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We investigate the near-field radiative heat transfer between two dispersive and lossy chiral

metamaterials. Our theory takes into account the magnetoelectric coupling effect compared with

the existing theories. It is shown that the contribution of surface modes to heat transfer is strongly

modulated by the magnetoelectric coupling effect. We predict that in the presence of strong

coupling effect, the resonant tunneling modes with small parallel wavenumbers activate a novel

energy transfer channel. We also find that the dissipation effect in material, which is characterized

by the scattering rate, significantly influences the effect of magnetoelectric coupling on near-field

heat transfer. We finally discuss the applications of these results in thermophotovoltaic energy

conversion and the experimental realization of near-field heat transfer. VC 2012 American Institute
of Physics. [http://dx.doi.org/10.1063/1.4759055]

I. INTRODUCTION

Radiative heat exchange between two objects can

excess the blackbody radiation limit, when separation dis-

tance is less than the characteristic thermal wavelength.

Such enhancement is due to photon tunneling of evanes-

cent waves in the near-field regime.1–3 Based on fluctua-

tional electrodynamics introduced by Rytov,4 extensive

researches investigate near-field heat transfer in various

geometrical configurations5–13 and for different material

properties.14–18 In particular, it has been demonstrated1

that the near-field heat transfer can be several orders of

magnitude larger than the blackbody radiation, if thermal

excited surface modes (i.e., surface polaritons SPs) medi-

ate in the transfer. Recent experiments19–21 have quantita-

tively confirmed the near-field effects between dielectrics

in the configurations of microsphere-plane and two parallel

planes. Near-field heat transfer has opened new possibil-

ities for numerous promising applications, such as imag-

ing,22 thermal rectification,23 nano-thermal patterning,24

and energy conversion.25

Recently, the theory of near-field heat transfer has also

been applied to metamaterials.26–28 These materials are built

with artificial resonators that can produce desired electro-

magnetic responses and provide flexibility in manipulating

electromagnetic waves. It is shown that two closely spaced

metamaterials can further increase the radiative heat transfer

due to novel heat flux channel activated by magnetic surface

modes.26 On the other hand, a new class of metamaterial,

chiral metamaterials (CMMs), has recently attracted much

attention. In ordinary metamaterials, electric and magnetic

responses are produced by two sets of resonators.29 In con-

trast, in CMMs there exists a cross-coupled electromagnetic

response obtained by a chiral resonator.30 This magnetoelec-

tric coupling effect was first proposed as an alternative meth-

odology to achieve negative refraction.30–32 In terms of

light-matter interactions, this property indicates an extra

degree of freedom in controlling electromagnetic waves and

might bring new applications that go beyond ordinary meta-

materials. Despite the progress in the field of near-field radi-

ative heat transfer, a still open question is how energy is

exchanged in the presence of magnetoelectric coupling

effect.

In this paper, we investigate the near-field heat transfer

between two CMMs using the fluctuational electrodynamics.

It is shown that the SPs mediated radiative transfer can be

further modulated by magnetoelectric coupling effect, and a

novel heat energy transfer channel is activated in the pres-

ence of strong coupling effect.

II. NEAR-FIELD RADIATIVE HEAT TRANSFER
BETWEEN TWO CHIRAL MEDIA

Consider chiral media 1 and 2 occupying the half-space

z< 0 and z> d, and separated by a vacuum gap. Assume

both media are in local thermodynamic equilibrium, with

temperature T1 and T2, respectively. The spectral radiative

heat transfer between two objects is equal to the normal

component of the ensemble averaged Poynting vector33

Sx ¼ 2RehEðr;xÞ �H
†ðr;xÞi; (1)

where Eðr;xÞ and H
†ðr;xÞ are the Fourier component of

fluctuation electric and conjugated magnetic field at position

r. The electromagnetic field can be solved by the fluctuation

Maxwell equations as well as the constitute relation, which

for chiral media is34

D ¼ e0eEþ i
j
c

H;

