach developed here allows the rigorous quantum
description of OD microcavities that confine the electromag-
netic field into all tree dimensions of space. Such systems have
been recently employed for the study of light-matter coupling
with intersubband transitions.®*® In this case, the possible
polarization excitations will be determined by the quantizing
conditions for q imposed by the microcavity boundaries.

We start by expanding the electrical displacement into
laterally localized TMy-like modes:

D(Z,I‘H) = lez Z

geohwem

D -
(r) 28 Lcav

m(rll)(a - am)

(61)

The index m labels the discrete cavity modes and the set of
functions u,,(r|) describes the lateral shape of the modes. They
are normalized such as

[ [ ety = 5,0 (62)

‘We must now provide the expansion of the polarization den-
sity (27) into the new basis of localized electromagnetic modes.
To this end, itis very convenient to use the quantum mechanical
notations |q) and |u,) so that (r;|q) = exp(iqr )//S and
(rylum) = unu(ry). Then, the basis transformation is expressed
as

) =Y @) (qlitn). (63)
q

Here, (q|u,,) is simply the qth Fourier component of the
function u,,(r)) (Ref. 31):

(Qlitm) = / / %110, (). (64)

We have, accordingly, the transformation law for the B
operators (22):

Bl = (qlun)Bl, (65)
q

Since the same transformation law applies to the bosonic

operators baq, we can readily express the expansion of the
polarization density in the new basis:

he Z A/ ANa
25m* Wy

a,m

Py(r) = @t (CIBL,, + bgm]l.  (66)

The interaction Hamiltonian is also readily expressed. Details
are provided in Appendix B, and the final expression for the
plasma Hamiltonian of 0D microcavities is

1:1 = Zhaaplmpam + Zhwcm(a;zam + 1/2)

a,m

liwpe .
10y 22 O fo pu(a] — an)(plyy + Pam)
— 2 a)a oaJao m oam

how aa)
+ Z P Pﬁ Ca ﬂ(pam + pam)(pﬁm + pﬂ’”)
aFp,m
(67)
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The above Hamiltonian (67) is formally similar to the
plasma Hamiltonian (53). The difference arises from the
modified spectrum of electromagnetic modes, which is no
longer continuum but discrete. The discrete spectrum allows us
to study the simplest possible light-matter interacting system,
where only the lowest intersubband transition (o = 2,1)
interacts resonantly with a single microcavity mode that is
sufficiently far from the others, say, the fundamental mode
m = 0. Then, the plasma Hamiltonian for this polariton-dot
system is reduced to®

A = 1@ p}, pa +horala +1/2)

how Oc .y pwo 4
+zT””,/~ fo @t —a)pl, + pa). (68)
w71

An example of a microcavity is provided by the square
patch resonators depicted in Refs. 6 and 32. In this case, the
resonances are labeled by two lateral indexes m = N,M and
the corresponding lateral functions are

N M
uN,M(r”):\/Z—SON\/Z—(SOMCOS <7r x)cos <n y).
s

N
(69)

Here, s is the size of the square. The fundamental mode is
actually twofold degenerate (N = 1,M =0), (N =0,M =
1), however, only one of the two modes can be selected in
experiments with polarized light. The mode (N = 1,M = 0)
is depicted in Fig. 5(a).

Generally, in the case of a resonant light excitation, only
the spatial modes that correspond to the specific microcavity
resonance will be excited. That means that the charge distri-
bution will vibrate into well-defined spatial modes, imposed
by the microcavity. The charge density p(r) can be obtained
from the divergence of the polarization matrix element (66),
p(r) = 9 P,(r)/dz:

AN,
Prim(1) = e—vs“‘m&m(z)um(ru). (70)

In the case of a square infinite quantum well
of thickness Lqw, the wave functions are ¢, (z) =
V2/Low sin(Amrz/Lqw). The charge distribution, which cor-

(@ 1% /

Intersubband charge
density (1 — 2)

Electric displacement D

FIG. 5. (Color online) (a) Electrical displacement for the (N =
1,M =0) mode of a patch microcavity with a patch size s.
(b) Intersubband charge density for the fundamental transition of a
quantum well with thickness Lqw coupled with the (N = 1,M = 0)
mode of the microcavity.
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responds to the first intersubband excitation 1 — 2 coupled
with the fundamental cavity mode N = 1,M = 0, has been
plotted in Fig. 5(b). This example shows how the microcavity
allows us to control the spatial properties of the bright state.

D. Back transformation in the Coulomb gauge

The light-matter coupling between microcavities and inter-
subband transitions has been studied, so far, exclusively in the
Coulomb gauge.* Usually, the case of a single intersubband
transition coupled with a continuum of guided modes w.q
has been considered. These theoretical studies pointed out the
possibility to obtain the ultrastrong-coupling regime, where
the light-matter coupling constant becomes comparable to
the frequency of the intersubband transition w,;.* In this case,
the full quantum Hamiltonian, including the antiresonant terms
and the quadratic vector potential term A2, must be taken into
account in order to describe correctly the system.*

In this section, we establish a link between the previous
studies in the Coulomb gauge and the description in the
dipole gauge developed here. We shall consider the case of
a single intersubband transition (A = 2,4 = 1), coupled with
the TMy mode. We then perform a unitary transformation
to the Hamiltonian in order to obtain its expression in the
Coulomb gauge. The transformed Hamiltonian will have
identical eigenvalues as the original one, but will be expressed
in terms of the vector and scalar potentials A and V.

