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ABSTRACT: We theoretically propose and numerically demonstrate a
radiative thermal router based on magnetic Weyl semimetals. In designing
the thermal router, we utilize two unique properties of optical gyrotropy in
magnetic Weyl semimetals: great tunability and nanoscale inhomogeneity.
The proposed thermal router consists of three spheres made of magnetic
Weyl semimetals, one tunable and two fixed. It can direct a heat flow to a
drain of choice by moving the Weyl nodes in the tunable magnetic Weyl
semimetal using an external electric, magnetic, or optical field. Such a
Weyl-semimetal-based radiative thermal router could enable exciting
opportunities in energy harvesting and heat transfer applications.
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The exploitation of photon-based heat flow, in both the
near-field and far-field regime, is of substantial

importance for a wide range of technological applications,
including cooling and power generation.1−6 Motivated by
these applications, there are significant efforts in developing
schemes for active control of such photon-based heat flow.
Notable examples include the development of diodes,7,8

transistors,9 switches,10−12 modulators,13 and splitters14 for
radiative heat flow.
A key component for active control of photon-based heat

flow is a thermal router. The simplest thermal router consists
of three terminals: one source and two drains (Figure 1a,b). By
turning a control knob to vary the internal status of the thermal
router, the heat flux coming from the source can be directed
dominantly to either one of the two drains. More complex
radiative networks, including multiple channels, can be built by
cascading multiple thermal routers. Recently, Song et al. has
theoretically proposed to realize thermal routing using an array
of graphene-coated SiC nanoparticles.15 In this scheme,
thermal routing is achieved by adjusting the Fermi levels of
the graphene layers of individual particles, which is challenging
to achieve experimentally.
In this paper, we propose to use tunable magnetic Weyl

semimetals as an alternative approach to construct radiative
thermal routers. Magnetic Weyl semimetals16−23 can exhibit
extremely large gyrotropic optical responses in the mid-
infrared, which originates from their unique topologically
nontrivial electronic states and inherent time-reversal symme-
try breaking. Moreover, in some magnetic Weyl semimetals,
such an optical gyrotropy can be tuned electrically,24

magnetically,25,26 and optically.27 On the basis of such tunable
and strong optical gyrotropy, we design a radiative thermal

router, as shown in Figure 1c, which consists of three
nanoparticles made of Weyl semimetals. We show that efficient
thermal routing can be achieved by moving the Weyl nodes in
the Brillouin zone of one of the particles using an external
electric, magnetic, or optical field.
The rest of this paper is organized as follows: Optical

Properties of Magnetic Weyl Semimetals briefly reviews the
optical property of magnetic Weyl semimetals relevant to
radiative heat transfer. Numerical Results provides the
numerical results of the designed radiative thermal router.
We conclude in Discussion and Conclusion.

■ OPTICAL PROPERTIES OF MAGNETIC WEYL
SEMIMETALS

In this section, we briefly review the optical properties of
magnetic Weyl semimetals that are important for the purpose
of radiative thermal routing.
Weyl semimetals are a novel class of three-dimensional

gapless topological matter.16−23 They feature accidental
degeneracies in their band structure called Weyl nodes.28

Each Weyl node acts as a source/drain of Berry curvature in
momentum space. The nontrivial topology of the Weyl nodes
leads to unique electronic and optical properties. In photonics,
Weyl semimetals have been proposed recently for constructing
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compact optical isolators29 and nonreciprocal thermal

emitters.30−32

For concreteness, we consider the simplest case of a

magnetic Weyl semimetal that hosts two Weyl nodes of

opposite chirality at the same energy, with a wavevector

separation of 2b. Such an ideal Weyl semimetal phase has been

experimentally realized recently in materials such as

EuCd2As2.
33

If we choose the crystal orientation of the Weyl semimetal

such that b is along the z ̂ direction, b = bz,̂ the effective

permittivity tensor becomes
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where εa = be2/(2π2ℏω). Thus, ε ̿ is asymmetric and breaks

Lorentz reciprocity. The diagonal term εd is calculated by using

the Kubo-Greenwood formalism within the random phase

approximation to a two-band model with spin degener-

acy:34−36
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Here, εb is the background permittivity, EF is the chemical
potential, Ω0 = ℏω/EF is the normalized real frequency, Ω =
ℏ(ω + iτ−1)/EF is the normalized complex frequency, τ−1 is the
Drude damping rate, G(E) = n(−E) − n(E), with n(E) as the
Fermi distribution function, rs = e2/4πϵ0ℏvF is the effective
fine-structure constant, vF is the Fermi velocity, g is the number
of Weyl points, and ξc = Ec/EF, with Ec as the cutoff energy
beyond which the band dispersion is no longer linear.35

