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Controlling near-field heat transport is crucial for the development of alternative energy applications.
In recent years, the application of an external magnetic field to actively control noncontact heat transport
has emerged as a highly appealing technique, and some exotic subwavelength-scale thermomagnetic phe-
nomena have been predicted, especially in magneto-optical (MO) dipole systems. Here, we report two
additional near-field thermomagnetic effects that can occur in macroscopic planar MO many-body sys-
tems. First, we predict an extremely large thermal magnetoresistance for nanoscale heat transport in a
simple MO configuration comprising several interacting InSb planar slabs. It is found that the thermal
resistance at room temperature can be substantially increased up to the order of 10 000% with a relatively
strong magnetic field. We elucidate that this striking variation benefits from the multibody planar archi-
tecture, which allows us to transform an effective energy tunneling arising from zero-field cavity surface
modes into a feeble tunneling mediated by field-induced hyperbolic modes. We also show the possibility
of reducing the required field through structural optimization. Subsequently, we predict a magnetic-field-
driven transition between superdiffusive and ballistic transport by further examining the radiative transport
regime in a periodic InSb many-slab configuration under the action of external fields. This peculiar tran-
sition is associated with a field-induced alteration in the polarization of the dominant modes of transport.
Our predicted thermomagnetic effects not only enrich the community of many-body energy transport but
also provide guidelines for the development of advanced thermal management of elegant MO multibody

architectures.
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I. INTRODUCTION

Exploiting near-field electromagnetic energy is pivotal
for various thermal applications, including thermophoto-
voltaics [1-3], photonic refrigeration [4,5], thermal diodes
[6,7], etc. Motivated by these devices, significant progress
has been made over the past decade in investigating and
undertanding radiative heat transport (RHT) between two
bodies separated in the near-field regime [8—17]. In recent
years, there has been emerging interest in exploring RHT
in systems involving a set of interacting bodies [18—24].
These studies have already revealed the existance of
plenty of peculiar transport phenomena that lack ana-
logues in standard two-body systems, inspiring the creative
design of advanced thermal functional devices with intrin-
sic many-body characteristics, such as near-field thermal
transistors [25] and thermal routers [26,27].
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One of the primary challenges confronting energy
devices adopting either two- or many-body radiative con-
figurations is to actively control and regulate their substan-
tial photon-based fluxes in the near field. In this respect,
some innovative ideas have been proposed in recent years
and the interested reader can refer to recent reviews by
Refs. [28-30]. One currently popular and appealing sce-
nario is the use of an external magetic field in conjunction
with mageto-optical (MO) materials [30,31]. Particular
attention has been dedicated to magnetic semiconductors,
including InSb, InAs, etc., since their strong MO activi-
ties are just located in the infrared band—a primary range
for thermal radiation. Notably, some very intriguing near-
field thermomagnetic effects have already been predicted,
mainly based on many-body networks consisting of very
small MO semiconductor spheres (usually regarded as
dipoles). For example, when such spheres are meticulously
arranged in a compact square configuration, the presence
of an external static magnetic field can lead to the photon
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thermal Hall effect [31-33] as well as the persistent heat
current in thermal equilibrium [19]. Besides, the thermal
magnetoresistance (TMR) effect, a thermal analogue of
the magnetoresistance (MR) effect in spintronics, has been
revealed in a linear dipolar chain made of InSb [34]. By
exposing this plasmonic network to a static magnetic field
of several tesla, one demonstrated the existence of a TMR
up to about 100%, which is analogous to the magnitude of
the electronic giant MR (GMR) and therefore referred to
as the giant TMR (GTMR) [34].

The MR (the dependence of electronic resistance on
magnetic fields) is a key property, playing a crucial role
in the development of spintronics and its applications
[35-37]. Significant efforts in the field of spintronics are
currently delicated to theoretically and experimentally
uncover the existence of the extremely large MR (XMR,
over 10%%) in certain magnetic or nonmagetic materials
[38—41], as well as in their associated layered structures
[42,43], opening the way to the design of state-of-the-
art magnetic devices. Such fascinating magnetoresistance
phenomena, however, have not yet found their thermal
counterparts thus far. Despite this, studies on the magnetic
field dependence of thermal resistances have already made
substantial progress during the past few years. Specifi-
cally, given that most energy-functional devices typically
feature planar geometries, researchers have made numer-
ous attempts to analyze and enhance the TMR in various
macroscopic planar MO structures, but with a focus on
two-body configurations. In a simplest situation where heat
is radiatively transported between two identical infinite
slabs made of n-doped InSb, Moncada-Villa ef al. [11]
showed that the presence of an externally static magnetic
field always reduces the evanescent photon-based energy
fluxes, allowing for the generation of a GTMR reaching
about 230%. This magnetic field behavior on near-field
RHT stems from the replacement of the surface polari-
ton modes (evanescent within slabs as well as in vacuum),
which dominate the zero-field RHT, by the field-induced
hyperbolic modes (propagating within slabs but evanes-
cent in vacuum), which are less efficient in transporting
heat. They subsequently reported that this resistance mag-
nitude is not very sensitive to the orientation of applied
magnetic fields [44]. More recently, inspired by excel-
lent photoelectric properties of MO topological media,
researchers have found that near-field RHT between two
magnetophotonic crystals can be more strongly inhibited
in the presence of relatively strong magnetic fields, pro-
ducing a huger thermal resistance [45—47]. For instance,
when such structures are fabricated by alternating stacking
of an InSb layer and a dielectric SiO, layer with appropri-
ate thicknesses, the TMR value can be remarkably raised
to around 500% by applying a background field up to
8 T. On the other hand, the magnetic field dependence
of RHT has also been reported in several representative
asymmetric MO systems, as a InSb slab separated by a

FIG. 1. Schematic drawing of a linear macroscopic system
comprising of N parallel MO planar slabs with an identical
thickness & separated by vacuum gaps of size d, subjected to
an external static magnetic field. These slabs are labeled with
indices 1,..., N. Slab 1 and slab N are fixed at the temperatures
T1=Ty + AT and Ty =300 K using the two thermostats, while
all the other slabs are left free to relax into their own temperature

T;.

vacuum gap from a Au slab [44] or graphene [48]. There,
it has been demonstrated that the application of an external
magnetic field is even capable of enhancing heat transport
at the nanoscale (i.e., the so-called negative TMR effect),
yet fails to induce a large (positive) thermal resistance,
associated with the mismatch of resonance modes of dis-
similar materials. Despite these remarkable steps forward,
the reported TMR magnitude in existing planar MO con-
figurations has never exceeded 1000%. Here, inspired by
current advancements of MR in spintronics, we predict the
existence of a thermal analogue of the XMR in the con-
text of near-field RHT in a linear many-body architecture
consisting of a few parallel planar slabs made of magnetic
semiconductors (Fig. 1).

