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ABSTRACT

This dissertation explores the interaction of light with quantum systems exhibiting differ-
ent symmetry properties, specifically two-level polar systems without inversion symme-
try, sustaining permanent dipole moments, and inversion-symmetric three-level systems.
A comprehensive theoretical framework is developed to describe the dynamics of light-
matter interactions in these systems as well as ensembles thereof, with a particular focus
on the generation of low-frequency radiation and superluminal pulse propagation.

In two-level polar systems, the presence of permanent dipole moments introduces com-
plex dynamical behaviors beyond traditional models. These include nonlinear Rabi oscilla-
tion frequencies with respect to the driving field amplitude and the generation of coherent
low-frequency radiation. The proposed theory revisits and extends classical approaches,
offering new insights into the role of permanent dipoles in light-matter interactions. By
applying a series of unitary transformations, an analytically solvable model is derived,
capturing the influence of the polarity of the system on its optical properties.

The thesis further investigates three-level systems, focusing on the phenomena of sublu-
minal and superluminal propagation. A new, experimentally feasible scheme is proposed
for achieving superluminal light propagation in rubidium vapors using a three-level lad-
der configuration by exploiting far-detuned two-photon transitions. This approach reduces
pulse distortion and absorption compared to the scenarios exploiting single-photon transi-
tions, enabling the observation of superluminal group velocities.

This research advances the understanding of light-matter interactions in both polar and
nonpolar systems, offering new theoretical insights and proposing experimental scenarios
in quantum optics. The findings have implications for coherent radiation generation, pulse
propagation, and possible future applications in areas such as spectroscopy, imaging, and

quantum communication.
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STRESZCZENIE

Niniejsza rozprawa bada oddzialywanie Swiatta z ukladami kwantowymi charaktery-
zowanymi réznym stopniem symetrii wzgledem inwersji przestrzennej, w szczegdélnosci
z dwupoziomowymi ukladami polarnymi z trwalymi momentami dipolowymi oraz z
tréjpoziomowymi ukladami o symetrii inwersyjnej. Opracowany w niej model teoretyczny
opisuje dynamike oddzialywania §wiatla z materia zaréwno w pojedynczych uktadach, jak
i w osrodkach czasteczkowych, ze szczegélnym uwzglednieniem generacji promieniowa-
nia o niskiej czestotliwoéci oraz propagacji impulséw z predkoséciami nad$wietlnymi.

W polarnych uktadach dwupoziomowych obecnoé¢ trwatych momentéw dipolowych
w zlozony sposéb modyfikuje ich dynamike, ktorej opis stanowil wyzwanie w ramach
tradycyjnych modeli. Naleza do nich oscylacje Rabiego z czestoScia nieliniowo skalujaca
sie¢ z amplituda pola dzialajacego na uklad, a takze generacja spdjnego promieniowania
o niskiej czestotliwosci. Zaproponowana teoria uogélnia klasyczne podejscie, koncentru-
jac sie na roli trwatych momentéw dipolowych w oddzialywaniu $wiatto-materia. W jej
ramach, po zastosowaniu serii przeksztalcenn unitarnych uzyskano w peini analityczny
model uwzgledniajacy wplyw polarnosci uktadu na jego wiasciwosci optyczne.

Rozprawa bada réwniez tréjpoziomowe uklady kwantowe, koncentrujac sie na
zjawiskach podswietlnej i nad$wietlnej propagacji. Zaproponowano nowy, mozliwy do
wdrozenia w eksperymencie schemat uzyskania tego typu propagacji $wiatta w parach ru-
bidu z wykorzystaniem konfiguracji pozioméw energetycznych w formie tréjpoziomowej
drabinki. Dzieki zastosowaniu daleko odstrojonego dwufotonowego przejscia, mozliwe
jest zredukowanie znieksztatceri impulsu i ograniczenie absorpcji w stosunku do scenar-
iuszy eksperymentalnych wykorzystujacych przejécia jednofotonowe, co umozliwia ob-
serwacje nad$wietlnych predkosci grupowych.

Badania te poszerzaja zrozumienie oddzialywania $wiatla z materia zar6wno w
uktadach polarnych, jak i niepolarnych poprzez nowe podejscia teoretyczne oraz propozy-
je realizacji eksperymentalnych w optyce kwantowej. Wyniki moga mie¢ istotne znaczenie
dla realizacji scenariuszy generacji spdjnego promieniowania, propagacji impulséw oraz
mozliwych przyszlych zastosowan w takich dziedzinach jak spektroskopia, obrazowanie i

komunikacja kwantowa.

xi
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INTRODUCTION

The interaction of light with matter is a fundamental phenomenon that underpins many
fields of modern research, from quantum optics to materials science. This work focuses
on exploring how light interacts with systems possessing different degrees of symmetry,
specifically two-level systems with broken inversion symmetry (polar systems) sustain-
ing permanent dipole moments (PDMs) and inversion-symmetric three-level systems. The
propagation of electromagnetic pulses through the ensembles of such systems provides
plenty of interesting phenomena such as those discussed in this thesis: generation of low-
frequency radiation and superluminal group velocities.

In two-level systems, light-matter interaction is typically described by well-established
models exploiting the electric-dipole and rotating-wave approximations. Historically, the
role of permanent dipole moments in these interactions was considered minimal, leading
to minor frequency shifts. However, attempts to describe the impact of the polar systems
on evolution were made in the approximated form quite early, e.g., by G. F. Thomas [1]
or W. ]J. Meth and collaborators [2, 3]. More recent research has revealed that these sys-
tems exhibit far more complex dynamical behaviors. O. Kibis et al. described analytically
two-level polar system interacting with light in the wave function formalism [4] providing
evidence for the low-frequency radiation generation, and later his work was extended to
the tailored photonic environments such as an ensemble of quantum dots [5], gases [6]
or cavities [7, 8]. In works [9-11] Meath et al. again investigated the polarity, now in the
context of enhancement of two-photon interactions, while M. Koppenhdofer et al. [12] and
M. Antoén et al. [13] focused on light squeezing. Spatial asymmetry may have a significant
impact on the optoelectronic properties of double quantum dots, including the spectral po-
sition of optical resonances [14]. PDMs also facilitate stimulated Raman adiabatic passage
(STIRAP) [15, 16], establishing strong long-range interactions [17], population inversion
[18] and many more [19-21]. These unique properties make polar systems highly intrigu-
ing for both theoretical studies and practical applications. The growing interest is fueled
by the potential for generating coherent radiation at tunable frequencies, enabling new
possibilities in fields such as spectroscopy, imaging, quantum information processing, and
communication.

In this thesis, a comprehensive theoretical framework addressing this rich evolution is
proposed which, through a series of unitary transformations, leads to an analytically solv-
able model. The model may involve approximations neglecting processes at high-order
resonances, yet it well describes the dynamics in a physically relevant range of parameters.
This result generalizes the analytical solution of the Rabi model without PDMs, obtained



INTRODUCTION

recently by D. Braak [22]. It additionally provides analytical expressions for observables
such as the rich fluorescence spectrum sustained by polar systems. The analysis is then ex-
tended to polar molecule ensembles. The model requires rewriting the established Bloch—
Maxwell set of equations beyond the standard approximations. Applied to a specific exam-
ple system of LiH molecules, it extends the prediction of Kibis et al. regarding the emission
of low-frequency radiation by polar molecules, shown to be coherent which may give rise
to an overall stronger signal.

In addition to two-level systems, the behavior of light interacting with three-level sys-
tems opens a pathway to understanding more complex dynamics like electromagnetically
induced transparency (EIT), slow light, and superluminal propagation. The investigation
of phase and group velocities of pulse propagating in media has been a subject of extensive
research since theoretical predictions of superluminal propagation sparked widespread
interest. According to A. Sommerfeld and L. Brillouin [23], the idea of group velocity
appeared already in 1839, while became broadly known due to the Lord Rayleigh book
published in 1877 (first edition) [24] and later articles. Early debates as shown in books
[23, 25], tied to the implications for Einstein’s theory of relativity and many have claimed
that the pulse distortion provides no physical significance of group velocity. However, in
1970 C. G. B. Garrett et. al showed that the output pulse can have nearly the same shape as
an incoming one [26]. This later spurred the development of theoretical and experimental
investigations of variety of electromagnetic pulse propagation aspects: slow light in the
EIT process [27-31], fast light [32, 33], and even negative group velocities [34, 35].

The research described in the final part of this thesis builds on these foundational studies
by proposing a new, experimentally feasible scheme for superluminal propagation using
a three-level ladder configuration. This setup exploits the interaction between a control
and probe beam in a far-detuned two-photon transition regime, allowing the anomalous
dispersion necessary for superluminal behavior to appear. This project was triggered by
heretofore unpublished experimental results conducted under the direction of Sz. Pustelny
(Jagiellonian University, Cracow). Their results suggested superluminal propagation of
probe pulses in suitably prepared rubidium vapors. This phenomenon was unexpected
at the time, and the analysis eventually confirmed the possibility of superluminal prop-
agation in the studied system. The propagation conditions in model three-level systems
with different energy configurations were characterized in detail, and a scheme for super-
luminality without population inversion or nonlinearities was identified by exploiting the
two-photon resonance regime.

Through these investigations, this work examines two core phenomena: the rich physics
of light interactions with polar two-level systems, including low-frequency radiation gener-
ation, and superluminal propagation in nonpolar three-level systems. By focusing on these
two distinct yet related systems, the thesis provides new insights into how symmetry in
light-matter interactions influences coherent radiation generation and pulse propagation.

The dissertation is organized into several chapters that build upon the foundational
theory of light-matter interaction, focusing on both two-level and three-level systems, as
outlined below:
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Chapter 2: Light-Matter Interaction Theory.
This is the most comprehensive part that presents the theoretical framework for under-
standing how light interacts with quantum systems on the basic level. Beginning with
two- and three-level systems, several topics are covered: the electric-dipole approximation,
non-dissipative and dissipative Bloch equations, the difference between energy level con-
figurations, and the role of permanent dipole moments. Next, the ensembles of these sys-
tems are taken into account with discussed: dissipative Bloch-Maxwell equations, slowly
varying envelope approximation (SVEA), and group velocity of pulses. These models pro-
vide a foundation for the subsequent analysis of more complex systems and act as an
introduction to the articles presented in the following chapters.

Chapter 3: Permanent Dipole Moments in Two-Level Systems.
This chapter presents articles A1 and A2, focusing on the specific case of two-level systems
with broken inversion symmetry, highlighting the effects of permanent dipole moments on
the interaction with light. The generation of low-frequency radiation in such systems is a
central topic of discussion, along with the implications for practical aspects of coherent
radiation generation.

Chapter 4: Sub- and Superluminal Propagation in Three-Level Systems.
The interaction of light with three-level systems, specifically in the context of subluminal
and superluminal pulse propagation, is explored in this chapter with the article A3. These
phenomena arise in media with specific three-level configurations, leading to unique prop-
agation effects that challenge the conventional understanding of light speed.

Chapter 5: Summary.
The final chapter summarizes the key findings of the thesis, with a focus on the novel
effects arising from the interaction of light with systems of different degrees of symmetry.
Potential future directions for research are also discussed, particularly in the realm of
practical applications of the findings.






LIGHT-MATTER INTERACTION THEORY

This chapter introduces the background that facilitates the understanding of the articles
comprising this thesis and the connections between them.

The first section describes quantum systems with two energy levels that interact with
an external electromagnetic field. The theory explains the evolution of the population for
both isolated and dissipative system cases. Ultimately, an additional interaction involving
permanent dipole moments provided by polar systems is introduced.

The second section naturally continues by adding a third energy level to the system,
which may significantly affect the system’s behavior under certain conditions. All three
possible level configurations are described, followed by a theory similar to that of the
previous section.

The third section further extends the topic by using previously described systems as
building blocks of the media. Specifically, ensembles of noninteracting systems are consid-
ered in a semi-classical description. Here, a theory of electric pulse propagation in such
media is also introduced. Finally, the phase and group velocities, as well as sub- and su-
perluminal propagation of such pulses are discussed.
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21 TWO-LEVEL SYSTEMS

le>

Figure 2.1: Schematic representation of the two-level system.

The simplest, yet scientifically interesting quantum system one can imagine consists of
just two energy levels. Although this model might appear overly simplistic in some con-
texts, numerous research findings have demonstrated that it often aligns well with experi-
mental results [36-39]. Notably, resonant interaction between matter and electromagnetic
fields can frequently be described using this framework.

In nature, there are many exact and approximate realizations of two-level systems. The
most pertinent to this work involves coupling electromagnetic radiation with two specific
energy levels from a more complex system, such as an atom or molecule. By carefully
adjusting the laser frequency to the energy levels of the system, and using selection rules,
it is possible to focus solely on the two levels of interest.

Mathematically, such a system can be described using the tools provided by quantum
mechanics. In this case, both levels, which in this thesis are considered nondegenerate, cor-
respond to linearly independent vectors in a two-dimensional Hilbert space. The system’s
energy is described by the energy operator, the Hamiltonian. Throughout this thesis, Dirac
notation is used, where the excited (upper-energy) and the ground (lower-energy) states
are represented by kets |e) and |g), with corresponding energies fiw, and hw, (Fig. 2.1),
where 7 is the reduced Planck constant. It is convenient to use these states as a basis for
this Hilbert space as they are orthonormal ( (e|g) = 0, (e|e) = (g|g) = 1). The Hamiltonian
of the system, expressed in this basis is

Hqys = i, |e) (e] + hwg |g) (g] - (2.1)

On the other hand, the system’s population is described by the density matrix of the

form
Psys = Pee |€) (€] + peg |€) (] + pge 18) (€] + pgq I) (81, (2.2)

where p;; = p;i(t), i,j € {e,g} are the time-dependent coefficients describing the evolution.
The terms p ¢, contain information about the population in the excited and ground states,
respectively. Hence, in the case of no leakage of population trace Tr(fsys) = 1, the prob-
ability of finding the system in any state is 1. The peg e terms describe the coherence in
the system, which is a purely quantum property, as setting these values to zero indicates
that the system is just a classical mixture of states. Due to the Hermitian character of the
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operators ﬁ;rys = Psys, these coefficients are connected by the equality p.; = pg,, where -*
describes complex conjugation.

The description of the two-level system in the eigenstates basis (by the operators |i) (j|,
fori,j € e, g) is simple and intuitive. Nevertheless, it is sometimes more convenient to use

their linear combinations known as Pauli matrices:

= le) (e[ +1g) (gl

= le) el —18) (sl

= 18) (e[ +le) (g
|

|
=1(Ig) (el = le) (g]),

where i is an imaginary unit. However, the most common basis includes combinations of

4

the above operators, where instead of &, and &, so-called flip operators are used

. 1 N
o = 1e) (5] = 2 (o +103)
o 1 N
0 =|g) (e] = 5 (6x —i0y) .

The name of these operators describes their property as they "flip" one eigenstate vector to

the other: 0" [g) = [e) (g]g) = e), 0 |e) = [g) (ele) = g).
In this thesis, the basis {f, 0, 0, 0} is used. Hence, the Hamiltonian (2.1) has a form

N 1 1 o
Hsys = Eh (we - wgl@'z + Eh (we + Cdg) I, (2.3)

wgg
and the density operator (2.2) takes the form

R 1 . . 1 .
Psys = 5 (Pee — Pgg) 0= + Peg0" + pged™ + 5 (Pee + pgg) I (2.4)

=Tr(peys ) =1

2.1.1 Isolated, non-interacting system

To calculate the evolution of the population, i.e., the time dependency of the density oper-
ator coefficients, the von Neumann equation [40] is required

in S p(t) = [A(), (1), 25)

which is a general formula for any Hamiltonian F(t) (even time-dependent), and density
operator describing any isolated quantum-mechanical system p(t). Here, d/dt denotes the
time derivative, while the [+, -] bracket denotes the commutator of two operators. For pure

states, this equation is fully equivalent to the Schrodinger equation.
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Figure 2.2: Illustrative presentation of the evolution of the density operator elements for the isolated
two-level system initially prepared in the superposition of excited and ground states

such that pe(0) = pge(0) = 1/2, and p.e(0) = 1/2. The solid line corresponds to
the excited state occupation, while the dashed and dot-dashed lines show the real and

imaginary parts of the coherence in the system, respectively. All the units are arbitrarily
chosen (a.u.).

For the case of a non-interacting two-level system described by (2.3), and (2.4), the von

Neumann equation (2.5) has an explicit form of

Ld. o
1hapsy5(t) = [HSYSIPSYS(t)]

%h‘*%g 2 (Pee(t) _pgg(t)) [&ZI a—z] +Peg(t) [@'z; @'+] +Pge(t) [UZ/U ] +% [Az/ f]
—
= =0
(et ) | 5 (peelt) = pis(0) [1.22] pes(t) (1] ose(t) (L] 45 [1.1]
=0 =0 =0 =0

- %hweg (Peg(t) [&Z' 5’+] +u08€(t) [ﬁz’ &_]) ’

The equation simplifies significantly, as the terms with the identity operator do not con-
tribute to the evolution of the system because this operator always commutes with any
other one and the time derivative of a constant value is zero. This is a general behavior, so
such terms can be entirely omitted directly in the Hamiltonian and density operators in
the first place, which will be the approach taken for the rest of this thesis. Furthermore, the

energies of the levels in the system (fiw,, and iw,) do not appear in the equation; instead,
the energy difference fiw,, is an important parameter.

An easily obtainable commutation relation [6,, 0+

0%] = +26* provides the final form of
the equation for non-interacting, isolated two-level system

d d d
i ET: (Pec(t) — pgg(t)) 0= + apeg(t)&+ + apge(t)a_ = Weg [Peg ()0 — pge(t)07] . (2.6)

A—
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Based on this result, the equations for the coefficients can be written as

d

dt (pee(t) - pgg(t)) =0= Pee,gg(t) = Pee,gg(o)/ (2.7a)
d .

qiPes(t) = —iWegpeg(t) = peg(0)e %, (2.7b)
pge(t) = pg(t). 2.7¢)

This solution is presented in Fig. 2.2, and two interesting features appear in it. First, the
population in the system does not change in time, hence, in this ideal problem, the initial
state is preserved forever. However, if, at the beginning, the system has coherence, it oscil-
lates forever with the frequency corresponding to the energy difference between excited

and ground levels.

2.1.2  Electric-dipole approximation

The quantum system alone is just one part of the problem in quantum-optical consid-
erations. The other is the field with which it interacts. It is typically an electromagnetic
tield with frequencies in the visible range for the most frequently used atomic and mole-
cular systems. Moreover, in this thesis, the semi-classical approach is considered, i.e., the
classical description of the electromagnetic field is used as the field is strong, and hence
quantum systems are altered significantly while the field is negligibly affected.

The general classical Hamiltonian for a non-relativistic electron in an atom (or molecule)
interacting with an external electromagnetic field reads [41]

H(,jb) = — (7 - EA(?,t))z + (7, t) + V(7). 2.8)
2m, c
where 7 is the position vector, p is the electron’s momentum, i, is the electron’s mass,
and c is a speed of light in vacuum. The vector and scalar potentials of the external field
are A and ®, respectively, while Vj; represents the static potential energy of the atom
(with the nucleus at the origin of the coordinate system). However, the above form may
be inconvenient for the interaction analysis with a directly given electromagnetic field (e.g.
plane wave or Gaussian pulses extensively used in the experimental realizations). The fact
that the electromagnetic field remains the same under the so-called gauge transformations
A— A+Vf, & - @ 12f where f = f(7,1) is any twice continuously differentiable
function, provides some freedom in the formulation of the interaction Hamiltonian. The

most useful, in the context of this dissertation, is the Goppert-Mayer transformation [42]

f(7t) = —7- A(G, ). (2.9)

_ , L AN\2 3
H(, 5,t) = 2;16 (7- S (A0 - A@,0)) +e <d>(?,t) +?A(O,t)> + V(7). (2.10)
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Before it becomes clear why such a transformation is helpful, it is worth focusing on the
electromagnetic field itself. The simplest example would be a pulse with a given carrier
frequency w, and electric and magnetic envelopes Eo (7, t), By(7, t), respectively. Mathemat-
ically, it reads

E(7,t) = Eo(7,t) cos (% Tt wet+ 4)), (2.11a)
B(#t) = Bo( t) cos <% P wet + ¢), (2.11b)

where 7 is the position vector, k is a wave vector where ]I-c)] = w¢/c, and ¢ is an additional
field phase. The £ sign corresponds to different propagation directions. In most cases, the
quantum system, which is the subject of the considerations, is much smaller compared to
the wavelength of the external electromagnetic field. Hence, k - 7 < 1 as |7| is at most of
the size of the system, and it is assumed that the center of the system is in the origin of
the coordinate system. Taylor series provides the following expansion

cos (75 Tt wet+ (/J) = cos (% : 7) cos(wct + ¢) F sin (75 : 7) sin(w,t £ ¢)

) 1_(%-?)2 ) (E-?)3

TR cos(wet =) F [ k-7— 3

+ - | sin(wct £ ¢)

= cos(wct £¢) + O (%?) .

The approximation justifies neglecting the spatial variation along the system, and so
A(7,t) = A(0,t) (the system is placed in the origin). From now on, the additional phase
term £¢ can be neglected as it does not provide any qualitative changes.

Assuming ®(7,t) = 0 as there are no free charges in the vicinity of the system and
recalling that the electric field in the Goppert-Mayer gauge (2.9) can be expressed in terms
of a vector potential by the relation

E(#t) = ——-=A(7,1),

A=

9
ot

after applying the previously used transformation, the Hamiltonian (2.10) simplifies to

- 1 o = BR
H(7, p,t) = S 7> + Var(7) —e7 - E(G, . (2.12)
—
~— H,
Hsys

The first two terms represent the system Hamiltonian Hsys, which (after quantization) can
be simplified e.g. to the form provided previously for the two-level system (2.3). The last
term Hj is the interaction Hamiltonian between the system and the external field, where
e7 = d is called the electric dipole moment, and the whole procedure describes the electric-
dipole approximation.

The correspondence rule [43] allows going from a classic to a quantum interaction Hamil-
tonian by replacing the position vector with the adequate operator 7 — 7 = d — d, and the
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same for the system Hamiltonian Hgys — Hsys, giving quantum version of the Hamiltonian
(2.12) R

A(t) = Ayys —d - E. (2.13)
The operator d is known as the dipole moment operator.

To have a complete picture of the dipole-approximated interaction Hamiltonian, the
absence of a magnetic field has to be explained. There are two reasons why, in this descrip-
tion, the magnetic part of the electromagnetic field is omitted.

First, the interaction of the magnetic field with the electron’s momentum is incorporated
in the full Hamiltonian (2.8). However, the Goppert Meyer transformation along with the
small size of the system and non-relativistic electron description provide an approximation
to the Hamiltonian that neglects this interaction, as it is much smaller compared to the
electric one.

Second, the classical Hamiltonian cannot describe the interaction with the electron spin
S as it is a purely quantum property of the particle. Hence it should be added by hand as

Hy = ——S-B(71t).

e
Me
The relation between the electric and magnetic amplitudes of the electromagnetic field

reads |B| « % E

and ||H,|| for the typical parameters provides [44]

, while the spin value reads ‘S’ ‘ o 1h. The comparison of the norms || Hs||

1= S

~ 1
|Hgl| — 2mec

rla2x10 Bmxr,

which is also negligible for a typical system’s size |7| of the order of 10~'° — 10~8m. Hence,
the magnetic part does not contribute to the description of the evolution of the quantum
system.

2.1.3 Non-dissipative Bloch equations

Many atomic systems, such as atoms, homoatomic molecules, etc., are inversion symmet-
ric. For many others, effects related to inversion symmetry breaking are negligible and
it is enough to describe them as inversion-symmetric. Then, their eigenstates are either
symmetric or antisymmetric with respect to the operation R of spatial inversion. For a sin-
gle electron, R(y(7)) = £¢(—7), where ¢(¥) is a wavefunction in position representation
given by

i) = (7li) = £ (—Fli) = £9(~7), fori € {e,g),

where |7) is an eigenstate of the electron position operator 7, and + sign corresponds to
symmetric and antisymmetric states, respectively. The form of the dipole operator in the
basis of the eigenstates of the two-level system is then

d = dego" +dget™, (2.14)

11
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where afge = dEg.

The evolution of the two-level system can be calculated by the previously introduced von
Neumann equation (2.5). Inserting the Hamiltonian (2.13) with the system Hamiltonian
(2.3) and the dipole operator (2.14) interacting with the external field given by (2.11a) in
the dipole approximation, the equation reads

Ld o, 1 n oA > A\ = .
1hapsys(t) = 5hcuegffz — (deg(7++dge(7 )Eo(t)cos(wct),psys(t) . (2.15)

A(t)

It can be split into a set of first-order differential equations for the expected values of the

A

operators (0), (6F), (¢67). The formula for the expected value of a given operator A under
the evolution of the density matrix §() reads

(A) =Tr(p(t) A),

where Tr(+) stands for the trace operation. The useful properties

Ci(A) = (iTr(p(t)A) = Tr<dtp(t)A>,
Tr(aA + BB) = a Tr(A) + BTr(B), (2.16)

where A, and B are two operators and «, € C. The equations for the evolution of the ex-
pected values of the o-operators can be written by multiplying both sides of the evolution
equation (2.15) by such an operator. Then, applying the trace operation, the output set is

ih%@z) = —2Eo(t) cos(w,t) (c?eg<a+> — jge<a—>) , (2.17a)
ih(i@ﬂ = —Tweg (67F) — Eo(t) Cos(wct)Jge<ﬁz>, (2.17b)
in %<&_> = Nweg(6) + Eo(t) cos(wet)deg (0), (2.17¢)

where the trace properties (2.16) were used. The above equation set is a general form of
the so-called Bloch equations for two-level systems. They allow calculating the evolution
of the system and can be solved numerically.

To understand the meaning of these equations, one can show how the expected values of
the sigma operators correspond to the matrix elements of the density operator. It is easily
obtainable that (0F) = pge.ee(t), while (02) = pee(t) — pgq(t). Hence, (0F) describes the
evolution of coherence, while (¢,) provides information on the evolution of the population.

In a simple scenario, the envelope of the external field does not depend on time
Eo(t) = Ep, and the above set can be simplified if noted that the equations can be di-
vided into rapidly and slowly oscillating terms. According to the solution presented in the
absence of an external field (2.7), the off-diagonal (coherence) terms oscillate much faster
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compared to the diagonal (population) ones. This is true also for the evolution under ex-
ternal illumination. Moreover, in the usual case of interest, the external field’s frequency
is close to the transition frequency of the two-level system w. ~ weq, which is described
in the literature as a resonant or fluorescent regime. These conditions provide a significant
interaction between the system and the electromagnetic field. Based on these observations,
the coherence operators can be explicitly represented as a rapidly oscillating term and a
slowly oscillating envelope (marked with ~) by the ansatz

(6%) = (FF)etiw, (2.18)

Inserting this form into Bloch equations (2.17), and making use of the relation cos(w,t) =
1 (exp(iwct) + exp(—iwct)) allows to separate terms with different temporal behavior

Ld el e . ot 7 i

1ha<0'2> = —Ep (deg<0+> _dge<‘7 >> - < eg<(7+> Ziwet _ <0' )e 2w t), (2.19a)

. d 2 L 1—’ - ~ 1—» - i N

1ha<0i> =*+h (WC - Weg) <0'i> + EEOdgE'Eg<UZ> + EEOdge,egeﬁ wct<0.2>, (2.19b)
——

)

where the new symbol J is used for the difference between driving and transition fre-
quencies providing quantitative information about the detuning from the resonance. The
underlined terms oscillate with high frequency +2w,, while the others depend on time
slowly. In the typical case, these rapidly oscillating terms can be dropped as they average
out for interesting evolution timescales.

The discussed approximation has its name — Rotating-Wave Approximation (RWA); nev-
ertheless, from the reasoning presented above it is not clear where this name came from.
However, there is another way to obtain the same set (2.19) by moving to a different frame,
typically performed through unitary transformations in Hilbert space. For any unitary
transformation U(t) hold

where ' represents the Hermitian conjugation, and the transformations of the density
matrix operator and Hamiltonian preserve the form of the von-Neumann equation (the
equation is invariant under unitary transformations). In this problem, the frame rotating
with an external field frequency w, is useful as it leads to the same modification of the 6+
operators as in (2.18), namely

uRWA(t) = e%iwctﬁzl

Una ()0 U (£) = 0™, (2.20)

L d 1
lhauRWA(t)quA(t) — _EwCo-z.

13
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Figure 2.3: Illustrative presentation of the evolution of the expected values of the o-operators for
a two-level system interacting with a resonant electric field. Initially, the system is pre-
pared in the ground state such that pe(0) = 0, pge(0) = 1, and peg(0) = 0. The solid
lines correspond to the solution for the Hamiltonian without any approximations (la-
beled as full), while the dashed lines show the solution with the RWA included (labeled
as RWA). Only the imaginary part of the coherence (¢+) is shown, as the real one is
negligible. All the units are arbitrarily chosen.

