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Abstract 

In the present work, we theoretically demonstrate that near-field radiative transport 

between one dimensional periodic grating microstructures separated by nanometer vacuum gaps 

can be spectrally enhanced by exciting magnetic polariton. Fluctuational electrodynamics that 

incorporates scattering matrix theory with rigorous coupled-wave analysis is employed to exactly 

calculate the near-field radiative flux between two metallic gratings. Besides the well-known 

coupled surface plasmon polaritons, the radiative flux can be also spectrally enhanced due to 

magnetic polariton, which is excited in the gap between grating ridges. The mechanisms of 

magnetic polariton in the near-field radiative transport are elucidated in detail, while the unusual 

enhancement cannot be predicted by either the Derjaguin’s or effective medium approximations. 

The effects of vacuum gap distance and grating geometry parameters between the two gratings 

are investigated. The findings will open up a new way to spectrally control near-field radiative 

transfer by magnetic polariton with micro/nanostructured metamaterials, which holds great 

potential for improving the performance of energy systems like near-field thermophotovoltaic. 
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It has been demonstrated during the last decade that, radiative transfer could be 

significantly enhanced when distance between two objects is smaller than the characteristic 

thermal wavelength due to photon tunneling or coupling of evanescent waves [1-3]. In particular, 

near-field radiative flux could far exceed the blackbody limit by the resonant coupling of surface 

plasmon/phonon polaritons (SPP/SPhP) across the vacuum gap both theoretically and 

experimentally [4, 5]. Recently, excitations of magnetic SPhP [6, 7], hyperbolic modes [8-10], 

and epsilon-near-pole or epsilon-near-zero modes [11] with different types of metamaterials have 

also been studied to further improve the near-field radiative flux. Moreover, compared to the 

case of two plates, the near-field radiative transport between two gratings can be further 

enhanced due to guided modes [12] and spoof surface plasmon polaritons [13] between two Au 

gratings at a large vacuum gap distance of 1 μm, and hyperbolic modes between two doped 

silicon gratings [14]. Near-field thermal radiation could find many promising applications in 

energy-harvesting [1, 15], near-field imaging [16], and thermal management [17-22]. Several 

experimental methods have been reported to measure near-field radiative heat flux between 

planar surfaces at sub-micron vacuum gaps [23-25].  

Magnetic polaritons (MP) refer to the strong coupling of external electromagnetic waves 

with the magnetic resonance excited inside the nanostructures. MP artificially realized with 

metallic micro/nanostructures have been employed to control light propagation and tailor exotic 

optical and radiative properties in the far field, such as selective solar absorber [26], 

thermophotovoltaic emitter [27], and switchable or tunable metamaterial [28, 29]. Phonon-

mediated MP have also been excited in both SiC deep grating and binary grating configurations 

as well [30, 31]. On the other hand, the MP excitation has been achieved in the SiO2 spacer 

between two Ag binary gratings [32]. In comparison to SPP/SPhP that has been well studied for 

tailoring both far- and near-field thermal radiation, magnetic resonance or MP has only been 
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investigated for controlling far-field thermal radiation while its role in near-field radiative 

transport has yet to be identified. In this work, we will theoretically investigate the possible 

effect of MP in near-field radiative transfer between two metallic grating microstructures 

separated by a vacuum gap d below 100 nm.  

 
Fig. 1 (a) Schematic of radiative transfer between two symmetric, perfectly aligned metallic 

gratings with parameters of period (Λ = 2 μm), depth (h = 1 μm), and ridge width (w = 1 μm). 

The Drude emitter and receiver temperatures are respectively set as Th and Tl. The vacuum gap 

distance is denoted as d. An equivalent LC circuit model and the resulting electrical current loops 

in the vacuum gap at excitation of magnetic polariton (MP) are also depicted. (b) Spectral heat 

fluxes between these two perfectly aligned metallic gratings at different emitter temperatures 

when the receiver is separated by a vacuum gap of d = 100 nm and maintained at Tl = 300 K.  

