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The equality between the spectral directional emittance and absorptance of an object under local ther-
modynamic equilibrium is known as Kirchhoft’s law of radiation. The breakdown of Kirchhoff’s law of
radiation is physically allowed by breaking time reversal symmetry and can open opportunities for nonreciprocal
light emitters and absorbers. Large anomalous Hall conductivity and angle recently observed in topological
Weyl semimetals, particularly type-I magnetic Weyl semimetals and type-1I Weyl semimetals, are expected to
create large nonreciprocal electromagnetic wave propagation. In this work, we focus on type-I magnetic Weyl
semimetals and show via modeling and simulation that nonreciprocal surface plasmon polaritons can result in
pronounced nonreciprocity without an external magnetic field. The modeling in this work begins with a single
pair of Weyl nodes, followed by a more realistic model with multiple paired Weyl nodes. Fermi-arc surface states
are also taken into account through the surface conductivity. This work points to the promising applicability of
topological Weyl semimetals for magneto-optical and energy applications.
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I. INTRODUCTION

Kirchhoff’s law of radiation establishes the equality be-
tween the spectral directional absorptance «,(s) and the
spectral directional emittance €,(—s) of an object in local
thermodynamic equilibrium, i.e., «,(s) = €,(—s), where w
and =s are the frequency and the direction of incoming and
outgoing radiation, respectively. Fundamentally, Kirchhoff’s
law of radiation underlies the theoretical efficiency limit in
radiative energy conversion since converting absorbed incom-
ing radiation into another form of energy, such as electricity
or heat, always entails the outgoing emission at the same
wavelength in the same direction from the object, which
causes an intrinsic loss [1-3]. It has been argued [2.,4,5] that
Kirchhoff’s law of radiation is not a required condition for
the validity of the second law of thermodynamics in systems
that exchange radiative energy, but rather a result of the
Lorentz reciprocity theorem in which the only assumptions
are a linear constitutive relation and symmetric permittivity
and permeability tensors [6,7]. Thus, the violation of Kirch-
hoff’s law of radiation, i.e., nonreciprocity in the spectral
directional absorptance and emittance, is physically allowed,
and its realization can open opportunities for light emitters and
absorbers for a wide range of radiative applications including
solar photovoltaics, thermophotovoltaics, and antennas [1,8].

Nonreciprocity in a medium often arises due to nonzero
antisymmetric off-diagonal elements of the dielectric tensor
of the medium, which creates nonreciprocal electromagnetic
modes [9]. One way to create the antisymmetric off-diagonal
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elements is by inducing magnetic responses either by the Hall
response under an external magnetic field or by spontaneous
magnetization in materials, namely, the anomalous Hall effect
[10]. The anomalous Hall effect can originate from skew scat-
tering and side-jump scattering due to impurities, collectively
referred to as extrinsic mechanisms and/or the so-called intrin-
sic mechanism that is closely related to geometrical properties
of the electronic band structure, known as the Berry curvature.
In fact, it is known that the anomalous Hall conductivity due to
the intrinsic mechanism is given as the integration of the Berry
curvature of the occupied Bloch states over the first Brillouin
zone [11].

In magneto-optics, the nonreciprocal transmission and re-
flection of light realized by magneto-optical materials has
been widely studied in photonic and plasmonic devices for
optical isolators, circulators, and sensing based on magneto-
optical Faraday and Kerr effects [9,12—17]. In the context of
thermal radiation, the nonreciprocity in directional spectral
emittance and absorptance, or equivalently the violation of
Kirchhoff’s law of radiation, has been predicted by cou-
pling the incident light to nonreciprocal modes created by
a magneto-optical material, indium arsenide (InAs), under
an external magnetic field of 3 T [2] and 0.3 T [18]. From
a practical point of view, however, large nonreciprocity in
the emission and absorption spectra without the necessity
of an external magnetic field is of great interest. However,
conventional ferromagnets such as nickel possess a small
anomalous Hall angle, and thus the nonreciprocity remains
small [19].

Recently, a class of materials called Weyl semimetals
has attracted significant attention [20-22]. The linear bulk
electronic bands around paired band-crossing points called
Weyl nodes near the Fermi energy make the low-lying
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excitations behave as relativistic Weyl fermions. Moreover,
Weyl semimetals host topologically protected Fermi-arc sur-
face states connecting the projection between the paired Weyl
nodes. The topological protection of the Fermi-arc surface
states is discussed by considering the projection of the bulk
Brillouin zone to the surface Brillouin zone [21]. The corre-
sponding two-dimensional (2D) subsystem is a 2D quantum
Hall system and an integer Chern number between Weyl nodes
assures the existence of chiral edge modes. In the momentum
space, these chiral edge modes form an arc that emerges from
a Weyl node of one chirality and terminates into a Weyl node
of opposite chirality. The annihilation of Weyl nodes only oc-
curs by meeting these Weyl nodes with different chiral charges
in the momentum space, yet their separation is protected
as long as either time reversal symmetry (magnetic Weyl
semimetals) or spatial inversion symmetry (noncentrosym-
metric Weyl semimetals), or both, is broken. Noncentrosym-
metric Weyl semimetals have shown potential for optoelec-
tronic applications, e.g., large second-order polarizability for
nonlinear optics [23], large bulk photovoltaic effect for sens-
ing and energy harvesting [24], and the quantized photogal-
vanic effect [25]. For nonreciprocal optical responses, how-
ever, magnetic Weyl semimetals are of more interest due to
nonvanishing integrated Berry curvature of occupied electron
states. Moreover, the Weyl nodes are the singular points of the
Berry curvature around which the Berry curvature becomes
large. This results in a fascinating phenomenon observed in
both ferromagnetic and antiferromagnetic Weyl semimetals:
the large anomalous Hall effect [26-30]. It is known that
conventional ferromagnets such as iron and nickel possess
large anomalous Hall conductivity oapg ~ 10° Q7! cm™! but
small anomalous Hall angle oapg/o ~ 1073, where o is the
longitudinal conductivity [31]. In contrast, both large anoma-
lous Hall conductivity and large anomalous Hall angle ranging
from 0.01 to 0.38 were observed in ferromagnetic and anti-
ferromagnetic Weyl semimetals [26-28]. As we will discuss
in this work, the energy difference of two surface plasmon
modes with opposite propagation direction is proportional to
the ratio of off-diagonal to diagonal elements of the dielectric
tensor. This ratio can be interpreted as the anomalous Hall
angle at finite frequency. Despite the nonmonotonic frequency
dependence of the anomalous Hall conductivity, the large
anomalous Hall angle is a key to achieving large nonreciprocal
optical response. Therefore, Weyl semimetals are a class of
materials that is expected to exhibit large nonreciprocal wave
propagation [32].

In this work, with an effective model that describes the
optical response of both bulk Weyl fermions and surface
Fermi-arc states connecting paired Weyl nodes, we show that
a class of magnetic Weyl semimetals can be a promising
material for nonreciprocal light emitters and absorbers due
to its large anomalous Hall effect. Particularly, we show
that Kirchhoff’s law of radiation can be appreciably broken
without an external magnetic field.

II. VIOLATION OF KIRCHHOFF’S LAW OF RADIATION

The Kirchhoff’s law of radiation is often derived from
thermodynamic argument by considering the thermal equilib-
rium between a black surface and a nonblack surface [33,34].
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FIG. 1. (a) A black hemispherical enclosure and a small non-
black surface in thermodynamic equilibrium. Positions of two sur-
face elements dA; and dA; are shown in the spherical coordinate.
(b) Paths of radiative heat exchange between a nonblack element and
two black elements: (1) direct radiative heat exchange between black
surfaces (black lines), (2) radiation emitted from dA; and reflected by
nonblack element toward dA; (blue line), and (3) radiation emitted
from nonblack element to dA; (green line). Radiation emitted from
dAj to dA is partially absorbed and reflected toward dA; (red line).