The rotated full Hamiltonian (2.15) has the form

rr 1 1 = 7T L 7T L 1—' T L : S :
H(t) = —5hdo. — 5 (dega+ + dgea*) —Eo (degﬁezl“’cf + dgea*elewcf) . @21

Hrwa

Note that ¢, is not modified by this transformation. Since the commutation relations

between rotated operators are the same as in the original frame [?&ffﬂ = +25%,
[3%%1 = =0, the procedure of finding Bloch equations is analogical, and provides

exactly the same set of equations as (2.19). The difference is conceptual, as using U(t)
the splitting onto slowly- and rapidly- rotating terms is done already at the stage on the
Hamiltonian description. The part Hyy, is responsible for time-independent terms, hence
rotating-wave approximation means dropping terms that counter-rotate to the (also rotat-
ing) frame incorporated by the unitary transformation. The approximated von Neumann

equation has the form
. d A oy A
() = [Funs, (1)) - (222)
The comparison of the solutions with and without this approximation is shown in
Fig. 2.3. The rapidly-oscillating terms provide a correction to the (0;) visible as small
wiggling along the approximated solution, while for the coherence the curve in the trans-

formed frame (§+> is simply the envelope of the full solution (t). Most importantly,
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upon interaction with an external field, the population of the system oscillates. This phe-
nomenon is known as Rabi oscillations, and the frequency reads

E-d,

Or = 7

(2.23)

Hence, the Rabi frequency depends linearly on the amplitude of the electric field. It is
worth noting, that this term is precisely the coupling constant between a system and a
field. The linear dependence of the light-matter interaction constant on the field amplitude
is important for the articles comprising this thesis.

The RWA provides proper results in the near-resonant regime, which is understood as
|0] < we, weg, and for a weak coupling [Or| < w,, weg. Beyond, counter-rotating terms
cannot be neglected. Even with these restrictions, the RWA form of the Bloch equations
is extremely useful as it does not contain any explicitly time-dependent terms and so can
be solved analytically. Moreover, it provides a clear insight into the system’s dynamics
revealing the most significant property of a driven two-level system — Rabi oscillations.

2.1.4 Dissipative Bloch equations

In experimental conditions, it is challenging to achieve isolated systems (as in Sec. 2.1.1) or
systems interacting with a single mode of the electric field (as in Sec. 2.1.3), as the quantum
systems always interact with vacuum modes or with other systems in an ensemble. Hence,
a quantitative description of such additional interactions has to be incorporated into the
evolution equation. The solution to this problem is the usage of the so-called quantum
master equation [45], which, in a general form, is extremely hard to solve. Instead, the
most popular and broadly used is its approximated form named Gorini-Kossakowski—
Sudarshan-Lindblad (GKLS or just Lindblad) equation [46]

in 500 = [F0,p(0)] + 0 L (L] - 5 (Lo +p0LIL) ), 220

where the first part is the regular von Neumann equation with a density operator of the
system and the coherent evolution Hamiltonian. The additional sum corresponds to inco-
herent interactions with the modes outside the system, also called environment or reser-
voir, and is described by the operators /7;L;.

The environment provides additional ways for the system to evolve and is typically
much larger (in a Hilbert space sense) than the quantum system itself. For this reason,
in most cases, it is justified to assume that the environment evolution is negligible as the
system does not impact it significantly. Moreover, it is assumed that system-environment
interaction is Markovian (memoryless), i.e., coupling to it is relatively weak and can be
treated as time-independent, which greatly reduces the computation complexity.

The easiest case the above equation can describe is the spontaneous emission — a random
process of transition from excited to the ground state due to the interaction of the excited

15



16

LIGHT-MATTER INTERACTION THEORY

system with an environment in the form of virtual photons in vacuum. In that case, ; =
Yse is a decay rate or parameter that describes how fast, on average, the system will deexcite
and is inversely proportional to the lifetime of the excited state. Since in the process system
changes its state from |e) to |g), the spontaneous emission operator has the form of the flip
operator Lee = |g) (e| = 6.

To find additional terms for the Bloch equations derived in the previous section, the
same procedure as with the von Neumann equation can be repeated for the Lindblad part.
That is, multiplying by & € {¢;, ¢F, ¢~} and taking the trace gives

Lse((0)) = ifyse (Tr(aap(t)a+) - % (Tr(eo+0p(t)) +Tr(ap(t)&+a))>

. 'Yse(<@'z>+1)r if 0 =0,
= —ih

1Yse(0%), if - = oF,
Therefore, in the case of a two-level system interacting only with vacuum, the Bloch equa-
tions have the form

d

dt

ihiwi) = —ih (q:iw + 17 ) (6%) =
dt eg 2 se

i1 (62) = —ihyse ((02) +1) = (82)(1) = ((62)(0) + 1) e Tt — 1, (2.25a)

(0%) (HeFiwst = (5+)(0)e 27!, (2.25b)
—

(@) ()

Contrary to the solution of the isolated system, the population in the system does not stay
the same (unless the initial state was |g)) but rather decays eventually to the ground state
as (0) P —1. Moreover, the coherence also decreases but slower and eventually reaches
zero. Such irreversible processes lead to a loss of information and energy and are called
dissipative.

Complementary to the spontaneous emission, one can describe an incoherent pump-
ing process, when the reservoir’s energy is transferred into the system. It can happen e.g.,
when the system is in non-zero temperature and thermal photons can excite it. The descrip-
tion is similar to spontaneous emission, but the operator has a form Ly, = |e) (g| = 6"
with the pump rate 7py,. Short calculations with use of the GKLS equation (2.24) show
that the result is similar to (2.25), with yse — 7pu and reversed signs next to "1"s. This
time (07) H—oo> 1. Hence, the population tends to transfer to the excited state. However,
incoherent interaction with an environment always provides a loss of coherence, since the
equation for (6) is the same as in the spontaneous emission case.

Another source of decoherence that occurs in atomic system ensembles are collisions
with the sample walls and among the systems forming the ensemble. In this process, de-
phasing occurs and population transfer between states is not induced, contrary to the
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Figure 2.4: Illustrative presentation of the resonant evolution of the expected values of the o-
operators for the two-level system in incoherent interactions. The system is initially pre-
pared in the superposition of excited and ground states such that p..(0) = p4¢(0) = 1/2,
and pe¢(0) = 1/2. The solid lines correspond to the decay of the population and coher-
ence in the spontaneous emission process (labeled sp. emission), while the dashed lines
present evolution for the pumping process (labeled pumping), and dot-dashed lines show
evolution with only dephasing process. In all the cases -y-rates are the same, and the L-
operators are introduced in the main text. All the units are arbitrarily chosen.

previous examples. The operator may have a form Lge = %?rz with the decay rate yge. In

that case, the additional terms read

Lae((6)) = if7ae <; Te(00-p(1)02) — (; Te(66,0,p(t)) + % Te(6 ﬁ(t)?fszz)> )

o, if & = 0,
= —ih
Yael0F), if &= o+

Indeed, only coherence is dumped in this process while the population is intact.

The graphical comparison of the evolution of the system for each incoherent process is
presented in Fig. 2.4. While for the spontaneous emission and pumping cases the behavior
of the population is tremendously different, the coherence behaves the same. For the de-
phasing process, as intended, the population is unchanged while the coherence decays at
a double pace even though the <y-rates have been assumed to have the same values in each
case.

Previously, the evolution equations under RWA (2.19) were presented, so it is also of
interest to analyze the behavior of the transformed Lindblad terms L — ii. Under the
transformation Urwa the 6+ operators gain the phase terms exp (j: %iwct) , while 0, remains
unmodified (2.20). Since L; operators always appear in pairs (L;, L!), these additional phase
terms cancel out and, in consequence, the form of the GKLS part (2.24) is unchanged.

17
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Figure 2.5: Illustrative presentation of the resonant evolution of the expected values of the o-
operators for the two-level system interacting with the external electric field with in-
cluded different dissipation mechanisms. The lines descriptions are the same as in
Fig. 2.4.

In summary, dissipative Bloch equations of the two-level system interacting with exter-
nal coherent field in the form of the plane wave in the RWA regime and with dissipative
processes included via GKLS equation read

ihi(@) =—h (Q§<f7+> - QR@*)) — il (T + ypu) (02) — i (T — ypu) , (2.26a)
ih%<3i> = £h3(0%) F %mié*@ﬁ —ihy, (07), (2.26b)

where I is called the longitudinal decay rate in literature and takes into account all inco-
herent processes of population decay to the ground state. In this thesis, it corresponds to
spontaneous emission I' = g, while the pumping process is added separately. On the
other hand, 7, is named the transverse decay rate and contains all the information about
the incoherent processes that affect the coherence in the system (with pumping included).
In this thesis, it reads 7y, = % (’yse + 'ypu) + Yde- In light of these results, it is justified to
write ¢y, > %I’ with equality holding if no pure dephasing or pumping processes affect
the evolution of the two-level system.

The solutions to Bloch equations (2.26) are illustrated in Fig. 2.5, with each line represent-
ing a different decoherence mechanism for easy comparison. Both spontaneous emission
and pumping processes result in a faster decay of population and coherence than dephas-
ing alone. Moreover, the population eventually reaches a stationary value, unlike solutions
without an external field. In each case, a stationary state is eventually reached: the high-
est values occur with pumping, the lowest with spontaneous emission, and intermediate

values with dephasing. Regardless of the mechanism, the decay in the population is due
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to the external field coupling the ground and excited states, causing the system to os-
cillate between them. Thus, coherence influences the population and decay in coherence
impacts population evolution. The decoherence does not affect the population directly in
the dephasing process, preserving oscillations for the longest time.

2.1.5 Permanent dipole moments

So far, the dipole operator in the form (2.14) has been considered. As has been stated,
this is justified for the systems with inversion symmetry since the wavefunctions have
certain parities. The natural generalization pertains to a description of the evolution of a
system with broken inversion symmetry, i.e., polar systems. Broken symmetry provides
additional dipole moments in the system: permanent dipole moments Jge, Jgg in each of
the eigenstates. The connection between the geometry of the system and the appearance
of PDMs can be found in Section S1 in Supplement to the article A2. The generalized form
of the dipole operator reads

R S N R Y2V

The Hamiltonian describing the interaction between such a system with the external
electric field has a more complex form compared to the one from (2.15)

H(t) = lh (weg — (‘Z}g — jgg) o(f) cos(wct)> 0, — (J;g{ﬁ + d;ﬁ‘) Eo(t) cos(wet),

(2.28)
where the term with the identity operator [ operator is dropped as it does not contribute
to the evolution equations (as was shown in Sec. 2.1.1). The difference between non-polar
and polar systems is manifested in the transition frequency. For the polar case, it becomes
time-dependent, as it starts to oscillate with the external field’s frequency w,, and with the
amplitude proportional to the permanent dipole moments difference between the excited
and ground states d;e — cfgg.

The goal is to find the time-independent Bloch equations in the spirit of the previous
section. However, in addition to RWA, there is a need to apply a unitary transformation to
deal with the time dependency of the transition frequency. The proper form reads [4]

uPDM(t) _ e—i%KZ sin(wct)(rzl
Urow (1) U (1) = GFeFiresineed), (2.29)
d

1
ihaUPDM(t)u;DM(t) = EthwC cos(wt)0z,
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Figure 2.6: Illustrative presentation of the difference between Rabi frequency for polar (solid line)
and non-polar (dashed line) systems as a function of electric field amplitude. The tran-
sition dipoles in both cases are the same, and all parameters are in arbitrary units.

where x, = (tfee — Jgg> Eo /hw,, and again, the plane wave assumption is in use Eo(t) = EO.
Indeed, the transformed Hamiltonian (2.28) has time-independent ¢,-term

A

A 1 S S - A =
H(t) = Ehwega'z - (degU'Jreile sin(wet) + dggtffe”(z Sm(wct)) E() cos(a)ct). (230)

The complicated form next to the & operators can be expressed by the sum of Bessel
functions of the first kind J,(x) forn € Z

ej:iKz sin(wct) _ i ]n(KZ)eiinwct.
n=—oo
It is convenient to write the Hamiltonian using this expression as terms that oscillate with
different frequencies nw, are easily separable. Additionally, making use of the property
Jn-1(x) +Jug1(x) = i—’:]n(x), and the unitary transformation Urwa (2.20), the full Hamil-
tonian (2.30) transforms to

S

2 1. 1.2 S &
H(t) = —EFI(SU'Z — Ehgll(Kz) (QR0-+ + QRU )

Hirwa (2.31)
1 > 2 1 2 ; A
(n + )]n+1 (Kz) (QE(TJreﬂnwft + QRo.felant> ,

Nn=—oo V4

where ;highlights application of both unitary transformations.

The important difference between this result and the RWA Hamiltonian for the nonpolar
system (2.21) is the nonlinear dependence of the coupling on the external field and hence
the nonlinear Rabi frequency. Note that «; is a function of the field amplitude.

O = 21 (k) O (2.32)

Z
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- -

The form above is general and recreates the previous one (2.23) for (dee — dgg) — 0 as the
additional term vanishes K%]l (x;) — 1. Besides that, the RWA Hamiltonian looks the same
as previously, hence the Bloch equations for the polar system under all the approximations
described earlier have the same form as in Egs. (2.26)

ihcciit<ﬁz> = h (ﬁﬁ (@) - O <§7>> —ift (T + ypu) (0z) —i7t (T — Ypu) , (2.33a)
ih%éﬂ = +hO(FE) F %hﬁg<&z> G (2.33)

The comparison for the arbitrarily chosen parameters of Rabi frequency in polar and
non-polar systems is shown in Fig. 2.6. The nonlinear behavior is an interesting and in-
triguing phenomenon that may influence the description of the most basic light-matter
interaction and is a starting point for the article Al.

2.2 THREE-LEVEL SYSTEMS

The discussion now naturally continues to the exploration of three-level quantum systems,
extending the concepts discussed in the previous chapter. These systems provide a richer
framework compared to their two-level counterparts, allowing for more complex inter-
action scenarios, e.g., involving multiple driving fields. The study of three-level systems
reveals new phenomena that are not present in simpler systems and offers insights into
more advanced topics such as coherent population trapping [47], EIT [27-30], STIRAP [15],
and many more [48-51].

In the context of this dissertation, the most important is the ability to control the dy-
namics of the system vig a driving field, i.e., dressing the system optically to impact the
propagation of probe pulses. These possibilities are investigated for three-level systems

with inversion symmetry.

2.2.1 Configurations V, A, and &

A‘S\,&J‘h V"$7s1l&k\ Z"s,shm' >
/ e
——le> (e ) —ole: »
T w
p g :

Figure 2.7: Schematic representation of three possible configurations of the energy levels with
marked transition frequencies.
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There are three ways to organize the three levels that provide significantly different re-
sponses to the external electromagnetic field. In the literature, they are named A, V, and &

systems with graphical representation in Fig. 2.7, and the Hamiltonians respectively read

sys hwgl ‘g1> <g1’ + hwgz ‘g2> <g2‘ + T, ‘€> <€| ’ (2.34a)
sys - hwg ‘g> < | + hw@l ‘€1> <€1’ + hwez ‘62> <62’ ’ (2.34b)
|

BZ,, = haog|g) (5] + e [m) | + heoe o) (e (2.340)

The systems dynamics are significantly different and the energy levels are named ac-
cordingly, to highlight their role. Hence, the bases are B = {|g1),|g2),le)}, BY =
{Ig),le1),|e2)}, and B= = {|g),|m),|e)}. In this thesis, the orders of the energy levels
are such that wq, < wy, < w,, Wy < We; < Wy, Wy < Wiy < we, for A, V, and E configura-
tions, respectively.

The additional energy level, compared to the two-level system, provides space for inter-
action with three external fields, one for each energy-level pair. However, in the typical
scenario involving an inversion-symmetric system, the wave function of each energy level
has a certain parity. Hence, the direct transition between the same-parity levels is sup-
pressed. Especially, in the dipole approximation introduced in the previous section, the
following transitions are assumed to be forbidden: |g1) /4 |g2), |e1) # |e2), and |g) # |e)
for the configurations A, V, and &, respectively.

The electric-dipole-allowed transitions along with fields that couple them are shown in
Fig. 2.8 for each configuration. Usually, one of the fields is stronger compared to the other
and is called in the literature the control field (here described with Rabi frequency ()
which leads to the optical dressing of the system mentioned earlier. This field controls the
system behavior in the interaction with the second weaker probe field (Rabi frequency (),).
Moreover, to describe near-resonant dynamics, detunings for control and probe fields are
allowed and described by é; = w. — wj, and §, = w, — wj, where w is the control field
frequency, w, corresponds to the probe field frequency, and w;; are respective transition
frequencies where i € {egy, 29, em}, and j € {eg1,e18, mg}.

A- 97540“ V.sys,lg.\ =- system
le> (e le?
1 15 &2
& &) le) — ~ a3 o
np Q. a .rz‘ oo SP 'M)
p

)
Ia,)-————- d __—-—__|3> 2p

la}

Figure 2.8: Schematic presentation of the three-level systems driven by control (red) and probe
(blue) fields coupled to selected pairs of states. For each field and configuration, the
corresponding detuning is also marked.
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The Hilbert space in this case is larger; hence, instead of four operators describing the
two-level system, nine are required. However, the flip operators (¢~ )+ = 0" are connected,
and the probability preservation, Tr (ﬁsys) = 1, is assumed, and so only five are inde-
pendent. For convenience, the operators are presented in tabular form in Tab. 2.1, and
o-operators have subscripts p and c corresponding to the energy level pairs coupled via

probe and control fields, while f depicts pairs with forbidden transitions.

Table 2.1: Collective definitions of the operators used in the thesis.

A system V system & system
I i) il ronda X i)
ie{glf 82, 6} ie{gr €1, Ez} Ze{g/ m, 3}

0y | le) (el =1g1) (g1l | len) (ea| = 1g) (gl | [m) (m| —lg) (g

{
07 | le) {e] —Ig2) (g2l | le2) (ea| —[g) (8] | le) {e| — |m) (m]
oy | le) (gl le1) (8] m) (g
o | le) (g2l le2) (8] le) (m]
o7 | 182) (81l le2) (e1] ) (8]

The Hamiltonians from (2.34) can be then expressed as

~ 1 R A

HS[;’S - gh (“J@gl + wgzgl) ; + (wegz - wgzgl) oc |, (2.35a)
wp wh

~ 1 R .

Hyps = 31| (Weig = Werer) 0 + (Werg + Werer) 07 | (2.35b)
o ot

e 1 . A

S5 = 31 | (Wng + weg) 05 + (Wem + weg) 52 |, (2.35¢)

w§ WE

where [-elements are dropped. Introducing new frequencies shown above, the general
Hamiltonian of the three-level system in any configuration can be expressed shortly as

N 1 . R -
Hgy = §h (wgag + wﬁ‘af) , forae{AV,E} (2.36)
The advantage of such choice of the operators is that for energy levels coupled via probe
and control fields the corresponding flip operators have the same commutation relations

as in the two-level system [0, 0, | = 03, [05 ., 0] = +20,,.
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2.2.2  Non-dissipative Bloch equations

The evolution of the three-level system driven by two external electric fields, in analogy
to the previously investigated two-level system in Sec. 2.1.3, is described by the Bloch
equations. However, additional energy level and coupling field, and three possible con-
figurations significantly complicate the general derivation. Nevertheless, this problem is
well-known in the literature [52-54].

The systems are coupled to the probe and control fields defined with the use of their

Rabi frequencies as follows

O, (1) = Qp cos(wpt),
Qc(t) = Q¢ cos(wet),

where hQ), = E, - d}- for (i,7) € {(g1,¢), (g e1), (g m)}, and hQ. = E.-dy for (k1) e
{(g2,€),(g,e2), (m,e)}. Vectors d}, and cf;d are the transition dipole moments of the cor-
responding energy levels pairs. From now, for the simplicity of notation, these dipole
moments will have subscripts p and c indicating pairs coupled by the probe and control

fields d}- = d}, Jkl = d.. Hence, the total dipole moment operator reads

A
S

d=dyo) +dyo, +dso) +deo, . (2.37)
The general Hamiltonian including (2.36) reads

H*(t) = Hs — 1O cos(wpt) 0, — hO cos(wet)d;" +he. fora € {A,V,E},  (2.38)
where h.c. means Hermitian conjugation, and contains additional &, terms. The time-
dependent form of the Hamiltonian can be approximated similarly to the unitary trans-
formation (2.20) used for the two-level system. However, the appearance of two external
tields with two different frequencies complicates the problem and the unitary transforma-
tion cannot be expressed just with 7 . operators. The most convenient is to use, for the
moment, the sets of operators of the form {[i) (i|}yep. for « € {A,V,E}. The unitary
transformations for each configuration read [54]

Ui (1) = €7" [e) (e] + =" [g2) (g + |g1) {g1l,

!

lhaurfbm(u@%f = —hwp |e) (e| — h(wp — wc) |82) (g2],

Upia () = €% e1) (e1] 4 € |e2) (ea] +[8) (3],

. d v Vot (2.39)
lhauRWA(uRWA) = _th ‘€1> <€1’ — hwe ‘62> <62’ ’

U (£) = 7" |m) (m| + <)t je) (e] + |g) (g,

. d = =
it Ui (Ui )" = —Heop [m) (m] = h(ewp + we) [e) el



2.2 THREE-LEVEL SYSTEMS
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Figure 2.9: The evolution of the populations in three-level systems driven by plane-wave probe and
control fields.

This definition provides the following transformations of the o-operators

N AZ o T _ Az
uRW p.c (uRWA) - Up,cl
At

Ut 0pe (Uiyn)T = X015,
etilwp—w )tafi, for A,
gWA&}t(quA)-r = e:’:i(wr’_%)tbv’?, for V,
eii(“)ﬂ*“’f)t'f?}t for &,

for « € {A,V,E}. Although the unitary transformation (2.39) is significantly different
from the one for two-level system (2.20), it has the same effect on the dynamics of the ¢*
and flip operators, transforming the latter to slowly varying envelopes. The transformed

Hamiltonians can be expressed as

A 1 1 S S
A () = —5n (28, 7 8.) 0%+ (26 6,) 0F) — o (036} + 05 ) +he.
Y (2.40)

1, /e A\ o
Sh (Q;a; + Q:aj) 2t L e fora € {A,V,E}.

The F signs in the first brackets differentiate between the A and V' configurations, where
the minus sign applies, and the & configuration, where the plus sign is correct. The Hamil-
tonian HY,, evaluated in Eq. (2.40) can be divided into two parts: one involving operators
corresponding to the evolution under the influence of the probe field and the other involv-
ing analogous operators for the control field. However, operators in these separate parts
do not commute as [0 ., 0%,] = iai for Aand V, and [07 ., 0%, = :FO'i for E.

The Bloch equations can be evaluated as previously in (2.22) by using von Neumann

equation

ihap(t) [ RWA/ﬁ( )]
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The expected values of five operators: 7, ., and ZA?;“ o f provide full information on the

: S— (At Az Az __AZ AZ_ 5Z
evolution of the system as Tpef = (Up, . f) , and ¢ can be expressed as ¢, — 07, 07 — 07,
and 0y, + 07 for A, V, and &, respectively. The generally written explicit Bloch equations

for these expected values of the operators read

d . e R T .
i (07) = = (Qp(67) — Qu(@;)) F 50 (U E) - 0e(67)) (2.41)
. d AZ * /2 2L 1 s a
i (07) = —h (QUE) = Q(60) ) F 51 (4(67) - 26,)), (2.41b)
d ) +%hﬂc<?}j{>, for A,
i (03) = 18, (07) = ShOY(F5) + § —1hQ.(5;), for V, (2.41¢)
+100:(5), forE,
d 1 +§hﬂp<§i>r for A/
i (GF) = hoe(Gl) — 5h0(07) + ~1h0, GF), for v, (2.41d)
—3hQy(07), for B,
d +1 (8p — c) <§}r> - %h0p<§c_> + ;hQﬂf?:{), for A,
i OF) = § —h (8, — 6) (5F) — ShQ(E) + 300 (Gy), for V, (2.41¢)

+ (8 + 0c) (07) — gh O (0F) + 3hQc(F7),  for E.

Once again, the F sign provides distinction between configurations. As an example,
Fig. 2.9 presents the evolution of the c*-operators (and hence the population) for the sys-
tems driven by equally strong probe and control fields in the form of plane waves. The
population is initially in |g1), |e1), and |g) states for A, V, and E configurations, respec-
tively. Note that for the sake of symmetry in the figures, in the V-system, the excited state
is the initial one. Surprisingly, even if there is no field that directly couples levels of the ?7;
operator, the Rabi oscillations between them appear with maximal amplitude providing
effective transfer of population.

Even more interesting and counterintuitive behavior can be observed for Gaussian-
shaped pulses. If the same initial states as previously are used for each case and an adi-
abatic control field is switched on first, it will couple unoccupied levels. Switching on an
adiabatic probe field later provides an ideal transfer of population between states noncou-
pled by any field. Moreover, the third state will be unoccupied during the entire process.
In Fig. 2.10 shapes and temporal positions of such pulses are shown, while the resulting
population transfer for each configuration can be found in Fig. 2.11. This provides direct
evidence of the significance of the coherence built-up even between unoccupied levels. The
process is known as the mentioned earlier Stimulated Raman Adiabatic Passage [15, 16]

and is used broadly in quantum optics.
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Figure 2.10: Shapes and order of probe and control fields driving three-level systems. Note that the
control pulse is sent before the probe one.

V-system

Expected values
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Figure 2.11: STIRAP process for each configuration. The evolution of the operators provides evi-
dence that in each case the levels coupled to both fields (|e), |g), and |m), respectively)
are not occupied while the population is fully transferred from initial to final states.

2.2.3 Dissipative Bloch equations

In analogy to the two-level system case, the dissipation processes can be incorporated into
the evolution calculations by the GKLS equation (2.24) described in Sec. 2.1.4. However,
this time, due to the higher number of energy levels, and hence available configurations,
the incoherent system-reservoir interactions are described by more L operators. Moreover,
the description is qualitatively different for each case.

For the spontaneous emission process, in each configuration, a pair of the . operators
describes the evolution. Due to the existence of the forbidden transition (given by @'}t),
these operators correspond to the flip operators as Ii;e =0, and Lse = 6 with respective
gamma rates 7}’ The additional terms that have to be added to the Bloch equations (2.41)

for a given operator ¢ can be calculated using the equation

Lse((0)) = it {Z }’yfe <Tr(&&;p(t)&l.+) —~ % (Tr(66; 07 p(t)) —|—Tr(Aﬁ(t)A;“[7i_))) :
ie{p,c
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Hence, the results read

(29 +72%) (@3) + (295 +12°) (02) + (29 +72¢)  for A,
Lael(05)) = =310 (a5 — ) (03) — (205 — 292) (020 + (25 +9%) for V,
(275 =) (08) — (273 +292) 08 + (203 — ) for &,
(2.42a)
(202 +75) 05 + (212 + ) (@3) + (292 +5)  for A,
Lee((07)) = —3in (4739 - ﬁ,e) (%) — (2753 - 2726) (02) + (2739 + ﬁf) for V,

(42 +73) @)+ (2020 =) 05) + (292 =) forE,

(2.42b)
(3 +02) 67) fora,

ﬁse(<§;t>) = —%ih e ) for V, (2.42¢)
ﬁf@;) for &,
(v +72) (60 for A,

Loel{(F7)) = —3ih 4 e 5 for V, 424)
(v +92¢) (00) forg,
0 for A,

ﬁse(@fi» = —%ih (’)/;e + 729) <'5;E> for V, (2.42¢)
’y?e(&jf) for E.

It is worth noticing the appearance of the term Ese(@jf)), which affects the evolution
of the coherence of states not directly coupled to the external fields nor the reservoir.
Surprisingly, for the A configuration, this coherence is protected from being suppressed in
a spontaneous emission process, whereas the opposite happens for the V configuration —
decoherence is fast due to the contribution from both pairs. The & configuration is between
these two, as only the decoherence of the upper pair affects it.

In the same way, one can find terms that describe incoherent pumping in the system.
However, contrary to the two-level system, due to the two available transition channels,
pumping can be realized by operator I:gu = ¢ or [P = 67 or both at the same time with

P
corresponding gamma rates 'yg}é, as below
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— (275" = 298" (03) + (495" = AF) (07) — (295" +9F")  for A,
Lou((05)) = =311 4 (295" +98) (03) + 295" +98%) (07) — @}" + 8% for V,

(47511 + 'Vlcgu) (05) (Z’Yp - ’)’lcm) (07) — (Z’Yp — ')/Cpu) for &,
(2.43a)

+ o+

— (297" —295") (0F) + (4P —B") (03) — (2" +93") for A,
Lou((00)) = =313 (292" +45%) (02) + (218" +95") (03) — (12" +45")  forV,

(2P =5 (07) — (297" +295") (03) — (28" —p")  for &,

(2.43b)
75”((7;7 ) for A,

Lpul(5))) = —%ih (B + 2 (5, for V, (2.43¢)
(’y};u + 'yfu) (?Ar;,t> for B,
7 (o f ) for A,

Lpul(50)) = —%ih (B + 4PN (&) for V, (2.43d)
ACA for ,
(71;’“ + ’y?u) <f7jct> for A,

ﬁpu((”fﬁ)) - —%ih 0 for V, (2.43e)
Pu(af ) for E.