As depicted in Fig. 1(a), the gratings are assumed to be perfectly aligned with period, 

depth, and ridge width respectively as Λ = 2 μm, h = 1 μm, and w = 1 μm, which are kept 

unchanged in the present work unless specified. Vacuum is considered to be in the grating 

grooves, while the metal filling ratio is then f = w/Λ = 0.5. The temperatures of the emitter and 

receiver are set as Th and Tl, respectively. Note that an equivalent inductor-capacitor (LC) circuit 

model, which has been widely used to predict the MP resonance frequency in far field [32], is 

also shown in Fig. 1(a) along with the resulting current loop. The question is that whether MP 

resonance can be excited in the nanometer vacuum gap to spectrally enhance near-field radiative 
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transfer. To address this question, the scattering formalism [33-35] that is incorporated into 

fluctuational electrodynamics with rigorous coupled-wave analysis (RCWA) [36, 37] is 

employed to rigorously calculate the near-field radiative flux. The dielectric function of the 

metals is described by a Drude model as 
2

Drude 2( ) 1 p

i
ω

ε ω
ω γω

= −
+

, where ω is the angular 

frequency, the plasma frequency is ωp = 1.37×1016 rad/s, and scattering rate is γ = 

7.31×1013 rad/s [38], which are taken from the material properties of gold at room temperature as 

an example here. While the present study mainly focuses on the explanation of the physical 

mechanism and behavior of MP resonance in the near-field radiative transfer, similar MP 

excitation is expected to occur with other metals like Ag, Al, W [26, 27, 32], as well as some 

refractory plasmonic materials like ITO, AZO and TiN, which could possibly withstand high 

temperatures up to 3250 K [11].  

Through the exact scattering theory, near-field spectral radiative transfer between two 

gratings is expressed as [39, 40]  

 
  
qω = 1

2π 3 Θh (ω ,Th ) − Θl (ω ,Tl )⎡⎣ ⎤⎦ ξ(ω ,kx0 ,ky )
0

∞

∫0

π /Λ

∫ dkydkx0  (1) 

where Θ ω ,T( ) = hω / ehω /kBT −1( )  is the Planck oscillator, and kx0 and ky are the incident 

wavevector components at the grating surface in the x and y directions, respectively. The energy 

transmission coefficient ξ(ω, kx0, ky), which considers all the polarization states, is  

 ( ) ( )0 1 2, , trx yk kξ ω = †DWD W  (2a) 

 ( ) 1
1 2
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 † †
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where D is the so-called Fabry-Perot denominator considering multiple reflection between two 

gratings, Wi indicate the photon absorption, 1 1=S R , and 0 0
2 2

z zik d ik de e=S R . R1 and R2 are the 

reflection operators of the two gratings, which can be obtained through RCWA method [36, 37, 

41]. ( )
0

2n
x xk k n π= +

Λ  
is defined according to the Bloch wave condition. n runs from –N to N, 

where N is the highest diffraction order. The operators / /1
2

pw ew n pw ew
n zkΣ = Π , where /pw ewΠ are the 

projectors on the propagative and evanescent sectors, were clearly defined in Ref. [39]. The 

details on the numerical convergence can be found in the Supplemental Materials, while our 

algorithm was validated by comparison with other works [12, 42] [See Figs. S1 and S2(a)]. The 

results obtained by the scattering matrix theory are treated to be rigorous. 

 Figure 1(b) presents the spectral heat fluxes between two metallic gratings at vacuum gap 

distance of d = 100 nm with different emitter temperatures Th from 1000 K to 2500 K when the 

receiver temperature is fixed at Tl = 300 K. There clearly exisit two spectral heat flux peaks 

around angular frequencies of 4.3×1014 rad/s and 6.5×1014 rad/s. As Th increases, the spectral 

peak locations surprisingly do not change, while the peak amplitudes are greatly enhanced 

mainly due to more energetic Planck oscillator at higher temperatures. For example, the spectral 

heat flux qω at the frequency of 6.5×1014 rad/s could reach as high as 1.1×10-10 J/rad m-2 at Th = 

2500 K. Note that, the angular frequency of 6.5×1014 rad/s corresponds to 0.43 eV in energy, 

thus the observed spectral heat flux peaks could possibly greatly improve the thermophotovoltaic 

(TPV) energy conversion by spectrally enhancing photon transport above the bandgaps of TPV 

cells (e.g., InxGa1-xAs with band gaps varying from 0.36 eV to 1.42 eV). 
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Fig. 2 Normalized spectral heat fluxes between the Drude grating emitter and receiver at 

different vacuum gaps of (a) d = 100 nm, (b) d = 50 nm, (c) d = 20 nm, and (d) d = 10 nm, 

obtained from the scattering matrix method (denoted as “Rigorous”) in comparison with those 

from Derjaguin’s proximity approximation method (denoted as “PA”) and effective medium 

theory (denoted as “EMT”).  