In this section, it is convenient to keep the individual
subband indexes 2, 1. We return to the form of the Hamiltonian
with a single intersubband transition before the Bogoliubov
transformation leading to the depolarization shift

A = honbiby+ ) _holalag +1/2)

q q
: th We o fw
1Y o A g — a) bl + by
q
ha i t
+ E(bq +b_g)(b_gq + by). (71)

(The subscripts “21” have been dropped for operators.) The
vector potential for the TMy mode is

A n -
A(r)=e — ' T 72
( ) ) ; 28€0SLcavU)cqe (aq - a_q) ( )

We use (72) to express the inverse PZW unitary
transformation'
T =exp <—;l—/1§(r)-f’(r)d3r>. (73)

It is written in the case of a single intersubband transition
as

T = exp (—i Z xqlah + a_q)(bT_q + bq))v (74)

q

X zl wp B (75)
4 2 W21 Weq '
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Recalling the parity of the photon dispersion weq = wc—q,
the following transformation laws of the bosonic operators are
obtained:

T*byT = by — i xq(a’  + aq). (76)

T*ayT = aq — i xq(bly + by). 17

With these relations and their Hermitian conjugates, the
transformed Hamiltonian is obtained to be

TTHT =) honblbg + Y hoglalag +1/2)
q q
+i Y hQqg(al +a_g)(bg — bl y)
q

Qg i
+ 2 o, ot a-gla—g +aq)
q

ha?
+ (U= f) D o ba+ b_g)(bl + by).
q

(78)

Here, Qg is the light-matter coupling constant in the minimal
coupling gauge

= wp (W21 .,
Qq = W21 Xq = 7 w_lele- 79
cq

The first four terms of (78), together with (79), provide
the Hopfield-type Hamiltonian used for the theoretical study
of intersubband polaritons.** Namely, the presence of the
A? term and the antiresonant terms leads to the ultrastrong-
coupling regime.* The latter has been defined as the situation
where the coupling term Qq, taken at resonance ws; = wcq,
becomes comparable with the energy of the intersubband
transition wy;:

Qulom =) = VB X on. (80)
Since from (78) and (79) the A? term is proportional
to the square of the plasma frequency %, we see that the
ultrastrong-coupling regime, as defined in Ref. 4, is obtained
in systems featuring high photonic confinement factor f7,
and high plasma frequency wp, i.e., high electronic densities.
However, for high electronic densities, the Coulomb interac-
tion brings important dynamical corrections.® The latter are
already present in the dipole gauge, which naturally includes
the collective excitations of the electron gas, as described in
Sec. III B. In the Hamiltonian (78) expressed in the Coulomb
gauge, these corrections actually arise from the last term. In
Appendix C, we show that this term can indeed be cast in a
form of a long-wavelength limit of the Coulomb potential.
The Coulomb correction in the Hamiltonian (78) contains
an interesting new element, which is the geometrical prefactor
(1 = f3, £51). This prefactor is equal to one in the case of a
very large cavity (f,; — 0). This case of vanishing photon
confinement corresponds, for instance, to the multipass wave
guides employed for the absorption measurements where the
depolarization shift is observed. However, the confinement
factor f3) f,] becomes an important correction in the case of
microcavities with filling factors f}] close to unity, such as
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the double-metal microcavities.®!'** We interpret the factor
— 51 /51 as an image contribution to the Coulomb interaction
due to the boundary conditions of the electric field at the
microcavity walls. In other words, it can be seen as a local
field correction due to the partial screening of the microcavity
field by the oscillating intersubband charges. Indeed, both the
displacement field ﬁz (r) and the polarization field f’z (r) that we
used to construct the PZW Hamiltonian satisfy the boundary
conditions on the cavity walls, which are transported to the
Coulomb correction through the unitary transformation (74).

Note that the unitary transformation (74) holds only for
a truncated Hilbert space, where we retained only the first
intersubband transition and the fundamental waveguide mode.
The full gauge equivalence is established correctly only if
the complete set of quantum transitions and electromagnetic
modes of the system are accounted for.** This issue will be
discussed elsewhere.

We can combine the last term in the Hamiltonian (78)
with the first one, and perform a Bogoliubov diagonalization
just like in Sec. III B. As a result, we obtain a renormalized
intersubband frequency with an effective depolarization shift,
which takes into account the local field corrections, contained
in the factor f3} f5;:

W) = \/“)%1 +op(l = £ 1) 81

The local field factor 1 — f7, 1] yields an effective plasma
frequency wp/1 — f5, f;]. We can then rewrite the full
Hamiltonian in the Coulomb gauge (78) using Eq. (81) and
the corresponding polarization operators. The result is exactly
the Hamiltonian of Ref. 4, used for the study of the ultrastrong-
coupling regime, where the bare intersubband frequency has
been replaced by the effective frequency @;;:

TTHT =) hdnblbg + Y hoglalag +1/2)

q q
+i ) 1Qqg(al +a_g)(bg — bl y)
q
+ @—;mg, tagaly+ag). (82
q

Note that now bq describes the bosonic operator after the
Bogoliubov transformation, and the frequency @,; should be
used in the definition of Qq. This result validates the studies
performed in the Coulomb gauge,® in the limit of micro-
cavities with large filling factors, where @;; &~ w,;. However,
contrary to Refs. 4 and 35, the effective Hamiltonian (82)
includes also the correct limit of the weak-coupling regime,
obtained for vanishing overlap with the cavity mode f;; — 0.
In this case, from expression (81), we recover the renormalized
transition frequency @,|, whereas the Hamiltonians in Refs. 4
and 35 would predict only the bare intersubband spacing w;;.

