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We propose a mechanism of active near-field heat transfer modulation relying on externally
tunable metamaterials. A large modulation effect is observed and can be explained by the coupling
of surface modes, which is dramatically varied in the presence of controllable magnetoelectric
coupling in metamaterials. We finally discuss how a practical picosecond-scale thermal modulator
can be made. This modulator allows manipulating nanoscale heat flux in an ultrafast and
noncontact (by optical means) manner. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4790292]

Radiative heat transfer between surfaces in close prox-
imity has attracted much attention since it has been predicted
that the heat flux can break the Planck’s blackbody radiation
law.! This effect, due to the tunneling of evanescent waves,
is pronounced only in the near-field, i.e., at separation of
surfaces smaller than the characteristic thermal wavelength.
Particularly, enhancement that is several orders of magnitude
over blackbody limit occurs if the heat transfer involves ther-
mally excited surface modes,>™ such as surface plasmon and
phonon polaritons. Considerable theoretical effort has been
devoted to understand the detailed mechanism of near-field
heat transfer in a number of geometries®'? and materials.'*°
Near-field thermal effect has been verified in recent
experiments®*%* and holds promise for applications such as
imaging,>**> energy conversion,”*?® and noncontact local-
ized heating.?’

Despite these progress, relatively little attention has
been focused on how to actively control this transfer. This
has deep implications for applications in photonic thermal
circuits and thermal management in nanoelectronics. Since
near-field heat flux is intimately related to optical properties
of materials, one possibility is to modulate heat flow by
using materials whose properties can be tuned by external
stimulus. To this end, several schemes have been put forward
by employing phase-change materials,”*>* graphene,*-**
anisotropic structures,” as well as temperature dependent
materials.’®>” However, limited by properties of the applied
materials, existing schemes involve only tuning the dielectric
response. The potential to control heat flux with tunable
magnetic and magnetoelectric coupling response has not
been explored yet. In this paper, we present an alternative
scheme for controlling near-field heat flux. It shows that, by
using the size and sign of magnetoelectric coupling in meta-
materials as controllable parameters, it is feasible to achieve
a large heat flux modulation effect.

Metamaterials are artificially structured materials pos-
sessing many unusual properties, such as negative refrac-
tion,”® magnetism up to optical frequencies,”® and giant
magnetoelectric coupling (chiral metamaterials).** These
properties are gained from the unit-cells that replace atoms
of natural materials as basic elements in light-matter interac-
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tions. Based on the flexibility of unit-cell design, tunable
metamaterials are constructed by incorporating photo- or
electric-active materials (e.g., semiconductors).‘“J‘3 This
makes it possible to switch the electromagnetic responses
through photoexcitation or external voltage. Specifically,
recent progress***® has made metamaterials with tunable
magnetoelectric coupling possible. More importantly,
switching of different responses induced by photoexcitation
can be achieved within very short time.*'*® Therefore, this
metamaterial has great potential to make an ultrafast thermal
modulator.

Consider two chiral metamaterials (labeled 1 and 2),
modeled as planar semi-infinite objects, separated by a vac-
uum gap of thickness d, and maintained in local thermody-
namic equilibrium with temperature 7', and T5. The radiative
heat flux across the gap can be calculated by fluctuational
electrodynamics introduced by Rytov.*” In this framework,
both the far-field contribution and the near-field enhance-
ment of heat transfer have been taken into account. In gen-
eral, first the correlation function of stochastic current
density is related to the system temperature by fluctuation
dissipation theorem; then, the fluctuational field is solved by
Green’s dyadic technique; finally, the heat flux is obtained
from the statistically averaged Poynting vector. For the case
of planar parallel bodies considered here, the net near-field
heat flux ¢ between the two surfaces is given by'”

