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We study the twist-induced control of the near-field radiative heat transfer between two hyperbolic
antiferromagnetic insulators under external magnetic fields. We show that the near-field heat flux can be
affected by both the twist angle # and the magnitude of the applied magnetic field with different broken
symmetries. Irrespective of the twist angle, the external magnetic field causes the radiative heat flux to
change nonmonotonically, and the minimum heat flux can be found with magnetic fields of approximately
1.5 T. Such nonmonotonic behavior is because the magnetic field can radically change the nature of the
magnon polaritons with time-reversal symmetry breaking. The field not only affects the topological struc-
ture of surface magnon polaritons but also induces volume magnon polaritons that progressively dominate
the heat transfer as the field increases. We further propose a twist-induced thermal switch device with
inversion symmetry breaking, which can strongly regulate radiative heat flux through different magnetic
fields. Our findings account for a characteristic modulation of radiative heat transfer with implications for

applications in efficient thermal management.
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I. INTRODUCTION

Thermal radiation is one of the most common phe-
nomena and plays a significant role in basic disciplines
and technology applications. Presently, the investiga-
tion of radiative heat transfer between closely spaced
objects is receiving much attention. The traditional Stefan-
Boltzmann law can be broken at the nanoscale, as the
coupling of evanescent waves provides extra radiation
channels for heat transfer [1—4], which has been verified
in various experiments exploring different materials, geo-
metrical shapes, and gaps ranging from micrometers to a
few nanometers [5]. These experiments have also triggered
the hope that near-field radiative heat transfer (NFRHT)
could have an impact on different technologies such as
data carrier storage [6—8], coherent thermal sources [9,10],
scanning thermal microscopy [11-13], active noncontact
thermal management [14—16], thermophotovoltaics [17,
18], and other energy conversion devices [19].

In recent years, one of the significant research lines in
the territory of radiative heat transfer has been searching
for materials where NFRHT can be greatly enhanced. To
date, the largest NFRHT enhancements have been reported
for polar dielectrics, in which NFRHT is dominated by
surface phonon polaritons [20,21]. Similar enhancements
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have been predicted and observed in doped semiconduc-
tors due to surface plasmon polaritons [22,23]. Subse-
quently, several van der Waals heterostructures can support
surface phonon-plasmon polaritons, which also enhance
NFRHT [24-26]. Apart from these, surface magnon polari-
tons (SMPs), which can be excited in magnetic media, play
a significant role in NFRHT due to their striking hyperbolic
behavior [27,28].

Another key issue in the territory of radiative heat
transfer is the active control and modulation of NFRHT.
Several strategies have been proposed, such as applying
an electric field to phase-change materials [29] or fer-
roelectric materials [30] and applying a magnetic field
to magneto-optical materials [31,32] or magnetic Weyl
semimetals [33—35]. Another active control strategy uti-
lizes the rotational degree of freedom [36,37], and similar
twist-induced concepts have been demonstrated in two-
dimensional materials [38,39] and photonics [40,41]. This
control strategy is called the twisting method.

In this work, we present a theoretical analysis of the
impact of an external magnetic field on the radiative heat
transfer between two parallel plates made of an antifer-
romagnetic insulator (AFMI) for different twist angles.
We find that the presence of a magnetic field makes the
radiative heat flux change nonmonotonically, and we show
that the reduction can be as large as 25% for fields of
approximately 1.5 T. This phenomenon occurs because the
magnetic field not only strongly modifies the width of the
band where SMPs can be excited that normally dominate
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NFRHT, but also generates nonreciprocal volume magnon
polaritons (VMPs) via time-reversal symmetry breaking,
which can dominate the heat transfer as the field increases.
Apart from these, we utilize the nonreciprocity of VMPs
to obtain a twist-induced thermal switch. To enhance the
twist-induced thermal switch ratio, we actively select the
heat transfer channels sensitive to twist by applying spe-
cific magnetic fields. Thus, our work offers an effective
strategy to regulate NFRHT between antiferromagnets and
provides an attractive recipe to design devices with height
adjustable characteristics.