However, Snyder et al. [5] pointed out the deficiencies in
the typical thermodynamic argument considering a nonblack
surface in thermodynamic equilibrium with a hemisphere
black enclosure, and derived conditions for the Kirchhoff’s
law of radiation to be valid based on the bidirectional re-
flectance distribution function of the nonblack surface. Zhu
and Fan [2] used a three-surface geometry to reach the same
argument when a nonblack surface is specular. Greffet and
Nieto-Vesperinas [6] started from coherence theory to gen-
eralize the bidirectional reflectance distribution function and
discussed the conditions for the validity of the Kirchhoff’s
law of radiation, arriving at similar results as Snyder et al. [5].
In the following, we will review the conditions to violate the
Kirchhoff’s law of radiation to arrive at the results of Snyder
et al. [5] and Zhu and Fan [2].

We consider a hemispherical enclosure of unit radius
that is perfectly reflecting except a small frequency interval
[w, w + dw] over which the enclosure is black, and a small
nonblack surface area dA at the center of the hemisphere
as shown in Fig. 1(a). We consider that the enclosure and
the nonblack surface are in thermodynamic equilibrium via
radiative heat exchange only. The hemispherical geometry
can be used without loss of generality and helps to simplify
the derivation. The assumption of thermodynamic equilibrium
imposes that net radiative heat flux through any element in the
system must be zero.

We consider radiative heat exchange between the nonblack
element and a small black element dA; on the hemisphere as
shown in Fig. 1(b). The radiation that arrives at the element
dA; consists of three components: the emitted radiation from
the entire black enclosure (1) directly reaching the element
dA; (excluding the nonblack element and the element dA;
itself); (2) reaching the element dA; via reflection at the
nonblack element dA; (3) radiation emitted by dA reaching
directly the element dA;. For the first contribution, it can
be shown that direct radiative heat exchange between two
black elements dA; and dA; is net zero due to the geometrical
reciprocity of diffuse view factor and hence to all integrated
area of dA;. Consequently, the net radiative heat exchange
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between the black element dA; and the nonblack element dA
must be zero because they are also in equilibrium.

Next, we find the net radiation exchange between dA
and dA; in the presence of the rest of the black enclosure.
The thermal radiation reaching dA; via dA consists of (1)
emission from dA and (2) reflected surrounding radiation to
dA; via dA [Fig. 1(b)]. The emission from dA to dA; is
€0 (8 )p (T )dwdA cos 0;d244—4a; Where €,(s;) is the spec-
tral directional emittance of dA, I;,(T) blackbody intensity,
and 6; is the polar angle defined in Fig. 1(a). We introduced a
shorthand notation, s; = [sin 6, cos ¢, sin 0, sin ¢;, cos 0,17,
for the direction of the element dA; in the spherical coordi-
nate. d€24a—q4, 18 the solid angle subtended by the element
dA; seen from the element dA and it is equivalent to the area
dA; due to the hemisphere of unit radius, i.e., dQg4—qa;, =
dA;. The incident radiation on the nonblack element from
the element dA; is Ip, (T )dwdA;d2qs,—aa Where dQqa,—qa =
dAcos6;. A fraction of this irradiation is reflected by
dA toward dAjI Ibw(T)dwdA,-deAi,dpr(s,v — 8; )deAfdA,”
where p,(s; — s;) is the spectral bidirectional reflectance dis-
tribution function defined as the ratio of the reflected spectral
radiative intensity toward s; to the incoming spectral radiative
power per unit area normal to the incoming direction s;. Since
radiation emitted from the entire hemisphere can reach to
the element dA; after reflection, we must integrate over the
hemispherical solid angle. The sum of the two contributions
is the radiosity from the nonblack element and this must be
equal to the radiation emitted from the element dA ; toward the
nonblack element I, (T )dwdA jd 244,44 Where d Qupj—aa =
dA cos 0;; which leads to

Gw(Sj)‘i‘/ Po(Si = 8;)dRqa—aqa, = 1, (1
Q

where €2 means the entire hemispherical solid angle. Also,
we used the reciprocity of diffuse view factor dA;d244,—qa =
dA cos 6;d244_44, to obtain Eq. (1). Note that the solid an-
gle integration over the entire hemisphere includes radiation
emitted by dA; reflected back by the nonblack surface to dA;.

Similarly, the emitted radiation from the black element dA ;
toward the nonblack element is partially absorbed and the rest
is reflected to the entire hemisphere and we obtain

(=) + / pols; = $)duran =1, ()
Q

where «,,(—s;) is the spectral directional absorptance of the
nonblack element. From Egs. (1) and (2), we obtain

6w(sj) - Olw(_sj)

_ / [Pu(s; = ) — pols; — $)1dQusas, (3
Q

This is the result Snyder et al. [5] obtained. When we assume
that the surface of the nonblack element is specular, then
the elements dA; and dA; must be on the same plane of
incidence (¢; = ¢; + ) and also the reflection angle must
be symmetric (6; = 6;). Therefore, the radiative heat ex-
change occurs between only the three elements. Then, Eq. (3)

becomes

€0(8j) — 0y (=S;) = [0u(S; = 8;) — Pu(Si = §;)]dRia—aa,

= ru(S; —> 8;) — 1y(Si — 8;), 4)

where r,, = p,dS2 is the spectral directional reflectance of
the nonblack surface dA. This is the result Zhu and Fan
obtained [2]. In the system obeying the Lorentz reciprocity,
the bidirectional reflectance distribution function is reciprocal,
Po(Sj —> Si) = pu,(s; — s;), and the Kirchhoff’s law of radi-
ation holds, €,(s;) = a,(—s;) [4,6,35]. However, if one real-
izes a nonreciprocal reflector, p,,(s; — 8;) # p,(Si — §;), by
breaking the Lorentz reciprocity, the violation of the Kirch-
hoff’s law of radiation results without breaking the second
law of thermodynamics. Magnetic Weyl semimetals provide a
platform to achieve this by breaking time reversal symmetry.

Previous thermodynamic arguments missed [33,34] the
fact that the total radiative heat exchange between dA; and
dA must be zero when both direct and reflected radiative
heat fluxes are included, but individual contributions from
reflection, emission, and absorption can be different. Rather,
radiation exchange between dA; and dA was assumed equal
[33] or the reciprocity in reflection was introduced without
further discussion [34], both of which lead to the Kirchhoff’s
law of radiation as is conventionally understood.

III. DIELECTRIC FUNCTION MODEL

Several models of the dielectric tensor of type-I Weyl
semimetals have been proposed. The approach in [32,36] is
based on the constitutive relation of the electric displace-
ment field that includes two additional terms describing the
anomalous Hall current and the chiral magnetic effect, both
of which contribute to off-diagonal elements of the dielectric
tensor [36,37]. Both effects are the manifestations of the chiral
anomaly, i.e., nonconservation of the chiral current, and are
described by the axion term in the electromagnetic field action
[38]. The Weyl node separation in the momentum space is
effectively a magnetic field in momentum space acting on
fermions and induces the off-diagonal element oapg(w)/w =
2ie*|b|/mliw, where &b is the locations of the Weyl nodes
in the momentum space. Although this expression is derived
for the Fermi energy located at the Weyl node, this intrinsic
contribution dominates over the extrinsic contribution as long
as the Fermi energy is small enough so two Fermi surfaces of
two Weyl nodes do not merge [39]. For the diagonal terms, the
one-band model that only describes the intraband contribution
[36] as well as the two-band model that includes the interband
transition [32] was proposed. Recently, the dielectric tensor
of noncentrosymmetric Weyl semimetals TaAs and NbAs was
also calculated from a first-principles approach based on den-
sity functional theory [40] and showed good agreement with
experiments [41,42]. The dielectric tensor is also studied with
the Kubo formula for effective Weyl Hamiltonians [43,44].