0= w1 - 0w

dk
X{J K Tr[(I-R;-R)-Dp> - (1-R; -R;) D},
k

H<k0 n

dk "
+J —“kHTr[(R; —Ry)-Dpp- (R; —R})-Di,Je 2},
kH>k0 27‘[

(D
where O(w,T) = how/(exp(hw/kgT) — 1) is the average
energy of Planck’s oscillator, kg = w/c, kjandy = 4 /k% — kﬁ

are, respectively, parallel and normal component of vacuum
wavevector. Tr is the trace operator, the symbol * denotes

hermitian conjugation, and D1, = (I — Ry - Rze’z‘”*"'dfl with
R; the reflection matrix defined as

© 2013 American Institute of Physics
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where ¢ gives the ratio of the reflected waves with b-polar-

ization to the incident waves with a-polarization, and s (p)
corresponds to transverse magnetic (electric) polarization.
For isotropic media, the off-diagonal elements in Eq. (2)
vanish and the diagonal elements reduce to the well-known
Fresnel coefficient in terms of electric permittivity ¢ and
magnetic permeability p. However, for chiral media, the
constitutive relation has the form*® D = gyeE + ixH /c and
B = pouH — ikE/c, where ¢ = 1/, /e[l is the vacuum light
speed, and « is chirality parameter characterizing the magne-
toelectric coupling response. In this case, both the diagonal
and off-diagonal elements in the reflection matrices become
non-zero due to magnetoelectric coupling effect. Assuming
the incidence of the electromagnetic waves is from vacuum
to chiral media, the reflection coefficients can be explicitly
written as*®

o 0 =& A L) A (Gl =) g
FT M )&+ E) +2men(ELE + 1)
P (g —m*)(&s + &) —2mon(&.¢- — 1) 3b
R ) B el [N ) M
P DS 2i’70’7(§+ - 57) 3
" LA E) + 2mn(EiE + 1)) G
where 1y = \/ 1o/ €0, n; = \/Hok/&oei, and S+ =y, /n=y in

which n+ = NCITTES S and vy, =
tively, the refraction indices and normal wavevector compo-
nents of the two circular polarized waves in chiral media.

Now we proceed to demonstrate how near-field heat flux
can be modulated by using the dynamic characteristic of
magnetoelectric coupling in metamaterials. The constitutive
parameters of chiral media with single resonance are written
in a general form*’

nikj — k2 are, respec-

Q.07
() @ —?+iY0’ (42)
Q,0?
o) =1——5—F——e, (4b)
w? — o +iY,0
+Q
k() = e e (4c)

. )
o — w2 +iYo

where g, w,, and w, denote the resonance frequencies of
the dielectric, magnetic, and chirality responses; Y, Y, and
Y, are the damping factors; Q, €, and Q, account for the
resonance strength of the permittivity, permeability, and
chirality, respectively. For chiral metamaterials, the dielec-
tric, magnetic, and chirality resonances generally have the
same frequency, wg = w; = w, = w,.. Moreover, the second
law of thermodynamics requires that the lossy part of the
constitutive parameters must satisfy the inequality,’®
Im?(x) < Im(e)Im(p); therefore, there exists an upper limit
for Q.. For the convenience of numerical analysis, we
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assume the same damping factor, Y = Y, = Y, = Y, the
limit value can thus be obtained by substituting Egs. (4a)—(4c)
into the inequality, i.e., Q. = |/Q,Q,.

In what follows, two metamaterial designs with distinct
tunability are considered: the design in Ref. 44 allowing
switching chiral metamaterial between its initial handedness
and the opposite handedness, and the design in Ref. 45 ena-
bling continuous modulation of chirality. It should be noted
that these metamaterials are designed specifically for electro-
magnetic responses in THz frequency region. Since the
response frequency of a metamaterial scales inversely with
its unit-cell geometrical dimension up to optical frequency
(i.e., the size-scaling rule),’' ™ it is expected that these
designs can be miniaturized to possess responses in the infra-
red that is of interest for near-field radiative heat transfer. In
principle, the size-scaling rule keeps valid as long as the
metal in the unit-cell behaves as ideal metal. According to
Ref. 53, the minimum dimension of the size-scaling regime
for effective miniaturization of the unit-cell is approximately
55 nm. Here, it must be pointed out that since this minimum
value is for a specific design of metamaterial (i.e., split ring
resonator), a rigorous numerical simulation should be carried
out to determine the separation at which the size-scaling rule
breaks down for other metamaterial designs.

