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Dipolar quantum electrodynamics of the two-dimensional electron gas
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Similarly to a previous work on the homogeneous electron gas [ Y. Todorov, Phys. Rev. B 89,075115 (2014)], we
apply the Power-Zienau-Wooley (PZW) formulation of the quantum electrodynamics to the case of an electron gas
quantum confined by one-dimensional potential. We provide a microscopic description of all collective plasmon
modes of the gas, oscillating both along and perpendicular to the direction of quantum confinement. Furthermore,
we study the interaction of the collective modes with a photonic structure, planar metallic waveguide, by using
the full expansion of the electromagnetic field into normal modes. We show how the boundary conditions
for the electromagnetic field influence both the transverse light-matter coupling and the longitudinal particle-
particle interactions. The PZW descriptions appear thus as a convenient tool to study semiconductor quantum
optics in geometries where quantum-confined particles interact with strongly confined electromagnetic fields in
microresonators, such as the ones used to achieve the ultrastrong light-matter coupling regime.
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I. INTRODUCTION

The Power-Zienau-Wooley (PZW) representation of
the quantum electrodynamics [1,2] provides an alternative
description of the light-matter interaction problem, that relies
on field intensities rather than potentials. The main feature of
this approach is that the matter and field degrees of freedom are
independent dynamical variables [1,2]. In this representation,
aside from the kinetic energy of the particles, the matter is
characterized by a polarization vector field P that is a function
only on the particle positions. The polarization field P not only
describes the light-matter interaction through a linear coupling
term, but is also connected to the particle-particle interactions
inherent to a many-body system. For instance, the part of the
PZW Hamiltonain that is quadratic in P allows us to derive the
collective excitations of a dense electron gas [3,4]. The PZW
Hamiltonian thus provides a general framework that fully
captures both the many-body and quantum-optical aspects in
a solid-state system in interaction with the electromagnetic
radiation. In particular, this formalism was proven useful in
describing the ultrastrong light-matter coupling regime [5]
between the intersubband plasmons of a two-dimensional
electron gas and a single mode of planar waveguides or
microresonators [4,6-9].

In a previous work [3], we provided a formulation of
the quantum electrodynamics of a homogeneous solid-state
system, in the presence of interactions, in the general frame-
work of the PZW representation. This approach was then
applied to the three-dimensional (3D) electron gas interacting
with the free-space modes of the electromagnetic field. This
work can be considered as a sequel to Ref. [3], with the
additional constraint that both the electronic movement and the
electromagnetic field are quantized in one direction of space.
We explore the collective modes of the electron gas, driven by
the P-quadratic term of the quantum Hamiltonian as well as
the polariton modes of the system, arising from the coupling
with the spatially confined electromagnetic modes. Contrary
to previous works [4,6,8], we now consider all possible col-
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lective plasmonic modes, where electrons vibrate both along
and perpendicular to the direction of quantum confinement.
Furthermore, we use a full modal decomposition of the electro-
magnetic field. Beyond the problematic of quantum-confined
plasmon polaritons, we believe that such complete treatment
can be useful as a physical example of a matter-assisted
quantum electrodynamic theory where light propagates in a
medium with resonances. The quantization of a media with
dispersion and absorption has been recently considered form
a very general, yet formal, framework [10,11]. In the system
described here, boundary conditions together with electron-
electron interactions play an important role, and are taken into
account into the quadratic terms of the full electrodynamical
Hamiltonian. As such, this system could be also a useful
example in the context of the ongoing debate on the possibility
to realize supperradiant quantum-phase transitions [12—14].

The advantage of the PZW description in the context of
condensed matter problems is twofold. First, the electromag-
netic field is described by two purely transverse fields: the
displacement vector D and the magnetic field H. They can be
deduced solely from the boundary conditions of the problem
and are independent from the matter contained in the bulk
of the system. This simplifies considerably the quantization
of the field degrees of freedom even in the presence of
material resonances, as it was shown in the quantization
of surface plasmon modes in Ref. [3]. Such an approach
is of particular interest for solid-state systems operating in
the ultrastrong coupling regime, that are characterized by
both high-particle density and very strong electromagnetic
confinement [6,7,9,15-17].

The second advantage of our approach is that the matter
polarization density P, that is a central quantity in this descrip-
tion, can be obtained from a minimal knowledge about the
system. Indeed, we showed in previous works on the electron
gas [3,4] that the relevant dynamic part of the polarization
field can be derived solely from the one-particle kinetic energy
Hamiltonian. Then, the PZW representation provides a general
prescription for expressing the interparticle interactions in
the system, by using an hypothesis such as random phase
approximation (RPA), that are common in condensed matter
physics [18,19]. The collective many-body modes are then
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automatically deduced from the square-polarization part of
the PZW Hamiltonian.

In this work, we show that the collective plasmon modes
obtained in such way are actually more general than those
derived from the longitudinal Coulomb interactions in free
space [20,21]. Since the matter part of the PZW Hamiltonian
is canonically independent from the electromagnetic part, the
collective excitations resulting from the diagonalization of the
P? term are actually independent from the electromagnetic
environment of the system. With this respect these modes
can be considered as “universal” and independent from the
particular geometry of the problem. The interaction of these
collective excitations with the electromagnetic field can then be
conveniently formulated in terms of the transverse longitudinal
projections their polarization vector, once the full modal
decomposition of the field is known in a particular geometry
defined by boundary conditions. The ‘“universal” plasmon
collective modes derived here can thus be adapted to any exper-
imental geometry, where two-dimensional gas is coupled with
resonant nanostructures, for instance, metamaterial resonators
[9,16,17,22-24].

These concepts are illustrated in the trend of this work,
which is organized as follows. In Sec. II, we formulate the
general PZW Hamiltonian of the two-dimensional electron
gas. Following an approach similar to Ref. [3], we explicit the
polarization field operator P in terms of bosonized electron-
hole excitations, but now we take into account the quantum
confinement of the gas. By diagonalizing the matter part of the
PZW Hamiltonian, we obtain the corresponding intersubband
and intrasubband “universal” excitations of the gas that
appear to be dispersionless in the long-wavelength limit.
In particular, we show how the well-known /g dispersion
of the intrasubband plasmon [25-27] appears through the
longitudinal projections of the polarization operator.

In Sec. III, we study the transverse interaction of the
collective electronic excitations with the guided modes of a
planar metallic waveguide and we describe the corresponding
coupled polariton modes. In particular, we discuss the possi-
bility to assign a local dielectric function that describes the
propagation of polaritons, a problem that has been discussed
so far in semiclassical approaches [27-32]. In the final part
of Sec. IIl, we examine the image of our Hamiltonian in
the minimal-coupling representation. This is achieved by
employing an inverse unitary PZW transform that takes into
account the full set of guided modes. This will allow us to
recover, in particular, the longitudinal Coulomb potential of
the system. It turns out that this potential results not only from
the direct interaction between electrons, but also includes an
infinite number of image contributions from the cavity walls.
We thereby find another advantage of the PZW description,
which is to account automatically for the boundary conditions,
both for the transverse and longitudinal degrees of freedom of
the electromagnetic field.

II. DIPOLAR DESCRIPTION OF
THE TWO-DIMENSIONAL ELECTRON GAS

A. General Hamiltonian and bosonization

In the absence of magnetic interactions, the general form
of the electrodynamic Hamiltonian for the electron gas in the
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PZW representation is written as [1-3]

H = Hpn + He — L DP &’r + 1 / P’d’r. (1)
£€o 2¢egg
Here, Hyn is the photon Hamiltonian and . is the Hamilto-
nian of the noninteracting (single-particle) electron gas. The
operator P is the polarization density operator of the gas. The
photonic Hamiltonian is written as

P2 Lof
= | —d° = dr. 2
Hen /2880 r+/ 2 r @

Here, D and H are, respectively, the displacement field
operator and the magnetic field operator, and ¢ is the dielectric
constant of the media hosting the gas. The latter is supposed
to be homogeneous and isotropic. The expressions of Dand H
will be specified from the particular geometry of the problem.
At this point, it is important to note that the operators D and H
describe a free photon field evolving in the medium ¢. Indeed,
in the PZW representation the electromagnetic field operators
are canonical variables that are independent from the matter
degrees of freedom contained in the polarization field P [1,2].
Respectively, € does not contain the contribution of the electron
gas, as this contribution arises only after the diagonalization
of the full Hamiltonian (1).

Our aim is now to define the polarization field operator of
the gas P. For this we adopt the same approach as for the
three-dimensional electron as, described in Ref. [3], where
we derived P from the noninteracting electronic Hamiltonian
and the bosonization of the single-particle (noninteracting)
excitations. Therefore, for completeness, in the following we
recall the bosonization of the quasi-two-dimensional gas.

The electronic Hamiltonian H, now contains not only the
kinetic energy of the electrons, but also the external static one-
dimensional potential V (z) that is responsible for the quantum
confinement along the z direction:

V2
He=)_ (— >

e V<za>> . 3)
The electrons move freely in the plane (x,y). The archetype
of such system is a semiconductor heterostructure, such as
an inversion layer or a quantum well [26,33,34]; respectively,
m* is the effective electron mass in the heterostructure. The
corresponding one-particle wave functions of Eq. (3) are

eier

NC

Here, S is the in-plane quantization surface, ry = (x,y) is
the in-plane coordinate, and K is the electronic wave vector
for the free-electronic movement in the plane. We consider
that each Kk state is twice degenerate because of the spin. The

function ¢;(z) is a solution of the one-dimensional Schrodinger
equation [35]

(rlik) = ¢i(2)

“

h2
—ﬁafqﬁ,- (2) + V(2)¢i(2) = hw;¢i(z) &)

with an eigenvalue hw; where the Latin index i refers to a
particular confined state. The total energies of the one-particle
states (4) then appear as two-dimensional parabolic subbands
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FIG. 1. (Color online) Examples of intersubband and intrasub-
band single-particle excitations in a general multisubband system,
with two filled subbands.

(we have assumed constant effective mass [34])

h2k2
hoix = ho; + ——. 6
Wik w; + o ( )
These subband states are illustrated in Fig. 1. The above
definitions allow us to write the electronic Hamiltonian in
a second-quantized form

He =Y honchci (7

ik

with ciTk and c;; the fermionic creation and annihilation
operators for the state (4).

Following Ref. [3], our aim is now to identify the bosonized
excited states that will help us construct the polarization
field of the gas P(r). We shall consider a closed system at
equilibrium at 7 = 0 K, with a total number of N, electrons.
The electrons fill all the subband states below the Fermi
energy Er which satisfy fiw;x < Er. For each subband, the
corresponding Fermi wave vector is noted kp; and we have
kp; = 0 for the empty subbands. The ground state | F') of the
noninteracting Hamiltonian (7) is

)= ] cklo. ®

hwik<Er

Respectively, all possible one-particle excitations are
ciTk +qCjk|F), and they are characterized with an excitation
wave vector q in the plane of the confining potential. The
corresponding excitation energies Awyg;; are provided by
the commutator of the excitation operator ¢
electronic Hamiltonian (7):

ik+qCik with the

[He.cherqid = hAorgijche ok )

h
Awygij = 0; —w; + %q(Zk + Q. (10)
We now construct the bosonized excitation subspace of
the two-dimensional electron gas as the subspace where

the excitation operators cjk +qCjk Obey bosonic commutation
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relations. Their exact commutator is
T i
[cjkc;kJrq,ci,kurq,cj/k/]
_ T ]
= aii’8k+q,k’+q’cj/k/cjk — (Sjj/(Sk,krcik+qc,~/kr+q/. (1 1)
Its mean value on the fundamental state is

(FllchCicrq:Cheq €] F)

= 8iidk kq.q (fik — fikta)- 12)

Here, fjkz(F|c}L.kcjk|F> and accordingly  fikyq =

(F |c;[k +qcik+q|F ) are the occupation numbers in the
ground state. Since we have fji, fikyq < 1 from Eq. (12), we
obtain the following conditions which render the commutator
(11) bosonlike:

fix=1,
fik+q 207

These conditions basically express the Pauli exclusion
principle, that is, an electron excited from the ground state can
only transit into the empty states outside the Fermi surface.
Such bosonlike excitations are divided into intersubband
(i > j) or intrasubband (i = j), depending on whether the
electron switches or not the confined state. Examples of
such intrasubband and intersubband excitations are provided
in Fig. 1. All these excitations satisfy Awyg;; > 0. Clearly,
the intrasubband subspace is very similar to the subspace of
RPA states for the three-dimensional electron gas [3]. The
intersubband excitations arise from the electronic confinement,
and they do not have any analogy with the excitations of the
three-dimensional gas. For instance, these excitations can be
realized with strictly vertical transitions q = 0.

We now introduce specific notations for the intersubband
and intrasubband excitation operators. Since for intersubband
excitations we have always i > j, the pair of Latin indexes
“i, j” will be noted as a single Greek index. With this remark,
we introduce the following definitions:

K| < kpj

13)
Ik +q| > kri.

bliqa = cjk +qCiks intersubband excitation (14)

with a=i>j
T f s
dyqi = CixiqCik,  intrasubband excitation.
The action of these operators is restricted only on the

excitations described in Eq. (13). Therefore, if we consider
the subspace spanned by the states {|F),b]T(qa|F),d]Iqi |F)} the
above operators satisfy bosonic commutation relations

[brgo-birq 5] = Sk Saqr o - (16)
[dqi -y 1 = St Saq b1 (17)

and all the commutators involving one intersubband and one
intrasubband operator vanish. Using these operators, we can
replace the fermionic Hamiltonian H. with an equivalent
effective bosonized form

4 "
He = Z hAwkqabkqabkqa + Z hAa)kqd]l(qiqui.
kqo kqi

(18)
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In the case of intrasubband excitations, since we assumed
parabolic bands, the energy difference Awygqii = Awkq is
independent from the subband index i, therefore we shall drop
it in the notations. The quantity Awygq describes a momentum
exchange process that is very similar to the elementary
excitations in a homogeneous electron gas, except that now
the wave vectors k and q are restricted to evolve in the plane
(x,y).

We defined the bosonization of the two-dimensional elec-
tron gas (2DEG) rigorously in the case 7 = 0 K, however, it
can be also extended at a finite temperature, assuming that the
number of excitations is low as compared to the ground-state
occupancy [21,36].

In the next section, we express the polarization field
operator P of the 2DEG as a function of the bosonized exci-

tation operators blqa and dltqi and their Hermitian conjugates.
Furthermore, for the rest of this part we will focus only on the
matter part of the Hamiltonian (1):

1 .
He + —/P2d3r. (19)
2eg

In particular, we will be concerned by the collective
excitations driven by the square-polarization part of Eq. (19).
Let us recall that in the PZW representation the square-
polarization part contains the Coulomb interaction between
electrons, as well as retarded interactions, that in the minimal-
coupling representation can be related to the square-vector
potential term of the standard Hamiltonian [2,3]. The two
contributions can be separated by splitting the polarization
field into longitudinal and transverse parts with respect to
a three-dimensional Fourier transform [2], and then the
longitudinal part of (1/2ego) [ P>dr is exactly the Coulomb
potential of the system. In the current work, the collective
electronic excitations of the electron gas are approached from
a more general point of view, as besides the instantaneous
Coulomb interaction between electrons we also include a
retarded interaction that is contained in the transverse part
of the Hamiltonian of Eq. (19). This fact is further discussed
in Sec. II D.