In this work, our modeling of the local dielectric ten-
sor of a type-I magnetic Weyl semimetal is based on
the work reported in Ref. [43]. Our effective Hamilto-
nian describes two connected Weyl cones [45,46] H(k) =
hvp[(kf + k\z, — mz)/2b€7x + ky6y + k.6.], where vp is the
Fermi Velocity, 6; (i =x, y, z) are the Pauli matrices, and m is
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FIG. 2. (a) Electronic band structure of the effective Hamiltonian on the surface of k, =0, and (b) at the projection to the k, =k, =0
plane. The occupied electron states are illustrated in the solid blue region. (c), (e) Real and (d), (f) imaginary parts of local dielectric tensor
and surface optical conductivity of the magnetic Weyl semimetal modeled by the effective Hamiltonian for Er = 60 meV. The Fermi velocity,
the Weyl node separation, and the dissipative loss are vy = 1.0x10° m/s and 2b = 0.45 A, and y = 1.5 meV, respectively.

the control parameter of the effective Hamiltonian; we let m =
b*. The two Weyl nodes are separated in the k, direction by
2b. The quadratic terms are introduced in order to connect the
two Weyl cones. The electronic band dispersion on the surface
k, = 0 of the effective Hamiltonian is shown in Fig. 2(a).
Although the effective Hamiltonian that contains quadratic
terms in all directions is more general, we only consider
the quadratic terms in k. and k, as they already capture the
essential physics. The eigenstates of the bulk Weyl fermions
and the Fermi-arc surface states described by the effective
Hamiltonian can be analytically derived. Once the eigenstates
are known, the optical conductivity is calculated by the Kubo
formula. The model gives both the bulk and surface optical
conductivities. The bulk optical conductivity includes both
intraband and interband transitions of bulk Weyl fermions and
the surface conductivity includes the surface-to-surface and

surface-to-bulk transitions due to the Fermi-arc surface states.
The bulk dielectric tensor from a single pair of Weyl nodes
when the Weyl node separation is in the k, direction is written
as

exx(w) 0 0
&(w) = 0 gyy(w) ig |, 5)
0 —ig & (w)

where the diagonal terms are related to the bulk optical
conductivity o (w) via &,,(®) = &, + % (n=x,y,z) and
g = 0y;(w)/&ow is the contribution from the anomalous Hall
effect. ¢, is the background dielectric constant that accounts
for contributions from free carriers in other bands as well
as dielectric response at high frequencies. &j is the vacuum
permittivity. We take &, = 10, but our results have little to
do with this choice. In calculations of the dielectric tensor,
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we set the temperature to 7= 0 K throughout our calculation
to maintain a closed-form expression for the dielectric tensor
[43]; the incorporation of the temperature dependence is
straightforward.

Weyl semimetals possess topologically protected Fermi-
arc surface states. In our model, the eigenstates of the Fermi-
arc states can be analytically calculated. Using those eigen-
states, the optical surface conductivity tensor 65(w) is calcu-
lated by the Kubo formula by including the surface-to-surface
and surface-to-bulk transitions. The surface conductivity ten-
sor 6% (w) has a similar structure to the bulk dielectric tensor,
i.e., nonzero aysz(w). In our optical simulation, we model the
presence of the Fermi-arc states as the existence of surface
charge and surface current, which is directly incorporated in
the electromagnetic interface conditions. For the anomalous
Hall effect term g, the effective Hamiltonian only accounts for
the contribution from the vicinity of the Weyl nodes, which
may be considered as an underestimation of the anomalous
Hall conductivity since the larger contribution to the anoma-
lous Hall conductivity can originate from nodal lines far from
the Weyl nodes, as observed in some ferromagnetic Weyl
semimetals such as Co,Sn;S, [27]. The expressions of the
bulk dielectric tensors and the surface conductivity tensors
used in this work can be found in the Supplemental Material,
Sec. 1 [47].

In the dielectric tensor model, five parameters (b, vg, Er,
¥, and y;) need to be determined. Here y;, and y; are dissi-
pative losses of bulk Weyl fermions and Fermi-arc fermions
due to interactions. To reasonably select the parameters,
we take relevant values from the literature. We consider
two Fermi energies above the Weyl nodes: Er = 60 meV
and Er = 100 meV. Those magnitudes of the Fermi energy
are comparable to those of magnetic Weyl semimetals in-
cluding Co3Sn,S; (Erp ~ 60 meV) [26,27] and Co,MnGa
(Er ~ 80 meV) [48]. The existing literature predicted the
existence of many other magnetic Weyl semimetals [49-51].
We set the Fermi velocity to be vy = 1.0x 10° m/s, which
is also in the range of theoretically and experimentally
determined values in ferromagnetic Weyl semimetals in-
cluding Co3Sn,S; [26,27] (vp ~ 1.3 x 10° m/s), Coo,MnGa
(vr ~ 1.2 x10* m/s) [48], Y2IrnO7; (2x10°m/s) [52], and
Eu,Ir,07 (4 x 10°m/s) [53]. We choose the Weyl node
separation 2b = 0.45 A~!, also close to the separations ob-
served in the above materials. With these parameters, the
electronic band structure on the k, axis (k, = k; = 0) is shown
in Fig. 2(b) for the two Fermi energies. At Er = 60 meV,
the Fermi surface consists of two separate surfaces, each of
which encloses a single Weyl node. In this case, the intrinsic
mechanism of anomalous Hall conductivity (dc limit) has
been shown to dominate [39] and oapg = 2e2|b| /mh is a
good approximation. With our Fermi velocity, the two Fermi
surfaces from the two Weyl nodes merge above ~80meV.
Thus, at Fermi energy Er = 100 meV, the Fermi surface is
one sheet across the two Weyl nodes and the anomalous
Hall conductivity decreases drastically at low frequencies
(Supplemental Material, Sec. 2 [47]). The purpose of selecting
Er = 100 meV is to study the nonreciprocal behavior above
this point where the anomalous Hall conductivity becomes
smaller. The dissipative loss of bulk Weyl fermions y;, and
surface Fermi-arc states y,, which is formally given as the

imaginary part of the electron self-energy, is less straight-
forward to obtain. In our model of the dielectric tensor, we
sety =y, =y, =1.5meVand y = y, = y, = 4.2 meV for
Er =60 meV and Er = 100 meV, respectively. Depending
on interactions and disorders that exist in the Weyl semimetal,
the magnitude of the dissipative loss can vary. Taking these
representative parameters, we study the optical responses of
magnetic Weyl semimetals.

Figures 2(c)-2(f) show the real and imaginary parts of
the bulk dielectric tensor and surface conductivity tensor
elements from a pair of Weyl nodes in the medium. The
Fermi energy is 60 meV. Those for Er = 100 meV are shown
in the Supplemental Material, Sec. 3 [47]. The real parts
of the dielectric tensor elements have peaks at the onset of
the interband transition, £ = 2Ep, and the imaginary parts
become large around this onset frequency due to the absorp-
tion of light. At low frequencies, the contributions from the
intraband transition dominate, and the dielectric tensors show
Drude-like responses. The surface conductivity elements are
normalized by e?/h. As we will show later, the existence of
Fermi-arc surface states can create additional channels for
light absorption and can alter the dispersion relation of surface
plasmons due to bulk Weyl fermions. The dispersion relation
of Fermi-arc surface plasmons and their coupling to bulk
plasmons have been studied previously [54-57].

IV. OPTICAL GRATING STRUCTURE

In Sec. 1I, we discussed that the violation of Kirchhoff’s
law of radiation results from the nonreciprocity of spectral
directional reflectance when the surface is specular. In a trans-
lationally invariant and optically thick system, no fraction of
incident light transmits through the system, and the nonre-
ciprocity in reflection is also equivalent to the nonreciprocity
in spectral directional absorptance from two axisymmetric di-
rections «,,(0) # o, (—0). Furthermore, in order to assure that
the incoming radiation from the direction 6 is only reflected
into the direction —6@, we design a structure that diffracts
only zeroth-order mode. Under these conditions, we show the
nonreciprocity in spectral directional absorptance from two
axisymmetric angles to discuss the breakdown of Kirchhoft’s
law of radiation. In this work, we design a structure that sup-
ports nonreciprocal surface plasmon polaritons (SPPs) at the
interface of a dielectric and a magnetic Weyl semimetal. We
consider a structure made of a low-loss dielectric grating with
a nondispersive and isotropic dielectric constant g; =10 +
i0.01 on top of a magnetic type-I Weyl semimetal as shown
in Fig. 3. The entire structure is in air. It is known that a
nonreciprocal SPP mode exists in the Voigt configuration,
where the spontaneous magnetization or external magnetic
field in the x direction is perpendicular to the direction of
SPP propagation in the y direction [36,58]. Also, the direction
of the spontaneous magnetization is almost parallel to the
Weyl node separation direction. Thus, we consider the crystal
orientation of the magnetic Weyl semimetal such that its spon-
taneous magnetization is in parallel to the surface and directed
to the x direction. We focus on p-polarized light (magnetic
field pointing in the x direction) as only it excites SPPs. Inside
the bulk of a Weyl semimetal, however, all components of
the electromagnetic fields can be nonzero. The dispersion
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FIG. 3. Optical grating structure made of a low-loss dielec-
tric with ¢; = 10 +i0.01 on top of a semi-infinite magnetic Weyl
semimetal with its Weyl node separation 2b in the k, direction. The
period, width, height, and thickness of the gratings are A, w, &, and
t, respectively. The light is incident at angle 6 and p polarized (the
magnetic field is along the x direction).