We first consider a setup including two metamaterials
with the constitutive parameters, &, = &, [l = [y, K| = K2
(without control) and x; = —x; (under control). To quantify
the heat flux modulation induced by the chirality reversion,
we define the relative difference of heat transfer coefficients
between the two configurations as M = (hp — h¢)/ho,
where i = limy, _.7,_r[q/(T> — T1)], and the subscript O and
C corresponds to the original and controlled state, respec-
tively. Without loss of generality, the parameters are taken
as wyg = 3 x 10" rad/s, Y = 0.01wy, Q, = 2, Q, = 0.5, and
T, — T, < T, = 300K. Figure 1(a) displays modulation M
as a function of dimensionless separation distance d = d/ Ao
(Ao = (2nc)/wy is the resonance wavelength) for different
sizes of chirality. It shows that modulation of heat transfer
exists since the heat transfer coefficient in the case of two
identical metamaterials (x; = k») is always larger than that
in the case of opposite chirality (k; = —k,). Moreover, the
modulation favors configurations with strong chirality and
the maximum modulation shown in Fig. 1(a) is found to be
0.7.

In order to understand the physical origin of heat flux
modulation, we examine the distribution of near-field heat
flux in the (k|,®) plane, which is dictated by the integrand
of Eq. (1). As shown in Figs. 1(b) and 1(c), for both configu-
rations, heat flux is mainly transferred through channels in
the vicinity of the surface mode resonance frequencies
(0 =1.08cw9 and ® = 1.60w, for the system considered
here). This indicates that when the two parallel surfaces are
closely spaced in the near field, heat transfer is dominated by
the coupling of surface modes at the resonance frequencies.
Since the dispersion relation of the surface modes corre-
sponds to the pole of the reflection coefficients in Eq. (3), the
resonances can be found by evaluating the asymptotic behav-
ior of these coefficients. Indeed, in the limit kj > ko,
o = (o4 D) (= 1) = 2]/0. 1y [(e— 1)(u+1) - /o,
and ry, ~ —2ki/a with 0 = (¢ +1)(u+ 1) — k*. The surface
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FIG. 1. (a) Near-field heat flux modulation effect due to chirality reversion,
defined as relative difference of heat transfer coefficients between two chiral
metamaterials with same handedness (x| = x;) and opposite handedness
(k1 = —K»), as a function of separation distance. The contour plot (a.u.) of
the integrand of Eq. (1) in the (k|, ®) plane is displayed for (b) the configu-
ration of same handedness, and (c) the configuration of opposite handedness,
at Q, =0.9and d/y = 0.01.

mode resonances are therefore exhibited at frequencies
where (&4 1)(u+ 1) = 2. It should be noted here that the
resonance frequencies are independent of the sign of k.
However, the coupling efficiency of the surface modes
shows significant difference as sign of « is reversed. For the

Appl. Phys. Lett. 102, 053106 (2013)

configuration of opposite x, we observe that the coupling of
surface modes fades out at a cutoff value kﬁ ~ 40k, for
o =1.08wy, and kﬁ ~ 50k for @ =1.60my. In contrast,
more coupling modes (kﬁ ~ 50k( and 65k for two resonan-
ces, respectively) and stronger coupling strength is found to
contribute to heat transfer for the configuration of same
handedness.

