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Many experimental observations have shown remarkably large or even giant spectral splitting in strongly-coupled micro/nanocavity-atom systems. Popularly, such a spectral splitting has been attributed to the Rabi splitting, a pure quantum mechanical effect. However, there are disputes regarding whether the spectral splitting caused by multiple emitters, such as excitons in J-aggregate of molecules, is a pure quantum effect or also contributed by classical optical effect. In this work, we address this difficult problem by building a model physical system of a practical Fabry-Perot high-Q optical microcavity involving Lorentz-dispersion atoms. Very interestingly, by performing evaluation and estimate upon several strongly-coupled cavity-atom systems, we have found that the classical optical splitting and quantum Rabi splitting can be in the same order of magnitude. Our studies clearly indicate that the phenomenon of “giant Rabi splitting” that has been extensively observed in many experiments can also be caused by classic optical effects in addition to quantum mechanical effect. In some cases, the contribution by classic optical effects may be comparable to or even exceeding the contribution from quantum effects. We expect that this work can constructing the true and complete physics picture underlying strong light-matter interaction in a micro/nanocavity system.
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INTRODUCTION
Strong coupling of quantum emitter with cavity is important for a wide range of application and studies, such as quantum cryptography [17], quantum information processing [25], nano-optical circuits [29], single-photon switch [31], and single-atom laser [19]. Rabi oscillation, a natural phenomenon where the energy travels back and forth between single photon and a two-level quantum emitter, happens frequently in the realm of strong coupling [9], which induces Rabi splitting in the spectra of quantum emitter in high quality factor (high-Q) cavity [33]. The concepts (energy level, single photon) and treatment (dress state) involved in Rabi oscillation and Rabi splitting in cavity quantum electrodynamics stem from quantum mechanics, so Rabi splitting is a spectral splitting produced by quantum effects. Although the classical and the quantum treatments are identical results in some phenomena, there is not classical treatments in other phenomena such as Rabi splitting. For example, different dissipation has different predominant splitting types Sometimes the classical spectral splitting (absorption, transmission, reflectivity) is dominant, sometimes the quantum splitting (photoluminescence, Rabi splitting) is dominant. We should not believe that any type of the splitting has more physical importance that the others. They refer to different experiments [26]. It is more convincing to observe Rabi splitting with a single atom due to quantum effect [1, 11, 30]. However, it is difficult to fix such a tiny atom in the cavity. Even if human can trap single atom by an artful “relatively stationary” scheme, the coupling coefficient [image: image] could be sacrificed and become hard to meet the condition of strong coupling [2].
Strong coupling between light and quantum emitter requires to satisfy the condition [image: image], where [image: image] denotes the coupling coefficient and [image: image], [image: image] denote the cavity loss rate and emitter dissipation rate, respectively [12, 32], ensuring that the coupling between single photon and quantum emitter can retain in the cavity for sufficient time. The crucial factor [image: image] describes how strongly light interacts with matter and is determined by the formula [image: image], where [image: image] denotes the dipole moment of emitter and [image: image] denotes the electric field strength per photon with [image: image] being the modal volume of photon (or alternatively called the effective cavity volume) [20, 27].
A large number of scholars are committed to realizing strong coupling in high performance cavity to observe Rabi splitting. In 1992, the first realization of Rabi splitting on semiconductor was reported based on quantum wells as the emitters [36]. Nonetheless, there is controversy over whether or not it truly steps into the strong coupling regime [10, 11]. On the other hand, quantum dots, possessing discrete sates, becomes an excellent quantum emitter for realization of strong coupling [8], because their dipole moment [image: image] is far larger than that of an atom [18, 22]. For example, a single quantum dot, encompassed with Bragg reflector in micropillar cavity can show the vacuum Rabi splitting about 140 μeV [24], while a single quantum dot embedded in a point defect (microcavity) of photonic crystal can display a clear anti-crossing [37], which is an important signature of strong coupling regime.
To increase the coupling coefficient [image: image], a prominent route is to decrease the effective cavity volume [image: image]. Surface plasmon resonance nanocavity, a nanostructure designed to locate at the interface between noble metal and dielectric, or just a simple noble metal nanoparticle embedded in dielectric background, can concentrate the electric field in a certain area called “hot spot” in space and increase the electric field intensity by many orders of magnitude [5, 14, 15, 23, 35, 39], and this offers an efficient means to decrease the cavity volume [image: image]. Unfortunately, it is hard for a quantum dot to match readily the size of plasmon nanocavity and hot spot. In addition to quantum dots, molecules are another candidate suitable as quantum emitter to realize strong coupling [13]. However, there is complicated technical problem on how to obtain single molecule, because molecules always tend to cluster together and become J aggregates (but this has advantages of high transition dipole moment [image: image] too). Recently, exploration of the method to achieve strong interaction of light and matter (here being J aggregates) have aroused great interest of research [4, 6, 16, 38]. Experiment with 200 mM sample of Rhodamine 6G molecules placed on surface plasmon excited by a Kretschmann geometry has shown that Rabi splitting can reach a high value of 230 meV [6]. In another experiment, single isolated silver nanoprism and molecular excitons in J aggregates appear as the analogy of nanocavity and emitter, respectively, and observation of vacuum Rabi splitting up to 280 [image: image] for J aggregates involving 70 excitons per mode volume was reported [38]. To prevent molecular aggregation, an experiment have managed to place single methylene-blue molecule into the cucurbit [7]uril framework and strong coupling between one to ten molecules and single photons was achieved in an nanoparticle-on-mirror (NPoM) geometry at room temperature [4]. From the experiment observation of an overall Rabi splitting of 380 meV, the single methylene-blue molecule Rabi splitting of 80–95 meV was estimated based on the model where the maximum vacuum splitting is proportion to [image: image] , with [image: image] being the number of molecule excitons.