B ¼ l0lH� i
j
c

E;
(2)

where e0ðl0Þ are permittivity (permeability) in vacuum, e
and l are relative permittivity and permeability, respectively,

j is the chirality parameter, and c is the light speed. Fora)Electronic mail: huangy_zl@263.net.
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mathematical convenience, another choice of constitutive

relation is written in the Drude-Born-Fedorov type

D ¼ e0eDBFðEþ br� EÞ;
B ¼ l0lDBFðHþ br�HÞ; (3)

where b, eDBF, and lDBF are chirality, permittivity, and

permeability, respectively. Though Eqs. (2) and (3) are

written in different forms, they are indeed equivalent

descriptions, and the corresponding parameters are linked

by some algebraic transformations. Define a dielectric ten-

sor from Eq. (3) as ~e ¼ eDBF þ eDBFb½r� and a magnetic

tensor as ~l ¼ lDBF þ lDBFb½r�, where ½r� denotes the

cross-product operation. Thus, we get a constitutive rela-

tion sharing the similar form with isotropic and aniso-

tropic materials

D ¼ e0~eE; B ¼ l0~l H: (4)

Given the constitutive relation, radiative heat transfer in a

certain geometrical configuration can be evaluated by deter-

mining the electric Green’s dyadic Gðr; r0Þ with r and r0 in

the vacuum gap, which obeys the monochromatic equation35

r� 1

l0

r� �e0

x2

c2

� �
Gðr; r0;xÞ ¼ Idðr � r0Þ: (5)

Note that the physical meaning of Eq. (5) is apparent if we

consider a dipole placed within the vacuum gap oscillating

and generating electromagnetic waves with total vector

potential Gðr; r0;xÞ. Thus, it is clear that Gðr; r0;xÞ contains

all waves confined between the surfaces and undergoing

multiple reflections (MRs) within the gap. The final form of

Gðr; r0;xÞ is obtained by summing up the contributions of

all waves18

G ¼ i

2c
ðD12eicz þ D21R2e2icde�iczÞðIe�icz0 þ R1eicz0 Þ; (6)

where c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0 � kjj2
q

is the normal component of the wave

vector, with k0 ¼ x=c and kjj the parallel components of the

wave vector, D12 ¼ ðI� R1R2e�2jcjdÞ�1
is a geometric series

accounting for the MRs of waves, and Ri is the matrix of

reflection coefficients

Ri ¼
rss

i ðx; kjjÞ rsp
i ðx; kjjÞ

rps
i ðx; kjjÞ rpp

i ðx; kjjÞ

" #
; (7)

where rab
i ði ¼ 1; 2Þ is the reflection coefficient, in which a

and b are the polarization of incident and reflected waves,

respectively.

Thus, we can finally deduce the radiative heat trans-

fer straightforwardly from the electric Green’s dyadic.

The calculation procedure has been established for iso-

tropic and anisotropic media.2,18 We will not repeat the

derivations here. The final form of spectral radiative heat

transfer is

Sx ¼ ½Hðx;T2Þ�Hðx;T1Þ�

�
ð

kjj<k0

kjjdkjj

ð2pÞ2
Tr ðI�R�2R2ÞD12ðI�R1R�1ÞD�12

� �(

þ
ð

kjj>k0

kjjdkjj

ð2pÞ2
Tr ðR�2�R2ÞD12ðR1�R�1ÞD�12e�2jcjd
h i)

;

(8)

where Hðx; TiÞ ¼ �hx=ðexpð�hx=kBTiÞ � 1Þ, Tr is the trace

operator, and the symbol * denotes the hermitian conjuga-

tion. For chiral media, the elements in Ri are34

rss
i ¼
�C�ðnþ þ n�Þ � ðnþn� � 1Þ
Cþðnþ þ n�Þ þ ðnþn� þ 1Þ ; (9a)

rpp
i ¼

C�ðnþ þ n�Þ � ðnþn� � 1Þ
Cþðnþ þ n�Þ þ ðnþn� þ 1Þ ; (9b)

rsp
i ¼ �r ps

i ¼
iðnþ � n�Þ

Cþðnþ þ n�Þ þ ðnþn� þ 1Þ ; (9c)

where C6 ¼ ðg2
0 6 g2

i Þ=2g0gi, n6 ¼ c6=n 6 c, g0 ¼
ffiffiffiffiffiffiffiffiffiffiffi
l0=e0

p
,

gi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l0li=e0ei

p
, c6 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

6k2
0 � kjj2

q
, and n6 ¼

ffiffiffiffiffiffiffi
eili
p

6 ji.