Another issue we are going to address in this study
regarding this macroscopic MO system is its heat-transport
regime. Unlike heat conduction in bulk solids, governed
by a normal diffusion process, heat transport in systems
where objects exchange energy via photons may exhibit
anomalous (superdiffussive) behavior, offering an oppor-
tunity to design a new generation of composite materials
or structures with the capacity to transport heat faster.
In a pioneering study in 2013, Ben-Abdallah et al. [49]
demonstrated the existence of a superdiffussive regime
of transport in plasmonic networks of many interacting
small spheres (working within the dipolar approximation),
and displayed this anomalous transport process is inde-
pendent of the system density. Notably, the Boltzmannn
transport equation cannot be safely applied in such sys-
tems [50]. During the years that followed, several studies
further reported that the occurance of superdiffussive trans-
port in many-dipole systems is not subjetcted to material
components [51,52]. However, to date, studies on radia-
tive transport regimes in macroscopic many-body systems
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remain very scarce [53]. In Ref. [53], it has been shown
that in a linear many-slab configuration purely made of
dielectric SiC, a transition from superdiffusive to ballistic
transport takes place as the entire system gets very dense,
traced to a fundamental change of dominant modes (from
TM- to TE-polarized modes). This finding suggests that
the tranport rate of heat can be further elevated making
use of a periodic planar multibody architecture, which is of
significance for developing ultrafast thermal management.
Neverthelsss, achieving such a transition through precise
adjustments of structural parameters of complex architec-
tures undoubtly poses immense challenges in both exper-
imental verification and practical applications. From this
perspective, an active control scenario could be urgently
required. On the other hand, given the fact that SiC sup-
ports quite strong surface phonon polaritons [54,55], one
might doubt whether ballistic transport persists in dense
radiative many-slab systems made of certain media with
similar properties. Taking into consideration two afore-
mentioned aspects, our thoughts instinctively gravitate
towards magnetic semiconductors, since, as mentioned
before, they typically support strong surface modes in the
absence of magnetic fields and, what is more, their surface
states can be significantly affected upon applying an exper-
imentally available magnetic field. These features motivate
us to examine how heat carried by thermal photons is trans-
ported in a planar multibody configuration made of such
MO media, as well as whether the application of a mag-
netic field allows one to induce a transition of transport
regimes.

In this work, we predict two novel near-field thermo-
magnetic effects that can take place in macroscopic planar
multibody systems made of MO semiconductors. Firstly,
we find that the resistance of heat transported in a sim-
ple configuration, comprising just a few subwavelength-
separation InSb planar slabs, can be as high as around
10 000% in the presence of a magnetic field up to 8 T, in the
spirit of the XMR in spintronics. This phenomenon, which
we term the extremely large thermal magnetoresistance
(XTMR), profits by the many-body planar architecture,
which permits an energy tunneling governed by zero-field
cavity surface modes to be converted into a much less effi-
cient tunneling mediated by magnetic-field-induced hyper-
bolic modes. We also demonstrate that it is possible to
lower the required field by adjusting structural parameters
such as the number of MO slabs.

Subsequently, we examine radiative transport regimes
in the more complex InSb many-slab configuration, with
a specific focus on the possibility of modifying transport
regimes upon applying magnetic fields. It is shown that
increasing the density of the considered MO system at zero
fields leads to a transition in heat transport from a superdif-
fusive regime to a diffusion-like regime, in stark contrast
to what was reported in the SiC many-slab case [53],
showing that the heat-transport regime in planar multibody

systems depends not only on structural parameters but also
on material components. More importantly, we demon-
strate that the application of an external magnetic field
is capable of inducing a transition between superdiffusive
and ballistic transport. This field-driven transition (another
field-induced phenomenon we predict) is found to be asso-
ciated with a change in the dominant modes from TM- to
TE-polarized modes, governing superdiffusive and ballis-
tic regimes, respectively. We point out that although this
finding agrees with that previously observed in the dielec-
tric SiC architecture [53], the physical mechanism behind
the magnetic-field-induced transition is more complex. It
is worth noting that the thermomagnetic phenomena pre-
dicted here for the case of InSb are also expected to
occur for other polar semiconductors like GaAs, InAs,
etc., or even nonpolar semiconductors like Si. Our findings
could have significant implications for the nanoscale ther-
mal management of multibody architectures using external
fields.

The remainder of this paper is organized as follows.
Section II presents a description of the physical system
under study. In Sec. III, we introduce the recently devel-
oped Green’s function approach that we use to calculate
radiative heat transport in planar MO many-body systems
in the presence of an external magnetic field. Section IV
is devoted to uncovering the XTMR effect in simple MO
architectures comprising several noncontact InSb planar
slabs. In Sec. V, we turn our attention to heat-transport
regimes in the InSb many-slab configuration, particularly
showing the possibility of a magnetic-field-induced tran-
sition between superdiffusive and ballistic regimes. In
Sec. VI, we give some remarks on potential applications
of our predicted thermomagnetic effects. Finally, the main
conclusions of our work are summarized in Sec. VIL

II. PHYSICAL SYSTEM

Our current major task is to characterize heat transport
in the system under consideration, consisting of N par-
allel MO semiconductor planar slabs separated by equal
vacuum gaps of size d, subjected to an external static mag-
netic field B, as depicted in Fig. 1. These slabs, labeled
with indices 1, ..., NV, have an identical thickness § and,
are assumed to be orthogonal to the z axis and infinite in
both x and y directions so that the localized electromag-
netic modes at their edges and corners play a negligible
role in heat transport [56,57]. The temperatures of the two
terminals, i.e., the hot slab 1 and cold slab N are fixed
at T\'=Ty + AT and Ty =300 K, respectively, while all
the other slabs are allowed to reach their own equilib-
rium temperature 7; (j=2,..., N—1). In this study, we
choose n-doped InSb as an example of magnetic semicon-
ductors, and consider an external magnetic field, which is
applied perpendicularly to the surface of the InSb slabs,
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i.e., B = BZz. We note that the alteration of the field ori-
entation does not radically change the radiation property
of planar InSb [44]. When exposed to an external field
oriented as B = Bz, InSb exhibits an optical anisotropy
described by the following dielectric permittivity tensor
[58]:

€1 —ié‘z 0
Emsb=| i&2 & 0 |, (1)
0 0 &3

02— w2 (w+iy)
e1(B) = exo <1 + w2 ot w[wgp—(w-ﬁ-i)’)z] ’

T—wz—iFw
6‘90602(0(3
©28) = oo @
2 2 2
— wpmer 9%
€3 = € (1 + w%fwzfil"w a)(w+i)/)> :
Here, €,,=15.7 is the high-frequency permittivity,

wr=3.62x 103 rad s7' (wr=3.39x10" rad s7!)
is the longitudinal (transversal) phonon frequency,
w,=3.14x 10" rad s7' is the plasma frequency, and
I'=5.65x 10" rad s7! (y =3.39 x 10'2 rad s7') is the
phonon (free carrier) damping constants. The effect of the
magnetic field is characterized by the cyclotron frequency
we=eB/m*, where m*=1.99 x 1073 kg is the effective
mass corresponding to a doping level of 1.07 x 10'7 cm~3.