relation of SPPs can be derived by seeking an exponentially
decaying electric field in both air and the Weyl semimetal such
that the electric field satisfies the electromagnetic interface
conditions. By extending the dispersion relation of the SPPs
with a uniaxial dielectric tensor as discussed in [58] to the
biaxial dielectric tensor, we obtain the dispersion relation of
SPPs as

ca(q* — ek3) + gqvo + €210 =0, ©6)

where ¢ is the dielectric constant of the dielectric; y02 =q% —
caki and v} = e,,/6,,q> — (8,46, — &)k} /€., are the perpen-
dicular components of the wave vectors in the dielectric and
the Weyl semimetal, respectively. ky is the wave vector in vac-
uum. The dispersion relation contains a term proportional to g,
which creates the nonreciprocal propagation w(q) # w(—q).
Clearly, in the absence of the anomalous Hall effect (g = 0)
the dispersion is quadratic in g, replenishing the reciprocity
w(g) = w(—¢q). In the limit |g| > ko, the dispersion relation
Eq. (6) can be approximated as |&y,(w)| = g — &4 = 0. There-
fore, the energy difference of the two counterpropagating
SPPs is wider as the ratio Re[g]/|eyy(w)| becomes large. At
the low-frequency range where ¢, is small compared to the
intraband contribution, then the ratio above is interpreted
as the anomalous Hall angle at finite frequency. Since the
largely separated frequencies of the two nonreciprocal SPPs
in the limit |g| > ko will give a larger frequency window in
which the two SPP branches have well-separated propagation
constants, materials with a large Re[g]/|ey,(w)| are suitable
to achieve near-complete violation of Kirchhoff’s law of
radiation without an external magnetic field. Although we
discussed the behavior in the limit |g| > ko, the propagation
wave vector is still much smaller than the Fermi wave vector
|g] < kg; thus the nonlocality of the dielectric function is
negligible.

Besides the SPPs and the Fermi-arc surface states, the
bulk plasmons are supported in the Weyl semimetal. The
dispersion relations of the bulk plasmons are obtained from
the wave propagation equation n(n - E) — n’E — 8(w)E =0
where n = ck/w and E is the electric field in the Weyl
semimetal. From the wave propagation equation, the disper-
sion relations of bulk plasmons propagating in the y direction

(ny = n; =0, n, # 0) in the Weyl semimetal are given by

€0 = Exx,  &x = (836, — &)/ (cos’pe,, + sin*gpe,y), (7)

where o and ex are the ordinary and extraordinary modes,
respectively, and ¢ is the polar angle of propagation inside the
Weyl semimetal.

V. RESULTS AND DISCUSSION

A. Single Weyl pair without the Fermi-arc states

First, we consider the case of a prototypical Weyl semi-
metal that possesses a single pair of Weyl nodes. Figure 4(a)
shows the dispersion relations of the SPPs at the interface of
the dielectric and such a Weyl semimetal, as well as those
of the bulk plasmons (blue-shaded region) with respect to
the effective refractive mode index n.;. The effective re-
fractive index is defined as ¢ = negrko, where ¢ is the wave
vector along the propagation direction. The Fermi energy is
60 meV. Note that this dispersion relation does not include the
Fermi-arc surface state and the dispersion relation of SPPs is
calculated assuming no dissipative loss. At low frequencies,
the effective refractive mode index is close to the light line
of the dielectric (Re[n.s] ~ +/Re[eq] ~ 3.16). At frequencies
above E/Er ~0.35, or equivalently ~5THz, the two SPP
modes start to show nonreciprocity. The SPPs propagating
in the negative y direction continue to be supported at higher
energy until they merge with the extraordinary bulk plasmon
mode (leaky mode). The green lines are the dispersion of the
grating equation ne;r = sinf + mA /A at the incident angles of
6 = £60° and the diffracting orders of m = =1 for the case of
A =20 um, respectively. As seen, we expect that the SPPs’
excitation occurs at around E/Er ~ 0.37 and 0.41 for 60 =
460° and —60°, respectively. In reality, the frequencies will
shift due to the imaginary parts of the bulk dielectric tensor
elements. With the model dielectric functions, we solved the
frequency-domain Maxwell’s equations in the grating struc-
ture by the finite-element method to numerically obtain the
spectral directional absorptance of the grating structure. We
first consider the case without the presence of the Fermi-
arc surface state. By tuning the height and thickness of the
grating, h and ¢, we can design the structure to achieve
complete absorption at the incident angle of 8 = —60° as
shown in Fig. 4(b). The spectral directional absorptance for
the angle of incidence 6 = 60° still shows high absorptance
of ~0.8 at a lower frequency by AE ~ 0.03Er due to the
nonreciprocal SPPs. The geometrical parameters of the struc-
ture are stated in the caption of Fig. 4. As shown, the Weyl
semimetal exhibits large nonreciprocity without an external
magnetic field. Moreover, since the structure is optically thick
and only supports the zeroth-order diffraction, the difference
in the spectral directional absorptance is equivalent to the
difference in the spectral directional reflectance, thereby vi-
olating Kirchhoff’s law of radiation [2]. One may expect
even larger nonreciprocity at frequencies above E/Er ~ 0.4,
as the dispersion relation predicts unidirectional propagation
of SPPs. However, the Weyl semimetal becomes absorptive
due to the bulk plasmons at those frequencies as shown in
Fig. 4(a), and the absorption peaks from nonreciprocal SPP
modes are inundated in the high bulk absorptance. In fact,
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FIG. 4. (a), (c) Dispersion relation of SPPs for the angles of incidence 6 = —60° (blue) and 6 = +60° (red), respectively. The dispersion
of the grating for the diffracting order m = %1 (green) as well as that of bulk plasmons (blue region) are shown. With the shared y axis,
spectral absorptance of the semi-infinite Weyl semimetal for the incident angle & = £60° is shown. (b), (d) Spectral directional absorptance
of the grating structure for the incident angles of & = £60°. All simulations do not include the Fermi-arc surface states. The upper (a), (b)
and lower (c), (d) panels are for Er = 60 meV and Er = 100 meV, respectively. The geometrical parameters of the grating structure are (b)
A=20pum,w=A/2,h=1.6 um,t =3 um; (d) A =59 um, w =A/2,h =095 um,t = 1.2 pm.

the spectral directional absorptance of the grating structure
at higher frequencies in Fig. 4(b) shows a similar trend to
the spectral directional absorptance of bulk Weyl semimetal
shown in Fig. 4(a) since bulk plasmon absorption is domi-
nant. Thus, we must design the structure at the frequencies
where the nonreciprocal propagation is evident, yet the Weyl
semimetal is not lossy. Similarly, the nonreciprocal absorption
spectra can be achieved at the Fermi energy of 100 meV as
shown in Figs. 4(c) and 4(d) with the larger peak separation
AE ~ 0.04EF. For both cases, the large nonreciprocity with-
out external magnetic field is due to the occurrence of the
coupling to the SPP modes at the frequency range where the
ratio remains large: Re[g]/Re[e,y] ~ 0.6. At lower frequen-
cies, the Weyl semimetal becomes more reflective, which is
favorable for achieving resonant absorption with high quality
factor, but the nonreciprocity becomes small as Re[g]/Rele,, ]
is small. On the other hand, at higher frequencies, the non-
reciprocity becomes large, but the Weyl semimetal becomes
lossy; thereby the two absorption peaks overlap over a wide

range of frequencies. As a consequence, one needs to find the
optimized condition at the frequency region in between the
two.