IV. PROPERTIES OF THE POLARITON STATES

A. Polariton dispersion

We now analyze coupled light-matter polariton states
arising from the dipolar Hamiltonian. To simplify, we ignore
the coupling between plasmons on different subbands. This is

045304-10



INTERSUBBAND POLARITONS IN THE ELECTRICAL ...

equivalent to consider a single intersubband transition w,, not
necessarily the fundamental one, in interaction with the TM,
mode. All the results that will be stated remain also valid for
0D resonators. The corresponding plasma Hamiltonian is

A=Y "h@.plpg+ Y hoclajag+1/2)

q q
. hwpy [ i
+i) TP / 5_; fofeal —a_g)(plq + pg). (83)
q

This Hamiltonian is very similar to a Dicke model.3® However,
the coupling coefficient is proportional to wp /+/@, and has a
nonlinear dependence on wp because of the formula of the
depolarization shift @, = v @? + w%. We show further that
this nonlinearity leads to the no-go theorem for quantum well
systems, and the Hamiltonian (83) does not allow a quantum
phase transition.'> The Hamiltonian (83) can be diagonalized
exactly by introducing the polariton operator

My = Xqdq + Yga'q + ZqPa + 1aP.q- (84)

The Hopfield coefficients introduced here satisfy the nor-
malization condition

|xq|2 - |qu2 + |Zq|2 - |l‘q|2 =1 (85)

The Hopfield-Bogoliubov determinant corresponding to the
equation [H,T1q] = hwqI14 is then

Weq — g 0 iQq iQq
0 —Weq — Wq iQq iQq (86)
—iQq iQq W — Wq 0
iQ2q —iQq 0 — Wy — Wq

with Qg the light-matter coupling constant from (54) (the
subscript o has been dropped). Zeroing the determinant (86)
provides the eigenvalue equation

(wtzl - 6&)(6‘)3 - w?q) = fo[t)faww%’awcz‘q' &7

This biquadratic equation can be solved analytically, the
two real solutions wq 4+ and wgq — being the frequencies of
the two coupled states. The Hopfield coefficients are also
readily expressed in closed form. For instance, we can define
a photonic part h, = |xq|> — |yq/* and an electronic part
h, = |zq|2 — |tq|2 linked by the relation /., 4+ h, = 1. For the
photonic part, we obtain the expressions

2 ~2

52 2
Wy, — O W, —
_ q,+ o _ o q,—
hp 4 = = 7 hy_ = PRI (88)
q.+ q,— q.+ q,—
Note that we have necessarily /i, ; + h, _ =1 (and therefore
hey +he— =1).

The polariton frequencies wq +, as well as the electronic
Hopfield coefficients &, 4 have been plotted as a function
of the cavity frequency w.q on Figs. 6(a) and 6(c). For this
illustration, we have used the numerical values wp = 0.83w,,
fy =1,and f” = 0.8. As seen from Fig. 6(a), the polariton
dispersion features a gap. The upper edge of the gap, obtained
at w.q = 0, is the frequency of the intersubband plasmon @, .
The lower edge is easily estimated from Eq. (87) to be

Ou—langsoe = 02 + 0By (1 = [22) = @ue (89)
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FIG. 6. (Color online) (a) Polariton dispersion, normalized at the
bare intersubband transition w,. (b) Splitting of the two polariton
states. (c) Hopfield coefficients. In these figures, the subscript q has
been dropped, for clarity. The numerical values used for solving
Eq. (87) are wp = 0.83w,, f¢ =1,and f;’ =0.8.

In the next section, we show that f7 f’ < 1; therefore, the
lower gap edge always appears at a frequency higher than
the bare intersubband frequency w,,. The impossibility for the
light to propagate at the gap energies can be explained by the
destructive interference between the microcavity electromag-
netic field and the local field created by the collective electronic
oscillations.

The most important aspect of the strong-light-matter-
coupling regime is the mixing between the electronic and
photonic degrees of freedom. This mixing is quantified by
the Hopfield coefficients (88). Namely, the coupled system fea-
tures maximum mixing when the photonic part of the Hopfield
coefficients equals the electronic part: h,+ =h, + = 1/2.
From Eq. (88), we readily obtain that this is satisfied when the
cavity is tuned into resonance with the intersubband plasmon:

het =hp+ & weq = By (90)

This has been illustrated in Fig. 6(c). In the well-known
Jaynes-Cummings model,?’ the maximum mixing also corre-
sponds to the point of minimal splitting wq, 4+ — wq,— between
the two polariton states. However, this is not true in the general
case. As shown in Appendix D, the minimum splitting occurs
when the cavity is resonant with the lower gap-edge frequency
[Eq. (89)]

d(wq,+ — wq,-)

doe =0 0 =0 1)
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This is also illustrated in Fig. 6(b). Moreover, in Appendix D,
we show that the minimal splitting can be computed exactly,
and the result is

min(wg,+ — 0q,—) = / f2fPwp =2Q. 92)

We recognize the quantity 2Q2x to be the Rabi splitting, as
known from the usual definition®

9¢2(ANy/S
20, = | J2€BN/S) ©93)
880m*Lcav

Note that this is an exact result, which is valid for all orders of
light-matter interaction. A more general result for an arbitrary
cavity can be obtained with the expressions (57) or (60). The
quantity 22k can therefore be used as an experimental measure
of the interaction strength, even in the ultrastrong-coupling
regime.