Without external magnetic fields (B=0), e;=¢3 and
e,=0, so InSb is optically isotropic. In this case, the
interface between the InSb slab and vacuum can support
both surface plasmon polaritons (SPPs) at the frequencies
below the surface plasmon frequency wspp = @,/ V2 and
surface phonon polaritons (SPhPs) within the reststrahlen
band w; < w < wr [58]. These modes are characterized
by an evanescent field in both InSb and vacuum, with a
large component of wave vectors parallel to the interfaces,
responsible for a strong transport of heat. When the mag-
netic field is turned on (B # 0), the MO effects are induced
due to the generation of the complex off-diagonal elements,
&,. And, in certain frequency regions another type of elec-
tromagnetic mode appears. These modes are referred to as
hyperbolic modes (HMs) and classified as type I hyper-
bolic modes (HMI) with ¢, >0 and 3 <0 and type II
(HMII) with &; <0 and &3 > 0, as illustrated in Ref. [11].
These HMs are propagating within InSb but evanescent in
vacuum, and their components of the wave vector parallel
to the interfaces are much smaller than those of zero-field
surface modes, rendering them less efficient to exchange
heat between two infinite InSb slabs.

Let us now consider the radiative energy flux trans-
ported between two arbitrary MO slabs in the system
under consideration. Given the stable nonreciprocity of
InSb subjected to magnetic fields [19,32], the net flux

exchanged between slab i and slab j must be calculated
by the following Landauer-like expression [29,34]:

Cdo [* dk

— 0 (0, T) 7T~ ik, w)], (3)

where O;(w, T}) = hw/[exp(hw/kpT;) — 1] is the mean
energy of photons with frequency w, k= (k,, k) is parallel
wave vectors at temperature 7;, and 7;_,; (7;_,;) denotes
the transmission (tunneling) probability for the thermal
photons from slab i to slab j (slab j to slab i), whose
calculation will be given in the next section.

III. THEORETICAL APPROACH

Most prior studies on near-field heat transport in many-
body systems with planar geometry have involved only
isotropic or uniaxial materials (with the optical axis paral-
lel to the transport direction) [23-25,53,59—63]. The pho-
tonic transmission probability in such systems is usually
calculated using the analytical formula derived from the
scattering approach [22,64,65]. This analytical formula,
however, is not applicable to calculate the tunneling prob-
ability in the many-slab case involving anisotropic media
(e.g., MO materials [19,32], Weyl semimetals [27], and
so on) because the permittivity tensor of these materials
has complex off-diagonal components. Here, we choose to
utilize a Green’s function approach [66,67] recently devel-
oped for the analysis of radiative energy transport in pla-
nar many-body systems made of materials with complex
optical anisotropy.

Before implementing the Green’s function approach, a
key step is to establish the spatial positions of objects
involved in the system. The assumption that the MO pla-
nar slabs are infinite along the x and y directions allows
us to treat the system of Fig. 1 as a layered structure in
the z direction, which, as sketched in Fig. 2, consists of
alternating vacuum layers (green areas) and InSb layers
(gray areas). By doing so, these layers can be labeled by
[, extending from z; to z;4 1.

As an example, let us now consider the situation where
the flux is radiatively transported from the emitting layer
e to the receiving layer 7, as sketched in Fig. 2. In order
to compute the photonic transmission probability between
these two layers, we need to first determine the one at the
two boundaries of layer r. For this, we are going to cal-
culate the flux reaching arbitrary position z within layer r,
generated from the fluctuating current sources within layer
e (with a thickness §), given by the z component of the
Poynting vector

Ges: (0, 0) =8S(r,z,1) = Z- (E(r,z,1) x H(r,z,0)), (4)

where (- - -) denotes the ensemble average, E (r, z, f) and
H (r, z, ) are the electric and magnetic fields, and r = (x, y)
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Schematic drawing of a layered structure comprising alternating vacuum layers (green areas) and InSb layers (gray areas).

Each layer can be labeled by /, extending from z; to z;, ;. Thermal emission of fluctuating currents contained in the z’ plane in layer e,

is absorbed by the z plane in the receiving layer, r.

and ¢ denote the in-plane coordinate and time, respectively.
By using the time and space Fourier transforms, together
with that S (r, z, #) is independent of r by translational sym-
metry, independent of z due to energy conservation and
independent of ¢ since the thermal process is a stationary
random process [68], Eq. (4) can be rewritten as

1 [ —* dk
= —/ da)/ 1
2 -0 (27)

x Re {z- (E(k,z, 0)H*(k,z,0))} .

S(z)

)

For the convenience of calculations, we recast Eq. (5) into
the following form:

1 [ ©  dk
—/ da)/ 1
2 Jo 0o (2m)

 Re {Tr [ﬁ (E(k,z, 0)H(K,z, a))*)]} _(6)

S(z) =

Here, the matrix

and (EH*) = (E,H), where o and 8 represent the Carte-
sian components. The thermally generated electric and
magnetic fields in the preceding equation can be calculated
by the sum of the contributions stemming from the fluc-
tuating current sources, J(k,z’, w), at all z’ planes within
layer e as

Ze+8 R

E(k,z,0) = / &' G,z 2, )k 2, w),  (7)
Ze+6 R

H(k,z,0) = f &' Gy (k, 2,7, ) Ik, 2, @), (8)

where G (Gy) is the electric (magnetic) Green’s function,
which connects the emitting sources in a plane located at

position z’ in the emitting layer e, with the absorbing plane
at position z in the receiving layer ». The Green’s functions
can be solved by using the scattering matrix formalism
[69]. More computational details can be found within the
Supplemental Material [70].

From Eqgs. (6)—(8) it is clear that the heat-flux calculation
involves the ensemble average of the spatial correlation
function of J within layer e, which can be given by the
fluctuation-dissipation theorem [68]

(J(k,z, o)J' (K, 7, a))>

4
= (2n)?