Note that when j ¼ 0, Eqs. (9) will reduce to the usual

reflection coefficients

rss
i ¼

li

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0 � k2
jj

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eilik

2
0 � k2

jj

q
li

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0 � k2
jj

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eilik

2
0 � k2

jj

q ; (10a)

rpp
i ¼

ei

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0 � k2
jj

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eilik

2
0 � k2

jj

q
ei

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0 � k2
jj

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eilik

2
0 � k2

jj

q ; (10b)

rsp
i ¼ �rps

i ¼ 0; (10c)

where we find that the non-diagonal elements are zero. This

is because at the interface of the non-chiral media and vac-

uum, the polarization of reflected waves is the same with the

incident waves. However, when the waves (s- or p-polariza-

tion) are probed into the surface of the chiral material, the

reflected waves will be a mixture of both polarizations. For

non-chiral materials, Eq. (8) will reduce to the well known

formula

S0
x ¼ ½Hðx; T2Þ �Hðx; T1Þ�

�
X
j¼s;p

ð
kjj<k0

kjjdkjj
4p2

ð1� jrj
1j

2Þð1� jrj
2j

2Þ
j1� rj

1rj
2e�2jcjdj2

(

þ
ð

kjj>k0

kjjdkjj
p2

Imðrj
1ÞImðr

j
2Þe�2jcjd

j1� rj
1rj

2e�2jcjdj2

)
: (11)

To gain a deeper insight into the effect of chirality on

near-filed radiative heat transfer, we compare our formula

with Eq. (11). For clarity of discussion, we expand the trace

operation in the integrand of Eq. (8) for kjj > k0
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Tðx; kjj; dÞ ¼ Tr½ðR�2 � R2ÞD12ðR1 � R�1ÞD�12e�2jcjd� ¼ 2

Imðrss
1 ÞImðrss

2 ÞjDppj2 þ Imðrpp
1 ÞImðrss

2 ÞjDpsj2

þReðrsp
1 ÞReðrsp

2 ÞReðDppD�ss þ DpsD
�
spÞ

þ 4 Imðrss
2 ÞReðrsp

1 ÞImðDppD�psÞ þ ð1$ 2; s$ pÞ

2
6664

3
7775 e�2jcjd

jDj2
; (12)

with

Dpp ¼ 1� ðrpp
1 rpp

2 � rsp
1 rsp

2 Þe�2jcjd;

Dss ¼ 1� ðrss
1 rss

2 � rsp
1 rsp

2 Þe�2jcjd;

Dps ¼ ðrss
1 rsp

2 þ rpp
2 rsp

1 Þe�2jcjd; Dsp ¼ ðrpp
1 rsp

2 þ rss
2 rsp

1 Þe�2jcjd;

D ¼ 1� ðrss
1 rss

2 þ rpp
1 rpp

2 � 2rsp
1 rsp

2 Þe�2jcjd

þ ðrsp
1 rsp

1 þ rss
1 rpp

1 Þðr
sp
2 rsp

2 þ rss
2 rpp

2 Þe�4jcjd:

Tðx; kjj; dÞ is the transmission factor of the two-interface

system, and ða$ bÞ denotes the terms obtained by inter-

changing the index a and b.

It is clear from the comparison of Eq. (12) and Eq. (11)

that the additional terms are attributed to the off-diagonal

matrix elements rsp
i and rps

i . Also due to rsp
i and rps

i , the

terms in Eq. (12) about s- and p-polarization are mixed and

cannot be separated in the way shown in Eq. (11). More-

over, a direct transformation of Eq. (9c) shows that the

modulus of rsp
i and rps

i are proportional to j. As known that

for non-chiral media, surface modes mediated heat transfer

is attributed to either s- or p-polarization; here, we find that

in chiral material the effect of surface modes is chirality-

dependent and cross-coupled via the contributions of both

polarizations.

