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Abstract 

The Lorentz oscillator model is applied to a strongly coupled hybridized light-matter state. It is 

noted that the real part of the index undergoes rapid change in the area of the so-called “dark 

states.” This property of hybridized light-matter states could allow them to function as unorthodox 

materials in which their absorptive and refractive properties of are selectively manipulated. In this 

manuscript, basic properties of hybrid light-matter states are reviewed. The Lorentz oscillator 

model is then applied to two types of light-matter states, one formed from a coupling of a single 

exciton and a single cavity photon, and one formed from coupling two excitons to a cavity photon.  

 

1. Introduction 

The interaction of electromagnetic radiation (light) with matter is a fundamental process required to sustain 

complex life [1]. For example, the conversion of carbon dioxide and water into complex molecules via 

photosynthesis is hypothesized to have facilitated the evolution of multicellular organisms [1]. There are two limits 

to light-matter interaction. The “weak” coupling regime in which the interaction of light and matter results in a 

change in the radiative properties of the states involved, but does not fundamentally alter the physical properties of 

either state, and the “strong” coupling regime, in which the physical properties of the states, such as the potential 

energy surface, are altered [2,3]. Strong light-matter coupling occurs when an electromagnetic wave of a certain 

frequency interacts with a chromophore which resonates at the same frequency. If the chromophore is unable to 

dissipate the energy faster than it is being exchanged with the photon, strong light-matter coupling may occur [2]. 

In order to achieve such conditions the photon is typically trapped in a Fabry-Pérot cavity, as seen in Fig 1A. 

Strong light-matter coupling between two states (one photonic and one excitonic) will result in the appearance of 

two polaritonic states, as seen in Fig 2B and described in equation (1) [2]. As evident from equation (1), strong 

coupling hybridizes the photonic and excitonic states, hence they are often simply referred to as hybrid light-matter 

states. The formation of “dark states” will also occur, which will occupy an area intermediate of the polaritons. The 

dark states are a superposition of molecular excitons of the chromophore with little optical character. The optical 

properties of these polariton states have been of some interest to scientists due to their possible uses such as lasing 

applications, as well as being used as novel tools to alter chemical reactions [4,5].  

                                          (1) 

 

Fig. 1. A) A diagram of a model cavity polariton structure showing an electromagnetic wave being trapped inside a Fabry-Pérot cavity. The 

light wave is able to interact with a chromophore inside the cavity as it is reflected. B) The energy diagram of a polariton structure. Note that 

this is similar to the concepts of molecular orbital theory in which two molecular orbitals are created via the interaction of two atomic orbitals. 



The two polaritonic states are denoted as the upper polariton (UP) and the lower polariton (LP), as seen in Fig 2B. 

The two states are separated by an energy referred to as the Rabi splitting (ℏΩ) [2]. The strong light-matter 

coupling condition is satisfied by equation (2), where  and  refer to the full width half maximum 

(FWHM) of the exciton and the cavity photon respectively [6]. Note that the number of polaritonic states formed is 

equal to the number of excitonic and photonic states participating in their formation. For simplicity, in Fig. 2B only 

one of each state is involved. However, strong light-matter coupling involving multiple excitonic states coupled to 

a single cavity photon have been recorded [7,8]. In such a case, the appearance of additional “middle” polariton 

states are expected.  

                      (2) 

Based on the description in equation (1), it is clear that the wave function of a polariton state is a true hybrid of a 

photon and an exciton.  An oscillator involving a single photon and a single cavity photon can be described by a 

two-level Hamiltonian, as seen in equation (3), in which the cross-diagonal interaction term in the matrix (V) can 

be estimated by Rabi splitting [9]. Solving for the eigenvalues of the two-level Hamiltonian produces two 

solutions, as seen in equations (4) & (5), which represent the energies of the UP and LP states. Note that the 

polariton states are dispersive, the angle at which the Rabi splitting is maximized will be the resonance point of the 

