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ABSTRACT

Spontaneous emission control of emitters hold great promise for applications in photonics and quantum optics. As a definition

of the spontaneous emission lifetime of an atom or molecule, the Purcell factor of an emitter coupled with graphene plasmons

by a static magnetic field is studied. The results show that the Purcell factor can be effectively modulated by the applying of

external magnetic field to graphene at lower terahertz frequencies. In addition, in the presence of a magnetic field, the coupling

between the graphene and emitter becomes stronger, which results in a strong enhancement of the emission of the emitter

and the numerically calculated Purcell factor is increased. More specifically, the Purcell factor increases by almost an order of

magnitude when the applied magnetic field is 10T. Moreover, the Purcell factor also depends on the polarization direction of the

emitter, especially when the polarization direction of the emitter is parallel to the graphene plane, the Purcell factor will show

anisotropy with the change of polarization angle. Bias of the applied magnetic field extends a new path for the realization of

Purcell factor modulation based on graphene-emitter interaction, it may provides a promising application value for the design of

the photo-magnetic based quantum devices.

Introduction

Introduction

Since the first discovery of Purcell effect by E.M. Purcell in 1946, the Purcell factor (PF) was defined as the spontaneous

emission lifetime of an atom or molecule, which depends both on the intrinsic properties of the emitter and on its interaction

with environment1. The control of the interaction between a single emitter and matter has become a popular subject of research

due to its potential application to quantum optics2–5,light-emitting6 and sensing7, 8. A lot of research interests have been

focused on the surrounding environment of an emitter to control the Purcell factor, including resonant cavities9, 10 and photonic

crystals11, 12.

Due to their ability to suppress the electromagnetic field in subwavelength size to achieve local field enhancement, metal

surface plasmons have been extensively studied in the past decades, the electromagnetic energy confinement make the strong

coupling between emitters and surface plasmons possible, which can enormously modify the PF of a neighboring emitter13–16.

However, plasmons support in metals are difficult to be modulate, which inevitably limit their application in plasmonic devices.

Then, graphene has emerged as an alternative plasmonic material due to its extraordinary electronic and optical properties.

Compared with metallic plasmons, graphene plasmons take more advantages in higher confinement and lower dissipation loss,

which make graphene a promising material17 for the emission control of emitters. The investigations focus on the interaction

between emitters and surface plasmons in graphene have been made, such as in waveguides18–20, or in ntennas21–23. In addition,

the property of graphene can be easily modulated by electric doping24,magnetostatic gating25 or strain engineering26. By

making full use of the highly tunable of graphene, the development of important applications in nanoplasmonics can be

expected27, 28. For example, in our previously reported work, we have shown that the spontaneous emission of emitters can be

controlled by applying a strain engineering to graphene sheet. Under strain engineering, the graphene plasmons are anisotropic

in-plane, which enables the anisotropy control of spontaneous emission of an emitter, such a mechanism is essential for the

design of strain sensors and quantum devices29. Apart from the electronic or mechanical tunability, the properties of graphene



can be dynamically tuned through magnetostatic bias, which is another major feature of graphene30–32. It has been reported

that when applying an external magnetic field perpendicular to graphene sheet, a hybridization occurs between the cyclotron

excitation and the plasmon, resulting in a magneto-plasmon mode33, 34. Lots of reports have focused on the manipulation

of Faraday rotation in graphene, which represents the property of dichroism under a magnetic bias35–38.However, the use of

external magnetic fields to control the spontaneous emission of emitters coupled to magneto-plasmon mode in graphene has

been rarely studied.

In this paper, we propose a new mechanism to actively tune the PF of a THz emitter coupled with the magneto-plasmon

modes in a graphene sheet .We show that magnetic field B can effectively control the emission of the emitter. For emitters

whose polarization direction is perpendicular to graphene, the PF of the emitter will enhance by an order of magnitude with the

application of magnetic field. Besides, azimuthal angle dependent of PF for the emitter’s polarization direction parallel to the

sheet can be seen in the paper. Here the Purcell factor show anisotropic as the change of the azimuthal angle α , it traced back to

the anisotropic conductivity of graphene bias by a magnetic field. Modulation of emitter spontaneous emission by external

magnetic field can be integrated into the design of magneto-plasmon based quantum devices to further expand its application.