It is clear from the above analysis that two discrete lev-
els of near-field heat flux can be achieved by only switching
the handedness of metamaterials, now we turn to investigate
the heat flux modulation using dynamical metamaterials that
allow tuning x continuously. In Fig. 2(a), we plot the
logarithmic contour of heat flux between two metamaterials
with the constitutive parameters, & = &, U; = [, and
Q1, Q2 € [—1, 1]. It shows that at fixed separation distance
considered here (d ~ 0.01), different combinations of Q,;
and Q,, lead to a wide range modulation of heat flux. The
maximal heat flux occurs around Q,; = Q,, = 0.1 (P2 in
Fig. 2(a)) and is about 7% larger than the heat flux in the ab-
sence of magnetoelectric coupling in materials. It is also
found that the maximal heat flux is more than one order
larger than the minimal heat flux, which occurs in the ther-
modynamic limit of the chiral media [P4, Q. = —Q,»
= 1.0]. The pattern of heat flux modulation shown on the

1.0 1.2 1.4 1.6
w /(00

Heat transfer coefficient h ( 10°Wm” K'l)
98]
(@]

FIG. 2. (a) Logarithmic contour plot of heat flux between two tunable meta-
materials with Q, individually varying in the interval [—1, 1] at
d/2y = 0.01. Different combinations of Q,; and Q,, are marked from P1 to
P4 (P1 is the case with no magnetoelectric coupling; P2 and P4 denotes the
maximal and minimal heat flux, respectively). (b) Spectral variation of near-
field heat transfer coefficient for P1 to P4 marked in (a).
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contour and the large heat transfer contrast can be attributed
to the contribution of coupled surface modes in different
configurations. We note that symmetrical or anti-
symmetrical configurations (x; = Kk, or k¥; = —K3) tend to
generate a large heat flux between the surfaces. The underly-
ing mechanism is that for such configurations, surface mode
resonances are excited on both material surfaces at identical
frequencies, and thus lead to more efficient coupling of sur-
face modes at the resonances. On the contrary, for non-
symmetrical configurations, surface modes on the two surfa-
ces move out of resonance, resulting in weak coupling. As
confirmed in Fig. 2(b), where the heat flux spectral variation
for different points (from P1 to P4) is plotted, the heat trans-
fer contrast in the figure is mainly due to the rapidly falling
off of & at the surface mode resonance frequencies.

In the following, we discuss in more detail the possibil-
ity to make a practical heat flux modulator. Our theoretical
predictions are based on effective medium approximation
(EMA) that the metamaterial is regarded as homogeneous
medium characterized by effective constitutive parameters
shown in Egs. (4a)—(4c). In fact, the EMA can be used as
long as the wavelength of the important electromagnetic
fluctuation, which is on the order of the separation distance
between surfaces, is larger than the atomic dimension of the
medium,54 ie., d > [, where [ is the unit-cell dimension.
Moreover, one can also consider that a nonlocal model is
necessary if the parallel wave vectors of evanescent modes
are on the order of 7//. Since the exponential in the transmis-
sion coefficient in Eq. (1) sets a cut-off wave vector of evan-
escent modes contributing to near-field heat transfer which is
~1/d, one finds that a local effective medium description is
permissible for d > I/n. Hence, it can be seen that for the
given unit-cell dimension considered here, the separation
distances set at d > 60nm can be viewed as appropriate.
However, the EMA should be cautiously applied in small
separation distances and a precise minimum separation at
which the EMA is invalid can only be obtained through nu-
merical simulation for a concrete material.

On the other hand, note that thermal modulation is pro-
nounced at d < 0.01 4y, indicating that the metamaterial
should possess a large wavelength-to-structure ratio
(Ao/a > 100) to ensure a well defined EMA. In reality, some
specific metamaterials with very compact inner structure
(e.g., the Swiss roll design® with 2 /a larger than a few hun-
dred) can be good candidates for this purpose. However, it
should also be noted that due to its compact structure, the
suggested Swiss roll design cannot guarantee neither the
electromagnetic response in the infrared nor a separation dis-
tance smaller than a hundred nanometers at which the EMA
is valid. In reality, for practical near-field thermal applica-
tion, the present scheme is still limited by current metamate-
rial design methods. In addition, the fabrication of complex
metamaterials structures on micron/nanometer scale remains
to be a challenging problem.