In order to understand the physical mechanisms responsible for these two spectral heat 

flux peaks, we first investigate the spectral heat fluxes at different vacuum gap distances of d = 

100 nm, 50 nm, 20 nm and 10 nm as shown in Fig. 2. As the Planck oscillator only considers the 

effect of temperature, the spectral heat flux qω is normalized to the Planck oscillator difference 

Θh − Θl  in order to directly indicate the effects of materials and structures on the radiative 

transfer, which would better reveal the underlying mechanisms. It can be clearly observed from 

Fig. 2(a) that, at a vacuum gap distance of d = 100 nm, there are two peaks of normalized 
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spectral heat flux at angular frequencies of 4.3×1014 rad/s and 6.5×1014 rad/s, respectively. When 

d decreases to 50 nm the larger peak shifts to ω = 6.0×1014 rad/s, and further to 5×1014 rad/s at d 

= 20 nm. However, when d becomes 10 nm, there are two spectral peaks respectively at the 

frequencies of 4×1014 rad/s and 7.8×1014 rad/s, in addition to the small spectral peak around ω = 

4.3×1014 rad/s, whose frequency does not change at all at different vacuum gaps but the peak 

amplitude increases from 0.5×1010 rad-1·m-2 at d = 100 nm to 1×1011 rad-1·m-2 at d = 10 nm. 

In order to understand the physical mechanisms responsible for the normalized spectral 

heat flux peaks predicted by the rigorous calculation, the Derjaguin’s proximity approximation 

(PA) method, which represents a weighted approach for SPhP or SPP coupling with different 

vacuum gap distances, is first considered. The spectral heat flux between two gratings from the 

PA method can be weighted by the ones between two plates with different gap distances as 

 PA plate plate( ) (1 ) ( 2 )q f q d f q d hω ω ω= × + − × +  (3) 

where plate ( )q Lω  means the spectral heat flux between two plates with a gap distance L. As 

inferred by Eq. (3), the PA method only considers the contributions by SPP coupling between 

planar surfaces at different vacuum gap distances. This indicates that the PA method would be 

accurate if coupled SPhP or SPP resonance is the only mechanism that dominates near-field 

radiative transfer [See Fig. S2 in the Supplemental Materials]. However, by comparing the 

normalized spectral heat flux from the PA method to the rigorous solution in Fig. 2, the PA 

method turns out to be accurate with good agreement with the rigorous solution except for the 

angular frequencies where spectral heat flux peaks exist for d from 100 nm to 20 nm. At d = 10 

nm, the PA method fails to predict the exact values by significant discrepancies within the entire 

spectrum of interests. Apparently, the PA method or the SPP coupling between planar surfaces 

cannot explain the spectral heat flux peaks that exist between metallic gratings.  
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 Furthermore, the effective medium theory (EMT), which considers the grating layer as a 

homogeneous uniaxial medium, is also examined on whether or not to be responsible for the 

spectral enhancement. By setting the diffraction order to zero in the RCWA algorithm, the 

metallic gratings are considered as effectively homogenous media with zero-order approximation 

[See Figs. S3 and S4 in the Supplemental Materials]. The near-field radiative flux between the 

metallic gratings with effective media approximation was also calculated and presented in Fig. 2 

with different vacuum gaps. Comparing with the rigorous method, the EMT method overpredicts 

the normalized spectral heat flux by one order of magnitude, which is due to the enhancement 

from the hyperbolic modes unnecessarily predicted by the effective medium treatment [See the 

Supplemental Materials]. After all, EMT is inherently a homogenization approach which cannot 

take into account the local resonance modes like coupled SPP or MP that could possibly occur 

within the vacuum gap [14, 43, 44]. Therefore, effective medium approximation cannot explain 

the unusual radiative transfer between the metallic gratings across ultrasmall vacuum gaps, while 

physical mechanisms other than coupled SPP or EMT have to be identified and understood.  

