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A. Quantum Approach
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Figure 1 Approaches to studying light-matter interaction. (A) Classical approach. Both
light and atom are considered as classical waves. The light-matter interaction is
analogues with a system composed of two coupled oscillators which periodically
transfer energy to each other. (B) Quantum approach. Both light and atom are
quantized. The light-matter interaction consists in the exchange of an elementary

quantum of energy (photon)
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In order to understand the basics of the fully quantum-mechanical models, let us consider
the simplest situation in the interaction between a quantized EM field and an atomic
system, i.e., a single-mode field interacting with a two-level atom. Thus, a two-level
emitter that can only be in the ground or excited state (| g) and |e), respectively) is placed

in a cavity. The full system is described by the Hamiltonian [1]
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where H,, Hamiltonian of the electric field with resonance at %w,, H,,, is the
Hamiltonian of the free atom with the atomic transition energy 7w, =E, -E_, 4" and &

are the creation and annihilation operators of a single-mode bosonic field, which satisty

the canonical commutation relation [4,4']=1 and J. =[e)e[~[g)(g| is the Hermitian

inversion operator.

The third term of Equation Ommoxa! MictouHNMK ccblaku He HavigeH. is the interaction

Hamiltonian describing only transitions of the type |e)|n) <> |g)|n+1) , where n =0, 1, 2,

... is the photon number; i.e., one photon is emitted when the atom makes a transition
from the excited state to the ground one (or one photon is absorbed, in the case of
|g) —|e) transition). The product states of the unperturbed atom and field |e)|n),| g)|n +1)

are referred to as bare states of the JC model. Thus, the full JC Hamiltonian for a two-level

quantum system placed in a cavity takes the form

A, =ho a*a+h;"a 6 +hg(6.a+6 a"), (4)
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Where 6, =|e)(g|and &_=|g)(e|are the atomic rising and lowering operators, and ¢ is

proportional to the dipole moment. The Hamiltonian has the following eigenstates:
|In) =cos 6, |e,n)+sin6,|g,n+1), (5)

|2n) =—sin6,|e,n)+cosd,|g,n+1), (6)

where 6, = l'[an_l(— %j, for the nonresonant case (A=, -, #0). For the

resonant case (A = 0), the eigenstates are the following:

|1n>=%(je,n>+|g,n+1>), @
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The eigenstates (5)—(8) are the so-called dressed states of the atom, i.e., the eigenstates of

the atom “dressed” by the cavity mode. The corresponding eigenenergies are:
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whereQ = \/ A +4g*(n+1) is the n-photon generalized Rabi frequency. The energies of
the bare levels |e)n) and |g)|n+1) cross at resonance (A=0), but the atom-field
interaction eliminates the degeneracy, thus leading to anticrossing of the dressed states
|In) and |2n). The energy separation between the dressed states of the same manifold is

E, — E,, =7Q, , with the minimum value ‘Zhg vn +1‘ at resonance (A = 0) . Depending

on the problem, other models of the interaction between the two-level emitter(s) and the
field in the cavity, described in detail in [2—4], are considered. In the multi-emitter case,
with N two-level systems interacting with the cavity field, collective two-level operators

are usually introduced instead of those given above:
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Table 1. Models describing the interaction between matter and electromagnetic field
Model Rotating wave | Number Interaction Schematic representation | Ref.
name approximation | of two- Hamiltonian
level
systems
Quantum NO N=1 H,, =hg (é'f‘ +4)é6, [4]
Rabi
& —F—  f,. \@/
Ay
19}
. Two-level Field
Jaynes- YES N=1 H,, =hg(6,4+6 48" system [4]
Cummings




Dicke NO N>1 H . =nga"+4a)s *| [4,5]

Tavis- YES No1 | A, =ngSa+Sany | 4 4] 4]

Cummings 9

*Reproduced with permission from Gegg, M., et al. (2018), published by IOP Publishing Ltd on
behalf of Deutsche Physikalische Gesellschaft [5].