B. Polarization field operator of the two-dimensional
electron gas

Following Refs. [3,4,8] we use the following relation
between the polarization operator P and the current operator j
in a system of charged particles:
® e [He.P] (20)
dt — h SR
According to Eq. (20), the dynamic polarization field operator
P of the two-dimensional gas is constructed in such a way
that its time derivative coincides with the current operator j
of the gas [3]. A key point is that, since dynamic magnetic
interactions are absent, only the electronic Hamiltonian H,
contributes to the evolution of the polarization field. The
current operator j can be expressed on the basis of the
eigenstates of H. using the following expression:

2 ieh PSR P
j) = —[V'VU — VUiy], 21
2m*
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Indeed, in the PZW representation the current is expressed
only from the matter degrees of freedom, as the momentum
of the particles is expressed only through their velocities and
the vector potential contribution is absent [2]. Here, the field
operator W(r) is expressed through the single-particle wave
functions of H, from Eq. (4):

eikl‘u

\/E Chk-

Equations (21) aAﬂd (22) lead to the fgllowing expressions
for the in-plane j; and perpendicular j, components of the
current:

Ve =) $i) (22)
Ak

N | h .
o= 5s LD Mg @)
kqij
§ij(2) = ¢/ (2)0:9,(2) — 3:¢;(2)$;(2), (24)
i = g 2 D@ el g (25)
kqij
1:ij(2) = ¢/ (2);(2). (26)

The contributions with i = j and q = 0 correspond to the
center-of-mass motion of the electron gas with Awyg;; = 0.
These terms must be excluded from the definition of the
dynamic polarization. Using Eq. (9) we arrive at the following
formal definitions:

;
5 he Cik+qCik i

p = ) (e e, 27

: 2m*S Y~ Awyg;j Siy()e @7
qkij ’
. i
. —ihe CiktqCik(ZK + q) _iar,

_ 3 L@e i (28

” 2§ A= Dong; iy (2)e @9

The quantities &;;(z) and n;;(z) describe, respectively, the
polarization and the density matrix elements associated to the
transition j — i. We have the following properties, which
ensure the Hermiticity of the current density and polarization
density operators defined above:

E:2) = —£i@). 0@ = 0ji2). (29)
In the following, we will also make use of the relation
2m*(w; — wj)
h

which is an immediate consequence of the Schrodinger
equation (5). This equation can also be related to the charge
conservation of the system. Let us introduce the charge density
operator p(r) for the electron gas:

9:§ij(2) = 1ij(2), (30)

A IR € —i
P = W0 = 23 @ el qep (D)
qkij
Then, the continuity equation that expresses the charge
conservation is
dp i s
— = —[H, p] = divj. 32
o h[ Al J (32)
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In the case where H is the single-particle electronic
Hamiltonian H,. it can be readily shown with the help of
Eq. (30) that this equation is satisfied term by term with
respect to the sum over all possible electronic transitions
in Eq. (31), each term oscillating at the frequency of
the transition Awyggj. When we consider the subspace of
bosonized excitation, this equation is also valid for the total
Hamiltonian from Eq. (19), as then it can be shown that the
density operator p commutes with the square-polarization part
of H.

In order to obtain a self-consistent bosonic model in the
PZW representation, we must restrict the definitions of the
polarization field only to the bosonized states defined in the
previous section [3]. For this, we isolate the appropriate terms
in Egs. (27) and (28) and then replace the excitation operators
with their bosonized versions b;[( , and dli ;- Let us consider
first the case of the z component from Eq. (27). We split the sum
over the subband indexes into intersuband and intrasubband
contributions:

=X 2

qkij qk,i>j qk,i<j

>

inter qk.i=j intra

In the first term of the intersubband contribution, we
restrict the sum over the electronic wave vector which satisfies
Eq. (13). In the second term, we relabel the indexes (i, j) as (J,
i) and make the substitution k = —k’ — q. Using the property
(29) and the definition of the excitation operators, we obtain
the following expression for the intersubband polarization
along z:

R e iar)
Pz |imer =

he
=Py

q,o.kel,,

X [Ea(2D)Dlgq + E1(2)Dkqal.

This sum runs over all pairs of subband states with i > j,
and each such pair is labeled with a single Greek index o
as indicated in the previous section. The notation “k € I,,,”
means that the wave vector satisfies the restriction imposed
by Eq. (13). The intrasubband contribution is obtained in the
same way as the polarization operator of the homogeneous
electron gas [3], by splitting the sum over the wave vectors in
contributions greater and smaller than the Fermi wave vector
in each subband kr;. As a result, we obtain

A Wkqa

(33)

N he e iq
Plw==325 D2 Jar Ei(Dldfy — dx—q]-
. q
q,!
K| < kpi
|k +4q| > kpi

(34)

It is very convenient to rewrite the above expressions with
the help of the occupation numbers, which will automatically
take into account the constraints from Eq. (13). We introduce
the following notations:

Ankge = fik = fiktq > 0, a=[i > j] (35)

Ankgi = fi(1 = fik+q)- (36)

PHYSICAL REVIEW B 91, 125409 (2015)

The polarization operator now sums over all possible wave
vectors:

. he e~tan
P liner = — Z Anggq
2m*S P Aa)kqa
x [Ea(@blyy + 85 @0 k-gal. (3]
R he e~ian
P, linga = — m*S Z mAnkqisii(Z)[dliqi - dfqui]o (38)
qki q

The advantage of this representation is that it can be easily
generalized for the case of a finite temperature; however,
in this case we must bear in mind that the bosonization is
an approximation valid in the limit where the number of
excitations in the system is low as compared to the total number
of particles.

The expressions for the parallel component of the polariza-
tion field are established in a similar way:

—ihe Z e~'Im(2k + q)
2m*S
qko

X [Na(@)blgy + M5(2)D—k—qal.

P|| linter = Ankqoz

A Wkqo

(39)

~ —ie .
Plinta = - Z e lqr“ﬂqkAnkqinii(Z)[dliqi +d_k—qil,
qki

(40)

2%k +q

Ba = q2k +q)

(41)

As expected, the intrasubband contribution (40) which arises
from the free in-plane electronic movement is formally
identical to the polarization field of the 3D electron gas [3].
The expressions (37)—(40) are the most general expressions
for the polarization field of a 2DEG, in the bosonization
approach. Using these expressions, we can expand the square-
polarization part of the PZW Hamiltonian from Eq. (19):

1 N . . . .
/ 2d3r — ngter + Hglztra + ngter—mtra’ (42)

2¢eg

, 1 . .

Hglzwr = 7«5‘0 <[ P22|interd3r + / Pﬁ|interd3r>» (43)
. 1 ~ A

Hine — E( / P linad’r + f Pﬁ|imrad3r), (44)

inter-intra ») ) 3
sz = ; Pz|inteer|intrad r
0

1 P P 3
+— P|| |interP|| |intrad rj.
E&o

This Hamiltonian, that is quadratic in the operators blqa, bxqa>

(45)

dliql., and dyq,; couples the intersubband and intrasubband
excitations with different wave vectors, as well as the inter-
subband or intrasubband excitation from different subbands
among each other. In the subsequent sections, we will see
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that the apparent complexity of this Hamiltonian can be
greatly reduced by separating the excitations of the gas into
single-particle-like and collective excitations. The single-
particle-like solutions are very similar to free-electronic excita-
tions that ignore the quadratic interaction term of the Hamilto-
nian [3]. Therefore, their contribution to the polarization field
of the gas is vanishing [3,8,15]. On the contrary, the collective
excitations are obtained as a result of the self-polarization
interaction, and their energies strongly differ from the initial
electronic energies of the single-particle Hamiltonian H..
These collective excitations appear as coherent sums of
elementary excitations over the electronic wave vectors, and
can be interpreted as a set of quantum-confined plasmons. As a
result, these plasmon modes will have a dominant contribution
to the polarization field of the gas. The problem described
in Eq. (42) can be further reduced to the interaction of a
discrete set of plasmon modes with each other. In the following
sections, we will provide closed expressions for the collective
plasmonic operators and the plasmon-plasmon coupling in the
long-wavelength limit ¢ — 0.

We can simplify considerably the expressions in Egs. (43)—
(45) by considering a closed system with hard-wall boundary
conditions. Indeed, an arbitrary one-dimensional finite poten-
tial V(z) leads in general to two sets of eigenstates: bound
states with discrete energy eigenvalues, described by wave
functions ¢;(z) which are real and localized in a finite region
of space, and a high-energy continuum of unbound states,
described by propagating plane waves ¢y (z) ~ exp (ik;z).
Clearly, if we restrict the description of the system only to
the first few bound states, according to Eq. (29) we have
&:(z) = 0 and the intrasubband part of the polarization field
f’z|imra [Eq. (38)] becomes identically zero for all states. As a
consequence, the first terms in Egs. (44) and (45) vanish. This
approximation is excellent for systems where the Fermi level
Er lies within the ensemble of bound states (Fig. 2). Further, if
we model our system with hard-wall boundary conditions, that
are situated sufficiently far from the region where the potential
V (z) varies appreciably, we can describe the unbound states in
the continuum as electronic standing waves described by real
wave functions ¢y (z) ~ cos (ik;z) (Fig. 2), which also allows
simplifying Eqs. (43)—(45). In the following, for simplicity
we shall assume that our system is well described within
that approximation. Nevertheless, it is interesting to note that
the set of equations (43)—(45) also hint at the possibility to
describe the interaction between confined plasmons that arises
from the bound states of the potential V(z) with “transport”
single-particle states within the continuum with nonvanishing
perpendicular current &; = 2 Im[¢}(2)d,¢;(z)] # 0.

For the following, it is very useful to introduce the overlap
integrals

lp = [ &@p(erdz. (46)
g = [ natemptard. 7)
Jij= / nii(z)n;;(z)dz, (48)
iy = [ naomy . (49)
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These integrals appear naturally while expressing the square-
polarization Hamiltonian by the use of Egs. (37), (39), and
(40).

In the next section, we take a particular case of a two-
subband system and we identify the collective modes in the
long-wavelength approximation. These modes will be then
generalized for the case of a system with any finite number of
occupied subbands.

To conclude this section, let us note that we can reexpress
similarly the current density operatorj [Egs. (23) and (25)]
and the charge density operator p [Eq. (31)] in terms of
bosonized operators blqa, bxqas d;iqi, and dyg; . Using this form
of the charge density operator, it can be readily shown that
it commutes with the square-polarization interaction terms
from Eq. (42), which ensure the validity of the continuity
equation (32). This fact is an important confirmation for the
self-consistency of our approach [3].

C. Collective modes in a two-subband system

We now consider the collective excitations which arise
in a two-subband system, where the Fermi level Ep lies
between the first and the second subbands, as described in
Fig. 3. Our aim is to diagonalize the electronic Hamiltonian
(19), as provided by Egs. (18) and (43)—(45). This will allow
us to identify the intersubband and intrasubband plasmon
modes linked to the bound states of the system, which will
subsequently be generalized for the multisubband case. We
will provide the polarization operators for each collective
excitation, with the corresponding spatial dependence, which
will permit us to discuss the physical characteristics of the
collective modes.

Using the polarization operators from the previous section,
and restraining them to the case of two bound states, the
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FIG. 2. (Color online) Illustration of a finite one-dimensional
binding potential V(z), inserted in a larger box with hard-wall
boundary conditions. The bound states are not affected by the hard
walls, as the corresponding wave functions ¢;(z) vanish on the
boundary. The unbound states in the continuum are modeled as real
standing waves ¢¢(z) = ¢, (2).
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FIG. 3. (Color online) A two-subband system, with only the
fundamental (first) subband occupied.

electronic Hamiltonian is written explicitly as follows:

He =) hAorqiblbq + Y hAwgdlydig.  (50)
kq kq

inter hzez
M = sy 2 ViarViw
kk'q

X (b]T(q + b—k—q)(bk/q + b_k/_q), (51)

An
Viq = kel (VDo +v 122k +q@l,  (52)

Awgq21
intra __ e Jl,l
M2 ~ 28ee § Anyqr Aniqi(BakBax)
X (qu + d_k—o)(dkq + dik,fq), (53)
. . 1 n R
Hglzter_mtra = ( f P|| |interP|| |intrad3r> . (54)
EE

Since the distinction between intersubband and intrasub-
band operators is clear for this case, we drop the subband
indexes for the operators. All terms except the last coupling
term from Eq. (54) split naturally into intersubband and
intrasubband contributions. Each of these contributions is
formally equivalent to the general PZW bosonic Hamiltonian
considered in Ref. [3], which can be resolved within the
characteristic function approach recalled in Appendix A.
Once we have worked out the intrasubband and intersubband
contributions separately, we will be able to provide the coupled
modes induced by the interaction term in Eq. (54). In the end
of this section (Sec. II C 3), we will also consider numerical
examples with two different heterostructure potentials.

1. Intrasubband plasmon

The intrasubband parts of Egs. (50) and (53) provide the
following quadratic bosonic form:

Y hAwwgdlydig + HE™. (55)
kq

This Hamiltonian is formally identical to the PZW Hamil-
tonian of the three-dimensional gas, considered in Ref. [3].
Following [3], and the method outlined in Appendix A
we associate to Eq. (55) the following two-dimensional
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characteristic tensor:

, 2e2J) 4 Bk ® Bak) Awy
0@ = 1 = 2T Y Ay Pk B P2,
i (@,q) 2 hSeeo Z Nkq1 Awkq

(56)

Here, 1, is the in-plane unit tensor. The eigenvalues of the
Hamiltonian (55) are then provided as the solutions of the
characteristic equation

17" (@, @l = 0. (57)

According to the general properties of the characteristic
function ;‘“tra(w,q), discussed in Ref. [3], this equation has
two types of solutions: (i) single-particle-like solutions, with
frequencies that remain very close to the original excitations
frequencies Awygq, or (ii) collective modes with frequencies
that can be much larger than Awygq. The frequencies of
the collective modes can be obtained explicitly in the long-
wavelength limit of Eq. (56) where, just like for the homo-
geneous electron gas, the characteristic function I;‘““"a(a),q)
acquires the Drude-type diagonal form

2
;inlra(w q— 0) — 12<1 — %) (58)

Here, we defined the plasma frequency of the corresponding
collective state, the intrasubband plasmon:

e’N

o =m’ Li=1/J,. (59)
The effective length L; introduced above depends on the elec-
tronic wave functions through the coefficient J; ; [Eq. (48)],
and takes into account the effect of the quantum confinement of
the heterostructure potential V(z). The resulting intrasubband
modes feature no dispersion, and correspond to density waves
in the (x,y) plane where the electrons oscillate at a frequency
wp|. The associated bosonic operators are expressed as sums
over all possible excitation wave vectors:

1 Ji €2
1 1,1 Z
1 2hw P 880S ! ( )

x {(d,ﬁ +d g+ ‘“‘(dli qu)}. (60)

Here, n is an in-plane unit vector that corresponds to the
direction of the density wave. These collective excitations
provide the dominant contribution in the polarization field
of the gas. Let n;,j = 1,2, be an orthogonal basis in the
plane (x,y), then neglecting the vanishing contributions
from the single-particle-like excitations the expression of the
polarization operator from Eq. (40) becomes

A . a)p||88()ﬁ
Pylina = — |
I intra inn(z) 2570,

< Zefiqrnnj [”Jn‘, + n’,qnf] 61)

qn;
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and the intrasubband part of the Hamiltonian in Eq. (55) is
unitary transformed into a diagonal form

Z hwp) n;nj Tqn; - (62)

qn;

According to Eq. (61), the polarization density of the
intrasubband plasmon is decomposed into plane waves of
the form 71,(z) exp(—iqry). This spatial variation has a clear
physical meaning since according to the definition of the
charge density operator from Eq. (31), the quantity 7;;(z) =
#7(z) describes the electronic density in the first subband along
the direction of quantum confinement. Then, the intrasubband
plasmon corresponds to a density wave, very similar to the bulk
plasmon of a homogeneous electron gas, with the exception
that the wave vector q is constrained to the xy plane, while
the electronic density in the z direction is set by the quantum
confinement. Furthermore, just like the bulk plasma mode of
the 3D electron gas, the intrasubband excitation obtained with
our approach has a plasma frequency wp that is independent
from the wave vector, in the long-wavelength limit. This result
might appear in conflict with the well-known +/[q[ dispersion
of the intrasubband plasmon of 2DEG [26]. Actually, this
conventional excitation can be obtained as the longitudinal
part of a the intrasubband plasmon mode derived above, as
discussed in details in Sec. II D. As we pointed out in the end
of Sec. IT A, the polarization field that we consider has both
longitudinal and transverse components, the latter allowing us
to describe the coupling of the collective excitations with light.
In particular, the Drude-type dielectric function in Eq. (58)
leads to free-carrier absorption in the plane of the quantum
wells owing to the intrasubband plasmon described above.