Although previous studies have demonstrated an extinct spectral splitting in the strong coupling regime with ingenious technology, most of them refer to the spectral splitting induced by multiple molecules as vacuum Rabi splitting, which implies that the effect of collective molecules interacting with photons is attributed to pure quantum mechanics. However, splitting resonance state splittings are not by themselves necessary signatures of anything truly quantum, for instance, two coupled classical oscillators also demonstrate strong coupling and a single resonance state is split into two resonance states [28]. Moreover, it was shown in 1990s that classical effects could produce spectral splitting [26, 40]. Limited by the experimental conditions at that time, there was no experiment of putting the J aggregates into the plasmon cavity to observe the “giant Rabi splitting”. The experiment used a single emitter such as atom and quantum well, so there is no doubt that the splitting could be a Rabi splitting. Nowadays, the J aggregates contain multiple emitters, but people barely make a scrutiny into the cause of the spectral splitting in their experiment and roughly conclude that the splitting is all quantum Rabi splitting. On the other hand, recently a purely classical model was presented in Ref. [37], where quantum versus optical interaction contribution to giant spectral splitting in a strongly coupled nanogap plasmon–molecules system was discussed in details. This theoretical work has modeled surface plasmon resonances and molecules as two kinds of Lorentzian oscillators in mutual strong optical interaction. It turns out that the splitting in spectrum is also proportional to [image: image], in excellent agreement with experimental results, too. Thus this classical model has the same power of prediction as the more popular quantum mechanical model [34]. Moreover, this work clearly demonstrates the great role of surface plasmon resonance (a classical optical interaction) in shaping the scattering and emission spectrum of molecules (a quantum mechanical effect) via the modulation of their optical background. Therefore, this study has provided impetuses to offer a more impartial, balanced and matter-of-fact explanation to the complex mechanism of light-matter interaction in the nanoscale nature, and can help to construct a more complete physical picture concerning the coexistence of classical and quantum effects happening in this new regime bridging the macroscopic and microscopic matters.
Nonetheless, the theoretical work discussed in Ref. [37] has used an approximation to model the nanogap (a nanocavity) plasmon background as a purely classical oscillator and the nanocavity plasmon-molecule interaction as an oscillator-oscillator interaction. It is thus highly desirable to use a more accurate model, optimally and preferably an analytical model, to describe the plasmon-molecule interaction and elucidate the underlying complete physics picture without big approximation. Yet, frankly speaking, this is never an easy task due to the complexity in both the optical and quantum aspects. In this work, we will attack this difficult issue by considering an ensemble of atoms (or other emitters, such as quantum wells, quantum dots, molecule and J aggregates) immersed within a Fabry-Perot high-Q optical microcavity, as a critical step towards fully modeling the practical plasmonic nanocavity used in most experiments. The optical response of an atom will be treated quantum mechanically that yields naturally a Lorentz spectrum lineshape characterized by the resonance frequency (or wavelength) and linewidth. The transmission spectrum of an incident light as probe signal can then be analyzed and it will deflect the spectral response of this microcavity-atoms coupled system, from which the influence of the classical optical interaction upon the atomic spectrum can be revealed and the underlying physical mechanism can be clarified. This system can well model and describe a practical cavity-molecule strong interaction. We will show that when the violent optical resonance of the Fabry-Perot microcavity matches the atomic resonance, the originally single-peak transmission spectrum lineshape will be greatly modified and shaped into a two-split peak spectrum lineshape. Besides, the splitting magnitude can be controlled by both the geometric and physical parameters of the microcavity-atoms coupled system. The establishment of this analytical model will propel people to take into account the abundant physical principles and mechanisms behind the practical experimental phenomenon in the strong coupling regime known as the giant spectral splitting. Furthermore, the building of an analytic model will help very much to elucidate the specific subtle contribution of each physical principle and mechanism to experimentally observed phenomena and settle down a solid understanding to the underlying physics. Through such an analytical theory, one can better appreciate the great role of classical optical interaction in creating the well-observed giant spectral splitting that seemingly has a pure quantum mechanical origin.
MODEL AND THEORY
A practical optical microcavity model that is adopted in this work is illustrated in Figure 1A. The microcavity is a one-dimensional (1D) Fabry-Perot cavity made from two symmetric high-reflection mirrors with a sandwiched dielectric medium thin film (such as vacuum or silica glass), and the atoms are dispersed within the dielectric medium. The whole microcavity system is placed in the air background where the incident, reflected and transmitted light transport. The refractive index of the sandwiched medium in the cavity is [image: image] and the length is [image: image]. Practically one widely uses noble metal (gold or silver) or dielectric Bragg multilayer (1D photonic band gap structure) thin film as high-reflection, low loss coating mirrors to improve the Q-factor of the cavity. Suppose the refractive index of the thin film is [image: image] (generally a complex number, but for simplicity a pure imaginary number to model mirrors without absorption loss) and length is [image: image].
[image: Figure 1]FIGURE 1 | Schematic diagram for a Fabry-Perot optical microcavity used to probe cavity-atom interactions. (A) Schematic diagram for a practical Fabry-Perot optical microcavity system involving a dielectric medium embedded with atoms sandwiched between two high-reflection and loss-free mirrors. A classical splitting in spectrum can be observed in this model. (B) Diagram for transmission spectrum of optical microcavity exhibiting the splitting for Lorentz-dispersion cavity medium. (C) Schematic diagram for an ideal Fabry-Perot optical microcavity system to analyze theoretically the cause of classical spectral splitting observed in the practical optical microcavity system. (D) Schematic diagram for solution to the transmission/reflection spectrum in the Fabry-Perot optical microcavity system using a transfer-matrix method.
Note that we are studying the interaction between photon and a bulk of homogenous emitters which are embedded in the entire resonant cavity. Here, there are two points worth noting. Firstly, in addition to atoms, the emitters considered in our manuscript could include quantum dots and others. Atoms are just an example we choose to illustrate the problem clearly. Our model can be applicable to any quantum dot or molecule excitons, if their permittivity is known. Secondly, we have looked upon a large number of emitters as a continuous media, so the permittivity of the emitters is the same as the resonance permittivity for the continuous media in cavity.