polariton states, with both UP and LP possessing an equal amount of excitonic and photonic character. It should 

also be noted that solving for the eigenvectors of equation (3) will result in determining the Hopfield coefficients 

of each polariton state, which describe their photonic and excitonic characteristics [10]. The Hopfield coefficients 

can be estimated by equations (6), and (7) [11]. Finally, the imaginary part of equation (3) contains information 

regarding the FWHM of the polaritonic states. This results in polariton states acquiring a “light-like” character, 

resulting in the mass and lifetime of the states needing to be corrected for by the Hopfield coefficients [9]. To 

minimize these possible complications the cavity mode is typically made to have a FWHM similar to that of the 

exciton that is being coupled to, and experiments are typically performed near resonance, where the photonic and 

excitonic characters are equal [2].  

        (3) 
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While equation (3) does well in describing the energy and dispersive behavior of polariton states, it is possible to 

closely approximate their behavior using classical optical methods. In particular, when describing the behavior of 

light inside a Fabry-Pérot cavity the wave-transfer matrix can be evoked [12,13]. The wave-transfer matrix, seen in 

equation (8) relies on using the Fresnel equations for reflectance and transmittance across each boundary involved 

in constructing the Fabry-Pérot cavity to estimate the final transmittance (or reflectance). Absorption can be 

simulated within the matrix by adjusting the attenuation coefficient within the layer that possesses the 

chromophore. This manuscript takes advantage of the fact that the behavior of light inside of a cavity is well 

approximated by classical methods, utilizing the Lorentz oscillator model to plot out the refractive index of the 

polariton states.  



              (8) 

While the derivation of the Lorentz oscillator model is beyond the scope of this manuscript, the basic principles of it 

will be explained. In summary, the electromagnetic field is modeled as, . When an electromagnetic field 

interacts with matter two assumptions are made, 1) the charges in the material will possess some inherent oscillating 

frequency and 2) the charges will resist the electromagnetic field in the opposite direction, in essence the model 

treats the charges within the material interacting with the electromagnetic field as small springs [14-16]. Already 

evident from this simple treatment, it should appear clear that due to the complex nature of the electromagnetic field, 

the Lorentz oscillator model will contain a real, and an imaginary component. The former representing refractance, 

while the latter attenuation.                                           

2.  Results and Discussion 

  
Fig. 2. A) The real and imaginary parts of the index of refraction plotted for a hybrid light-matter state. B) The refractive index of poly methyl 

methacrylate (PMMA), as calculated using the Sellmeier equation. 

                                         

                                             (9) 

 
The Lorentz oscillator model utilized to model the behavior of the complex index of refraction is provided in 

equation (9). The UP and LP notation denotes the upper and lower polariton. The total index can be modeled as a 

sum of each individual component [16]. In equation (9)   refers to the plasma frequency, which was set at 

=1000 . The excitonic resonance frequency, , was set to 688.9 THZ for the LP and 724.8 THz for the UP. The 

damping component  was set at 7.451 THz. These values are estimates based on a polariton model formed by 

strong light-matter coupling between a cavity photon and a Zinc tetraphenyl porphyrin molecule described in 

previous literature [5]. The results of equation (9) are plotted in Fig. 2A. In Fig, 2A, the imaginary portion of the 

index represents attenuation of the electromagnetic field as it passes through a material. The real portion of the index 

represents the ratio of the phase velocity of the electromagnetic wave traveling through the medium to that of an 

electromagnetic wave in vacuum [16]. The simple Lorentz oscillator model demonstrates the large rate of change in 

phase velocity experienced by the real portion of the refractive index near the dark states (706.9 THz).  

 

The Lorentz oscillator model is further applied to a system that contains two excitonic and one photonic state, 

requiring the modeling of three polariton states, the UP, LP, and a middle polariton (MP), as seen in Fig. 3. In order 

to accomplish this, equation (9) is simply expanded to accommodate an additional polariton energy level, as seen in 

equation (10).  

