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The magnetocaloric effect is the change in temperature of a magnetic material in response to a change in
its magnetization, mediated by an external magnetic field. Since the early 20th century, its main application
has been magnetic refrigeration, which has the potential to outperform conventional liquid-vapor refrig-
erators. In this paper, we combine the magnetocaloric effect with magneto-optical control of near-field
radiative heat transfer to introduce an alternative thermal switch with two tuning knobs: a magnetocaloric
one that can adjust the temperature gradient and a magneto-optical one that can adjust the conductance
of the gap between two materials participating in radiative heat transfer. We consider two representative
material systems at room temperature: a Gd-SiC system with magnetocaloric tunability and a Gd-InAs
system with both magnetocaloric and magneto-optical tunability. Our model predicts several different
operating modes of the thermal switch enabled by the magnetocaloric effect, including one where the
flow of heat is reversed. Simultaneously, the magneto-optical response of InAs enables fine-tuning of the
spectral heat flux via control of the electromagnetic surface modes. Our work recontextualizes near-field
radiative heat transfer between magnetic materials and serves as an example of combining an i-caloric
effect (the thermal response of a material due to a change in an applied field i, where i = magneto-, elasto-,
electro-, etc.) with a complementary mode of heat transfer to enable new thermal technologies.
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I. INTRODUCTION

The magnetocaloric effect is the phenomenon in which
the temperature of a magnetic material changes in response
to a change in its magnetization, mediated by an exter-
nal magnetic field [1]. This can be explained via the
change in the magnetic spin entropy, understood in terms
of the alignments of the spins relative to the magnetic
field. If the spins are randomly aligned initially [Fig.
1(a)], the magnetic field will cause them to align, result-
ing in a decrease of the spin entropy [Fig. 1(b)]. However,
the second law of thermodynamics states that the total
entropy of the material must increase or stay the same.
In that case, if the material is isolated from its surround-
ings (i.e., under adiabatic conditions), the lattice entropy
increases to guarantee that the second law is satisfied.
As a result, the temperature of the material increases
[Fig. 1(c)]. Conversely, if the spins are initially aligned
parallel to the magnetic field and the magnetic field is
removed, collisions between the spins and phonons in
the lattice will randomize the spins, increasing the spin
entropy and causing a decrease in the lattice entropy. As
a result of this, the temperature of the magnetic material
decreases.

The magnetocaloric effect was first discovered in 1917
by Weiss and Piccard [2] (according to Ref. [3], this
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discovery has commonly been misattributed to Warburg,
who discovered a similar but different phenomenon in
1881 [4]). It has been actively studied since 1933 for
applications in solid-state refrigeration [5], offering theo-
retically higher efficiencies than liquid-vapor refrigeration:
30%–60% of the Carnot efficiency (and coefficient of per-
formance, COP, of up to 15) for magnetic refrigerators
[6–8], compared to 5%–10% for liquid-vapor refrigera-
tors [7]. It has been argued that magnetic refrigeration
can, in theory, approach the Carnot efficiency [9,10]. In
addition, magnetic refrigerators can serve as passive regen-
erators in externally regenerated or nonregenerative refrig-
eration cycles, which can expand the temperature range of
the cycle and achieve temperatures below 1 K [5,11,12].
Beyond the scope of thermal science, it has been proposed
that the magnetocaloric effect could be useful for hyper-
thermia therapy to treat cancer [13–17] and strokes [18]
and for the controlled release of drugs [15,16,19,20].

One application of the magnetocaloric effect that has not
been fully explored is thermal switching. Because the mag-
netocaloric effect enables contactless temperature control,
it represents a unique opportunity to change temperature
gradients in systems that exchange heat and in doing so
control the heat transfer between objects, potentially with-
out incurring parasitic losses. In some scenarios in the
literature [21], thermal switching is not strictly analogous
to electrical switching because there are no “true” on and
off states (1 and 0). Instead, the heat transfer—analogous
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FIG. 1. The magnetocaloric effect. (a) Initially, the magnetic
spins are randomly aligned. The total entropy of the magnetic
material is S = SM + SL + Se, where SM , SL, and Se are the spin,
lattice, and electronic entropies, respectively. (b) Under an exter-
nal magnetic field B, the spins become aligned, decreasing SM .
(c) The second law of thermodynamics states that �S ≥ 0, so
to guarantee that this is the case, SL increases, resulting in a
temperature rise �T.