To gain a better idea on the radiative transfer between the Drude grating emitter and 

receiver, the contour plots of transmission coefficient in the ω - kx0 domain under ky = 0 from the 

rigorous method are presented in Fig. 3 at corresponding vacuum gap distances. Multiple bright 

horizontal bands, which are independent of kx0 and indicate the enhanced near-field radiative 

transfer channels, can be clearly observed. Among different vacuum gap distances, the one at ω 

= 4.3×1014 rad/s barely shifts with different d values, which is corresponding to the smaller 

spectral heat flux peak at the same frequency observed in Fig. 2. As intensively discussed in Ref. 

[12], this is associated with the guided mode, whose resonance condition strongly depends on the 

cavity depth, i.e. H = 2h+d. Note that the grating depth is h = 1 μm, which is much larger than 

the sub-100-nm vacuum gap distances considered here. Therefore, it can be understood that, the 
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guide mode would not shift when d varies from 100 nm to 10 nm as H  d. However, the same 

theory of guided modes cannot explain the brighter and broader resonance mode around ω = 

6.5×1014 rad/s at d = 100 nm, which clearly shifts to lower frequencies with smaller d. As the 

coupled SPP, effective medium and guided modes cannot explain this particular unusual spectral 

enhancement between metallic gratings, could it be associated with possible excitation of 

magnetic resonance or MP? 

 
Fig. 3 Contour plots of energy transmission coefficient (ξ) between the Drude grating emitter 

and receiver at vacuum gaps of (a) d = 100 nm, (b) d = 50 nm, (c) d = 20 nm, and (d) d = 10 nm. 

The base geometric parameters of the metallic gratings are Λ = 2 μm, w = 1 μm, and h = 1 μm. 

Note that ky = 0 is assumed and kx0 is normalized to the first Brillouin zone. The LC circuit 

model prediction of MP resonance conditions is shown as green triangles. 
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  In order to verify our hypothesis of MP resonance, an equivalent LC circuit is employed 

to analytically predict the resonance conditions of MP between two metallic gratings in near field 

[32]. Note that the LC model, based on the resonant charge distributions, has been successfully 

employed to verify the physical mechanisms of MP modes in metal-insulator-metal (MIM) 

nanostructures in selective control of far-field thermal radiation [29-32]. After all, the nanometer 

vacuum gap between the Drude grating emitter and receiver here forms similar MIM 

configurations [See Fig. S5 in the Supplemental Materials]. Here, the inductance of the metallic 

gratings can be expressed as m eL L L= + , where the first term m 00.5L wdμ=  accounts for the 

mutual inductance of two parallel plates with width w separated by a distance d, and the kinetic 

inductance 2
e 0/ ( )pL ω ε ω δ=  considers the contribution of drifting electrons. Note that μ0 and ε0 

are the permeability and permittivity of vacuum, while δ = λ/2πκ is the field penetration depth 

with κ being the extinction coefficient of the metal. On the other hand, the parallel-plate 

capacitance between the upper and lower metal ridges can be expressed as m 1 0 /C c w dε= , where 

c1 = 0.22 is the correction factor considering non-uniform charge distribution [32]. The 

capacitance between left and right metal ridges is denoted as g 0 / ( )C h wε= Λ − . Thus, the 

resonance frequency for the fundamental MP mode can be obtained when the total circuit 

impedance reaches zero:  

 MP1 m e m g1 / ( )( )L L C Cω = + +  (5) 

With the base grating geometries as Λ = 2 μm, w = 1 μm, h = 1 μm, the MP1 resonance 

frequencies between the Drude grating emitter and receiver are predicted to be 6.4×1014 rad/s, 