An incident probe signal light is propagating from the left side to the right side, penetrating through the left mirror, inducing multiple reflection within the sandwiched cavity medium, and finally penetrating through the right mirror. Interaction of the incident light (wavelength [image: image], angular frequency [image: image], and wave vector [image: image] with c being light speed in vacuum) with the microcavity will generate a beam of reflected light propagating to the left and a beam of transmitted light propagating to the right, and both beams carry the inner optical and physical properties of the cavity medium. Observation of the change of the transmitted light intensity with respect to the optical frequency [image: image] can yield the transmission spectrum that can be used to probe and analyze the cavity-atoms interaction characteristics.
It is well known that for a classical Fabry-Perot cavity, the spectrum of transmitted light is an array of separate peak for a non-dispersion cavity medium, such as pure silica glass in the visible band, as shown in Figure 1B (gray line), and these discrete transmission peaks match exactly with the standing wave condition to form discrete cavity modes within the Fabry-Perot cavity. In contrast, we find that the spectrum of transmitted light will split into two peaks for a Lorentz-dispersion cavity medium (e.g., made from Lorentz-dispersion atoms embedded in non-dispersion background medium) (blue line) when the atomic resonant frequency is eminently close to the cavity mode resonance frequency. In the following sections, we will study systematically such a spectral splitting phenomenon that is caused entirely by classic electromagnetic/optical interaction effects. Firstly, we will calculate the transmission spectrum of the practical optical microcavity based on the well-established transfer-matrix method. And then, we will closely examine the effect of the cavity length, plasma frequency, atomic dissipation, and cavity wall dissipation to the spectral splitting. Finally, we theoretically explain the mechanism of the above four factors on the spectral splitting by analyzing the ideal Fabry-Perot cavity model (with perfect-reflection mirrors and dissipation-free cavity medium) [3, 7] as shown in Figure 1C.
The transfer-matrix method is widely used in the calculation of light transport in multi-layer medium models. It is efficient and convenient to analyze the transmission spectrum when the considered system consists of many layers of slab. Our Fabry-Perot microcavity model can be regarded as a three-layer medium (left metal mirror, sandwiched atoms-involved cavity layer, right metal mirror) placed in the air, as shown in Figure 1D. The transport of light can be described by the following transfer matrix formula
[image: image]
Assuming that the elements of the transfer matrices can be written as
[image: image]
[image: image]
then the expression of the matrix elements is
[image: image]
and
[image: image]
With the above formula, we can readily calculate the total transfer matrix
[image: image]
Then, the transmittance of energy flow at normal incidence (hereinafter referred to as transmittance) is
[image: image]
where “det” denotes determinant and the vertical lines denote complex modulus. Based on Eq. 3, we can calculate the transmission spectrum [image: image] [or [image: image]], namely, transmittance as a function of incident signal light frequency (or wavelength) of Figure 1A. In this paper we have used this method to calculate the transmission spectrum when the cavity medium is a dispersion medium with Lorentz lineshape, and found that the spectrum is split purely attributed to the classic optical interaction rather than quantum mechanical interaction. Note that the transfer matrix method is a purely classical optics methodology involving only classical optical quantities such as the refractive index and dielectric constant. It seems that there is no place for quantum mechanical quantities to appear and act.
Yet, as is well known, every medium in nature has the characteristics of absorption and dispersion, because atoms comprising the medium have different response behaviors to photons of different frequencies. This feature can be explained by the Schrödinger equation governing the quantum nature of atoms and electrons, and finally the Lorentz lineshape that describes the dispersion behavior of the medium can be obtained. Here we briefly recall this process and present it to the readers so that they can better understand how to bridge the microscopic quantum response, in particular the atomic dipole moment of an individual atom and the macroscopic optical properties, in particular the permittivity and refractive index of the atomic layer in our model. This will set the basis for understanding the optical response, in particular the transmission spectrum of the whole atoms-embedded Fabry-Perot microcavity. It also allows one to construct the physical picture about the classical optical interaction between the atoms and microcavity in the strong modulation and fundamental modification of the transmission spectrum lineshape.
It is well known that the evolution of any quantum state of atom [image: image] over time satisfies the Schrödinger equation
[image: image]
where the Hamiltonian
[image: image]
and the initial condition is
[image: image]
Here, bold letter indicates operators and upper arrows indicate vectors. [image: image] is the bare unperturbed atomic Hamiltonian whose eigenvectors [image: image] and eigenvalues [image: image] are known, satisfying [image: image], wherein [image: image] is the ground state eigenvector of [image: image] with eigenvalues [image: image]. [image: image] is the atomic dipole moment operator and [image: image] is the frequency-dependent complex amplitude of the electric field vector.
The Schrödinger equation with given initial conditions is solved in two pivotal steps:
First, according to the principle of state superposition, any state [image: image] in the system can be expanded into the superposition of the eigenstates of the atomic Hamiltonian [image: image], that is, [image: image]. When the dissipation is introduced phenomenologically, the Schrödinger equation can be rewritten under the [image: image] representation with initial condition
[image: image]
[image: image]
where [image: image] is the matrix element of atomic dipole moment operator.
Second, the equation with initial condition can be solved by a perturbation method. Expand the state [image: image] into a perturbation series, that is, [image: image]. Thus, the perturbation state becomes [image: image]. We can use the perturbation method to solve Eq. 7 with initial condition Eq. 8 and find
[image: image]
[image: image]
where the transition frequency [image: image].
The average value of the electric dipole moment of an atom in any state can also be expanded into a perturbation series, where the first two orders are
[image: image]
[image: image]
Substitute Eqs 9, 10 into the above formula to get
[image: image]
[image: image]
Because the electric polarization intensity [image: image], where [image: image] denotes the number of atoms per unit volume, the electric polarization intensity by keeping the first two terms is
[image: image]
Besides, because of the relationship between the linear susceptibility of medium [image: image] and the electric polarization intensity as [image: image], when the anti-resonance term is ignored and the medium is isotropic, we get
[image: image]
For simplicity we have assumed the case of a [image: image] (nondegenerate) ground state and [image: image] excited states. We have included the factor of 1/3 for the following reason. The summation over [image: image] includes all of the magnetic sublevels of the atomic excited states. However, on average only one-third of the [image: image] transitions will have their dipole transition moments parallel to the polarization vector of the incident optical field, and hence only one-third of these transitions contribute effectively to the susceptibility [37].
