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Abstract. Plasmonic nanostructures are widely applied to couple with quantum emitters (QEs), so as to improve the optical 

performances of QE and obtain advanced photonic devices such as the quantum photon source, quantum circuit, etc. 

However, the huge loss of plasmonic nanostructures greatly hinders the future development of plasmon-QE hybrid systems. 

Herein, we propose the hyperbolic nanorods (HNR) which are built by alternate Au and SiO2 thin layers. The size of HNR 

discussed in this paper is mainly around 40×50×60 nm3, which is a subwavelength size benefiting for device miniaturization 

and integration. The photonic resonant mode of HNR can be tuned by simply changing its length/width ratio. Due to the 

hybridization of the surface plasmon polariton resonances associated with each metal-dielectric interface, the HNR 

possesses the advantage of small mode volume (V) as the Au plasmonic nanorod (PNR) with similar size, and its mode 

quality factor (Q) can be larger due to the lower loss. Therefore, when coupled with a resonant QE, the Purcell factor in 

HNR/QE is ~20 times larger than that in the PNR/QE system. Furthermore, the HNR/QE hybrid also demonstrates obvious 

superiority over the PNR/QE in generating strong coupling and quantum entanglement. With the features of small V and 

low loss, it is believed that the HNR can not only greatly improve the optical properties of QE, but also it can be a powerful 

nanostructure for studying light-matter interactions. 

The optical behaviors of a quantum emitter (QE, such as the quantum dot, the exciton of molecule or 2D material, 

etc.) are not only related to the emitter itself, but also depends on the electromagnetic environment where it resides 

in.1-3 So, various photonic structures with the ability of modifying local electromagnetic field have been proposed to 

couple with QEs to improve their optical performances.4-6 The coupling strength g is introduced to quantify the degree 

of interaction between a QE and a photonic structure. Generally, in a hybrid system consisted of a QE and a photonic 

structure, when g is smaller than the damping of QE or photonic structure, the hybrid system is in weak coupling 

region. In such a scenario, Purcell effect characterized as enhancing spontaneous emission rate (or emission intensity) 

of QEs can be observed.7-10 On the other side, if g exceeds the damping of both the QE and photonic structure, the 

hybrid system reaches into a strong coupling region, and coherent energy exchange will occur between the QE and 



photonic structure, which leads to coherent energy splitting named as Rabi splitting, providing approaches for the 

studies of quantum manipulation and entanglement.11-14 

For both weak and strong coupling cases, larger g is favorable because it can bring about stronger Purcell 

enhancements and faster Rabi oscillation period.15-17 Since g is respectively proportional and inverse proportional to 

the quality factor (Q) and mode volume (V) of photonic structures, a large variety of functional structures including 

the dielectric cavities with high Q and plasmonic nanostructures with small V have been widely employed, and great 

achievements have been made during the past decades.18-22 Specifically, due to their physical size down to deep-

subwavelength scale, the plasmon-QE coupled systems not only demonstrate remarkable optical properties,23-25 but 

also exhibit advantages for device miniaturization and integration. However, the large ohm loss in plasmonic 

nanostructures causes low Q factor and therefore greatly limits the future development of plasmonic systems. 

Herein, we propose the hyperbolic nanorod (HNR) for coupling with QEs, because the HNR not only inherits the 

small V of plasmonic nanorod (PNR), but also possesses lower loss than the PNR with similar size. Therefore, when 

coupled with QEs, the HNR/QE system shows improved performances than PNR/QE system in both weak and strong 

coupling regions, as well as larger negativity for entanglement generation. 

Fig. 1a shows the scheme of a HNR, which consists of alternate Au and SiO2 layers with the same thickness 

forming the shape of a cuboid. According to the effective medium theory, the parallel (ε‖) and perpendicular (ε⊥) 

permittivity can be calculated by the equations given in Fig. 1a.26,27 When the real part of these two merits (i.e. ε‖ and 

ε⊥) come to have opposite signs, the multilayer nanorod can have the feature of hyperbolic dispersion (green area), 

and it could be regarded as a HNR. To confirm the formation of hyperbolic dispersion in an individual multilayer 

nanorod, we performed further simulation analysis. In the finite-difference time-domain (FDTD) simulations, two 

models are applied. One is a nanorod with opposite permittivity tensors (ɛ‖ and ɛ⊥) chosen from the two curves of Fig. 