Materials and Methods

The conductivities of graphene under a static magnetic field

Figure 1 depicts the configuration in our study. a static magnetic was perpendicular applied to a single layer graphene.

Considering the graphene sheet is placed on the x-y plane in cartesian coordinates, and the biased magnetic field is along the

z-axis, the conductivity can be written as the following tensorial form39

σ̃ =

(
σxx σxy

σyx σyy

)
(1)

The diagonal and non-diagonal element of the conductivity tensor represent the Longitudinal and Hall conductivities respectively.

The expression should contain all allowed conversions between the Landau levels34.However, the conductivity can be simplified

to the classical Drude formula for highly doped graphene40

σxx = σyy = σ(ω)
1+ iωτ

(1+ iωτ)2 +(ωcτ)2
(2)

σxy =−σyx = σ(ω)
ωcτ

(1+ iωτ)2 +(ωcτ)2
(3)

where τ = µµc/ev2
F is a relaxation time, ωc = eBv2

F/µc is the cyclotron frequency, µ is the carrier mobility, µc is the chemical

potential and vF ≈ c/300 represent the Fermi velocity. The σ(ω) represent the static optical conductivity of single graphene in

absence of magnetic field, by using the local-random phase approximation (RPA), the isotropic conductivity of graphene can be

expressed as41

σ(ω) =
2e2τkBT

π h̄2
ln[2cosh

µc

2kBT
] (4)

In the following simulations, the chemical potential is taken as µc=0.4eV, the carrier mobility is µ = 10000 cm2/Vs and the

temperature is T=300 K.

The analytical calculation method of the PF for anisotropic flat plate structure

According to Poynting’s theorem, the rate of energy dissipation P=dW/dt read as42

P =
dW

dt
=

2

h̄
Im{p∗ ·E(r0)} (5)

Where p* is the momentum of an dipole emitter, E(r0) is the electric filed at the emitter’s origin r0. Consider an emitter placed

in an inhomogeneous environment, the filed E(r0) consists the primary electric field E0(r0) and the induced field Es(r0), i.e.

E(r0)= E0(r0)+Es(r0). Then, the total rate of energy dissipation P can be split into two parts

P = P0 +
2

h̄
Im{p∗ ·Es(r0)} (6)
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Figure 1. Schematics of an optical emitter located several nanometers above an infinite graphene sheet. An external static

magnetic field is applied vertically to the graphene sheet, and its direction is along the positive direction of the z-axis.

where P0 = 4k3
0|p|

2/3h̄ is the free-space spontaneous emission rate. Thus, by calculating the induced filed Es(r0) at the

emitter’s origin r0, one can get the total energy emission of an emitter. When an emitter placed near a planar interfaces, the

spontaneous emission rate can be analytical calculated by the decomposition of the dyadic Green’s function, using the angular

spectrum representation, the dyadic Green’s function can be identified as an integral form.

To be specific, consider an emitter placed above a graphene sheet, the spontaneous emission rate for the emitter polarized

perpendicular to the graphene sheet reads as

P = P0 +
1

2π h̄

∫
∞

0

∫ 2π

0
k‖dk‖dϕRe{2|pz|

2
k‖

2rp(ϕ)
e2ik⊥d

k⊥
},

(7)

when the polarization of the emitter is in-plane, we obtain

P = P0 +
1

π h̄

∫
∞

0

∫ 2π

0
k‖dk‖dϕRe{|px sinϕ − py cosϕ|2 ×

(k0
2rs(ϕ)− k⊥

2rp(ϕ))
e2ik⊥d

k⊥
}. (8)

where px = psinα, py = pcosα , α is the polarization angle of emitter in-plane.

where rp and rs are the Fresnel reflection coefficients have the form of22

rp =
εk⊥− k

′

⊥+4πσck⊥k
′

⊥/ω

εk⊥+ k
′

⊥+4πσck⊥k
′

⊥/ω
,

rs =
k⊥− k

′

⊥−4πσck0/c

k⊥+ k
′

⊥+4πσck0/c
, (9)
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Here ε is the permittivity of the backing material, the light wave vector in vacuum is k0 = ω/c, k‖ is the transverse wavenumber,

k⊥ =
√

k2
0 − k2

‖ and k
′

⊥ =
√

εk2
0 − k2

‖ are the longitudinal wavenumber in the upper and lower half space and z0 is the distance

between the emitter and graphene sheet. Under the magnetic filed bias, the conductivity of graphene shows anisotropic, then

the anisotropic conductivity can be represented as σc(ω) = σxx(ω)cos2 ϕ +σyy(ω)sin2
ϕ under the polar coordinate system.