 

         (10) 



 
Fig. 3. The real and imaginary parts of the index of refraction plotted for a hybrid light-matter state formed from two excitons and a single cavity 

photon. 

 

In equation (10) the  component for the LP was set at 68.9 THz, the LP at 26.3, while the MP was the average of 

the two values. The resonance frequency was set at 773.7 for the LP, 922.1 THz for the UP and the average of 

the two values for the MP. These values were based on work obtained by Forrest et al. [7]. Note that while 

simplistic, at resonance the MP will have an equal amount of contribution from both excitonic states [17]. Therefore, 

averaging the two excitonic contributions should provide for an estimate of the FWHM of the MP. A strongly light-

coupled state formed from two excitons and a single cavity photon results in the real portion of the refractive index 

undergoing considerable change in the area of the middle polariton, as seen in Fig 3.  

 

        (11) 

The refractive index is dependent on temperature and wavelength, however, the change in the index is often small, 

or inherent to the physical structure of the material [14,18]. This is visualized in Fig. 2B where the Sellmeier 

equation is used to estimate the real part of the refractive index for poly methyl methacrylate (PMMA). This 

polymeric material has been used as a medium to form polaritons due to the precision to which the coating can be 

made, the Sellmeier equation for PMMA is provided in equation (11) [5,19]. Creating materials whose index can be 

selectively controlled has been of some interest to scientists [20]. One such path is via the use of acousto-optic 

devices, in which a sound (acoustic) wave is used to generate a gradient within an optical material. In turn, the 

electromagnetic field traveling through such a gradient will experience a different refractive index then one without 

a gradient. In summary, the new transmittance must be calculated using the wave-transfer matrix seen in equation 

(8). One limitation of using acousto-optic modulators is the need to carefully focus the light unto the crystal in order 

to get sufficient modulation, while at the same time requiring a source of acoustic waves [21]. Another way the 

index of refraction of a material can be manipulated is via the photorefractive effect [20]. Unlike sound waves the 

photorefractive effect relies on utilizing light to manipulate the refractive index of a material. The rapidly changing 

index of refraction in polaritonic media between the UP and LP states would appear to make them a suitable 

candidate for a modular optical material. Moreover, unlike acoustic or photorefractive materials currently in use 

which may require material restrictions, polaritons have been formed from a wide range of materials, such as 

quantum well semiconductors, as well as molecular and vibronic excitations [22,23]. Finally, polaritons do not 

require an outside energy source, that is, once strong light-matter hybridization is achieved, a presence of a single 



photon trapped in the cavity maintains the polariton states [24]. This property is illustrated by equation (12) which 

defines Rabi splitting [24,25]. From equation (12), Rabi splitting is based on the resonance energy (ℏω), the 

permittivity of vacuum and the volume of the electromagnetic mode ( ) as well as the dipole moment of the 

chromophores involved in strong light-matter coupling (d). Also, due to the  factor, a photon will 

always be present within the cavity upon polariton formation.  

 

    (12) 

 

4.  Conclusion 

 

The complex index of refraction of two different materials strongly coupling to a cavity photon was modeled using 

the Lorentz oscillator model. The model shows a rapid change of the real index of refraction between the polariton 

states. This property of dark states may allow polaritons to function as a new type of photorefractive materials. For 

example, polaritons can be incorporated into coatings in order to alter the complex refractive index of the material, 

allowing the coating to be highly absorbent in areas it would typically lack such a characteristic, or selectively 

increase transparency in others. While an obvious limitation of such a material would be the need to construct two 

mirrors to maintain a cavity photon, recent work has been conducted in which polaritons are created by coupling to 

phonon resonances, which do not require the second mirror [26]. Finally, because the material which holds the 

chromophores that couple with the cavity photons to form polariton states would expand and contract with 

temperature changes, the strength of the optical response could be controlled by manipulating the coating’s 

thickness, allowing for a selective manipulation of refractance and absorbance [27].  
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