Finally, let
[image: image]
then combining Eq. 14 with the above equation, omitting [image: image] in the denominator, noticing the relationship between linear susceptibility [image: image] and relative dielectric constant [image: image], and considering the above deduction is also applicable to the case of continuous frequency [image: image], we get relative permittivity
[image: image]
Eq. 16 is thought of as Lorentz lineshape. Here we consider a practical case where there is a transition frequency [image: image] that is nearly resonant with optical microcavity mode at [image: image] (not-detuning condition), and is well separated from other transition frequencies afar so that their effects can be combined in a constant [image: image] independent of frequency. More precisely, the constant [image: image] also contains the influence from other kinds of atoms. More generally, the constant [image: image] can also describe the situation where the atoms are dispersed within a non-dispersion background medium such as silica glass, and combine the contribution from both atoms and background medium. In short, we simply set [image: image] as the background dielectric constant of the sandwiched cavity medium. Besides, we set [image: image] as the plasma frequency and [image: image] as the dissipation constant of the designated atomic resonance. Then we can get the following Lorentz lineshape used in our model to describe the dispersive dielectric constant and thus the macroscopic optical property of the sandwiched atom layer within the Fabry-Perot microcavity as
[image: image]
Table 1 presents various geometric and physical parameters of the practical optical microcavity model as shown in Figure 1A adopted in this work, and thus determines its physical properties. In all our calculations and discussions, the geometric and physical parameters are pre-designated explicitly in this table, unless additional instructions are made specially in the context. When considering the influence of the dispersive medium on the transmission spectrum, the dispersion is determined by Eq. 17. Note that the center frequency [image: image] of atomic transition should be identical to the first resonance peak of the microcavity with the cavity medium being non-dispersive. Without loss of generality, we only discuss the first resonance peak here, but other high-order resonance peaks of the microcavity also obey the same rule.
TABLE 1 | Cavity parameter for Figure 1A and Lorentz lineshape for Eq. 17.
[image: Table 1]RESULTS OF SPECTRAL SPLITTING
Figure 2A shows the transmission spectrum nearby the first resonance peak of microcavity under the model parameters of Table 1 as calculated by the transfer-matrix method. The dispersion of the cavity medium leads to an apparent split spectrum, which changes from one peak (569.34 nm) when there is no dispersion (without the atoms and with only [image: image]) to two peaks (567.20 and 571.56 nm) when there is dispersion due to atoms with the dielectric constant given by Eq. 16. Obviously, the splitting interval of two new peaks [image: image] is 16.7 meV. On the other hand, the two peaks are close to each other and centered around the original single peak, and this illustrates the two splitting peaks both originate from the first-order resonance of the cavity. Since the electric field distribution of the resonant cavity depends on the phase factor equaling the product of vacuum wave vector [image: image] and refractive index [image: image], the field distribution is exactly the same as long as they are of same order. Therefore, the field distribution of the two transmission peaks in Lorentz-dispersion should be identical.
[image: Figure 2]FIGURE 2 | (A) Transmission spectrum nearby the first order resonance. When the medium is non-dispersive dielectric, there is one peak at 569.34 nm (2.1777 eV). When the medium is Lorentz-dispersive dielectric, there are two peaks at 567.20 nm (2.1859 eV) and 571.56 nm (2.1692 eV), respectively. That is, a spectral splitting has been created with an interval of 16.7 meV. (B) Position of transmission peaks versus the cavity length. As the cavity length increases, all peaks red shift and the splitting is so tightly close to the center wavelength that it is hard to distinguish the three lines. (C) The relative splitting degree [image: image] versus the cavity length. The splitting will increase if the cavity length increases.
Figure 2B shows that the two split transmission peaks when there is dispersion are always on both sides of the single peak when there is no dispersion in all scale of variation of cavity length. In order to further study the influence of cavity length on splitting, we use the relative splitting degree [image: image] to measure the degree of spectral splitting, where [image: image] denotes the angular frequency of the single peak in the non-dispersion case. Figure 2C shows that the relative splitting degree [image: image] increases linearly as the length of cavity increases. This means that elongating the length of cavity can produce appreciable spectral splitting. Yet, because the resonance frequency is inversely proportional to the cavity length, as is well known from the standing wave condition in the Fabry-Perot cavity, the absolute splitting interval of frequency [image: image] maintains the same magnitude when the cavity length changes, leading to an increasing value of [image: image]. In contrast, the splitting interval of wavelength [image: image] increases linearly with respect to the cavity length.
Many previous experimental works reported that a suitable adjustment of resonant micro/nanocavity parameters can improve the quantum interacting effect to obtain a “giant Rabi splitting”, which is in fact reflected from practical experimental observation of giant spectral splitting. But we find that the classic dispersion effect of cavity medium can also induce a tunable spectral splitting whose magnitude can be large. The parameters of cavity length, plasma frequency, atom dissipation and cavity wall dissipation all will affect the spectral splitting. In the remainder of this section, we will investigate systematically how these important factors influence the spectral splitting: the plasma frequency, atom dissipation and cavity wall dissipation.