II. THEORETICAL FORMALISM FOR
NEAR-FIELD RADIATIVE HEAT TRANSFER

As schematically depicted in Fig. 1(a), the system con-
sists of two AFMI slabs with twist angle in the presence of
a magnetic field. The structures are separated by a vacuum
gap of width d and held at temperatures 7 (73), where the
magnetic field By (B;) is applied along the y (y) direction
as the relative twist angle is expressed as 6. From fluctua-
tional electrodynamics, the heat transfer coefficient (HTC)
between two AFMI slabs for a temperature 7 is given by
the following Landauer-like expression [1]:

*© 90 (w,T)

3T d(w,0,B)dw, (1)

h(T,6,B) =/
0

where ©(w, T) = how/[e"/%8D) — 1] represents the aver-
age photon energy of Planck oscillators at an angu-
lar frequency w and temperature 7, and ®(w,0,B) =
[oo oo E(@, ks k) /87 ddly, where k = [k2 4+ K2 is
the wave vector parallel to the surface planes and
&(w, ke, k,) with twist angle 6 characterizes the energy
transmission coefficient that describes the probability of
photons being excited by thermal energy, which can be
expressed as [36]

k<w/c,
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Tr[(R] — R)D®R, — R))De 2% k> w/e,
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where k, = ,/k — k? represents the wave vector vertical

to the surface planes in the vacuum gap and T signifies the
complex conjugate transpose. I is a 2 x 2 unit matrix and
the 2 x 2 matrix D is defined as D = (I — R;Rye¥%4)~1,
which describes the Fabry-Perot-like denominator. The
2 x 2 matrix R, is in the reflection coefficient tensor of
different polarizations.

To clarify the enhancement of the heat transfer chan-
nel coupling degree and to simplify the analysis, we first
consider the situation in which the external magnetic fields
have the same value, i.e., Bj = B, = Bj. In this case,

the permeability tensor of the bottom AFMI slab has the
form [42]
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where B4 measures the anisotropy force and Bj is the
exchange force that is exerted on each ion by the ions
forming the other sublattice. The sublattice magnetiza-
tion M, will point predominantly parallel and antiparallel
to a preferred axis along the x direction. Then, y and I
are gyromagnetic ratio and damping parameters, respec-
tively [43]. Moreover, w; and w, are the components of
the resonance parallel and perpendicular to the magnetic
field and depend on the value of the magnetic field. These
can be expressed as

2 2 2
|~ = Wy COS™

(5)
w,? = wy’cos’ o + ZJ/ZBOBE sina,

where wy = y (2B4Br + B4*)'/? represents the resonance
frequency in the absence of a magnetic field and the spins
cant at an angle o = arcsin (By)/(B4 + 2Bg) in the x-y
plane [42]. The permeability tensor of the top AFMI slab
is written as ' = R(O)uRT(0) with the rotation matrix
R(6) along the z axis.

Distinct from nonmagnetic crystals, the indefinite
behavior in magnetic media can be controlled with a mag-
netic field, which affects the magnon polariton resonance
frequency. If a magnetic field is applied to generate spin
canting [see Fig. 1(c)], the main effect is to shift the reso-
nance w, to higher frequencies. In contrast [see Fig. 1(d)],
irrespective of the magnetic field, the resonance w) is basi-
cally unchanged. Therefore, the resonance and its features,
such as the condition to obtain negative refraction where
Myy iz < 0 and where p,, < 0and .. < 0, are also tuned
to different frequencies [28,44]. This hyperbolic behavior
plays a significant role in NFRHT.

During the numerical calculation, we adopt the param-
eters of manganese difluoride (MnF;), which have been
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(a) Schematic of the near-field radiative heat transfer between two semi-infinite AFMIs. The thickness of vacuum gap is d.