to current—is modulated through external stimuli, while
the temperature gradient—analogous to voltage—is fixed.
That is to say, the conductance or heat transfer coefficient
is modulated, so in reality, these systems are more anal-
ogous to potentiometers than electrical switches. On the
other hand, systems that modulate the temperature gradient
as well as the heat transfer coefficient have the potential to
be more analogous to electrical switches. This has been
achieved using phase-change materials, whose transport
properties can drastically change across the phase-change
temperature. For example, theory [22–27] and experiments
[28,29] have shown that the metal-insulator transition in
VO2, coupled with radiative heat transfer, can be used
to implement thermal switches and thermal diodes. In
a similar vein, thermal switches based on the magne-
tocaloric effect can reverse or stop the flow of heat as
well as modulate it because of their ability to directly
adjust the temperatures of objects in the system and their
(magneto-) transport properties without contact. Thus, we
believe that “magnetocaloric thermal switches” could be
considered more analogous to electrical switches. Through
material selection and careful engineering of the mag-
netic field, it should be possible to design systems with
multiple different set points—i.e., crossing points of the
magnetic-field-dependent temperatures—that go beyond
the scope of thermal switching and into the realm of
thermal logic.

At the same time, the idea of using magnetic fields
to control heat transfer and achieve thermal switching is
not new, especially in the context of thermal radiation.
In recent years, there has been great interest in using
magnetic fields to control both far-field [30–35] and near-
field [36–40] radiative heat transfer via the eigenmodes
of Maxwell’s equations. This is possible because mag-
netic fields break time-reversal symmetry, which lifts the
degeneracies of bulk electromagnetic modes and, more
importantly, of the surface modes supported at interfaces
between materials, which have broken inversion symme-
try by nature. In addition to surface plasmon polaritons
(SPPs) and surface phonon polaritons (SPhPs), this permits
the existence of hyperbolic modes [36,41] and nonrecip-
rocal SPPs, i.e., SPPs whose dispersion relation ω(k) is
not symmetric ω(k) �= ω(−k) [42]. In particular, inter-
faces supporting nonreciprocal SPPs and systems with
broken Lorentz reciprocity in general have garnered inter-
est because of their remarkable ability to direct the flow
of heat. For example, it has been shown that Kirchhoff’s
law of radiation (the equality of spectral directional emis-
sivity and absorptivity) is broken in nonreciprocal systems
[30–32,43], and unidirectional SPPs have been experimen-
tally demonstrated [44]. In the near field, where surface
modes (as well as evanescent modes such as frustrated
totally internally reflected waves) usually dominate the
heat transfer, it has been shown that magnetic fields can
offer a high degree of control [36,37] and enable ther-
mal switching [45–47]. The realization of these systems
is becoming more practical thanks to the rise of mate-
rials that have strong magneto-optical responses in the
infrared. Examples include narrow-band-gap semiconduc-
tors such as InAs [32,33,35] and InSb [36,37], as well as
time-reversal-symmetry-breaking Weyl semimetals such
as Co3Sn2S2 [48], Co2MnAl [49], and Co2MnGa [50],
which are predicted to break Lorentz reciprocity and out-
perform established magneto-optical materials without the
need for an external magnetic field [43,51–58].