The most effective approach to increase the spectral splitting is to increase the plasma frequency [image: image]. Figure 3A shows the evolution process of the spectral splitting. The splitting will appear when the cavity medium is dispersive, and will be more giant when the plasma frequency [image: image] becomes larger. Because the plasma frequency [image: image] appears on the numerator of Eq. 17, it determines the strength of the atom medium response to light. The lager the plasma frequency [image: image], the larger the cavity medium permittivity, and thus the more sensitive the cavity medium (embedded with atoms) are to the classical optical action of light. This is obviously a well-known classical optical effect playing an active role similar to the action of the atomic dipole moment playing in the quantum effect of Rabi splitting. Figure 3B illustrates the change of transmission peak splitting more clearly. As the plasma frequency [image: image] increases, the two peaks move farther and farther away from their center wavelength of 569.4 nm, making the spectral splitting larger and larger. Figure 3C displays the degree of the splitting and shows that the splitting can reach 66 meV at plasma frequency [image: image] of 2 × 1014 rad/s. The magnitude of this splitting is comparable to that of 80–95 meV caused by the single methylene-blue molecule in plasmonic nanogap [4], although there will be a puzzling narrow spectral line at the center wavelength. Continue to increase the plasma frequency, the splitting will increase further.
[image: Figure 3]FIGURE 3 | Transmission spectral splitting in various magnitudes of atom plasma frequency [image: image]. (A) Evolution of the transmission spectral profiles from the single-peak profile at [image: image] to the two-peak profile with increased splitting when [image: image] becomes larger and larger from 2 × 1013 to 6 × 1013 rad/s. (B) The position of two split transmission peaks showing the two peaks in Lorentz-dispersion (red solid line) gradually depart from each other obviously from the single peak in non-dispersion case (gray dotted line) as the increase of the plasma frequency [image: image] from 5 × 1013 to 2 × 1014 rad/s with 1,000 points sampled. (C) The splitting magnitude [image: image] increases as the plasma frequency [image: image] increases. In the interval the splitting [image: image] can reach up to 66.3 meV at the center wavelength of 569.4 nm.
The atom dissipation [image: image] appearing in Eq. 17 mainly affects the type of spectral splitting. Figure 4A shows that the intensity of the two transmission peaks decreases as the atom dissipation [image: image] increases. When [image: image] increases to a certain level, the two peaks will merge into one and the splitting will disappear. Thus, the relative splitting degree [image: image] is not continuous at the moment when the splitting disappears. Before the splitting disappears, the two peaks are far away from each other, as shown in Figure 4B. To see clearly the spitting interval of the two peaks in condition of dispersive medium, we draw Figure 4C, where one can find that the relative splitting degree [image: image] increases as the atom dissipation grows.
[image: Figure 4]FIGURE 4 | The change of transmission peaks under the change of atom dissipation. (A) Transmission spectrum in Lorentz-dispersion changed by atom dissipation [image: image] (the number next to each curve). As [image: image] increased, the two peaks reduce and ultimately disappears. (B) The position of transmission peaks. Two peaks in Lorentz-dispersion (red solid line) surround the one peaks in non-dispersion (gray dotted line) which is not vary as atom dissipation. (C) The relative splitting degree [image: image] increased as transmission of film increased.
The practical optical microcavity as depicted in Figure 1A looks different from an ideal Fabry-Perot cavity. But we can approach the ideal cavity by increasing the reflectivity of the mirror film, or decreasing its transmittance equivalently. The calculation result of the transmission spectrum is shown in Figure 5A with gray line, where the cavity medium is non-dispersive dielectric. It can be seen that the spectrum is a single-peak profile. The transmission peak red shifts to 600 nm, a value anticipated by the Fabry-Perot cavity theory and the line width narrows, as the transmittance of mirror wall decreases. When the transmittance is approaching zero, the spectral line will become so narrow that it is somehow hard to calculate by computer. In fact, the ideal cavity model is a special case of practical optical microcavity, which provides a theoretical basis for analyzing various features as mentioned above, and this will be done soon. The spectral splitting varying along with the transmittance of mirror wall is also depicted in Figure 5A with blue line, where the cavity medium is Lorentz-dispersive. It can be seen that the spectrum is a double-peak profile, which changes in a trend similar to the single-peak profile.
[image: Figure 5]FIGURE 5 | The change of transmission peaks along with the transmission of the cavity mirror film by changing the thickness of the mirror wall. (A) Transmission spectrum in the non-dispersion situation. The peak red shifts and narrows as the thickness of the wall increases (the transmission of mirror wall decreases). The notes on the curve indicate the wall thickness in unit of nm, together with the wall transmittance in the basket. (B) The transmission peaks position. Two peaks in Lorentz-dispersion (red solid line) surround the single peak in non-dispersion (gray dotted line). (C) The relative splitting degree [image: image] decreased as transmittance of film increased.
Furthermore, we study the influence of the reflectivity of the mirror wall on the case when the medium in the cavity is Lorentz-dispersive dielectric. Figure 5B shows the splitting close to the center wavelength in various transmittance of the mirror film, and all peaks red shift as the transmittance of the mirror film decreases, consistent with the analysis above. Figure 5C shows that the relative splitting degree [image: image] also decreases as the transmittance of the mirror film increases, but such a decrease is quite slight. The transmittance of the mirror film is used to measure the cavity mirror dissipation (via leakage of optical energy to the air background), which leads to depletion of photon and is the only channel for the cavity dissipation in the current model where the mirror material has no absorption because the refractive index [image: image] is a pure imaginary number 0.1i (see Table 1). The weaker transmission of the mirror film, the smaller the cavity wall dissipation. Therefore, the above results also reflect the influence of cavity wall dissipation on the spectral splitting.
APPLICATION TO NANOCAVITY-ATOM COUPLING SYSTEM
As an example of applying the theory developed in this article, we consider the 1s → 2p atomic transition in hydrogen with 137 nm transition wavelength [image: image], 1.90 D transition dipole moment [image: image] for light polarized along z-axis, and the radiative lifetime [image: image] of the 2p level of 1.6 ns. The hydrogen atom is in resonance with a cavity with effective cavity volume [image: image] of 23 nm3. Such an order of magnitude of effective cavity volume can already be achieved experimentally.