B. Single Weyl pair with the Fermi-arc states

Next, we include the Fermi-arc surface states in our simula-
tion. The Fermi-arc surface states exist for the parallel wave-
vector component k2 + ky2 < b?. Since the propagation con-
stant of nonreciprocal SPPs is g = negko ~ 10°—10° m~',
the Fermi-arc surface states can be simultaneously supported
by the structure and will alter the behavior of SPPs. In our
optical simulation, we incorporate the effects of the Fermi-
arc states via the interface conditions of the electromagnetic
field (Supplemental Material, Sec. 4 [47]). The finite surface
conductivity tensor due to the existence of the Fermi-arc
surface states creates surface charge as well as surface current
components parallel to the surface, thereby making the tan-
gential components of magnetic fields no longer continuous.
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Specifically, the magnetic field components H, and H, jump
by the amount of the surface current components parallel
to the surface, il . = Y, 05E; and il | = >, 0 E;. Moreover,
the surface current component normal to the surface i =
>, 05E; is finite due to nonzero crgV and o2, which creates
dipole moments normal to the surface. As a result, the tangen-
tial components of electric field E, and E, also jump by the
spatial derivative of the normal surface current i/ sowaxif_ . and
i/ eowayifqz. Figures 5(a) and 5(b) show the spectral directional
absorptance of the grating structure at the Fermi energies 60
and 100 meV in the presence of the Fermi-arc surface states.
The presence of the Fermi-arc surface states creates additional
absorption channels and broadens the spectral directional
absorptance peaks. Also, the absorption peak slightly reshifts
for Er = 60 meV while it does not affect the peak position
when Er = 100 meV. The shift of the absorption peak is more
prominent at lower Fermi energy.

C. Multiple Weyl pairs

Finally, we consider a more realistic case in which a Weyl
semimetal possesses multiple Weyl nodes. Previously, multi-
ple paired Weyl nodes were modeled by simply multiplying
the diagonal components of the optical conductivity tensor
of a single Weyl cone by the number of Weyl cones, while
keeping the anomalous Hall conductivity the same as the
contribution from a single Weyl pair [32]. In realistic Weyl
semimetals, multiple pairs of Weyl nodes are not oriented
in the same direction. In this work, we include relative
orientations of Weyl node pairs in the model of bulk and
surface conductivity tensors to investigate their effects on
the dielectric response and the spectral absorptance. As a
representative material for taking account of relative orien-
tation of Weyl node pairs, we use the Weyl node locations
and its relative orientations of half-metallic Heusler ferro-
magnet Co3Sn,S;. There are a total of six Weyl nodes in
this material and it is numerically found that a Weyl node
is located at (0.360922, —0.059795, —0.059809) [27] in
terms of fractional coordinates of the rhombohedral recip-

rocal structure. The locations of the other five Weyl nodes
can be determined by Cj rotational symmetry and inversion
symmetry as shown in the inset of Fig. 6(a). By transforming
to the orthonormal coordinates where one of the pair of Weyl
nodes is aligned with the k, axis, we can represent the other
two Weyl nodes in the orthonormal coordinate via rotation
(Supplemental Material, Sec. 5 [47]). As a result, we model
the total bulk dielectric tensor as the summation of the con-
tributions from the three oriented Weyl pairs: &(w) = &,/ 3 +
Eweyl (@) + RoBwey (@) (R2)T + R3Bweyi (@) (R3)T, where I is
the identity matrix and &wey is the dielectric tensor of a
single Weyl node pair given in Eq. (5) and R, and Rj are the
matrices that transform the other two pairs of Weyl nodes.
Note that all the elements of the total dielectric tensor in
this model are nonzero; thereby we must include all electric
and magnetic field components in the interface conditions.
Figures 6(a) and 6(b) show the comparison of the diagonal
(vy) and off-diagonal (yz) components of the dielectric tensor
in our model and those elements obtained by the simple multi-
plication, i.e., £(w) = epl 5 + 38wey1 (). It can be seen that the
diagonal elements are not affected by the different orientation
of Weyl node pairs while the off-diagonal elements can result
in an overestimation if one uses the simple multiplication.
The surface conductivity tensor is also modeled in a similar
manner. All tensor elements in our model are shown in Sec. 6
of the Supplemental Material [47]. Figures 6(c) and 6(d) show
the absorption spectra for Er = 60 meV and Er = 100 meV,
respectively. Both figures show the comparison between the
cases with and without the presence of the Fermi-arc surface
states. The structure can be designed so it exhibits resonant
absorption peaks, and even in this realistic model, the non-
reciprocity is still appreciable. Therefore, we expect that the
nonreciprocity can be experimentally observed in realistic
magnetic Weyl semimetals. Moreover, our model takes into
account the contributions to the anomalous Hall conductivity
only from the vicinity of the Weyl node pairs. The inclusion
of the contributions from the entire Brillouin zone can lead
to more prominent nonreciprocity. In this work, we assumed
zero temperature for the modeling of the dielectric and surface
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conductivity tensors, but we note that there could exist quan-
titative differences at higher temperatures. First, the Fermi-
Dirac distribution is no longer a step function, which will give
small corrections to the bulk dielectric and surface conductiv-
ity tensors. Second, at higher temperatures, the longitudinal
conductivity decreases due to stronger scattering, while the
anomalous Hall conductivity remains almost the same. This
will lead to a larger Hall angle as observed in the experiment
[26], which may favor large nonreciprocity. However, the
dissipative loss also becomes larger at higher temperatures.
Thus, for a working temperature of interest, the design of
the grating parameters accounting for the two competing
effects will be required. In the modeling of the bulk dielec-
tric surface conductivity tensors, we used two representative
values for the fermion lifetime 7 = 1/y. Detailed effects
of interactions and disorder can be included by calculating
the fermion self-energy under interactions of interest such
as quenched impurities [39], Coulomb interactions [59], and
inter-Weyl-nodes scattering [60,61]. As the lifetime of Weyl
fermions becomes shorter, the dissipative loss y becomes

larger. As a result, the resonant absorption peaks observed in
our results become broader. Finally, although the transition to
magnetic Weyl semimetal phases occurs at low temperature
in some ferromagnetic Weyl semimetals, such as Co3Sn, S,
(T =170 K) [26,62] and Eu,1,07 (T = 110 K), and may not
be suitable for high-temperature applications, other ferro- and
ferrimagnetic Weyl semimetals such as Ti;MnAl [63] and
Co,MnGa [48,64] possess Curie temperatures over 650 K,
which would be more suitable for applications above room
temperature.

VI. CONCLUSIONS

In summary, our modeling shows that a class of type-I
magnetic Weyl semimetals can exhibit large nonreciprocal
emission and absorption spectra of radiation, enabling the
breakdown of Kirchhoff’s law of radiation without applying
an external magnetic field. We illustrate that large nonre-
ciprocity and high background absorptance are competing ef-
fects in the design of nonreciprocal resonant light emitters and
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absorbers. We also discuss the presence of Fermi-arc surface
states that broaden the absorption peak and slightly redshift
the SPP dispersion at the lower Fermi energy, Er = 60 meV,
but the nonreciprocal absorption spectra are not affected much
in the frequency range of our interest. The relative orientation
of multiple Weyl node pairs is modeled, and we show that the
off-diagonal elements of the dielectric tensor can be affected.
Since this can change SPP dispersion, the consideration will
be required when one designs a structure to achieve the
absorption at the desired frequency. Finally, our study points

out the possibility of using magnetic Weyl semimetals for
nonreciprocal light emitters and absorbers.

ACKNOWLEDGMENTS

We acknowledge Dr. Bo Zhao, Mr. Cheng Guo, and Pro-
fessor Shanhui Fan with whom we had good exchange on
similar ideas (see [65] and our paper [66]). This work is
supported by ARO MURI (Grant No. W911NF-19-1-0279)
via U. Michigan.