We see that both edges of the gap @, and @, play an
important role in the theory. The frequency @, defines the point
of maximum quantum mixing, whereas @, defines the point
of minimum splitting 2Q2g. However, we can observe from the
plot on Fig. 6(b) that the splitting around the point w.q = @y
is not very different from 2€2g. This feature is a characteristic
of the ultrastrong-coupling regime, where we can no longer
define a strict resonance condition for the optimal coupling
point. Indeed, the system will feature almost identical coupling
energy 2hQp if the cavity resonates with any frequency in the
band between @, and @, . The three characteristic frequencies
Wy, Dy, and 2Qp are linked through the simple relation

@y = ap + 495, (94)

As pointed out in Ref. 4, for a very large interaction
strength, the effects of the quadratic and antiresonant terms in
the interaction Hamiltonian become important. These effects
are manifested with the nonlinear behavior of the polariton
frequencies wq + as a function of the Rabi splitting 2Qz.*
Since the light-matter interaction strength scales as the plasma
frequency wp [Egs. (92) and (93)], we have studied these
effects as a function of wp, as shown in Fig. 7. Experimentally,
wp can be varied either through the temperature of the system
or by applying a gate voltage.*” In both cases, one controls the
subband population difference A N, . For the plot of Fig. 7, we

1.6+ o,
= —
3 1.4 @
S o
8 -
=, 1.24
Qo o
g
S 1.04
o c
L 0.8 Jommm—
M Linear asymptotes —@®
0.6 - J
0.0 1.0

0.5
Plasma frequency op, /o,

FIG. 7. (Color online) Polariton frequencies as a function of the
plasma frequency for a cavity resonant with the bare intersubband
transition w.q = @,. The gray area indicates the gap. For this
figure, we have used f? =1 and f," = 0.8. The linear asymptotes
correspond to the Jaynes-Cummings model.
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have chosen a cavity that is resonant with the bare intersubband
transition when wp =0, i.e., w.q = w,. Moreover, in this
example, we neglect the Hartree correction of the bare
intersubband frequency as the number of charges in the system
progressively increases. This assumption is true for a suffi-
ciently thin square quantum well. Because both frequencies
@y and @, increase with wp due to the depolarization effect,
the system gets blue-shifted from the cavity mode, however,
the blue-shift is much smaller for &,. The Jaynes-Cummings
model corresponds to the linear asymptotes of the polariton
branches at low wp. Figure 7 clearly shows that this model
ceases to be valid for high electronic densities. Moreover,
the magnitude of the polariton gap increases as the polariton
branches depart from the linear asymptotes. Therefore, the
measurement of the gap can be considered as a direct
spectroscopic evidence of the ultrastrong-coupling regime.!!

Along with the charge density, the second ingredient of the
light-matter interaction is the overlap factor f,” between the
photonic mode and the intersubband current. As evident from
the expression of the Hamiltonian in the Coulomb gauge (78),
this factor controls not only the intensity of the light-matter
coupling [linear term in Eq. (78)], but also the relative weight
between the longitudinal Coulomb corrections [last term in
(78)] and the transverse corrections contained in the A? term.

The influence of the overlap factor f,” on the polariton
dispersion is illustrated in Fig. 8. In this plot, the cavity
frequency wcq is slightly blue-shifted with respect to the bare
intersubband transition w,. When f;’ = 0, we recover two
uncoupled oscillators at frequencies w.q and @, as expected
from Eq. (87). For small values of £, there is a small splitting
that appears when the cavity is tuned with the intersubband
plasmon w.q = @, In this case, the A2 term of the Hamiltonian
(78), which scales as (f”)?, is negligible. The polariton gap
is also negligible since @, ~ @,, and the system is described
by the Jaynes-Cummings model with a resonant frequency @,
renormalized by the Coulomb interactions.

On the contrary, for filling factors close to one (f,” ~ 1), the
Coulomb correction in the Hamiltonian (78) is negligible, and
the weight of the quadratic term shifts to A2, If the electronic

2.44
2.04
Eﬁ oL
2 1.6
>
e
g 1.2 B 'fa\E 0
S foc .1
L s f=0.5
0.4 1 T .f“ =1

0.0 0.5 1.0 15 2.0
Plasma frequency op /o,

FIG. 8. (Color online) Illustration of the polariton frequencies
for cavities with increasing filling factor f°. For this illustration, the
cavity is slightly blue-shifted with respect to the bare intersubband
frequency w,.
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density is sufficiently high, the system enters the ultrastrong-
coupling regime as defined in Ref. 4. The resonance condition
weq = Oy loses its strict meaning, as the cavity can be resonant
with any frequency in the polariton gap.

B. No-go theorem

The no-go theorem states the impossibility of the lower
polariton state to acquire zero energy when the light-matter
interaction is increased.'> This property is related to the
quadratic term of the interaction light-matter Hamiltonian.
For intersubband polaritons, the no-go theorem becomes
particulary clear in the dipole gauge, where, as shown below,
it stems from the depolarization effect.

The asymptotic value of the lower polariton frequency for
very high plasma frequencies wp, — o0 is deduced from
Eq. (87):

w2,|wpa~>oo — a)czq(l - fawf;)- (95)

Note that this limit does not contain the bare intersubband
frequency w,, and therefore is independent from the eventual
Hartree corrections to the heterostructure potential. The no-go
theorem for intersubband polariton is then equivalent to the
following strict inequality:

J 1 < 1. (96)

This inequality can be proven by using the properties of the in-
tersubband current matrix element &,(z) (23), which allows us
to express the overlap factor f}" = L%;/ L, through Eq. (45):

_ 2mtwy 1

fa N thav fjooo%g(Z)dZ

o7

We suppose that wave functions of the bound states and
their derivatives decay sufficiently fast, so that &,(z) is zero
close to the cavity boundaries, as illustrated in Fig. 9. Then,
we can define a domain with a finite size Low < Lcay, Which
we can arbitrarily call “quantum well” such as all the the
wave functions and their derivatives are zero outside this
domain (Fig. 9). We chose the origin of the coordinates so that
0 < z < Lqw inside the quantum well. We then reexpress the

£.50 &2 &,%0
: ;
Lcav

FIG. 9. (Color online) Sketch of the intersubband current &,(z)
for a heterostructure in a cavity with thickness L.,,. We suppose
that the current decays sufficiently fast so it can be considered as
null close to the cavity boundaries. We can then define a region
of space with a thickness Low < L, containing the entire current
density.
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current-current integral in the nonlocal form

+00 +00
/ £,(2)dz = f f £4(2)84(2)8(z — Zdzdz'.  (98)

We can choose an arbitrary orthogonal basis of real functions
Xxn(z) on the segment [0,Lqw] in order to span the delta
function:

8z =) =) xn@xu@). (99)

This basis is not necessarily the basis of envelope wave func-
tions. The expansion of the integral (98) on the basis x,(z) is

+o0 Low 2
/ sa<z)2dz=2< / sa<z)xn<z>dz) .

n

(100)

An evident choice for x,(z) is the Fourier basis on the segment
[0, Low]

2—80.n 2
B Ton. COS ( L’; '\‘VZ) n even,
w@="—— (101)
m sin (m) n odd.