Note that the tensor ;"‘H“‘ra(w,q) can be used in its more
general form in Eq. (56) to study the intrasubband excitations
beyond the long-wavelength approximation, and the related
Landau damping of collective excitations.

2. Intersubband plasmons

The intersubband part of the Hamiltonian [Egs. (50)—-(52)],
that is, the part that corresponds to electrons evolving between
two different subbands, is

> hAokgiblybig + HE. (63)
kq

The corresponding characteristic tensor is now three dimen-
sional:

(64)

foq) =1 he? Z (Vgk ® V) Awkqai

2m*?Seg — Awgg,

Using Eq. (52) for the vector Vgi, we can split the tensor
¢(w,q) into a z component and a planar component that are
not coupled to each other:

{(w,q) = (e; Q@ e)i(w,q) + gllnter(w’q). (65)

Since the two components in Eq. (65) are independent from
each other, they will be treated separately. Equation (65) thus
expresses an important property of the system, which states
that, as long as we are restrained to bound states, or in other
words, a closed system, the excitation of the gas along the
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direction of the quantum confinement is completely decoupled
from the in-plane excitations.

The tensor ¢(w,q) can be used to study the intersubband
excitations for any value of the wave vector q. Similarly to the
case of the intrasubband plasmon, when the excitation wave
vector ( is sufficiently small, most of the solutions remain
close to the single-particle frequencies Awyqp; and are well
separated from the collective excitations of the gas. The two
characteristic tensors from Eq. (65) give rise, respectively, to
charge oscillations along the z axis and in the (x,y) plane.
However, unlike the intrasubband excitations of the previous
paragraph, now the in-plane oscillations can have a zero-
excitation wave vector. In this case, they correspond to a global
change in the electronic density (related to the changing shape
of the wave functions as the electrons hop from one subband
to another), rather than an acousticlike density wave, as in
the case of the intrasubband plasmon. In the long-wavelength
approximation q — 0, we can neglect the change of the kinetic
energy of the electrons with respect to the transition energy,
and we have Aa)kq21 ~ Awy; as well as Al’lkq21 ~ Angoi.
The tensor components then take simple diagonal forms

2
w
Lolwgq—>0)=1— —F2L (66)
: w? — Aa)%l
M, q — 0) = 12<1 — M) (67)
I w? — Aws,

Here, we introduced the two plasma frequencies

2he’I
) _2he b
= A , 68
CP = e S A Z k021 (68)
2ﬁ€2121 21
Wi, =——"= YA kn)?, 69
P21 50S A, ; nko21 (kn) (69)

and n is a fixed direction in the plane. The summation over the
wave vectors is readily performed to yield

2 *
) e"Ne 2m* Awsy
= = —, 70
wp21 m*SBOSLzl 2 h[21’21 ( )
2(N./2
me——e( /i R (1)
m*egoSLs, Ja1.21

Here, N, = > Anyp; is the population difference between
the two subbands, which is equal in this case to the total
number of electrons in the system. Similarly to Eq. (59), the
effective lengths L,; and Lgl take into account the quantum
confinement of the gas, as they are expressed directly from
the wave functions of the bound states. The solutions of the
characteristic equation || (w,q)|| = 0 are

W = N Aw%l + wf,lz, (72)
War = /Al + W2, (73)

The first solution [Eq. (72)] is the well-known inter-
subband plasmon mode oscillating in the z direction [33],
which was already described in the PZW approach [4].
The second solution describes a less conventional plasmon
mode where electrons oscillate in the plane. We will dub
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it “in-plane intersubband plasmon,” while the first solution
[Eq. (72)] will be called simply “intersubband plasmon” to
comply with existing literature [27,33]. In order to understand
the physical meaning of these excitations, we will explicit
the corresponding polarization operators. Let P(T121 and t:;lm
be the corresponding bosonic operators, respectively, for the
conventional intersubband plasmon and in-plane intersubband
plasmon, that diagonalize the quadratic Hamiltonian (55):

N hplyper + Y W Waithy tan. (74)
q qn;

As the dominant contribution into the polarization field
arises from the collective excitations, the respective compo-
nents can be expressed as

| heeo

P inter — —
Ninte 21(2) 2a)21 S

X Z e—iqru(ptTﬂ] + p7q21), (75)
q

W2, heeo

2Ws SJ21’21

x Y e[t ] (76)

qn;

Pylineer = —in21(2)

According to the above equations, the z dependence for the
polarization field of the conventional intersubband plasmon
[Eq. (75)] is provided by the current function &;,(z). Further-
more, the polarization field has a single component along the z
axis. This excitation therefore corresponds to dynamical oscil-
lations of the electronic density along the z direction, induced
by the electronic transitions between the two subbands [8].

On the contrary, the polarization field of the in-plane plas-
mon (76) lies in the (x,y) plane and has a very similar form as
the one of the intrasubband plasmon from the previous section
[Eq. (61)], with the static electronic density 7;(z) = (l)f(z)
now replaced by the intersubband term 751(z) = ¢1(2)P2(2).
Once again, we have referred to the definition of the charge
density operator from Eq. (31). Such static contribution can
be interpreted as resulting from a quantum superposition of
states [¢1(z) + ¢2(z)]/+/2, where the excited electrons occupy
virtually both subbands with equal probability. Furthermore,
since both the in-plane intersubband plasmon and the intra-
subband plasmon have polarization fields that are contained
in the (x,y) plane, they are generally coupled through the
square-polarization term of the matter Hamiltonian (19). This
coupling is analyzed in the next section. .

The explicit expressions for the operators pil qand H qn AN

be obtained following the approach described in Ref. [3]. Here,
we specify the collective operator pg 1q Which corresponds to

the intersubband plasmon:

a’le

L= An
pq21 zm Z k021

b_k_
_“kq } (77)
w21 + Awyy

bT
X { — kq +
wy1 — Awyy
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This operator then sums coherently over all allowed single-
particle intersubband transitions. In Eq. (77), let us consider the
case of a lightly doped quantum well such as wpy; < Aw;;.
Then, neglecting the antiresonant contribution we obtain an
approximate expression for the plasmon operator:

i

1 .
Popt X ——= Y Ankpiby,. (78)
q21 m Zk: kq

This expression is formally identical to the one introduced
for the first theoretical description of the ultrastrong coupling
regime with intersubband polaritons in Ref. [5].

3. Intersubband-intrasubband coupling and numerical examples

Having separated the single-particle from the collective
excitations in the long-wavelength limit, we now replace the
electronic Hamiltonian from Eqgs. (50)—(45) with an effective
bosonic Hamiltonian that acts only on the collective operators:

Heon = Z hw21pq21pq21 + Z thllqn 21lqn;21

qn;
hWpo [wp
—+ ﬁa)p”ﬂ' TT, —+ C —_
qXHJ: qn; qn; 1,21 2 W21
X Z qn + ﬂ_qnj)( —qn;21 + tqn 21) (79)
qn;

As indicated in the previous section, only the conventional
intersubband plasmon oscillates in the direction of quantum
confinement, and therefore it forms an independent contri-
bution [first term in the right-hand side of Eq. (79)]. The
two other collective excitations that we considered oscillate
both in the plane and are coupled by the quadratic interaction
term in Eq. (19). This interaction is contained in the last term
of Eq. (79) through the expression of the inter-intra subband
coupling term Himerina [Eq. (54)] through Egs. (61) and (76).
The overlap coefficient C 11 »; has been defined as

(80)

The inter-intra subband coupling concerns only the in-plane
collective mode. For each wave vector q and each direction in
the plane n we recover a set of two coupled quantum harmonic
oscillators, described by the ladder operators t;‘m and n;n.
The corresponding eigenvalue equation is

(0 = 0hy) (@ = W3) = (C21) Wpnh. @81

Clearly, the overlap coefficient Clj 51 provides directly
the strength of the coupling between the two kinds of
in-plane plasmonic modes. In particular, for the case of
centrosymmetric potential, the wave functions ¢; and ¢,
have different parities, we therefore have J;,; = 0 and the
inter-intra subband coupling vanishes.

Let us at present illustrate the collective modes derived in
this section with two numerical examples. The first example
is an infinite square quantum well, as depicted in the inset
of Fig. 4(a), and the second example is a finite asymmetric
potential [Fig. 4(b), inset]. We restrict our discussion only
to the first two subbands separated by a frequency Awy; =
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FIG. 4. (Color online) (a) The frequencies of the three collective
modes arising between the fundamental and first excited subbands
for the case of an infinite square quantum well. Circles: intrasubband
plasmon; squares: conventional intrasubband plasmon; stars: in-plane
intersubband plasmon. (b) Similar plot for a finite asymmetric
potential. The asymmetry of the potential induces a coupling between
the intrasubband plasmon and the in-plane intrasubband plasmon. The
coupled modes are plotted in continuous lines.

6.5 THz by design. Respectively, the maximum areal density of
charges Ngmax in the wells is set by the condition Er = hw, and
equal to Nymax = m™* Awy; /7 k. For concreteness, we consider
GaAs material for the quantum wells with m* = 0.067m, with
my the electron mass. This provides a maximum areal density
of charges Nynax = 7.5 x 10" ¢cm~2. Furthermore, we shall
ignore the phonon dispersion of the material for simplicity.

In the case of the infinite quantum well with a thickness
Lqw the confined wave functions are provided by ¢;(z) =
V2/Low sin(imz/Low) with i > 1. We can therefore com-
pute directly the three characteristic lengths introduced by
Egs. (59), (70), and (71):

Li=32Low, Ly =3Low, LY =Low. (82

We can therefore use the definitions (59), (72), and (73) to
compute the collective mode frequencies as a function of the
areal charge density in the well Ny with Ny < Ngmax. These
frequencies have been normalized to the transition frequency
Aa)21:

@p|
Aa)21

— % $ (83)
=13 ,
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w21

3
- , 84
Ale * 5 Nsmax L* ( )
Wai _ 1+1 N; Lqw 85)
Awyy 2 Nymax  L*

Here, we introduced a unique parameter that scales like a
characteristic thickness:

1o 3weegh?

8m*e?
and h = 2mh. The characteristic thickness L* has an ex-
pression that is very similar to the Bohr radius [37]. This
parameter appears naturally while computing the ratio between
the plasma frequencies and the transition frequency Aw;;.
It therefore corresponds to the ratio between the potential
energy associated to the particle-particle interactions over the
characteristic kinetic energy of the particles (in this case, the
transition energy hAw,). Clearly, this parameter allows us to
evaluate rapidly the pertinence of the collective effects in the
system. Indeed, as seen from the set of equations (83)—(85),
when Lqow < L*, the collective effects have little impact on
the system, no matter the doping level, as the collective mode
frequencies remain close to the “bare” transition frequency
Awy;. On the contrary, in the case of large quantum wells
Lqw > L*, the collective effects can become important even
for moderate doping levels. For the case of a GaAs well
we estimate L* = 37 nm. We shall, however, bear in mind
that this value is not universal, but restricted to the first
transition of an infinite quantum well. Yet, it provides a
quick guide for the impact on the collective effects in simple
potentials.

The corresponding collective mode frequencies provided
by Egs. (83)—(85) have been plotted in Fig. 4(a), for the case
Lqow = 25 nm. In this case, as the potential is centrosymmetric
the coupling between the in-plane plasmons is null.

The effective lengths introduced by Egs. (59), (70), and (71)
can be very sensitive to the shape of the confining potential. In
Fig. 4(b), we have plotted an asymmetric quantum well, where
the wave functions have been obtained through a numerical
solution of the Schrodinger equation. For simplicity, we do not
consider the static Hartree effects due to the charge impurities.
In this case, we obtain the effective lengths L; = 7.8 nm,
L1 =59 nm, and Lgl = 432 nm. While the effective length
of the intrasubband plasmon remains close to the size of
confining region for the first wave function ¢;(z) [* 8 nm,
Fig. 4(b)], the intersubband effective lengths are very large
as compared to the total size of the potential, 28 nm. Indeed,
both L,; and Lgl are roughly inversely proportional to the
overlap between the wave functions ¢;(z) and ¢,(z), which
in that case is designed to be very small. Furthermore, now
that the potential is highly asymmetric, the overlap coefficient
in Eq. (80) becomes important: CIJ 51 = 0.88. This results
in a sizable splitting between the intrasubband and in-plane
intersubband plasmons, as illustrated in the plot from Fig. 4(b).

(86)

D. Longitudinal (Coulomb) projections

The polarization field operator P that was defined in
Sec. II B is neither purely transverse nor longitudinal, and as
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such it mediates both the retarded and instantaneous interaction
between particles in the nonrelativistic PZW Hamiltonian
from Eq. (1). Therefore, the collective modes that were
described in the previous sections encapsulate both traverse
and longitudinal degrees of freedom. The transverse part of
P couples to the purely transverse displacement field D to
yield new light-coupled plasmon-polariton modes. These will
be discussed in Sec. III. The remaining longitudinal part of
P describes the instantaneous Coulomb interaction between
particles and can couple to quasistatic electric fields, such
as those arising in the evanescent near field of metal gratings
[25,26] or nanoresonators [9,23,38]. Actually, these quasistatic
electric fields can also be described in terms of polarization
fields that are associated to the oscillating charges on the metal
surfaces [39]. In this section, we illustrate how the longitudinal
part of the polarization field and the corresponding dispersion
can be derived from our results. To this end, we shall consider
only the case of the intrasubband and intersubband excitations
of two-level system hosted by infinite homogeneous media.
In particular, we shall illustrate how the well known /[q]
dispersion for the intrasubband plasmon is recovered from
the almost dispersionless intrasubband mode discussed in
Sec. IC 1. A very general treatment including all possible
excitations combined with boundary-condition problem for
the electromagnetic field will be discussed in Sec. [II C 1.