6.0×1014 rad/s, 4.9×1014 rad/s, and 3.8×1014 rad/s respectively for d = 100 nm, 50 nm, 20 nm, 

and 10 nm, which match surprisingly well with the unusual spectral enhancement mode 

predicted by the rigorous solution as shown in Fig. 3. Note that the independence of the MP 
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resonance condition on the kx0 has been thoroughly discussed and well understood previously [31, 

32]. At d = 10 nm, the contour shows an additional resonance mode around ω = 7.7×1014 rad/s, 

which is actually the second harmonic order of MP resonance with doubled resonance frequency 

from MP1. The unanimous agreements between the rigorous solution and the analytical LC 

model prediction at different vacuum gaps clearly verify the physical mechanism of MP 

excitation in spectrally enhancing near-field radiative transfer between metallic grating structures.   

 

Fig. 4 Contour plots of energy transmission coefficient (ξ) between two perfectly aligned 

metallic gratings at d = 20 nm with different geometries: (a) h = 0.5 μm, (b) h = 1.5 μm, (c) w = 

0.8 μm, and (d) w = 1.2 μm, while the rest of parameters are kept at the base values: Λ = 2 μm, w 

= 1 μm, and h = 1 μm. Note that ky = 0 is assumed and kx0 is normalized to the first Brillouin 

zone. The LC circuit model prediction of MP resonance conditions is shown as green triangles. 
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To further confirm and understand the behaviors of MP resonance in near-field radiative 

transport across nanometer vacuum gaps, the grating geometric effect on near-field radiative 

transfer between the Drude grating emitter and receiver is investigated in terms of transmission 

coefficient at the gap distance d = 20 nm. Figure 4(a) and 4(b) present the effect of grating depth 

respectively with h = 0.5 μm and 1.5 μm, while other geometric parameters are kept at the base 

values. In comparison with the case of h = 1 μm in Fig. 3(c), the strong and broad MP resonance 

mode around ω = 5×1014 rad/s slightly shifts toward lower frequencies, which is in good 

agreement with the LC model prediction. Note that, the grating depth h only affects the 

capacitance Cg, which is less than Cm/10 and thereby negligible with given parameters. Therefore, 

h has little effect on the MP resonance condition. On the other hand, the guided mode, which 

strongly depends on the cavity depth, shifts from 4.3×1014 rad/s to 6.2×1014 rad/ when h 

increases from 1 μm to 1.5 μm. 

The effect of grating width (w) on the near-field radiative transfer spectrally enhanced by 

MP resonance is studied similarly in terms of transmission coefficient. By comparing Figs. 4(c) 

and 4(d) with 3(c), when the grating ridges becomes wider from 0.8 to 1.2 μm, both the rigorous 

solution and the LC model consistently show that the MP resonance mode changes from ω =  

6.1×1014 rad/s to 4.2×1014 rad/s. From the perspective of charge distribution, grating width (w) is 

linear to Lm, Le, and Cm. With negligible Cg at d = 20 nm, the MP resonance frequency 

MP1 m e m1 / ( )L L Cω ≈ +  is essentially inversely proportional to w. Further tuning the geometric 

parameters of gratings, it is possible to shift the MP resonance and associated spectral flux peak 

to lower frequencies to better match the thermal wavelength at a given emitter temperature for 

total heat flux enhancement. On the contrary, the weaker guided mode around ω = 4.3×1014 rad/s 

does not change with different grating width, whose resonance frequency is only a strong 

function of cavity depth H or grating depth h [12]. Besides, the effect of grating misalignment 
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also confirms the consistent MP behaviors with different degrees of lateral displacement by the 

LC model [See Fig. S6 in the Supplemental Materials].  

  In summary, we have theoretically demonstrated unusual spectral radiative flux 

enhancement between two metallic grating emitter and receiver separated by sub-100-nm 

vacuum gaps, which neither SPP coupling, effective medium, nor guided mode could explain. 

The physical mechanisms have been identified and elaborated for the first time to be the 

excitation of magnetic polariton, unarguably verified by the consistency on the MP resonance 

modes between the rigorous solutions and the LC model predictions in terms of vacuum gap and 

geometric effects. The fundamental understanding gained here will open up a new way to 

spectrally tailor near-field radiative transfer with metamaterials for thermal management and 

energy harvesting applications.  
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