1a at the same wavelength, and this model can be considered as an ideal HNR. Another model is the multilayered 

nanorod as shown in Fig. 1a, which has exactly the same physical size as the ideal HNR.  

The unique hyperbolic dispersion can generate a distinct conelike propagation path for the point source placed in 

the center of hyperbolic metamaterial (HMM),28 which can be regarded as a special feature for the HMM. Therefore, 

as shown in the left column of Fig. 1b, if one puts a point source (i.e. an electric dipole) in the center of the ideal HNR, 

the conelike propagation path can be clearly found. Also, the light emitted from the dipole source propagates along 



the conelike path in the nanorod which was considered by the multilayered model if the emission wavelength is in the 

hyperbolic region. The good agreement of the results obtained respectively from the two models strongly demonstrates 

that the multilayered nanorod presented in Figure 1 can be regarded as a HNR. In fact, in order to build the HNR, 

strict and systematical optimizations for structural parameters are essential. Please see Figure S1 in Supplementary 

Material for details. 

Unlike normal HMMs which are unable to interact with external light excitation,25 the photonic mode of HNR can 

be launched under plane-wave excitation (Fig. 1c). Resulted from the hybridization of the individual surface plasmon 

polariton (SPP) modes associated with each metal-dielectric interface,29 the resonant modes of HNR can also highly 

confine electric field (EF), which leads to small V and intensive local EF, benefiting for Purcell enhancements of the 

HNR/QE system.   

 

Fig. 1.  The demonstration for forming hyperbolic dispersion. (a) The scheme of HNR. In the equations to obtain ɛ‖ 

and ɛ⊥(i.e. the parallel and perpendicular tensors of permittivity ), ɛm and ɛd are the permittivity of Au and SiO2. The 

thickness of Au and SiO2 are set to be the same, so the metal filling ratio p equals to 0.5 in this paper. By given these 

conditions, the hyperbolic region of our HNR starts from 563 nm. (b) Electric field distributions of a dipole placed in 

the center of an individual HNR. The left column uses the ideal HNR model, which is a 50×50×40 nm3 nanorod with 

opposite permittivity tensors (ɛ‖ and ɛ⊥) chosen from the two curves of (a) under the same wavelength. The right 

column uses the multilayered model. The total size of these two nanorod is the same. Since the thickness of a single 

layer is 0.5 nm, the layer number is 80. The dipoles used in the upper and lower sides are z- and y-axis polarized, 

respectively. (c) Electric field distributions of an individual HNR under plane-wave excitation. Two models of HNR 

are applied, which are the ideal HNR (left) and multilayered nanorod (right) models. In the simulations of (b) and (c), 

a typical excitation wavelength of 623 nm is selected because it is the resonant wavelength of the applied HNR under 

plane-wave excitation. The simulation results obtained by the two applied models agree well with each other, 

demonstrating that the presented multilayered nanorod is a HNR.   



The Purcell enhancements caused by HNR are discussed in Fig. 2. In order to show the advantages of HNR, three 

samples are employed, which are the HNR, multilayered nanorod (MNR) and Au PNR (Fig. 2a). Three samples have 

the same height H = 40 nm and width W = 50 nm, but different length L. For the HNR the thickness of each layer is T 

= 0.5 nm, while for the MNR T = 4 nm. For the MNR, if a dipole is placed in its center, a conelike propagation path 

cannot be generated due to its thick layer thickness, so it actually does not sustain the feature of hyperbolic dispersion 

and cannot be regarded as a kind of HMM (detailed discussions are shown in Figure S2 in Supplementary Material). 