)8z —2), (9)

where T, and ¢ are the temperature and the permittivity ten-
sor of the emitting layer e, respectively. Notably, although
Eq. (9) is strictly derived from thermal-equilibrium sys-
tems, it is still possible to apply it to systems out of thermal
equilibrium by assuming local thermal equilibrium [71].

Plugging Eqgs. (7)~9) into Eq. (6), we obtain the fol-
lowing expression for the radiative heat flux at position z
within the receiving layer 7:

S(Z)zfood_w/oo dk
2 Jooo 2m)?

x Re {Tr |:FGE(k -4 a))

Ze +5

4w80®(w T) /

GI,(k z,7 a))]}

(10)
Comparing this expression to Eq. (3), it is easy to identify
the z-position photonic transmission probability

Ze+0
Tk, z,0) = dwe Ref dz

A

x {Tr[f“@’E(k,z,z/, )L Gk, 2,2, a))}}
(11)

Note that Eq. (11) allows for calculating the transmission
probability from the emitting layer e to any positions z
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within the receiving layer », which is another advantage of
the Green’s function approach over the scattering approach
(the latter can only capture the transmission probabil-
ity between layers). Finally, the transmission probability
between layer e and layer r, 7,_,.(k, ), can be obtained
by the difference in the one at the two boundaries of
layer r.

Let us finish this section by saying that the numerical
simulation for the MO system we consider has shown that
Ti-.j(k,w) = T;_;(k,w). Such a reciprocity of the trans-
mission probability is consistent with the results reported
in Ref. [34] for a linear chain of InSb nanospheres. We also
note that the radiative transport reciprocity in nonrecipro-
cal many-body systems can be analytically demonstrated
by the symmetry of the magnetic group and the second
law of thermodynamics, as shown in Ref. [72]. With this
in mind, Eq. (3) can be simplified as follows:

i =) ) e O

— 0, (0, TH17Ti; (k, w). (12)
To simplify the analytic treatment, we consider the situ-
ation where the temperature difference AT between the
two terminals is small, namely, the temperature of slab 1
is only slightly higher than that of slab N. This thereby
guarantees that the temperature differences involved in the
entire system are sufficiently small, so that we can intro-
duce the linear conductance or the heat-transfer coefficient

hi; , expressed as
/‘ dw / © dk
27 J o @n)?

hij: 1~>0T
am@m
—— T i (w,K). 13
X 8T] ](a) ) ( )

Here, we note that 7; is the equilibrium temperature of slab

7, which can be obtalned by solving a set of the energy

balance equation ) iz go,] = 0 using an iterative pro-
j£(

cedure based on the Jacoblan matrix [52,61]. Hereafter,
we employ Eq. (13) to analyze the thermal resistance (see
Sec. 1V) and the heat-transport regime (see Sec. V) in the
MO architecture under study without and with an external
magnetic field.

IV. EXTREMELY LARGE TMR IN MO FEW-SLAB
CONFIGURATIONS

As mentioned in the Introduction, most previous stud-
ies on the analysis of the TMR in planar MO systems have
been limited to two-body cases [11,44—58]. In this section,
we shall unveil the extent to which thermal resistance can
be affected by an external magnetic field in the MO many-
body architecture of Fig. 1. According to the definition of

30 ¥ T ' T ” T J
b d: — 10 nm 100nm(a)-
20 25nm — 180nm |
50nm —— 400 nm

hys (W m™ K™)

R(B)/R(0)

FIG. 3. (a) Heat-transfer coefficient /4,5 of a few-body archi-
tecture consisting of N =5 InSb planar slabs with a thickness of
100 nm as a function of the magnetic field intensity B for various
gap sizes d. (b) Ratio of the thermal resistance R(B)/R(0) at finite
fields to the one at zero fields versus the magnetic field inten-
sity for the considered gap sizes. Gray dashed lines correspond
to R(B)/R(0) = 1. The temperature of the cold terminal (i.e., slab
5) is fixed at 300 K.

thermal resistances in linear networks [34], the (largest)
resistance of the considered MO architecture in the pres-
ence of magnetic fields is given by R(B) = R \y(B) =
hf]\l,(B). Then, the TMR can be expressed following the

electronic magnetoresistance concept as
R(B) — R(0)
R(0)

TMR = x 100%,

(14)
where R(0) is the thermal resistence without magnetic
fields. Obviously, the presence of the intermediate slabs
(with indices 2,..., N — 1) will affect the travel of thermal
photons between the hot slab 1 and the cold slab N, i.e.,
they are funcitioning as energy modulators.

Let us start the discussion by considering a simple
geometry, which consists of N=135 InSb planar slabs with
the same thickness § =100 nm. These two structural
parameters are used in this section unless otherwise men-
tioned. Figure 3(a) shows the heat-transfer coefficient %5
versus the magnetic field intensity B for different values of
the gap size d. In the absence of a magetic field (B =0), we
see an expected significant decrease in the transfer coef-
ficient with increasing d, associated with the evanescent
nature of surface modes that dominate near-field energy
fluxes. Now, when an external magnetic field is applied,
it is clearly observed that the transfer coefficient for a
sufficiently small gap of 10 nm exhibits a nonmonotonic
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FIG. 4. (a) Magnetic field dependence of the spatial profile of

the total energy flux across the modulator slabs for the gap sizes
d =10 nm (solid curves) and d =180 nm (dashed curves). The
vacuum regions where the fluxes are not dissipated are delimited
by the vertical gray lines. (b) Thermal contributions coming from
TM- (solid curves) and TE-polarized modes (dashed curves) with
B=0,2,8T for d=10 nm. The vacuum regions are marked by
gray shaded areas. (c) Same as in (b), but for d =180 nm. The
cold terminal temperature is fixed at 300 K.

dependency on the field intensity, standing in stark con-
trast to the results for other gap sizes. More specifically,
for d =10 nm, its heat-transfer coefficient drops rapidly
to a global minimum as the magnetic field increases to
about 2.3 T, but then yields a progressive rise as the field
becomes intenser; by contrast, the transfer coefficients for
wider gaps (d > 25 nm) always decreases monotonically
with the field and finally remains almost constant.