Furthermore, regarding the near-field contribution only,

it is shown that the photon tunneling of evanescent modes is

modulated when chirality is taken into account. This is

because that in Eq. (11), two physically meaningful compo-

nents combine to form the transmission factor of evanescent

waves. The numerator part corresponds to the overlap of

local density of state (LDOS) defined as Imðrj
1Þe�2jcjd. The

Fabry-P�erot-type denominator, 1� rj
1rj

2e�2jcjd, corresponds

to the contribution of MRs between two semi-infinite surfa-

ces. As shown in Eq. (12), both the components of the LDOS

and MRs are modified and the quantity of modification can

be either positive or negative for both components. Thus,

one may wonder whether controlling chirality can bring new

features into the enhanced radiative heat transfer.

III. RESULTS AND ANALYSIS

Now, we present some numerical results obtained with

two CMMs. The optical properties can be described using an

X-particle resonator model36

eðxÞ ¼ 1� Xex2
0

x2 � x2
0 þ i!x

; (13a)

lðxÞ ¼ 1þ Xl �
Xlx2

x2 � x2
0 þ i!x

; (13b)

jðxÞ ¼ Xjxx0

x2 � x2
0 þ i!x

; (13c)

where Xe and Xl are coefficients that represent the strength

of permittivity and permeability, respectively, Xj is the chir-

ality coefficient characterizing the strength of magnetoelec-

tric coupling effect, x0 is the resonant frequency, and ! is

the scattering rate.

Here, some remarks on Eqs. (13) are necessary. As arti-

ficial materials, the optical properties of metamaterials can

be controlled by tuning Xe, Xl, Xj, x0, and !, since these

coefficients are intimately related to the geometrical size and

configuration of the unit-cell. On the other hand, there exists

fundamental limit for the value of chirality. Based on the

second law of thermodynamics, heat liberated per unit vol-

ume in a passive material must be positive. For harmonic

electromagnetic fields, the average value of heat liberated is

q ¼ ImfxðE† � Dþ H
† � BÞ=2g; substituting the constitutive

relations into this expression and setting q > 0, we obtain

that the lossy component of the constitute parameters must

obey37

ImðeÞImðlÞ � Im2ðjÞ: (14)

Substituting Eqs. (13) into (14), we find the up-limit of Xj

Xj
2 � XeXl: (15)

We first study the dependence of spectral radiative heat

transfer on the strength of magnetoelectric coupling Xj. In

Fig. 1 we show the reduced spectral heat transfer between

two identical CMMs, Sx=SBB, where SBB is the heat transfer

between two blackbodies. This quantity is dimensionless and

can be viewed as the heat transfer enhancement over the

blackbody radiation limit. In our calculation, we introduce a

dimensionless distance dr ¼ d=k0 with k0 ¼ 2pc=x0 and

plot the figures as the function of x=x0. In such case, the

reduced spectral heat transfer would be independent of the

specific value of x0. Without loss of generality, the parame-

ters are taken as Xe ¼ 2, Xl ¼ 0:5, and dr ¼ 0:001 in Fig. 1.

The influence of the dissipation effect on the near-field heat

flux is included by considering different scattering rates.

Remarkably, we find in Fig. 1(a) that the near-field heat

flux peaks are shifted in the presence of magnetoelectric cou-

pling, and stronger coupling leads to larger peak-frequency

distance. This spectral effect can be explained from the fol-

lowing analysis. Recall that the heat flux peaks in non-chiral

case are at the resonant frequencies of SPs, which satisfy

eðxÞ ¼ �1 and lðxÞ ¼ �1 for p- and s-polarization waves,

respectively.26 In chiral case, however, magnetoelectric cou-

pling effect mixes the contributions of both polarizations.