In this case, pumping does not affect the coherence between the two excited states in the V
configuration. This can be understood by viewing pumping as the reverse of spontaneous
emission. As a result, the V system described in the pumping process is mathematically
analogous to the A system with included spontaneous emission.

Finally, similarly to the previous processes, the pure dephasing is also described by two

operators [de L and LCle = L 47 with y9¢, respectively, providing following results
P p 2% alc pic p Y, P g g

Lae({05)) =0, (2.44a)
Lacl(07)) =0, (2.44b)
Lael(57)) = 5 (43 +95) (6,), (2.440)
Lacl(E)) = 3 (472 +23) (67, (2.44d)
Lol (7)) = — 3 (25 +2) @), (2.440)
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As in the two-level system case, the dephasing process does not affect the population
and only coherence is dumped. Moreover, the forbidden direct transition given by (@'}t> is
affected even if the 07 operator was not explicitly involved, similarly to the spontaneous
emission and pumping processes.

In summary, the full Bloch equations that describe the evolution of the three-level sys-
tems with coherent and incoherent external fields are given by Eqs. (2.41 — 2.44).

2.3 MEDIA CONSISTING OF TWO- AND THREE-LEVEL SYSTEMS

In this section, the generalization of previously introduced concepts continues by describ-
ing the interaction between classical light and ensembles of quantum two- and three-level
systems, as introduced in Sections 2.1 and 2.2, respectively. The focus is on the behav-
ior of these systems when subjected to classical electromagnetic fields and on how their
collective response shapes the properties of light propagating through the medium.

For polar two-level systems driven by near-resonant fields, the medium acts as a source
of low-frequency radiation, highlighting the fundamental impact of the permanent dipoles
on the emission spectra. On the other hand, besides all variety of concepts, the ensembles
of three-level systems dressed by strong control fields support slow and fast propagation
of the probe field.

2.3.1 Electric susceptibility

Electric susceptibility x characterizes the response of an atomic ensemble to an external
electromagnetic field. Specifically, it describes the polarization P of the medium induced
by such a field E. This property plays a crucial role in determining how light propagates
through the medium by influencing the absorption and dispersion relations. In classical
electrodynamics, for the linear, isotropic, and dielectric media, the relation between these

quantities is given in the frequency domain as

=

P(7,w) = eox(w)E(F,w), (2.45)

where € is the vacuum permittivity constant and 7 is the position vector. Note that x
does not depend on position, as the isotropy of the medium ensures the same properties
at each point. Additionally, for the electric field in the form of the plane wave E(7,t) =

Eg cos @? — vt) , the transformation to the spectral domain reads

o] [ee]

E(?,w) — %Eoe ik7 / ei(v—w)tdt_‘_lﬁoeiﬁ/e—i(v-i—w)tdt
1 —

where & is the wave vector, v is a frequency, and 6(x) is the Dirac delta. The propagation
direction was chosen arbitrary, and will be the same for all fields along the chapter. The
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polarization can be split into two terms regarding positive and negative frequencies w:
P(7,w) = P*(7,w)é(v — w) + P~ (¥, —w)d(v + w), where

1

PH(7,w) = Eeox(w)ﬁoe_ﬁ, (2.46a)
. 1 I
P (7, —w) = 5eox(—w)EOel’“. (2.46b)

The electric susceptibility function contains full information about the medium regard-
less of whether classical or quantum theory describes it. Hence, the quantum description
of the polarization has to be used to obtain it in the case of two- or three-energy-level
system ensembles. The induced polarization P represents the induced dipole moment per

unit volume, according to the formula [41]

(%) = N(d(7,1)), (2.47)

el

where N stands for the density of quantum systems, and d is the dipole moment operator
defined by Eq. (2.27) for polar two-level systems and by Eq. (2.37) for nonpolar three-level
systems. In this case, due to the large number of systems, the position vector 7 is treated as
a continuous quantity. To find the exact formula for the polarization, the Bloch equations
have to be used: Eq. (2.33) for the two-level systems, and Eqs. (2.41 — 2.44) for three-level
systems. As a result, polarization can be found as a linear combination of density matrix
element describing the medium.

By combining the two expressions for polarization, (2.45) and (2.47), the susceptibil-
ity function for a given medium can be found. However, note that these expressions are
written in two different domains: frequency and time, and are related by a Fourier trans-
form, which makes the general problem rather complicated. Yet, in the special case of
time-independent media, the problem reduces to solving the stationary form of the Bloch
equations for t — oo, which will be relatively simple to transform. For the equations with
included incoherent processes, it means that terms with time derivatives are equal to zero.
Due to that, in the matrix form, set of the polar two-level system equations (2.33) read

A

—is—y, 0 10O (TH)s 0
O=| o -y, Loy [[@E]|-] o |
0% —10r  —(T+7pu)) \ (62)s (T = Ypu)

where subscript s indicates stationary solution. At this point stationary states are easy to
find

Gy, 30REEin) (T =) (2.48)
(62+9%) (T + vpu) + [Qr 271
(0> +97) (T = 7pu)

(02 +72) (T +7pu) + 1Oy

(62)s = — (2.48b)
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For the nonpolar three-level system described by equations (2.41 — 2.44) the solutions for
each configuration are significantly more complicated, thus important assumptions have
to be made. First, the control field has a form of the plane wave and is strong enough that it
does not change along the medium. Second, it modifies the medium for the much weaker
probe field (), < ), which can have a spatio-temporal shape. This provides following
forms of the electric fields

E.(7,t) = E° cos (EC? - vct) , (2.49a)
E,(7,t) = E(7, 1) cos (E,,? - th), (2.49b)

where %C,p and v, are the control and probe fields wave vectors and frequencies, respec-
tively. Additionally, it will be assumed that the shape Eg(?,t) is spectrally narrow, i.e.,
the Fourier transformation gives the same result as for the plane wave. Due to the above,
the medium response to the probe pulse is determined by the matrix element <'(A?;t) [41].
Finally, the last assumption that probe pulse is also weaker than total -rates appearing
in the system, and so the Taylor expansion can be used regarding (), variable. Thus, the
series can be truncated on the linear terms, and the exact form, for included incoherent

process in the form of only spontaneous emission for the sake of simplicity, read

. 1i0)
(G, = Y o), (2.50a)
—id, + l( + ) + _alQc?
p T 2\Tp T V) T S5,-6)
1,20 520110 |2 : 1 i
. (278 + 62 + 31Qcl?) + (10 — 37¢) =550
G =510, ST oqp), @0
1,2 2 1 2 3 1 1% %
(172 482+ 3106R) (=0, + 310+ =5 =506, 0)
1-
() = 2% +0(03) (2.50¢)
pls e p): '

- 1
—i0p 4 2(m + 1) + 5
Note the absence of (2}-terms.

As mentioned above, the polarization given by Eq. (2.46) is expressed in the spectral
domain, whereas quantum theory provides a temporal form in Eq. (2.47). To be able to
compare these two, the stationary solutions were found, and now the Fourier transforma-

tion can be performed. In the two-level system (2LS) case

ﬁZLs(w) = /ﬁQLs(t)efiwtdt

— N / (d_;g<§.+>seiwftefinz sin(wct) +&’ge<§7>sefiwcteixz sin(w.t) + (jee o jgg) <a'z>s) efiwtdt
~ N(d_;g<§+>s / el(we—w)t gy +d_)ge<§7>s / e*i(wﬁrw)fdt—i— (d_;e — (Igg> (ﬁz>5 / e*iwtdt)’
—00 —00 —00

S(we—w) §(wetw) 6(w)
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Figure 2.12: Imaginary (solid line) and real (dashed line) parts of the electric susceptibility for the

medium of two-level systems. The imaginary part is responsible for the absorption in
the medium, while real part provides information about the dispersion.

where the assumption of weak driving field was used as «, < 1, and hence e**=sn(wt)

Jo(x;) ~ 1. For convenience, the polarization can be split into three parts ﬁst(w)
Py o(w)d(we — w) + Py (—w)d(we + w) + P 5(0)d(w), for which

Q

-

(2.51a)
ﬁis<_w) = Njge<§7>sr (2.51b)
ﬁgLS(O) =N (‘Tee - Jgg) <5'z>s- (2.51¢)

Since term ﬁgLS(O) does not depend linearly on the external field, it is negligible in the de-
rivation of the electric susceptibility in the optical regime. Comparing fromulas for the po-
larizations in (2.46) and (2.51) (by realizing that v = w,), using (2.48), recalling definitions

of the Rabi frequency Qg (7) (2.23) and Qr (7) (2.32) for the field amplitude Ey — ]:foei%?,
the expression for the electric susceptibility for w = w, reads

o e Or(7) (2.52)
N|deg|2 2 i(r_WPu> — ‘
= —J1(xz) = xais(9)
R 1(Kz ) e X21s(9).
0 T (=10 = 71) (T +7pu) +

(i6—71)
Note that even for the assumption x, < 1, the influence of the permanent dipoles is visible.
Moreover, there is no spatial dependency, as intended. The resulting plot of electric suscep-
tibility is shown in Fig. 2.12. The real part of this complex quantity describes dispersion in
the system, whereas imaginary part provides absorption. Note that at resonance § = 0 the
absorption is the highest which is an indication of strong interaction between the medium
and field. Also in that region the dispersion is anomalous — descreases with the increase

of the field’s frequency, which is discussed in details in Sec. 2.3.3.

Further analysis of the polar two-level medium regarding low-frequency radiation emis-
sion is investigated in article A2.
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In the three-level systems case, two fields are present, hence in analogy to the Eq. (2.46),
there are pairs of plus and minus polarization terms for the probe, and control fields given

in Eq. (2.49)
q;r (7, w) ~ %eoxp(w)ﬁg (?,w)e_iﬁp?, (2.53a)
P (7, —w) ~ %eoxp(—w)fg (7, w)er, (2.53b)
P (F,w) = %eoxc(w)ﬁﬁ’e*iﬁ, (2.53¢)
P (7, —w) = %eoxc(—w)ﬁgeiEC?. (2.53d)

where assumption of the spectrally narrow temporal envelope of the probe field holds.
Subsequently, based on the polarization in the quantum systems given by Eq. (2.47), and
making use of the approach given for the two-level system, the polarization in the three-

level case read

=N / (j;<§-;r>seiwpt +jp<6v,;>sefiwpt +g’?<§j>seiwct +(£<§;>Se7iwct> e~ iwtqy
:N((I;<§;F>s/ei(wp*w)tdt+ip<'5.;>s/efi(prrw)tdt)

—— —— —_— ————
d(wp—w) d(wptw)

+N(d:5)s / el @@ dp L JL (5, / erilteligr).
—o00 —00
O(we—w) d(wetw)
By splitting into terms respective to the probe and control fields Pys(w) = ﬁp(w) +
P (w) = 13; (w)d(wp — w) + ij_(—w)é(wp + w) + B (w)d(we — w) + P (w)é(we + w),
the form of polarizations is easily obtainable

P (w) = Ndy(77)s, (2.54a)
P, (—w) = Nd,(7,)s, (2.54b)
P (w) = N (G )s, (2.54¢)
P, (—w) = Ndc(&; )s. (2.54d)

As stated previously, the control field is assumed to be much stronger compared to the
probe field, and so it modifies the properties of the medium in x,, whereas weak probe
field does not affect it significantly. As the propagation of the probe field is of the interest
of this thesis, only the electric susceptibility for this field is going to be derived. Similarly to
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Figure 2.13: Imaginary (solid line) and real (dashed line) parts of the electric susceptibilities for
media of three-level systems and for each configuration. In case of no control field, the
result is the same as for the two-level systems, while strong control field provides split-
ting of the absorption peak into two symmetric peaks providing transparency window
in former position of the resonance. In each case y-rates are the same and J. = 0.

the derivation of x21s(d) in Eq. (2.52), comparing fomulas in (2.53) and (2.54) (by realizing
that v, = wy, v = w,) the electric susceptibility for the probe field and for w = w), reads

NI|d,[22(0})s (7
o) = EEEED o), 255)

hence, for each configuration the explicit forms with the use of Egs. (2.50) read

N|d,|? i
X?(ép) = hez . 1 l|Qc|2 7 (2.56a)
—15;; + Q(’)’p + ')’c) + m
. 1.2, 2111 12 o1 1o
) (0p) = N|dr)’21 (372 + 2 + 3106 + (10 = 37¢) —i(Gp—dc)+3 (1p+7) (2.56b)
PP . 110,12 ¢ :
O (124310 <_15” 3t *i(5P*5‘t‘)+%‘(7p+%)>
) N|d,? i
Xy (6p) = e o TaE (2.56¢)
0+ 20 F ) F

As expected, even though the stationary state of the coherence EA?;F depends on 7, the re-
sulted electric susceptibility function is spatially independent for the linear term of the
Taylor series.

The electric susceptibility functions (2.56) are a powerful tool for analyzing the propa-
gation of the probe pulse ((),). The control field (), treated as a parameter, allows for a
dramatic change in the response of the medium. One of the examples is Elecromagnetically
Induced Transparency. In Fig. 2.13 plots of the x*(J,) control field with switched off (gray
lines) and on (black lines) control field are shown. Note that for no control, the function
for the two-level system is recovered, which is an intuitive result. However, the appear-
ance of (), creates a dip in absorption (EIT) with a slowly varying dispersion, providing
slow probe pulse propagation or even trapping pulse inside the medium. Moreover, split
peaks have the same size as an original one only for the A configuration, while for the &
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and V configurations they are suppressed. This behavior reflects the resulted equations of
evolution with spontaneous emission for 3}? operator given in (2.42e).

2.3.2  Bloch—-Maxwell equations

In the previous sections, equations describing the evolution of the quantum systems or
ensembles of such, driven by external field(s), have been provided. However, the field
evolution can also be a subject of investigation. In classical electrodynamics, propagation

of the electromagnetic field is described by the Maxwell equations in matter

V-D(#t) = ps(7,t),

V. B(#t) =0,
?xﬁﬁﬂ:—iYKW

o oo 9 = .,
V X H(7,t) = f(r,t)—i—a (7,1)

where E and B are electric and magnetic fields, respectively, while p ¢ is the free charge
density and ff is the free current density in the medium. The auxiliary fields D and H
account for the bound charges and currents in the medium, and are of the form

where P is the polarization and M is the magnetization, both induced in the medium.

In this thesis, of the interest are linear dielectric media M = 0§ without free charges

pr = 0 and currents ff = 0, hence the wave equation for the electric field can be found
2 2

V2E(7,t) — Clzizlfj(?, t) = yogﬂﬁ(?, t), (2.59)
where c is the speed of light in vacuum and the identity ¢> = 1/(uoep) was used. As
a consequence, the wave equation contains the source term in the form of polarization
on the right-hand side. As shown in the previous section, polarization in the medium is
described by coherences and can be solved using Bloch equations; therefrom the name
Bloch-Maxwell equations is used.

As the control field is considered to be strong, we focus on the propagation effects in the
probe beam, driven by the part of polarization oscillating at the probe frequency. The probe
field can be expressed as given in Eq. (2.49b). Without loss of generality, the assumption
that k is parallel to the z axis can be used, provided that Ep? = kpz, and hence V2 = 92/022.
Thus, the left-hand-side of the wave equation (2.59) can be rewritten into the form

o 19 9 19\ = 9% -
(5 * cat) (5~ can) B = rogpPotart,



2.3 MEDIA CONSISTING OF TWO- AND THREE-LEVEL SYSTEMS

The explicit form of the right-hand-side bracket acting on the electric field reads

0 19 = _ J 19 1_’0 i(kpz—vpt) —i(kpz—vpyt)
<az cat>E”(Z’t)‘<az cat>zEv<Zf”(e’“ el

= % (aEO(Z, t) — EEEO(Z, t)) <ei(kpz—vpt) + e_i(kpZ_th)>

aZ b Cc at b (260)
1z : v i(kpz—v —i(kpz—v
+ EE%(Z, t)l (kP —+ ?P) (e (kp pt) —e (kp pt)>

~ ikpgg (z’ t) (ei(kpzﬂ/,,t) o efi(k,,zfvpt)> ,

where free-space relation k, = v,/c was used, and the assumptions |Bﬁg/ ot| <« VPES and
|8§2/ 0z < kpﬁg were used. They are justified for pulses whose envelopes change slowly
compared to the carrier-frequency oscillations. The resulting procedure in (2.60) is known
as the Slowly Varying Envelope Approximation (SVEA). The SVEA applies in particular
to spectrally narrow pulses mentioned earlier. For the polarization term corresponding to
the probe field in the temporal domain

Pp(z,t) = / ﬁfLS(z,w)eiwtdw = / (ﬁ;(z,w)é(wp —w) + ﬁp— (z, —w)d(wy +cu)) R
= ﬁ;r (Z, wp)eiwpt + 13‘;: (Z, _wp)efiwpt.
Hence, the right-hand-side of the wave equation (2.59)
9% 0 (= o -
P‘O@Pp(zft) ~ —Howy (P;r (z, cup)e“"lﬂ + Pp* (z, —wp)e ) , (2.61)

where SVEA holds as provides direct connection between the polarization terms and the
electric field given by Eq. (2.53). Inserting into Eq. (2.59) approximated forms from (2.60)
and (2.61), replacing 1_5]2[(2, wy) with forms from (2.53) and making use of the electric
susceptibility equation (2.55), the approximated probe field propagation in the ensemble
of quantum systems is obtained

d 0 Nawp|dy? <,
(c35+ 5 ) plart) =i L G).(C), 26)
for the probe field’s envelope (), = Egip /h. Accompanied by the Bloch equations describ-
ing evolution of the ensemble, the whole set is called the Bloch-Maxwell equations.

2.3.3  Phase and group velocities

When a wave propagates through a medium, two key velocities characterize its motion: the
phase velocity v and the group velocity v,. While the phase velocity describes the speed at
which the carrier wave moves, the group velocity refers to the speed at which the envelope
or overall shape of a modulated wave packet propagates. Both quantities are connected
via an electric susceptibility function x discussed in Sec. 2.3.1.
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In free space, the wave equation (2.59) simplifies as P = 0. One of the solutions is the
plane wave of the form Ey cos <E? — wt) as it gives

o - 1 . - .
—|k]2E0 cos(kr— wt) = —C—szEo cos(kr —wt) = k| = %

The resulting formula is called the dispersion relation, and in free space has the linear
form k(w) = w/c. However, the presence of a medium significantly changes this relation
as an additional term appears

Fs o o 1 0e -
]"Oﬁp = VOﬁe()XE cos (k?— wt) = —C—ZXQ)ZE cos <k7_ wt)[

which provides a modified dispersion relation

k(w) = /1 + x(w) % (2.63)

—_——
n(w)

The square root is known as complex refractive index n. Its real part is responsible for

the phase velocity of the electric field v(w) = ¢/ Re(n(w)) so the dispersion relation has

a familiar form k(w) = w/v(w). On the other hand, the imaginary part is related to the

absorption in the medium. [25]

In the previous chapters, considerable effort was put to decouple the envelope (), of
the probe pulse from the carrier wave cos(k,z — wpt) in the evolution equations. Since the
phase velocity refers to the carrier and is described by the refractive index #n, the analo-
gous formula for the envelope movement has to be found. Conceptually, as the pulse can
be composed of plane waves with different frequencies, this new index should take into ac-
count how the refractive index varies with the frequency of light. Because of that property
of capturing many frequencies at once, it is called group index in the literature [25].

Starting with the pulse written as a superposition of plane waves with amplitudes F(k)
Flzt) = / F(k)eikz=w®n g, (2.64)

and assuming the wave packet to be spectrally narrow, i.e., almost monochromatic, it has
a peak at central wavenumber ko. Thus, Taylor series for the frequency truncated at the

linear term gives
dw (k)

~—— k=ko
wo N—————
Wo

Inserting it into the wave packet equation (2.64) gives

f(Z, t) _ ei(koz—wot) /P(k)ei(k_kO)(Z_w()t)dk,
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where term before the integral is a monochromatic wave with the central wavenumber k.
It describes oscillations at the carrier frequency in both space and time and is followed
by the envelope defined by the integral. The form of the exponent inside the integral
resembles that of the plane wave ~ exp(ik(z — vt)), where v describes the wave velocity.
In analogy, w can be interpreted as the velocity of the envelope, and hence, the group
velocity and index are defined as

ow c

!/
Vg =Wy = 57 = g = —. (2.65)

ok Vg
Moreover, the relation between the group velocity and refractive index can be easily found
by using real part of the dispersion relation (2.63)

ok c
A <8w> N Re(n) + waRaLuE")' (260)
The above form of the group velocity provides an important insight into the pulse prop-
agation by its connection to the refractive index Re(n). In consequence, velocity can be
controlled by tailoring the shape of dispersion. From the analysis of the group velocity
equation (2.66), several crucial pieces of information can be obtained. In case of both Re(#)
and its frequency derivative being positive and at least one of them large, the pulse is
slowed down significantly — slow-light regime is achieved with subluminal propagation
vy < c. This is the case for the EIT, where suppressed absorption accompanied with a
positive frequency derivative can drastically slow down or even "stop" a light pulse [55].
On the other hand, fast light (superluminal) appears either by obtaining small values of
Re(n) and its derivative or by anomalous dispersion, i.e., negative value of the frequency
derivative of the refractive index. Note, that this is always the case for the resonance peaks,
where absorption is the greatest and can distort the pulse significantly. However, in that
case, the denominator in Eq. (2.66) can have any value below 1, providing propagation
with a group velocity exceeding the vacuum speed of light v, > ¢ or even a negative
group velocity if v, < 0.
The considerations regarding superluminal propagation and ways to suppress the im-
pact of the high absorption are further explained in article A3.
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PERMANENT DIPOLE MOMENTS IN TWO-LEVEL
SYSTEMS

The theory described in detail in the previous chapter allows for an understanding of the
basics of further investigations in articles A1 and A2. The permanent dipole moments play
a crucial role in the evolution of the two-level system driven by the external electromag-
netic field, giving rise to phenomena that are otherwise absent: The dynamics of the single
system is enriched due to dynamic eigenstate energies, whose effect can be captured in an
effective model developed in Al. For this purpose, we have used the density-matrix formal-
ism and applied a series of unitary transformations to find a reference frame simplifying
the description and leading to approximate analytical expressions for observables such as
the fluorescence spectra. An ensemble of systems with permanent dipole moments, on the
other hand, gives rise to a buildup of coherent radiation emitted at the Rabi frequency, as
shown and discussed in A2 using the adapted Bloch-Maxwell’s equations, which include
a variety of dissipative processes in semi-analytical solutions and numerical simulations
applicable to model experimental realizations.
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3.1 BLOCH EQUATIONS FOR SINGLE SYSTEM

In article A1, we investigate the dynamics of polar systems with permanent dipole mo-
ments when coupled to classical light in the ultrastrong coupling regime. This is the
continuation of the introduction provided in Section 2.1. We have derived an analytical
framework similar to the Jaynes-Cummings model to describe the complex behavior of
these systems, particularly focusing on nonlinear light-matter interactions.

Key elements of this work:

* In polar systems, nonlinear interaction strength replaces the traditional linear scaling

of the light-matter coupling strength with the driving field amplitude.

* The developed analytical model provides effective parameters like frequency shifts,

coupling strength, and rescaled relaxation rates.

e This approach simplifies understanding of these interactions and reduces computa-
tional costs, even in regimes where full Hamiltonian calculations would be highly

complex.

¢ The analysis shows potential for enhancing coherence in quantum systems with per-
manent dipole moments subject to fields rapidly varying in space and opens new
pathways for exploring light-matter interactions in quantum optics. A follow-up arti-
cle summarizing our results on this subject is in preparation and is beyond the scope
of this thesis.

I was the principal investigator of the scientific project within which this research was
performed (Preludium grant no. 2021/41/N/ST2/02068, National Science Centre, Poland).
In the article, I contributed to the conception of the idea, I am fully responsible for the
theory development and made the dominant contributions to the results analysis and
manuscript preparation.

The theory developed in Al is fundamental to article B2, where plasmonic nanostruc-
tures are proposed as a means to tune the Rabi frequency in polar two-level systems to
the THz range and enhance the power of the generated low-frequency radiation. However,
due to the article’s focus on engineering aspects, which were primarily the responsibility
of the first author, I have chosen not to include it in this dissertation.
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Rabi frequency for polar systems interacting with light
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We investigate the dynamics of polar systems coupled to classical external beams in the ultrastrong
coupling regime. The permanent dipole moments (PDMs) sustained by polar systems can couple
to the electromagnetic field, giving rise to a variety of processes such as difference-frequency and
harmonic generation, reflected in complicated dynamics of the atomic system. Here, we demonstrate
that the dynamics can be described simply in a dynamic reference frame. We derive a Jaynes—
Cummings-like framework with effective parameters describing frequency shift, coupling strength
with the driving field, and a rescaled relaxation rate. The familiar linear scaling of the interaction
strength with the field amplitude is replaced with a nonlinear dependence, suggesting potential
applications for improving the coherence of quantum system ensembles with permanent dipoles.

The interaction of light with matter is a fundamental
phenomenon in physics, which underpins many modern
quantum optics and photonics [1-4]. Polar systems, char-
acterized by the presence of the PDMs due to the lack of
inversion symmetry, offer unique opportunities and chal-
lenges in this domain [5-9]. Unlike transition dipole mo-
ments that occur between pairs of system eigenstates,
permanent dipoles are inherent properties of individual
eigenstates and can significantly influence the system’s
response to external electromagnetic fields [10-15].

Traditionally, the role of permanent dipoles in light-
matter interaction has been considered minor, often rel-
egated to causing trivial frequency shifts. However, re-
cent studies have shown that these dipoles can induce co-
herent radiation at the Rabi frequency, leading to more
complex and rich dynamical behaviors than previously
understood [10, 14, 16]. Polar systems have been sug-
gested for lasing at tunable frequencies [12], radiation
generation in tailored photonic environments [17, 18], ef-
ficient two-photon excitation [16, 19] and light squeezing
[11, 13]. Materials with inherent x(?) nonlinearity were
proposed for difference-frequency generation in a related
mechanism [20]. Similar effects were also studied in the
magnetic context, where a rescaling of the Landé g factor
was found in atoms dressed with radiofrequency magnetic
fields [21].

In this manuscript, we investigate the dynamics of po-
lar systems in the ultrastrong coupling regime with ex-
ternal beams, where the interaction strength between the
electromagnetic field and the system is comparable to or
exceeds the transition frequency of the system itself [22].
Despite the variety of processes that can occur in this
regime, we reveal, through a series of unitary operations
rotating the reference frame, that the system’s behav-
ior can be elegantly captured using a Jaynes—Cummings-
type analytically solvable model. This description, set in
a dynamic reference frame, is based on three key parame-
ters: the rescaled frequency shift, coupling strength, and
the relaxation rate. The rescaling is a qualitative change:
For example, the traditional linear dependence of interac-
tion strength with the driving field amplitude is replaced

by a nonlinear one, suggesting new potential regimes for
the exploration of light-matter interactions. We thor-
oughly verify the applicability range of the effective an-
alytical description, confirming the robustness and accu-
racy of the model up to the ultrastrong coupling, where
it shows good agreement with the full Hamiltonian dy-
namics but significantly reduces the computational cost.
Finally, based on the effective Hamiltonian, we find ana-
lytical expressions for resonance fluorescence spectra that
would otherwise be challenging to access, due to the in-
volvement of processes occurring at time scales that may
differ by orders of magnitude, making the numerical in-
tegration challenging.