The above difference in the heat-transfer coefficients
leads to an interesting TMR behavior: strong magnetic
fields typically favor the formation of a higher thermal
resistance with respect to weak ones, yet this correlation
may not hold for very compact configurations. As shown in
Fig. 3(b), where the ratios of the thermal resistance at finite
fields to that at zero fields versus the magnetic field inten-
sity are plotted for the same d as in Fig. 3(a), only for the
very compact case (d = 10 nm), the TMR reaches its max-
imum of approximately 240% with a moderate magnetic
field of 2.3 T, but subsequently drops below 100% as the
field further increases up to around 8 T. Such a nonmono-
tonic change of the TMR has not been observed in either

a chain of interacting InSb dipoles [34] or between two
identical planar MO structures [11,45—47], both of which
highlight the peculiarity of energy transport in macro-
scopic multibody architectures. Additionally, we note that
when d is appropriately increased, the application of strong
fields of above 6 T actually induces a significantly larger
resistance (compared to weak fields). Under such fields, the
TMR magnitude can reach above 1000% for d > 100 nm,
obviously surpassing those induced previously in planar
MO two-body configurations [11,44—48]. From this we
can roughly judge that the production of the large TMR
here is linked to the interacting degree of those MO
slabs.

In order to identify the origin for the observed TMR
phenomena, in Fig. 4(a) we present the spatial profiles of
absorbed heat fluxes inside the intermediate modulators
(i.e., slab 2, 3 and 4, sketched in the upper right cor-
ner of the panel), in the presence of magnetic fields of
the strengths B=0, 2, 4, and 8 T, considering d =10 nm
(solid curves) and d = 180 nm (dashed curves). The posi-
tion coordinate z has been nomalized by the total transport
distance of fluxes (zy) and, since radiative energy is not
dissipated when traveling through the vacuum regions
(between slab 2 and 3, as well as slab 3 and 4), the spatial
profiles within these regions become horizontal as marked
in Fig. 4(a). The first thing to notice is that, for both gap
sizes, the near-field fluxes generated by tunneling from
the hot slab 1 into slab 2 (corresponding to z/zy,y=0) are
more pronouncedly inhibited for stronger magnetic fields,
which is very akin to what was observed between two
infinite InSb slabs [11]. This field-induced reduction of
energy fluxes in the near field is undoubtedly due to fact
that the small wave-vector HMs induced by fields pro-
gressively replace the large wave-vector surface modes
at zero fields, leading to less effective transport across
vacuum gaps. But the situation subsequently becomes dif-
ferent. It is interesting to notice that, for the case of a
10-nm gap, the flux profile produced by applying mag-
netic fields up to 8 T clearly intersects with the zero-field
one (inside slab 2), meaning that, within the intersection
region, the presence of fields instead enhances transport
of near-field fluxes. Note that this singular field-induced
enhancement phenomenon does not occur when the field
is reduced to 2 T. Under this moderate field, the radiative
energy flux undergoes the most significant decrease after
traveling through all the intermediate slabs (corresponding
to z/ziv= 1), thereby maximizing the thermal resistance.
By contrast, when the MO slabs are no longer sufficiently
close to each other, the attenuation trend of the spatial
profiles for different applied fields becomes nearly iden-
tical to that for the zero field, supported by the results
for d=180 nm. In this case, strong magnetic fields natu-
rally induce the most pronounced thermal inhibition effect
at any positions, associated with the fact that they have
already reduced the initial fluxes to the maximum extent.
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FIG. 5.

Photonic transmission probability for TM polarization from slab 1 to slab 5, 7,7

with respect to frequency w and parallel

1—5°

wave vector k (normalized by ko= w/c) in the presence of the magnetic field of the strengths B =0, 2, 4, 8 T. Upper (lower) panels cor-
respond to the gap size d = 10 nm (d = 180 nm). Frequency regions corresponding to surface modes (SPPs and SPhPs) and hyperbolic

modes are delimited by the horizontal white dashed lines.

In Figs. 4(b) and 4(c), we further present the thermal
contributions coming from TM- (solid curves) and TE-
polarized modes (dashed curves) for d=10 and 180 nm,
respectively, under the application of fields of 0, 2, 8 T.
Incidentally, considering that polarization conversion [73]
might play a role for heat transport in certain systems
involving anisotropic media whose permittivity tensor
has complex off-diagonal components, we have checked
that the contributions from polarization conversion in our
considered system is indeed insignificant. Together with
Fig. 4(a), one can now clearly see that the modifications
to the spatial profiles of total energy fluxes can be entirely
attributed to the magnetic field effect on the TM-polarized
evanescent modes (which plays a dominant role). It should
also be pointed out that the presence of fields simultane-
ously gives rise to a moderate increase in the contribution
from TE polarization, which may have consequences, as
shown later in Sec. V.

To elucidate the differences between the energy-flux
profiles of different gap configurations and gain more
insights into the underlying physics, we next analyze the
TM-polarized transmission probability from the hot termi-
nal to the cold one, 7} 5, shown in the upper (lower) pan-
els of Fig. 5 for d=10 nm (d = 180 nm), in the presence
of different magnetic fields. In each panel, we have marked
the frequency ranges that support SPPs, SPhPs, and HMs
(HMI and HMII) when the planar InSb is subjected to the
corresponding magnitude of the applied field.

Let us focus first on the discussion of the zero-
field results. By comparing the photonic transmission
probability without magnetic fields of Figs. 5(a) and
5(e), we discover that, different from d=10 nm, the

transmission bright bands for d =180 nm follow the dis-
persion law of cavity surface modes nicely [10]. The
reason for this can be found by analyzing the radiation
penetration depth, /. In the electrostatic limit, the pene-
tration depth of an evanescent wave can be approximated
by [~ k~! [10,74]. For the considered many-body geom-
etry, only thermal evanescent waves with /> d are able to
tunnel between two adjacent slabs (e.g., slab 1 and slab
2), such that the largest contributing wave vector, which
dominates near-field heat transport, can be approximated
as kmax &~ d ™!, with an associated penetration depth [/~ d.
According to this relationship, one can judge that when
d =10 nm, the corresponding / is significantly smaller than
the given slab thickness (6§ = 100 nm), in which case the
dominant surface modes at the interfaces on both sides of
those intermediate slabs do not couple within them, thus
leading to the transmission bands in Fig. 5(a) resembling
uncoupled dispersion laws of single surfaces [75,76]. This
in turn explains the exponential decay of the zero-field
energy flux observed for this particularly small value of d
in Fig. 4. Conversely, / will be obviously larger than ¢ if d
is altered to 180 nm, which enables the internal coupling of
the evanescent fields of the surface modes from the inter-
mediate slab, i.e., forming cavity modes within the modu-
lators, as evidenced by Fig. 5(¢). From the above analysis,
we conclude that the correlation between the gap size and
the slab thickness determines whether the zero-field cavity
surface modes can occur within the modulating slabs.