The dispersion relation of surface modes corresponds to the

pole of the reflection coefficients in Eqs. (9)
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Cþðnþ þ n�Þ þ ðnþn� þ 1Þ ¼ 0: (16)

The heat flux peaks correspond to the resonances of surface

modes, which obey

½eðxÞ þ 1�½lðxÞ þ 1� ¼ j2ðxÞ: (17)

The peak frequencies can be solved by substituting Eqs. (13)

into (17)

x2
c6 ¼ x2

66
1

8
x2

0

�
6X2

j � 2jXe � Xlj

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X4

j þ 4X2
jð4þ Xe þ XlÞ þ 4ðXe � XlÞ2

q �
; (18)

where x6 ¼ x0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðXe þ Xl6jXe � XljÞ=4

p
corresponds

to the peak frequencies in non-chiral case. The peak-

frequency distance Dx2
c ¼ x2

cþ � x2
c� is

Dx2
c ¼ Dx2 þ 1

4
x2

0

�
�2jXe � Xlj

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X4

j þ 4X2
jð4þ Xe þ XlÞ þ 4ðXe � XlÞ2

q �
; (19)

where Dx2 ¼ x2
þ � x2

�. From Eqs. (18) and (19), we can

see that the SPs are dependent of the effect of magnetoelec-

tric coupling, and the phenomena of shifted peak frequencies

and amplified peak-frequency distance in Fig. 1(a) can be

easily deduced. Since Xj is limited by the thermodynamic

condition, there exist up and low limit for the peak fre-

quency. By substituting XeXl ¼ X2
j into Eq. (18), we get

xup
c ¼ x0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXe þ 2ÞðXl þ 2Þ

p
=2 and xlow

c ¼ x0.

Figure 1(a) also shows the dependence of the peak

strength and the half-peak width on the magnetoelectric cou-

pling strength Xj. The two quantities represent the influence

of dissipation on the surface modes mediated heat transfer.

From Eqs. (13), dissipation (which can be seen from the

imaginary part of constitute parameters) originates from

non-zero scattering rate and can be modulated by adjusting

either the scattering rate or the other coefficients in Eqs.

(13). For the case of dielectrics, the influence of scattering

rate on heat transfer has been discussed in Ref. 38, in which

other coefficients are kept constant. It is shown that smaller

scattering rate leads to sharper peak and narrower width. In

comparison, here we find that when scattering rate is kept

constant, the peak strength and the spectral width exhibit dif-

ferent behaviors. First, both the low and high frequency

peaks decrease in strength as Xj increases. Moreover, the

low frequency peak behaves more sensitive to the change of

Xj than the high frequency peak. Especially, the magnitude

of the low frequency peak is decreased by more than 2 orders

when Xj approaches 1.0. Explanation of this behavior is

direct. From Eq. (18), when Xj ! 1:0, the low frequency

surface modes are exhibited at x! x0. Note that near the

resonant frequency x0, large dissipation is induced due to

very larger value of the imaginary part of constitutive param-

eters. Hence, the contribution of the surface modes to heat

transfer would be significantly weakened due to the strong

absorption of surface waves. In such case, the heat flux peak

is largely attributed to the large refraction index

(n ¼ ffiffiffiffiffi
el
p

6 j) of material. Otherwise, inspection of the half-

peak width in Fig. 1(a) shows that the low frequency peak

becomes narrow as Xj increases (except at Xj ¼ 1:0, the

peak is weak and broad). In contrast, the width of the high

frequency peak is independent of Xj. This is notably differ-

ent from what is shown in the case when the spectral width

varies with the scattering rate. The mechanism involved in

this behavior still remains an open question. However, we

can speculate by comparing the difference of the two peaks

that the interaction of the low frequency surface modes and

the large dissipation effect near the resonant frequency plays

an important role in this behavior.

FIG. 1. Reduced spectral radiative heat transfer between two identical chiral

metamaterials at different strength of magnetoelectric coupling Xj and

dr ¼ 0:001. The transfer is calculated for scattering rate (a) ! ¼ 0:01x0,

(b) ! ¼ 0:1x0, and (c) ! ¼ x0.
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Figures 1(b) and 1(c) show the influence of the scatter-