The twist angle 0 is defined by the anticlockwise rotation of x'y’z’ coordinate system with respect to xyz coordinate system. The energy
transmission coefficients for wave vector space reflect the symmetry of electromagnetic modes. Note that applying a magnetic field
and twisting break the time-reversal symmetry and configuration inversion symmetry. (b) The heat transfer coefficient varying with
magnetic field at different twist angle. (c) Real part of the y-direction component of permeability tensor of AFMI. (d) Real part of the

z-direction component of permeability tensor of AFMI.

reported [45], anisotropy force B4, = 0.787 T, exchange
force By = 55.0 T, sublattice magnetization M; = 6.0 x
10° A/m, permittivity ¢ = 5.5, and gap distance d =
20 nm. At a temperature of 28 K, we have the gyromag-
netic ratio y /2¢ = 0.877 cm™! /T and damping parame-
ters T'/wy = 6.5 x 1074

III. RESULTS AND DISCUSSION

A. Symmetry analysis for near-field radiative heat
transfer

Before illustrating the main findings, we first give a
basic symmetry analysis for MP-dominated radiative heat
flux. As shown in Fig. 1(a), an applied magnetic field
can cause a nonreciprocal surface electromagnetic mode
on one AFMI slab due to time-reversal symmetry break-
ing (D—®). Regardless of the external magnetic field in
@ and ®, the transmissions between the two AFMI slabs
both have a high degree of symmetry in k,-k, space under
the inversion symmetry protected configuration due to the
mismatch between different nonreciprocal MPs. When the
configurational inversion symmetry is broken from ® to
® (twist angle 6 = ), we can find a strong nonreciprocal
effect in the transmission plot due to the strong near-field
coupling between nonreciprocal MPs at such a config-
uration. Similar results are not found in the reciprocal-
MP-dominated system under configurational symmetry
breaking (®) [46]. After qualitative analysis of symmetry,
Fig. 1(b) quantitatively shows that the NFRHT between

the AFMI slabs can be strongly controlled by the mag-
netic field and twist angle 6. Note that we consider this
work at a cryogenic temperature of 28 K. In this case,
the heat transfer performance of antiferromagnets is sim-
ilar to that of gyroelectric materials at room temperature,
which has enlightening significance for near-field radia-
tive heat transfer at low temperatures [31]. Whether it
is a magnetic responsive or an electric responsive mate-
rial, the working temperature mainly depends on its reso-
nance frequency. Primarily, the maximum value of HTC
is approximately twice the minimum value, which corre-
sponds to the light region and dark region, respectively, in
the phase image. Moreover, it is obvious that the presence
of a magnetic field makes the HTC change nonmonotoni-
cally, and twist operation induces the thermal switch effect.
We demonstrate this in detail in the following discussions.

B. Magnetic field dependence of NFRHT

In Fig. 2(a), we show the HTC as a function of the value
of the magnetic field for different twist angles. There are
three salient features: (i) irrespective of the twist angle, the
heat transfer decreases and then increases with increasing
magnetic field, (ii) the maximum reduction of HTC up to
25% can be found with a magnetic field of approximately
1.5 T, and (iii) in the interval where the magnetic field
has positive feedback to the heat transfer, the enhance-
ment effect of heat transfer decreases with increasing twist
angle; in particular, the HTC is nearly unchanged where
the twist angle & = 0. The strong modification of heat
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transfer due to the magnetic field is even more apparent
in the spectral HTC. As shown in Fig. 2(b), the mag-
netic field not only distorts and reduces the height of the
peaks related to the surface waves but also generates two
new peaks that eventually replace the initial peak. One
of the peaks remains basically unchanged. In contrast,
the other peak shifts to higher frequencies as the field
increases. This additional peak appears at the resonance w
and its presence illustrates the high tunability that can be
achieved.