We next turn our focus to the modifications of the trans-
mission probability under the action of external magnetic
fields. From Fig. 5 it is apparent that, as fields increase, the
frequency regions supporting HMs progressively replace
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FIG. 6.

(a),(b) Ratio of the thermal resistance R(B)/R(0) at finite fields to the one at zero fields as a function of the slab thickness § for

various magnetic field strengths, choosing (a) d =10 nm and (b) d = 180 nm. (c) Number dependence of R(B)/R(0) for configurations
comprising N InSb slabs with § =5 nm (solid curves) and § = 100 nm (dashed curves), separated by d =180 nm, with B=2,4, 6 T.

The cold terminal temperature is fixed at 300 K.

the ones initially supporting surface modes, namely, the
HMs will gradually dominate energy transport in the con-
sidered MO system. However, very distinct transmission
behaviors are observed for two kinds of different gap
sizes, as anticipated. For that very small gap (d =10 nm),
as fields increase to 8 T, we see two narrow transmis-
sion bands of HMs with the wave-vector cutoffs that are
pronouncedly larger than the case of B=2 T and even
comparable to those of surface modes at zero fields [Figs.
5(a)-5(d)]. The presence of such hyperbolic bright bands
means that the strong magnetic field is not as effective
in inhibiting heat transport as the moderate field [see
Eq. (13)], accounting for why the optimal TMR occurs
with an around 2-T field when d =10 nm. However, this
result seems to contradict magnetic field behaviors that
are usually observed between two MO planar structures
[11,45—47], where strong fields always lead to the appear-
ance of HMs with an intrinsic wave-vector cutoff much
smaller than that of disappeared surface modes. To clar-
ify this point, let us first recall the result of Fig. 4(a) for
d=10 nm. There, the energy flux at zero fields decays
exponentially, associated with the fact that surface modes
from the intermediate slabs (with § notably larger than d)
cannot couple within them to form cavity modes; how-
ever, the application of strong magnetic fields leads to
fluxes decaying at a slower rate, so that they even may
enhance transport of heat, albeit only within slab 2. Based
on this result and together with our previous analysis
of the zero-field transmission probability, we can now
attribute the peculiar field-induced enhancement behav-
ior entirely to the propagating HMs, which, as fields
increase, have a larger propagation capacity and larger
penetration depth relative to the zero-field surface modes
thanks to their intrinsic smaller wave-vector cutoffs (since
[~ k~"). Therefore, this eventually leads to the observation
of the strong-field-induced HMs that exhibit abnormally
large wave-vector cutoffs comparable to zero-field surface
modes.

On the other hand, when the gap size is effectively
increased, as d = 180 nm, we see in Figs. 5(e)-5(h) that the

transmission of the HMs becomes extremely weak as the
applied field gets intense. We point out that such a gap size
will significantly attenuate the tunneling of field-induced
HMs (which are indeed more susceptible to the gap varia-
tion as compared to the large wave-vector surface modes),
leading to quite weak fluxes in Fig. 4(a). On the other hand,
we recall that this wider gap (with respect to §) simulta-
neously favors the formation of zero-field cavity modes
as a consequence of the coupling of the evanescent fields
within the modulating slabs. The combination of these two
points leads to the conclusion that the applied magnetic
field now serves to transform an effective energy tunneling
arising from zero-field cavity surface modes into a poor
tunneling mediated by field-induced HMs. This remark-
able transformation, which benefits from the introduction
of the intermediate slabs, is the key for the emergence of a
large TMR (>1000%) in the current MO configuration.
Upon the above analysis, we expect that the satisfac-
tion of the geometric condition d > § could be necessary
for maximizing the TMR effect in the MO configura-
tion under consideration. To test this idea, we now take
two gap sizes d =10 and 180 nm as examples, and plot
their resistance ratios R(B)/R(0) as a function of the slab
thickness &, varying from 5 nm to 3.5 um, for different
strengths of magnetic fields in Figs. 6(a) and 6(b), respec-
tively. Incidentally, we do not consider the results for the
thickness range of § < 5 nm, for which the nonlocal effect
may become non-negligible [77]. It is immediately seen
that, for both given gap sizes, R(B)/R(0) reaches the maxi-
mum value when all InSb slabs have the smallest thickness
(6 =5 nm) and are subjected to the strongest magnetic
field (B=28 T). Meanwhile, we notice that this value for
d =180 nm corresponds to a very huge TMR as high as
approximately 10000%, which is truly remarkable when
we compare it to the resistances obtained in existing MO
systems with similar magnetic fields (never exceeding the
order of 1000%). [11,34,44—48]. The observed XTMR
effect arises exactly from the fact that a suitably larger
d (with respect to §) is more advantageous for inhibiting
the effective tunneling driven by zero-field cavity surface

064022-9



QU, BIEHS, and Y1

PHYS. REV. APPLIED 21, 064022 (2024)

modes by applying a sufficiently strong external field, as
explained earlier. Therefore, it is not surprising that when
the system comprises very thin InSb slabs, the XTMR can
occur over a relatively wide range of d (see Supplemental
Material [70]).

Another remarkable field behavior is that the applica-
tion of magnetic fields can even enhance heat transport
along the whole system, as is more evident from the 10-nm
gap results, where, as shown in Fig. 6(a), the presence of
sufficiently high fields (B> 6 T) leads to R(B)/R(0) being
obviously less than 1 and a negative TMR up to over
—80% at sufficiently large thicknesses of near 1 um. This
result further indicates that the magnetic field may totally
change its role in heat transport when d is much smaller
than §. This arises from the fact that the slabs with large
thicknesses hinder the coupling of zero-field surface modes
inside of them, leading to a low tunneling, which is, in turn,
effectively enhanced by the field-induced HMs due to their
larger penetration depth. Note that the negative thermal
resistance induced here is entirely subjected to the intrinsic
small wave-vector HMs, differing from what was found in
the asymetric MO two-body configurations [44,48], which
could inspire one to desigin fascinating MO architectures
to assist energy transport.

So far, we have demonstrated the possiblity of inducing
a XTMR in MO InSb few-slab configurations with rela-
tively strong magnetic fields. Let us finish this section by
displaying that appropriately adjusting the number of MO
slabs is an feasible technique to reduce the required field,
which could be more appealing for practial applications
[30]. In Fig. 6(c) we present the number dependence of
R(B)/R(0) for configurations comprising N slabs with the
thicknesses 6 =5 nm (solid curves) and 100 nm (dashed
curves), separated by d =180 nm. This plot shows that
even if the applied field and certain structual parameters
(d and §) are fixed, one can still effectively elevate the
resistance by optimizing the slab number. This therefore
allows for the production of a higher TMR upon the appli-
cation of a lower magnetic field. For instance, when our
architecture consists of N =8 InSb slabs with a 5 nm
thickness, the TMR magnitude now reaches up to about
10000% with a 6-T field and about 1000% even with a
moderate 2-T field.