ing rate on the spectral heat transfer. For low scattering rate

(! ¼ 0:01x0), the peak strength of the heat flux is found to

be 	5 orders of magnitude larger than the blackbody radia-

tion limit. In contrast, it is decreased by 	1 order of magni-

tude for ! ¼ x0. Meanwhile, the half-peak width of the

spectral curve becomes broader as the scattering rate

increases. Since the heat flux peaks are attributed to the

resonances of surface modes, it can seen that in the presence

of large scattering rate, the heat transfer channel of surface

modes is greatly dissipated. In particular, at ! ¼ x0, only

the high frequency peak is exhibited since the resonance of

the low frequency surface modes has been fully suppressed

(note that here we identify the high frequency peak by the

direction of the peak shift). However, it should be pointed

out that though the sharp heat flux peaks decrease as the scat-

tering rate increases, it does not equivalently mean that a

lower scattering rate is beneficial for increasing the total heat

transfer. For low scattering rate [see Fig. 1(a)], the heat

energy is transferred mainly through frequencies around the

resonances of surface modes, and the contribution from the

regions of x=x0 > 3 and x=x0 < 0:5 has been negligible.

However, when the scattering rate increases, a broad-band

enhancement of spectral heat transfer occurs. Indeed, in such

case, the broad-band enhancement leads to larger total heat

transfer than the narrow-band enhancement at low scattering

rate [shown below].

Figure 2 shows the evolving of reduced spectral heat

transfer with respect to Xk and separation distances. Two

principle peaks induced by SPs can be identified, which

occur at fixed frequencies when the separation distance

varies. Unlike the SP-induced peaks, we also observe a novel

type of peaks at intermediate and strong chirality. For this

type of non-SP-induced peaks, we find a peak-displacement

phenomenon, depending on the separation distance, as

shown more clearly in Fig. 2(d).

For the origin of the non-SP-induced peak, we consider

the resonant photon tunneling of evanescent waves. Note

that in the photon tunneling process, only tunneling modes

with small kjj can undergo several times of MRs due to that

the propagation distance is l / kjj
�1. The resonant behavior

of MRs is shown in the denominator of Eq. (12), i.e.,

D ¼ 1� ðr2
ss þ r2

pp � 2r2
spÞe�2jcjd þ ðr2

sp þ rssrppÞ2e�4jcjd. Fig-

ure 3 displays the logarithmic contour plots of 1=jDj2, for

non-chiral media and CMMs, respectively. The dark line that

corresponds to the minima of 1=jDj2 results from very large

reflection coefficients at the resonant frequency of SP. The

light branches that correspond to the maxima of 1=jDj2 is

due to the resonance of MRs at D! 0. It is seen that the

contribution of evanescent waves at small kjj diverges for

materials with different properties. Compared with Fig. 3(a),

we observe that the lower light branch in Fig. 3(b) becomes

flat for a limited interval of kjj (the dashed line). This thus

leads to an enhanced contribution to heat transfer at the cor-

responding frequency. Since large kjj also has a strong

impact upon radiative heat transfer, therefore, the radiative

heat transfer is governed by the competition between the

enhanced contribution at small kjj and the contribution of

large kjj. Indeed, the observable effect of small kjj modes,

i.e., the non-SP-induced heat flux peaks, can only appear in

the presence of strong magnetoelectric coupling.

It is clear from the above results that the contribution

of the small kjj modes and large kjj is due to different physi-

cal mechanisms. For large kjj, c ¼ c6 
 i kjj. Hence, the

reflection coefficients can be asymptotically reduced to rss


 ½ðeþ 1Þðl� 1Þ � j2�=P; rpp 
 ½ðe� 1Þðlþ 1Þ � j2�=P;

FIG. 2. Spectral evolving of reduced

radiative heat transfer at different sepa-

ration distances and ! ¼ 0:01x0 for

(a) Xj¼ 0.4, (b) Xj¼ 0.8, and (c)

Xj¼ 0.95. (d) Distance-dependent peak

displacement behavior of non-SP-

induced peaks at Xj¼ 0.95.
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and rsp 
 �2ji=P; where P ¼ ðeþ 1Þðlþ 1Þ � j2. Since

P ¼ 0 corresponds to the resonant frequencies of the SPs,

the radiative heat transfer is greatly enhanced due to high

LDOS in the presence of surface modes. Nevertheless,

small kjj modes contribute only in the presence of strong

magnetoelectric coupling. In this case, the tunneling pho-

tons are effectively multiple-reflected within the vacuum

gap, exhibiting a resonant tunneling event at a certain

frequency.