With this particular choice, the first basis function yo(z) =
/1/Lqw is constant on the segment [0, Low]. Since all terms
of Eq. (100) are positive, we have the Cauchy-Schwartz
inequality for the current-current overlap:

+00 1 Lqw 2
/ Ea(Z)de > _</ éja(Z)dZ) . (102)
—00 LQW 0

The right-hand side of the last equation can be expressed with
the oscillator strength according to the identities (30) and (46).
By combining this expression with the definition (97), we
obtain the following inequality:

Low
f‘u :
o

This result shows that the higher the oscillator strength of
an intersubband transition, the more the corresponding current

density is localized in the space. This provides directly the
no-go theorem since it leads to the inequality

L% < (103)

L
e < = o

cav

(104)

Therefore, the no-go theorem is a consequence of the con-
finement of the electronic plasma in a finite volume of space.'?
This confinement is also the origin of the depolarization shift,
which arises from the plasma energy of the bound charges.

The inequality (103) provides a lower bound for the plasma
energy of the system. The plasma energy is quantified as the
weight of the P2 term in the plasma Hamiltonian (49):

AN,

2 2
Wpy he o
4w, seom*wy  4SL%

= (105)

By using the inequality (103) and the definition of the
oscillator strength (46), we obtain the following inequality
for the plasma energy:

2 2

d AN,
pPa o Ya . (106)
46()0, 2880 SLQW
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FIG. 10. (Color online) Comparison of the polariton dispersion,
at resonance (w.q = @y), with and without the depolarization effect.
For simplicity, the Hartree shift of w, is neglected in this illustration.

Here, d, = ez, is the dipole moment of the intersubband
transition. The left side of (106) corresponds exactly to the
classical self-interaction energy of AN, dipoles uniformly
distributed in a volume SLqw.'° According to Eq. (106),
the quantum self-energy is higher than the classical one
since the wave functions of the bound states illustrated in
Fig. 2 provide stronger spatial confinement of the charged
particles.

The plasma energy of the charged particles localized in a
finite volume compensates for the energy decrease of the lower
polariton as the light-matter-coupling strength is increased.
This is illustrated in Fig. 10, where we have compared the
polariton branches w4 as a function of wp with the solution
of Eq. (87) when the depolarization shift is discarded, i.e.,
when @, is replaced with w,. The cavity is chosen so that
wcq = Wy, and the Hartree corrections have been neglected
for clarity. It is clearly seen that the depolarization effect
prevents the lower polariton energy to reach zero, which is
an equivalent statement of the no-go theorem for intersubband
transitions.

C. Effective dielectric function

The dispersion relation (87) allows us to obtain the effective
dielectric constant ¢ (w) of the polaritonic medium. The latter
can be defined through the propagation equation

wz
eefqu)c—;‘ =q’. (107)

Since for the TMy mode a)fq = c2q?*/e, we obtain from (87)

2
& — l + f:fawa)Pa
Eefr (@) w? — @2

(108)

Note that the zero of the dielectric constant e.¢(w) corresponds
to the frequency of the intersubband plasmon @,, as expected.
The above expression can be recast in the form

R 1 N 1

eetr(@) € sqw(®)’

(109)
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where eqw(w) is the dielectric constant of the heterostructure

alone:
— 1 w%’a
EQW(C()) =¢& — m .

o

(110)

The result (109) is very similar to the effective dielectric
constant obtained by Zeluzny and Nalewajko.'* This result
arises naturally from the initial assumption that the heterostruc-
ture is much smaller than the wavelength of light. However,
in our case, the geometrical overlap factor f? f” contains a
quantum correction due to the shape of the wave functions.

The model developed so far is purely Hamiltonian, and
the dissipation has not been included. The dissipation can be
introduced through a coupling with a reservoir of harmonic
oscillators. Such a model has been considered, for instance, in
Refs. 17 and 18. In particular, the method of Ref. 18 leads to
a dielectric function of the form

2
eqw(w) = ¢ (1 — L) .

111
@ +ily0 — W} (b

Here, I, is the linewidth of the intersubband plasmon modes,
which can be determined in a phenomenological way, i.e.,
from absorption measurements.'’

On the basis of the results from the previous section, we
can obtain an approximation for the dielectric constant by
replacing the effective plasma thickness L withits maximum
value Lqw/f? [see Eq. (103)]. We can call this substitution
the “semiclassical approximation” since it leads to a plasma
self-energy provided by the classical expression, as seen from
Eq. (106). This leads to the widespread expression for the
heterostructure dielectric constant>?

@p
gqw.a(w) = € <1 - m) ) (112)
o ZANa
2, = Ja€ ANa (113)
SEQm*SLQW

In this limit, we obtain exactly the effective medium
constant from Ref. 14 since, in this case, the product f; f”
is replaced with Lqgw/Lcay, Which is independent from the
particular intersubband transition. From Sec. IV B, it is
clear that the semiclassical approximation assumes that the
intersubband polarization is constant inside the heterostructure
slab, and zero everywhere else.