To illustrate the potential of tunable metamaterial for
fast heat flux modulation, we compare our scheme with the
reported schemes using phase-change material®®*! and
graphene-based structure.®® For photoexcitation controlled
metamaterials, the tunability of the electromagnetic responses
is accomplished by generating a high concentration of free
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charge carrier (and thus change the electric conductivity of
the metamolecules) using an optical pulse. The pump fluence
of the pulse enables to modulate the strength of the response.
The switching time between different responses is determined
by the carrier lifetime of the photo-active materials integrated
into the metamolecules. It has been shown that by appropri-
ately engineering the materials with short carrier lifetime, the
switching time can be minimized to be as short as a few pico-
seconds.*® Thus, it is seen that an ultrafast thermal modulator
can be made. Moreover, the heat flux control can be either
continuous or discrete, depending on specific design of the
metamaterials (as shown in our calculation). In comparison,
heat flux modulation using the switching of two discrete
states (crystal-amorphous or metal-insulator) of phase-change
materials is on the order of a few nanoseconds, which is sev-
eral orders of magnitude slower than the present scheme;
instead the high carrier mobility of graphene that can be
tuned by gating enables a high operating frequency up to a
hundred gigahertz, comparable to the switching frequency of
dynamic metamaterials. Furthermore, after a limited number
of cycles, thermal modulator made with phase-change materi-
als ceases to be reversible since the heating pulse causes
incomplete state transition, and eventually leading to indistin-
guishable dielectric property between different phases.” On
the contrary, reversibility of the present scheme relies on the
carrier recombination that can be completely recovered to the
initial state transiently following the optical pulse. Therefore,
this suggests a different mechanism for improving cycle en-
durance of thermal modulator.

In conclusion, we show that modulation of near-field heat
transfer can be realized by means of metamaterials, which can
be externally tuned for obtaining desired electromagnetic
responses. We show that, by using the size and sign of magne-
toelectric coupling response as controllable parameters, a
large heat flux modulation effect is feasible. It must be pointed
out that our purpose of this Letter is to reveal the possibility
of active nanoscale thermal modulation that can be operated
ultrafast and by optical means, rather than give a complete
account. Therefore, there exist plenty of other possibilities for
obtaining noncontact and ultrafast thermal modulation based
on the concept proposed here, such as using optically con-
trolled semiconductors and even conceiving of the schemes
working effectively in the ultra-near-field regime where the
EMA breaks down. Along with the present scheme, we
believe metamaterials that are specifically designed for near-
field thermal application are necessary. On the other hand, for
simplicity, we consider the simple parallel planes and ideal
metamaterial responses, further practical realization of this
scheme can be extend to more general configurations and
complex metamaterial properties, which can benefit from the
great flexibility in engineering geometrical and optical proper-
ties of metamaterials.

Y.H. gratefully acknowledges support from the Funda-
mental Research Funds for the Central Universities (Grant
No. YWF-11-03-Q-028).

'D. Polder and M. V. Hove, Phys. Rev. B 4, 3303 (1971).
K. Joulain, J.-P. Mulet, F. Marquier, R. Carminati, and J.-J. Greffet, Surf.
Sci. Rep. 57, 59 (2005).


http://dx.doi.org/10.1103/PhysRevB.4.3303
http://dx.doi.org/10.1016/j.surfrep.2004.12.002
http://dx.doi.org/10.1016/j.surfrep.2004.12.002

053106-5 Cui etal.

3A. 1. Volokitin and B. N. J. Persson, Rev. Mod. Phys. 79, 1291 (2007).