V. MAGNETIC-FIELD-DRIVEN TRANSITION OF
TRANSPORT REGIMES IN MO MANY-SLAB
CONFIGURATIONS

Unlike radiative many-dipole systems that only allow
for the occurrance of a superdiffussive regime of heat trans-
port [49,51,52], practial systems consisting of numerous
macroscopic planar objects may exhibit more complex
transport behaviors. As recently demonstrated in Ref. [53],
in a linear many-slab system purely made of polar dielec-
tric SiC (supporting strong SPhPs), its transport regime

undergoes a transition between superdiffussive and bal-
listic, when the system density is substantially enhanced.
Motivated by this finding, in this section we shall pay
our attention to examining how heat carried by thermal
photons is transported in many-body configuration com-
prising MO planar slabs, with particular attention to the
possibility to induce a ballistic transport by applying an
external magnetic field. For our purposes, let us now con-
sider our system featuring a considerably large number of
InSb slabs, which are necessary and useful for identifying
transport regimes, as illustrated below.

For one-dimensional planar radiative systems with a
small temperature difference, by reasonably assuming that
the heat-transfer coefficient h; ~ 1 /zl?; (where z;; is the
separation between slab i and slab j) it has been demon-
strated that, in the thermodynamic limit N — oo and
the total length of the system L — oo, the positions of
slabs can be continuously described by z; — z, so that
T; — T(z) and the total flux received by slab j is given
by ¢; = Zi# @i = @(2) ~ (=AY "V2T(z2) (see detailed
derivations in Ref. [53]). The term (—A)?~!/? is the frac-
tional Laplacian, which, by introducing y =« + 1, can be
defined as [29,78]

® T(z) — T(z')

T d,  (15)

(—A)*2T(z) = ¢ PV /

> |z—z
with the constant

9-a3/2
T T +a/2T[(1 +a)/2]sin(er/2)’

Co

I’ (x) being the Gamma function, and PV stands for the
principal value. Equation (15) establishes a relationship
between the asymptotic, large-distance behavior of trans-
fer coefficients and the heat-transport regime. Specifically,
when y =3, the fractional Laplacian degenerates into its
classical form, so the transport regime is diffusive, whereas
for y =1, the fractional Laplacian approaches the identity
operator, so that transport becomes ballistic. Finally, when
1 < y < 3 the transport is superdiffusive.

We are going to consider our many-body geometry
consisting of N=65 n-doped InSb planar slabs with an
identical thickness of 6 =200 nm. The reasons for this
thickness setup are twofold. Firstly, we have checked that,
under this thickness, radiative energy will undergo a suf-
ficiently strong decay along the entire system, allowing us
to identify the type of heat-transport regimes exactly. Sec-
ondly, this thickness setup aligns with that of Ref. [53],
which is also convenient for the comparison and discussion
of the difference in transport regimes between the semi-
conductor system under study and the dielectric system of
interest in Ref. [53].

Figure 7(a) shows the heat-transfer coefficient #;
between the central slab (i =33) and another one (j > 33)
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(a) Heat-transfer coefficients 4; with respect to the normalized separation z; /zy, for different gap sizes d in the absence of

magnetic fields. Dashed lines show the asymptotic behavior of 4; ~ 1 /z}} at large separation distances. The value of y stands for the
nature of the heat-transport regime. (b) Thermal contributions from TM- and TE-polarized modes for d = 8 nm. (c) Same as in (b), but
for d =400 nm. The temperature difference between the two terminals AT = T1—T¢s= 10 K, with Ts= 300 K.

as a function of their separation distance Az (normalized
by zy) in the absence of magnetic fields. From this plot the
influence of the system density on the asymptotic, large-
distance behavior of 4;; is intuitive: as we gradually reduce
d from 400 to 8 nm to render the system rather dense,
hij scales as 1 /zl?; , with an exponent y that monotonically
increases from 2.35 to 2.97, indicating that significantly
densifying our considered system will lead to its radiative
transport changing from a unambiguously superdiffusive
regime to a regime approaching diffusion. Note that the
anomalous variations in /4; at the end of the curves are
a result of finite-size effects [52,53], and are not taken into
account in the scaling analysis. The phenomenon observed
here stands in sharp contrast to what has been found in
the SiC many-slab configuration in which a nonmonotonic
transition, from superdiffusive to ballistic, arises as the sys-
tem gradually becomes rather dense [53]. It follows that
the occurrence of ballistic transport in macroscopic planar
many-body systems depend strongly on not only structural
parameters, but also on material components.

To shed light on this difference, let us briefly review
the origin of the transition in the SiC system. It is asso-
ciated with a fundamental change in the polarization of
the dominant modes, from TM to TE polarization in the
dense case [53]. We argue that this unique variation is
entirely determined by the intrinsic characteristics of this
kind of polar dielectric, which should be an uncommon
phenomenon, as it does not occur for magnetic semicon-
ductors as InSb (even though it also supports strong surface
states in the absence of magnetic fields). As evidenced in
Figs. 7(b) and 7(c), where we extract the thermal contri-
butions from TM- and TE-polarized modes for d =8 and
400 nm, respectively, it is clearly seen that, for the InSb
many-slab configuration, TM modes are exclusively dom-
inant when d is reduced significantly. On the other hand,

we need to emphasize that, when a radiative many-slab
system becomes denser, the penetration depth of the sup-
ported surface modes is decreasing (as explained in the
previous section and discussed in Ref. [79]). Consequently,
when our system is gradually densified, the zero-field sur-
face modes of InSb slabs tend to couple only between
neighboring slabs, accounting for a diffusionlike regime in
Fig. 7(a).

In addition, the results of Figs. 7(b) and 7(c) simulta-
neously suggest that, for the system under consideration,
the large-distance heat fluxes originating from TM modes
decay more rapidly compared to those from TE modes,
hardly subjected to gap sizes, which leads to the exponent
y in the scaling of the total 4; being obviously greater
than 1. From this we deduce that involving as many TE
modes as possible in carrying heat could be necessary
for inducing a transition from superdiffusive to ballistic
regime.