Let us consider an electromagnetic wave perturbation
propagating in the system, with a general three-dimensional
wave vector Q. The spatial variations of the wave are provided
by the exponential factor

el = !N pie:7 (87)

We have split the wave vector Q into components q and g,
that are, respectively, parallel and perpendicular to the 2DEG
layer. The longitudinal components of the polarization field are
those that are collinear with the propagation vector Q. In order
to isolate the longitudinal excitations, we will work directly
with the characteristic tensors from Eqgs. (56) and (65). Let
us consider the intrasubband characteristic tensor C‘“‘“r"‘(a),q)
[Eq. (56)]. The overlap integral J;; can be expanded in a
Fourier series:

Jiy= / nm@dz =Y [fig:). (88)
qz

Here, 711(g;) is the Fourier component of 11(z) with
respect to the perpendicular wave vectors g,. With the above
expression, the characteristic tensor ;“““a(a),q) appears as a
sum over both components g,,q of the three-dimensional
vector Q. To isolate the longitudinal part, we notice
that

Q(ﬂqk Q ﬁqk)Q _ 1 ) (89)
0 9 +q2
Indeed, QB = qBqk = 1. By summing only over the longi-
tudinal projection of (Bqx ® Bqk) and using the well-known
result from the distribution theory [40]

Z 111(q2)1

q: q +qz

//dzdznn(Z)nn(z Je~a=1, (90)
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we arrive at the following expression for the scalar longitudinal
component of Cm""‘(a),q):

2Angqi Awkg Vi1.11(q)
intra — _ a4 k! -
&) (.l =1 E e n

k

91
o) ay

Vini(g) = dzdz' ni(@)ni()e 11 (92)

Here, V11.11(g) is nothing else but the intrasubband matrix
element of the Coulomb potential [18]. Clearly, Egs. (91) and
(92) can be used to study the excitations of the system for
any excitation wave vector q at the dipole-dipole order of the
Coulomb interaction [3] (see also Sec. III C 1). In particular,
taking the long-wavelength limit of Eq. (91) we obtain

Qj(q)
w?

L w. @)l = (93)

Here, Qz(q) is the gq-dependent plasma frequency

dzdz'ni (@ (2)e 17
@) = o L I

» JdzdZni @)
Ji

q—0

~qo Pn

2

e
= ——1Iql. (94)
mre&y

We therefore recover the longitudinal intrasubband mode of
the 2DEG with a square-root wavelength dispersion €2(q)
Vidl.

Furthermore, let us also examine the formal limit of the
expression Q2 (@) at very large wave vectors ¢ — oo. In

this case, ge "'Z Zl — §(z — z') and therefore we have the
asymptotic expression

Q@lg—o0 = @y 95)

This expression remains valid as long as the plasma frequency
wp is far from the particle-hole continuum of uncoupled
excitations Awyq. Indeed, for wave vectors beyond the light
cone, the intrasubband excitation considered in Sec. IC 1 is a
purely longitudinal excitation.

Similar considerations apply also for the intrasubband
plasmon mode described by Eq. (65). For the sake of
illustration, we shall consider only the z component with
characteristic function ¢,.(w,q). In this case, we compute the
Fourier components of the overlap integral

D21

= 1&gl (96)
q:

Now, 521(%) is the Fourier component of the intersubband
current density &;(z). Furthermore, we use the projection
identity

Qe, ®€,)Q q:
Q2 = q2 n ‘112' 97)
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We must then sum up the Fourier integral that appears in the
longitudinal projection of ¢,.(w,q):

Z 6112|§21(61z)|2
DR

_ }] / / dz d2' 3,60 (2)3:En (e 157

_ 4m*2Aa)21

= 2
The second line of Eq. (98) is obtained by noticing that
q:6>1(q;) is the Fourier image of 9,&,(z), and the third line by

using Eq. (204). We can then cast the longitudinal projection
of the z component in the form

Va1,21(q)
2h K Awkq21 (a)2 - Awl2(q21)

99)

// dzdz'na(2)n(2)e 11 (98)

2
Aa)zl Anqul

((w,@)ln =1—

Here, V5;21(q) has the same expression as Eq. (92) with
M21(z) instead of n;1(z). The long-wavelength limit of Eq. (99)
then coincides with Eq. (66), as we have the following identity
(see Ref. [4], Appendix C):

2 Va1.21(g = 0)Awy Ne
Wpo1 = oh :

(100)

We see that the intersubband plasmon becomes a purely
longitudinal mode at very small wave vectors. Indeed, this is
the reason why the intersubband transitions can not couple to
anormally incident light [34]. Using the same method, we can
show that longitudinal projection of the in-plane intrasubband
plasmon is provided a very similar expression as (99), and the
only difference is that the square Aw%l is replaced with the
square of the change in the kinetic energy hq(2k + q)/m™.
It is therefore clear that the in-plane intrasubband plasmon
has a vanishing contribution to the longitudinal part of the
characteristic tensor (65).

Note also that, as the wave vector ( increases, the
Coulomb matrix element V;; »1(¢q) tends to zero, as it becomes
proportional to the square of the overlap integral between
two orthogonal wave functions [ 1,1(z)dz and therefore we
would expect a red-shift of the plasmon mode at higher wave
vectors. This analysis must be completed also considering the
intra-inter subband coupling; however, we refer to the very
general multitransition case discussed in Sec. III C 1.

These results are graphically summarized in the digram of
Fig. 5, where we have sketched the dispersion-less plasmon
modes obtained in the previous paragraph together with their
longitudinal projections, as well as the one-particle solutions
of the characteristic tensors. Clearly, beyond the light cone
described with the equation @ = cq/+/¢, only the longitudinal
projections should be considered. The interaction of the
collective modes with the transverse photon field inside the
light cone gives rise to mixed polariton modes, as described
in Sec. III. For instance, this coupling at the frequency of
the intrasubband plasmon is responsible for a free-carrier
absorption at the frequency wp . In a similar way, the coupling
of the intrasubband plasmon with light for finite wave vectors
q # 0 gives rise to an absorption resonance at a frequency ;.
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Note that the diagram in Fig. 5 holds only for the case
of electromagnetic waves in free space, and will generally
be different depending on the boundary conditions for the
electromagnetic field. However, the dispersionless collective
modes derived in the previous paragraph, together with
the one-particle solutions of the characteristic tensors, are
universal. As shown in the previous section, these modes have
a simpler structure than, for instance, the longitudinal modes
obtained by working directly with the Coulomb potential in
the minimal coupling representation [41].

Once the full set of the electromagnetic modes are known
for a particular geometry, we can define longitudinal and
transverse projections of the “universal” collective modes, in
order to work out the corresponding polariton and quasistatic
excitations. In practice, we can work with a finite set of
electromagnetic modes to obtain reasonable approximations.
This approach is very convenient in the case of confined
geometries, where there are usually only a few electromagnetic
modes that resonate closely to the frequencies of the collective
electronic modes. In Sec. IIIC, we provide a systematic
method to obtain such modal development based on the inverse
PZW transformation. In the case where surface waves are
present they can be treated in a similar approach as the one
employed for the surface plasmon polariton in Ref. [3].

E. General case of multiple subbands

We now turn to a more general case where several subbands
can be occupied. In this case, the Fermi level of the gas
lies higher than at least two discrete energy levels of the
bounding potential V(z). In particular, we will be interested
in the interaction of such systems with light, which will be
considered in the next part. As the single-particle excitations
carry very low oscillator strength, we will exclude them
from our discussion, and we will consider only the collective
plasmon modes described in the previous paragraph.

In such system with several occupied subbands, each occu-
pied subband yields an intrasubband plasmon, and each pair
of subbands j > i gives rise to two intersubband plasmons.
The self-polarization term P2 then induces coupling between

w

| light cone ¢q / Je

1

1
1
1

longitudinal
ISB plasmon ISB plasmon

1—2 single-particle
“— excitations

Aw,,

longitudinal
intra-sub.

/plasmon ~ \/;

1—1 single-particle
excitations

q

Wp); 1

FIG. 5. (Color online) Sketch of the excitation diagram of a two-
subband system (not at scale). The dispersionless intersubband and
intrasubband plasmons are traced, respectively, in squares and circles,
and their Coulomb projections in continuous curves.
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the plasmons issued from different subbands or subband
pairs, as well as couplings between the intrasubband and
in-plane intersubband plasmons. Our formalism then allows
us to reduce the problem into a finite number of coupled
quantum harmonic oscillators [4,8,42], which can therefore
be diagonalized numerically.

For simplicity, and as we are interested in the interaction
of the collective plasmonic modes with light, in the following
discussion we shall neglect the contribution of the in-plane
intersubband plasmon, as well as its interaction with the
intrasubband plasmons. Indeed, the in-plane intrasubband
plasmon is intrinsically a dark mode with a very low os-
cillator strength. This can be understood by considering its
contribution to the polarization field ISH linter> @s described by
Eq. (39) or (76). Since the coupling with light is provided by
the linear term D - P of the PZW Hamiltonian (1), the coupling
constant between the in-plane intersubband plasmon and the
electromagnetic field is proportional to the overlap integral

/f(z)na(z)dz =/f(2)¢i(z)¢_f(z)dz, i>j. (10D

Here, f(z) is a function that describes the spatial variations
of the displacement field D along the z direction. The
typical scale of variation of f(z) is the wavelength of light,
which is much larger than the scale of the typical confined
electronic wave functions. As the function f(z) varies slowly
compared to the product ¢;(z)¢;(z) we can take it out from the
integral sign, and the remaining integral vanishes owing to the
orthogonality of the wave functions ¢;(z) and ¢;(z).

Even if the coupling of the in-plane intersubband plasmon
with light is negligible, it could still influence the optical
properties of the system through its coupling with the bright
intrasubband plasmon. We already saw that this coupling is
zero in the two-subband case, for a confining potential that has
an inversion symmetry. This argument can be extended in the
multiple subband case. Indeed, the first term in Eq. (45) can
be expressed from the overlap integrals (49):

Jojr = /na(z)nj'jf(z)dz= /¢i(z)¢j(z)¢f/(z)dz, i>].
(102)

As the wave functions ¢;(z) form an orthogonal set, it is
clear that the overlap integrals J,; will take generally very
small, although finite values. Furthermore, if the confining
potential has an inversion symmetry, then the wave functions
have a well-defined parity and Eq. (102) is zero for wave
functions i > j with different parities. The term Eq. (102)
can then become influential only in the case where ¢;(z)
and ¢;(z) have the same parity, that is, for instance, for
nonconsecutive transitions. This case can be achieved for high
doping levels. We can, however, observe that, even for an
asymmetric potential, such as the one described in Fig. 4(b),
the range of doping levels where the coupling is significant is
limited. We see that there are a number of situations where the
coupling between the in-plane intersubband plasmon and the
intrasubband plasmon can be ignored, and therefore we discard
that coupling in the following discussion. Nevertheless, our
formalism allows recovering the optical response of the system
when this coupling is not zero, if needed.
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Under the above assumptions, the collective behavior of the
gas is described by plasma oscillations that are well separated
as intersubband plasmons in the direction of confinement
(z axis) and intrasubband plasmons in the (x,y) plane. The
effective matter Hamiltonian is expressed from the collective
excitations only:

D2 73 inter intra
Pd’r — Hyy +Heon -

coll

1
He+ —

103
2¢egq (103)

The intersubband Hamiltonian H"" contains only the

f’ |inter component of the polarization field, while the in-
trasubband Hamiltonian HL‘S{{’ only the 1A3‘|||imra component.
The Hamiltonian describing the intersubband plasmons "
was already considered in Refs. [4,8]. We shall reproduce
briefly the discussion in those references for completeness. The
square-polarization term P, |lnler now involves both contribu-
tions from the same subband pair «, together with cross terms
from different subbands pairs « # . The polarization self-
energies arising from the same transition « are combined with

the electronic part to define collective intersubband plasmon

operators pga as in Sec. I C. The polarization field 132| inter 1S

now expressed only from these collective contributions:

w —1
P |1nter = - E Ea( ) 2P(x %0 qr”(pqoz + p- QO!)
V @y S

(104)

Here, all definitions are identical to the ones in Sec. I1 C, by
replacing the indexes ‘“21” with “«.” The plasma frequencies
wpgy are also defined as in Sec. II C [Eq. (70)]:

5 > AN,
Opoy = ———7» La=
m*eepSLy,

2m*Aw21

105
hly o (105)

except that now we have the population difference between
the subbands AN, instead of the total number of electrons
N.. With all the self-energy polarization terms diagonalized,
the remaining contributions from the square-polarization term
in H"CT arise from the interactions between distinct pairs of

subbands « # B:

; hw PaWp
Z Z I a®Pp
::I(l)tﬁl' - hwol p qo P qo + C ~ o~

af
qop Va0

x (pqa + p—qa)(Pfqﬁ + Pgp)s (106)
I,
Cly=——L—. (107)
loalpp

This equation describes an ensemble of coupled intersubband
plasmon modes. The advantage of this representation is
that now we can choose a finite number of subbands that
describe the problem, which renders the diagonalization of
the Hamiltonian (106) a well-defined numerical problem. A
complete analytical solution would be possible only in the
case where all coupling coefficients Co{ﬂ are identical [4]. This
is approximately the case for the consecutive transitions of a
square quantum well [8,15]. When the remaining plasmon-
plasmon interaction is diagonalized away, the Hamiltonian
(106) is decomposed into a sum of independent intersubband
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plasmon modes, which mix plasmons from different subbands:

mer =" " Py Pak -
qK

(108)

The new operators P,T(q are linear combinations of the old
ones:

Pl = (Mak ply + hak p—qa)- (109)

The Hopfield coefficients myg, hyx and the new collective
frequencies Q2x are obtained from a numerical Hopfield-
Bogoliubov procedure, and it can be shown that they are
real [42]. For a particular physical problem, one always
retains a finite number of intersubband pairs «, then the
Hopfield-Bogoliubov procedure will deliver the same number
of uncoupled plasmons P,T< Equation (109) can then be
inverted to express the old operators peq as a function of new

ones P,Eq:
Pho + Poge = Y (mag + har) (Pl + P_gx)

=Y M g(Plx + P_q). (110)
K

We introduced here the square matrix Mygx = myx + hox
constructed from the Hopfield coefficients. This relation allows
us to express the collective electronic polarization in Eq. (104)
as a function of the new collective operators:

N heegy ) (z)e iqr
Pliner = =\ Z K (Plg + P_qr).  (111)

Qg

Ek(2) = (112)

Y M pEa(Rwpa
o Wy Lo,

The function E(z) is expressed as a linear combination
of the intersubband microcurrents &,(z), and therefore can be
interpreted as the “microcurrent” of the new collective mode K
[8]. It allows us to express the light-matter coupling constant
for intersubband plasmons, as described in the next part. An
experimental example of a collective mode that arises from
the interaction of several intersubband plasmons is provided
in Ref. [15]. In particular, the bright plasmon mode that appears
in a parabolic quantum well according to the Kohn theorem
[43-45] is another example of that kind [15].

The intrasubband part of the Hamiltonian (103) is treated
in the same way. Generalizing the notations from Sec. I1C
for the multisubband case, we can express H™?® as a sum
of interacting intrasubband plasmons arising from different
subbands i:

/ I
[OF
intra __ § : § : ’P j ul
coll — hsznqnz Tlqni + C

qni ani#j

]
X (nqm

J
¢l =

+ )T g+ Tqn)): (113)

Jij

N

(114)
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Here, n = (n;,n,) is a basis in the (x,y) plane and the plasma
frequencies are defined as in Sec. II C:

€2N,'

I \2
w; =
(@ip) m*egoSL;

Li=1/J;;. (115)
Now, N; is the electronic population in the subband i. The
Hamiltonian H™" can be further diagonalized into a sum of

independent plasmon modes with frequencies Wy :

s = AW, Tgar. (116)
qnL
m,, = Z(l,mq,,, + 8L qui)- (117)

Let us introduce the matrix constructed from the Hopfield
coefficients

Npi=lip + gL (118)
Then, the polarization field is expressed, respectively,

R . | hee iar
Py lintra = —iy Z_SO Z VWL Y L(2)e™ ”ﬂ(njlnk + H_qnr),

ank
(119)

I
WL]li,i ’

Yo =) Ny'ni(2) (120)

This expression will be used in the next part to study the
coupling of the collective excitations of the gas with light.
Before concluding this section, let us provide an exam-
ple of a collective intrasubband excitation that combines
intrasubband plasmons from different subbands. Consider an
infinite square quantum well, like the one in Sec. IIC3.
Using the expressions of the wave functions ¢;(z) provided
in that section, it is straightforward to show that all the
coefficients J;; are identical: J;; = 3/2Lqw. Furthermore,
the cross-correlation coefficients J;, ],z # j are also identical:
Ji,;j = 1/Lqw. In that case, C 5 3, and the Hamiltonian
(113) falls into the one of the cases described in Appendix A
where analytical diagonalization becomes possible. Relying on
the results from Appendix A, we can write the characteristic
equation that provides the new collective frequencies:

I= Z g(“’z“P)z l

73 W3

Equations of such type were already encountered in Ref. [3].
As discussed in that reference, a general property of such
equation is that if the number of individual contributions i
is sufficiently high, then we can isolate a single collective
solution, which is far from the individual plasma frequencies

”P and sums coherently all the plasma contributions:

Lmax ~ Z (a)

(121)

2 2

-~ S N=—""  aw
m*{;‘&‘oLQws ; m eeoLQwS
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Here, N, is the total number of electrons in the system.
Therefore, in the limit of a large number of occupied subbands,
we obtain the classical plasma frequency, as should be
expected. Our microscopic model then correctly recovers the
case of a classical three-dimensional plasma.