We consider a two-level polar quantum system (TLS)
with the excited |e) and ground |g) states separated with
the transition frequency weg. It is subject to a classical
plane-wave laser drive E(t) = Ey cos(wet) with the am-
plitude EO and frequency w. ~ wey near-resonant with
the system transition. For a polar system, light cou-
ples with the full dipole moment d = > cfij ) (§| with

i,7 € {e, g}, which includes the transition dj-# and per-
manent d;; elements. The Hamiltonian reads

H(1)/h = sy + B(1) - d
(1)

1
= 5 (Weg + 9. COS(wct)) 0+ gz COS(UJCt)O'z
—_—

Weg (t)

Here, 0, are standard Pauli matrices. The drive induces
transitions between the eigenstates with the strength
gz = Eocfeg /h, and a sinusoidal energy shift with the am-
plitude g, = EOAJ/E where Ad = d.. — d_;,g. Although
the g, term also occurs in the standard nonpolar case, the
term proportional to g, is unique to systems with PDMs
and is key to the effects investigated in this work. To
quantify its impact, we introduce a parameter x, = g, /w.
which reduces to 0 for nonpolar systems and is of the or-
der of 1 for polar systems in the ultrastrong coupling
regime, in which the dynamics is qualitatively altered.
A nonpolar system driven by light undergoes Rabi pop-
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The upper plots show comparisons of the 6,-coupling strengths for different corrections as a function of: a. PDMs

difference (for g,/w. = 1), b. driving field amplitude (for g./w. = 1). The lower plots present: c. the normalized effective
transition frequency, d. the normalized effective gamma rate, as functions of g, coupling, both in cases of fixed driving field

(blue) or PDMs difference (orange), respectively.

ulation oscillations with the Rabi frequency that for weak
relaxation is given by Qr ~ +/|g.|? + 2, and depends on
the drive amplitude and detuning § = we — weq [23]. In
a polar system, the eigenstate energies oscillate inducing
a time-dependent detuning according to Eq. (1) 6(¢) =
d + gcosw.t, leading to complicated dynamics mixing a
range of oscillation frequencies. In the ultrastrong cou-
pling regime, these contributions should not be neglected
a priori through a rotating-wave-type approximation. In
Supplementary Material Section I, we document in detail
a transition to a reference frame that allows one to cap-
ture this complicated behavior in an analytically solvable
model. The transition involves a series of noncommu-
tative reference frame rotations. These rotations sub-
sequently simplify the form of the Hamiltonian. With
the first transformation U; = exp(%inz sin(wct)az), the
terms proportional to g, are incorporated in the param-
eters of an effective Rabi-like model,

1
Hi/h = Swego: + 9Moy coswet + Huai/hy  (2)

corrected by higher-order terms H,¢i related to reso-
nances at nw. = weg, N > 2 [Supplementary Material
Eq. (S7)] which can be associated with multiphoton pro-
cesses. The coupling constant describing effects resonant

at nw,. is given by

g;n)(E_:O? d_;g» Ad_: wc) = g(n)(HZ) =

2n
z ;Jn("%)gz’ (3)

z

where J,(z) is the nth-order Bessel function of the first
kind. This step involves no approximations and the po-
lar terms are fully included. However, in a frame ro-
tating with a sinusoidally varying frequency, the system
behaves as if it were not polar but coupled with an elec-
tromagnetic field through a modified coupling strength
gg(cl), nonlinearly dependent on the field amplitude. As
we verify in Fig. 5, the corrections arising from Hy
may become important for the case of the ultrastrong
oz-coupling.

In the following steps, counter-rotating terms are sim-
ilarly incorporated in effective parameters through the
pair of transformations Us = exp(ik, sin(w.t)oy) [24]
and Us = exp(3ix, sin(w.t)o.). Here, r, = 9" Jwe, and

k' is a cumbersome function of dipole moment elements

and the driving field, defined in the Supplementary Ma-
terial Section I. The parameter £ € (0, 1) fulfills the equa-
tion [24]

1

597 (4)

where €2 plays the role of an effective coupling strength

weg1(26k,) = (1= €)gM) =
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FIG. 2. Comparison of spectra calculated for the two-level

system with (green line), and without (blue line) PDMs, and
the Mollow-triplet (dashed line), calculated for the resonant
case we = weg. The coupling strength g, /w. = 0.1 and the
relaxation rates v/w. = 7' /w. = 0.02 were assumed to be the
same for all cases. In the polar case, g. = 5ga.

obtained in the intermediate step. The resulting Hamil-
tonian has the Jaynes-Cummings form as it occurs
in the Schrodinger-picture. The transformation Uy =
exp(%iwctaz) brings it to the interaction picture, where
it is time-independent and acquires the final analytically
solvable form

H.g/h = —%5'02 —+ %Q/UE. (5)

Here, we have omitted multiphoton corrections negligible
in the regime investigated below. The Hamiltonian (5)
is analytically solvable, and yet, accounts for a plethora
of physical effects related to the system’s asymmetry via
PDMs, ultrastrong coupling, Bloch—Siegert shift, and be-
yond, and is exact up to multiphoton effects. The rich
variety of the captured phenomena is reflected in the ef-
fective parameters that we now discuss. The field detun-
ing ¢’ = we — wy, is defined with respect to the effective
transition frequency w/, g = WegJo (26K, ), whose dominant
Taylor expansion coefficient

T (k2)* |20

2 2 2
mzwg f wcglgz| We

Kk>—0

can be recognized as the Bloch-Siegert shift [25]. The
scaling of the effective frequency wég with normalized g,
coupling is shown in Fig. 1(c).

The effective coupling strength has a complicated func-
tional dependence on the field amplitude and atomic
dipole moments

Q= Jo(k,)Q = g{V. (6)

where the latter approximate expression is valid for mod-
erately strong interactions with EgAd < hw.. Therefore,

3.1 BLOCH EQUATIONS FOR SINGLE SYSTEM

we have found an iterative sequence of coupling strengths
gél) — Q — Q' obtained through subsequent rotations.
The effective coupling strengths are plotted in Fig. 1(a,b)
respectively as a function of the PDMs difference in the
TLS eigenstates and of the electric field amplitude. The
blue, orange, and green lines represent coupling strengths
after subsequent frame rotations, and the black dashed
line is the usual coupling strength linearly scaled with
the field amplitude in the original reference frame.

To account for dissipative dynamics, we have aug-
mented the Hamiltonian (1) with a coupling to a bosonic
thermal bath and performed the same reference frame
rotations. These steps are described in detail in Supple-
mentary Material Section II. As a result, following the
Weisskopf-Wigner theory with the Markovian approx-
imation, we find a rescaled spontaneous emission rate
which for E_'OAJ < hw, takes the approximate form

v & Jo(k:)?Jo (kL) (7)

and is further modified for strong fields (see Supplemen-
tary Material Section II for exact formulas). Thus, in the
dynamic frame, the spontaneous emission rate in polar
systems depends on the external field amplitude Ej [see
Fig. 1(d), where the rate is shown without approxima-
tions|. The emission rate keeps its original value ~ for
vanishing PDMs or in the absence of an external field.

The simple form of the effective Hamiltonian (5) al-
lows us to analytically evaluate the stationary expecta-
tion values of the population inversion and the induced
dipole moment in the rotated frame, as derived in Sup-
plementary Material Section III

N (20" +1v)
(%)= o 7 o2
2007 4 46/ +
(4% +9%
202 46" + 4%

(8a)

(02)s = (8b)

Building upon stationary solutions, we use the
Onsager-Lax theorem to evaluate the fluorescence spec-
trum of the system following the approach proposed by
[24] for nonpolar systems. At this step, the price for the
simplicity of the Hamiltonian is the complicated form of
the evolution operator in the rotating frame that makes
the resulting expressions quite complex. Yet, we obtain
their analytical forms predicting a sequence of Mollow
triplets centered at multiples nw,. of the illumination fre-
quency, with sidebands separated by the effective Rabi
frequency 2, which is calculated based on the coupling
strength ' and +/-rate such that Q — Q' for o' — ~.
For the full derivation of the lineshapes and {2 parameter
see Supplementary Material Section IV.

Let us first analyze the resulting spectrum of a polar
system illuminated at w. = wey around the original peak,
i.e., in the vicinity of the illumination frequency. This re-
sult is compared with the one obtained for the non-polar
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a. Resonance fluorescence spectra for different values of the 6,-coupling g, and fixed PDMs difference g./g. = 2.5.

For each spectrum we = weq, and spontaneous emission rates 4's are calculated based on v/w. = 0.02. b. Position of the peaks
of the right sidebands shown on top of the curves with approximations to the evaluation of the Rabi frequency.

case [24] and the analytical results derived by Mollow [26]
(Fig. 2). The relatively strong field, and hence the sig-
nificant correction to the atomic frequency and nonzero
effective detuning are responsible for the asymmetry of
the sidebands in both polar and nonpolar cases but are
not captured by the Mollow solution. This asymmetry is
comparable in the two former cases, hence we conclude
that the existence of the PDMs does not impact signifi-
cantly the resonance shift. However, it is crucial for the
correct evaluation of the peak amplitudes and spectral
positions of the sidebands, given by the effective cou-
pling Q.

We now proceed to discuss the spectral features cen-
tered at nw.. Neglecting multiphoton corrections, the

relevant terms correspond to n = 0,1,2,3, as predicted
in earlier studies [15]. In systems without PDMs, the
emission at even multiples of the laser frequency does
not occur [16]. The peak at 3w, is induced in this case
by the counter-rotating terms in the Rabi Hamiltonian
[15, 27]. Polarity in the system reduces the Hamiltonian
symmetry, gives rise to the even-order fluorescence peaks,
and modifies the odd ones. The low-energy emission at
Rabi frequency €2 discussed previously in various contexts
[10, 12, 14], is captured here as the Mollow sideband of
the triplet corresponding to n = 0. In Fig. 3, we demon-
strate the spectra for g, /w. = 0.1 and g,/w. = 0.1, 0.5,
1.0 and 1.3. We assume the laser is tuned to the orig-
inal atomic resonance w, = wey. Again, the field gives



rise to a large frequency shift, hence, a significant effec-
tive detuning responsible for the asymmetry of the side-
bands. With increasing PDMs difference, the light in-
teraction with the atomic system becomes dominated by
related terms, in the original Hamiltonian proportional
to g.. This is reflected in the emission spectrum through
the modified relative intensity of the peaks: The original
Mollow triplet at w,., dominant for weakly polar systems
with small PDMs, is gradually suppressed as the emission
is directed to other frequency channels.

Finally, Fig. 4(a) shows how the spectral position of the
sidebands can be tuned with the driving field amplitude.
Here, we assume again the illumination at w. = weg.
The ratio of permanent- and transition-dipole moment
element components parallel to the field is equivalent to
the ratio of coupling constants, that we fix at g, /g, = 2.5.
The relaxation rate is evaluated according to Eq. (7) with
v/we = 0.02. We find that as the field amplitude in-
creases, the sidebands are initially pulled away from the
central peak at a decreasing pace and eventually turn
back towards the center at w.. Additionally, by increas-
ing the field amplitude we decrease both the transition
frequency w’ and spontaneous emission ~/-rates accord-
ing to the results from Fig. 1(a,b). As aresult, we observe
the narrowing and growth (shrinking) of the right (left)
sidebands.

In the Jaynes-Cummings model, the difference in the
spectral position of the sideband and the central peak
corresponds to the coupling strength. Naturally, the
same is expected from the effective description that we
have reduced to the Jaynes-Cummings form. Indeed, as
can be seen in Fig. 4(b), the position of spectral sidebands
given by Qs in good agreement with the prediction of
the effective coupling strength €. For comparison, we
also show the coupling strengths’ predictions evaluated
after subsequent transformations Uy — Uy. As it is clear
from the inset, all frame rotations need to be performed
to eventually obtain the excellent agreement of Q (red
line) with the calculated spectral positions of sidebands
(black dots). However, already the first transformation
provides a qualitatively correct expression for the effec-
tive coupling strength gg;l), as can be concluded from the
examination of the blue line.

We aim to comment on the applicability of the derived
model in Fig. 5. Each panel corresponds to a selected
spectrum from Fig. 4a for a fixed value of g,/w. and
g. = 2.5g, (matching colors are used). Note that for
gz /we = 0.4, ultra-strong o,-coupling is already reached
with g, = w.. Despite the simplicity of the effective
Hamiltonian described with a pair of effective parame-
ters, we obtain very good agreement with the full Hamil-
tonian dynamics even near the Bessel function peak.
We can thus capture the complex dynamics of systems
with permanent dipoles subjected to extremely strong
electromagnetic fields with this simple model. Beyond
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FIG. 5.  Evolution of the population represented by (5.).
Each plot corresponds to one of the spectral lineshapes pre-
sented in Fig. 4a (color matching),

gz/we = 0.6 [Fig. 5(c)], multiphoton corrections begin
to play a more important role so that the effective dy-
namics ceases to predict the qualitative behaviour of the
system. Moreover, in this regime the suppression of the
~'-rate is significant and in Fig. 5(c,d) leads to the reduc-
tion of the oscillations’ damping. The involvement of the
multiphoton corrections could also alter this behavior.
In conclusion, we explored the behavior of polar sys-
tems under ultrastrong coupling with classical external
beams. By switching to a dynamic reference frame us-
ing a series of unitary operations, we derived an analyti-
cally solvable Jaynes—Cummings-like model. This model
captures the impact of PDMs, counter-rotating terms,
and strong fields in effective frequency shift, coupling
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strengths, and relaxation rate, helping us understand the
complex interactions in these systems.

Our findings show that permanent dipoles play a cru-
cial role in changing how the system interacts with ex-
ternal fields, leading to a nonlinear interaction strength.
This shift from traditional linear scaling suggests new av-
enues for research on light interactions with polar mat-
ter, especially in enhancing the coherence of multiple
quantum systems with permanent dipoles. Future re-
search should investigate the identified nonlinear effects
and their practical applications, explore more complex
quantum systems, and study their behavior under dif-
ferent external conditions. Additionally, expanding this
framework to include multiphoton interactions and mul-
tipartite dynamics could offer further insights into the
principles that govern this interesting interaction regime.
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In this supplement, we present detailed derivations of the Hamiltonian, relaxation rates and spectra in the trans-
formed reference frame. We arrive at exact formulas and discuss approximations that lead to Egs. (5) and (7) in the
main article. For the readers’ convenience, we fully re-introduce the notation so that all symbols are explained in this
document. We also comment on the physical interpretation and consequences of subsequent mathematical steps.

I. DERIVATION OF HAMILTONIAN EQ.(5)

Our model considers a two-level polar quantum system (TLS) with orthogonal excited |e) and ground |g) states
with transition frequency weqy. A classical plane wave E (t) = Ey cos(w,t) with amplitude Ejy and frequency we R Weg
is coupled to the TLS via the transition dipole moment cfeg, and the permanent dipole moments (PDMs) d;, Jgg in
excited and ground states, respectively. The Hamiltonian reads

o

H(1)/h= Jwego- + B1) - d.

1 1 S1
=5 (Weg + g2 cos(wet)) o2 + g5 cos(wet)og + §g1 cos(wet)I, (51)
—_—

weg(t)

where o, = |e) {e| —|g) (g| is the inversion operator, o, = |e) (g|+ |g) (e|) is the transition operator, I = |e) {e| +|g) (g|

o

i
is the identity operator, d = 3, d:»]v i) (j| for i,5 € {e, g} is the dipole moment operator, g, = Eoci;g/h, g. =

EO (CZ;C - cfgg) /h, and gr = EO (d_;e +d_;9) /R are the coupling strengths. Effectively, coupling to the PDMs is
manifested as the modification of the transition frequency weg — weq(t).
In the next steps, we introduce a series of unitary transformations and justify approximations to simplify the

Hamiltonian eventually resulting in a time-independent, Jaynes-Cummings-like form given by Eq. (5) of the main
text.
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A. Transformation U; — revealing higher-order resonances

4 4
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FIG. S1. Coupling strengths of single- (blue), and multi- (orange, green, red) photon resonances in two cases. a. As functions
of PDMs difference g./g. for a fixed value of the o,-coupling g./w. = 1. and relative to g.. b. As functions of the field’s
amplitude g, /w. for a fixed value of PDMs difference g./g, = 1. The dashed line corresponds to the nonpolar system.

First, we remove the time dependence of the term proportional to the o, operator using the unitary transformation
proposed in this context in Ref. [1]

150 o
U, = e3ir= mn(wct)az’
! o (S2)
Ulo_:tUiI' — e:}:mz sm(u.)c:‘,)o,:l:7
where k, = g./w. is the key parameter measuring the degree of asymmetry of the system with respect to spatial
inversion and reduces to 0 for non-polar systems with vanishing PDMs. The transformed Hamiltonian reads as

) 1 o o
/1= UyHU 4+ 030 = Sasegr + g cos(iet) (€5 x4 gsintond) o) (53)
where U; = $U;. Using the Jacoby-Anger identity e*ir=sin(wet) = $7°¢  J_ (k. )e*i"wet we can rewrite the Hamil-

tonian, with use of the Bessel functions of the first kind J,,, in the form

oo

1 1 : ; ) .
Hl/h _ iwegaz + 59.@ (elwct + e—wct) Z (Jn(nz)emwcto.-ﬁ- + Jn(ﬂz)e_metO'_) . (84)
n=-—oo
Taking advantage of the Bessel function properties J_,,(2) = (—=1)"J,(2), and J,—1(2) + Jpq1(z) = 22J,(2), and

splitting the equation into terms with different oscillation frequencies, we rewrite

1 1 2n
Hl/h = Ewcgo—z + Egac Z ;Jn

n=1"%

('iz) (einwct + (71)n+le—inwct) % (0_+ + (;1)n+10_—) . (85)

Note that so far we have not introduced any approximations in the Hamiltonian. In this form, Hamiltonian (S5)
separates terms that can be interpreted as n-photon resonances with the effective coupling strengths

~ o - 2n
gg’l)(EOv dega Ad, wc) = gén) (’iz) = ?Jn(ﬁz)gmz (86)

z

where we have denoted Ad = d, — czqg. Hence,

1 1 iwe —iwe 1 - n inwe n —inwe n —
Hy/h= iwegoz+§gf) (et 4 e7iwet) aw+§;gi ) (et 4 (=1 Hemimwel) x (oF + (-1)"TeT). (ST)

Huuiei/h
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It is worth noticing that the polarity of the system ”unlocks” even-photon-number transitions forbidden in inversion-
symmetric systems with nonzero deg. The Hyyuie; Hamiltonian gathers all the multiphoton resonance terms.

For the fixed arbitrarily o,-coupling strength g,/w. = 1, the values of the couplings as functions of the polarity
g2/ gz of the system are presented illustratively in Fig. Sla. For small PDMs and field amplitudes — typical in optical
experiments and calculations — the single photon coupling gél) is dominant. However, highly polarized systems coupled
to strong fields may require accounting for higher-order transitions through terms with n > 1. Most importantly,
as shown in Fig. S1b, for arbitrary and fixed PDMs difference g,/g. = 1, the coupling strength gg) significantly
deviates from standard g, (dashed line) as we increase the driving field’s amplitude g, /w.. This nonlinear behavior
is investigated further in the following parts.

In conclusion, transformation U; rotates the reference frame sinusoidally in time. The system defined by the
Hamiltonian H is described exactly by the Hamiltonian H; in the dynamic frame of reference, where resonances at
nw,. ~ w, which we will refer to as ”higher-order resonances”, are explicit.

B. Transformation U; — dealing with counter-rotating terms

At this point, the usual step is to disregard the higher-order- and counter-rotating terms in the rotating-wave
approximation (RWA). However, the effects at the focus of this work become relevant in strong fields, for which
RWA may not be justified. Hence, we are going to incorporate counter-rotating-term corrections following the idea
introduced in Ref. [2] by the second unitary transformation

[]2 _ Ci{nw sin(wct)o’m’ (SS)

where rk, = gg(gl) Jwc. The parameter € € (0,1) will be evaluated later.

In the frame transformed through Us,, the inversion operator o, acquires terms proportional to the Pauli flip
operators in form of o, = —i(c" — 07), and vice versa

Uy US = cos(26 ki, sin(wet))o. + sin(2ky sin(wet))oy, (59)

UgayUzT = c08(2€ kg sin(wet))oy — sin(2€k, sin(wct))o.

‘We make use of the Bessel expansion once again

[ee] o0
UQU,WU; = (J[)(2£nz) + ZJ%(Q&%) (eizmc + eiZk-wC)> ey ¢iZJ2k+1(2§’%) <ei(2k+1)wc _ efi(2k+1)wc> Oyoe
k=1 k=0

(S10)
From the form of the expansions we conclude that the rotated Hamiltonian consists of terms with different oscillation
frequencies (we, 2w, 3we, ... ). The full form reads

Hy/h = Uy HyUJ [+ iU5US =

1 > . . > . .
Qweg |:<J0(2€K,z) + ZJ%(?@%) (e12kwct + elewJ)) o, —1i Z (2551) <e1(2k+1)wct _ efl(QkH»l)th) Jy:|

k=1 2k+1

1 . .
T OIS (el(2k+l)wct I e—l(2k+1>wct> 0n — €9V cos(wet)oy
3 2 95 ) (wet) (s11)

i

+

N |

oo
Zgik(fﬁz) (eikact _ efikact) %
k=1

<J0(2€Kz) + ZJ%(%’%) (Cikact +C—i2kwct)> oy +i Z (26k,) (Ci(2k+l)wct _ O—i(2k+1)wct> OZ} .

k=1 2k+1

We separated the different frequency terms in the spirit of the RWA. Keeping time-independent terms and terms
oscillating with the frequency w., we arrive at an approximated Hamiltonian relevant for the resonance fluorescence
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4
problem
1 = 4k
Hy/h =~ - wegdo(28k,) 02 + Z 9% (k) Jok (284 ) cos(wet)o,
20~ Y = 28Ky
Weg — (512)
9z

+ Wegd1 (26K, ) sin(wet)oy, + (1 — €)giP (k) cos(wet )0y

/
eg’

rotating terms. The main contribution to this shift is the well-known Bloch-Siegert shift {2(953

which is the modified resonance frequency shifted due to the influence of the counter-

1 w,
))2—"‘29 however, the
w2 ’

B

Here, we introduced w

form provided here is more general. We also introduced coupling g, which is a correction from the counter-rotating
terms to the polar coupling of the system.
At this point, we find the value of the parameter £ introduced earlier by comparing coupling terms

wegT1(260) = (1~ gl (52) = 20 (313)

This condition simplifies the form of the resulting Hamiltonian and defines the effective coupling strength 2. After
simple transformations, the rewritten Hamiltonian reads

1 1 . .
Hy/h = ?UIQQUZ + gL cos(wet)o, + 5(2 (e ietat 4 eiweto) . (S14)

With the second transformation, we have taken into account the counter-rotating terms in the effective parameters
wéw g. and Q. We now proceed to effectively remove the o,-coupling.

C. Transformation Us — effectively removing the 0. coupling

The above form is very similar to the one given in the initial Hamiltonian (S1). Hence, the oscillating o, term can
be treated with a transformation analogous to (S2)

U3 _ e%ir;’z sin(wct)o'z’ (815)

where k!, = ¢/, /w.. The transformed Hamiltonian takes the form which we refer to as Jaynes-Cummings-like since the
field is in this case treated classically unlike in the original Jaynes-Cummings model

1 1 . )
Hs/h =~ §wég02 + 3 QJo (k%) (e7“fo™ + e¥lo). (S16)
N——
Q/

Here, Q' is the effective coupling strength.

D. Transformation U; — moving to the interaction picture

Finally, by applying interaction picture transformation
Uy = e3iwetos (S17)

and setting effective detuning ¢’ = w. — w.,, we end up with the final, time-independent form same as Eq. (5) in the

main text

/
eg’

1 1
Heg/h = —56/02 + 59/0'1. (S18)

To conclude, we have applied a series of noncommutative unitary transformations or Bloch sphere rotations around
the z and x axes. Each of these transformations introduces a Hamiltonian simplification and captures subsequent
Hamiltonian terms in effective parameters. As a result, we have arrived at the Hamiltonian H.g, whose simple form
captures the rich physics of interactions of light with transition and permanent dipole moments in the ultrastrong
coupling regime, including the influence of counter-rotating terms, Bloch-Siegert frequency shift, and beyond. In Hg,
we have neglected higher-order resonances of the type nw. ~ weg4, which is justified with our original assumption that
We A Weg-



3.1 BLOCH EQUATIONS FOR SINGLE SYSTEM 53

II. DERIVATION OF RELAXATION RATE EQ. (7)

To take into account dissipation processes (e.g., spontaneous emission), we consider an additional interaction be-
tween the TLS and a bosonic reservoir

1
Hp/h=" wblb, + 3 > gp(b] + by) s (S19)
p p

The reservoir modes are described by the creation b and annihilation b, operators with corresponding mode frequencies
wp. The coupling strength between these modes and the system is given by g,.

We move to the interaction picture for the reservoir by making use of the unitary transformation

UR _elz wmb bt (SQO)

int

that does not affect the system and, therefore, does not interfere with our previous calculations. The interaction-
picture Hamiltonian takes the form

1 i —iw
HR,int/h = 5 zp:g,, (b;elwpt + bpe pt) o (821)

We now apply all the transformations U;-Uy to the system operators o, 4 ., and list below the nontrivial transfor-
mation prescriptions:

o0 oo
Uyo,U Jo(ks) + ZJzk(ﬁz ei2kwet eleth)) oy + ZJ%H(’%) (ei(2k+l)wct . e—i(2k+1)wct> iy,

k=0

k=1 k=0

Uglo—yUQ _ <J0 %k, + ZJ%(ZEM) (ei2kwct + e—i2kwct)> i, — Z Jonsr (26kz) (ei(2k+1)wat . e—i(2k+1)wct> s

oo
U301U3 Jo( )+ZJ2’C(K;) (ei2kwct +efi2kwc ) o1 + ZJ%H ( (2k+1)wet _efi(2k>+1)wct> s,

Uso, Ul =

(O’+ 1wt+0_ e 1wt)7
Usio,UJ = (ot et — g7t

(S22)

where the third line above applies for pairs (o1, 02) = (04,10y), (ioy,05).

Putting together all the pieces, we end up with a fully transformed Hamiltonian describing system-reservoir inter-
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6
action
1 . i
HR,int/h = 5 ;gp (b;r)elwpt + bpe lwpt) %
oo oo
{_ Z ZJ%H(@)JzHl(QﬁHz) (ei(2k+1)wct . e—i(2k+1)wct) (ei(ZlJrl)wct _ e—i(2l+1)wct> o,
k=0 1=0
+ (Jo(ﬁz) + ZJQIC(K/Z) (612kwct + e—lewJ)) (JO(H;) + ZJ%(H;) (612lwct + e—l?lwct))
k=1 =1
+ ZJ2k+1("iz) (el(2k+1)wct _ e—1(2k+1)wct> (JO(2£K@) + ZJ2l(2§’iz) (e12lwct + e12lwct)) ~
k=0 =1
oo (S23)
Z Jom+1 (k%) (ei(Q"LH)““t - efi(QmH)w“t) ] (otelwe! + gmeiwel)
m=0
n <JO(K/Z) n ZJzk(ffz) (eikact + eikaJ)) ZJzHl('i'z) (ei(21+1)wct _ e—i(QlJrl)th)
k=1 1=0

+ Z Joks1(K2) (ei(2k+1)wct B e—i(2k+1)wct) Jo(26ky) + ZJ%(QEHI) (ei2lwct + e—iQZth)) %
k=0 =1

<J0(’f/z) + Z J2'm(K//z) (ei2mwct + eimect)> :| (o_+eiwct _ o_eiwct):| )
m=1

Since we consider a thermal reservoir in the vacuum state weakly coupled to the system, the terms oscillating at
eFi@r—we) are significant, while other rapidly oscillating terms in the above equation can be disregarded. Moreover,
we can also exclude the whole second rectangular bracket, as all the multiplications provide time-dependent terms.
Hence, the complexity of the problem reduces significantly and we arrive at

1 . .
Hpint/h =~ 3 Z IpQ <bL0761(“"’7°"C)t + prJre*l(“’V“C)t) , (S24)
p
with

Kz, Ky k) = Jo(k2)Jo (kL) + QZJ%(@)J%(K’Z) —2J0(28k2) ZJzkH(Kz)J%H(“;)

=1 =0

-2 Z Z Joks1(k2)T21(2862) Jo(kri)+1 (kL) + 2 Z Z Jors1(F2)Tokpm+1) (266a) Jamir (kL) (S25)
k=0 1=1 k=0 m=0

=23 Doyt (52)J21 (28k0) Jam 1 (KL).