[1] M. A. Green, Nano Lett. 12, 5985 (2012).

[2] L. Zhu and S. Fan, Phys. Rev. B 90, 220301(R) (2014).

[3] H. Ries, Appl. Phys. B 32, 153 (1983).

[4] Rayleigh, Nature 64, 577 (1901).

[5] W. C. Snyder, Z. Wan, and X. Li, Appl. Opt. 37, 3464
(1998).

[6] J.-J. Greftet and M. Nieto-Vesperinas, J. Opt. Soc. Am. A 15,
2735 (1998).

[71J. J. Greffet, P. Bouchon, G. Brucoli, and F. Marquier,
Phys. Rev. X 8, 021008 (2018).

[8] Y. Hadad, J. C. Soric, and A. Alu, Proc. Natl. Acad. Sci. USA
113, 3471 (2016).

[9] A. Zvezdin and V. A. Kotov, Modern Magnetooptics and Mag-
netooptical Materials (CRC Press, Boca Raton, FL, 1997).

[10] N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, and N. P.
Ong, Rev. Mod. Phys. 82, 1539 (2010).

[11] D. Xiao, M. C. Chang, and Q. Niu, Rev. Mod. Phys. 82, 1959
(2010).

[12] V. 1. Belotelov, I. A. Akimov, M. Pohl, V. A. Kotov, S. Kasture,
A. S. Vengurlekar, A. V. Gopal, D. R. Yakovlev, A. K. Zvezdin,
and M. Bayer, Nat. Nanotechnol. 6, 370 (2011).

[13] G. Armelles, A. Cebollada, A. Garcia-Martin, and M. U.
Gonzdlez, Adv. Opt. Mater. 1, 10 (2013).

[14] Y. Shoji and T. Mizumoto, Sci. Technol. Adv. Mater. 15, 014602
(2014).

[15] B. J. H. Stadler and T. Mizumoto, IEEE Photon. J. 6, 1
(2014).

[16] L. Bi, J. Hu, P. Jiang, D. H. Kim, G. F. Dionne, L. C. Kimerling,
and C. A. Ross, Nat. Photon. 5, 758 (2011).

[17] J. Y. Chin, T. Steinle, T. Wehlus, D. Dregely, T. Weiss, V. L.
Belotelov, B. Stritzker, and H. Giessen, Nat. Commun. 4, 1599
(2013).

[18] B. Zhao, Y. Shi, J. Wang, Z. Zhao, N. Zhao, and S. Fan,
Opt. Lett. 44, 4203 (2019).

[19] R. K. Hickernell and D. Sarid, Opt. Lett. 12, 570 (1987).

[20] N. P. Armitage, E. J. Mele, and A. Vishwanath, Rev. Mod. Phys.
90, 015001 (2018).

[21] X. Wan, A. M. Turner, A. Vishwanath, and S. Y. Savrasov,
Phys. Rev. B 83, 205101 (2011).

[22] H. Weng, C. Fang, Z. Fang, B. A. Bernevig, and X. Dai,
Phys. Rev. X 5,011029 (2015).

[23] L. Wu, S. Patankar, T. Morimoto, N. L. Nair, E. Thewalt, A.
Little, J. G. Analytis, J. E. Moore, and J. Orenstein, Nat. Phys.
13, 350 (2017).

[24] G. B. Osterhoudt, L. K. Diebel, M. J. Gray, X. Yang, J. Stanco,
X. Huang, B. Shen, N. Ni, P. J. W. Moll, Y. Ran, and K. S.
Burch, Nat. Mater. 18, 471 (2019).

[25] F. De Juan, A. G. Grushin, T. Morimoto, and J. E. Moore,
Nat. Commun. 8, 15995 (2017).

[26] E. Liu, Y. Sun, N. Kumar, L. Muechler, A. Sun, L. Jiao, S. Y.
Yang, D. Liu, A. Liang, Q. Xu, J. Kroder, V. Sii}, H. Borrmann,
C. Shekhar, Z. Wang, C. Xi, W. Wang, W. Schnelle, S. Wirth,
Y. Chen et al., Nat. Phys. 14, 1125 (2018).

[27] Q. Wang, Y. Xu, R. Lou, Z. Liu, M. Li, Y. Huang, D. Shen, H.
Weng, S. Wang, and H. Lei, Nat. Commun. 9, 3681 (2018).

[28] R. Singha, S. Roy, A. Pariari, B. Satpati, and P. Mandal,
Phys. Rev. B 99, 035110 (2019).

[29] N. J. Ghimire, A. S. Botana, J. S. Jiang, J. Zhang, Y. S. Chen,
and J. E. Mitchell, Nat. Commun. 9, 3280 (2018).

[30] A. K. Nayak, J. E. Fischer, Y. Sun, B. Yan, J. Karel, A. C.
Komarek, C. Shekhar, N. Kumar, W. Schnelle, J. Kiibler, C.
Felser, and S. S. P. Parkin, Sci. Adv. 2, e1501870 (2016).

[31] T. Miyasato, N. Abe, T. Fujii, A. Asamitsu, S. Onoda, Y.
Onose, N. Nagaosa, and Y. Tokura, Phys. Rev. Lett. 99, 086602
(2007).

[32] O. V. Kotov and Y. E. Lozovik, Phys. Rev. B 98, 195446 (2018).

[33] R. Siegel and J. R. Howell, Thermal Radiation Heat Transfer,
3rd ed. (Hemisphere, Washington, DC, 1992).

[34] M. F. Modest, Radiative Heat Transfer (Academic Press, Ams-
terdam, 2013).

[35] E. J. J. Clarke and D. J. Parry, Light. Res. Technol. 17, 1
(1985).

[36] J. Hofmann and S. Das Sarma, Phys. Rev. B 93, 241402(R)
(2016).

[37] F. M. D. Pellegrino, M. 1. Katsnelson, and M. Polini, Phys. Rev.
B 92, 201407(R) (2015).

[38] A. A. Zyuzin and A. A. Burkov, Phys. Rev. B 86, 115133
(2012).

[39] A. A. Burkov, Phys. Rev. Lett. 113, 187202 (2014).

[40] C. A. C. Garcia, J. Coulter, and P. Narang, Phys. Rev. Research
2, 013073 (2020).

[41] B. Xu, Y. M. Dai, L. X. Zhao, K. Wang, R. Yang, W. Zhang,
J. Y. Liu, H. Xiao, G. F. Chen, A. J. Taylor, D. A. Yarotski,
R. P. Prasankumar, and X. G. Qiu, Phys. Rev. B 93, 121110(R)
(2016).

[42] S. 1. Kimura, H. Yokoyama, H. Watanabe, J. Sichelschmidt,
V. Siil, M. Schmidt, and C. Felser, Phys. Rev. B 96, 075119
(2017).

[43] Q. Chen, A. R. Kutayiah, I. Oladyshkin, M. Tokman, and A.
Belyanin, Phys. Rev. B 99, 075137 (2019).

[44] C. J. Tabert, J. P. Carbotte, and E. J. Nicol, Phys. Rev. B 93,
085426 (2016).

[45] R. Okugawa and S. Murakami, Phys. Rev. B 89, 235315
(2014).