4S-A. Bichs, E. Rousseau, and J.-J. Greffet, Phys. Rev. Lett. 105, 234301
(2010).

SP. Ben-Abdallah and K. Joulain, Phys. Rev. B 82, 121419 (2010).

5G. Domingues, S. Volz, K. Joulain, and J.-J. Greffet, Phys. Rev. Lett. 94,
085901 (2005).

’S.-A. Biehs, Eur. Phys. J. B 58, 423 (2007).

8A. Narayanaswamy and G. Chen, Phys. Rev. B 77, 075125 (2008).

°p. Ben-Abdallah, K. Joulain, J. Drevillon, and G. Domingues, J. Appl.
Phys. 106, 044306 (2009).

oM. Kriiger, Th. Emig, and M. Kardar, Phys. Rev. Lett. 106, 210404
(2011).

'1C. Otey and S. Fan, Phys. Rev. B 84, 245431 (2011).

'?P. Ben-Abdallah, S.-A. Biehs, and K. Joulain, Phys. Rev. Lett. 107,
114301 (2011).

13C.J. Fuand Z. M. Zhang, Int. J. Heat Mass Transfer 49, 1703 (2006).

1p. Ben-Abdallah, K. Joulain, and A. Pryamikov, Appl. Phys. Lett. 96,
143117 (2010).

15K, Joulain, J. Drevillon, and P. Ben-Abdallah, Phys. Rev. B 81, 165119
(2010).

165 -A. Biehs, P. Ben-Abdallah, F. S. S. Rosa, K. Joulain, and J.-J. Greffet,
Opt. Express 19, A1088 (2011).

'7S.-A. Biehs, M. Tschikin, and P. Ben-Abdallah, Phys. Rev. Lett 109,
104301 (2012).

18y, Guo, C. L. Cortes, S. Molesky, and Z. Jacob, Appl. Phys. Lett. 101,
131106 (2012).

L. Cui, Y. Huang, and J. Wang, J. Appl. Phys. 112, 084309 (2012).

204, Narayanaswamy, S. Shen, and G. Chen, Phys. Rev. B 78, 115303 (2008).

2IE. Rousseau, A. Siria, G. Jourdan, S. Volz, F. Comin, J. Chevrier, and J.-J.
Greffet, Nat. Photonics 3, 514 (2009).

2R, S. Ottens, V. Quetschke, S. Wise, A. A. Alemi, R. Lundock, G. Muel-
ler, D. H. Reitze, D. B. Tanner, and B. F. Whiting, Phys. Rev. Lett. 107,
014301 (2011).

23S, Shen, A. Mavrokefalos, P. Sambegoro, and G. Chen, Appl. Phys. Lett.
100, 233114 (2012).

%Y. De Wilde, F. Formanek, R. Carminati, B. Gralak, P.-A. Lemoine, K.
Joulain, J.-P. Mulet, Y. Chen, and J.-J. Greffet, Nature 444, 740 (20006).

A, Kittel, U. F. Wischnath, J. Welker, O. Huth, F. Riiting, and S.-A. Biehs,
Appl. Phys. Lett. 93, 193109 (2008).

26A. Narayanaswamy and G. Chen, Appl. Phys. Lett. 82, 3544 (2003).

2K, Park, S. Basu, W. P. King, and Z. M. Zhang, J. Quant. Spectrosc.
Radiat. Transfer 109, 305 (2008).

M. Francoeur, R. Vaillon, and M. P. Mengli¢, IEEE Trans. Energy
Convers. 26(2), 686 (2011).

2B. I. Lee, Y.-B. Chen, and Z. M. Zhang, J. Quant. Spectrosc. Radiat.
Transfer 109, 608 (2008).

30p_J. van Zwol, K. Joulain, P. Ben Abdallah, J. J. Greffet, and J. Chevrier,
Phys. Rev. B 83, 201404 (2011).