By the definition of PF, the PF of the system can be calculated as

PF = P/P0 (10)

introducing Eq.(7)-Eq.(9) into the last equation, one can get the PF of an emitter placed near the infinite graphene control by an

external magnetic field.

Results

The Longitudinal and Hall conductivities

First of all, the diagonal element σxx and non-diagonal element σxy of the conductivity tensor were calculated according Eq.(2)

and (3), which represent the Longitudinal and Hall conductivities respectively. First of all, the diagonal element σxx and

non-diagonal element σxy of the conductivity tensor were calculated according Eq.(2) and (3), which represent the Longitudinal

and Hall conductivities respectively. Figures 2(a) and (b) shows the real and imaginary part of the Longitudinal conductivity for

the case of the graphene biased by a static magnetic field of B=2 T (blue line), 5 T (red line), 8 T (green line) and 10 T (purple

line) respectively. At the meantime, the conductivity of the graphene for the case of B=0 T (the black line) was calculated

for comparison. One can find that with the increase of the external magnetic field, the Longitudinal conductivity spectrum

redshifted. Moreover, the value of the conductivity decreases significantly after the magnetic field is applied, because part of

the conductivity contributes to Hall conductivity. Then, how the Hall conductivityσxy changes was also depicted in Figs.2 (c)

and (d). Here the real and imaginary parts of the Hall conductivity are also redshifted. And we found that at high frequencies,

the longitudinal conductivity values tend to be the same as those in the absence of a magnetic field, meanwhile, the value of

Halls conductivity tends to zero. This means that the applied of the magnetic field has no effect on the change of conductivity at

high frequencies, which can be traced back to the Eqs.(2)and (3) only consider the intra-band transitions.

PF control in magnetic biased graphene

We start with a vertically polarized emitter on top of the graphene, in the calculations below, suspended graphene is taken

into account. Figure 3 shows how the of PF of the emitter changes when different magnetic fields B are applied to graphene.

Firstly, when no magnetic field is applied to graphene, the PF was calculated for B=0 T, as the black line shown in Fig.3(a).

It can be found that the PF value decreases with the increase of transmission frequency. In addition, compared with the

spontaneous emission in vacuum, the spontaneous emission in the graphene environment can be increased by more than 6

orders of magnitude in the low-frequency region. This huge enhancement comes from the high confinement of the plasmon

supported by graphene and the presence of large optical local density states in the vicinity of graphene. Then consider applying

a static magnetic field perpendicular to the graphene sheet with a magnetic field intensity B. The blue, red, green and purple

line in Fig.3(a) represent for the case of B= 2 T, 5 T, 8 T and 10 T, respectively. By comparison, it can be found that the trend

of the curves remains the same after the application of magnetic field to graphene, but at low frequencies, the value of PF

increases several times compared to the case without magnetic field. But at higher frequencies, the PF curves with and without

the magnetic field almost coincide. Since the excitation of graphene plasmons at low frequencies contributes mainly to the

enhancement of PF22, this implies that the control of PF by magnetic fields is mainly from the modulation of graphene plasmons

excited in graphene by a static magnetic field at low frequencies. Besides, how the PF value changes with respect to magnetic

field B was calculated in Fig.3(b), comparisons are being drawn between the incidence frequencies of 1THz (black line) and

3THz (blue line). Therefore, we can conclude that the PF can be controlled in the low frequency by the applied magnetic field.

After studying the radiation of the vertically polarized emitter, we also calculated the PF of the emitter with the polarized

direction parallel to the graphene surface. Here, the in-plane azimuthal angle between the polarization direction of the emitter

and the x-axis is assumed to be α . When a magnetic field of intensity of 5T is applied to graphene, we calculate the changes in

the PF of the emitter with different azimuth angle α , as shown in Fig.4(a). First, the blue and green lines represent the emission

when the emitter’s polarization direction is along (i.e. α = 0◦) or perpendicular (i.e. α = 90◦)to the x-axis, respectively. Then,