Following ref 36, in this work we use the parameters εb = 6.2,
ξc = 3, τ = 450 fs, g = 2, b = 8.5 × 108 m−1, vF = 0.83 × 105 m/
s, and EF = 0.15 eV at T = 300 K.
We plot the calculated frequency dispersion of εd and εa in

Figure 2b and c, respectively. In the frequency range of
interest, the diagonal component εd can be well described by a
usual lossy Drude model (Figure 2b). The off-diagonal
component εa strongly depends on the Weyl node separation
2b (Figure 2c). The magnitude of εa can be comparable to that
of εd in the mid-infrared wavelengths, which indicates a highly
unusual and extremely large gyrotropic response. In compar-
ison, in commonly used gyrotropic medium at the mid-infrared
wavelength range, such as heavily doped semiconductor under

Figure 1. (a, b) Thermal router directs an incoming heat flow to a drain of choice. (c) Radiative thermal router based on tunable Weyl semimetals.
The system consists of three spheres of Weyl semimetal nanoparticles: tuning the location of the Weyl node in the momentum space of the center
particle results in the thermal routing.

Figure 2. (a) Electronic band structure of a magnetic Weyl semimetal with two Weyl nodes of opposite chirality separated by 2b in the wavevector
space. (b) The diagonal component εd of the permittivity tensor of the Weyl semimetal. (c) The off-diagonal component εa of the permittivity
tensor of the Weyl semimetal.
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external magnetic field, |ϵa|/|ϵd| ∼ 10−3, even under a strong
magnetic field of a few Tesla.37 Such a strong gyrotropy
originates from the unique topologically nontrivial electronic
states and inherent time reversal symmetry breaking in
magnetic Weyl semimetals and has been utilized to construct
compact isolator29 and nonreciprocal thermal emitters without
the need for an external magnetic field.30,31

As shown above, the optical gyrotropy of Weyl semimetals is
determined by their band topology, especially the locations of
Weyl nodes in the Brillouin zone. Therefore, the gyrotropic
response can be tuned by moving the Weyl points around in
the Brillouin zone. In most Weyl semimetals, the position of
the Weyl points in the Brillouin zone is fixed. (Here we refer to
these materials as “fixed” Weyl semimetals.) Recently, it was
discovered that there exist Weyl semimetals whose Weyl nodes
can be moved easily under moderate external fields. Such
materials are referred to as “tunable” Weyl semimetals. The
manipulation of Weyl nodes has been achieved electrically,24

magnetically,25,26 and optically.27 In particular, magnetic
textures in magnetic Weyl semimetals can provide convenient
handles for manipulating the Weyl nodes with a high
modulation speed by applying either an external magnetic
field25,26 or an electric current.24 For example, it has been
shown experimentally26 that, in Co2MnAl, an external
magnetic field B ≈ ±1 T can induce a giant Weyl node
separation 2b ≈ ±11 nm−1.
In addition to the great tunability of optical gyrotropy, there

is another unique opportunity offered by magnetic Weyl
semimetals: nanoscale inhomogeneity of optical gyrotropy.
Consider clusters of nanoparticles made of magnetic Weyl
semimetals. Since the optical gyrotropy of each particle is
determined by the band structure associated with each crystal,
particles with different crystal orientations can have very
different gyrotropic response. This is in sharp contrast with
clusters of magneto-optical particles, the optical gyrotropy of
which is solely determined by the external magnetic field.37,38

And, hence, it is hard to achieve nanoscale inhomogeneity of
optical gyrotropy in such systems.

■ NUMERICAL RESULTS

In this section, we numerically demonstrate a radiative thermal
router based on the optical properties of both fixed and tunable
Weyl semimetals.
We consider clusters of N spherical nanoparticles made of

magnetic Weyl semimetals that exchange heat via radiation
with each other and an environment (denoted as env). We
label the environment and the bodies as {0 ≡ env, 1, 2, ..., N}.
For concreteness, we assume the material parameters of all the

Weyl semimetal particles take the values as described in
Optical Properties of Magnetic Weyl Semimetals, except that
the Weyl node separation 2bi (i = 1, 2, ..., N) may be different
for different particles. All the nanospheres are assumed to have
the same radius of 100 nm.
For radiative heat transfer, one considers the spectral heat

flux to body j due to thermal noise sources in body i of
temperature Ti:

ω
ω

π
ω=

Θ
→ →S

T
F( )

( , )
2

( )i j
i

i j (3)

where Θ(ω, Ti) = ℏω/[exp(ℏω/kBTi) − 1], and Fi→j(ω)
denotes the temperature-independent transmission coefficient
from body i to j.39 The integrated heat flux from body i to j is
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In the linear response regime where the systems are near the
thermal equilibrium (i.e., Ti = Teq + ΔTi, Tenv = Teq, with ΔTi
≪ Teq), the integrated heat flux from body i to body j is