=1 m=0

Following the Weisskopf-Wigner theory [3], we find the effective spontaneous emission rate to be the same as Eq. (7)
from the main text

7 = oy & (Jo(k:)Jo(K1))" 7, (526)

where ~y is the emission rate for the non-polar case. Note that in the resulting frame, due to the PDMs, the effective
spontaneous emission rate becomes dependent on the external field amplitude Eo. The emission rate keeps its original
value v without PDMs or the external field. The result given by Eq. (S26) without the approximation is presented
graphically in the main text in Fig. 1d. The appearance of the PDMs in the system significantly reduces the gamma
rate, while strong field interaction incorporates small correction (compare the blue and orange curves).
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III. STATIONARY SOLUTION

Based on the above expressions, we can write the master equation for the polar system’s density matrix p which
also undergoes the unitary transformations

p = Us(O)Us (1) Uz (t)Ur (£) pU () US () U (1)U (¢) (S27)
under the evolution of the approximated Hamiltonian Eq. (S18)
/!
p = [Hegt/h, p] — i% (cto p+poto™ =20 pot). (S28)

To solve this equation for the stationary state (p(t) = 0), we rewrite it in the matrix form for the expectation values
of the operators o, o+

(A0 =3y 0 =i\ [(oT)s 0
0= 0 0/ — 3y L1y (e)s| =101, (S29)
—IQI IQI —’Yl <Uz>s ’y/

where subscript s indicates stationary solution
£y, = (20" £1v")
5202 4482 4%

2 2
(0.)s = I U
T2 446?42

(o

(S30)

IV. FLUORESCENCE SPECTRA

The general formula for the emission spectrum reads [3]

1 I (it
S(w) ==— lim / dt/ dt' g (t,t")e W=t (S31)
0 0

T T T
where g is the first-order correlation function

gVt t) = (U)o TUMUT (o~ U(t)), (S32)
where U (t) is an evolution operator of Hamiltonian Eq. (S1). The further calculations in this section provide general-
ization of the work done in Ref. [2]. The correlation function can be found analytically in the reference frame rotated

according to the sequence of operators U;-Uy

oF S UL(Us(4)Ua (U (1) o UL () US () US (1)U (2)

1 - -/ +imw.t . i +
=— 7 e b4 g +1e:F1me o
2 "%d( m+1 m ) 2 (833)
1 0o
+ 5 [(ameiimwct + 5me$imwct) (J’i + (a:neiimwct + 5;11/e$imwct) 0_1]7
m=0

where the ¢® operators on the right-hand side are given in the rotated reference frame. Above, we have used the
following symbols

. 1+J()(2£,‘£m), n=1
In = Jn—1(28ks), n#1

(S34)
y 1—-1J0(28kz), n=

In = {Jn—1(2§’iz)7 n 7é 1

55



56 PERMANENT DIPOLE MOMENTS IN TWO-LEVEL SYSTEMS

and

Z Jn(’£§)(jn+2 - jn)7 m=20
n odd o
Jo(D)jt+ Y [Tnr1 (6D )jnr2 + I n1 (62)jn], m=1
Oy, = oo n odd (n>1) (835)
> [Tmen (55)in + Jman (52 )ins2 = Jnem (52)jn], m even

n odd (m>n) (n>m)
00

> [Jm—n(ﬁg)jn"‘JM-&-n( )]n+2+Jn m (K ) ]+J0( 2)jm, m odd

n odd (m>n) (n>m)

ng‘]n(ﬁg)(]’n-ﬂ = Jn)s m =0
Jo(6D)jr2 + 2 [Tng1(B)dn + T o1 (K2)jn2], m=1
ﬁm - n odd (n>1) (836)
- X [J m—n (K2)Jn+2 + Jman(K2)n = T n-m (’izz)jn-ﬂ]» m even

n odd  (m>n) (n>m)

00

Z [J m—n (Kg)j7L+2 + Jm+n(’€§)jn + Jnfm (Kg)jnwLﬂ + JO(’£§)jm+2~ m odd

n odd (m>n) (n>m)

The relation between the primed and non-primed parameters is

Ay /B'm ‘—__> a’m7 /8 (837)
Jn—>JT,+2
Jny2—rin
KE RS

Above, k2 = K, + K., and K2 = Kk, — K.
Eventually, the correlation function reads as
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We have obtained an expression with two types of terms with exponents: e
To calculate the spectrum based on Eq. (S31), we integrate each of these terms, approximating as follows

T—oo T

I(w) = lim —/dt/dt' Him'wet o Fimwet! o —iw(t=t") (ou(t —1t)0,(0))
T—t'

= Jim / gl i =t / dre ST (5 (7). (0)) (839)

0 —t’
[e'S)

~ &m/,m / dTeii(mlwc:Fw)T<O’N(T)O',,(O)>5,

— 00

where 7 =t — ¢/, p,v € {2z,4+,—} and we moved to the stationary state for the expectation values (¢, (7)o, (0)) —
(0,(17)0,(0))s by setting integral limits T — t' — oo, —t' — —oo. Due to this approximation, we simplified the
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correlation function by removing one of the sums, as only the terms with m = m’ contribute. Moreover, following the
same procedure for terms eiim/“’cteiim“’ct/7 we end up with .,/ _,, which leaves only one term with m’ = —m = 0,
as m,m’ > 0.

We end up with a compact form of the expression for the fluorescence spectrum

— Re/dT§ ST (AL ()T 4 A (n)eT4T) X (,,(7)0,(0)), (S40)
n=0 p,v
where

0 n even
n odd

n+15
0, n even
Jn410m, nodd
0, n even
Jn10h, mnodd
{ana +a,Bn, n=0

o n#0 (541)

nQ
+aﬁ n=>0
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{a +anBy, n=0
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A (n) =

A;- (n) =

A* (n) = AT, (n)

n#0

%

A, ().
Jn—=in

an, o), —Bn, B,

Bn, B, —an, a,

Finally, we evaluate the expectation values for the operators. We are interested in the incoherent part of the
spectrum, hence, we use the quantity

{({ou(T)a(0))) = (o,u(T) 0 (0))s = (Tu)s(0)s- (542)

Using the quantum regression theorem [3] and following reasoning in Ref. [2] for the master equation Eq. (S28), we
find that

d
== {(0u(1)0u(0))) = > Mun((oa(r)o, (0))), (543)
A
where M is the matrix responsible for the homogeneous evolution in the GKLS equation (S29)
10—y 0 —3i
M= 0 i — 1o/ 1Q’ . (S44)
—iQ i —’y
Making use of the Laplace transformation £(f fo Je™*7dr = L[f](s), this set of equations can be written as
1
(M - EI) L[X,](s) = Xou, (S45)

where Xg, provides initial conditions

{((a(0)a,,(0))) {({a™ ()7 (0)))
Xoy = | {{o7(0)0,(0))) |, Xu = | {(o7 (7)o (0))) ] . (546)
<<Uz (0)o.,(0))) <<Uz (7)o, (0)))
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The solutions can be expressed as [2]

({ou(r ZR o

where R!,, = lim (s — s;)L[((0,,(7)0,,(0)))](s), for s; beeing the roots of the determinant

s—s;

1 5 1 1
det( M - 7[) =534+ 29's% + (Q/2+5’2—O—Z’ylz)s—i-’y'(iﬁlz—i—é’?—O—Z’y'z),

which are of the form s = —v1, s9 = =72 + iﬁ, §3 = —"72 — ifNZ, and 71 2, Q > 0.
Hence, the spectrum can be written as

o0 [ee]

1 oS} 3 . .

@)= R Y [A:,,(n)RLV [aretem i an g, [ dTe—l<w+wa>T+sw} ,
n=0 p,v I=1 0 0

With that, we can calculate the above integrals which describe the lineshapes Lil(w)

71— i(w F nw,)

MR F W) I=1
N REAEA
N Y2 — i(w F nw, — ) 19
Lnl( ): aOV2 -
73 + (W F nwe — Q)
Yo — i(w F nwe + Q) I—3

23+ (wF e+ Q)2

Lineshape intensities I .. are given by
T =2 A

Finally, the full spectrum can be calculated as

oo 3
417T S (Lt @) + I L (@) -
=1

n=0

10

(S47)

(948)

(S49)

(S50)

(S51)

(S52)
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3.2 LOW-FREQUENCY RADIATION GENERATION

In article A2, we investigate the generation and propagation of low-frequency coherent
radiation in a medium of polar molecules. This is the continuation of the theory described
in Sections 2.1 and 2.3. The emphasis is on using polar molecules with broken inversion
symmetry to produce tunable radiation in the microwave domain driven by coherent light.
This makes it useful for various applications in quantum optics and communications.

Key elements of this work:

¢ A theoretical model describes how a resonant driving field causes Rabi oscillations

in the molecules, generating low-frequency radiation.

* Bloch-Maxwell equations beyond SVEA are used to simulate the build-up and prop-
agation of the signal, demonstrating tunable coherent output, with potential applica-
tions in microwave and terahertz radiation sources.

¢ The frequency of the generated radiation can be controlled by adjusting the drive’s
amplitude and detuning.

¢ The model is applied to a realistic medium of LiH molecules, for which the effect
of external polarizing DC field on the average orientation of dipole moments is thor-
oughly evaluated.

* The solver used for this work was written in Python and is available online [56].

In the article, I contributed to the conception of the idea, followed by the dominant con-
tributions to the development of the theory, results analysis, and manuscript preparation.
I am fully responsible for the numerical software implementation.
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Propagation of optically tunable
coherent radiation in a gas of polar
molecules

Piotr Gtadysz", Piotr Wcisto & Karolina Stowik

Coherent, optically dressed media composed of two-level molecular systems without inversion
symmetry are considered as all-optically tunable sources of coherent radiation in the microwave
domain. A theoretical model and a numerical toolbox are developed to confirm the main finding:

the generation of low-frequency radiation, and the buildup and propagation dynamics of such
low-frequency signals in a medium of polar molecules in a gas phase. The physical mechanism of

the signal generation relies on the permanent dipole moment characterizing systems without
inversion symmetry. The molecules are polarized with a DC electric field yielding a permanent

electric dipole moment in the laboratory frame; the direction and magnitude of the moment depend
on the molecular state. As the system is resonantly driven, the dipole moment oscillates at the

Rabi frequency and, hence, generates microwave radiation. We demonstrate the tuning capability

of the output signal frequency with the drive amplitude and detuning. We find that even though
decoherence mechanisms such as spontaneous emission may damp the output field, a scenario based
on pulsed illumination yields a coherent, pulsed output of tunable temporal width. Finally, we discuss
experimental scenarios exploiting rotational levels of gaseous ensembles of heteronuclear diatomic
molecules.

Analysis of the propagation of an electric field in various types of media is a well-known problem in quantum
optics, especially in the context of coherent phenomena!. Typically, an ensemble of atoms is dressed with a coher-
ent electromagnetic beam modifying the atomic optical properties probed by a weak beam of light. Attractive
examples include stimulated Raman adiabatic passage®*, magneto-optical rotation*® electromagnetically induced
transparency’~, light slowdown'®!! and storage'>"'*. Coherent atomic systems support quantum interference in
emission or absorption channels, exploited e.g. in the phenomenon of lasing without inversion'*~"”. An alternative
scenario for lasing closely related to this work is based on a resonant amplification of a high-frequency signal
generated in a superradiant ensemble of atoms coherently driven by a low-frequency beam!®!°. Despite the long
record of investigation, there is still room in the field for fundamental and uncharted research ideas for even the
simplest possible models. One such example is a one-dimensional medium consisting of two-level systems with
broken inversion symmetry, coupled to an electromagnetic field.

A two-level system, obeying inversion symmetry, driven by a resonant electromagnetic field is a canoni-
cal example considered in quantum optics. Such a system undergoes Rabi oscillations of populations of the
two levels as the system subsequently exchanges energy with the driving field. This induces oscillations of a
transition dipole moment at the transition frequency. This can be understood in terms of AC Stark effect. The
resulting emission spectrum has the form of a Mollow triplet®’, with a central peak at the transition frequency
of the atomic system and sidebands detuned by the Rabi frequency. If the two-level system is polar, its inversion
symmetry is broken and radiation is additionally generated at the Rabi frequency;, i.e., much below the transition
frequency between the eigenstates. This can be explained by noting that the permanent electric dipole moment
characterizing the system can, in general, be different in the excited and ground states (polar molecules have
to be subjected to an external DC electric field to have the electric dipole moment in the laboratory frame).
Thus, the population exchange between the eigenstates results in oscillations of the permanent dipole moment
at the Rabi frequency. Such behaviour was first shown by Kibis et al.>!, where the coupling of a single asym-
metric system (a quantum dot) with classical light was considered. The discussion was extended to the cases
of single-mode?? and bichromatic light**. Nonlinear effects were also considered in terms of polarizabilities of
asymmetric systems?*. Moreover, two-level systems with broken inversion symmetry were suggested for lasing
or for generation of squeezed light*".

Institute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University in Torun,
Grudziadzka 5, 87-100 Torun, Poland. “’email: glad @doktorant.umk.pl
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Until now, the analysis neglected field propagation effects. This approach limited the possible physical realiza-
tions to small amounts of relatively large quantum systems and excluded commonly available molecular clouds
or solids. In this paper, we extend that research to scenarios in which a resonant driving beam illuminates an
ensemble of two-level systems with broken inversion symmetry, e.g., polar molecules in a gaseous phase. As a
result, a coherent beam of low-frequency radiation is generated throughout the length of the sample and propa-
gates parallel to the drive.

We investigate the performance of the proposed system as an all-optically-controlled source of coherent
radiation. Its frequency could be optically tuned within the microwave domain by modulation of the amplitude
of the drive. In an opposite strategy, modulation of the driving field’s detuning from resonance with the atomic
transition would provide a knob to suppress the outgoing signal at a fixed frequency. To investigate these effects,
we develop a method based on the semiclassical Bloch-Maxwell equations derived under a generalized form of
the rotating wave approximation. The usual slowly varying envelope approximation is not applied because it does
not hold for low-frequency pulses. The theory is applied to a realistic model of a gaseous medium of molecules,
which support a permanent dipole moment.

Method

Medium. We consider a quasi-one-dimensional sample containing a medium of uniformly distributed polar
molecules. To generate a signal the dipole moments have to be oriented in the laboratory frame which can be
done by applying an external DC electric field. The simplest examples of molecules well suited for this purpose
include heteronuclear molecules with large electric dipole moment which can be relatively easily polarized in the
laboratory frame, such as: methylidyne (CH)? or carbon fluoride (CF)? both in a ground state X 2I1; 2, hydrox-
ide (OH)* in a X 2I13 /2 state, or lithium hydride (LiH)*! ina X 153+ state. For such systems the dipole moment
operator in the laboratory frame d = Zz’j djj|i)(j|withi,j € {e, g} has nonzero diagonal elements: |d;;| 7# 0 (for a
proof, see the “Supplementary Information”). The diagonal elements correspond to permanent dipole moments,
in contrast to the usually considered off-diagonal elements describing transition dipole moments d;; with i # j.
A crucial for this work feature is that the permanent dipole moments of the two eigenstates are not equal:
dee # dgg. Naturally, the transition dipole moment deg = dj, should be nonzero to enable efficient coupling
with the driving electric field, which we describe in the following subsection. For the purpose of describing how
the DC electric field polarizes the molecules in the laboratory frame we use the full set of relevant molecular
levels, see “Supplementary Information”. However, for the purpose of describing the light-molecules interaction
and light propagation it suffices to focus only on the two levels coupled by light (the drive beam), hence the
medium is described with 2 x 2 density matrix p(z, t) dependent on position z and time ¢, which we describe
on the basis of excited (e) and ground (g) states {|e), |g)}. The free Hamiltonian of the system can be written as
Hpedium = haole) (e|, where i stands for the reduced Planck constant, wy is the transition frequency, and we
have set the energy of the lower state to zero.

Electromagnetic field. The electromagnetic field is treated classically. It consists of two components cor-
responding to the driving and signal fields (in this section we skip the DC electric field that is used to polarize
the molecular medium). Thus, the electric part of the field can be written as

E(z,t) = Earive (2, 1) + Esignal(z7 £). (1)
The drive
Egrive(2, 1) = & (2,t)ecos(kz — wt) )

is a strong coherent laser beam of carrier frequency w close to resonance with the two-level system’s transition
frequency wq. Depending on the system, it may belong to the optical, near- or even far-infrared regime. Here,
e indicates the polarization of the driving field, which we assume is constant. The beam propagates along the z
direction, and on resonance the wavenumber k equals ¢ with ¢ being the speed of light in vacuum. Tuned close to
the resonance with the two-level systems, the driving field induces coherent Rabi oscillations of their population
between the ground and excited states. Either due to back-action from the medium or due to external tuning,
the envelope & can be modulated at timescales comparable to the inverse Rabi frequency. This observation will
be important in later parts of this work.

Due to coherent oscillations of the population between the eigenstates with unequal permanent dipole
moments, a coherent signal field Eqigna1 (2, t) may be generated in the medium. Its source is the permanent dipole
oscillating at the Rabi frequency Qg, whose exact form is derived later. It is typically in the microwave regime.
Formally, we can distinguish the signal field envelope and a harmonic term

Esignal = (2, t)eseiQR(%it) +c.c, (3)

where e represents the polarization vector of the signal field, which is constant and parallel to the permanent
dipole moments of the medium. In realistic scenarios, the timescales of modulations of the signal field envelope
may be comparable to the inverse Rabi frequency | %o‘ s| < &sQr, which means that the slowly varying enve-
lope approximation may not be valid for this part of the field and will not be applied. We make the reasonable
assumption that initially the signal field is absent throughout the entire sample |Esignal(z,t = 0)| = 0 for all
z € [0, L], where L is the sample length. In the following section, we derive the equations describing the buildup
and propagation of the signal field.

Scientific Reports|  (2020) 10:17615 | https://doi.org/10.1038/s41598-020-74569-w natureresearch
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Medium coupled to the field. The goal of this subsection is to find the coupled Bloch-Maxwell equations
that govern the evolution of the density matrix of the medium as well as the propagation of the signal field. In
many cases, the propagation effects for the drive can be neglected. Here, we will nevertheless allow temporal
tuning of the drive amplitude at reasonable timescales: { 536 | <& w.

Our starting point is the one-dimensional form of the propagation equation for the total field given by Eq. (1)

9? E(z,t) + Lo E(z,t) 92 P(z,t) (4)
—+5E(z S 5 E@ ) = —pno—Pzt),
z2 c2 9t? Ho ot?

where 40 is the vacuum permeability, and P(z, t) is the polarization of the medium. For this equation to be valid,
the medium must be nonmagnetic, linear, and isotropic, without free charges and currents. We make these
assumptions here as they describe a rather wide class of molecular vapors and solids.

The polarization at the right-hand-side of Eq. (4) can be expressed as

P(z,t) = NTr(p(z,H)d) =N Y pj(z t)dj,
ijeleg)

(5)

where N is the concentration of the two-level systems in the medium, Tr(-) stands for the trace operation, and
pij(z, t) are elements of the density matrix of the medium p(z, ). Note that contrary to the usually considered
symmetric case, all density matrix elements contribute to the polarization, including the diagonal ones that give
rise to the signal buildup.

To find the explicit form of the source term in Eq. (4), we model the evolution of the density matrix with the
master equation

a
iﬁgﬂ(& 1) =[H(z 1), p(z )] + L [p(z1)], (6)

where H is the full Hamiltonian
H(z,t) = Hpedium — d - E(2, 1), (7)

Hiyedium Was introduced at the end of subsection “Medium”, and the electric dipole approximation has been

assumed for the interaction term. The relaxation term is given by*>*
1
— 9 T i T
Zp@n]=2ih Y ¥ <LppLP — SPLLy — ZLPLpp), ®)
p=se,coll

where in our system the index p = “se” corresponds to spontaneous emission with Lee = |g) (e, while p = “coll”
describes collisional relaxation: L., = |e)(e| — |g)(g|- To simplify the notation, we have omitted the arguments
of the density matrix on the right-hand side.

From now on, we assume that all matrix elements of the dipole moment operator d;; are oriented in the same
direction, parallel to the polarization direction of the fields. Hence, we can omit the vector notation. Please note,
however, that the analysis could be equivalently performed for perpendicular orientations of permanent and
transition dipoles: d;; L djj, j # i.

To separate slowly varying and rapidly-oscillating components of the coherence p.g, we adjust the ansatz
introduced in the previous work*!

Peg(zt) = Teg (Z, t)ei(szmt) efil((z,t) sin(szwt)’ (9)

& (2,)(dec—d,
where the dimensionless parameter k (z,t) = w is a measure of asymmetry. As we w1ll see from the

Bloch equations, the timescale for variations of the er(i)velope function 7, is on the order of Q3 2

The last exponent in Eq. (9) can be expressed using the identity e™* sinx — :_oioo T (1c)e™ ", where J,,
refers to the Bessel function of the first kind. Making use of this form and inserting Eqs. (7-9) into the master
Eq. (6), with the field in the form given by Eq. (1), we arrive at a set of Bloch equations whose general form and
detailed derivation are given in the “Supplementary Information”. The rotating wave approximation leads to the

following form of the Bloch equations:

a . 1
Epee ZZJ(QR”eg) +2 sngna JI(K)j(d ”eg) — 2YsePee> (10a)
ad . 9 Egional Egignal
PTACS =i|-§+ E’C + 51gna (dee — gg):| Teg + 1|:QR + slgna II(K)deg (1 = 2p¢e) — (Vse + Vcoll)"eg:
(10b)
where we have introduced the detuning § = wy — w < wg and derived the explicit form of the Rabi frequency
Qr ddfdll (). This form implies that the signal frequency can be controlled with external parameters, in

particular the amplitude of the drive, as well as—to a smaller extent—its frequency. Note that if the diagonal and
off-diagonal terms of the dipole moment are comparable, the order of magnitude for « corresponds to the ratio
of the Rabi frequency to the transition frequency in the system This means that « is typically small, and the
Bessel function can be approximated by the linear term J; (k) ~ ZK In this regime, the Rabi frequency reverts
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5 d,
to the familiar form Qr ~ % It is now clear that the elements pee, 7 of the density matrix vary at time-

scales set by Qp Land the inverse decoherence rates y; . From Eq. (10b), it follows that the signal field gives rise
to a time- and space-dependent energy shift of the levels that is proportional to the difference between the
permanent dipole moments of the eigenstates. In addition, the time dependence of the envelope of the driving
field is included in the term 7 ¢ 7/ This part is negligible for slow changes of the drive’s envelope and vanishes for
a constant amplitude.

Once we have found the evolution of the density matrix elements, we can specify the form of the medium
polarization induced by the driving field. Making use of the density matrix normalization pgy + pee = 1, com-
bining Egs. (9) and (5) yields

o0
P(z,t) =N dgg + Pee(dee — dgg) + regdge Z ]n(K)eii(nil)(kZﬂﬂt) +ccf. (11)

n=-—0o0

We can insert this form into the right-hand side of Eq. (4). To extract the equation for the signal rather than
the total field, we insert Eq. (1) in the left-hand-side of Eq. (4). Next, we separate contributions on both sides
of the wave equation that oscillate at different harmonic frequencies. This step is based on the assumption that
the components of the field oscillating at the Rabi frequency that contribue to the signal have their source in the
polarization components oscillating at the Rabi frequency, while their coupling with the polarization components
at the carrier frequency is negligible?*. The details of this step are given in the “Supplementary Information”. As
a result, we obtain the propagation equation of the signal field:

92 1 92 92
*ﬁEsignal + ?ﬁEsignal — 10N (dee — )3 7 Pee
) . 0\ ., 9
— 2ioNRq dee ]l(K) ng+21 (K) woapreg H{JT0O| o |+ gk |reg | o

(12)
here, J; (k) and J/ (x) are respectively the first and second derivatives of the Bessel function over the argu-
ment «. These terms represent the influence of the temporal modulations of the drive envelope. For a contin-
uous-waye drive, all time derivatives of k disappear, and the equation is significantly simplified. In general,
Jik) = 5 [IO(K) Ja(k)land J{ (k) = 4[]3(1() — 3J1(k)]. Because « is typically small, the part proportional to
Jo (k) is the dominant contrlbutlon Then, the correction arising from the time dependence of the drive envelope
can be rewritten as J, ()2 31K 91 i Teg

From Eq. (12), it follows that both the diagonal and the off-diagonal parts of the density matrix contribute
to the generation of low-frequency radiation. Assuming comparable values of permanent and transition dipole
moments, we see that the oscillation of the population has a major impact on the signal buildup, in particular
in the case of the slowly varying drive envelope, i.e., negligible %K. This observation is one of the key points of
this work: the physical origin of the generated signal is the permanent dipole moment associated with the eigen-
states of the system and oscillating at the Rabi frequency. This is the carrier frequency of the output signal. The
Rabi frequency is determined by the drive amplitude &, which provides a knob for spectral tuning of the signal.

In Eq. (12) we assume co-linear orientation of molecules. To include a distribution of the orientation direc-
tions of the molecules, one would need to replace the density N with a distribution function N (6, ¢), and integrate
over the orientations (6, ¢). In practice, this would suppress the coherence of the generated signal due to the
distribution of coupling strengths between the differently oriented molecules and the drive.

Note that in many other works the field propagation equation in the Bloch-Maxwell set is a first-order dif-
ferential equation®'***. That simplified form is obtained under the slowly varying envelope approximation in
which the signal envelope is assumed to vary both in time and space much more slowly than its inverse carrier
frequency and wave vector, respectively. Here, this approximation may not be justified, because the carrier
frequency Qg is of the same order as the inverse timescales of the system’s dynamics, and therefore we chose to
retain the more complicated second-order propagation equation.

Results and discussion

In this section, we first perform calculations for parameters that do not describe any specific molecule, but rather
represent orders of magnitude characterizing standard molecular or atomic ensembles, in order to present the
typical output provided by the model. To explore the possibilities and limitations, in some investigations we
even neglected decoherence or consider very large concentrations. Next, we investigate the performance of a
LiH molecular ensemble as a low-frequency signal source.

Model parameters. We apply the theory to a model sample of a gaseous molecular medium. We focus on an
electronic transition at wy = 660 THz, with dipole moments set to 1 atomic unit (dee = deg = 8.5 x 1073°Cm).
The spontaneous emission rate yse = 3.4 MHz is calculated according to the Weisskopf-Wigner theorem?, and
the collisional decoherence lifetime yc?)lll = 65 kHz has been chosen in accordance with experiments on diluted
atomic vapors®. The sample of length L = 53 cm is illuminated with a driving beam with the envelope

1 T
& (t,z) =A— (arctan (—a(z —zp —ct)) + 7), (13)
T 2

where the arctan function is chosen to model a smooth ramp-up of the beam. The parameter & = 0.019/
cm is a scaling factor controlling the slope and zyp = —5.3 m. The amplitude A = 1550 V/cm corresponds to
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Figure 1. (a) Envelope of the driving field & (black) and generated signal Egjgn,1 (blue) as functions of time at
the end of the sample (z = L) for yse = 3.4 MHz, yo1 = 65kHz, and § = 0. (b) The signal gy, in the spatial
domain at# = 30 ns. The gray rectangle represents the sample with the active medium (between 0 and 0.53 m).
(c) Spatial behavior of the generated radiation for the same yse and y,oj coeflicients but in the presence of
detuning § = 460 MHz.

continuous-wave laser power of 32 W for a beam area of 1 mm?. The carrier frequency of the drive will be chosen
around the medium resonance.

We solve the Bloch-Maxwell equations (10, 12) with a self-developed Python code, which we made avail-
able on a public repository*. The Bloch and the Maxwell equations are alternately iterated in time, so that their
coupling is fully accounted for, allowing one in particular to observe the effects of back-action of the signal on a
dense medium, as it is discussed later. First, we discuss the case of a relatively low concentration N = 6.7 x 1012
molecules/cm?. The time dependence of the generated low-frequency signal at the position fixed at the end of the
sample z = L is shown with the blue line in Fig. 1a. As the drive enters the medium, the signal builds up. Note that
the signal frequency Qr(z = L, t) varied in time proportionally to the drive envelope & (z = L, t) and reached
the stable value of 1.97 GHz after approximately 30 ns. The amplitude of the signal is significantly weaker than
the drive, but well beyond the detection threshold in the microwave domain®”**. Naturally, the weak amplitude
of the signal is a result of the small medium density we chose and could be improved in denser samples. Note
that for very large densities at which the mean spatial separation between the molecules would be below the
transition wavelength, dipole-dipole interactions of molecules may become relevant, but are not included in
our model. They could be taken into account, e.g., through local-field corrections®.

Figure 1b shows the generated signal at a fixed time E(z, t = 30 ns). The gray area corresponds to z € [0, L]
and represents the active medium, where the amplitude of the signal grows steadily. We find the dominant
component of the signal to propagate toward the positive-z direction, in accordance with the propagation direc-
tion of the drive. This indicates the coherent character of the generated signal. Outside the sample the signal
amplitude retains its value.

Figure 1c shows the same dependence as Fig. 1b, but for a drive detuned by § = 460 MHz. Naturally, the
generated signal field amplitude is decreased in this case and its frequency shifted, as we will discuss below. In
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Figure 2. Shapes of the signal field (blue) for enhanced values of relaxation parameters. The envelope of the
driving field is shown in black. (a) Only collisional relaxation present: y.o = 6.6 MHz, y5e = 0. (b) Only
spontaneous emission involved: yse = 6.6 MHz, o1 = 0. (¢) Both mechanisms included: y;. = 6.6 MHz,
Yeoll = 6.6 MHz.

addition, the detuning induces a beating of the signal field inside the sample, now modulated with a sinusoidal
envelope of the spatial period corresponding to the detuning. In consequence, the amplitude of the output signal
outside the sample is suppressed depending on the phase of the envelope of the signal at the end of the sample.