III. COUPLING BETWEEN A 2DEG AND A PLANAR
METALLIC WAVEGUIDE

A. Light-matter coupling Hamiltonian

We now investigate the coupling of the collective exci-
tations of the gas, described in the previous section, with the
transverse photons in a confined geometry. For this purpose, we
choose a photonic structure that has a translational symmetry
identical to that of the heterostructure potential that confines
the electron gas. This structure is the planar metallic waveg-
uide, which consists of two perfectly conducting mirrors,
perpendicular to the z axis and separated by a distance L. This
arrangement, that shall be called in the following “double-
metal” (DM) waveguide, is well known from quantum optics
[46,47] and far-infrared optoelectronics [48]. In this geometry,
light propagates in the in-plane direction with a planar wave
vector q, whereas it vibrates in a sinusoidal standing wavelike
patterns along the z direction. We shall suppose that the
waveguide is filled with a homogeneous medium with a real
dielectric constant ¢, that plays the role of a host for the
2D electron gas. The interaction of the gas with the guided
modes is described by the nonmagnetic PZW Hamiltonian
from Eq. (1), and according to the general properties of
the PZW representation, we need to express the transverse
electromagnetic field vectors D and H independently from
polarization field of the gas P. The diagonalization of the full
Hamiltonian in Eq. (1) then will provide the coupled plasmon-
polariton modes of the system, both in the intersubband and
intrasubband cases, as well as the corresponding effective
dielectric constants. The PZW approach, illustrated here for
this particular geometry, can then be generalized to more
complex situations.

Taking of the conceptual simplicity of the DM waveguide,
our motivation is to provide the most general light-matter
coupling Hamiltonian of the problem, which takes into account
all possible waveguide modes. As these modes constitute a
complete orthonormal set, we obtain a complete treatment
of an electromagnetic problem with boundary conditions. The
importance of such multimode treatment has been already out-
lined by previous authors [30], in the context of a semiclassical
description of the electromagnetic field. In the present case, we
adopt a fully quantum-mechanical description, by discarding
dissipation effects [49]. This general formulation will allow us
to relate to previous results that were established by a single-
mode approximation [4]. More generally, the full multimode
treatment will enable us to study the correspondence between
our PZW model and the minimal-coupling representation of
the full electromagnetic Hamiltonian, as shall be outlined
in Sec. IIIC. In particular, we will show that this approach
leads to a longitudinal Coulomb potential, that takes into
account automatically the boundary conditions imposed by
the cavity walls. Such investigation is important in the context
of light-matter coupled systems operating in the ultrastrong
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light-matter coupling regime, where the image effects of the
dipole-dipole forces can no longer be ignored owing to the
increased density of interacting particles. More generally, such
a study is pertinent in the context of quantum optics problems
with condensed matter systems, where the full electromagnetic
Hamiltonian, including both the square-vector potential term
and the Coulomb potential, must be taken into account [12,14].

The modes of a perfect mirror DM waveguide break
into “transverse magnetic” (TM) and “transverse electric”
(TE) polarized modes [50]. The TM modes have nonzero z
component of the electric field, whereas the TE have nonzero
z component of the magnetic field. The modal dispersion of
both kinds of modes depends on two quantum numbers m and
q and is described by the unique formula

2 2
Wemg _ q2 + TTm
c? L?

2

(123)

Here, wcuq is the frequency of the guided mode and m is an
integer describing the confinement in the z direction; m > 0
for TE modes and m > 0 for TM modes. We will make use of
the lateral wave vector

(124)

kzm = T,
which describes the standing-wave patterns of the modes in
the z direction. These patterns are expressed through the
normalized functions

Um (Z) = 1+ (Som COS(ksz) (125)
and their derivatives, that are nonzero for m > 0:
1 duﬂl .
W (2) = — = /2 sin(k;,2). (126)
ko dz

The electromagnetic field components are expressed in an
orthonormal basis (eq,€, ,e;), where e; is the unit vector of
the z axis, eq = q/q, and e, = eq A e;. The field operators
are expressed in terms of creation and annihilation operators
aj;m n»Gqmn» and aj,me,aqme for each waveguide mode m,q. The
index h stands for the TM modes, and e stands for the TE
modes. The full expressions of the quantized electromagnetic
fields operators, that describe the displacement field D, the
magnetic field ﬁ and the vector potential A are then

A . qum(Z) i :
Dy, =i Z Aqmw—qe F(agun — al ), (127)
qm cm
A eqkomWn(z) ; +
Dy == Agu—t = agu — al gy, (128)
qm cmq
Hi =i Agnertn(@)e " (agun +a' ). (129)
qm
N Agm qum(Z) i i
Ap, = Zam Tm) ianyg, o+ al ) (130)
¢ qzm: EE0 Wlnq 4 amh
(131)

g€ a)gmq

X Agm eqkimWin(z)
. gm Cqftzm Ym r T
Ay =i Z am A "N (g + a_th)
qm
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for the TM modes. These expressions are valid only in the
dielectric slab, as the fields are will be considered as identically
zero in the metal (see the discussion in the end of this section).
For TE modes, we have

) G iqry t
D, = ZAqm—eLw @€' (agne — algne),

(132)
He; = Z Aan 2 — (@' " gne + a o), (133)
Wemq
eH =i Z Aqm equm(z)e ar (ane + afqme)
Wemq

(134)

" Agn €
. Agm
A, =—i Z " e wy(z)eldm (agme + a_qme)
- EEQ CWemq

(135)

We have used unique normalization constant for both types
of modes:

ha)cmq
2/1,0 SL '

The free-field Hamiltonians are, respectively,
[)% +ﬁﬁ /,L()ﬁz
M — z I L | By
ph f [ 2e0€ + 2
1
= Z hiwemg thath +5 3
e Z/ D, K no(HZ + H) Pr
ph 2e0e 2

1
= Z hwcm‘l < qmeaqme + 2)

Agn =

(136)

(137)

(138)

Before providing the coupling of the waveguide modes
of the DM resonator with light, let us discuss the physical
meaning of the displacement field D from the point of view
of the PZW representation. In that representation, and for
globally charge neutral system the field -D plays the role of
conjugate momentum to the vector potential A, and therefore
it is required that Disa purely transverse field [2]. It is clear
from Eq. (132) that this is the case for the TE-polarized modes,
as the only nonzero component D, has a zero divergence.
Indeed, each contribution in Eq. (132) points along the e
direction, whereas the spatial variations of the field arise from
the directions eq and e.. Furthermore, the field ﬁg | vanishes
identically on the metal walls.

The fact that D also has a zero divergence for the TM modes
seems less evident. Let us consider the lowest-order (m = 0)
TM, mode, for which according to Eqgs. (127) and (128) the
only nonvanishing component of displacement vector is the z
component:

th|m —0=1

qON/%
2

Y 0.0 agon — al -
q

(139)
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FIG. 6. (Color online) Transverse field D of the lowest-frequency
symmetric guided mode from nonperfect (a) and almost perfect (b)
metal-dielectric-metal waveguide. Here, §,, indicates the penetration
depth of the mode into the metal walls, that is identically zero for a
perfect metal.

Here, the function xjo )(z) = 1 when z runs inside the
dielectric slab and xjo.1j(z) =0 everywhere else. Since
the function o z)(z) is discontinuous at the metal walls
it might seem that dithz|m:0 = abhz|m:o/az is not zero
everywhere in space, but has instead a very strong value at the
metal walls. This, however, is not true; indeed, consider the
situation where the metal is not perfect but behaves instead
as a three-dimensional electronic plasma with some finite
plasma frequency. In that case, the field penetrates into the
metal [Fig. 6(a)], furthermore, the lowest-order symmetric
guided mode can be seen as a combination of two surface
plasmon waves [51,52]. Solving the classical electromagnetic
problem with the usual boundary conditions one finds that the
classical displacement field D has zero divergence everywhere
in space, and its force lines are closed loops, like the one
sketched in Fig. 6(a). (This mode can also be described
quantum mechanically by using the microscopic model of
the 3D gas from Ref. [3].) As the field decays exponentially
into the metal with a characteristic skin depth 8, the force
lines extend inside the metal over a distance &,,. The classical
analysis indicates that, in the case of an almost perfect metal,
8y — 0 and the force lines are strongly compressed around
the metal-dielectric interface, as illustrated in Fig. 6(b).
Nevertheless, the force lines of D are still closed loops, and
we have divD = 0 everywhere in space. Finally, in the perfect
metal case all force lines run only on the surface of the metal
walls. This is the sense in which Eqgs. (127), (128), and (139)
should be understood as describing a purely transverse field.

Furthermore, the requirement that the force lines of D are
closed loops leads to the fact that the propagation vector q
can never be zero. To show this, let us take the case of the
TMj mode, where the force lines running in the dielectric slab
are all parallel to the z axis. Consider then a particular line
pointing upwards while in the dielectric, at a position xq, then
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necessarily it is closed by a line running downwards in some
further position, say xo 4+ §x. The maximum such distance §x
corresponds to the spatial wave vector g = 7 /6x which is then
necessarily nonzero, although it can be rendered arbitrarily
small in an infinite waveguide. We recover once again the fact
that the displacement vector D describes a purely transverse,
propagating field as required by the PZW representation.

We are now in a position to express the nonmagnetic PZW
Hamiltonian (1) for the coupling between the 2D electron gas
with the guided modes of the DM structure. We consider only
the collective excitations of the gas which, according to the
results from the previous sections, are the only ones to have a
nonvanishing contribution to the polarization field of the gas.
The PZW Hamiltonian of our system then becomes

H = Hp, + Ho +
+ Hlm|1mer + Hln[|1HTId + Hml

inter intra
coll. T Fleoll

(140)

Here, we have split the interaction terms according to the
polarization of the guided modes:

1 A A
Hﬁ“ inter _a Dy P linerd’r, (141)
1 A oA
Ml inra = T eeo / Dy Py lingadr, (142)
mt = __/ LP|||mlrad r. (143)

As the displacement field is purely transverse, the above
coupling terms select automatically the transverse part of
the polarization field, whereas the longitudinal field must
be treated apart, as described for instance in Sec. IID (in the
case of the confined photonic DM geometry, we should use
the discrete wave vectors k7" instead of the continuous set g).
The TM modes are coupled to both intersubband and intrasub-
band plasmons, as they have both z and in-plane components.
The m =0 (TMy) mode is an important exception, as it
has only z component in the dielectric and couples only to
intersubband plasmons [4]. The TE modes couple only to
intrasubband plasmons. Using the decomposition of the matter
polarization field into independent plasmon modes [Eqgs. (111)
and (119)], we can explicit the coupling terms as

. hRxm qc/+/€
Hihntlimer =1 Z ) - Q—
qKm vV SeK Wemgq

X (P(IK + Pqu)(ath - aT_q,nh), (144)

bk, c/ W,

Hihnt|intra = —i Z e \/_ L QLm
Wemq
qLm
X (T, + Mgy )agqun — @' ,yy).  (145)
WLa)cm
Hlem =1 Z q Orm
qLm

X (T}, + T_qur)(@gme — a' ge).  (146)
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In the above expressions, the intrasubband plasmons have been
split into components parallel || and perpendicular L to the
propagation wave vector . We introduced two light-matter
overlap integrals:

1

R = = / Ex um(2)dz, (147)
1

01 = / YL (@wn(2)dz. (148)

The first one, Rk, describes the coupling strength of the Kth
intersubband plasmon mode with the mth waveguide mode,
while the second O}, provides analogous coupling for the Lth
intrasubband plasmon mode. Let us seek to express Egs. (147)
and (148) in a more familiar way. Using Egs. (105) and (112),
we can express the overlap integral Rk, as

_ Qg
= My J& S ®pay | ==sgn
o o

Here, we introduced the spatial overlap coefficient f’ and
the oscillator strength of the transition f:

Ly

faw = Tv

2
Jom = 2mT(/éoz(z)um(z)dz) )

The coefficient sgn, in Eq. (149) is the sign of the
overlap integral in the definition of . These definitions
can be considered as a generalization 0f the previous results
established for intersubband plasmons [4,8,42]. Now, the
oscillator strength f2 becomes mode dependent, however, in
the case where the variations of the function u,,(z) are slow as
compared to the function &,(z) we can recover the well-known
definition of the oscillator strength [34].

Equation (149) shows that the coefficient Rg,, has a
dimension of a frequency. This quantity can be regarded
as an effective plasma frequency of the collective mode
K, that is expressed as a linear combination of the initial
plasma frequencies w p, , €ach being weighted by the respective
oscillator strength and spatial overlap. The coefficients M ,}
provide the weight of each transition « in the collective mode
K through the dipole-dipole coupling between intersubband
plasmons.

Using Eqgs. (115) and (120), we can also provide a similar
version of the overlap integral Qy,,:

QLm—ZNL,\/i f n”(z)wm<z>dz,/ ’. (152)

However, this overlap integral is dimensionless, and we can
not assign a meaning of an oscillator strength to the integrals
between 1;;(z) and w,,(z).

(149)

(150)

(151)

B. Confined plasmon-polariton modes

According to Eq. (146), the TE-polarized waveguide modes
can couple only to the intrasubband plasmon modes I'IIl s
oscillating perpendicular to the propagation wave vector q.
Respectively, the TM modes couple both to the intersubband
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plasmons PTK and the intrasubband plasmons HL“ ;, that
oscillate along the propagation wave vector. Therefore, we
can split the full light-matter Hamiltonian (140) into two
independent parts, according to the type of waveguide modes:
‘H = Hrg + Hrm. In the following, we examine the plasmon-
polariton modes that arise from each part.