165426-10


https://doi.org/10.1021/nl3034784
https://doi.org/10.1021/nl3034784
https://doi.org/10.1021/nl3034784
https://doi.org/10.1021/nl3034784
https://doi.org/10.1103/PhysRevB.90.220301
https://doi.org/10.1103/PhysRevB.90.220301
https://doi.org/10.1103/PhysRevB.90.220301
https://doi.org/10.1103/PhysRevB.90.220301
https://doi.org/10.1007/BF00688821
https://doi.org/10.1007/BF00688821
https://doi.org/10.1007/BF00688821
https://doi.org/10.1007/BF00688821
https://doi.org/10.1038/064577e0
https://doi.org/10.1038/064577e0
https://doi.org/10.1038/064577e0
https://doi.org/10.1038/064577e0
https://doi.org/10.1364/AO.37.003464
https://doi.org/10.1364/AO.37.003464
https://doi.org/10.1364/AO.37.003464
https://doi.org/10.1364/AO.37.003464
https://doi.org/10.1364/JOSAA.15.002735
https://doi.org/10.1364/JOSAA.15.002735
https://doi.org/10.1364/JOSAA.15.002735
https://doi.org/10.1364/JOSAA.15.002735
https://doi.org/10.1103/PhysRevX.8.021008
https://doi.org/10.1103/PhysRevX.8.021008
https://doi.org/10.1103/PhysRevX.8.021008
https://doi.org/10.1103/PhysRevX.8.021008
https://doi.org/10.1073/pnas.1517363113
https://doi.org/10.1073/pnas.1517363113
https://doi.org/10.1073/pnas.1517363113
https://doi.org/10.1073/pnas.1517363113
https://doi.org/10.1103/RevModPhys.82.1539
https://doi.org/10.1103/RevModPhys.82.1539
https://doi.org/10.1103/RevModPhys.82.1539
https://doi.org/10.1103/RevModPhys.82.1539
https://doi.org/10.1103/RevModPhys.82.1959
https://doi.org/10.1103/RevModPhys.82.1959
https://doi.org/10.1103/RevModPhys.82.1959
https://doi.org/10.1103/RevModPhys.82.1959
https://doi.org/10.1038/nnano.2011.54
https://doi.org/10.1038/nnano.2011.54
https://doi.org/10.1038/nnano.2011.54
https://doi.org/10.1038/nnano.2011.54
https://doi.org/10.1002/adom.201200011
https://doi.org/10.1002/adom.201200011
https://doi.org/10.1002/adom.201200011
https://doi.org/10.1002/adom.201200011
https://doi.org/10.1088/1468-6996/15/1/014602
https://doi.org/10.1088/1468-6996/15/1/014602
https://doi.org/10.1088/1468-6996/15/1/014602
https://doi.org/10.1088/1468-6996/15/1/014602
https://doi.org/10.1109/JPHOT.2013.2293618
https://doi.org/10.1109/JPHOT.2013.2293618
https://doi.org/10.1109/JPHOT.2013.2293618
https://doi.org/10.1109/JPHOT.2013.2293618
https://doi.org/10.1038/nphoton.2011.270
https://doi.org/10.1038/nphoton.2011.270
https://doi.org/10.1038/nphoton.2011.270
https://doi.org/10.1038/nphoton.2011.270
https://doi.org/10.1038/ncomms2609
https://doi.org/10.1038/ncomms2609
https://doi.org/10.1038/ncomms2609
https://doi.org/10.1038/ncomms2609
https://doi.org/10.1364/OL.44.004203
https://doi.org/10.1364/OL.44.004203
https://doi.org/10.1364/OL.44.004203
https://doi.org/10.1364/OL.44.004203
https://doi.org/10.1364/OL.12.000570
https://doi.org/10.1364/OL.12.000570
https://doi.org/10.1364/OL.12.000570
https://doi.org/10.1364/OL.12.000570
https://doi.org/10.1103/RevModPhys.90.015001
https://doi.org/10.1103/RevModPhys.90.015001
https://doi.org/10.1103/RevModPhys.90.015001
https://doi.org/10.1103/RevModPhys.90.015001
https://doi.org/10.1103/PhysRevB.83.205101
https://doi.org/10.1103/PhysRevB.83.205101
https://doi.org/10.1103/PhysRevB.83.205101
https://doi.org/10.1103/PhysRevB.83.205101
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1038/nphys3969
https://doi.org/10.1038/nphys3969
https://doi.org/10.1038/nphys3969
https://doi.org/10.1038/nphys3969
https://doi.org/10.1038/s41563-019-0297-4
https://doi.org/10.1038/s41563-019-0297-4
https://doi.org/10.1038/s41563-019-0297-4
https://doi.org/10.1038/s41563-019-0297-4
https://doi.org/10.1038/ncomms15995
https://doi.org/10.1038/ncomms15995
https://doi.org/10.1038/ncomms15995
https://doi.org/10.1038/ncomms15995
https://doi.org/10.1038/s41567-018-0234-5
https://doi.org/10.1038/s41567-018-0234-5
https://doi.org/10.1038/s41567-018-0234-5
https://doi.org/10.1038/s41567-018-0234-5
https://doi.org/10.1038/s41467-018-06088-2
https://doi.org/10.1038/s41467-018-06088-2
https://doi.org/10.1038/s41467-018-06088-2
https://doi.org/10.1038/s41467-018-06088-2
https://doi.org/10.1103/PhysRevB.99.035110
https://doi.org/10.1103/PhysRevB.99.035110
https://doi.org/10.1103/PhysRevB.99.035110
https://doi.org/10.1103/PhysRevB.99.035110
https://doi.org/10.1038/s41467-018-05756-7
https://doi.org/10.1038/s41467-018-05756-7
https://doi.org/10.1038/s41467-018-05756-7
https://doi.org/10.1038/s41467-018-05756-7
https://doi.org/10.1126/sciadv.1501870
https://doi.org/10.1126/sciadv.1501870
https://doi.org/10.1126/sciadv.1501870
https://doi.org/10.1126/sciadv.1501870
https://doi.org/10.1103/PhysRevLett.99.086602
https://doi.org/10.1103/PhysRevLett.99.086602
https://doi.org/10.1103/PhysRevLett.99.086602
https://doi.org/10.1103/PhysRevLett.99.086602
https://doi.org/10.1103/PhysRevB.98.195446
https://doi.org/10.1103/PhysRevB.98.195446
https://doi.org/10.1103/PhysRevB.98.195446
https://doi.org/10.1103/PhysRevB.98.195446
https://doi.org/10.1177/14771535850170010301
https://doi.org/10.1177/14771535850170010301
https://doi.org/10.1177/14771535850170010301
https://doi.org/10.1177/14771535850170010301
https://doi.org/10.1103/PhysRevB.93.241402
https://doi.org/10.1103/PhysRevB.93.241402
https://doi.org/10.1103/PhysRevB.93.241402
https://doi.org/10.1103/PhysRevB.93.241402
https://doi.org/10.1103/PhysRevB.92.201407
https://doi.org/10.1103/PhysRevB.92.201407
https://doi.org/10.1103/PhysRevB.92.201407
https://doi.org/10.1103/PhysRevB.92.201407
https://doi.org/10.1103/PhysRevB.86.115133
https://doi.org/10.1103/PhysRevB.86.115133
https://doi.org/10.1103/PhysRevB.86.115133
https://doi.org/10.1103/PhysRevB.86.115133
https://doi.org/10.1103/PhysRevLett.113.187202
https://doi.org/10.1103/PhysRevLett.113.187202
https://doi.org/10.1103/PhysRevLett.113.187202
https://doi.org/10.1103/PhysRevLett.113.187202
https://doi.org/10.1103/PhysRevResearch.2.013073
https://doi.org/10.1103/PhysRevResearch.2.013073
https://doi.org/10.1103/PhysRevResearch.2.013073
https://doi.org/10.1103/PhysRevResearch.2.013073
https://doi.org/10.1103/PhysRevB.93.121110
https://doi.org/10.1103/PhysRevB.93.121110
https://doi.org/10.1103/PhysRevB.93.121110
https://doi.org/10.1103/PhysRevB.93.121110
https://doi.org/10.1103/PhysRevB.96.075119
https://doi.org/10.1103/PhysRevB.96.075119
https://doi.org/10.1103/PhysRevB.96.075119
https://doi.org/10.1103/PhysRevB.96.075119
https://doi.org/10.1103/PhysRevB.99.075137
https://doi.org/10.1103/PhysRevB.99.075137
https://doi.org/10.1103/PhysRevB.99.075137
https://doi.org/10.1103/PhysRevB.99.075137
https://doi.org/10.1103/PhysRevB.93.085426
https://doi.org/10.1103/PhysRevB.93.085426
https://doi.org/10.1103/PhysRevB.93.085426
https://doi.org/10.1103/PhysRevB.93.085426
https://doi.org/10.1103/PhysRevB.89.235315
https://doi.org/10.1103/PhysRevB.89.235315
https://doi.org/10.1103/PhysRevB.89.235315
https://doi.org/10.1103/PhysRevB.89.235315

LARGE NONRECIPROCAL ABSORPTION AND EMISSION ...