To shed more light on these results, it is convenient to
examine the transmission coefficients in different direc-
tions of the wave vector. We focus on exploring the s-
polarized waves, which can be shown to dominate the heat
transfer. Figures 3(a) and 3(b) present the corresponding
energy transmission coefficients in w-k space with differ-
ent values of magnetic field. On the one hand, if the wave
propagates along the y direction, the transmission maxima
are located around a low restricted area of k£ and w at a
low magnetic field, indicating that surface waves dominate
the NFRHT. Figure 3(a)® also shows that the magnetic
field can modify the dispersion relation of magnon polari-
tons. By increasing the magnitude of the magnetic field,
the channel of SMPs is progressively replaced by the chan-
nels of VMPs, and the surface waves are restricted to the
narrow reststrahlen band for a higher magnetic field [see
Fig. 3(a)®]. As shown in Fig. 3(a)®,®, at a large mag-
netic field, the NFRHT is dominated by the channels of
VMPs. It is obvious that the transmission corresponding to
the low-frequency band is little changed, and the transmis-
sion corresponding to the high-frequency band only has
a frequency shift, which is dependent on the value of the
magnetic field. On the other hand, considering that the
wave is along the x direction, Fig. 3(b)®,® shows that
the VMPs dominate the NFRHT and that the frequency
and cutoff wave vector k corresponding to the trans-
mission maxima gradually increase with increasing mag-
netic field. In summary, the modes that dominate NFRHT
change from SMPs into VMPs as the magnetic field
increases.
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(a) The heat transfer coefficient varying with magnetic field at different twist angle. (b) The heat transfer coefficient spectral
function for different magnetic fields where the twist angle 6 = 7.

To explain the nature of the magnetic-field-induced
modes mentioned above , it is significant to note that the
off-diagonal elements of the permeability tensor (nonre-
ciprocal term) play little role in radiative heat transfer
(Mxz K Maxyyzz). Therefore, we assume that the polariza-
tion conversion is irrelevant and that the plates effectively
behave as biaxial media where their permeability tensors
are diagonal: i = diag[ftyy, fyy, it--]. Within this approx-
imation (biaxial approximation), it is easy to compute the
dispersion relation of the SMPs: finding the singular value
of the denominator of the transmission coefficient, i.e.,

1 — e kld =, (6)

where the reflection coefficient 7y = (k.p)y —kL)/
(k:pyy + k.) and k. is the z component of the wave vector
in the AFMI. The cyan dashed lines in Figs. 3(a) and 3(b)
show that the dispersion relation reproduces the maximum
of the transmission in the frequency regions where surface
waves are allowed (u,y, pt-: < 0). The nature of VMPs can
also be understood within the biaxial approximation. After
matching the boundary conditions, the dispersion of the
VMPs with different wave propagation directions can be
written as follows:

E K _ oy
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zz ) c

M My %)
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The dispersion of VMPs becomes hyperbolic when
Moy tbzz < 00F poeptz: < 0. As illustrated in Figs. 3(a)@—@®
and 3(b)@—@, the hyperbolic regions correspond exactly to
the areas where the transmission reaches its maximum for
a broad range of k& values. This fact shows that our AFMI
plates effectively behave as hyperbolic materials.
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(a) Energy transmission coefficients for the wave vector along the y direction (k, = 0) for various magnetic fields. (b) Energy

transmission coefficients for the wave vector along the x direction (k, = 0) for various magnetic fields. The horizontal dashed lines
separate the regions where transmission is dominated by surface waves or propagating waves. The cyan dashed lines correspond to
the dispersion relation of the SMPs and the white dashed lines represent light cone in the vacuum. (c¢) Energy transmission coefficient
with increasing twist angle at different magnetic fields. In (c), the frequency w is fixed to 1.548 x 10'? rad/s and the green boundary

lines for SMPs and VMPs are k, = £/~ 4y / thyy kx. Note that in (a)—(c), twist angle 6 = 7.

C. Field-induced topological transition of magnon
polaritons

More magnetic effects of SMPs and VMPs can be pre-
sented in k.-k, space with fixed frequency. As shown in
Fig. 3(c), SMPs and VMPs in k,-k, space are separated by
the green boundary lines, i.e., k, = &/ —bxe/ thyy ke With
the biaxial approximation. At By = 0 [Fig. 3(c)@], the
whole system is reciprocal, and there is a coexistence of
xy-symmetric elliptical SMPs and VMPs. With an increase
in the magnetic field in the y direction, the time-reversal
symmetry is broken, and the two types of modes gradu-
ally show nonreciprocity in the x direction. Next, we note
that the topological structure of SMPs in k.-k, space can
change from elliptical to hyperbolic with increasing mag-
netic field [Fig. 3(c)®,®]. Such a field-induced topological
transition can reduce the contributions of SMPs in NFRHT.
Moreover, we also find that there is a transition from type
I VMPs to type I VMPs with increasing magnetic field,
and there is only a type I VMP mode at a large magnetic
field [Fig. 3(c)®]. Such field-induced transition effects can
pave the way for more flexible thermal management at the
nanoscale.