1. TE intrasubband plasmon polaritons

The TE part of the light-matter Hamiltonian is

Hie = Z ha)cmq( AgmeCqme + ) Z hWp an_L 1-[qLL

qm

+1 Z hWriL(HLLL + quJ_L)(aqme - afqme)v
qmL
(153)
Wit = JWLTW,QLH, (154)

The mode TE,, thus interacts with intrasubband plasmons
L with the coupling constant qum .- The above Hamiltonian
is solved by introducing the coupled-mode operators

Yqi = Z(xqmaqme + quaiqme)

m

+ Z(qu l_[qJ_L + th H-[-—qLL)'
L

(155)

Let wq be the frequency of the coupled polariton modes.
Then, using the relation [Yqi,Hte] = hwgqYqL (Hopfield-
Bogoliubov procedure) it is straightforward to obtain the
following relationships between the Hopfield coefficients
introduced in the definition of Yy, [Eq. (155)]:

My = wq:—’WL ; Wit G + Ygm).  (156)
hqt = W,, Z Want Kan + Yan), — (157)
Yn = XLj e (Mar +hqr),  (158)
Yon = XL: L (Ma +hq).  (159)

These equations must be supplemented by the normalization
condition

Y Uxqnl® = yanl? + D _(mqrl = lhq ) =1 (160)
m L

which arises from the requirement that Y4, is a boson

destruction operator: [Yq l,YJ/ ] = 84q- This set of equations
is sufficient to determine the Hopfield coefficients, up to an
arbitrary phase, as well as the polariton dispersion wq = f(q).
There are two possible approaches in order to handle the
algebra in Egs. (156)—(159). We can eliminate the matter
Hopfield coefficients mgq; and hgqr in favor of the photonic
coefficients xg, and yq,,. Then, the polariton eigenmodes wq
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are determined by the following eigenvalue matrix equation:

| MG, (g)] =0, (161)
M, m’(a)) = Sum’ (Cl)z - wgmq)
- Z 4-a)cm—qVVLVquLVV;;n (162)
P Gl

In a similar way, by eliminating the photonic coefficients
in favor ,9f the matter ones, we can define an alternative
matrix M¢, (w) that sums over all cavity modes (we shall
not provide its expression explicitly here). In both approaches,
the polariton dispersion is obtained numerically by truncating
the matrix M¢ (w) or M{, (w); the choice of a particular
matrix depends on whether the numerical truncation is more
advantageous over the plasmon or photon indexes.

The lowest-order truncation corresponds to a single plas-
mon mode L coupled with a single waveguide mode TE,,. In
this case, Eq. (161) provides the following secular equation:

(0% — lq) (0% — W}) = 2 a Wi O (163)

cmq cmq

We rearrange this equation in a form of a Helmbholtz-
type dispersion relation with an effective dielectric constant
SLmL(w):

? 2
@+, ==t = eim(0) (164)
; = l(] + M
ELmL(w) € 0)2 - Wf
1 — mL iZnL (165)
€ e(1—W}/w?)

We recognize in the second denominator of Eq. (165) a
Drude-type dielectric constant e(1 — Wf Jw?) of the plasmon
layer. Clearly, the coefficient Q7 ,, plays the role of a spatial
filling factor of the plasmon mode in the waveguide slab. In
the following, we shall see that for TE modes resonant with
the intrasubband plasmon mode, this filling factor is typically
very small Q?, < 1. Furthermore, let us consider the high-
frequency limit @ > Wy ; under these conditions, Eq. (165)
can be rewritten as

2 2 Wi
eimL(w) & (1 — QmL)s + QmLs<1 — E) (166)

This is the effective dielectric constant that would be
obtained applying the classical boundary conditions for a sub-
wavelength layer with an in-plane dielectric tensor component
e(1— WL2 /®?*) and TE-polarized wave [28]. However, such
interpretation is impossible in the general case as the quantity
&1mr(w) does not play a role of a macroscopic dielectric
constant of the medium. This is already seen from the fact that
it is strongly dependent on the waveguide index m through
the overlap integral Q,,;. As a result, the dispersion relation
in Eq. (164) also depends on the waveguide mode, and we
can no longer define a global dielectric function in the sense of
the macroscopic Maxwell’s equations, contrary to the case of a
homogeneous system from Ref. [3]. We will see further that we
can still recover an effective dielectric function, independent

125409-18



DIPOLAR QUANTUM ELECTRODYNAMICS OF THE TWO- ...

from the waveguide mode index, only as an average on scales
much larger than the typical size of the quantum confinement.

Let us at present estimate the coupling strength for
intrasubband plasmon polaritons. To this end, we consider
the intrasubband plasmon from an infinite quantum well of a
thickness Lqw and a single occupied subband, as discussed in
Sec. II C 3. First, we look for the condition where the excitation
frequency of the plasmon wp| = /(2/3)(e2Ny)/(m*eeoLow)
matches the cutoff frequency w19 = c7/+/eL of the lowest-
order TE,—; mode. We take the maximal doping level
Nymax = m*Awy /7l so that only the fundamental subband
of the well remains occupied Ep = hAwy;. Since for an
infinite quantum well we have hAwy = 3w2h?/2m* Low
[35], we obtain Ngnax = 37w /2Lqw. Then, the condition
wp, = wc1p can be rewritten as a relation that involves
only the quantum well thickness Lqw and the waveguide
thickness L:

3
12 = LQW
4a,

(167)

Here, we introduced the “classical electron radius” a. [37] of
the electron with an effective mass m™*:

2

ac =42 x 107 nm. (168)

T dgegm*c?

Clearly, this quantity sets the order of magnitude for
the geometrical overlap Low/L = /4a./Lqw between the
quantum well and the waveguide mode which is resonant
with the plasmon excitation. Since typically the quantum well
thickness is on the order of tens of nanometers, we obtain that
Low/L is on the order of 103, which means extremely small
coupling of the intrasubband plasmons of a single well with
the transverse electromagnetic field [53].

Even if the coupling of a single quantum well with the
waveguide mode is weak, we can recover strong collective
coupling of an ensemble of quantum wells, that are ho-
mogeneously distributed inside the whole thickness of the
waveguide slab, as depicted in Fig. 7(a). Let us consider
a Low = 23 nm quantum well, which has an intrasubband
plasmon excitation at wp|/2wr =5 THz. Then, according
to Eq. (167) the corresponding waveguide thickness is L =
8.8 um. As depicted in Fig. 7(a), we consider a quantum
well/barrier superlattice of a period Lgw + Lpar = 50 nm;
such system is feasible with the actual technology of THz
quantum cascade lasers [48].

We look for a solution of the secular equation (161) by
taking into account all possible waveguide modes. We first
consider the off-diagonal terms of the matrix M¢ . (w). In the
present case, the index L labels the position of the quantum
well along the z axis. Since W, = wp are identical for all
wells, the off-diagonal elements (m’ = m) are proportional
to

2Low &

ZLj Qw1 Qm = =57~ ]2:{: W (Z)) Wi (2)

!/

4Lqw . MTZj\ . (M
=—Zsm< )sm(—')
3L < L L
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FIG. 7. (Color online) TE intrasubband plasmon polaritons. (a)
Schematics of a DM waveguide filled with identical pairs of quantum
wells and barriers. (b) The resulting coupled-mode dispersion, for
the case where the plasma frequency wp is resonant with the cutoff
frequency of the lowest-order TE,,_; mode. Each waveguide mode
TE,, interacts with the intrasubband plasmons, giving rise to two
coupled modes indicated by continuous lines. The original uncoupled
excitations are indicated in dashed lines. The polariton modes
resulting from the resonant interaction between the intrasubband
plasmon and the TE,,—; mode are indicated by thick lines. Note the
significant red-shift for all lower polariton modes, even if the TE,,
waveguide modes are strongly detuned from the plasmon as the index
m increases.

4 Low | , .
= sin(m’x) sin(mx)dx
3 Low + Lvar ™ Jo
2 L
v s (169)
3 LQW + Lbar

Here, z = j(Lqw + Lbar),j = 0... Now — 1, is the posi-
tion of the jth quantum well inside the waveguide slab, and
Now = L/(Lqw + Luyr) is the total number of quantum wells.
Since Lqw + Lpar < L we can convert the above sum into
integral which vanishes for m % m’ thanks to the orthogonality
of the waveguide modes w,,(z). The matrix equation (161) then
breaks into independent equations for each waveguide mode:

(@ = 02g) (@7 — @3)) = @2,q@3) Y _ Onyp. (170)
L

The coupling constant is now identical for all modes.
According to the general property of this biquadratic equation
that describes two coupled quantum oscillators [4] we can
associate a coupling constant 2Q; which evaluates the Rabi
splitting between the polariton modes in the resonant case.
By using Eq. (169) with m = m’ this coupling constant is
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evaluated to be
4 = wpy Y Oy
L

2 Low

2
O e —— 171
P 3 LQW + Lbar ( )

_ 2
= Wp¢)>

) A
Wpg = — .
m*eoe(Low + Lypar)

(172)

Here, we introduced the effective plasma frequency of the
superlattice wp) that corresponds to the bulk plasma frequency
that would have been obtained if the same number of charges
were homogeneously distributed in the whole volume of the
waveguide. Therefore, for intrasubband excitations considered
here, the Rabi splitting 22 is exactly the equivalent 3D
plasma frequency of the system.

In the present case, we obtain numerically a collective
coupling strength 2Qg| /27w = wpa/2wr = 3 THz, which is
now a significant fraction of the plasmon frequency wp| /27w =
5 THz. The corresponding dispersion is plotted in Fig. 7(b),
where once again, for simplicity, we have neglected the
phonon dispersion of the material. The intrasubband plasmon
is coupled with each TE,, waveguide mode, which leads,
according to Eq. (170), to two polariton solutions for each
waveguide mode. These solutions have been indicated in
Fig. 7(b) in continuous lines, while original uncoupled
waveguide modes and cavity modes are indicated in dashed
lines. Note that the coupling of a single plasmon mode with an
infinity of high-order waveguide modes creates an infinity of
lower polariton branches that accumulate around the frequency
4 THz. Similar phenomena were indicated by Zaluzny and
Zietkowski in Ref. [30] for the case of intersubband plasmon
polaritons. Note, however, from Egs. (158) and (159) that the
Hopfield coefficients for the lower polariton branch tend to
zero as the detuning between the TE,, modes and the plasmon
is increased as the index m increases. This would lead to
low, yet observable, contribution of these high-order polariton
modes in the absorbtion spectra of the system [30].

An interesting feature of the dispersion relation in Fig. 7(b)
is the important red-shift of the lowest coupled modes for large
wave vectors w, that becomes constant beyond the light line
of the waveguide, and that affects all modes. Indeed, even if
one would expect that the effects of the coupling would vanish
as the high-order TE,, modes are significantly detuned from
the intrasubband plasmon, the lower polariton modes never
recover the original plasmon frequency wp;/2m =5 THz.
This red-shift can be recovered from Eq. (170) taking the
limit wepq > @:

wg (Ig] = 00) = ,/w%” — why.

From a quantum-mechanical point of view, the renormal-
ization of the lowest plasmon-polariton branch can be seen
as resulting from the repulsion of all cavity modes to lower
frequencies owing to the light-matter coupling. Note that the
full dispersion of the polaritons, including the region beyond
the light line of the waveguide, can be observed in experiments
with three-dimensional microcavities with quantized wave
vector q [6,42].

(173)
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Since the coupling strength between the plasmon and the
waveguide modes is now independent from the index m, we
can associate to Eq. (170) a unique dispersion relation:

2

,
SJ_(a)q)c_;l =q¢ +k,. (174)

which now is expressed in terms of an effective nonlocal
dielectric constant, that is valid for all TE,, waveguide modes:

-1
tu@) _ " Dpy
e w? — wp,

(175)

We see that the effect of neglecting the off-diagonal terms
of the matrix My () leads to a semiclassical nonlocal
dielectric function of the system. This approximation is
pertinent in the present case as the typical extension of the
waveguide modes, that is, on the order of the light wavelength
A =2mc/wp|, is much larger than the size of the quantum
confinement, which allows averaging the off-diagonal terms
to zero.

Equation (175) also allows us to understand the physical
meaning of the asymptotic resonance from Eq. (173) from
a semiclassical point of view. To this end, let us examine
the form of the dielectric function in Eq. (175) in the limit
where Ly, — 0 and a large number of occupied subbands,
as discussed in the end of Sec. IIE. We showed in that
section that in this limit, the intrasubband plasma frequency
tends to the three-dimensional plasmon resonance described
in Eq. (122), which in the present case writes wp| — @p..
The dielectric constant ¢, (w) from Eq. (175) then becomes
exactly a Drude dielectric constant with a vanishing pole
(a)%,” — a)%,cl) — 0. We showed in Ref. [3] that the presence
of such zero-frequency solution corresponds to a perfect
screening of the electromagnetic wave propagating in the
medium by the field created by the oscillating electrons. In the
case with quantum confinement, the electrons do not fill the
whole medium, and such screening is impossible, which leads
to the appearance of a nonvanishing low-frequency resonance
from Eq. (173). This fact can be used as en experimental probe
of the quantum confinement of the electronic system.

2. TM mixed plasmon polaritons

Let us consider, at present, the TM part of the light-matter
coupling Hamiltonian:

1
Him = Z hwcmq <a:;mhath + E)

qm

+ D hQk Ply P + Y AWLIT] Mgy,

qk qL

+i Z hW(ZlmK(PJmK + P—ql()(ath - at_th)
qKm

—i Z hW‘!mL(H:;”L + H—qHL)(ath - Clith),
qmL

(176)
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1 qc/ e
Wik = = Rim e (177)
ank = 2 vV Qchmq
kmze | W,
What = QLm R —= (178)
cmq

In this Hamiltonian, the intrasubband and intersubband
plasmons became coupled through the TM modes of the
waveguide. The most general solution of the problem there-
fore is a mixed intrasubband-intersubband plasmon-polariton
mode:

Yo = Z(xqmath + quaith)

m

+ Dk Par + i PLog)
K

E : I l f
+ (qul'[q”L + thH];qllL)'
L

179)

Using the Hopfield-Bogoliubov diagonalization method
from the previous section, the commutator [Yg,Htm] =
hwqYqz is computed in order to relate the Hopfield coefficients
to the coupled-mode frequency wq. By eliminating the matter
coefficients in favor of the photonic ones, we obtain the
following eigenvalue equation:

[ME, (@] = o0, (180)
Mh m/((,()) = S (0)2 — wfmq)
dwema W,
- Z ﬁwgmLW(!m’L
L
3 A e W (181)

— (wz — Q2 ) qmK

Let us consider the lowest-order truncation of the above
eigenvalue problem, that corresponds to a single waveguide
mode interacting with a single intersubband plasmon and a
single intrasubband plasmon. The dispersion relation in this
case becomes

2.2 2 2.2 2
(1)2 _w2 k ¢ W mL qc RmK

1 emq = "¢ a)2 W2 e a)2 522'

(182)

We can easily show that this equation can be rewritten in the
form

w? k2 2
R TR (N (183)
c eimL(@wq)  Ezmk (wq)

This is a Helmholtz-type dispersion relation of an electro-
magnetic wave propagating in a birefringent media with two
effective dielectric constants:

11 _1(+W§ ;L) (184)
em(®) = W?)’

L
2
Vo R
Ezmk () 3 w?* — Q%{
The in-plane effective dielectric constant gy,,x(w) is iden-
tical to the function €,,,7,(w) from the previous section. In

SJ_mL(a)) &

(185)
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particular, in the case where the cavity thickness is sufficiently
small, so that only the TM, mode can be considered, the
coupling with the intrasubband plasmon can be ignored, as
in this case k,yp = 0. We therefore recover the intersubband
plasmon-polariton mode that was discussed in Ref. [4].