B. Photonic-Crystal Fiber Plasmonic Sensor

Photonic-Crystal Fiber (PCF) plasmonic sensors utilize the unique properties of photonic
crystals and surface plasmon resonance (SPR) for highly sensitive analyte detection. Light
dispersion within these sensors is characterized using the Sellmeier equation, while key
performance metrics such as confinement loss, sensitivity, and resolution are derived
from the effective refractive index and resonant wavelength shifts. These metrics, along
with parameters like signal-to-noise ratio (SNR) and figure of merit (FOM), are crucial
for evaluating sensor effectiveness.

In order to determine the dispersion of light in the medium, the Sellmeier equation is

used:

B A% (12)
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where 7 is the refractive index, A is the wavelength, and Bi and Ci are experimentally

determined Sellmeier coefficients.

With increasing number of air holes, the n.f contrast between the core-guided mode and
surface plasmon polariton mode is reduced, which results in a strong coupling field. The
confinement loss is calculated from the imaginary part of the ne values of the core-guided

mode:

dB 2
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where A is the operating wavelength and Im[nef] is the imaginary part of the ne of the

core-guided fundamental mode.




The performance of a PCF SPR sensor is evaluated in terms of its sensitivity, i.e., the
response of the sensor to the applied perturbation. The wavelength sensitivity of a PCF

SPR sensor estimated by the wavelength interrogation method is

ws| om _ Mpear (14)
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where A, is the shift of the peak position and An, is the change in the analyte refraction

peal

index. RIU denotes refractive index unit.

The sensor resolution indicates how good the device is in detecting a minimum variation

in the analyte refractive index. It is estimated as

RIRIU] = An, x Ama_ (15)

peak

where An, is the change in the analyte refraction index, A4, is the minimum spectral

resolution , and AA,, is the largest shift of the resonant wavelength.

The LOD, i.e., the smallest perturbation that can be reliably detected can be estimated as

RIU?| R (16)
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In addition to the sensitivity and sensor resolution, the signal-to-noise ratio (SNR),
detection limit (6n), and figure of merits (FOM) are important parameters of the sensor

performance. These parameters can be calculated by the following equations:

SNR = %, (17)
Ak,
__ Ay, (18)
1.5(SNR)*®’
FOM[RIU ]= > (19)
Ak,

where A/ is the shift in the resonant wavelength due to changes in the analyte's

refractive index and A4, is the FWHM of the loss characteristic curve.

PCF plasmonic sensors represent a significant advancement in optical sensing
technology, offering exceptional sensitivity and precision in detecting changes in analyte
refractive indices. By utilizing the Sellmeier equation to understand light dispersion and
calculating crucial performance metrics such as confinement loss, wavelength sensitivity,
and sensor resolution, these sensors can be finely tuned for optimal performance. The
introduction of additional parameters like SNR, detection limit, and FOM provides a

comprehensive framework for evaluating sensor efficacy.



C. Plasmonic Nanocavity

Usually, plasmonic nanocavities are described in terms of the Jaynes—Cummings model,
which provides a framework for understanding the interaction between a system such as
an emitter and a nanocavity. The coupling of an emitter with an isolated nanocavity is

characterized by the decay I}, [6]:

Iy =1, +T,

cav/
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Here, I, is the decay rate of the emitter in free space, which is determined as the sum of
its radiative and nonradiative decay rates and is inversely proportional to the lifetime To

of the excited state of the emitter:
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The contribution of the nanocavity I, in the weak-coupling regime is calculated as

K 20
1+( J

follows:

K

Where 6 = o, — @,, is the detuning between the central frequencies of the emitter and

the nanocavity. In the case of resonance, 6 = 0. The coupling strength is g, and the total

loss rate of the cavity is & = i,y + &4 - Thus, the total decay rate in the strong coupling
regime is
492 23
L =To + J ’ )
K

Then, the coupling strength can be obtained from the total loss x in the plasmonic cavity

and the fluorescence lifetime of the emitter before and after coupling to the cavity:
29 = /(I —To)x, (24)

By analyzing the total decay rate I, and its components, researchers can gain insights

into both the weak and strong coupling regimes. The ability to calculate the coupling
strength g from experimental parameters further enhances the applicability of this
model in designing efficient plasmonic nanocavity systems.
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