Due to decoherence, the signal decays at timescales determined mostly by y,; |, while yoy is a relatively less
important correction (see Fig. 2). The reason is that the relaxation y.o does not directly affect the population (i.e.,
it does not appear in Eq. (10a), which is the main source of the low-frequency signal. The impact of relaxation
is through a modification of the coherence term 7. The decay of the signal is a direct consequence of the decay
of population oscillations. This means that decoherence channels, in particular a strong spontaneous emission,
might prevent the possibility of low-frequency signal generation in a continuous manner. Instead, the signal
could be generated pulse-wise, with drive impulses as discussed at the end of this subsection.

A close analysis of Eq. (10b) reveals that an effective detuning Seg(z, t) = § — %K - E“‘,gi"al (dee — dgg) can be
induced by additional effects: a time modulation of the drive and a back-action from the generated signal field.
While the former is weak for the modulation timescales considered in our examples, we analyze the impact of
the signal back-action in samples with increased concentration N in Fig. 3. The calculations were performed for
a weaker drive (A = 514 V/cm), longer time period, and the same decoherence parameters for better visualisa-
tion. In the case of small concentrations, the back-action is not observed at the investigated time scales (Fig. 3a).
For larger medium concentrations, we find a clear indication of the back-action from the signal only if we do not
include the spontaneous emission (gray curves in Fig. 3b,c): the modulations of the signal amplitude originate
from time- and space-dependent effective frequency fluctuations (8.g) of the atomic transition induced by the
signal. However, this effect is blurred in the presence of spontaneous emission (blue curves in Fig. 3b,c). The
back-action of the signal also appears in Eq. (10) next to the Rabi frequency g, modifying it to the effective value
Qef = Qr + @Il (1) deg. Yet, this impact is considerably smaller due to the proportionality of the correction
applied to the Bessel function J; (k) < 1.
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Figure 3. Generated signal for different concentrations N in the medium with (blue) and without (gray)
relaxations. The driving field’s amplitude was set to A = 515 V/cm. (a) Concentration N = 6.7 x 10'2
molecules/cm?. (b) N = 6.7 x 1013 molecules/cm?. (¢) N = 6.7 x 10'* molecules/cm?>.
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Figure 4. Fast Fourier transforms (FFTs) of the generated signals reveal frequencies of the signals for the
resonant case (blue line) and for several values of detuning (other lines), all for Qz = 1.97 GHz. The vertical
lines indicate frequencies calculated according to Eq. (14).

To quantify the impact of the drive detuning on the signal frequency, we evaluate Fourier transforms of the
stationary parts of the generated signals (the integration of the signal field Egigna)(z = L, t) was performed over
times between 72 and 121 ns). Their normalized values are shown in Fig. 4. We compare the results obtained
numerically for different values of detuning up to § = 657 MHz, with the theoretical prediction of the oscillation
frequency of medium populations®
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Figure 5. Results of the simulation for the impulse driving field with amplitude A = 515 V/cm. Blue and green
lines represent the generated signal while black ones are envelopes of the drive in the form of Gaussians with
respective FWHM s of (a) 36 ns and (b). 12 ns. (c) Fast Fourier transform performed on signal impulses.

Q =24/Q% +82/4. (14)

The factor of 2 appears because Qg corresponds to the frequency of oscillations of probability amplitudes, while
the population probabilities are modulated at twice the pace. The formula above is valid for the case of vanish-
ing relaxation rates, while in the studied case ys ol are approximately two orders of magnitude smaller than é.
Therefore, the main consequence of relaxation is a spectral broadening of the signal rather than a frequency shift.
In the above expression, we did not take into consideration the effective parameters Q., 8¢t because their influ-
ence at the relevant timescale is negligible with respect to the impact of spontaneous emission. The theoretical
results are in very good agreement with the numerical ones, with offsets at the third significant digit, i.e., exactly
at the level at which we expect corrections from the relaxations.

The derived Bloch-Maxwell equations allow us to study the generation of low-frequency radiation under
more complex illumination schemes than a smooth step function. In Fig. 5, we present the temporal shape of
signals generated under illumination with Gaussian impulses defined as

& (z,t) = Ae @~ (15)

where o = a? x 2.3 x 107%/cm? hence, the full temporal width at half-maximum FWHM(a)=a x 12 ns. The
signals have Gaussian envelopes. The frequency chirp results from the drive modulation. The shift of the maxi-
mum of the signal with respect to the peak of the drive is due to decoherence and disappears in the absence of
spontaneous emission and relaxation. Fig. 5¢ presents fast Fourier transforms (FFTs) of both signals. The main
frequencies are Q = 1.93 GHz and 1.88 GHz for wider and narrower impulses, respectively. We observe that for
increasing temporal FWHM:s of the drive, the main frequency of the signal corresponds to the value of 1.97 GHz,
which is the continuous-wave limit.
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Figure 6. (a) Envelope of the driving field & (black) and generated signal Egigna (blue) as functions of time at
the end of the sample (z = L) for yse = 0.75Hz, Yo = 65kHz, and § = 0. (b) The signal Egjgp, in the spatial
domain at# = 30 ns. The gray rectangle represents the sample with the active medium (between 0 and 0.53 m).

Note that a pulsed drive brings into perspective a considerable increase in the driving field power, and there-
fore the frequency of the signal. In particular, signals in the terahertz domain could be achieved for the drive
peak powers from 3.5 MW, assuming the other system parameters as selected above.

LiH molecule. In this section we discuss an example of a polar molecule of lithium hydride LiH that well
suits the purpose of this project, i.e., it has a large permanent electric dipole moment that can be relatively eas-
ily oriented in the laboratory frame with an external electric field. We consider two selected rotational states
INM) = |00) and |[N’M’) = [10) of a LiH molecule in its ground vibrational and electronic state X! ©*. N and
M denote the rotational angular momentum of the molecule and its projection on the quantization axis deter-
mined by the external DC field. The details of the calculations of the dipole moments (in the laboratory frame)
and energies are as a function of applied DC electric field, Epc, are provided in the “Supplementary Informa-
tion”. At the experimentally achievable electric field Epc = 150 kV/cm the energy gap between the levels is
AE = 0.642 THz, the difference between the electric dipole moments in the ground and excited levels reads
dee — dgg = 4.05 D, and the transition electric dipole moment d,, = 2.51 D. The concentration and the col-
lisional decoherence rate of the molecules remain the same as before. We deem the concentration realistic with
the method described in Ref.*!. The results of our calculations are depicted in Fig. 6. We find a relatively high
amplitude of the generated microwave radiation (the signal beam) of approximately 0.45 V/cm. The low energy
gap between the levels yields low spontaneous emission coefficient and as a result, a relatively long coherence
time of the signal (the decay is not visible at time scales shown in the figure).
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Conclusions

We have shown how coherent radiation at the Rabi frequency is generated and propagates through a one-dimen-
sional medium consisting of two-level systems with broken inversion symmetry. The underlying mechanism
is associated with the Rabi oscillations of the population between the eigenstates induced as the resonant drive
illuminates the medium, and of the corresponding permanent dipole moments.

To quantify the effect, we derived Bloch-Maxwell equations governing the dynamics of the system. The
equations were solved numerically for sets of parameters representing standard molecular media. The results
confirm that the generation of low-frequency radiation is mostly caused by oscillations of the population in the
medium, while other contributions can be considered as corrections. The output signal amplitude and frequency
can be tuned with drive intensity modulation, allowing for an all-optical control of the signal properties. In our
examples, the signal frequency belongs to the microwave regime, while the amplitude is small but detectable.
A pulsed illumination scheme allows one to increase both the intensity and frequency of the signal, potentially
leading to tunable sources of coherent terahertz radiation.
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ABSTRACT

This file contains the following supplementary information:

S1. Relation between broken inversion symmetry and dipole moment
S2. Derivation of the Bloch-Maxwell equations

S3. Details of the numerical approach

S4. Lithium hydride example

S1 Relation between broken inversion symmetry and dipole moment

A diagonal element of the dipole moment operator with i = e, g is given by
di= ([1d]0) = [ dr ¥ qara i) (el).
a

where r = {rq } q=1

.....

(81

For simplicity, in this proof we assume a single charge g at position ry. The proof for multiple charges is a straightforward

generalization.

<Y

Z

Figure S1. Spherical coordinate system used in calculations according to (S2). The unusual choice of directed angles 6 and ¢

(notice the arrows in the picture) was intentional to set symmetric limits of integration in the equations.

To evaluate this quantity, we express r in spherical coordinates defined as follows (Fig. S1):

x=rcos@cosB,
y=rsin¢cos0,

z=rsin6.

(82

71

~ represents the set of positions rq of all N charges g, contributing to the dipole moment of the system.
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to obtain

” 761/ drl/ d¢1/ d91 8 cos61 r |<I’1|i>|2
(S3)

) T 0
=q/ drl/ d¢1/ do, r%cos@l Iy \(r1|i)\2+q/ drl/ d¢1/ do, r%cos@l ry |<l‘1‘i>‘2
0 -7 0 0 - -7/2

By substituting angles ¢ — —¢, & — —6 in the second term and making use of the relation cos(—8) = cos(6), we obtain

* 4 /2 2 A\ 12 12
d;; :6]/0 drl/ d¢1/0 dO ricosf; ry (|<I’1|l>| — ‘(—l’]|l>| ), (S4)
-

where —r| = (r1,—¢;,—0;). If the wave function (r;|i) has inversion symmetry, |{r;|i)| = |{—r;|i)| holds, and the bracket at
the end disappears. This implies that the diagonal elements d,, and dg, are equal to zero. This means that broken inversion
symmetry is required to create a permanent dipole moment.

For the off-diagonal elements, we simply have

(1)) = [ drr i) (clgk ) 1)) = (59)

regardless of the wave function’s symmetry. Due to the odd character of the position operator, if both wave functions share the
same symmetry, the integral is equal to zero, and the transition is electric-dipole-forbidden.

S2 Bloch—Maxwell equations

Here, we provide a detailed derivation of the Bloch-Maxwell equations. First, let us insert the form of the field given by Eq. (1)
into the master equation (6). The set of equations for the density matrix elements has the following form:

. d .

1h5pee = (& cos(kz — 1) + Egignat) (dgePeg — degPge) — 2i7¥icPee (S6a)

. d .

1ﬁ§peg = N Peg — (& cos(kz — @1) + Egignal) ((dee — dgg)Peg — deg(2Pee — 1)) — iR (Ve + Yaee ) Peg- (S6b)
The dynamics of the other elements can be found based on the density matrix properties: pee + Pgg = 1 and rge = 17, Next, we
make use of the ansatz (9) and expand the k-dependent term into a series of Bessel functions e ¥sin% = y+e Jn(K)e"’”‘ :

0 1 . .
ih- pee = {Eéa (et 1) +Esignale'<’“*“”)} Y (R0 O 4 ..~ 2ifiepre, (S7a)
n=—co
0 )
lhgreg =h |:8 - g K— Esignal(dee - dgg):| reg

(S7b)
1y .
+ {iﬁ(ez‘("””ul)+Esignaue*'<"””>} (2Pec — Z Tn(10)e™ 55700 (e + Yoee ) reg-

n=-—oo

If Qr < , the oscillatory terms on the right-hand side of the above equations make negligible contributions. We neglect them
under the rotating wave approximation, in which out of the infinite sums the only surviving terms correspond to n = 0,2 if
they are multiplied by the drive envelope &, or correspond to n = 1 if they are multiplied by the signal field. We arrive at the
equations (10) from the article.

To derive formula (12), we insert Eq. (1) into the right-hand side of Eq. (4). Performing all the derivatives, we obtain

92 1 9% 92 1 92
Toptt gt T gt GG e
(S8)
1/ 92 1092 d 0od , o . 4
_ 4~ 9 42i= “ i(kz—or) _ —i(kz—ot) )
+2< 812+028t2 1k(9 28t+k 62>é"(e e )
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Clearly, the slowly varying terms of the expression correspond to the signal, while the terms related to the drive envelope are
multiplied by rapidly oscillating factors.

Let us now investigate the right-hand-side of the wave equation with the second time derivative of polarization. The fastest
method is to apply the derivatives to the form of polarization given by Eq. (11). We introduce the symbol

R— Z T( ei(n—1)(kz—ar) (S9)

The second time derivative of the polarization is

(92 32 2
ﬁP:N |:(dee _dgg)ﬁpee""zﬁRe(d:gregR)} : (S10)

The second term in the bracket reads

P Wa: P 52
w(deg"eg )=d, ( T 2reg+28 rLga R+rega 2R)
- 2 e d 9 \2 PE
_n;w |:<at2}’¢g ot reg(Jn(K)EK‘i’l(l’l* 1)(0-]11(7()) +reg<J;/(K)(EK) +J/( )a 5 (Sll)

+2i(n— 1)%(@%“ li(n— 1)a)]2J,,(1<)>)ngei(”1)(1‘2“")} ,

where we have explicitly inserted the first and second derivatives of R in accordance with Eq. (S9). We insert this result back
into Eq. (S10).

Now, in analogy with the procedure conducted for the left-hand side (S8) of the wave equation, we can separate on the right-
hand-side terms proportional to different powers of the oscillating factor exp[i(kz — t)]. In the rotating wave approximation,
we neglect powers other than 0 and 1, as only these two are present on the left-hand side given by Eq. (S8). Now, we make the
important assumption that any cross-talk between the slowly varying terms and those oscillating at the frequency @ can be
neglected: The polarization terms oscillating at @ are coupled to the drive, while the slowly varying terms act as the source for

’slgnd]

the signal. This assumption is valid if ‘

<K 08;ignal and similarly for the slowly varying part of the polarization. As a

result, we can separate two wave equatlons describing respectively the dynamics of the drive and of the signal. However, we
assume the drive to be strong enough not to be affected by the coupling to the medium. The only relevant field equation is
therefore the one for the drive, given by (12). On its right-hand side appear the terms corresponding to n = 1 in Eq. (S11).

S3 Numerical approach

The solution of the coupled set of Bloch—-Maxwell equations (10, 12) can be found numerically.
The wave equation has the form

9? 1 92
*aizzf(Z,l‘)+cfzwf(Z,l‘):S(Z,I), (S12)

where f is the function we wish to find, s is a source term, and c is the speed of the envelope in vacuum. Introducing
discretization, we end up with a time-space grid of evenly distributed points (z;,;) with respective spatial and temporal steps Az
and Ar. Hence, for the space variable, we have z; = zo + jAz, where j € [0,1,...,Nz], and Ny, is the number of the point at the
end of the sample of length L, so N Az = L. Similarly, #; = o + iAt for i € [0, 1,...] but with no upper bound. For convenience,
we denote values of the functions at grid points f(z;,4;) = fi j and s(z;,t;) = s; j. By the solution at time #;; |, we understand
the set of values {fi1,;} for all j, and hence we have to find an expression that depends only on the previously calculated
values. This can be done by expressing the second-order derivatives by the three-point (midpoint) formula'. Because we solve
a second-order partial differential equation, two initial conditions for each space point are required. We introduce values f; o,
50 and velocities d f;0/dt = g; for the initial time #y. To reach an accuracy on the order of (Ar)?, we express fj ; as’

1 1 .
fij= Enz(fo,j—l + foje1) (1= foj+Arg; + ECZ(AI)ZSO,p for j #0,Np, (S13)
and we find
firj = fijr+ fijo1) + 200 =02 fij = fio1,j+ ¢ (At)?sij,  fori>0,j# 0,NL. (S14)
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Obviously, the foregoing expressions are not valid at the ends of the sample. There, we apply transparent boundary conditions?

for the radiation exiting the sample (for j = 0,N):

From, =N foa -1+ 10 =1%)foom, + (1 —1)Atgo, (S15a)

202 fit vt 20 =) fiogn, + (M = D fimioyn,
1+n ’

Sirro/n, = (S15b)

where we assumed no sources at the ends of the sample. In addition, we have introduced the parameter 11 = cAr/Az, the
so-called Courant number first described in Ref. 4, whose value is crucial for numerical stability. In our case, 7 = 1 corresponds
to the so-called "magic step" and leads to a solution that is not affected by the numerical dispersion problem.

The source term s(z,7) corresponds to the solution of the Bloch Egs. (10). The latter is a set of first-order differential
equations of one variable for each point in space. At each time step, we calculate the solution using the Python build-in
method odeint from the scipy.integrate library. It is a RK4 method, snd so the order of accuracy is (At)*. This high level of
accuracy is required because the source term is eventually differentiated twice, reducing the accuracy to the order of (Ar)2. The
differentiation is performed using the three-point (midpoint) method.

Our solver is written in Python 2.7, where two sets of equations (S14, S15) were implemented. A comparison between
Egs. (12) and (S12) reveals that f = Eggnal, and s is the right-hand side of Eq. (12). The solver is available on a public
repository®. We draw the readers attention to another existing solver’.

S4 Lithium hydride example

— |00)
3 _—
— [10)
— |22)
2 — |21)
— [20)
& |”_’_’_',__’_—
o 1f—
w T —
0'\
-1
0 1 2 3 4 5 6

doEpc/Be

Figure S2. Energies of the rotational states in the ground electronic and vibrational state of the LiH molecule, as a function of
electric field. The dashed line represents Epc = 150 kV/cm. Levels represented by the blue and green lines were selected for
the calculations in the main text.

To perform calculations based on a real system we have chosen the LiH molecule in ground state X'X*. We investigate
its rotational states |NM). Since in the ground state the electronic angular momentum is zero, N and M denote the rotational
angular momentum of the molecule and its projection. The permanent electric dipole moment in the molecule’s frame is
dy = 5.88 D8 and the rotational constant B, = 7.513 cm~'°. In general, the orientation of a molecule in the gaseous ensemble
is random and as the result, in the lab frame, the average dipole moment cancels out. To distinguish one of the directions (e.g.
z-axis in the lab frame) and orient molecules we may apply an additional, constant electric field Epc. This results in the DC
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Figure S3. Projections of the permanent dipole moments in different rotational states as functions of applied electric field.
The dashed line represents the amplitude Epc = 150 kV/cm. The blue and green curves represent results for the states selected
for the calculations in the main text.

Stark effect which leads to mixing of rotational states. The coupling matrix elements between states |[NM) and |[N'M’) read'”

4r
Vs = —Epcdoy | 5 (NM|Y o [N'M"), (S16)

where the spherical harmonic Yo has been used. The 3 — j Wigner symbols may now be used to evaluate the transition
elements. As a result, the following matrix representation of the Hamiltonian is obtained

00) 1) 20 [30) |11y 21y 31 22) 32 [33)

00)[ O  Epedy O 0 0 0 0 0 0 0

|10) |Epcdi 2B, Epcds 0 0 0 0 0 0 0

|20> 0 Epcds 6B, Epcds 0 0 0 0 0 0

130) | O 0  Epcds 12B, 0 0 0 0 0 0
ool foo 0 0 0 2B, Epcd, 0 0 0 0 (S17)
sak =1y |0 0 0 0  Epcdy 6B, Epcds 0 0 0 |’

131y 0 0 0 0 0  Epcds 12B, 0 0 0

22)| 0 0 0 0 0 0 0 6B, Epcds 0

132)| 0 0 0 0 0 0 0  Epcdy 12B. 0

33)| 0 0 0 0 0 0 0 0 0  12B,

where di = —Jzdo, dy = —Jedo, dy = — Fzdo, da = —Jzdo, ds = —2L2do, ds = — Fzdo.

A diagonalization of the presented Hamiltonian allows us to find new eigenstates and eigenenergies of the system for
different values of the DC electric field. The new eigenstates are superpositions of the original states [NM), and for the studied
range of fields each eigenstate has one dominant contribution. The eigenenergies are presented in Fig. S2 for the amplitude Epc
in the range between 0 and 400 kV/cm. The label corresponds to the state [NM) whose contribution to the eigenstate dominates.
As can be seen, the energy gap between the levels of interest grows with the electric field in the considered range.

The new eigenstates are characterized with a nonzero permanent electric dipole moment in the lab frame, oriented along the
z-axis (the direction of the Epc) as presented in Fig. S3. The black dashed line indicates the field amplitude used in the main
text. Additionally, transition dipole moments between pairs of states can be induced. In Fig. S4 we present all components
of the transition dipole moments between the ground state to a set of possible excited states. As expected, for M =M’ =0
the transition dipole moments are parallel to the z-axis while transitions between levels with M’ # 0 correspond to dipoles in
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dx
0.0
—— |00) to |11)
—— |00) to |10)
2 -0.2 —— |00} to |22)
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—— |00) to |20)
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Figure S4. Projections on the laboratory frame axes of the transition electric dipole moments for transitions between the
ground and selected excited states. The dashed line represents the amplitude Epc = 150 kV/cm. The orange curve representes
the results for the pair of states selected for the calculations in the main text.

oriented in the xy plane. These dipole moments decrease with the growing field due to the increasing contribution of states
different than the dominant one.
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SUB- AND SUPERLUMINAL PROPAGATION IN
MEDIA OF THREE-LEVEL SYSTEMS

In Chapter 2 we gave an extensive derivation of the Bloch-Maxwell equations for the
ensembles of three-level systems driven by strong control field and a weak probe pulse.
This is particularly important for the understanding of the investigations done in article A3.
Three different energy-level configurations A, V, and Z, even though described by similar
equations, provide tremendously different responses in the context of pulse propagation.
The Z-system in the regime of far-detuned two-photon absorption was identified as the
optimal candidate for the observation of the superluminal pulse propagation. We also
provided a convenient figure of merit to show the connection between the control field’s
parameters and the superluminality.

As in the case of the two-level system, the density-matrix formalism along with the
Bloch-Maxwell and GKLS equations were the key tools for this research, respectively cap-
turing the effects of field propagation and atomic dynamics including the effect of dissi-
pative processes.These are exceptionally important in the context of pulse propagation in
the media in general and for superluminal propagation in particular. Optimization of the
numerical approach was a subject of research as well as the simulations done for the article

were time- and resource-costly.
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41 SUPERLUMINAL PROPAGATION IN MEDIA OF THREE-LEVEL & SYSTEMS

In article A3, we investigate superluminal light propagation in three-level atomic systems.
We propose an all-optical approach to achieve superluminality using a two-photon res-
onance in a three-level E-system, aiming to reduce the absorption and avoid the need
for population inversion or nonlinear optical effects. In this work, we use the theory intro-
duced in Sections 2.2 and 2.3. The research contributes to the understanding of light-matter
interactions and could be useful in optical communication technologies.

Key elements of this work:

¢ Three configurations (A, V, and E) are analyzed, and the E-system is identified as

optimal for achieving superluminal light propagation with minimal distortion.

¢ Numerical approach is developed for efficient simulations of light propagation in
three-level systems.

¢ The trade-off between pulse advancement and transmission is investigated by the

usage of a figure of merit to optimize optical factors.

* Numerical and analytical methods are employed to evaluate group velocities in ru-
bidium vapors, showing that superluminal propagation can be achieved under spe-
cific conditions, making the findings relevant for future experimental implementa-

tions.

In the article, I contributed to the conception of the idea, followed by the dominant con-
tributions to the development of the theory, results analysis, and manuscript preparation.

I am fully responsible for the numerical solver implementation.
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Superluminal light propagation
in a three-level ladder system

Piotr Gtadysz'™, Szymon Pustelny? & Karolina Stowik*

Superluminal light propagation is typically accompanied by significant absorption that might
prevent its observation in realistic samples. We propose an all-optical implementation exploiting the
two-photon resonance in three-level media to overcome this problem. With several computational
methods, we analyze three possible configurations of optically-dressed systems and identify an
optimal configuration for superluminal propagation. Due to the far-detuned operating regime

with low absorption, this scenario avoids the usual need for population inversion, gain assistance

or nonlinear optical response. Our analysis covers a broad parameter space and aims for the
identification of conditions where significant pulse advancement can be achieved at high transmission
levels. In this context, a figure of merit is introduced accounting for a trade-off between the desired
group-index values and transmission level. This quantity helps to identify the optimal characteristics
of the dressing beam.

Throughout the decades, the perspective of propagation of electromagnetic pulses with velocities greater than the
speed of light in vacuum c has inspired the imagination of researchers. Theoretical predictions and experimental
evidence of superluminal propagation were subjects of wide-ranging discussions, in particular in the context of
Einstein’s special relativity' . As a result of these debates and numerous follow-up works, a number of scenarios*
for slow (subluminal)®~/, fast (superluminal)®~'2, or tunable propagation velocity'*~!” were implemented. With
this work, we propose a new, simple experimental scheme for superluminal propagation, adding to this extensive
topic. The schematic superluminal pulse propagation in the time domain is shown in Fig. 1. The pulse propagating
through the medium arrives faster (pulse advancement) and is also distorted and partially absorbed compared
to the pulse propagating through the free space of the same length.

The group index describes the medium’s optical properties and is linked to its dispersion. Specifically, nor-
mal dispersion results in subluminal propagation with 0 < v, < ¢."*!"* Anomalous dispersion can lead to pulse
velocities exceeding the vacuum speed of light vg > ¢,***' or negative v, < 0." The two latter cases are called
superluminal light propagation. The terms slow and fast light can be described by the group refractive index ng
related to the pulse group velocity via v, = ¢/ng.>”

Anomalous dispersion is a requirement for superluminal pulse propagation, but its observation in realistically
long samples is often hindered by the associated high absorption?*-?°. In some experiments researchers address
this issue*”?%, however, in general, this leads to distorted pulses and challenges in defining group velocity***!. To
overcome this problem, several schemes based on electromagnetically induced transparency (EIT)***, optical
saturation®, gain assistance®!*?’, four-wave mixing®®, and many more'>'>* have been proposed.

This work demonstrates that superluminal pulse propagation could be achieved in a significantly simpler
scenario. It involves a coherent interaction between an atomic medium and two light beams (control and probe),
modifying the medium’s optical properties and the probe-pulse group velocity via the control field. In the pro-
posed scheme, the probe and control fields are far detuned from single-photon transitions and are tuned near a
two-photon transition, reducing absorption and limiting population transfer and pulse distortion. Under such
conditions, the anomalous dispersion of the medium can be exploited without gain assistance and far from satu-
ration. The predicted levels of pulse advancement are comparable to those achieved in gain-assisted schemes®*’
for similarly high transmittance and low pulse distortion.

In the manuscript, we examine different energy-level schemes in a three-level system for superluminal pulse
propagation and identify the ladder scheme as a good candidate, offering a small group index and low absorption.
This scheme is then theoretically investigated in a broad range of control parameters to identify regimes where
superluminal propagation with considerable pulse advancement can be achieved at high transmission levels with
little pulse distortion. Several approaches are used to determine the group index of the medium. The approaches
exploit elegant but approximate analytical methods, but also exact numerical treatment. While the analytical

lnstitute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University in
Torun, Grudziadzka 5, 87-100 Torun, Poland. ZInstitute of Physics, Jagiellonian University, tojasiewicza 11,
30-348 Krakéw, Poland. *email: glad@umk.pl
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Figure 1. Schematic representation of the pulse propagating in the time domain through the free space
(behind) and through the medium (in the front) of equal lengths. On the left-hand side, we present two identical
Gaussian pulses (for z=0), while on the right-hand side, we show an unchanged shape in free propagation and a
distorted one for the medium case (for z=L).

method works for monochromatic waves, the determination of the group velocity of a pulse requires analysis of
its whole spectrum, which typically calls for numerical analysis. These approaches are used for the analysis of
pulse velocity in rubidium vapors dressed with the control field. We highlight the trade-off between the nega-
tive group velocity of a pulse and its transmission coefficient. To quantify this trade-off, we introduce a figure of
merit and use it to identify the optimal control-field parameters for the superluminal propagation of the probe.

Model
A two-level system is the simplest system with anomalous dispersion*!, but the associated strong on-resonance
absorption limits its usefulness for the investigation of superluminal propagation. Therefore, we explore three-
level media in the so-called vee (V), lambda (A), and ladder (E) configurations (Fig. 2). In each scheme, selected
pairs of levels are coupled with the probe 2, and control & fields. This allows controlling probe propagation
with the control field. The medium is described using the density matrix p, whose evolution is governed by the
Bloch equations. The matrix can be used to determine the medium’s polarization at any time and position along
the propagation direction, being the source term for the coupled first-order field propagation equation.

A derivation of the Bloch-Maxwell equations for one-dimensional media for the three cases is provided in
Supplement Sec. S1. The resulting Bloch evolution equations have the form

Oaa = 1Q2p0py — iQp0, — 1Qx0ac + Q10 + Laa, (1a)
Goc = 1 0ac — iQ0ca + Lees (1b)

Gpa = Apidpopy — iQp(1 — 0cc — 20) — iQk0pe + Las (1¢)
Gac = —@i0k0ac + 1Q2p0bc — 12 (0aa — 0cc) + Lac, (1d)
Ope = (04pidp — ik )ope + iQ2p0ac — 10 + Lhes (le)

where o is the density matrix in the rotating frame, , x are detunings of the fields from resonances, and % is a
decoherence term (see Supplement Sec. S2).