Including more than one transition in the definition of
the dielectric constant is not not trivial since one is obliged
to diagonalize the full plasma Hamiltonian (53), taking into
account the coupling between the different intersubband
plasmons. The semiclassical approximation allows us to write
a simple analytical expression for the mutlitransition dielectric
function

(1—)2
aQW,Cl(w)=s<1—Zw2+iF”c‘: — ] (19
otrq o

o

This result is demonstrated in Appendix E.

V. CONCLUSION

In summary, we have provided a theoretical description of
the light-matter interaction for the intersubband transitions in
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the electrical dipole gauge. We showed that, by introducing
a microscopic expression for the intersubband polarization
field P(r), the Power-Zienau-Woolley Hamiltonian provides a
suitable framework for the study of the interaction between the
collective electronic excitations and light. This description is
very general and applies to an arbitrary electronic potential
once the corresponding single-particle wave functions are
known. In particular, it can be used in the case of the
ultrastrong-coupling regime in the limit of very high electronic
densities and high overlap factors between the quantum well
medium and the microcavity mode.

The physical interpretation of the dipolar interaction Hamil-
tonian is straightforward. The linear part of the Hamiltonian
Hy; describes the coupling of the electronic excitations with the
cavity electromagnetic field. The quadratic part Hy, contains
the depolarization effect (the effect of an oscillating current
on itself) and the coupling between plasmons from different
transitions. The plasma energy described by the term Hy, leads
to the no-go theorem for intersubband transitions. This energy
has a close analogy to the electromagnetic dipole self-energy
of a two-level system, ' which plays an important role for the
estimation of the radiative corrections of atomic transitions."*°

When the dipolar Hamiltonian is transformed back in
the Coulomb gauge, it provides the Coulomb interaction
terms of the system including image charge effects arising
from the boundary conditions on the cavity walls. This has
been discussed for a truncated Hamiltonian describing a
single intersubband transition interacting with a TMy mode
of a double-metal waveguide. In this case, we find that the
weights of the scalar potential V and the A2 term of the
Coulomb gauge version of the Hamiltonian are governed by
the geometrical overlap factor f’. Our study completes the
theoretical framework of the ultrastrong coupling, introduced
in Ref. 4, where only on the vector potential part A% was
considered. We found that this study is justified for cavities
with filling factors close to unity. A more general PZW back
transformation, which uses the whole basis of guided modes
and the full set of intersubband transitions, will be discussed
elsewhere.

We believe that the approach developed here, based on
operator formalism to describe the collective intersubband
excitations, provides a compact and useful description, which
could allow further studies of quantum electrodynamical
effects inserted in solid-state systems.
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APPENDIX A: VACUUM FIELD AMPLITUDE OF THE
GUIDED MODES

In this Appendix, we derive the vacuum normalization
constant Aq [Eq. (7)] by taking into account the multilayered
geometry of the guided mode stack. We also comment on
the special treatment of metallic boundaries of the guiding
structure.

PHYSICAL REVIEW B 85, 045304 (2012)

We start by expressing the volume integral (2) as a function
of the TM-polarized field components (4)—(6):

@/Mﬁ=@/MW%
2 2

=S Z Aﬁ(aflaq + aqaf; +aqa_q + aflaiq)
q

x5 / FA(2)dz,

1 4 | A
/ D2d’r = / D.Did’r
2e08(2) 2e0e(2)

=S Z A(zl(ajlaq + aqaj1 —aqa_q — ajlat_q)
q

q 1

w2y J 2808(z)

/ ! ﬁ%3—/ L _pbla
jér = e
2e0€(2) 2e0€(2)
t

=S Z Aﬁ(a];aq + aqag — aql_q — a:;a_q
q

XL/ ! (%)26&.
w2y J 2608(2)\ dz

To derive these expressions, we have used the parity of w.q
and A, as respect to q and e_y = —e,. We have also used
the orthogonality of the two-dimensional space harmonics
expliqry)//S.

To obtain the proper normalization of the electromagnetic
field, we first show the following identity:

g 1€ o (d)T]
I_/dz{ 5 fq 2808(z)|:w§qfq +<dz) “ =0.

(A4)

(AD)

(A2)

fi@)dz,

(A3)

For the demonstration, we use the Helmholtz equation (9).
Let us consider the ith layer, then by definition (z) = ¢; is
constant. By multiplying Eq. (9) by f4 and integrating across
the ith layer, we obtain

: (A5)

1 [ ¢ dfa\’
I; :[dz{uofé_ %[a(,l_gqfqz—l— (dizq> “ (A0

Here, we have also used that ggug = 1 /cz, and the symbol
i+ means the upper (lower) side of the layer. By using the
boundary conditions of the electromagnetic field

Jali- = fqla+n+ (A7)
1d 1 d
Ei dZ i— €i+1 dZ (i+D+
and the fact that / = 1/2 )", I;, we finally obtain
1 d 1 d
T (A9)
2e0ey " " dz |y 260ep” dz |p
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where U (D) denotes the upper (lower) boundary of the
multilayer. Either one or the two boundaries go to infinity; then
the field and its derivative go to zero. The other option is to take
metallic boundaries. Since in the mid- and far- infrared ranges
the dielectric constant of the metals ¢y, is very high, we can
adopt perfect metal boundary conditions, where |e),| — o0.
We can then neglect the contribution of the field from the
metallic layers in the integral (2). In all cases, the identity
(A4) is proven. Thanks to this identity, the antiresonant terms
in the photon Hamiltonian cancel, and the remaining term is
simplified to

> 2u0SLyA(alaq + 1/2). (A10)

q

Following standard textbooks,!? the prefactor should corre-
spond to the energy quantum of the guided mode fiw.q, which
leads to Eq. (7).