Perhaps the example of hydrogen atoms is slightly beyond ordinary practice. The hydrogen atom has almost no effect on the resonance permittivity in the cavity because of their low density and low electric dipole moment. Actually, no one has used hydrogen atoms as objects to study Rabi splitting in a nanophotonic system. We use the example of hydrogen atoms for three considerations. First, the data on hydrogen atoms is readily available, which can be easily adopted to calculate for answering our question. Second, the hydrogen atoms are the simplest atoms. Placing them into our model as an example can epitomize the simplicity of our model, and it is our aim to get a theoretically analytical model. Third, our model is general and does not depend on the kinds of emitter. So, we can make certain reasonable prediction on a bulk of hydrogen atoms, even if the experiment still cannot be performed and implemented.
Let’s go back to the calculation and analysis of our model on hydrogen atoms. This cavity-atoms coupled system could induce two kinds of spectral splitting. One of them is the widely concerned Rabi splitting whose gap can be calculated from the above data. The electric field strength per photon [image: image] for stand wave, where the resonant frequency [image: image] can be obtained from transition wavelength for 1s → 2p atomic transition, and [image: image] is the high-frequency component of relative permittivity for the cavity [34]. In term of above parameters, we can directly calculate the coupling strength [image: image] and Rabi splitting [image: image]. The other spectral splitting in the optical microcavity is a pure classical splitting that is often overlooked. We can estimate the atom density [image: image], where we have supposed only one atom exists in every effective cavity volume. Then the relative permittivity [image: image] can be calculated according to Eq. 17 by estimating the plasma frequency [image: image] in Eq. 15 where [image: image], [image: image], and [image: image], for our considered two-level atoms resonant with photons. Moreover, the length of Fabry-Perot cavity [image: image] can also be estimated according to the requirement of the first resonance at [image: image]. Putting the quantity of relative permittivity [image: image] and cavity length [image: image], we obtain the classical optical splitting 61.6 meV. It is very interesting to find that the order of magnitude of classical optical splitting is comparable to that of quantum Rabi splitting. We have no reason to dismiss the classical optical splitting and to exaggerate the quantum Rabi splitting.
Notice that the best way to understand deeply the physics of a strong-coupling atom/molecule-micro/nanocavity system is to develop an analytical theory with good prediction power for everything upon the system. As generally the nanocavity in practice has a complicated 3D geometry, rigorous analytical theory is not possible, and some approximation must be adopted. In our work, we have taken the model of 1D microcavity interacting with not a single atom/molecule, but with a series of atom/molecule comprising a homogeneous dilute gas medium of atom/molecule. We have made an approximate assumption that if there is an emitter in the hot spot of 3D naoncavity, the basic physics, in particular, the spectral lineshape produced by this system is similar to that produced by multiple emitters at the same density embedded within the 1D microcavity. In fact, some researchers have used such model and method to explain their experiment and achieved a satisfactory result, where alone dye molecule is regarded as a continuous dispersive media with a thickness of 1 nm [4]. However, they did not discuss the essential physical picture underlying this method and merely got a numerical solution by FDTD simulations. Our current studies now would provide such a picture analytically. Incidentally, the similar idea is also used in the design of nanophotonic systems [21].
Another thing that is worth mentioning is that in our current model of 1D microcavity interacting with atom gas, the density of atom is dilute. Then practically each photon only interacts with atom once, and multiple interactions causing the atom to be excited and re-illuminate can be neglected. In this case the atom gas cannot change the cavity permittivity and transmittivity considerably, except at resonance. For a practical 3D nanocavity containing single molecule or only few molecules, the size of molecule is generally far smaller than the hot spot size, so that this system can still be modeled as a dilute atom system, and our current model can be well generalized to handle this strongly-coupled nanocavity-molecule system.
Based on the above approximation, we can consider the other instance raised from a plasmon-molecules system. In this system, methylene blue molecules, a kind of J aggregate, serve as the quantum emitters embedded in the nanogap of a promising nanoparticle-on-mirror (NPoM) geometry [33]. The NPoM geometry forms a localized surface plasmon as a nanocavity. Whereupon, the system with methylene blue molecules and NPoM nanocavity geometry can be referred to as an achievement of interaction between matter and light where the fascinating quantum Rabi splitting emerges in the strong coupling regime [4]. Incidentally, a classical spectral splitting also appears. One can repeat the above method to calculate the gap for both spectral splitting, just pay attention to substitute the effective electric field for stand wave [image: image] by that for travelling wave [image: image]. Following Ref. [34], we find the resonant frequency [image: image], the effective cavity volume [image: image], the transition dipole moment [image: image], the plasmon linewidth [image: image] and the high-frequency component of relative permittivity [image: image]. Then, we can get the quantum Rabi splitting is 92.2 meV and the classical optical splitting is 58.0 meV for the single emitter. Once again, we have found that the classical optical splitting is comparable to quantum splitting (Rabi splitting), and once again demonstrated that the influence of classical optical splitting on the spectrum cannot be ignored.
IDEAL OPTICAL MICROCAVITY MODE ANALYSIS AND EMPIRICAL FORMULA
As shown in Figure 5A, an ideal Fabry-Perot optical microcavity is an ideal model of practical optical microcavity. It is a good opportunity to use the Fabry-Perot cavity model to reveal the true physical mechanism underlying the abundant phenomena that have been disclosed about the spectrum evolution and splitting against various geometric and physical parameters. Besides, this ideal model can help to construct a complete physics picture on how to engineer the spectral splitting. More importantly, we can derive a famous empirical formula in quantum experiment in pure classical way, which would provide another proof to ascertain that classical optical splitting is akin to the quantum Rabi splitting and that the large or even giant spectral splitting from multiple emitters may largely originate from classical optical interaction.