The PF for the case of the azimuthal angles α = 45◦(red line),135◦(purple circle) and 180◦ (cyan circle) are calculated through

analytic computation. Besides, the PF for the graphene in absence of magnetic field were calculated for the convenience of

comparison, as shown by the black line in the figure. The value of the PF decreases with the increase of the emitter frequency,

and the curves are trending in the same way compare to the case of B=0 T (black line), until the PF curve was almost coincided

at higher frequencies. And the calculation results show that the control of PF by the external magnetic field is anisotropic

in-plane, and it changes periodically with the azimuthal angle α . Then, how the PF changes with the angle α when the optical
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Figure 2. The anisotropic optical conductivity of graphene under a static magnetic field, The real (a) and imaginary part (b)

of the diagonal conductivity σxx considering different magnetic intensity B. The real (c) and imaginary part (d) of the Hall

conductivity σxy for various magnetic intensity B. The diagonal and Hall conductivities normalized to σ0 = e2/h̄.

emitter at the frequency of 1THz is depict in Figure 4(b). The situations with the case of B=2 T (blue line), 5 T (red line), 8 T

(green line) and 10 T (purple line) were calculated to compare with the case of B=0 (black line). It can be seen that the PF varies

periodically with α , which is due to the in-plane anisotropy of the conductivity of graphene in the magnetic field. Moreover, it

can be found that when the emitter is polarized along the xaxis, the value of PF reaches the maximum, and when the emitter’s

polarization direction is perpendicular to the x axis, the value of PF reaches the minimum. In other words, the spontaneous

emission for the emitter with different polarization direction can also be controlled by tuning the applied magnetic field.

To better describe the PF controlled by magnetic field, Fig. 5 plot the difference in the PF relative to the case of B =0 T. By

comparing the emitter above the graphene with and without magnetic field bias, we can define ∆PF =(PFB −PF0)/PF0 ×100%

as the relative difference of PF. First of al, ∆PF depends on the photon frequency and magnetic intensity B for a vertically

polarized emitter is shown in Fig. 5(a). It can be found that at lower frequency, with the increase of the magnetic intensity

B, the ∆PF increase gradually, and the maximum of ∆PF is close to about 1000% for B=10 T. Next, we consider an emitter

with a photon frequency of 1 THz whose polarized direction is along the graphene sheet. Figure 5(b) depicts PF determined

by the in-plane polarization angle α and magnetic intensity B. In accordance with the Fig. 4(b), for different angles α , ∆PF

is anisotropic and changes periodically. In addition, with the decrease of magnetic intensity B, the value of PF tends to be

isotropic. It is worth mentioning that when the emitter’s polarization direction is along the xaxis, ∆PF can reach 1000%. It can

be seen that the anisotropic radiation of the emitter whose polarization direction is in the plane can be effectively controlled by
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Figure 3. The PF of a vertically polarized emitter located 10 nm above the graphene sheet (a) The PF are plotted for various

values of the applied magnetic field B. (b) The PF as a function of the magnetic field B with the incidence frequencies of 1THz

(black line) and 3THz (blue line).

adjusting the external magnetic field.

Next, on account of that the PF depends strongly on the distance of the optical emitter placed. The distance dependence of

PF for graphene sheet under magnetic field of B=2 T (blue line), 5 T (red line), 8 T (green line) and 10 T (purple line) or in

absence of magnetic B=0 (black line) were calculated in Fig. 6, and the photon frequency is 1THz. It can be found that the

value of PF decreases with the increase of distance d, with or without considering an external magnetic field. That is to say, the

variation of distance has no effect on the value of PF controlled by the biased magnetic field.

Conclusions

In summary, the anisotropic response of graphene when a perpendicular magneto-static applied to graphene sheet in THz

range were investigated in the paper, proving that the external magnetic bias can modulate the optical local density of states of

graphene and thus control the PF of the emitter in it. To be more specific, the surface plasmon mode supported by graphene can

achieve field enhancement to enhance the PF, on the one hand, when an external magnetic field is applied to graphene, the PF

of the emitter can be further enhanced. On the other hand, when the magnetic field is strong enough, such as 10T, the PF can be

enhanced by 1000%. In addition, anisotropy PF of the emitter can be achieved when the emitter oscillates in the direction along

the graphene sheet.This develops a new approach for controlling the interaction of light and matter, which is expected to be

further applied in the fields of optical constraint and topological transition, integrated optics and quantum devices.
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