—1Io) T'O ——la) ——lep

Q 0 < \-Qk 0 T

— 18 Ly =10 o] 5

Figure 2. Investigated three-level configurations coupled by the probe (blue) and control (green) fields of Rabi
frequencies £2, and 2.
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The equations describing the field propagation in the slowly-varying-envelope approximation read
2
pr/k |dba/ac|

(B £ cB) Rk = Farpi—

Oba/ac> (2
where the left/right indices correspond to the probe/control fields N is the atomic concentration, w are fields
central frequencies, dp, /4 are values of the transition dipole moments, and e is electric permittivity in vacuum.
The + signs allow us to choose the propagation direction: minus for propagation in the direction of the axis
and plus otherwise. We have introduced parameters a,x to keep track of the signs as follows: for the V system:
ap = o = +1, for the A system: &y = ay = —1, for the E system: ap = —1, ax = +1. All the quantities are
described in greater detail in Supplement Sec. S1.

Identification of the optimal three-level system

The purpose of this section is to identify the appropriate configuration to achieve superluminal propagation.
Based on investigations of the electric susceptibility x, we seek a balance between the adverse strength of absorp-
tion and the favorable slope of dispersion. Under such balanced conditions, the pulse propagates with a super-
luminal velocity and maintains its temporal shape.

Three-level systems

The electric susceptibilities xap/pq for the three configurations are derived in Supplement Sec. S4 with a descrip-
tion of approximations and assumptions, and presented in the main text in Fig. 3 for selected parameters’ values.
The susceptibility functions sustain resonances whose nature is described in detail in the following paragraphs.
Each of these resonances supports anomalous dispersion (dashed lines) being the necessary condition for super-
luminality. By Kramers-Kronig relations, the anomalous dispersion is in each case fundamentally linked to the
accompanying absorption peak (solid lines)?. In the absence of the control field, the susceptibility sustains a single
resonance for each of the three configurations (black lines in Fig. 3). The resonance corresponds to the transition
between the levels|a) and |b) , while the level|c) contributes little to the dynamics leading to a two-level system
(TLS) regime. A relatively strong, near-resonant control field splits the resonance into a pair of symmetric reso-
nances (red lines). This splitting is a consequence of the Autler-Townes (AT) or EIT effects*>. A more interesting
situation arises when the control field is significantly detuned from the single-photon transition between the |a)
and|c)levels (|8k| >> Vec» Yaa)- With the negatively-detuned control field, §x < 0in Vand A cases, and positively-
detuned é; > 0in E case, the resonances that arise at positive probe detunings (8 > 0; right peaks in the plots)
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Figure 3. Real (dashed) and imaginary (solid) parts of the electric susceptibility as functions of the probe
detuning for different energy-level schemes. The black curves illustrate the single-photon resonance in the
absence of the control field (TLS regime), while other colors illustrate results for 2 = y’ and different s (AT,
SP, TP regimes). The control field splits the single resonance (black) into two resonances (colors). For a) and b),
the two-photon resonance condition reads § + 8, = 0 while for ¢) it is § — 8 = 0. Note that each absorption
peak (solid lines) is accompanied by anomalous dispersion (dashed lines).
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can be associated with single-photon transitions |b) — |a) (eg. blue curves, single-photon (SP) regime) while
the resonances that arise at negative probe detunings (left peaks in the plots) - as a consequence of two-photon
transitions |b) — |c) (eg. blue curves, two-photon (TP) regime). This classification reflects the appearance of i§
(single-photon transition), and i(§ & 8x) (two-photon transition) terms in expressions for electric susceptibili-
ties (see Eqs. S24 in the Supplement). As the value of the control-field detuning |8 | increases, the single-photon
resonance moves closer to the single-photon resonance obtained for Q = 0. This indicates that the system is
weaker perturbed by the control field. The behaviour of the two-photon resonance strongly depends on the
scheme of energy levels. The two-photon resonance amplitude and width are related to the decoherence rate
}’bc between the |b) and Ic) levels. As derived in the Supplement Sec. 4, in the considered case y;, is given by
3 L Vbb + Yee), 0, and 1 3 Vec for the V, A, and E configuration, respectively. This causes the different scaling of the
resonance peaks we discuss now.

In the V system (Fig. 3a) with two short-living levels, a significant population transfer occurs from the ground

yL[+4(5 +97)

Y2+4(} kerk2 T O[Qz])
Such population distribution makes the system more vulnerable to decoherence®. Due to the rel relatively large
decoherence rate y,, the two-photon resonance amplitude decreases rapidly with the control-field detuning.

Due to the existence of two infinitely long-lived levels |b) and |c), the two-photon resonance is narrowest in the
A system (Fig. 3b). The amplitude of the resonance is comparable to the single-photon resonance, and it does not
depend on the detuning. In turn, strong two-photon absorption is observed. In practical implementations, the
lifetime of the two lower-energy levels is limited by atomic collisions or the exchange of atoms with a reservoir.
Consequently, under realistic conditions, the two-level absorption is suppressed compared to the single-photon
absorption, decreasing with the detuning.

The E system (Fig. 3¢) has advantages over both Vand A systems: The transfer of population (o, = 1 + O[QIZ,])
and the amplitude of the two-photon resonance are relatively small, corresponding to suppressed absorption. At
the same time, the two-photon resonance width is narrow leading to a relatively steep derivative and, hence, large
group velocities. This makes the E-type system, driven by a weak probe field and strong, far-detuned control field
particularly attractive for superluminal pulse propagation. Contrary to the intensively studied A configuration,
the system has not been studied in detail in this context, so hereafter we focus our analysis on the Z system. Its
electric susceptibility reads

level|a) to the excited state|c) due to the illumination with the strong control field (%a =

Nldgl? i
Xab(8) = n . o2 + O[Q;], (3)
€0 g e
2 —i(0+a)+55

where § plays the role of the probe detuning.

Relation to two-level media

Similar conditions can be achieved in a low-density two-level medium characterized with a single-photon reso-
nance. However, such resonance is typically relatively strong resulting in full pulse absorption even for low
medium densities. E-type systems provide a more realistic platform for experiments as densities can be higher
and fields can be stronger without inducing significant population transfer. We can analyze it more precisely in
terms of saturation parameters in both cases. A large saturation parameter means strong population transfer
that leads to pulse distortion.

For the two-level system, the Hamiltonian in the interaction picture reads

h |:5TLS -Q }

H=
2 |- — s

4)
where 81z is the detuning from the resonance and €2 is Rabi frequency. Based on this, we can simply write satura-
tion parameter for some fixed spontaneous emission rate y

2P
g (ZSm)Z ®)

This parameter directly corresponds to the population of the excited level in the steady state given by %

To compare this result with our three-level ladder model we can perform adiabatic elimination of the middle
level®®. This can be done as the level is approximately empty due to the assumed huge values of single-photon
detuning. We obtain an effective two-level Hamiltonian

2 Q) QU
z . h (8‘[, + 8k) — 517_5’( - spp_(gk ©
eﬂ:7 Q*Q* Q 2 >
2 78PI’7£ _ (‘Sp +8) — |

In analogy, we can write the effective saturation parameter for the ladder system. Let us assume comparable val-
ues of the spontaneous emission rates in both models y € & y, comparable fields values | QPl |Qk| ~ |2|and
introducing 8715 = 8, + 8y as a two-photon detunlng and A = 8, — 8k ~ —28; being of the order of the single-
photon detuning. Since A > 8775 we can neglect |Q2|?/A term and by comparison to the two-level description
(Egs. (4, 5) with Eq. (6)), express the resulting effective saturation parameter S& with respect to the S parameter
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Thus, we rather qualitatively show the intuitive result that the saturation in the ladder-type systems compared
to the pure two-level one is much harder to achieve hence the population transfer is suppressed by the factor
117 which is roughly of the order of 1072 — 10~%. Indeed, experiments in three-level media are usually carried

out far from the saturation regime'*%.

Group index: approaches

The group velocity vy and the group index n are related by the expression vg = c/n,. This paper mainly examines
the group index, which is more convenient for calculations. The following section describes different approaches
enabling the determination of the group index in optically-dressed media. The analytical derivation of the group
index is based on an assumption of the monochromatic probe light. For a more realistic treatment, we addi-
tionally consider numerical and semi-analytical methods to incorporate the spectral shape of the probe pulse.

Analytical solution
The spectral components of the group index can be related to the electric susceptibility by**

ng® = % (V1+ xa®) + wp%n(\/l X ®). 8)

The electric susceptibility of the E-type medium is given by Eq. (3), which holds for Qx >> €2,. For a more detailed
discussion including nonlinear probe corrections see Supplement Sec. S5.1. The analytical formulation in (8)
assumes spectrally narrow pulses; hence, we will use it as a benchmark for more realistic calculations consider-
ing spectrally broad pulses.

Numerical approach

The numerical method operates entirely in the time domain. It achieves the best simulation accuracy at the
expense of the highest computational time among all the considered methods. We have implemented Egs. (1)
and (2) in a self-developed solver in Python based on the Lax-Wendroff and Runge-Kutta 4th order methods
(see Supplement Sec. S3). It provides the full dynamics for both medium and fields conforming to the slovly-
varying-envelope approximation.

Knowing the pulse’s temporal profile at the end of the sample 2, (z = L, t), we calculate the group index in
analogy to the optical refractive index, evaluating the difference in optical (here “group”) paths for pulses propa-
gating inside the medium and in free space: ng L — L = cty — cto. Here, t; = £,(8p, 2, L) is the time of travel of a
fixed-carrier-frequency probe pulse through the given medium, while fy is the time for the same pulse travelling
through empty space of the same length L. This yields*

ng(3p) = L+ 7 (tg(8p) — to). ©)

Evaluation of f; has to be based on a reference point in the pulse, which we select as the maximum of the pulse.
In optically-dense media the shape of a pulse may be distorted (see schematics shown in Fig. 1), which calls into
question our ability to track the pulse maximum, and hence, the definition of group velocity***°. In our study, we
use Gaussian pulses in dilute media to ensure the preservation of pulse shape and carefully monitor population
distribution and absorption rate.

The expression given by Eq. (8) describes individual spectral components of the group index. Contrary,
(Eq. 9) is a recipe to evaluate the group index of a pulse with the carrier frequency detuning 6,. The pulse could
be spectrally broad as demonstrated in Sec. 5 and might have a nontrivial shape, with the restrictions described
in the previous paragraph.

Fourier semi-analytical solution

The final group index evaluation method combines elements from frequency and time domains and ideas already
presented. We Fourier transform (FT) the propagation equation for the probe field [Eq. (2)] and by using relation
Gab X $2p Xab (see Supplement) and (Eq. 3), we obtain

® . \=x wp -
(2 —i0) @) = L rap @) (10)

where X = FT(x). The solution is
Q= onei[—%%xab(w)]z, (11)

where on = QP (z = 0, w) is the spectral shape of the pulse at the beginning of the sample. To obtain the shape
of the pulse at the end of the medium, we inverse Fourier transform (IFT) the solution for z = L:

~ if— @y “p
QP(L,t)=IFT(Qp0e‘[ c+chab<m”L). (12)
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The introduced equations can only be calculated analytically for simple cases, otherwise, numerical Fourier
transformations are used. The approach is based on the probe susceptibility x,; evaluated in the regime linear
with the probe field 2, [Eq. (3)], and limited to relatively weak probes to avoid the distortion of the pulse and
population transfer. This is the frequency-domain part of the approach. The time-domain part involves the
same procedure as the fully numerical solution, with the group index found based on Eq. (9). We compare the
temporal shapes of the probe fields at the end of the sample in the absence or presence of the control field. To
find the field at the end, instead of heavy simulations of the pulse propagation, we perform faster calculations
in the frequency domain. The evaluated group index based on Eq. (9) corresponds to the group velocity of a
spectrally broadened pulse with the carrier frequency detuning 8, and approaches the analytical result, Eq. (8),
in the limit of monochromatic fields.

In summary, the analytical solution given by Eq. (8) describes the group index of individual Fourier com-
ponents of the probe pulse. The group index of a spectrally broad pulse can be calculated with Eq. (9) either in
the fully numerical method or using the Fourier semi-analytical solution. The most general numerical method
provides insight into the full population dynamics and thus can be time-consuming. It allows us to verify the
validity of the o}, = 1 assumption made for the other two methods. The Fourier approach, applied to the sta-
tionary case in the far-from-saturation regime, is a faster calculation method. In Supplement Sec. S3 the three
methods are compared in detail.

Results
In this section, we evaluate the optimal parameters of the control field for observing superluminality by introduc-
ing a two-dimensional figure of merit. The calculations are made for rubidium vapor parameters.

Calculation parameters

The medium with length L = 4.91 cm (9.28 - 10® a.u.) is filled with rubidium-87 vapor with states [a) = 5P3,
2

|b) = 5S1and|c) = 5Ds and transition wavelengths 43, = 780 nm, 4, = 776 nm (The magnetic structure of the

2

levels is neglected.). The lowest level is a ground state for the Rb atom with infinite lifetime while the middle

level has the lifetime of T, = 26 ns (1.08 - 10° a.u.) and the upper one of . = 238 ns (9.84 - 10° a.u.)*’. The spon-

taneous emission rates are yu, = 27/7, = 27 - 6.1 MHz (9.26 - 10~% a.u.) and y,. = 27/7. = 27 - 0.67 MHz

(1.016 - 10719 a.u.). The electric dipole moments for transitions|b) — |a)and|a) — |c)aredy, = 5.1-107* Cm

(6 a.w.) and dye = 1.95 - 1072 C m (2.3 a.u.)*8. The concentration N is set to 10'! atoms/cm? (1.5 - 10~ 4 a.u.).

Selection of optimal parameters of CW control field
We analyse the probe output field as a function of control-field parameters to identify promising superluminal
regimes. The probe propagates along the z-axis [minus signs in Eq. (2)] and the control field in the opposite
direction [plus signs in Eq. (2)]. This is a common approach to reduce the Doppler broadening in experiments
on E configuration systems®. The control parameters are the single-photon detuning & and the amplitude &
(or equivalently €2, affecting medium dispersion and absorption.
To optimise the control-field conditions, we define a figure of merit (FOM) that combines the requirements
of the group index being below 1 and of a high transmission coefficient
. 2 ; M
BB Qs M) = (1= g (5™, 8, ) (&7 F 1™ b )T,
—_—

transmission

(13)

superluminality

For each set of control-field parameters 8 and €2, we adjust the probe-field detuning to maximize g: §™" is the
probe detuning that minimizes the rg (8, 8k, $2¢) in the vicinity of the two-photon resonance. The transmission
coefficient is evaluated as the probe amplitude at the end of the sample relative to its input value. The FOM is
constructed as a product of two quantities: The left parenthesis evaluates how much the group index differs from
the vacuum value and needs to be positive for superluminality, while negative values of 8 correspond to sublu-
minal propagation. The higher the value of this parenthesis, the larger the group velocity of the pulse becomes.
The right parenthesis describes transmission for the optimal detuning §™" of the probe field. The significance
of transmission in the FOM is controlled by the parameter M. For M = 0 transmission is not taken into account
and the FOM only considers the degree of superluminality. For M = 1,  has maximal values for transmissions
below 40% while the value of M = 4 favours roughly 80% transmission, which better prevents pulse distortion.

We now construct FOM maps as functions of the control-field parameters (8x, 2x) in Fig. 4. The single-photon
detuning 8 is hundreds of times larger than the width of the middle level (y,,) to suppress the influence of the
single-photon resonance. Figure 4a shows the control-field detuning and amplitude plane with solid contour
lines for the constant group index and dashed for transmission. Figure 4b-d presents g for different values of
M, with the colour scale indicating the FOM above or below half the maximal value shown in white. These plots
guide the selection of control-field parameters for further investigation — the bluer the region, the better the
conditions for the superluminal propagation. White lines mark the values of the group indices and transmission
in the vicinity of the largest FOM values. For a higher value of M the FOM g is maximized at larger transmission
coefficients. Smaller values of M prioritize the minimized group index in the first bracket in Eq. (13). Thus, we
find a trade-off between transmission and superluminal propagation velocity.

Five pairs of parameters are selected for further analysis with the FOM evaluated for M = 4 (Fig. 5): Point 1,
with the control-field Rabi frequency x = Y44 and detuning 8 = 300y, lies in the blue region, where small
absorption and a high negative group index are observed. The conditions are favorable for superluminal propa-
gation. FOM = 248.
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Figure 4. (a) Group index (solid lines) and transmission (dashed) as functions of the control-field Rabi
frequency €2k and detuning 8. (b-d) B(8, Qk; M) for different values of M. Group index and transmission near
the FOM maximum are marked with white lines.

Point 2 demonstrates that for a weaker control-field amplitude €2 = 0.5y,, a detuning 8 = 150y, can be
chosen to achieve a similar FOM = 238 as for Point 1.

For Point 3 keeping the same detuning as in Point 1, we significantly increase the value of the control field
Q) = 1.5Y44, which results in lower transmission but larger group index. FOM = 156.

For Point 4 keeping the same amplitude of the control field as in Point 1, we significantly increase the detun-
ing 8 = 500y,,4. This leads to greater transmission, but the value of the group index is closer to 1. FOM = 168.

Point 5 belongs to the dark red region, where the parameter § is negative (FOM = -27) in contrast to the previ-
ously analysed cases. In this case, the two-photon transition is suppressed by the single-photon transition. For the
control-field Rabi frequency Qi = 0.01y,, and 8 = 50y,,, the resulting group index is a small correction at the
background given by the single-photon resonance and the superluminal propagation conditions are not achieved.

We additionally introduce the fractional advancement parameter (FA), which is a percentage value of the
pulse advancement t,4, = tg — to with respect to the pulse temporal width. It can be calculated directly from
the Eq. (9) as

t L ng—1
FA = 100%2& = 100%- —*——

> 14
THWHM ¢ 2tHWHM 1

where tawrm is the temporal half-width-half-maximum of the pulse at the beginning of propagation.

For further calculations, we set the probe field €2, = 0.05y,,. We can consider it as a relatively weak field that
fulfils requirements for the previously derived equations. The time step is set to At = 1.28 - 10~%y, .1 = 3.34ps
(1.38 - 10° a.u.) and the spatial step Ax = cAt = 1.0 mm (1.89 - 107 a.u.). This gives 50 spatial points along the
sample.

Broad and narrow pulse propagation analysis

We now investigate the propagation of the probe pulses under conditions defined by the five points above. Sup-
plement Sec. S5.2 discusses monochromatic fields as a benchmark for other approaches. Such a wave has an
infinitely narrow spectrum that provides the deepest dip in the group index curve, as demonstrated by the exam-
ples in Figs. 6 and 7 discussed below in detail. Here, we focus on Gaussian-shaped probe pulses as an important
and experimentally feasible case. For a satisfactory resolution of numerical calculations described in Sec. 4.2
in the vicinity of the two-photon resonance we set Awy = 0.01y,,. Then, calculations for discretized detunings
8y = =08k + m - Awpare performed form € {—30, —29, ..., 29, 30}, where m = 0 corresponds to the two-photon
resonance condition (8, + 8x = 0). The other methods (see Secs. 4.1 and 4.3) are less time-consuming, so we
could perform calculations with higher spectral resolution.
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Figure 5. FOM g for M = 4 as a function of normalized detuning and Rabi frequency. Five points for further
analysis are marked.

The control field modelled as a smoothed step pulse enters the sample first. After a stationary state is estab-
lished, the probe pulse propagates in the opposite direction. The details of the control-field shape and parameters
are discussed in Supplement Sec. S5.2. We performed calculations for Gaussian probe pulses with two different
temporal lengths for all five (8, Q) pairs, corresponding to the Points in Fig. 5. Such pulses propagate through
the medium, and at the end, we collect their temporal shapes. The resulting peak amplitudes and positions are
used to evaluate group indices [Eq. (9)], which are directly comparable with the analogous results for mono-
chromatic waves [Eq. (8)].

Long Gaussian pulse

We first discuss Gaussian pulses of spectral width narrow with respect to the spontaneous-emission rate, charac-
terized by the temporal HWHM = 507, = 1.3 s (5.4 - 10'%a.u.). The left-hand side of Fig. 6 presents the pulses
at the end of the sample obtained numerically (solid lines) and calculated by the Fourier approach (dashed lines).
All the results are in very good agreement, as the requirements of negligible population transfer and control-field
modulation are met. Since we present the shapes for different values of the detuning, we capture pulses on the
side of the absorption line (e.g. the blue ones) which are subliminal, as well as the superluminal ones near the
resonance (e.g. red ones). Black solid lines show reference pulses travelling through free space.

On the right-hand side, the corresponding group indices are presented as functions of detunings 8,/ ¥aq-
Each point in black and along the red line corresponds to the group index of the Gaussian pulse with the carrier-
frequency detuning 6, and spectral width given above. On the contrary, each point along the blue curve, based
on the analytical formula Eq. (8), describes a single-frequency component of the group index, which can be
interpreted as the limiting case of pulses infinitely narrow spectrally. Results for the Gaussian pulses are slightly
suppressed with respect to those of the monochromatic waves. The maximal values of FA obtained for resonant
pulses are also marked on the right-hand side of Fig. 6.

For the most promising Points 1 and 2, the transmission on the two-photon resonance is around 80% as
intended by setting the parameter M = 4, while the group index drops to n™" ~ —600, which corresponds to
the fractional advancement FA ~ —3.8%. The similarity of these results can be explained by the fact that the
absorption is tightly connected to the dispersion responsible for the group index. The two-photon resonance
may be broadened due to the stronger control field; however, here this correction is marginal. For Point 3, as we
go up in the FOM plot, the absorption is significantly greater, and the group index dip reaches nM" ~ —1200
(FA ~ —7.5%); hence we observe the mentioned trade-off. The opposite situation is presentecffor Point 4:
as we go to the right from Point 1 in the plot, the absorption and group index are suppressed, resulting in a
minimal value of n)"™ ~ —200 (FA ~ —1.2%). The clearly subluminal propagation conditions provided by
Point 5, intentiona‘fly chosen for demonstration purposes, lead to negligible absorption as the two-photon
group index dip is a small correction on the left edge of a single-photon one. Additionally, we see discretization
and discrepancy between numerical and analytical data. It indicates that our calculations at this point are at the
numerical-accuracy limit: The arrival time difference as in Eq. (9) roughly corresponds to one time step At. All
the calculations were performed for the same time and space steps (At, Az), and so the last results serve as a
limit reference in this particular setup. Naturally, decreasing these steps would increase the calculation time as
well as the accuracy of the results.

In all cases, the results confirm conditions for superluminal propagation in three-level ladder systems with
Rb vapors, except for one intentionally poor choice of parameters (Point 5). The results show negative group
velocities and approach the limiting values of the group index achievable for monochromatic waves. These find-
ings make Rb vapors a promising candidate medium for achieving superluminal propagation in experiments.
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Figure 6. Transmitted-pulse temporal dependence (left column) and group-index spectral dependence

versus the single-photon probe detuning (right column) at different two-photon resonance conditions for the
long (spectrally narrow) pulse: Point 1 Qx = Y44, 8k = 300¥,4; Point 2 Q. = 0.5Y44, 8k = 150,4; Point 3

Qk = 1.5Y4a, Sk = 300¥,44; Point 4 Q. = Y44, Sk = 500,445 Point 5 Q. = 0.01Y,4, 8k = 50y,4. The colored solid
lines shown in the left plots result from numerical calculations of pulses of different probe detunings 8, near the
two-photon transition. The dashed black lines are calculated with the Fourier approach for the same conditions.
Solid black lines represent pulses travelling through free space of the same length and serve as reference.

The right plots show resulting group indices for monochromatic waves (blue lines), Fourier (red lines), and
numerical (dots) approaches. For the first four points, FA is also shown for the resonant pulse.
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Figure 7. As Fig. 6 but for the short (spectrally broad) pulses.

Short Gaussian pulse
To understand the effect of the pulse spectral width, we examine Gaussian pulses with HWHM = 157, = 0.39 us
(1.6 - 10'%a.u.), roughly three times shorter than the previous one. Consequently, different spectral components

are subject to slightly different medium response.

All the calculations were performed similarly as in the previous subsection. Figure 7 shows the resulting
shapes at the end of the sample (left column) and the group indices dependence on the probe carrier frequency

—-49.8
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(right column). The absorption is much weaker as the spectral width is larger, and hence smaller part of the
pulse efficiently interacts with the medium. For the same reason, shape deformations may appear, as can be seen
on the right side of the pulse in the two-photon resonance (red curves). This is a limitation for the group-index
evaluation as the more deformed the final pulse is, the less meaningful the group velocity becomes*. The wide
spectral shape affects the propagation velocity as well: The group-index curve is broadened and suppressed
compared to the monochromatic case. Nevertheless, the Fourier-based and numerical calculations are still in
perfect agreement as no underlying assumptions are violated. It is also worth noticing that for Point 3, we obtain
nénin ~ —400 which corresponds to FA &~ —8.5% at the transmission level well above 60%.

Superluminal discussion
The examples presented in this section provide clear evidence for the superluminal propagation of light near the
two-photon resonance. Based on the above analysis, one can formulate several important conclusions.

First, the analysis of Gaussian-pulse propagation shows that the calculation of the group index, performed in
analogy to the refractive index, is justified as long as the spectral profile of the pulse is considered. As expected,
results for narrow-spectrum pulses match those for monochromatic light. A larger discrepancy between the
numerical and analytical results for both the absorption coefficient and the group index is observed for spectrally
wider pulses. This may originate from the fact that even though the central frequency of the beam is far detuned
from the single-photon transition, the spectral tail of such a pulse may still induce the transition, resulting in
non-negligible absorption. This violates the assumption of the analytical treatment and calls for a description
beyond the analytical level from Sec. 4.1.

Second, the group refractive index and accordingly the pulse velocity can be controlled by changing the
amplitude of the control field € or its detuning k. By changing the control-field amplitude in exchange for
a smaller transmission, we can significantly increase the group index and vice versa. Varying the control-field
detuning allows one to switch between sub- and superluminal probe propagation.

Third, in the ladder scheme, the group index goes well below unity in the vicinity of the two-photon reso-
nance. Simultaneously, different sets of parameters provide subluminal light propagation. Specifically, we can
significantly reduce the pulse group velocity by simply detuning the probe field away from the two-photon reso-
nance. The results are obtained in the case of probe light far detuned from the single-photon resonance, where
the impact of the transition is small. Otherwise, for too small a separation between the dominant single-photon
resonance and the two-photon resonance, the resulting group index is significantly increased. This can be seen
in results for Point 5, with the group-index two-photon dip localized at the side slope of a single-photon one
(Figs. 6 and 7).

Fourth, the results shown in Figs. 6 and 7 provide comparison between different approaches for Gaussian
pulses. While pulse propagation can be simulated for different pulse shapes, group indices can be evaluated as
long as there is a clearly distinguished point, which we can follow along the sample. For example, the rectangular
shape is extremely difficult to investigate as the deformation on its edges would incorporate significant ambiguity
in the position measurement. Hence, the propagation velocity would be indefinite.

Finally, with the medium in the ladder configuration, it is possible to use lower intensities of the probe field
than in conventional two-level systems, where one operates in the linear absorption regime. This, given the
concentration of the atoms in vapors and the sample size in a typical experiment (several centimetres), provides
a promising scheme for experimental implementation. For this purpose, the introduced FOM mayp is a conveni-
ent tool for estimating propagation outcomes, especially for spectrally narrow pulses. As a quantity simple and
fast to calculate, the FOM can be used to identify potentially interesting parameter regimes before performing
time-consuming simulations.

Conclusions

The theoretical investigations presented in this work aimed at analysing superluminal light propagation in three-
level systems under the two-photon absorption conditions. The analysis was performed with three different
approaches, both analytical and numerical, concerning both the efficiency and correctness of the results. The
results allowed us to formulate and verify the applicability conditions of the semi-analytical approach based on
the spectral decomposition of the pulses. Based on these three approaches, the group index for different sets of
the probe- and control-light parameters was calculated in a realistic scheme of rubidium vapor. To quantitatively
compare the results for different control-field parameters, the figure-of-merit 8(8, Q; M) was introduced. It
accounted for both the dispersion and absorption of the medium and allowed us to identify the conditions under
which the optimal propagation was achieved.

The versatility of the numerical and the Fourier methods allows for future analysis of more complex scenarios.
One can envision light propagation with a time-dependent control field, for which the properties of the medium
change, e.g., switching between sub- and superluminal regimes for the probe pulses. Pulse reshaping effects could
be discussed in the regimes in which the group velocity is no longer a valid quantity. Another interesting case is
the nonlinear regime when the medium supports the refractive index dependence on the probe intensity in the
Kerr effect, related to the formation of optical solitons, optical vortices or applications of optical switches and
logic gates for all-optical computing.