We specifically chose the nanorods with relatively small size, so they all show single resonance peak in the scattering 

spectra within the visible light range, which is easy for discussion and application. The small size of HNR can also 

facilitate device miniaturization and integration in future. For all the three nanostructures, the resonant wavelength 

can be tuned by changing L (Fig. 2b-d). Moreover, one can find that the resonant mode of HNR has the largest Q, 

which is generally 2 times larger than that of PNR (see Figure S3 in Supplementary Material). 

The emission enhancements of QE caused by Purcell effect is always defined by Purcell factor (PF). In our 

simulations, the PF is calculated by the following three steps. First, a broadband plane-wave was applied to incident 

on the used nanorod so as to determine its resonant wavelength and the point with largest EF enhancements, defining 

its position as (x0, y0, z0). Second, an electric dipole resonant with the applied nanorod was employed to calculate the 

PF, during which a cubic box composed of six plane monitors surrounding the electric dipole source was used to 

measure the power flowing out of the monitors in all directions by integrating the Poynting vector over the closed 

surfaces, getting the calculated result of Pt. At last, dividing Pt by the P0 which was the power injected by an ideal 

dipole in an infinite homogenous material, the PF was obtained. It should be mentioned that since the electric dipole 

cannot be located too close to the nanorods, it was set to the point of (-0.5 nm, y0, 2 nm) during simulations of Fig. 2e. 

From Fig. 2e, it is easy to find that for the nanorods with varied resonant wavelengths, the PF of HNR is obviously 

larger than that of other two cases. If we only compare the HNR/QE and PNR/QE systems, the PF in the former one 

is ~1 order of magnitude larger than the later one in average.  

We further studied the PF of different locations around the used nanorods (Fig. 2f). As an example, we chose the 

hybrid systems with nanorod resonant wavelength around 625 nm (marked by blue dash square in Fig. 2e, and another 

example with similar results are shown in Figure S4). In Fig. 2f, the x- and y-coordinates of the applied dipole were -

0.5 nm and y0, and only the z-coordinate changed from 0 to 40 nm with a step of 2 nm. Generally, the HNR/QE has 

the largest PF, and the PF in HNR/QE is always ~20 times larger than that of PNR/QE. The PF in MNR/QE can be 6 



times larger than in PNR/QE, but it vibrates with changing z because of its inhomogeneous EF enhancements as shown 

by the inset of Fig. 2f. Since the uppermost layer of HNR and MNR is SiO2, the PF of PNR becomes the biggest one 

only in the case of z = 40 nm. 

Fig. 2. The Purcell effect. (a) Three discussed models, which are the HNR, MNR and PNR. (b)-(d) The scattering 

spectra of an individual HNR, MNR and PNR, respectively. The resonant modes of these three nanorods can be easily 

tuned by changing their lengths. (e) The calculated PF in varied HNR/QE, MNR/QE, and PNR/QE systems, where 

the resonant wavelengths of nanorods are changed. (f) The calculated PF with varied z position of the applied electric 

dipole. The emission wavelengths of electric dipole are set to match the resonant wavelengths of the used nanorods, 

which are 625, 624 and 626 nm for the HNR, MNR and PNR, respectively. The insets are the EF distributions of HNR, 

MNR and PNR at their resonant wavelengths. 

Following the discussions in weak coupling region, we turn to investigate the possibility of realizing strong 

coupling in the HNR/QE system. The QEs are modeled as dispersive medium with a Lorentzian permittivity,30,31 with 

the absorption resonance being set to 650 nm (1.907 eV) and decay γe of 25 meV. The medium of QE layer is 4 nm in 

thickness coating around the two ends of the HNR (Fig. 3a), and an obvious effect of Rabi splitting can be observed 

in HNR/QE hybrid system with two peaks centered at ~650 nm. When shifting the original resonance peak of HNR 

by changing its length, the two splitting peaks shift in opposite directions. After reading these peaks, the anti-crossing 

behavior of HNR/QE system can be obtained, which can be fit by using the two-level Hamiltonian written as:32 