We now examine the results from our formalism in the
multimode case, for a waveguide filled with identical quantum
wells, as discussed in the previous section. We consider
the case of a single occupied subband. In order to evaluate
the matrix elements of M”" (w), we need to compute the
sums

(186)

Z QmLQm’L7 ZRmKRm’K-
L K

The first sum was already computed from Eq. (169). To
evaluate the second sum, we use the same technique that allows
us to convert the sum over the quantum well positions z; into
integrals thanks to the long-wavelength approximation

Z RmK Rm’K
K
1
2 / Ex (@D (2)dz / Ex @ (2)dz
K

1 w? 2NQW
~ = P21 </§21(Z)dZ) U (2 (25)

—0
2

1+6m0

2N, K2
m*sso(LQw + Lpar) 2m* Aw,

1 m
X — / cos(mx) cos(m’x)dx
T Jo

2
e"Ng
= S’
m*SSO(LQW +Lbar)f21 mm

= by f218mm-  (187)

Like before, the index K refers to the different spatial po-
sitions of the intersubband plasmons with identical frequency.
To establish this result, we used the definitions from Egs. (105),
(151), and (172). Since the off-diagonal terms of the matrix
average to zero, we obtain, similarly to the previous section, a
unique dispersion relation that is valid for all TM,,, waveguide
modes:

% _ _k a’ 188
4 : (188)
c g)(wg)  &:(wq)
Here, we defined two global dielectric functions

1 1 1 w?
= =—(14+ =L 189
gw)  ei(w) € ( w? — a)%,“) (189)

1 1 f21w%) 1 >
—_— =14+ =), 190
g(w) ¢ ( w? — @3 (190)

This is the nonlocal semiclassical dielectric constant that
corresponds to the TM-polarized waves. Clearly, this result
can be combined with the results from the previous section,
in order to define an anisotropic dielectric tensor of the
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FIG. 8. (Color online) Confined plasmon-polariton modes aris-
ing from the coupling between the TM waveguide modes with
the electronic collective excitations (intrasubband and intersubband
plasmons) of the quantum wells, for the case of a L = 2.2 um thick
waveguide. The uncoupled original modes are indicated in dashed
lines, while the coupled polariton modes are indicated in continuous
lines. Now, there are three polariton branches for each index m.
However, only the polaritons that arise from the coupling between
the TM,, with the intersubband plasmon feature visible anticrossing
behavior (thick lines). The coupling of the intersubband plasmon
with the high-order modes gives rise to lower polariton branches that
remain very close to the original frequency @, /27 = 7.4 THz. The
intrasubband plasmon at wp; /2w =5 THz does not couple to the
TM, mode, yet there is a red-shift of all lower polariton branches due
to the interaction of all higher-order TM,,., waveguide modes, that
is identical to the interaction with the TE,, described in the previous
section.

multi-quantum-well medium. Similar expressions were pro-
vided in Ref. [54]. Once again, the intensity of the light-matter
coupling is provided by the effective 3D plasma frequency of
the system, which is corrected by the oscillator strength of the
transition in the case of the intersubband plasmon.

Examples of the resulting coupled polariton modes are
provided in Figs. 8 and 9. We consider the case of the
Lqow = 23 nm infinite square quantum well from the previous
section, for which we have f,; = 0.96, @, /2w = 7.4 THz,
and +/0.96wp = 4.9 THz. The resulting polariton dispersion
is plotted for two different values of waveguide thickness in
Figs. 8 and 9. In Fig. 8, the waveguide thickness is chosen to be
L = 2.2 pum, so that both the intersubband and intrasubband
resonances appear well below the cutoff of the TM; mode.
The coupling between each waveguide mode and the two
plasmons now creates three plasmon-polariton branches for
each waveguide index m. However, we observe only a splitting
between the cutoff-less TM;, mode and the intersubband
plasmon, as discussed in Ref. [4]. The corresponding polariton
branches have been highlighted with thick continuous lines
in Fig. 8. The interaction of the intersubband plasmon with
the higher-order TM,, modes creates branches that remain
very close to the original intersubband plasmon frequency
w1 /2w = 7.4 THz, as also pointed out in Ref. [30]. As
indicated in the aforementioned work, these branches cause
a weak absorption peak around the uncoupled frequency @»;
in the polariton spectra, while the spectra are dominated by
the lowest-order intersubband polariton branches [6].
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FIG. 9. (Color online) Confined plasmon polaritons from a L =
8.8 um thick waveguide. The thickness of the waveguide is set so that
the TM, becomes resonant with the intrasubband plasmon at |q| = 0.
As in Fig. 8, the TMj is coupled only to the intersubband plasmon.
At high wave vectors, the TM; couples to to both intrasubband and
intersubband plasmons, yielding the mixed branch indicated in the
figure. These modes that arise from the resonant interaction with the
plasmons are indicated with thick lines. The other plasmon-polariton
modes are indicated in thin lines, while the original uncoupled modes
are indicated in dashed lines.

The intrasubband plasmon at the frequency wp/2m =
5 THz is not coupled in the TMy mode since this mode
does not have a planar component of the electric field.
Instead, its interaction with all higher-order TM,, modes is
permitted, as these modes possess an in-plane component of
the electric field. This interaction, that is formally identical to
the coupling with the TE,, discussed in the previous section,
induces global red-shift of all lower intrasubband polariton
branches as described by Eq. (173). However, we expect
that, for thin cavities as in the present case, these branches
will have little influence on the absorption spectra. This is
because the important detuning between the intrasubband
plasmon and the TE,, gives very little weight to the Hopfield
coefficients of these branches. The physics of the system will
therefore be dominated essentially by the coupling between
the intrasubband plasmon and the TMy mode, as described
before [6,30].

The situation becomes more complex for a thick waveguide,
as depicted in Fig. 9. In that case, the thickness is chosen at
L = 8.8 um in order to render the TM; resonant with the
intrasubband plasmon. Each waveguide mode, except the TM,,
is then split into three branches, that arise from the interaction
with the two kind of plasmons. In Fig. 9, we have indicated
the Rabi splittings 2Qg| = wpa and 2Qg, = +/ fr1wpa that
arise, respectively, from the resonant coupling between the
TM; mode and the intrasubband plasmon and the TM, with
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the intersubband plasmon. Note that the Rabi splitting 2Q g is
not affected by the intersubband plasmon, which does not
couple with light at |q| = 0. However, the TM; starts to
interact with the intersubband plasmon as the planar wave
vector q is increased; this coupling yields, in particular, a
mixed photon intrasubband-intersubband plasmon mode that
has been indicated in Fig. 9.

Let us note that we can still recover the homogeneous
electron plasma as a limiting case of Egs. (189) and (190)
for the case of multiple occupied subbands. This is already
shown for intrasubband plasmons in the previous section,
as &) (w) = g(w). For intersubband plasmons of a square
quantum well the demonstration is provided in Ref. [55],
where it is shown that, as the number of occupied subbands
increases, the oscillator strength of all intersubband excitations
is concentrated in a single resonance with a frequency that
tends to the equivalent bulk plasma resonance wp,.

C. Inverse PZW transform

In this section, we will explore the image of our light-matter
coupling Hamiltonian [Eq. (1)], describing the 2D electron gas,
in the minimal-coupling representation. In Ref. [3], we per-
formed a similar study with homogeneous three-dimensional
systems. In the present case, we have two new constraints that
were previously absent: on one hand, the electronic movement
is quantized in the direction of quantum confinement, and
on the other hand, the electromagnetic field is also subject
to a photonic confinement within the metallic waveguide.
In particular, our approach will reveal that the Coulomb
potential of the system, that describes the particle-particle
interactions, is modified not only by the quantum confinement,
but also by the boundary conditions arising from the cavity
walls.

In order to express correctly the unitary transformation
relating the two representations, we must take into account
all possible electronic transitions together with the full set of
waveguide modes. For this purpose, we return to the general
expressions of the polarization operator P(r) in Egs. (28) and
(27) from Sec. IIB. In that picture, the polarization opera-
tor is expressed in the k-resolved single-particle electronic
states, before the diagonalization of the matter part and the
identification of the collective contributions. However, we
still make use of the bosonization hypothesis which ensures
the self-consistency of the polarization field operator. The
coupling Hamiltonian spanned over the TE,, and TM,,, modes
is written as

H = Hpy, + Ho, + He + He
— i /[ﬁzf)hz + P Dy + D1, (191)

Here, we employed the initial expressions of the polariza-
tion field operator of the gas [Eqgs. (28) and (27)]:

A he .
— 2 : 1 =i
BEETEPT

(192)

A ihe

Py == ) Magla(2)e ™. (193)
qo
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For convenience, the following operators are introduced:

toe.
o = Cik+qCik
eq T z : ’

(194)
Aok

Myg=) st o
leeq - Aa)kqij :

(195)

As before, a single Greek index labels the subband index
pair i j, however, now this labeling includes both intersubband
j # i and intrasubband j = i transitions. The functions &,(z)
and n,(z) are supposed to be real, implying a closed system.
We should bear in mind that these definitions only make sense
on the subspace spanned by the bosonized states defined in
Sec. ITA.

The unitary transformation that we use to obtain the
minimal-coupling image of the Hamiltonian is

T = exp(— ;—Z/Alsd%)
= exp {—% /[ﬁzAhz + IA)”(A/,H + Agl)]d3r}. (196)

The explicit expression for this transformation can be
inferred from the vector potential components provided in
the previous section, and shall not be detailed here. Since we
consider a subset of bosonized electronic excitations, we will
benefit from the general properties of the inverse bosonic PZW
transformation that were established in Ref. [3]. We split the
total Hamiltonian H in two parts in order to isolate the kinetic
energy part H, from the rest:

THTT =T(H — H)Tt + TH.T. (197)
Then, according to the results established in Ref. [3], the two
parts of (191) are transformed under the operator T as follows:

T(H—H)TH = th + Hoy + Her — Hz (198)

THT = He + /jA d*r + Hao. (199)
The transformation of the first contribution H — H, in
Eq. (198) provides, apart from the free photon part ngh + th,
the difference between the square-polarization term Hp, and
its transverse part Hpy. We recall that the transverse part Hp,
can be obtained by projecting the operator P onto the vector
potential A and using its expansion into normal modes. The
difference appearing in Eq. (199) is the longitudinal part of the
polarization self-energy, which plays the role of the Coulomb
potential for our system:
Veouomb = Hp2 — Hipo. (200)
The transformation of the electronic part H, leads to the
“jA” linear interaction term, which mirrors the linear “PD”
interaction term of the PZW Hamiltonian. Furthermore, in
Eq. (199) there is also a residual term that is square in the
vector potential Ha». In the following, we discuss separately
the terms Veoulomp and Hao.
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1. Coulomb interaction

Let us analyze first the Coulomb interaction term VCOulomb
that is derived from our PZW Hamiltonian. We spare the
reader some lengthy, but straightforward, calculations, which
make use of the Baker-Hausdor expansion that is interrupted to
second order thanks to the bosonic commutation rules imposed
on the excitation operators [3]. At the end of the computation,
the transverse part Hp, appears as a decomposition over all
possible waveguide modes:

| c?
Hpp= ————
2 8m*Segy L q;m 2

wcmq

x {cf / Eqltmdz / Eqttdz T Toarg
+kzzm/nawmdzfna’wmdz(eqnﬁaq)(eqnlla’q)
_kzm/";:ot”de/na’wmdzniaq(qn\\ﬂf'q)

_kzm/nawde/SQ/ul1de(qH]‘L‘aq)Hza’q

2
Ew.
+ C;mq/nwwmdz'/na’wmdz

x (emﬁaqxem”arq)}.

(201)

We now need to combine Hp, with Hp; in order to obtain
explicitly the Coulomb potential. To this end, we expand Hp,
into the basis of waveguide modes, taking advantage of the
fact that the functions u,,(z) and w,,(z) form a Fourier basis
with a period 2L. Since the functions &,(z) and 7,(z) are
defined only on the bounded interval [0,L], we may choose
a convenient 2 L-periodic extension of these functions on the
entire z axis [40]. Equation (201) suggests that such extension
must be symmetric for &,(z) and antisymmetric for 1,(z) with
respect to the origin. As shown in Appendix B, these periodic
extensions lead to the integral expansions

[tz =7 3 [z [ gounaz. o)

m=0

1
/nana/dz = ZZ/nawmdz/na/wmdz. (203)

m=>0

For m > 0, we also have the following identity, which is easily
shown by the use of Eq. (30) and integrating by parts:

/ Euttyd 2m*wy / J
allm = o WindZ.
¢ hk 7 ¢

(204)

To establish Eq. (204), we used the fact that all functions w,,(z)
vanish on the metal walls. The m = 0 term, which corresponds
to the TM mode, cancels identically in the difference Hp, —
‘Hipa, therefore, the remaining expansion contains only m > 0
terms.
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Another useful identity is the following formula for the
excitation operators, stemming from the definitions (194) and
(195):

N ,
D}y = walll,q + %(eqn\\aq) = Z CikrqCik  (205)
K

Making use of these results, and after some lengthy algebra,
we obtain the following expression for the longitudinal part of
the polarization self-energy:

2

e
o Wld
AT Z /nw ¢

q,o,0' ,m>0

T
DlyDurq
X N’ wmdZ .
/ K, +q°

Hipz = Vcoulomb =

(206)

The sum over the waveguide modes can be computed by
applying the Poisson summation formula [40] on the periodic
extensions of 74(z). The details are provided in Appendix B,
and the result is

1
amd a’md—
> [ ewndz [ S

q,a,0',m>0

L [t [t :
= / / N (2) Y eI dz dz! . (207)
0 0

nez

Finally, replacing the density functions 7, with the products
¢i(2)¢(z) we recognize a familiar expression for the Coulomb
potential Veoulomb as a two-dimensional Fourier transform:

e L pL
Vouom == i . ., / ” /
Coulomb 2Seeg Z/o /0 ¢i(2)9;(2)p (2 )i (2)
q.k K
ij,j'i’
e_‘1|Z—Z/|

X

coth(gL)dz dz/cjkﬂcjkcj,k_chrkr.
(208)

Here, the operator product can be rearranged in order to isolate
divergent electron self-interaction terms [1,3]. Our expression
of the particle-particle interaction from Eq. (208) takes into
account explicitly the boundary conditions for the Coulomb
potential, imposed by the metallic waveguide walls. These
boundary conditions give rise to an infinite set of image charge
contributions that appear explicitly through the weighting
factor coth(g L):

coth(gL) = ) " e~2"". (209)
nez

Note that in the limit of infinitely thick waveguide L — oo
we have coth(gL) — 1. In this limit, the image charges
disappear, and we recover the well-known Fourier transform
of the Coulomb potential for a quasi-two-dimensional electron
gas [18]. Since Eq. (208) provides explicitly the longitudinal
part of the square-polarization term Hp,, the collective lon-
gitudinal excitation of the confined geometry can be obtained
by the diagonalization of H, + Veoulomb-

The advantage of our approach lies in the decomposition
of the Coulomb potential from Eq. (200), which provides a
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very convenient way to handle the boundary conditions of
the problem. Indeed, the total polarization field P and the
corresponding self-energy Hp, depend only on the confined
wave functions, and are independent from the photonic
constraints of the system. We can use a simplified version for
the polarization density, by expressing it with the bozonized
universal collective excitations described in Secs. IIC and
IIE and that are obtained from the diagonalization of matter
Hamiltonian H, + Hp,. On the other hand, once the transverse
photonic modes of the system are known, we can express the
transverse part of the self-polarization Hp; as a decomposition
over the photonic modes that correspond to the confined
geometry. However, we can approximate Hp, with only a few
modes that are resonant with the collective excitations; this in
turn provides, with the help of Eq. (200), a simplified version of
the particle-particle interactions, that can be used to obtain the
longitudinal plasmon modes. For instance, in Ref. [4] we made
use of a single TM,,,—o mode approximation. Such approach is
certainly simpler than relying on the Coulomb potential from

J

he?c?

~ Z ~3/2
HAZ = (a)c m®c m’)
4e0e?m*SL ooamT

q.m,m

X {(qzl’vmm’ + kzmkzm’j;nm’)(ath + aith)(afqm’h + ajlm’h) + 2

The following quantities have been defined:

7 hAN,
mm’ — Zm*A

/ Eqttnd / Etmdz,

PHYSICAL REVIEW B 91, 125409 (2015)

Eqg. (208), which would require us to sum over an infinite set
of image contributions.