In Fig. 4, we plot the non-SP-induced peak frequency

xnon�SP and the peak strength as the function of separation

distance. When separation distance increases, the peak dis-

places to high frequency. For this behavior, it might be due

to the sensitivity of the resonant tunneling condition to

distance at small kjj, which is shown in the e�2jcjd term of the

denominator of transmission factor. Moreover, we find that

the non-SP-induced peak strength varies as da with

�2 < a < �1 in the near-field regime (dr � 0:008). To

enhance the contribution of this channel, as seen in Figs. 2

and 4, we can decrease the separation distance or increase

the magnetoelectric coupling. Also, it shows that the increas-

ing rate of heat transfer through this channel is lower than

that through the SP-induced channels (which vary as d�2), so

it is understandable that within ultra-short distance (at

dr � 0:001) the non-SP-induced peaks vanish and the SPs

dominate the radiative heat transfer.

Finally, we analyze the behavior of total radiative heat

transfer coefficients with respect to the separation distance.

The heat transfer coefficient is defined as

h ¼ lim
T1!T2

ð1
0

SxðT1; T2; dÞdx

T2 � T1

; (20)

where Sx is spectral heat transfer defined in Eq. (8). To quan-

tify the heat transfer enhancement, the results are normalized

to the heat transfer coefficient of blackbody radiation

h0 ¼ 4rT3. In our calculation, we set x0 ¼ 3� 1014 rad=s

and T ¼ 300 K. Figure 5(a) shows that the heat transfer coef-

ficient decreases monotonically as Xj increases. For small

separation (dr � 0:003), the heat transfer coefficients of non-

chiral metamaterial and CMM with weak chirality are 	1

order of magnitude larger than that of CMM with Xj ¼ 1:0.

This difference vanishes at large separation, indicating that

chirality effect is only relevant in ultra-short near-field re-

gime. On the other hand, the influence of scattering rate on

heat transfer coefficients is illustrated in Figs. 5(b) and 5(c).

It is seen that the heat transfer difference between non-chiral

metamaterial and CMM is greatly narrowed as the scattering

rate increases. Moreover, inspection of the curves shows that

given the chirality, near-field heat transfer at large scattering

rate is much greater than that at small scattering rate. For

example, at dr ¼ 0:001 and Xj ¼ 1:0, the heat transfer coef-

ficient for ! ¼ x0(	3500) is 5 and 17 times larger than the

coefficients for ! ¼ 0:1x0(	700) and ! ¼ 0:01x0(	200).

As we know, very low scattering rate is necessary for

frequency-selective enhancement of heat transfer, i.e., sev-

eral orders of magnitude enhancement occurring at resonant

frequency of surface modes. However, here it shows that

there exists tradeoff between the frequency selectivity and

the overall enhancement of heat transfer.

IV. DISCUSSION

In this section, we make some discussions on the near-field

thermal applications of CMMs. According to the numerical

FIG. 3. Logarithmic contour plot of 1=jDj2, D ¼ 1� ðr2
ss þ r2

pp � 2r2
spÞ

e�2jcjd þ ðr2
sp þ rss

1 rpp
1 Þ

2
e�4jcjd for (a) non-chiral materials, and (b) CMMs at

Xj¼ 0.95, dr ¼ 0:001, and ! ¼ 0:01x0. The gray dashed lines represent the

zone where small kjj modes at a certain frequency give enhanced contribu-

tion to heat transfer. The blue dashed line corresponds to the non-SP-

induced peak frequency.

FIG. 4. Frequency of non-SP-induced peak and the reduced spectral radia-

tive heat transfer at xnon�SP vs distance at Xj¼ 0.95 and ! ¼ 0:01x0.
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results, the heat transfer through the channels of the surface

modes is greatly enhanced and strongly chirality-dependent.

For practical purpose, this effect can be exploited to make

CMM as a thermal emitter in designing thermophotovoltaic

(TPV) system, as an addition to the reported TPV emitter using

near-field surface mode of dielectrics.39 The essential mecha-

nism is to design the metamaterial in which the resonance of

surface modes is exhibited in the sensitive frequency region of

the TPV cell, i.e., the band gap energy of the semiconductor.