[
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where 𝜔𝐻  and 𝜔𝑒  represent the HNR and the original resonant wavelengths of the quantum emitters original 

resonance, respectively. κH and γe represent the decay rate of HNR and the QE respectively. From the fitting result g 

is 44.95 meV. According to the strong coupling criterion g2>(κH
2+γe

2)/8,33,34 the coupled HNR/QE system enters the 

strong coupling regime (the κH is calculated based on the full width at half maximum of the HNR scattering spectrum 

with resonant wavelength of 650 nm, and its value is 95 meV). On the contrary, if an Au PNR with similar size and 

resonant wavelength (~650 nm) is coated with the same QE layer of 4 nm in the same manner, the PNR/QE system 

cannot reach the strong coupling region (see Figure S5 in Supplementary Material), due to the large loss of Au PNR.  

 

Fig. 3. Strong coupling behaviors of HNR/QE hybrid system. (a) Simulation model. The QEs are considered as a 

molecular layer of 4 nm coating around two sides of the HNR. (b) The scattering spectra of different HNR/QE hybrids. 

The resonant mode of HNR is tuned by changing the L from 52 to 64 nm.  (c) The anti-cross dispersion curve of the 

HNR/QE system. 

In the end, the quantum entanglement behavior of HNR and QE is discussed. The QE can be modeled by a two-

level system with ground state |𝑔⟩ and excited state |𝑒⟩ separated by the transition frequency 𝜔𝑒. The Hamiltonian of 

such an emitter is written as 𝜔𝑒𝜎+𝜎− with 𝜎+ = |𝑒⟩⟨𝑔| (or 𝜎− = |𝑔⟩⟨𝑒|) being the raising (or lowering) operator. The 

HNR is described as a single-mode cavity with the Hamiltonian 𝜔𝐻𝑎†𝑎, where 𝜔𝐻 is the cavity resonant wavelength, 

and 𝑎 is the photon annihilation operator obeying the bosonic commutation relation [𝑎, 𝑎†] = 1. The interplay of 

emitter and cavity is mediated via the electric-dipole interaction with the coupling strength 𝑔. When 𝑔 ≪ 𝜔𝑒 , 𝜔𝐻, it 



can be described by the well-known Jaynes-Cummings interaction, 𝑔(𝑎σ+ + 𝑎†σ−). Therefore, the composite system 

of hyperbolic nanorod and emitter can be described by the following Hamiltonian: 𝐻 = 𝜔𝑒𝜎+𝜎− + 𝜔𝐻𝑎†𝑎 +

𝑔(𝑎σ+ + 𝑎†σ−).  

The cavity and the QE are exposed in a dissipative environment, which are described by the Lindblad master 

equation: 𝜕𝑡𝜌 = ⅈ[𝜌, 𝐻] +
𝜅𝐻

2
𝐷[𝑎]𝜌 +

𝛾𝑒
2

𝐷[𝜎−]𝜌, where 𝜅𝐻 and 𝛾𝑒 are the decay rates of the cavity and the emitter, 

respectively. The system is described by the density matrix 𝜌 and various dissipation channels for operator �̂� are 

described by the Lindblad term 𝐷[�̂�]𝜌 = 2�̂�𝜌�̂�† − 𝜌�̂�†�̂� − �̂�†�̂�𝜌. The first term in the master equation represents the 

coherent evolution of the system; the second and third terms correspond to the dissipations from the cavity and the 

emitter to the environment, respectively. 