D. Dependence on 6 of NFRHT and
magnetic-field-reinforced thermal switch

We analyze the influence of twist angle 6 on heat trans-
fer in Fig. 4. At By = 0 [Fig. 4(a)], there is coexistence
of SMPs and VMPs separated by the above-mentioned
boundary lines. With an increase in twist angle 6, we find
that there is hybridization between SMPs and VMPs, and
the boundary between the two modes can become trivial at
6 = /2. Such twist-induced hybridization provides a con-
venient method for thermal management. Figures 4(b) and
4(c) show the cooperative effects of the magnetic field and
twist angle 6. We find that two field-induced VMPs have
completely different twist effects: low-frequency VMPs
can be almost suppressed at & = 7 /2; in contrast, high-
frequency VMPs only slightly change shape in .-k, space.
In addition, we notice that the high-frequency VMPs
have a symmetric structure at & = 0 and remain nearly
unchanged as the magnetic field increases because the
whole system becomes symmetric again at 6§ = (. This
effect corresponds to the purple dashed line in Fig. 2(a).
These cooperative effects can construct a magnetic-field-
reinforced thermal switch. We define the thermal switch
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FIG. 4. (a) Energy transmission coefficients with twist angle

increasing when By = 0 T. (b) Energy transmission coefficients
with twist angle increasing when By = 1.5 T. (c¢) Energy trans-
mission coefficients with twist angle increasing when By = 3 T.
(d) The thermal switch ratio as a function of twist angle with dif-
ferent magnetic field. Particularly, the purple curve corresponds
to the case where applied magnetic fields on the two AFMI slabs
are not equal. In (a)«(c), frequency w; = 1.548 x 10'2 rad/s,
wy = 1.568 x 10'? rad/s, and w3 = 1.625 x 10'* rad/s.

ratio R(0) as follows [27]:

R(6) = h(0)/hmin. ®)

Figure 4(d) shows that the strength of the magnetic field
can only enhance the thermal switch ratio in a relatively
small range, i.e., from 1.1 at By, =8, =0 T to 1.2 at
Bi=B,=15T or 125 at By =B, =3 T. However,
the thermal switch ratio can be greatly boosted by the
different configurations of applied magnetic fields: from
1.1 atBi=B,=0Tto28atB=15T, B,=3T.
Combining all panels of Fig. 4, we can see that such
a magnetic-field-reinforced thermal switch effect comes
from the mismatch of high-frequency VMPs at different
applied magnetic fields. From the viewpoint of symme-
try analysis, we can find that this is a cooperative effect
between rotational symmetry breaking and the external
magnetic field (time-reversal symmetry breaking). Based
on that, we can theoretically control the thermal switch
ratio through an external magnetic field over a wide range.

IV. CONCLUSION

In summary, we show that the near-field radiative heat
transfer between two hyperbolic antiferromagnet slabs can
be controlled by external magnetic fields or twist angle
0 between the two plates. Under time-reversal symmetry
breaking, we find that the presence of a magnetic field
makes the radiative heat flux change nonmonotonically
irrespective of twist angle, and the minimum value can be
found with fields of approximately 1.5 T. From the spectral
function of the HTC, the heat flux contributed by SMPs is

gradually replaced by VMPs with increasing field. Then,
SMPs can undergo a striking topological transition with
increasing magnetic field, and similar types of VMPs can
also change. Moreover, we find that twist-induced ther-
mal switching is stronger with increasing field due to the
nonzero off-diagonal element dependence of the nonre-
ciprocity of VMPs. To realize an ultrastrong twist-induced
thermal switch, we artificially choose the thermal transfer
channel using different external magnetic fields, keeping
the heat exchange channel sensitive to twist angle 6 under
configurational symmetry breaking. Finally, all the pre-
dictions of this work are amenable to measurements with
present experimental techniques, and we are convinced
that the multiple open questions that this work raises will
motivate many further theoretical and experimental studies
of this subject.
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