= + Δ→ → →S S G Ti j i j i j i
(eq)
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is the integrated heat flux from body i to body j at equilibrium,
and

∫ ω
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is the thermal conductance from body i to body j at Teq. In this
work, we calculate the transmission coefficients following the
framework developed in ref 39, which uses a self-consistent
scattered field approach within the framework of fluctuational
electrodynamics and is, in principle, exact.
To elucidate the physics, we first consider thermal emission

from one nanosphere (N = 1) made of a magnetic Weyl
semimetal with tunable Weyl node separation 2b (Figure 3a).
We plot the transmission coefficient spectra from the sphere to
the environment in Figure 3b. When 2b = 0, the emission
spectrum exhibits a single peak at the wavelength λ = 9.1 μm,
which corresponds to the localized plasmon mode. This mode
is dipole-like and is 3-fold degenerate by symmetry. When 2b
≠ 0, such a 3-fold degenerate mode splits into three singly
degenerate modes, which manifest as three peaks in the
emission spectrum when 2b is large. The splitting of the

Figure 3. (a) Thermal radiation from a nanosphere made of magnetic Weyl semimetal. The sphere has a radius of 100 nm. The material parameters
are given in the main text. The Weyl node separation is 2b. (b) The spectra of transmission coefficient from the nanosphere to the environment at
different values of 2b.
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resonant frequencies increases as 2b increases. One of the three
modes is b-independent, while the other two are strongly b-
dependent.40 These two b-dependent modes are the “circular”
modes where the modal fields rotate clockwise and counter-
clockwise around the b direction, respectively.41 Such a
rotation is induced by the gyrotropic response. The b-
independent mode is the “non-rotating” mode that exhibits
zero angular momentum.

Then we consider two spheres made of magnetic Weyl
semimetals (N = 2). We study two different configurations, as
shown in Figure 4a,b. In both cases, the centers of the two
spheres are separated by 320 nm along the x-axis. The two
cases differ in the configuration of Weyl node separations. In
the first case called the parallel configuration (Figure 4a), the
Weyl node separations of the two spheres are the same in
magnitude and parallel in direction, that is, 2b1 = 2b2. In the
second case, called the antiparallel configuration (Figure 4b),

Figure 4. Radiative heat transfer between two nanospheres made of magnetic Weyl semimetals. The material parameters are given in the main text.
Both spheres have the same radius of 100 nm. The centers of the two spheres are separated by 320 nm along the x-axis. (a) The parallel
configuration where the Weyl node separation 2b1 = 2b2. b denotes the magnitude of b1 and b2, and θ denotes the angle between b1 (and b2) and
the x-axis. (b) The antiparallel configuration where the Weyl node separation 2b1 = −2b2. b denotes the magnitude of b1 and b2, and θ denotes the
angle between b1 (and −b2) and the x-axis. (c) The thermal conductance G1→2 = G2→1 ≡ G12 as functions of θ and b for the parallel configuration
as shown in (a). (d) The thermal conductance G1→2 = G2→1 ≡ G12 as functions of θ and b for the antiparallel configuration, as shown in (b).

Figure 5. (a) Radiative thermal router consisting of three spheres made of magnetic Weyl semimetals. All the three spheres have the same radius of
100 nm. The centers of the three spheres form an isosceles triangle in the x−y plane with a leg length of 320 nm, a base length of 554 nm, and a
vertex angle of 120°. The sphere 1 located at the apex is made of a tunable magnetic Weyl semimetal with the Weyl node separation 2b1 along the
z-direction controlled by an external field. Spheres 2 and 3 are made of fixed magnetic Weyl semimetals with 2b2 = 1.0 nm−1 and 2b3 = −1.0 nm−1

along the z-direction, respectively. (b) Thermal conductance G1→2 and G1→3 as a function of 2b1. (c) The contrast 2(G1→2 − G1→3)/(G1→2 + G1→3)
as a function of 2b1.
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the Weyl node separations of the two spheres are the same in
magnitude and antiparallel in direction, that is, 2b1 = −2b2. In
both cases, we denote the magnitude of b1 and b2 as b, and the
angle between b1 and the x-axis as θ. Accordingly, the angle
between b2 and the x-axis is θ in the parallel configuration and
π + θ in the antiparallel configuration.
We numerically calculate the thermal conductance G1→2 and

G2→1 as functions of θ and b. Figure 4c and d show the results
for the parallel and antiparallel configurations, respectively. We
verify that G1→2 = G2→1 ≡ G12 for all θ and b in both
configurations, as required by the inversion symmetry in the
parallel configuration and the 2-fold rotation symmetry around
the z-axis in the antiparallel configuration, respectively.42