The Peres-Horodecki criterion for separability35,36 leads to a natural computable measure of entanglement, called 

negativity.37-40 The negativity is based on the trace norm of the partial transpose 𝜌𝑇𝐴 of a bipartite mixed state 𝜌, and 

measures the degree to which 𝜌𝑇𝐴 fails to be positive, i.e., the absolute value of the sum of the negative eigenvalues 

of 𝜌𝑇𝐴. Defining 𝜆𝑖 as the eigenvalues of 𝜌𝑇𝐴, the negativity is given by 𝑁(𝜌) = ∑ |𝜆𝑖|𝜆𝑖<0 . We can partially transpose 

the density matrix 𝜌 for the subspace of either the emitter or the cavity to obtain the negativity. Note that in the 

consideration of this part, g is a tunable parameter, so we choose typical and possible values for this parameter in our 

calculations to demonstrate the negativity behavior in different coupling strengths. Besides, the above-mentioned 

calculations are available for both strong and weak coupling systems. 

In Fig. 4, we show the negativity of the two systems (i.e. the HNR/QE and PNR/QE) as a function of time. The 

QE is initially in excited state |𝑒⟩ and the cavity is initially in 0-photon state |0⟩. The maximal entanglement is 

enhanced with increasing coupling strength between the emitter and the nanorods. This fact can be further 

demonstrated by plotting the maximal negativity as a function of coupling 𝑔 in Fig. 4(b). As shown in Fig. 4(c), the 

entanglement is enhanced when the decay of nanorod is turned down, demonstrating that the HNR shows better 

performance in entanglement generation than the PNR due to its lower loss. In Fig. 4(d), we show the maximal 

negativity as a function of the detuning ∆= 𝜔𝐻 − 𝜔𝑒  and find that the resonant system is better for generating 

entanglement. Therefore, from Fig. 4 we find that the HNR/QE system has better performance in generating 

entanglement than the PNR/QE system. Furthermore, if comparing with other HMMs, our proposed HNR also exhibits 

advantages of small size and high convenience for application.41,42 To be specific, the typical size of a HNR discussed 



in this paper is around 40×50×60 nm3, which is a subwavelength size benefiting for device miniaturization and 

integration. Moreover, unlike most HMMs which can hardly interact with external QEs,25,43,44 the photonic modes of 

HNR can be excited by plane-wave due to its small size45 and the HNR can interact with the QEs on its surface, which 

greatly expand the application possibility of the HNR. 

 

Fig. 4. Negativity in the HNR/QE and PNR/QE systems. (a) The negativity as a function of time. The emitter is 

resonant with the nanorod at the frequency of 𝜔𝑒 = 𝜔𝐻 = 𝜔𝑃 = 1907 meV. The decays for the emitter and the 

nanorod are 𝛾𝑒 = 25 meV, 𝜅𝐻 = 95 meV (HNR/QE);  𝛾𝑒 = 25 meV, 𝜅𝑃 = 175 meV (PNR/QE), respectively. The 

emitter and cavity are initially excited and grounded respectively. (b) The maximal negativity as a function of coupling 

strength 𝑔. The parameters are the same as (a) except 𝑔. (c) The maximal negativity as a function of decay 𝜅. The 

parameters are the same as (a) except 𝜅. (d) The maximal negativity as a function of detuning ∆. The parameters are 

the same as (a) except that 𝜔𝐻 = 𝜔𝑒 + ∆. 

In conclusion, we demonstrate the advantages of HNR in enhancing light-matter interactions. Comparing with the 

PNR with similar size, the resonant mode of HNR not only inherits the feature of small V, but also shows much lower 



loss (i.e. 2 times larger Q). Therefore, when the HNR and PNR are applied to couple with resonant QEs, the PF in the 

HNR/QE system is ~20-times larger than that of the PNR/QE. Furthermore, it is found that for a HNR with resonant 

wavelength of ~650 nm, the coupling between this HNR and QE can reach the strong coupling region (the QE is 

considered as a 4 nm thick layer coating with the HNR). However, for a PNR/QE system in the same case, strong 

coupling is impossible. At last, the negativity is investigated in both HNR/QE and PNR/QE systems, showing that the 

HNR/QE has better performance in entanglement generation because of its lower loss.  