Can an applied magnetic field induce a ballistic trans-
port? To answer it, we present the heat-transfer coefficients
with respect to the normalized separation distance for three
different gap sizes in the presence of magnetic fields,
shown in Figs. 8(a)-8(c), where the zero-field results are
added as a reference (black curves). We observe that, in
all the cases (d =28, 100, 400 nm), the exponent y in the
scaling of 4; under the action of strong fields is clearly
smaller as compared to the zero-field results. Of note, for
the case of d=400 nm, y has decreased to 1 under the
application of an 8-T magnetic field [Fig. 8(c)], indicat-
ing that heat transport becomes unambiguously ballistic.
By further tracing the thermal contributions of TM- and
TE-polarized modes with B=28 T, shown in those insets
of Fig. 8, we confirm that this field-induced transition of
transport regimes (from superdiffusive to ballistic) stems
from TE modes acting as a primary heat-transport channel
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Heat-transfer coefficients 4; with respect to the normalized separation z;/zy, for three different values of the gap sizes of

(a) 8 nm, (b) 100 nm, and (c) 400 nm, in the presence of magnetic fields of the strengths B=0, 4, 8 T. The insets show 4;; versus
z;i/zy with B=8 T, as well as thermal contributions coming from TM- and TE-polarized modes for the corresponding gap size. The
temperature difference between the two terminals A7 = T1—Tgs= 10 K, with T4s=300 K.

at large transport distances. Note that this heat-transport
mechanism in the complex system featuring numerous
InSb slabs subjected to magnetic fields should be distin-
guished from its two- or few-body counterparts where,
as discussed in the previous section, TM modes typically
dominate. Note also that although the transition driven by
magnetic fields here is also associated with the variation in
the polarization of dominant modes, as previously found
in the SiC system, the mechanisms behind both are radi-
cally different. We argue that the reason that TE-polarized
modes dominate large-distance heat transport in the cur-
rent InSb system are twofold. First and foremost, when
these MO slabs are not dense and subjected to strong
magnetic fields, the field-induced HMs featuring intrin-
sic small wave vectors, highly replacing the zero-field
surface modes with large wave vectors, decay dramat-
ically over a large distance, such that TM modes now
fail to dominate large-distance heat transport unlike the
zero-field case [see Fig. 7(c) and the inset of Fig. 8(c)].
Moreover, the application of magnetic fields also has an
appreciable enhancement effect on radiative energy origi-
nating from TE modes (note that this field behavior now
becomes non-negligible), as clearly demonstrated by the
transmission probability results within the Supplemental
Material [70]. Overall, the mechanism of ballistic transport
magnetically induced here is relatively intricate, which dis-
plays the rich physics in macroscopic many-body systems
again.

VI. REMARKS

Let us now discuss some potential applications of our
predicted thermomagnetic effects. In a well-crafted MO
planar many-body architecture, the application of an exter-
nal magnetic field allows one to generate an extremely
large resistance, so that energy transport governed by
photons could be completely hold in an “OFF” state. This
contrasts with the zero-field case, for which transport could

be efficient (as we have demonstrated), corresponding to an
“ON” state. Therefore, this implies that the XTMR effect
could be exploited to design a thermal magnetic switch
[80] that operates with exceptional efficiency. Moreover,
the XTMR should be more competitive and trustwor-
thy than the GTMR [34] for the locally measuring heat
fluxes or temperatures, which is, in turn, of significance
for developing thermal magnetic sensors. In addition, as
shown in Ref. [53], the photonic relaxation process in out-
of-thermal-equilibrium systems at the timescale could, in
principle, shorten siginifcantly when transitioning from
superdiffusive to ballistic transport. Based on this, we
anticipate that this transition induced by external magnetic
fields in periodic MO slab configurations would offer alter-
native perspectives to design energy devices capable of
fast or even ultrafast thermal transport.

VII. CONCLUSIONS

In conclusion, we have predicted two novel thermo-
magnetic effects related to near-field RHT in macroscopic
planar MO many-body systems. First, we have predicted
a XTMR, which is a thermal analogue of the XMR
that is gaining great attention in spintronics, in a sim-
ple MO configuration comprising only a few interacting
InSb planar slabs. It was found that when these MO
slabs are very thin and simultaneously separated by rel-
atively large vacuum gaps, the XTMR as high as the
order of 10000% can be induced at room temperature
by applying an external magnetic field up to 8 T. The
underlying mechanism is that under such dilute multi-
body architectures, the application of a sufficiently strong
magnetic field leads to a very low-energy tunneling aris-
ing from field-induced hyperbolic modes, replacing the
effective tunneling driven by zero-field cavity surface
modes. We also showed that it is feasible to lower the
necessary field appropriately by adding a certain num-
ber of MO slabs. Furthermore, a negative GTMR (of
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around —80%) was observed when the InSb slabs are
sufficiently thick but separated by small gaps (note that this
geometric condition is the exact opposite of that for which
the XTMR occurs). We elucidated that this intriguing
phenomenon also depends strongly on the magnetic-field-
induced HMs, whose large penetration depth renders them
possible to effectively improve the low zero-field tunneling
behavior arising from the uncoupled surface modes within
the thick intermediate slabs.

We further examined the heat-transport regime in a lin-
ear MO many-slab configuration, with a particular focus on
the modification of transport regimes with external mag-
netic fields. In stark contrast to the SiC many-slab result,
increasing the density of an InSb many-slab configuration
at zero fields leads to an alteration of radiative transport
from a superdiffusive regime to a diffusionlike one, indicat-
ing that the transport process in planar multibody systems
depends on both the structural parameters and material
components. Of note, we have predicted a magnetic-field-
driven transition from superdiffusive to ballistic transport.
This peculiar thermomagnetic phenomenon was shown
to be associated with a complete change in the domi-
nant modes, switching from TM- to TE-polarized modes.
Such a change is because the magnetic field, on one hand,
induces the small wave-vector HMs, which decay signif-
icantly over large distances for a relatively dilute system,
fundamentally responsible for a loss of thermal dominance
of TM modes, while on the other hand, enhancing the
large-distance probability of TE modes.

In all our calculations, we have assumed perfectly flat
surfaces. But in practice surface roughness is an unavoid-
able issue. Prior studies [81,82] have theoretically and
experimentally shown that roughness plays an insignifi-
cant role in heat transport between two slabs separated
by subwavelength vacuum gaps when its amplitude is
notably smaller than the gap size. Therefore, our results
are expected to be valid as long as surface roughness has
an amplitude clearly smaller than vacuum gaps, which is
achievable by using current technology.

So, in short, our predicted near-field thermomag-
netic effects would have significant implications for the
nanoscale thermal management of multibody architec-
tures. Moreover, our work once again shows the potential
for numerous rich physical phenomena to occur in macro-
scopic many-body systems with specific geometries and
materials, which would inspire the exploration of capti-
vating transport behaviors linked to thermal photons in
complex architectures in the near future.
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