The Fabry-Perot cavity is composed of a dielectric medium sandwiched between two perfectly reflecting planar mirror wall as diagrammed in Figure 1C. The refractive index of the cavity medium [image: image] is determined by its relative permittivity [image: image] by
[image: image]
and the relative permittivity [image: image] is determined by Lorentz lineshape Eq. 17. However, we remind of an ideal Fabry-Perot cavity without the presence of light source does not allow for any absorption to exist, otherwise there will be no stable standing wave of electromagnetic field. In other words, any absorption in the cavity medium, no matter how small, will make any stable electromagnetic mode impossible to exist, so that the atom dissipation must disappear, [image: image], in our discussion where there is certain field mode. So, we get
[image: image]
Substituting the wave vector [image: image] into the standing wave condition, we get
[image: image]
Let
[image: image]
where [image: image] is a parameter related only to the geometry of the cavity and unrelated to the dispersion of the cavity medium. Inserting Eq. 21 into Eq. 20, we get
[image: image]
Combining Eqs. 24, 19, 28, we get
[image: image]
Further consider a non-detuning condition, then the center frequency of the atomic Lorentz lineshape should be equal to the resonance frequency of the cavity without dispersion, that is
[image: image]
Substituting Eq. 21 into the above equation, we get
[image: image]
Using the above equation, we can eliminate [image: image] in Eq. 23 and get
[image: image]
Eq. 25 is a linear quadratic equation about [image: image], which can be solved by graphical method or analytical formula for roots.
If using the graphical method to solve the problem, we can draw the function on the left side of Eq. 25 as [image: image] and the right side as [image: image],
[image: image]
Then the point of intersection of the two functions is the solution of Eq. 25, and the calculation results are shown in Figure 6A. The two splitting peaks of Eq. 25 using the parameter in Table 1 (as mentioned above, take [image: image]) is 597.6 and 602.4 nm.
[image: Figure 6]FIGURE 6 | Process and result of graphical method or formula for roots to solve Eq. 25. (A) Graph of the two functions in Eq. 26 for graphical method. The abscissa of two points of intersection correspond to the two splitting peaks in the transmission spectrum for cavity medium with Lorentz-dispersion. (B) Theoretical analysis results of the influence of cavity length on the relative splitting degree [image: image]. Compared with Figure 2C, this theory can explain [image: image] increases monotonously.
On the other hand, if using the analytical formula for solution of roots, we square and transpose Eq. 25 on both sides to get
[image: image]
The quadratic equation discriminant is
[image: image]
Thus, there are two real roots as
[image: image]
Because
[image: image]
we have
[image: image]
Thus, there are two positive real roots. Therefore, there must exist two positive real solutions of Eq. 25, which correspond to the two transmission peaks and read
[image: image]
Using the parameter in Table 1, we get the two solutions as 597.6 and 602.4 nm, respectively, which are identical with the solution of drawing method.
We can use this method to analyze the variation of the splitting with the length of cavity. In terms of the two transmission peaks for frequency determined by Eq. 29, we get the splitting interval
[image: image]
which is a classical spectral splitting, and will be used to compare the result of the quantum Rabi splitting obtained by Hamiltonian approach.
Using Eq. 21, 30, we can plot the trend of the relative splitting degree [image: image] with respect to the cavity length, as shown in Figure 6B. The monotonically increasing behaviors are clearly shown in the figure and are consistent both qualitatively and quantitatively with the results obtained by analyzing the practical optical microcavity with the transfer-matrix method. The results of the two approaches are in quite good agreement. The discrepancy of [image: image] for [image: image] is due to the fact that this ideal model does not take into account the dissipation of the medium (due to atomic absorption) and cavity (due to optical leakage) [see Figures 4C, 5C]. Moreover, we can count the instance mentioned in the previous section, for example, where we have calculated the classical splitting for NPoM nanocavity with methylene blue molecules is 58.0 meV by transfer matrix method. If now using Eq. 30, we count it more easily and get 55.1 meV. The two results coincide reasonably well with each other.
Integrating this analytical theory developed in this section into an estimate on the atom dens1ity [image: image] in previous section, we can obtain a classical result consistent with the empirical formula [image: image], where the Rabi splitting [image: image] is proportional to the root of the number of emitters [image: image]. Note this formula is a famous fact derived from the quantum Rabi splitting for multiple emitters. In the study of the strong coupling realm, it is generally believed by researchers in this area that the spectral splitting produced by multiple emitters are all caused by quantum mechanical effect. They yield a giant spectral splitting from the combination of multiple emitters and call it as “giant Rabi splitting” without hesitation, and use empirical formulas [image: image] to estimate the contribution of a single emitter to the Rabi splitting. We agree that the spectral splitting generated by a single emitter is Rabi slitting, but we suspect that the spectral splitting generated by multiple emitter is not all quantum Rabi splitting, but rather should include classical optical splitting effect. One of the arguments is that we can give the same result as the empirical formula by only using pure classical method. Suppose there are [image: image] emitters in the effective cavity volume [image: image], for example, a dozen molecules are embedded in the NPoM nanocavity geometry, then the atom density [image: image]. According to Eq. 15, the plasma frequency [image: image]. When the plasma frequency is large enough to ignore [image: image] in Eq. 30, we get the gap of classical optical splitting
[image: image]
Now one sees that we can derive the empirical formula through purely classical optical method, and thus there is strong reason to believe that the classical optical effect exists in the spectral splitting phenomenon of multiple emitters, which is contrary to the view that the spectral splitting all comes from quantum effects (Rabi splitting).
Based on our analytical model, we give two arguments to emphasize the non-negligible role of classical optical effects in the phenomenon of spectral splitting, which is different from the popular point of views upon “giant Rabi splitting.” On the one hand, we quantitatively estimate that in a practical micro/nanocavity, the quantum Rabi splitting is of the same order of magnitude as the classical optical splitting. On the other hand, we get the empirical formula of quantum experiment by classical method. All of these clearly indicate that one should pay more attention to the classical optical splitting in quantum experiment upon a cluster of emitters.