Appl. Phys. Lett. 102, 053106 (2013)

3p_J. van Zwol, K. Joulain, P. Ben-Abdallah, and J. Chevrier, Phys. Rev. B
84, 161413 (2011).

32p_J. van Zwol, L. Ranno, and J. Chevrier, Phys. Rev. Lett. 108, 234301
(2012).

3V, B. Svetovoy, P. J. van Zwol, and J. Chevrier, Phys. Rev. B 85, 155418
(2012).

0. Ilic, M. Jablan, J. D. Joannopoulos, I. Celanovic, H. Buljan, and M. Sol-
jacic, Phys. Rev. B 85, 155422 (2012).

33S.-A. Biehs, P. Ben-Abdallah, and F. S. S. Rosa, Appl. Phys. Lett. 98,
243102 (2011).

3C. R. Otey, W. T. Lau, and S. Fan, Phys. Rev. Lett. 104, 154301 (2010).

37S. Basu and M. Francoeur, Appl. Phys. Lett. 98, 113106 (2011).

*¥R. A. Shelby, D. R. Smith, and S. Schultz, Science 292, 77 (2001).

3C. Enkrich, M. Wegener, S. Linden, S. Burger, L. Zschiedrich, F. Schmidt,
J. F. Zhou, Th. Koschny, and C. M. Soukoulis, Phys. Rev. Lett. 95,
203901 (2005).

403 B. Pendry, Science 306, 1353 (2004).

“w. I Padilla, A. J. Taylor, C. Highstrete, M. Lee, and R. D. Averitt, Phys.
Rev. Lett. 96, 107401 (2006).

“2H.-T. Chen, W. J. Padilla, J. M. O. Zide, A. C. Gossard, A. J. Taylor, and
R. D. Averitt, Nature 444, 597 (2006).

L. V. Shadrivov, P. V. Kapitanova, S. I. Maslovski, and Y. S. Kivshar,
Phys. Rev. Lett. 109, 083902 (2012).

44S. Zhang, J. Zhou, Y.-S. Park, J. Rho, R. Singh, S. Nam, A. K. Azad, H.-T.
Chen, X. Yin, A. J. Taylor, and X. Zhang, Nature Commun. 3, 942 (2012).

4J. Zhou, D. R. Chowdhury, R. Zhao, A. K. Azad, H.-T. Chen, C. M. Sou-
koulis, A. J. Taylor, and J. F. O’Hara, Phys. Rev. B 86, 035448 (2012).

4OH.-T. Chen, W. J. Padilla, J. M. O. Zide, S. R. Bank, A. C. Gossard, A. J.
Taylor, and R. D. Averitt, Opt. Lett. 32, 1620 (2007).

478, M. Rytov, Y. A. Kravtsov, and V. L. Tatarskii, Principles of Statistical
Radiophysics (Springer-Verlag, Berlin, 1989), Vol. 3.

4BA. Lakhtakia, Beltrami Fields in Chiral Media (World Scientific, Singa-
pore, 1994).

“R. Zhao, T. Koschny, and C. M. Soukoulis, Opt. Express 18, 14553
(2010).

301, v, Lindell, A. H. Shivola, S. A. Tretyakov, and A. J. Viitanen, Electro-
magnetic Waves in Chiral and Bi-Isotropic Media (Artech House, Boston,
1994).

51]. B. Pendry, A. J. Holden, W. J. Stewart, and 1. Youngs, Phys. Rev. Lett.
76, 4773 (1996).

32J. Pendry, A. J. Holden, D. J. Robbins, and W. J. Stewart, IEEE Trans.
Microwave Theory Tech. 47, 2075 (1999).

333, Zhou, Th. Koschny, M. Kafesaki, E. N. Economou, J. B. Pendry, and C.
M. Soukoulis, Phys. Rev. Lett. 95, 223902 (2005).

>¥E. M. Lifshitz and L. P. Pitaevskii, Statistical Physics, Part 2 (Pergmon,
Oxford, 1980).