(Here, we note that 2b is an axial vector.) For each given value
of θ, G12 monotonically decreases as b increases in both
configurations. This results from the strong spectral splitting
and shift of the localized plasmon modes induced by the
gyrotropic responses, as shown in Figure 3b. Such an effect is
similar to the giant thermal magnetoresistance between two
magneto-optical plasmonic particles.40 For a given value of b,
G12 has a θ dependence in each configuration. This angular
dependence arises from the anisotropic thermal emission of
these particles induced by the optical gyrotropy, which leads to
the corresponding anisotropy in the photon tunneling.
Importantly, such a θ dependence is significantly different for
the parallel and antiparallel configurations. The contrast is
especially sharp when θ = 90°: at the same value of b, G12 in
the antiparallel configuration is much larger than that in the
parallel configuration. This can be intuitively understood from
the condition of mode matching. When θ = 90°, in the parallel
(antiparallel) configuration the “circular” modes in the two
spheres that are frequency matched have the same (opposite)
sense of rotation around the y-axis. The photon tunneling is
more efficient when the modes with the opposite sense of
rotation are frequency matched, since in this case at the gap
region between the particles, the fields of the modes in the two
particles move in the same direction and, hence, are
approximately phase-matched. Therefore, G12 becomes larger
in the antiparallel configuration when θ = 90°.
Based on the above observations, we provide a concrete

design of radiative thermal router using three spheres made of
magnetic Weyl semimetals, as shown in Figure 5a. The centers
of the three spheres form an isosceles triangle in the x−y plane
with a leg length of 320 nm, a base length of 554 nm, and a
vertex angle of 120°. The sphere 1 located at the apex is made
of a tunable magnetic Weyl semimetal with the Weyl node
separation 2b1 along the z-direction. 2b1 is controlled by an
external field, which provides the control knob of the radiative
thermal router (cf. Figure 1). The other spheres 2 and 3 are
made of fixed magnetic Weyl semimetals with 2b2 = 1.0 nm−1

and 2b3 = −1.0 nm−1 along the z-direction, respectively.
We calculate and plot in Figure 5b the thermal conductance

G1→2 and G1→3 as a function of b1. There is a relation G1→2(b1)
= G1→2(−b1), as required by symmetry. Importantly, G1→2 and
G1→3 strongly depend on 2b1. G1→2 exhibits a sharp peak when
2b1 = −2b2 = −1.0 nm−1. This can also be explained by mode
matching: when 2b1 = −2b2, the modes with the opposite
sense of rotation in spheres 1 and 2 are frequency matched,
and photon tunneling is more efficient. Similarly, G1→3 exhibits
a sharp peak when 2b1 = −2b3 = 1.0 nm−1. As a side note, the
numerical results indicate that, even though such a system is
nonreciprocal, the nonreciprocal effect is weak in radiative heat
transfer: G1→2 ≈ G2→1 and G1→3 ≈ G3→1.

Since G1→2 and G1→3 exhibit very different behaviors when
2b1 is varied, the structure can achieve the required
functionality of radiative thermal routing. To evaluate the
performance quantitatively, we plot the contrast function,
defined as 2(G1→2 − G1→3)/(G1→2 + G1→3), as a function of b1
in Figure 5c. Since the thermal conductance is always non-
negative, the contrast is bounded below by −2 and above by 2
by definition. In our structure, the contrast reaches the
maximum value 1.1 when 2b1 = −1.0 nm−1 and the negative
maximum value −1.1 when 2b1 = 1.0 nm−1, which indicates a
good performance of radiative thermal routing. Moreover, we
have numerically verified that the contrast function plotted in
Figure 5c is not sensitive to modest variations of the sphere
radii or the side lengths of the isosceles triangle if the vertex
angle is fixed. This indicates the robustness of the radiative
thermal routering.

■ DISCUSSION AND CONCLUSION

In this work, we focus on the frequency and wavevector regime
where the nonreciprocal surface plasmon modes are associated
with the collective behavior of bulk carriers close to the surface.
Weyl semimetals also feature topological Fermi arc surface
states,43,44 which can support surface plasmon modes.45 The
study of nonreciprocal thermal emission from such Fermi arc
plasmons will be presented in the future.
In conclusion, we have demonstrated a radiative thermal

router based on magnetic Weyl semimetals. The design utilizes
two unique properties of optical gyrotropy in magnetic Weyl
semimetals: great tunability and nanoscale inhomogeneity.
Such a thermal router consists of three spheres made of
magnetic Weyl semimetals: one tunable and two fixed. It can
direct a heat flow to a drain of choice by moving the Weyl
nodes in the tunable magnetic Weyl semimetal with an external
electric, magnetic, or optical field. The designed Weyl-
semimetal-based radiative thermal router could enable exciting
opportunities in energy harvesting and heat transfer
applications, in an analogy with controlling electrical current
in integrated circuits or light propagation in photonic circuits.
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