CONCLUSION
In summary, we have built up a model physical system to attack the difficult problem of classical optical interaction versus quantum interaction contribution to the experimentally observed giant spectral splitting in a strongly coupled system of atom and micro/nanocavity. The model system is a practical Fabry-Perot high-Q optical microcavity involving Lorentz-dispersion atoms, and it allows us to analytically study cavity-atom interaction and related spectral splitting phenomenon. In this model, the microscopic optical response of an individual atom upon an illuminating light is represented by its electric dipole moment, whose magnitude is solved quantum mechanically using the semi-classical theory. The macroscopic optical response of the cavity dielectric medium involving an ensemble of atoms dispersed within a background medium is described by the electric permittivity, dielectric constant, and refractive index. The spectral response, namely the optical response against light at different frequencies, of the individual atoms and the overall cavity medium is then described by a Lorentz dispersion lineshape. With these analytical formulae for all the relevant microscopic and macroscopic physical quantities of the atoms and cavity medium at hand, the macroscopic optical spectrum, namely, the reflection, transmission, and absorption spectrum, can all be solved readily in the framework of classical electromagnetics, electrodynamics, and optics. The characteristics of macroscopic spectrum can in turn be used to reflect and probe the microscopic physical properties of atoms against light. In this regard, this model system has involved features of microscopic atoms, mesoscopic microcavity, and macroscopic optical spectrum, and their contributions and roles to a specific physics entity can be qualitatively and quantitatively calculated, analyzed, traced, and induced in high accuracy and precision. Therefore, this model system is very suitable to serve as a wonderful high-pass bridge connecting these three fundamental categories of physics world.
In particular, we have theoretically studied and analyzed the classic causes of spectral splitting in optical microcavity involving atoms, in an aim to clarify the true physical reasons, mechanisms and pictures underlying observations made in many previous experimental works, in particular observations of optical spectral modulation and resonant peak splitting. Nowadays, these phenomena are popularly and dominantly attributed to quantum strong-coupling induced Rabi splitting, a pure quantum mechanical effect of atomic energy splitting under the strong action of single photons. We have used the transfer-matrix method to calculate the transmission spectrum against the incident probe signal light under different geometric and physical parameters with analytical exactness and accuracy. We have found that the classic electromagnetic effect alone can produce tunable splitting phenomenon in the microcavity, where the originally single transmission peak for a non-dispersion medium microcavity becomes two symmetrically split transmission peaks when the Lorentz-dispersion atoms are immersed within this cavity medium.
We have further considered an ideal Fabry-Perot microcavity where all atom dissipation and cavity wall leakage are removed, and get the explicit analytical formula for the spectral splitting between the two resonance modes. The analytical results are in good agreement with the transmission spectrum calculations against a practical Fabry-Perot microcavity with the atom dissipation and cavity wall leakage loss being fully incorporated. Using this ideal Fabry-Perot cavity model, we can successfully explain the causes of the spectral splitting theoretically, which confirms again the pure classical optical interaction effect can serve as the major physical origin behind the theoretically observed giant spectral splitting.
Our calculations and model analyses have shown that the spectral splitting will occur when the medium in the cavity is a dispersion dielectric. In contrast, for a purely dielectric medium neglecting Lorentz dispersion, only single transmission peak exists corresponding to the resonance mode of the Fabry-Perot microcavity. Importantly, there are at least four geometric and physical factors that are able to tune such splitting: the cavity length, plasma frequency, atom dissipation, and cavity wall dissipation. Among them, the main factor affecting the appearance and morphology of the spectral splitting is the atom dissipation, while the main factor affecting the degree of the spectral splitting is the plasma frequency of atom system. In some specific situations this spectral splitting can reach a remarkably large value of ∼70 meV, comparable to the results reported by previous experimental observations. This indicates that it is possible to get a “giant splitting” by designing proper parameters of the micro/nanocavity, which reaches out to be comparable with the magnitude of the reported quantum Rabi splitting. Yet, the spectral splitting is induced by the modulation upon the effective medium dielectric permittivity and refractive index of cavity and the consequent modification and splitting upon the cavity resonance peak. This is of course a purely classical optical interaction effect, instead of the popularly assumed quantum Rabi splitting effect.
We have calculated the quantitative value of quantum Rabi splitting and classical optical splitting for several typical strongly-coupled cavity-atom systems, such as a plasmon cavity filled with J aggregates, and found that the two splitting can be in the same order of magnitude. This indicates that we have no reason to ignore the classical optical effect and only emphasize on the quantum effect. Moreover, our model and theory has given the same empirical rule of [image: image] in regard to the number of emitters and spectral splitting as the empirical formula used in quantum experiment and derived quantum mechanically.
The atom-embedded 1D Fabry-Perot microcavity offers an excellent platform to comprehensively investigate and understand the cavity-atom interaction in various aspects from both the classical optical level and quantum mechanical level. This model system is very simple in geometry, so it allows for easy analytical solution to many classical optical problems as to light transport, cavity resonance, spectrum profile and spectral splitting. The explicit analytical expression for these physical quantities enables one to get deep insight and complete picture about some seemingly complicated issues. This model has fully shown the great power of physical model and mathematical analysis in comparison with pure numerical simulation and experimental measurements against a practical physical system of high complexity.
The analytical model developed in this work can allow us to explore deeply various physical effects that might be involved with this well-observed spectral splitting in an optical micro/nanocavity involving cavity-atom interaction. The occurrence of many natural phenomena is often accompanied by complex mechanisms, especially for the practical cavity-atom interaction system involving all the three categories of physical world: the microscopic atoms, mesoscopic micro/nanocavity, and macroscopic light. Starting from a completely classic electromagnetic theory, the current work shows that spectral splitting can take place naturally in the resonant cavity under the simple classic optical dispersion of materials originated from microscopic atoms, and the magnitude of spectral splitting can become remarkably large. In some cases, the classic effects may be comparable to or even overwhelm the quantum effects. Although in the current work we only focus on the purely classical optical effects leading to the remarkable spectral splitting of microcavity-atoms interaction system, we believe this 1D Fabry-Perot microcavity involving atoms should allow for extension to take into account the quantum mechanical effects such as quantum Rabi splitting due to single photon in strong coupling with atomic energy levels. In the near future, we hope to use the current model system to study fruitful intracavitary physical phenomena of micro/nanocavity-atoms/molecules strong coupling system under the joint action of quantum and classical interaction in the framework of joint classical and quantum theories. We believe abundant new physics in a new Frontier of physics and science are waiting there for somebody to discover, analyze and appreciate.
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