This will make a better energy match between the thermal

emitter and the photovoltaic cell and thus leads to high per-

formance of energy conversion. However, in order to apply this

structure, some comments on the integrity of metamaterials at

high temperatures (TPV emitter often works between 1000 K

and 2000 K) are necessary. To design artificial materials with

stable optical and mechanical properties at high temperatures is

a challenging problem. Metamaterial structure often consists of

an array of metallic resonator elements fabricated on a dielec-

tric substrate. When such structure operates at high tempera-

tures, unfavorable physical changes (e.g., melting, evaporation,

or thermally induced mechanical deformation) or chemical

reactions between different materials may be inevitable. More-

over, the diffusion of unstable surface atoms can change the

roughness and optical property of surface and thus influences

the thermal radiation property of the structure. To overcome

the above challenges, selecting proper constituent materials to

construct metamaterial is a key step. Recently reported meta-

material designs40,41 have employed materials with high ther-

mal stability, such as silicon carbide, tungsten, and aluminum

nitride. These proposals have shed some new lights on metama-

terials that can be effectively used as a TPV emitter.

Besides the application in near-field energy conversion,

another application is about the experimental realization of

near-field heat transfer. As well known, the experiments of

near-field heat transfer have remained difficult since the heat

transfer is dominated by the localized evanescent modes,

which are significant within submicron scale. Because the

heat flux is strongly dependent on the separation distance, in

such small distances, the precise calibration of distance is

crucial. Indeed, all currently reported experiments apply

feedback control scheme to keep a constant separation dis-

tance. Here, we provide an alternative distance-calibration

approach which can be used as an auxiliary method in near-

field heat transfer experiments. This is based on the findings

in Fig. 2(d), in which we observe a displacement phenom-

enon of heat flux peaks when the separation distance varies.

The relation between the separation distance and the non-SP-

induced peak frequency is quantified in Fig. 4. In other

words, the distance can thus be precisely determined by

measuring the corresponding peak frequency. It has been

shown in recent measurement42 of near-field spectral distri-

bution that thermal signal can be captured with very high

sensitivity. Therefore, though the non-SP-induced peak is

very weak compared with the SP-induced peaks, its magni-

tude has been high enough to be observed.

Finally, we discuss the influence of the metamaterial

fabrication on near-field thermal applications. Fabricating

metamaterials with electromagnetic response at infrared and

visible frequency regions is a challenging problem. Such

metamaterials consist of unit-cells that possess complex

structures within submicron- and nano-scale. Recent studies

have shown that by advanced top-down and down-top nano-

technology, chiral metamaterial can be realized at frequency

up to THz43 and infrared region.44 On the other hand, the

fabrication of metamaterials is also plagued by dissipative

loss, which often increases with the response frequency. The

loss in metamaterial originates from both the constituent

materials and the fabrication process. The dissipation effect

has significant influence on near-field heat transfer. We have

shown above that large scattering rate (large dissipation)

counteracts the contribution of chirality effect. Thus, for

applications which require chirality-dependent behaviors,

metamaterial structures with large dissipation will be

FIG. 5. Reduced total heat transfer coefficient vs distance for different

strength of magnetoelectric coupling at T1;2 ¼ 300K. The transfer is cal-

culated for scattering rate taking as (a) ! ¼ 0:01x0, (b) ! ¼ 0:1x0, and

(c) ! ¼ x0.
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ineffective. However, compared with metamaterials with

low dissipation, large dissipation can lead to much larger

enhancement of total heat transfer. This implies that though

large dissipation structure is often ruled out in many optical

applications, it could be optimal in near-field thermal appli-

cations that prefer total heat transfer as large as possible.

V. CONCLUSION

In conclusion, we have shown that the surface polariton

mediated near-field heat transfer is modulated when magne-

toelectric coupling effect is involved in this transfer. We

demonstrate that in the presence of strong coupling effect, a

novel heat transfer channel is activated by the resonant tun-

neling modes with small wavenumbers. We also find that the

scattering rate, which characterizes the dissipative power in

material, significantly influences the effect of magnetoelec-

tric coupling on heat transfer. These emerging behaviors can

be exploited in applications of near-field TPV energy con-

version and the experimental realizations of near-field radia-

tive heat transfer.
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