Data availability
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Here, we discuss in detail the following topics:

S1. Derivation of the Bloch-Maxwell equations.

We derive general equations for the evolution of the one-dimensional three-level media and for the propagation of the electric
fields.

S2. Spontaneous emission and dephasing.

We evaluate the matrix forms of the operators corresponding to the spontaneous emission and dephasing processes in all three
types of three-level systems considered in the main text.

S3. Numerical methods.

We discuss numerical methods used for simulations and briefly describe the parallelization of the calculations.

S4. Derivation of electric susceptibilities for three-level systems.

We provide a comparison of three-level configurations in terms of electric susceptibilities in each case.

S5. Validation of the approaches.

We present evidence that the approaches introduced in the main text are valid and give the same results under various conditions.

S1 Derivation of the Bloch-Maxwell equations

In our analysis, we focus on a 1D atomic medium, with atoms modelled as three-level systems. The medium is described with
the formalism based on spatiotemporal density matrix p(z,¢), whose evolution is given by the Lindblad master equation that
includes relaxation processes (spontaneous emission or dephasing)

inp(z,1) = [H(z,1),p(z,0)] + Z(p(z,1)), S

where 7 is the reduced Planck constant and % is the Lindblad operator. In the energy basis {|c),|a),|b)}, the matrix
representation of the Hamiltonian H is given by

h, _Ek(zvt)a?ca 0
H= | —Ei(z,t)dy hoy, —E,(z,t)dgp | - (52)
0 —Ep(z,1)dpq hay,

The above form of the Hamiltonian reveals that only electric-dipole interactions are considered in our treatment (the electric-
dipole approximation). The electric-dipole moment elements d; ; are responsible for the transitions between the states |i) and | ),
where i, j € {a,b,c} and i # j. In all cases, the transition between levels |c) and |b) is forbidden, dye = d.,, = 0. Additionally,
for the V type medium, we set 7@, = 0 while for the two other cases, iw, = 0 and the energies of the other levels are evaluated
with respect to the corresponding ground state.

The general expression for the Lindblad operator is

. |
Z(p)=2ihY Y, {L,- JPLY — 3 (L}iLijp - pL;iLij)} : (S3)
ij
where i, j € {a,b,c} such that ®; > w; and L;; = |i) (j| are flip operators, describing spontaneus emission, while ; are the

corresponding relaxation rates. Dephasing can be included by setting i = j! (for more information see Sec. S2.4). For each
type three-level system, there are only two non-zero rates describing spontaneous emission: Y., and ¥, ¥,, and Y., ¥, and
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Y, for V., A, and E, respectively. Since for all the cases the matrix forms of £ (p) are significantly different, we derive their
explicit forms in Sec. S2.
The levels |a) and |b) are coupled via the electric field of the probe light given by

Ep(z,t) = &)(z,1)8, cos(kpz £ @pt). (S4)
Similarly, the control field
Ex(z,1) = &(2,1) cos(kez £ axt) (S5)

couples the |a) and |c) levels. Here &), and & are the envelopes of the fields, €, and & are the corresponding polarization
vectors, ®, and @y stand for the carrier frequencies, and k, and k; are the projections of the wavevectors onto the z-axis.
Additionally, since we keep calculations general, we allow the fields to propagate in either of the two directions along the z-axis,
which is represented by the + signs in the argument of cosine functions.

To derive equations for each density matrix elements p;;, we introduce the substitutions

Paa(z;t) = Oaa(2,1), (S6a)
Pob(z:1) = Opp(2,1), (S6b)
Pha(z,1) = Opa(z,1)e T kriEent) (S6¢)
Pac(z,1) = Oge(z,1)e Wikt O, (S6d)
DPbe (Z, t) Obe (Z, t)eqiapl(kpziwpl) iakl(kkz:twkt) (S6e)

where the lower or upper sets of signs should be used according to the propagation-direction choice from Egs. (S4) and (S5).
To distinguish different three-level systems, we introduced the parameters o, and o that define signs for different cases:

* for V system: @, = o = +1,
* for A system: &, = o = —1,
» for & system: o, = —1, o = +1.

The substitution allows us to perform the rotating-wave approximation (RWA) and simplify the evolution [Eq. (S1)] by removing
the rapidly oscillating terms. The resulting set of the Bloch equations is

Gaa = 182 Opq — 182 Oppy — 14 Oy +1Q4 Oy + ZLia, (S7a)
Gce = Q4 Ope — i Ocq + ZLoc, (S7b)
Gpa = 0418,0pq —iQ, (1 — Oce —2044) — Q% Ope + Lha, (S7¢)
Gac = —O4i0Ouc 412y Ope — Q4 (Ouq — Occ) + Les (S874d)
Obe = (04pi8), — 04iS) Ope + 1Ry — 1 Oba + Lhe, (S7e)

where we introduced the Rabi frequencies Q, = &,¢, d;,a /2h and Qk = &8y - dm /2 of the probe and control fields, respectively.
We also assumed real values of the electric dipole moments, d;; = =dj ;i and preservation of atomic population (}; 6;; = 1). The
detunings from single-photon resonances are defined as 8, = w, — @y, for the probe field and & = @y — @, for the control
field.

The propagation of the fields along the medium can be fully described by the wave equation

(02 532 ) [Bale+ Bue)] = —podiPle). s8)

Here, P stands for the polarization induced in the medium by the fields and p is the vacuum permeability. The relation between
this macroscopic quantity and the quantum state of the medium is given by I_"(z7 t)=NTr (pJ), where N is the concentration

of atoms. We can now apply RWA and the slowly-varying-envelope approximation (SVEA) to Eq. (S8). The latter is used if
one can assume that the field envelopes &), ; change slowly in time (space) compared to the rapid oscillations at the carrier

2/10
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frequency. In such a case, time derivatives of 0;; can be neglected, as |6;;| < |@0;;|, and the wave equation can be separated
into a set of first-order equations for the probe and control fields>

Ny |dy|
(0 £¢d,)Q, = :I:OCplszsoa bas (S9a)
Noy|dac|”
(3 0) O = i Y2 acl” (S9b)
2h&

where & is the vacuum permittivity. As a result, probe- and control-field dynamics depend on the coherences in the medium
originating from the interaction with the fields. Equations (S7) and (S9) are known in the literature as Bloch-Maxwell equations.

S2 Spontaneous emission and dephasing

In the considered case, the Bloch equations, given in Eqs. (S7), contain terms with .Z;;. The terms are derived from the master
equation Eq. (S3) and are responsible for spontaneous emission. Here, we derive the exact forms of these terms for all the
energy-level schemes considered in the manuscript.

S2.1 V-type

The spontaneous emission is described by the two flip operators L., = |a) (b| and L, = |a) (c| (the transition between the levels
|c) and |b) is forbidden). Hence, the Lindblad operator takes the form?

. T 1 T
ZY(p) = Zlh{?{;b |:Laprab ) (LZbLabP +pLabLab>:|

1 (S10)
Y {Lachic -3 (LY Lacp + pL];L.LaC)] }
The matrix form of the operator in the eigenbasis {|c), |a),|b)} is
V.. —2Y,ePec —YacPea _(%w + Yae)Peb
£ =ih 77{1{,‘pac Zj/abpbb + 2Jécpcc 77{1bpab . (S] ])
L= (Yo + Yae) Poe —YpPba —2Y,,Pbb
Usually, this matrix is presented in a different form with use of the rewritten variables as below
[— YecPee —YacPca —YocPeb
fviih —YacPac  YobPbb + YecPcc  —YabPab | (512)
L= YocPbe —YabPba —YobPob

where Ve = 2Yse, Yob = 2¥ps Yab = Yoy = 5 Vobs Yac = Yoo = 3 Yee» a0d Yoo = ¥y + Yoo = 5 (Yoo + Yec). Here, ¥ is the relaxation
rate of the state |i), while y;j, i # j, are the terms responsible for the decay of coherences, i.e., the off-diagonal elements of
the density matrix. If spontaneous emission is the only source of decoherence, we can express the decoherence rates by the
spontaneous emission rates:

v —%YecPee - %’yccpfd - % (Ybb + ’yL'L')pCb
LV=in | =5 YeePac VobPob + YecPec —SWbPas | - (S13)
(o +Yee)Pre  — 5 VobPba —YobPbis

S2.2 A-type
For the A energy configuration, the following flip operators are important for the spontaneous emission: Ly, = |b) (a| and
Lcq = |c) {a]. Thus, we have

. o1 ¥
XA(p) = zlh{j/ab {Lbapra ) (LzaLhap +praLba)}
(S14)

1
+}{zc |:LL'HPLZa - 5 (LIaLL'up + pLZaLCu):| }7

3/10
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which in the matrix form is given by

Z%L'paa _('){1[7 + %w)pCa 0
LA | =Y+ Yoo Pac —2(Vop+ Ve Paa — Yoy + Yo )Pab | - (S15)
0 _(){1[) + %ch)pha 2’J{wpaa

Here, we can rewrite this matrix in analogy to the V scheme, but an additional assumption is needed. Usually, the lower levels
are energetically close to each other in comparison with the upper level, and we assume ¥/, ~ ¥,.. Under these assumptions, we
have new substitutions Y. = 2(,, + Yae): Yab = Yac = Yop + Yoe = 3 Yaa» and Yo = 0. These lead to the final matrix form of the
A-scheme Lindblad operator

AL %Yaapua - %%mpca 0
Z =ih | — % Yaapac - Yaapaa - % 'Yua pab . (S 16)
0 - %%apba %Yaapaa

S$2.3 E-type

As previously, only two flip operators (L, = |b) (a| and L, = |a) {c|) describe the spontaneous emission in the E system:

= . 1
Z=(p) = 2171{744;, [LbapLZa —3 (LZaLbaP +pLZaLba):|

| (S17)
)éc |:LanLZc - 5 (LZ(-Lacp +pLZcLac):| }
and the matrix form is
o ~2%cPec ~(Yp + Yac)Pea ~YocPeb
LE=i | (Y + Yoe)Pac —2YpPaa +2YacPec  —YpPab | - (S18)
7'}{10pr 77{1bpba Zj/abpaa
By substituting Yus = 2V, Yee = 2Vie» Yab = Yop = %yaa, Yae = Vop + Voo = %(yaa + Yee)s and Yoo = Y. = %%‘o we obtain
_— | —YecPee - % (Yaa + }/cc)pca - l'yccpcb
‘i’ﬂu =ih -2 (YGlcl + %L‘)pac _Yaap]au + YecPee _§Yaupab . (819)
— 5 YecPbe — 3 YaaPba YaaPaa

S2.4 Extended description
To include the additional dephasing processes, we can modify the matrices (S13), (S16), and (S19) by adding the dephasing
matrix

0 _Yz[lic?ppfu _ygfppcb
Zp=ipy | _yferp 0 —1Ppu | - (S20)

d d
7Yb:ppbc 7ya;ppba 0

where }/S.EP stands for the dephasing rates obtained from the master equation for the given dephasing operator, e.g., LI =

ﬁ (I8) (i| — |7) {j]) where i and j correspond to the involved states.

Despite the similar form of the Lindblad equations in different systems, the dynamics they represent turns out different. In
the A-type model, spontaneous emission does not disrupt the coherences between the lower levels, and hence the coherent
effects are the strongest. In the =- and V-type systems, spontaneous emission influences the coherences, and hence the coherent
effects are weaker. Based on Egs. (S13, S16, and S19), in the V-type the suppression of coherence between the |b) and |c)
states is the fastest among the three configurations due to the dependence on the spontaneous emission rates from both upper
levels, while in the E-type only the highest level contributes. These observations are reflected in the susceptibility profiles
shown in the main text in Fig. 2 in Sec. 3.

S3 Numerical methods

For the propagation problem presented in the paper, we solve the Bloch-Maxwell equations [Egs. (1) and (2) in the main text].
This can be done analytically for a few simple cases, but in general, the numerical approach is required. The calculations of the
dynamics can be made in the discrete-time domain by solving the equations for the whole medium in successive time steps.
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The equations describing the evolution of the medium [Egs. (1)] are position-dependent. In the considered case, the medium
consists of non-interacting three-level systems, and hence the dynamics of each of them can be calculated separately with the
use of the Runge-Kutta fourth-order method*. This approach provides an accuracy proportional to the fourth order of the time
step (At)*.

For the calculations of the evolution of the probe and control pulses, we use the Lax-Wendroff method. It is based on
finite differences and has an accuracy proportional to the squared time step (Af)2. The general approach is based on solving the
equation

0,f(2,1) +Ad-f(z,1) = 5(2,1), (S21)

where A is a constant, f is a solution we are looking for, and s is a source term. For the solution, we introduce the discretization
t —t, =to+ pAtfor p=0,1,2,... and z — 74 = 20 +gAz for g = 0,1,2,...,n. Additionally, we choose Az = AAt. To simplify,
we write f(z,1) = f(t,2) = f(tp.24) = fpq. To calculate f,; 14 for all ¢, we use the formula®

1 1
fp+l,q = fp,q:t E(fp,qul _fp,qfl) + E(fp,qul _pr.,q'f'fp,qfl)"‘Atsp,qv (522)

where the + sign has to be set to minus for propagation along the z-axis and to plus otherwise. Since it is a first-order differential
equation, we have to know the initial conditions fy , for all g and the boundary conditions f), ¢, fp,, for all p.

Comparing Eq. (S21) with Eq. (2), we can adapt the described method to the considered case. Specifically, the function s
can be identified as a solution of the Bloch equations, precisely the coherences o;; from Eq. (2) driving the probe and control
field.

We also implemented multiprocessing in the code so that we can calculate real-life samples in minutes instead of hours or
days. Instead of calculating everything in a loop, we divide the medium into smaller pieces and do the calculations separately,
exchanging only the values from the overlapping points on the edges between them. To calculate a point f, 4, according to
Eq. (522), we have to know three points (fp 41, fp.q> and fp 4+ 1) from the previous time step (see Fig. S1).

Figure S1. Representative ten space points and four processes (different colors). Each point in time step ¢, requires three
points from the previous step #, (presented by arrows). Because of that, if we divide the medium into four parts, to perform
proper calculations each part has to contain two more points from #,, than the resulting field has in #, ;. The boundary
conditions provide values for the edge points for all times ¢, so that the same number of points in space is used for each time
step. This process repeats for all time steps used in the calculations.

S4 Derivation of electric susceptibilities for three-level systems

In the frequency domain, Eqs. (2) can be rewritten in terms of the electric susceptibility of the medium?. The probe-

field susceptibility x, can be evaluated by a direct comparison of medium linear polarization components at the probe-
field frequency P(6) = & (6)&,(5) and the microscopic description P(8) = N Tr[04;(8)dp,) for the A and E systems and
P(8) = N'Tr[0p,(8)d,p) for the V system. For convince, here the quantities are given using detuning 8 = ® — @, and s are
spectral components of the pulse.! The vector notation is omitted since we assume that all vectors are co-linear. In our analysis,
Oup(ba) 18 assumed to give rise only to the relevant component of the polarization at the probe frequency, i.e., it does not couple
other transitions.

The spectral components of the density-matrix elements o;;(8) correspond to the stationary solutions obtained by replacing
the derivatives in Egs. (1) by zeros. The resulting expression for electric susceptibility for the probe field reads as

N|dab|2 6157[3[(6’ 5k79k7 Qp)
higy Q,, ’

xp(676k79[779k) = (823)

IThe Fourier variable @ which we work with in the frequency domain may be confused with the carrier frequency of the probe pulse @, (similarly, the
detuning & can be confused with the detuning from the central frequency &,). This is only valid for monochromatic beams; when considering a pulse with
many spectral components, @s are distributed around the carrier frequency ®,. We emphasize this difference with different symbols.
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Table S1. Summary and comparison of different approaches used in this work.

Approach analytical numerical Fourier-based
Calculation domain frequency time frequency and time
Access to medium dynamics || no 0ij(z,1) no
Access to field dynamics Q,(z,1) Qp(z,1), X (z,1) Q,(z,1)
spectral €OM- | index per pulse | index per pulse
Group index evaluation onents ng(0
P p ¢ | ng(3) [Ba. 51 | ng(8,) [Eq. (5)
[Eq. )]
Accurate for spectrally broad
no yes yes
pulses
Calculation speed high low moderate

where O'IS,“‘lt is the stationary value of the proper coherences (p = "ba” for the V-type while p = "ab” for the A- and E-type
systems). We solve Egs. (1) for the coherences Gg;at (or O'SE“) with the assumption that the interaction with the control field
and operation under the steady state provide that prior to switching on the probe field whole population resides in the state
|b) in the A and E configurations (as for the V-system see the discussion below) and other levels are empty. Next, we expand
the stationary expression in the Taylor series with respect to the values of €, which we truncate at the terms that are linearly
proportional. The truncation is valid for the probe field of the Rabi frequency much smaller than the spontaneous-emission
rates, Q, < . We find that the electric susceptibility for all three energy configurations is

Yo | 52402 i, 4 Y o
W (500 +00) = (8 ) - M
X (8) =1 L_l;s| . ! ::2 z 1 01Q, (S24a)
Yee 2 PAT S Yob k
(% +87+20%) { R T
Nlda* i
Xap(8) = 'hg“b' o HO, (S24b)
0 -+ B+ oty
z Nldg|* i
Xab(8) = ;gg' R o Q) (S24c)
T e

In the main text, we present graphically the above equations in Fig. 2. Used parameters represent typical orders of magnitude
in atomic alkali vapors. The concentration is set to N = 6.6 - 10° atoms/cm? (for the Hartree atomic unit system, /i = ay =
me = e = 1 used in the numerical calculations, the concentration is 10~ '3 a.u.). The spontaneous emission rates (Y, Y5, and
Yec) are calculated for each configuration based on the arbitrarily selected values ¥, = ¥, =¥ =2n-1.6 MHz (2.5- 10719 a.u.),
and ¥, = 0 used in Eq. (S3) (see Sec. S2 for interpretation). This gives ¥,, = 4y’ for the A configuration, %, = Yee = 2Y
for the V configuration, and ¥, = ¥ = 2Y for the E configuration. The control field is set to ; = 557 = 27-90.1 MHz

(1.38-108 a.u.). The dipole moments are calculated from the Weisskopf-Wigner theorem?
37[80hc3
\dap|* = =5 —Yav> (S25)
wn

where 7, is the optical-coherence (0,;,) relaxation rate due to spontaneous emission, and # is the refractive index of the medium.
Analogously, we can find the value of |d.q|*.

S5 Validation of approaches

Here, we provide the comparisons of the methods presented in Sec. 4 of the main text. A concise summary is presented in
Table S1. We discuss the impact of the probe field on the electric susceptibility, the accuracy of the Fourier transformation
method compared to the direct-propagation approach, and the validity of the monochromatic-wave approach. We use the
parameters for rubidium atoms as presented in Sec. 5.1 of the main text.
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S5.1 Electric susceptibility with probe field

In the main paper, we calculated signals using Eq. (3). In the equation, we neglect the higher-order corrections, e.g., the terms
proportional to Q2. as they are small under our conditions. Here, instead of using the Taylor expansion and neglecting the
higher-order terms, we assume large single-photon detuning 8, so that the whole population remains in the ground state |b),
oyt ~ 1 (this is true in many physically relevant cases). In consequence, the populations of the upper states are negligible,
o ~ g3 2~ 0, and no significant coherence can arise between the levels, 652 ~ 0. Under such conditions, the electric
susceptibility of the E-type medium for the probe field is given by

_ Nldw* i

Xab(sp) 718()

(826)
. Q2
_16P+ % + y, : Q2
ERTE Y S O .
i(8) + 6) + > +_i5k+'ﬂm‘2"yl.(.
—_———

two-photon N
resonance probe-field
term correction

Contrary to Eq. (3), this expression includes the probe field €2, in all orders, taking into account nonlinear corrections to the
medium response. Rewriting the denominator in Eq. (S26), we get

2
. Yee Ql’ —
—i(0p + &) + 7+W -

2 Yaa+Yee 2
% Yo, 7% (S27)
G\l ) | T2 T e

& + (Heze) 6 + (He5Te)

5[5“ Yeﬂ

be

—i

where the probe field acts as a correction to the detuning 8, and moves the two-photon resonance towards the single-photon
resonance (an effective detuning 5keff). Additionally, the resonance is broadened by the probe field (the effective rate y;f,f). It
should be noted, however, that, for the investigated case of & > M, the peak shift is the dominant effect.

S5.2 Comparison of results for monochromatic waves

1.0 - 0.10
08 0.08
Lo 0.06 £
A [N
o4 0.04
0.2 0.02
005100 200 300 400  °°°
t/t,

Figure S2. Probe- and control-field envelopes (respectively red and blue lines). Both shapes are presented right before
entering the medium (probe for z = 0 and control for z = L). For the probe field ,, = —100/7,, while for the control field
tm = —25/Yuq. For both pulses a = 2y,,.

We check the simplest possible case of monochromatic wave propagation in order to compare all three approaches introduced
in Sec. 4 of the main paper.

Let us first note that considering the propagation of monochromatic waves is numerically ambiguous as the field needs
to have a beginning and end. One may think of the step function as an approximation of a real-life realization of such a
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problem, however, a fast switching of the field has numerical consequences and leads to unwanted oscillations known as the
“switching-on effect”. Instead, we use the arctan function, for which we can control the slope of a rising-field envelope. At the
beginning of the medium (z = 0), the field can be described by

f)=Q %arctan(a(t +tm))+ % , (S28)

where Q is the maximum amplitude of the field, a is the slope parameter given in units of [1/s], and ,, is the shift of the pulse in
time. Additionally, as we are interested in the steady state, we switch on the control field first and wait until the dynamics of
the medium stabilizes. Next, we turn on the probe field and again await the steady state. The envelopes of the representative
control and probe fields are presented in Fig. S2. The control field propagates in the negative z-direction and the probe field
propagates in the positive direction.

S5.2.1 Weak probe field

5 ﬂ ~
0.95
&4 c
) 20.90
— 3 £
é Op/Yaa g 0.85 analytical
N 2 — -300.2 c ~ noQcorr.
= — -300.1 o analytical
(@] e — -300.0 = 0.80 — Qpcorr.
1 — 20995 -~ Fourier
J — -299.85 0.75 e numerical
00 100 200 300 400 -300.2 -300.0 —-299.8
t/ta 6plYaa
8]
676
o
—
X
— 4
3
Q
|
- 2
0

0 100 200 300 400
t/T,

Figure S3. a) Shapes of the probe fields (solid colored lines) calculated numerically and obtained by the Fourier-based
method (dashed black lines) at the end of the medium for different probe detunings. b) Absorption in spectral domain
calculated based on: analytical [without (blue line) and with (green line) probe-field correction], Fourier (dashed red line), and
numerical (black dots) approaches. ¢) Temporal change of population of the ground state |b).

For the consecutive calculations, we use parameters described in the main text as Point 1: control field Q; = ¥,,, and
detuning & = 300%,,. The probe field is also set to the same value Q, = 0.05%,,. Once the steady state is reached, we measure
the amplitude of the probe field at the end of the sample. All the calculations are done for a fixed detuning of the control field
& and for a range of detunings of the probe field 8, around the two-photon resonance (& + 8, = 0). The resulting probe field
envelopes at the end of the sample can be compared with those calculated with the Fourier-based method.

All the outcomes are presented in Fig. S3. First of all, in Fig. S3a we see pulse shapes for several detunings evaluated
numerically (colored lines) and from the Fourier-based method (dashed lines). We can see a perfect agreement between these
two methods. This suggests that the assumption oy, =~ 1 holds in that case. Indeed, Fig. S3c shows the transfer of population
from state |b) for the point in the middle of the medium. The value is less than 0.001%.
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In Fig. S3b we compare the transmission of the pulse obtained from the numerical calculations (black dots) with analytical
results. We use the Lambert-Beer law

Q,(L) = Q,(0)e™ % M)l (S29)

where ), is given by Eq. (S26). Since we intend to examine the importance of the probe-field correction, we plot transmission
calculated with and without this correction (respectively, green "analytical ,, corr." and blue "analytical no Q,, corr.". On top
of that, we also plot the results from the Fourier-based method (dashed red). All the methods return indistinguishable results as
all the curves are the same.

§5.2.2 Strong probe field

152
0.95
‘\';_ ___________________ g
5 1.0 @ 0.90
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p/Yaa analytica
C"Q — -300.2 2 0.85 ~ no Q),/, corr.
. © -
05 Sse=— =2 foso — i
=9 — 299.95 -~ Fourier
J — -299.85 0.75 e numerical
0'00 100 200 300 400 —300.2 —-300.0 —299.8
t/T, 6plYaa
5 <]
"4
o
—
X3
FS
Q2
|
—
1
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Figure S4. a) Pulse shapes at the end of the medium calculated numerically (solid lines) and determined using the Fourier
approach (black dashed lines). The clear differences between the results of the two approaches indicate significant absorption
of the control field along the process. b) Absorption in the spectral domain calculated using analytical [without (blue line) and
with (green line) probe-field correction], Fourier (red line), and numerical (black dots) approaches. The resonance shift is
evident and calculated correctly by incorporating the €,-correction (the red plot is on top of the green one). ¢) Population of
the ground state due to the action of the probe field, indicating the transfer of population to the excited state.

For a strong probe field, the nonlinear Q,-dependent correction in Eq. (S26) may modify the optical response of the medium.
To investigate this, in the following, we discuss the test case of Q) = 1.5Y,, > Q; while all other parameters are the same as
above. Note that the probe field is far-detuned with 8, ~ —3007,,.

As shown in Fig. S4a and S4b, for the strong probe field, the analytical and Fourier approaches are no longer valid near the
resonance. This is due to the significant absorption of the control field, which modifies the properties of the medium. Near the
resonance, the control field may be significantly absorbed, hence the medium response to the probe field is weaker. However,
even for the case of the strong fields, the transfer of population to the excited states is negligible (less than 0.5%), as shown
in Fig. S4c). From Fig. S4b, we can see that the probe-field correction is required at least for the proper description of the
resonance position, as we can clearly see a resonance shift concerning the calculations neglecting the probe field.

We demonstrated that the assumption of the small probe field is valid unless the field intensity is not comparable to the

9/10



4.1 SUPERLUMINAL PROPAGATION IN MEDIA OF THREE-LEVEL & SYSTEMS 101

control field. However, even in the opposite case, the assumption of negligible population transfer holds but the absorption of
the control field starts to be important significantly changing the probe absorption.
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SUMMARY

Throughout this thesis the interactions between light and matter are investigated, focusing
on two-level systems with broken inversion symmetry and inversion-symmetric three-level
systems. By developing a comprehensive theoretical framework, the dynamics of light-
matter interactions are explored, particularly the generation of low-frequency radiation
and phenomena like superluminal propagation in the media of such systems.

The work naturally divides into two parts. The first one focuses on the interaction of
light with polar systems, offering analytical solutions for a new class of Hamiltonians. Pre-
viously, such solutions were limited to specific like the Jaynes—-Cummings and Rabi ones.
In this thesis, the focus is on the semi-classical description as most interesting phenomena
occur under strong electromagnetic fields. It is shown how permanent dipole moments
influence the optical properties of atomic systems, their coupling strengths with the field,
relaxation constants and energy shifts. Additionally, the generation of radiation with an
optically tunable Rabi frequency is characterized.

The second part extends the investigation to three-level systems, specifically focusing on
the group velocity of the propagating pulses. The possibility of superluminal propagation
in the ladder configuration has been confirmed. A new experimentally feasible scheme is
proposed to achieve superluminal velocities in rubidium vapors.

Overall, this work enriches our understanding of light-matter interactions across dif-
ferent symmetries and provides a foundation for future research in quantum optics and
related areas. The theory included in this thesis opens up a broad area for further investi-
gation, with several ongoing projects aimed at deepening our understanding of the topic.

As an outlook, the nonlinear scaling of Rabi frequency suggests a method for enhanc-
ing coherence in molecular ensembles subject to fields strongly varying in space. In the
regime of Rabi frequency being weakly dependent on the field amplitude, the coherence
within the ensemble may remain stable against fluctuations both in laser intensity and the
positioning of the quantum systems.

Furthermore, the developed theory of polar systems incorporates the impact of per-
manent dipole moments and strong fields into the detuning parameter, which may en-
able exceptionally accurate calculations of the resonance position in atomic systems. This
advancement would pave the way for investigating weak processes occurring in narrow
spectral windows, such as excitation via driving fields far-detuned to match multiphoton
resonances.

Looking ahead, further generalizations of the proposed theory could encompass inver-

sion breaking in many-level systems, alongside investigations of typical processes associ-
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ated with three-level systems, such as EIT, STIRAP, and superluminal propagation. Ad-
ditionally, exploring multiphoton transitions in the strong/ultrastrong coupling regime
as well as nontrivial system-reservoir interactions present an exciting avenue for future

research, building on the foundations established in this work.
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