Although we used perfect metal boundary conditions for
the normalization of the vacuum field amplitude A4, we
can still describe the effects of the finite metal permittivity
ey in our model. As an example, consider the current
experimental situation where the multilayer is constituted by
a surface plasmon waveguide, obtained by deposing a metal
layer on a semiconductor substrate. We suppose the metal-
semiconductor interface to be at z = 0. In the semiconductor,
the mode profile is described by an exponential function
fq(z) = e’ for z < 0, with yq the decay length of the surface
plasmon mode into the semiconductor. Let ¢ be the dielectric
constant of the semiconductor, then we have*!

2
2 11
5ot —| (AlD)
C & EmM
w1
P N — (A12)
¢ le+eml

Using the above prescription, we consider the field in the
metal to vanish, but we keep the expression of the finite
dielectric function &, in the dispersion relations above. We
then have Lq =1/2y,4, and the quantum amplitude of the
surface plasmon mode becomes

s goechwl, \'/?
7\ Sle + ey |2

We see that in the far-infrared domain, where w.q — 0 and
ey 1s very large and negative, both spontaneous emission and
the strong-coupling phenomena are unfavored since Aq has
vanishingly small values. On the contrary, the photon electric
amplitude A4 can be enhanced in a microcavity resonator.

(A13)

APPENDIX B: DERIVATION OF THE POLARITON DOT
HAMILTONIAN

We first write the linear part of the interaction Hamiltonian
(3) by using the expressions (27), (61), and the definition (64):

hiwem

Hiy = T
= ZZ 2880SLcavza(am n)

x Z[B;qmmm) + Bug(—qlun)]. (B
q
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Since the function u,,(r|) is real, we have (—qlu,) =
(4 1q), and therefore we can use the transformation law (65)
and its Hermitian conjugate to obtain

HH—IZ

o

Za a]L — apy B]L + Bam .
2880SLCdV ( )( " )
(BZ)

In order to transform the quadratic part (31), we use the inverse
transformations

Bly =" (unlq)B,. (B3)

m

Bag =Y _{alttm)Bam. (B4)

m

and therefore

> (Bl + Bu_q)(B}_, + Bpq)
q

> (tnlQ) B, + (—ln) Bam)
q,m,m’
X ((tn'|—q) Bl + (@) Bpu).  (BS)

Using once again the relation (—qlu,,) = (u,,|q) and the
closure relation Zq |q){(q| = 1 along with the orthogonality
condition (U, |U) = Sy, it is straightforward to transform
the expression (B5) into

> (B, + Bun)(B, + Bpn). (B6)

We then use exactly the same bosonization approach as in
Sec. IIT A to arrive at the Hamiltonian (67).

APPENDIX C: LONG-WAVELENGTH LIMIT OF THE
COULOMB INTERACTION

In order to show that the last term of Eq. (78) has the form
of the Coulomb interaction, we first reexpress it through the B
operators defined in Sec. II D:

m f
Z E(bq +b_q)(b_q + bq)
q
1 e
 2Sesn 4m*2w3,

X Z(B;lq =+ lefq)(Bgl_q + BZlq)- (Cl)
q

VELRD)

We first use the Vinter’s identity”#?

hZ
————I2 12
dm*2wd,

+00
= - / / dzdz'¢1(2)¢2(2)|z — Z'1d1(N)a(z)  (C2)

and we recognize the prefactor of (C1) to be exactly the long-
wavelength limit of the Coulomb interaction matrix element

045304-16



INTERSUBBAND POLARITONS IN THE ELECTRICAL ...

YTNT S
Vq—>0

R [[azanc
a0 28¢eey J J_oo *
X ¢z = 2l (2 (D). (C3)

12,12 2121 _ 2112 _ y,1221
Note that we have V, 2" = V. 0y =V =V, 2y, s0 we

recover only the matrlx elements that describe the interaction
of electrons between subbands 1 and 2, as should be expected.

Next, by using the fermionic commutation rules, we can
easily rearrange the binary products of B operators into four
c-operator products:

ZBgquL q= Z C2k+chk’ qC1K C1ks (C4
q q.kK
Z BrigBri—q = Z CJ{kJquJ{k/,qCZk’CZkv (C5)
q kK
Z Bgquﬂq = Z C;k+qcik’—qc2k’clk + Z c§k+q62k+q’
q kK ak
(C6)
Z BriqBsq = Z CIk+qC;k’—qC1k’C2k + Zc]lLk-f-qclkHI‘
q akK ak
(C7)

Note that the sum of the pair terms in Egs. (C6) and
(C7) simply acts as the identity operator in the two-subband
subspace and therefore can be ignored. The remaining four
operator terms can be regrouped in order to provide the
long-wavelength expansion of the Coulomb potential V for
our problem:

f21f21 Z qki(;MCIkJrq ;Ttk —qCwk Cik-
q.k.K
[Ap, 2]

(C8)

The symbol [Au,u’A’] means that the sum runs only along
the four Coulomb matrix elements mentioned above. The final
result (C8) can be interpreted as a dipole-dipole interaction,
where the oscillating intersubband dipole moments interact
with each other through their local field.*?

APPENDIX D: PROPERTIES OF THE POLARITON
DISPERSION

The eigenvalue equation for the polariton problem is
[Eq. (87)]

(wZ _ 502[)(602 ) f fww%wZ

For simplicity, we have dropped the wave vector index q. The
real roots of Eq.(D1) are obtained from

(D1)

= 1 (0? + @2 £ VA), (D2)
A= (0 + 63)2 — 4’} (D3)
From these equations, it is easy to deduce
d 1 d
dos _ VA (D4)
do? 4oy da)2
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The minimal splitting is obtained from
dlwy —w_)
dw?
Multiplying this equation by w; — w_ and using (D4), we
obtain

0. (D5)

2 2
(s —w_) = ‘”*2;;" ddg. (D6)

To transform this equation, we use the following relations:
W — w2 = VA, (D7)

o} + o’ =+ @, (D8)

a)i_wz = w2w2 (DY)

The first is an immediate corollary from (D2), while the second
and the third are the Newton formulas for Eq. (D1). We then
have

2wy —w_)* = 2(a)i +w? — 2w, w_)

dv/A

dw?