2. Square-vector potential contribution

Let us now consider the square-vector potential Hamilto-
nian Ha», obtained from Eq. (199). Unlike the Coulomb inter-
action for which we must consider all possible excitation wave
vectors q, we will discuss Hao only in the long-wavelength
limit (LWL). The LWL implies that (i) the typical electron
wave vectors k are large compared to the typical light wave
vectors q and (ii) the extensions of the confined wave functions
are small as compared to the wavelength of light. Indeed, as
we also showed in the numerical examples from the previous
sections, the extension of the confining heterostructure poten-
tials are on the order of tens of nanometers, while the light
wavelengths are on the order of tens or hundreds of microns.
The derivation of the vector potential Hamiltonian Ha, is
outlined in Appendix C, and here we provide the final result

EDcqmWDeqm’ 7 f f
- e— Jmm’(aqme + afqme)(afqm’e + aqm/e) .

(210)

@211)

212)

T = ZNi/niiwde/niiwm’dZ~

This result must be compared with the square-vector potential term as derived from the standard minimal-coupling representation
of the quantum electrodynamics:

2
Hap = / WA dr. (213)
2m*
Note that the above expression is more general than Hao. Indeed, H a, acts only on the photonic degrees of freedom, whereas
now Ha» acts also on the electronic degrees of freedom through the density operator term Wiw, We are going to show that, just
like for the case of the 3D electron gas, Ha, can be obtained as the ground-state average of the full Hamiltonian H4», in the

LWL. This is formally expressed by the following inequality:
Haz < (FIHazl F)liwe- (214)

Here, the symbol < means that, as we are going to show, the matrix elements of H A2 are at best equal or smaller than those of
the right-hand side. The square-vector potential Hamiltonian H a5 is expressed from the formulas of the vector potential provided
in the preVious sections and the field operator from Eq. (22) :

Hao = 48 2m*SL Z(wcqmwcqm)

i) EWcqmWPceq'm’ 4
{( I,E?n/ + ek T ) (@i + aT—th)(afq’m’h + a:;’m/h) + %Jqq (agme + “*qme)(a*q m'e + aq m e)}
(215)
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Here, we defined the operators that act on the electronic
degrees of freedom:

9 =3 g g ik / Nytmitwdz,  (216)
kij

Ja = Zc}kﬂ_q,cjk/n,-jwmwm/dz. (217)
kij

The average values of these operators over the electronic
ground state |F), supposed to be the free-electron Fermi
sphere, are

(FIL |F) =6qquN,~ / Miittmitdz,  (218)

(F| 3| F) = bqq ZN / Niwnwpdz.  (219)
Clearly, we must compare these expressions with Egs. (211)
and (212). The comparison between Eqgs. (219) and (212)
is very straightforward. Indeed, we need to compare only
the overlap integrals between the electronic wave functions
nii(z2) = qbiz(z) and the waveguide modes w,,(z). Let z; be the
barycenter of the wave function ¢;(z). Since the variations of
the modal functions w,,(z) are very slow as compared to those
of ¢;(z) in the LWL, we can express the overlap integrals in
Eq. (219) as

/ i (Wi (D)W (2)dz X Wi ()W (24, (220)
we used the fact that f n:;(z2)dz = 1 owing to the normalization
of the wave functions. Exactly the same result is obtained
by applying the LWL in the overlap integrals in Eq. (212).
This confirms the equivalence stated in Eq. (214) for the
intrasubband part of the square-vector potential part of the
Hamiltonian.

Let us now compare Egs. (211) and (218). Without loss of
generality, we will consider that there is only one quantum well
situated at the position zg. The indexes « and i will therefore
refer to the wave functions bound in this well. The overlap
integrals in Eqs. (211) and (218) are then written in the LWL:

hA N,
/éaumdzfgaum’dz

Zm*A
AAN,

2
~ Z zm*Aa) </§adz> um(ZO)um/(ZO), (221)

SN [ stttz ~ 3 Nt otz 222)

From Eq. (151) we can recognize the oscillator strength of
the intersubband transition oc:

5 2
Jo = m(/éadz) .

Then, Eq. (214) is satisfied because of the following inequality:
D fubNy =) fiy(Ni = N)< Y N (224)

i<j
The sum runs over the occupied subbands. This inequality
basically states that the total oscillator strength from all elec-

(223)
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tronic transitions cannot exceed the total number of particles in
the system. This inequality is always satisfied in intersubband
systems, because of the Thomas-Reich-Kuhn sum rule [34,56].
According to the general results from Ref. [13], the inequality
(214) therefore rules out the appearance of a quantum phase
transition in our system, at least in the case of hard-wall
boundary conditions for the wave functions discussed in
Sec. IIB. As discussed in Ref. [55], the case of equality
in Eq. (214) is reached for a very high number of occupied
subbands, which ensures the correct asymptotic limit of our
model to the three-dimensional homogeneous plasma.

IV. CONCLUSION

In this work, we discussed a general quantum theory of the
confined plasmons in a quasi-two-dimensional electron gas,
including both intrasubband and intersubband excitations. In
our theory, these modes can be directly expressed through
the wave functions associated to the confining potential. With
the current state of technology for the epitaxial growth of
semiconductor heterostructures, a rich variety of potentials can
be designed. As the confined plasmon modes have a significant
impact of the the optical properties of semiconductors in the
infrared domain, our formalism allows for a direct engineering
of the spectral response through the confining potential [8,55].
In previous works [8], the accent was put on intersubband
plasmons, that correspond to electronic oscillations in the
direction of the quantum confinement. Furthermore, only
thin resonant structures were studied, where the physics is
dominated by the light-matter coupling with the intersubband
plasmons only [42]. This paper extends these studies by
providing a model for the in-plane plasmons and their mutual
couplings, and all possible waveguide modes are taken into
account in the light-matter interaction problem. Our results
include the previous studies as limiting cases, and, while the
validity of the previous results is preserved in this more general
treatment, we indicate several new features that can arise in
thick resonators (Sec. III B 2) or asymmetric quantum wells
(Sec. ITC 3). We believe that this formalism also sets the basis
for more advanced quantum optical applications in the solid
state [36,57,58] implemented with quantum-confined electron
gas. In that case, dissipation also must be included in the model,
which can be achieved through several approaches [59,60].

Our formalism relies on the PZW representation of quantum
electrodynamics, and it can be of particular convenience for a
class of problems that involve a small number of electromag-
netic modes that interact resonantly with the condensed matter
system. Such situations arise, for instance, in the studies of the
ultrastrong light-matter regime, where the quantum-confined
plasmons are coupled with microresonators that provide very
strong electromagnetic confinement [6,7,9,15-17,22,38]. In
these systems, the boundary conditions of the electromagnetic
field play a crucial role and the particle density is extremely
high. Indeed, the Coulomb potential in a confined geometry
generally appears as an infinite sum of image contributions,
and involves a resummation over an infinite number electro-
magnetic modes and electronic transitions. This also holds
for the quadratic vector potential part of the light-matter
Hamiltonian [Eq. (215)] [61], that plays an important role for
the regime of ultrastrong light-matter coupling [5]. In that
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case, as we showed in this work, the PZW representation
allows a more convenient and compact truncation of the Hilbert
space of the system, both for the longitudinal and transverse
interactions. Furthermore, the electronic degrees of freedom
are also reduced to a few universal collective modes, that arise
from a finite number of occupied subbands and are independent
from the electromagnetic environment of the system.

Our method relies on the relation between the current den-
sity and the dynamical polarization of the system, expressed
in Eq. (20). A key point of the theory is that, if we can
neglect the effects of dynamic (time-varying) magnetic fields
on the system, only the single-particle electronic Hamiltonian
‘He enters the commutator of Eq. (20). Since the current
density operator i can be obtained from the eigenfunctions
of H., the dynamical polarization field of the system can be
constructed by solving an essentially single-particle problem.
This approach can be applied for a number of electronic
systems where H, is well known, such as the one-dimensional
electron gas [18], an electron gas subject to a constant
magnetic field [62], or the graphene [63]. In all those cases,
the resulting polarization operator will provide not only the
light-matter coupling, but also the particle-particle interactions
to the dipole-dipole order of the Coulomb potential, and the
corresponding collective states. Another generalization of the
theory is to include several components in the system, each
described with its own polarization field. Then, the square-
polarization part of the PZW Hamiltonian will provide the
interaction between these parts. For instance, the polarization
field for phonons Ppyo, can be obtained semiclassically [64].
By adding Ppno, to the polarization field of electrons and
expanding the square-polarization term, we obtain the Frohlich
interaction [65]. A similar approach can be applied to obtain
the coupling between a quantum-confined electron gas and the
quasistatic electric field of circuitlike resonators [39].

APPENDIX A: CHARACTERISTIC TENSOR OF BOSON
QUADRATIC FORMS

Let us consider the following bosonic quadratic form:

DD
H= ) houblb + Y 5=} +b)(b) + bp). (A1)
o o,B

Here, D, can be, in general, n-dimensional vectors. Then,
relying on the results from Ref. [3], we can associate to
this Hamiltonian the following characteristic n-dimensional
second-order tensor:

2wq
() =1, — Xa: W(Da ® Dy).
Here, 1, is the n-dimensional unit tensor, and “®”’ denotes a
tensor product. As shown in Ref. [3], the main property of this
characteristic tensor is that the zeros of its determinant provide
the eigenvalues €2; of the Hamiltonian (A1):

I £(€2) [|= 0. (A3)
Furthermore, in the case of a three-dimensional system the
characteristic function can be identified with the dielectric

function of the medium described by the elementary bosonic
excitations b, [3].

(A2)
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In the case of quantum-confined plasmons, we often need
to deal with a slightly different bosonic form

H =3 honblbe+ 30 P 0] 1 b0 + by (Ad
o a#p

The main difference with Eq. (A1) is that now the o = 8
terms are excluded from the interaction term. This is the case
of interacting plasmons from different subbands. Nevertheless,
we can use a unitary transform to recover a Hamiltonian in the
form of Eq. (A1) from Eq. (A4). For this, we rewrite Eq. (A4)
to make the o = B terms explicit:

/ T hDg T 2
H =) heablba =) —*(b] + ba)

hD,D ;
+ZTﬂ(bL +b)(bl+bg).  (AS)
op
We use a unitary transform to diagonalize the first line in

Eq. (AS5) with new operators f, that satisfy [4]

T — a_ﬁbT b
fa+f0( Cl)(a+ Ol)a

@y = /w2 — 2w,D2. (A7)

Here, w, are the new eigenfrequencies of self-interacting
bosons in first line in Eq. (AS5). Now, Eq. (A4) can be rewritten
as

H/ = th_oafojfa

hD,Dg
+
2.
o.p
We then use the previous result to obtain the characteristic

tensor of Eq. (A4):
2wy
@)y=1,-Y_

2_ 2 2
w w; + 2w,D;,

(A6)

D DB+ fOF ). (A8)
@p o o B B

Wy

Dy ®Dy).  (A9)
o

For the case of intrasubband plasmons considered in the
end of Sec. IIE, the coefficients D, are scalars and we have
Wy = “),U pand D, = a),” p/ /3 which leads to the characteristic
equation (121). However, in general the interacting term
between quantum-confined plasmons can not be written as
a scalar product, and numerical diagonalization must be

performed [42].

APPENDIX B: PERIODIC EXTENSION OF 73,

In this Appendix, we describe the trigonometric resumma-
tion in Eq. (207). We start by rearranging the overlap integrals
between the waveguide modes and the functions n,:

L
/ Na(D)wy (2)dz
0

1 L me 0 i
- L ny(z)d T [—n.(—2)ldz |.
iﬁ[/oe n(z)z+f_Le [n(z)]z}
(B1)

Let us define a 2L-periodic function 7,(z) that is equal to
Ne(2) in the interval [0,L] and to —n,(—z) in the interval
[—L,0]. Then, Eq. (B1) defines the Fourier component 7, of
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the function 7, (z) in the interval [—L,L]:

1 f L ms ) 1 -
= 2 not 2)aAz = —=MNam-
iﬁ —-L lﬁ “

We have the property Jgm = —a—m,and therefore 77,0 = 0.

With these definitions, we can now express the left-hand side
of Eq. (207) as

(B2)

+o00 ~ 2
1 Z [Mem |
4 g% + k2,
m=—o0

rm o)

=1 2/ / na(z)na(z)z — 2Lzafzdz

The summation has been extended to the m = 0 term which
does not contribute anyway. To compute the right-hand side of
this equation, we use the Poisson summation formula [40]

2immt
Z e _T Ze’z”b“’”'
m2+b2 b
m n

Performing the sum over m and reducing the integrals into the
interval [0, L] we obtain Eq. (207). Furthermore, since z,7’ €
[0,L] we have |z — 7/ — 2nL| = |z — 7’| + 2|n|L which, with
the help of Eq. (209), allows obtaining the final expression of
the Coulomb potential (208).

(B3)

(B4)

APPENDIX C: DERIVATION OF H,,

__ To establish the result for the square-vector potential term
Has we use Eq. (199), together with the bosonized expression
of the electronic Hamiltonian (18). The unitary transform 7 in
Sec. III C is expressed as

—-iB 1 AD 3

T =¢"7, Bzﬁ APd’r. (CDhH

For the polarization field, we use the expressions (37), (39),
and (40) assuming that the wave functions are real. The unitary
transform is computed with the Baker-Hausdor expansion

2
A l N N

=He +i[B,Hel + 5[3,[B,He]]-

¢BH 1B (C2)

This expansion becomes exact at the second order as we
imposed bosonicity of the electronic excitation operators. The
square potential term is the second order of the expansion

2
Far = ’2—,[1@,[3,%]]. (C3)

Since the bosonized Hamiltonian (18) is split into inter-
subband and intrasubband parts, then the transform (C2) will
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respectively yield two parts from the Hamiltonian (C3):

Hao = Hazlinter + Hazlintra- (C4)
Let us consider first Has |inwa, Which derives from the intra-
suband part of H.. Using Eq. (40), the expressions for the
vector potential Egs. (129), (131), (135), and (C3), we obtain

the following result:
22

Hazlinwa = de 82SL Z(wcqmwcqm )~ 312

mm'’

X Aqu/ niwde/niwm’dchkmc—qkm/,
(C5)

Cakm = kzm(€qBq)(@qmn + aith)

«/E Weqm
X ———
C

(€1 Ba)(dqne +algne).  (CO)

We now develop the square in Eq. (C5) and perform the
sum over the electronic wave vectors. We first notice that the
cross-polarization terms vanish in the long-wavelength limit;
indeed these terms are proportional to the factor

h 2elk
Awgk(egBgr)(eL Bqk) ~
Xk: qk(€qPq q mq ak

=0. (C7)
k
This equality is easily proven transforming the sum over
wave vectors into integral. The angular part of this expression
appears as an integral between 0 and 2w of an odd angular
function. The remaining square terms are proportional to

Aw
> AogleBa) =) qzqk
k

k

h M i N;. (C8)
2m* q2 m*

In these equalities, we used the isotropy of the two-dimensional
gas in the plane perpendicular to the quantum confinement,
and in the last equality we used the twofold degeneracy of the
electronic wave vectors due to the spin. The second and third
terms of Eq. (210) are thus recovered.

The intersubband part is treated in the similar way. In this
case, we use the fact that the in-plane intersubband polarization
[Eq. (39)] does not contribute because of the long-wavelength
approximation and the orthogonality of the wave functions.
The remaining part [Eq. (37)] is coupled only to TM waves
and leads to the first term of Eq. (210).
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