SUPPLEMENTARY MATERIAL 

See the supplementary material for further details about structural optimization of HNR, the comparison of HNR 

and MNR, the Q factor of three nanorods (i.e. HNR, MNR, and PNR), the z-position dependence of PF in HNR, MNR 

and PNR systems with resonant wavelength of nanorods being 665 nm, and the strong coupling investigation of the 

PNR/QE system.   
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Figure S1-1. Electric field distribution of an electric dipole placed in the multilayered nanorod with different 

layer thickness and XY cross-section area. The layer number is set as 40, and the dipole is y-polarized. It 

can be found that larger XY cross-section and thinner thickness can help to generate the conelike 

propagating path of dipole, making the multilayered nanorod turn to the HNR.  

 

 

 
Figure S1-2. Electric field distribution of an electric dipole placed in the multilayered nanorod with different 

layer number. The sizes of x and y axes are set as 50 nm, and the thickness of a single layer is 1 nm. The 

dipole is y-polarized. It can be seen that with the increasing of layer number, the conelike propagating path 

of the dipole gradually forms, demonstrating that large layer number can facilitate the formation of the 

HNR.  

 



 

 

 
Figure S2. The electric distribution of an electric dipole placed in the center of our applied nanorods in Fig. 

2. The HNR and MNR are both made of alternate layers of Au and SiO2 with the only difference being the period 

of the stack. However, due the difference of period, their optical properties are varied, making only the HNR can 

be regarded as a kind of HMM. Due to the opposite permittivity tensors, the HMM must have a hyperbolic 

dispersion. Therefore, if a point source is placed in the center of a HMM, the light emitted from the dipole source 

should propagate along a conelike path (Phys. Rev. A 86, 023848, 2012). Left column shows the results of 

HNR and right column demonstrates the results of MNR. The dipoles used in the upper and lower sides are 

z- and y-axis polarized, respectively. It is clearly to see that for the HNR, a conelike propagation path can 

be found; however for the MNR, such unique propagating path of dipole has not been generated, proving 

that it cannot be regarded as a hyperbolic nanorod.   

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S3. The calculated Q factor of three nanorods, which are the HNR (red), MNR (green), and PNR 

(blue) 

 

 

 

 

 

 

Figure S4. (a) The calculated PF with varied z position of the applied electric dipole. The emission 

wavelength of electric dipole is 665 nm matching the resonant wavelength of the used nanorods. The same 

with Fig. 2f in the maintext, the x- and y-coordinates of the applied dipole are -0.5 nm and y0; only the z-

coordinate is changed from 0 to 40 nm with a step of 2 nm. (b) The EF distributions of HNR, MNR and 

PNR (pure Au). 

 



 

 

 

Figure S5. (a) The scattering spectrum of a PNR (40×50×115 nm3) with resonant wavelength of 650 nm. 

The decay of PNR (κP) is calculated based on the full width at half maximum of the scattering spectrum, 

and the value is 175 meV. (b) The proof demonstrating that the PNR/QE system does not enter strong 

coupling region. The scattered dots represent the energy of two splitted peaks based on the scattering spectra 

of the PNR/QE systems obtained by FDTD simulations (the same as the HNR/QE in Figure 3c of the 

maintext). In the FDTD simulations, a QE layer with thickness of 4 nm is coated with the PNR. The resonant 

wavelength of QE is set to be 650 nm and the decay of QE (γe) is 25 meV, which are the same with the 

calculations of the HNR/QE system. The solid lines are achieved by using the two-level Hamiltonian model 

(i.e. Equation 1 in maintext) with coupling strength g as the minimal value (i.e. g = 62.5 meV) for the 

PNR/QE system reaching strong coupling region (calculating based on the condition of g2 = (κP
2+γe

2)/8). 

One can clearly see that the simulation dots are all within the two solid lines, demonstrating that the PNR/QE 

system does not satisfy the lowest requirement for realizing strong coupling (i.e. it has not actually entered strong 

coupling region). According to previous studies (Nat. Commun. 7, 13933, 2016), the spectral splitting of the 

PNR/QE system could be attributed to the effect of dressing-induced transparency (DIT). 