= 2(0)5 + 53 — 20)667)0,) =

=2(w? + @) — 4@ (D10)

To obtain the last line, we have derived Eq. (D3) with respect
to @?. This equation clearly leads to the result
dlwy —w_)

=0 & w. = by.
dwg C o

(D11)

Furthermore, we can express the minimal splitting
—2 _ fofw
This is the result stated in Egs. (92) and (93).

min(w, — o_)* = &> (D12)

APPENDIX E: SEMICLASSICAL PLASMA HAMILTONIAN

In this Appendix, we consider the plasma Hamiltonian
in the semiclassical approximation discussed in the end of
Sec. IV C. It will be shown that this Hamiltonian leads to the
semiclassical dielectric constant (114).

In the semiclassical approximation, it is assumed that the
intersubband polarization is constant along the heterostructure
slab. We can then approximate the current-current correlation
function by the first order in the expansion (100) described in
Sec. IVB:

+o00 Low Low
/ a,(z)sﬂ(z)dz»v— / £(2)dz fo £5(2)dz

2
- % Joowws £5 £2. (E1)

This is equivalent to use a suitably averaged microscopic
response in the quantum well slab. With the use of (El), we
obtain the following expressions for the coefficients that enter
the plasma Hamiltonian:

L = Low/fy- (E2)
2 OANa
5)% - L’ (E3)
“ SSOM*SLQW
Cop=1. (E4)
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We consider first the matter part of the plasma Hamiltonian, which is rewritten as

T po @
H= Zhwapaqpaﬁ > i f"( o Pa-a)(Ps_q + Ppa)- (ES)

a#p, q

Since the plasmon coupling coefficients are independent from the index q, the latter is dropped in the equations, and (ES5) is
expressed in a more handy form:

H= Zhwapapa > " nQup(pl + pa)pl + pp). (E6)
ap
hopg
Qup = Qo = oreD0E, (E7)
NIOMOT
Let us consider N coupled plasmons; then, the Hopfield determinant of the resulting Hamiltonian is
w — @ 0 Q.  —Qp Qv Qv
0 w+o Qi Q2 QN Qiv
Qi —Qpn o-o 0 =Sy S
Qi Qi 0 w+ o, Qan SQon (E8)
-y —Qv —Qy Sy w — oy 0
Qin Qin Qo Qon 0 o+ oy

To simplify this determinant, we first add every impair row to the row above, then we subtract every impair column from the

column on the left. This leads to the following simplified determinant:

Let A[] _____

W — @ 201 0 0 0 0
0 o+ @ Qi 0 Qi 0
0 0 w— an 25 0 0
Q, 0 0 o+ Qo 0 (E9)
0 0 w—oy 2oy
Qi Qon 0 W+ oy

~7 be the determinant of Nth order. By developing this determinant along the columns, we obtain the following

recursive expression:

N

i

—n12 N B,

i1,02,0000n

—(N = D"2V&@,, ...

203, 213y Qi - SV A, NVl ei] - - -

LONR212203, ..., QN1 (E10)

with A N1/l is,....i,] DEING the determinant of order N — 1 — n, excluding the transitions iy, iy, . . .,i,. The notation iy,i», ... ,i,
means that the sum does not contain repetitive indexes. Using the definition (E7), the determinant is easily rewritten
as

N
—2 -2 -2
E Op1@pj,s -+ Op; AR, NVliriz,in] -

i i1,02,.0000n

Dy (E11)

— (N = D'@5,@%,y, ...
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Having expressed the Nth-order determinant as a function of lower-order ones, we make the following recursive assumption for

n<N:

n

An,on = 1_[(602—60,-2

i=1

Let us denote x; = @%,/(w? — w?), then our recursive hypothesis implies

N

N N N
A[l,...,N] = l—[ ((,()2 — w,z) |:(1 —Xl) (1 - ZX{) — lexi (1 — Z )Ck> ..—n!
i=2 i=2

i=1

X E xlxi,,...,x,-n<1—

[1,02,500050n

)1 Z i (E12)
P a)2—a)i2 '
k=2,k=i
N
Z xk>...—(N—1)!x1x2,...,xNj|. (E13)

k=2, ki, iz,

We can easily show that all the terms in this sum that imply high orders of the x; cancel two by two, except the linear terms,
which completes our recursive demonstration. The final result can be cast in the form

.....

_ gqw.a(®@)

N

[](@ - o}).

i=1

(E14)

where eqw,i(w) is the semiclassical multiband dielectric constant, provided by Eq. (114). Therefore, the coupled plasmonic
eigenmodes of the Hamiltonian (ES) are provided by the zeros of the dielectric function eqw c(w).
If we now add the light-matter interaction with a single photonic mode, similar reasoning leads to the Hopfield determinant

N
eqw,a(@) (4 € 2 2
Alw) = —(w -, ——— W — ; (E15)
& Eett,c1 (@) ll:! ( )
with e, c1(w) the classical effective medium constant defined by
1 1— fu
= f . (E16)
eficl(w)  eQw,c(w) €

Here, f,, = Low/Lcay s the filling factor of the quantum well (heterostructure) in the cavity, which is independent from the

intersubband transition in this approximation.

From a mathematical point of view, the analytical diagonalization of the problem was obtained thanks to the relation C, g = 1.
This would not be possible in the general case, and yet it is clear that the Hopfield determinant of the Hamiltonian (53) is a
polynomial of 2 x (N + 1)th degree. Therefore, we can still use the definition (107) to compute numerically the exact quantum

effective dielectric constant of the problem.
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