M. H. R. Lankhorst, B. W. S. M. M. Ketelaars, and R. A. M. Wolters, Nat.
Mater. 4, 347 (2005).


http://dx.doi.org/10.1103/RevModPhys.79.1291
http://dx.doi.org/10.1103/PhysRevLett.105.234301
http://dx.doi.org/10.1103/PhysRevB.82.121419
http://dx.doi.org/10.1103/PhysRevLett.94.085901
http://dx.doi.org/10.1140/epjb/e2007-00254-8
http://dx.doi.org/10.1103/PhysRevB.77.075125
http://dx.doi.org/10.1063/1.3204481
http://dx.doi.org/10.1063/1.3204481
http://dx.doi.org/10.1103/PhysRevLett.106.210404
http://dx.doi.org/10.1103/PhysRevB.84.245431
http://dx.doi.org/10.1103/PhysRevLett.107.114301
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2005.09.037
http://dx.doi.org/10.1063/1.3385156
http://dx.doi.org/10.1103/PhysRevB.81.165119
http://dx.doi.org/10.1364/OE.19.0A1088
http://dx.doi.org/10.1103/PhysRevLett.109.104301
http://dx.doi.org/10.1063/1.4754616
http://dx.doi.org/10.1063/1.4759055
http://dx.doi.org/10.1103/PhysRevB.78.115303
http://dx.doi.org/10.1038/nphoton.2009.144
http://dx.doi.org/10.1103/PhysRevLett.107.014301
http://dx.doi.org/10.1063/1.4723713
http://dx.doi.org/10.1038/nature05265
http://dx.doi.org/10.1063/1.3025140
http://dx.doi.org/10.1063/1.1575936
http://dx.doi.org/10.1016/j.jqsrt.2007.08.022
http://dx.doi.org/10.1016/j.jqsrt.2007.08.022
http://dx.doi.org/10.1109/TEC.2011.2118212
http://dx.doi.org/10.1109/TEC.2011.2118212
http://dx.doi.org/10.1016/j.jqsrt.2007.08.003
http://dx.doi.org/10.1016/j.jqsrt.2007.08.003
http://dx.doi.org/10.1103/PhysRevB.83.201404
http://dx.doi.org/10.1103/PhysRevB.84.161413
http://dx.doi.org/10.1103/PhysRevLett.108.234301
http://dx.doi.org/10.1103/PhysRevB.85.155418
http://dx.doi.org/10.1103/PhysRevB.85.155422
http://dx.doi.org/10.1063/1.3596707
http://dx.doi.org/10.1103/PhysRevLett.104.154301
http://dx.doi.org/10.1063/1.3567026
http://dx.doi.org/10.1126/science.1058847
http://dx.doi.org/10.1103/PhysRevLett.95.203901
http://dx.doi.org/10.1126/science.1104467
http://dx.doi.org/10.1103/PhysRevLett.96.107401
http://dx.doi.org/10.1103/PhysRevLett.96.107401
http://dx.doi.org/10.1038/nature05343
http://dx.doi.org/10.1103/PhysRevLett.109.083902
http://dx.doi.org/10.1038/ncomms1908
http://dx.doi.org/10.1103/PhysRevB.86.035448
http://dx.doi.org/10.1364/OL.32.001620
http://dx.doi.org/10.1364/OE.18.014553
http://dx.doi.org/10.1103/PhysRevLett.76.4773
http://dx.doi.org/10.1109/22.798002
http://dx.doi.org/10.1109/22.798002
http://dx.doi.org/10.1103/PhysRevLett.95.223902
http://dx.doi.org/10.1038/nmat1350
http://dx.doi.org/10.1038/nmat1350

	d1
	d2
	n1
	d3a
	d3b
	d3c
	d4a
	d4b
	d4c
	f1a
	f1b
	f1c
	f1
	f2a
	f2b
	f2
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55