PHYSICAL REVIEW B 101, 165426 (2020)

[46] S. Murakami and S. I. Kuga, Phys. Rev. B 78, 165313 (2008).

[47] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.101.165426 for detailed information on
modeling and calculation results of dielectric functions
and derivation of electromagnetic interface conditions are
included.

[48] 1. Belopolski, K. Manna, D. S. Sanchez, G. Chang, B. Ernst, J.
Yin, S. S. Zhang, T. Cochran, N. Shumiya, H. Zheng, B. Singh,
G. Bian, D. Multer, M. Litskevich, X. Zhou, S. M. Huang, B.
Wang, T. R. Chang, S. Y. Xu, A. Bansil et al., Science 365, 1278
(2019).

[49] F. Tang, H. C. Po, A. Vishwanath, and X. Wan, Nature 566, 486
(2019).

[50] M. G. Vergniory, L. Elcoro, C. Felser, N. Regnault, B. A.
Bernevig, and Z. Wang, Nature 566, 480 (2019).

[51] T.Zhang, Y. Jiang, Z. Song, H. Huang, Y. He, Z. Fang, H. Weng,
and C. Fang, Nature 566, 475 (2019).

[52] P. Hosur, S. A. Parameswaran, and A. Vishwanath, Phys. Rev.
Lett. 108, 046602 (2012).

[53] A. B. Sushkov, J. B. Hofmann, G. S. Jenkins, J. Ishikawa, S.
Nakatsuji, S. Das Sarma, and H. D. Drew, Phys. Rev. B 92,
241108(R) (2015).

[54] 7. B. Losic, J. Phys.: Condens. Matter 30, 045002 (2018).

[55] J. C. W. Song and M. S. Rudner, Phys. Rev. B 96, 205443
(2017).

[56] G. M. Andolina, F. M. D. Pellegrino, F. H. L. Koppens, and M.
Polini, Phys. Rev. B 97, 125431 (2018).

[57] J. Zhou, H. R. Chang, and D. Xiao, Phys. Rev. B 91, 035114
(2015).

[58] K. W. Chiu and J. J. Quinn, Nuovo Cim. B 10, 1 (1972).

[59] B. Wunsch, T. Stauber, F. Sols, and F. Guinea, New J. Phys. 8,
318 (2006).

[60] X. T. Ji, H. Z. Lu, Z. G. Zhu, and G. Su, AIP Adv. 7, 105003
(2017).

[61] T. Nguyen, F. Han, N. Andrejevic, R. Pablo-Pedro, A. Apte, Y.
Tsurimaki, Z. Ding, K. Zhang, A. Alatas, E. E. Alp, S. Chi, J.
Fernandez-Baca, M. Matsuda, D. A. Tennant, Y. Zhao, Z. Xu,
J. W. Lynn, S. Huang, and M. Li, arXiv:1906.00539.

[62] D. F. Liu, A. J. Liang, E. K. Liu, Q. N. Xu, Y. W. Li, C. Chen,
D. Pei, W. J. Shi, S. K. Mo, P. Dudin, T. Kim, C. Cacho, G. Li,
Y. Sun, L. X. Yang, Z. K. Liu, S. S. P. Parkin, C. Felser, and
Y. L. Chen, Science 365, 1282 (2019).

[63] W. Shi, L. Muechler, K. Manna, Y. Zhang, K. Koepernik, R.
Car, J. van den Brink, C. Felser, and Y. Sun, Phys. Rev. B 97,
060406(R) (2018).

[64] H. Ido and S. Yasuda, J. Phys. Collog. 49, C8 (1988).

[65] B. Zhao, G. Cheng, C. A. C. Garcia, P. Narang, and S. Fan,
Nano Lett. 20, 1923 (2020).

[66] Y. Tsurimaki, X. Qian, S. Pajovic, F. Han, M. Li, and G. Chen,
arXiv:1911.09600.

165426-11


https://doi.org/10.1103/PhysRevB.78.165313
https://doi.org/10.1103/PhysRevB.78.165313
https://doi.org/10.1103/PhysRevB.78.165313
https://doi.org/10.1103/PhysRevB.78.165313
http://link.aps.org/supplemental/10.1103/PhysRevB.101.165426
https://doi.org/10.1126/science.aav2327
https://doi.org/10.1126/science.aav2327
https://doi.org/10.1126/science.aav2327
https://doi.org/10.1126/science.aav2327
https://doi.org/10.1038/s41586-019-0937-5
https://doi.org/10.1038/s41586-019-0937-5
https://doi.org/10.1038/s41586-019-0937-5
https://doi.org/10.1038/s41586-019-0937-5
https://doi.org/10.1038/s41586-019-0954-4
https://doi.org/10.1038/s41586-019-0954-4
https://doi.org/10.1038/s41586-019-0954-4
https://doi.org/10.1038/s41586-019-0954-4
https://doi.org/10.1038/s41586-019-0944-6
https://doi.org/10.1038/s41586-019-0944-6
https://doi.org/10.1038/s41586-019-0944-6
https://doi.org/10.1038/s41586-019-0944-6
https://doi.org/10.1103/PhysRevLett.108.046602
https://doi.org/10.1103/PhysRevLett.108.046602
https://doi.org/10.1103/PhysRevLett.108.046602
https://doi.org/10.1103/PhysRevLett.108.046602
https://doi.org/10.1103/PhysRevB.92.241108
https://doi.org/10.1103/PhysRevB.92.241108
https://doi.org/10.1103/PhysRevB.92.241108
https://doi.org/10.1103/PhysRevB.92.241108
https://doi.org/10.1088/1361-648X/aaa070
https://doi.org/10.1088/1361-648X/aaa070
https://doi.org/10.1088/1361-648X/aaa070
https://doi.org/10.1088/1361-648X/aaa070
https://doi.org/10.1103/PhysRevB.96.205443
https://doi.org/10.1103/PhysRevB.96.205443
https://doi.org/10.1103/PhysRevB.96.205443
https://doi.org/10.1103/PhysRevB.96.205443
https://doi.org/10.1103/PhysRevB.97.125431
https://doi.org/10.1103/PhysRevB.97.125431
https://doi.org/10.1103/PhysRevB.97.125431
https://doi.org/10.1103/PhysRevB.97.125431
https://doi.org/10.1103/PhysRevB.91.035114
https://doi.org/10.1103/PhysRevB.91.035114
https://doi.org/10.1103/PhysRevB.91.035114
https://doi.org/10.1103/PhysRevB.91.035114
https://doi.org/10.1007/BF02911404
https://doi.org/10.1007/BF02911404
https://doi.org/10.1007/BF02911404
https://doi.org/10.1007/BF02911404
https://doi.org/10.1088/1367-2630/8/12/318
https://doi.org/10.1088/1367-2630/8/12/318
https://doi.org/10.1088/1367-2630/8/12/318
https://doi.org/10.1088/1367-2630/8/12/318
https://doi.org/10.1063/1.4998395
https://doi.org/10.1063/1.4998395
https://doi.org/10.1063/1.4998395
https://doi.org/10.1063/1.4998395
http://arxiv.org/abs/arXiv:1906.00539
https://doi.org/10.1126/science.aav2873
https://doi.org/10.1126/science.aav2873
https://doi.org/10.1126/science.aav2873
https://doi.org/10.1126/science.aav2873
https://doi.org/10.1103/PhysRevB.97.060406
https://doi.org/10.1103/PhysRevB.97.060406
https://doi.org/10.1103/PhysRevB.97.060406
https://doi.org/10.1103/PhysRevB.97.060406
https://doi.org/10.1021/acs.nanolett.9b05179
https://doi.org/10.1021/acs.nanolett.9b05179
https://doi.org/10.1021/acs.nanolett.9b05179
https://doi.org/10.1021/acs.nanolett.9b05179
http://arxiv.org/abs/arXiv:1911.09600