In this work, we propose combining the magnetocaloric
effect and magnetic field control of near-field radiative
heat transfer to design a magnetocaloric-effect-enhanced
near-field magneto-optical thermal switch. We show via
rigorous numerical modeling that our system can tune and
even reverse the heat transfer via (1) temperature con-
trol using the magnetocaloric response and (2) optical
mode control using the magneto-optical response. We use
a simple model to illustrate a near-field enhanced magne-
tocaloric thermal switch at room temperature, consisting of
two semi-infinite slabs of Gd (a room-temperature magne-
tocaloric material) and either SiC (a polaritonic material)
or InAs (a magneto-optical material that can support sur-
face modes). We theoretically predict the existence of
several different modes of operation, which allow us to
construct a phase diagram for the thermal switch, and show
that the system has a number of knobs that can be turned
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to alter its performance for different applications. In Sec.
II, we briefly explain our model; molecular field theory
is used to calculate the magnetocaloric effect and fluctu-
ational electrodynamics is used to calculate the near-field
radiative heat transfer, along with appropriate material
models, to be explained in the same section. In Sec. III, we
show the results of our calculations and discuss the roles of
the magnetocaloric response in the case of the Gd-SiC ther-
mal switch and magneto-optical response in the case of the
Gd-InAs thermal switch. This work recontextualizes the
role of magnetic materials in systems that exchange heat
via thermal radiation (especially in the near field). It points
toward an entirely different class of thermal switches that
synergize the thermodynamics and optics of magnetism.
More broadly, it highlights the potential of i-caloric effects
[59–61]—defined as the thermal response of a material
to a change in an applied field i (i = magneto-, elasto-
, electro-, etc.) and parameterized by either an adiabatic
temperature change or an isothermal entropy change—in
combination with complementary modes of heat transfer
to conceptualize novel solid-state devices.

II. MATHEMATICAL MODEL OF THE THERMAL
SWITCH

In this section, we briefly explain molecular field theory
(in the context of the magnetocaloric effect) and fluctua-
tional electrodynamics, the two theoretical formalisms that
make up our model. Additionally, we introduce the dielec-
tric tensors of Gd, SiC, and InAs, which are needed to
calculate the heat flux. Detailed discussions of each com-
ponent of our model can be found in the literature since
they are established theories; as such, our explanation will
be relatively straightforward and will focus on the models’
integration and computation.

The system under consideration is shown in Fig. 2(a).
It consists of two semi-infinite slabs separated by a vac-
uum or air gap of width d, a dielectric material (grey)
at a fixed temperature TD = 300 K, and a magnetocaloric
material (blue) at a free temperature Ti, with the initial
temperature difference �Ti ≡ TD − Ti > 0, such that the
initial heat flux Qi > 0 flows from the dielectric material
to the magnetocaloric material. Initially, the spins inside
the magnetocaloric material are randomly oriented, but
when an external magnetic field B is turned on, they align
themselves parallel to B, resulting in a temperature change
�T(Ti, B) > 0 caused by the magnetocaloric effect. Figure
2(b) shows the case in which Ti + �T(Ti, B) > TD and the
final heat flux Qf < 0, meaning the flow of heat is reversed
and, depending on the relative temperature differences,
|Qf | �= |Qi|. If the system is left alone, it will eventu-
ally relax toward thermal equilibrium. Note that if the
magnetic field is turned off after reaching thermal equilib-
rium, the temperature of the magnetocaloric material will
drop, as previously mentioned. Figure 2(c) summarizes
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FIG. 2. Principle of operation of the near-field magnetocaloric
thermal switch. (a) Initially, two semi-infinite slabs, a magne-
tocaloric material and a dielectric material at temperatures Ti and
TD, are separated by a vacuum or air gap of width d and par-
ticipate in radiative heat transfer of heat flux Qi. (b) At t = 0, an
external magnetic field B is turned on, which changes the magne-
tization of the magnetocaloric material and causes its temperature
to change to Ti + �T(B). As a result of the change in temperature
and (depending on material selection) magneto-optical response,
the heat flux changes to Qf . (c) Schematic of the “tuning knobs”
of the system. Both the magnitude B and direction θB of the exter-
nal magnetic field can tune the conductance of the gap, while B
can tune the temperature of the magnetocaloric material. Thus, B
couples the tuning knobs. If magnetic anisotropy is included, θB
can play a role as well. (d) Schematic of the coordinate system.
The external magnetic field B is in the x-z plane. The azimuthal
angle of incidence is ϕ.

the general idea of the system: the magnitude and direc-
tion of B serve as tuning knobs for the conductance (via
magneto-optical effects) and the temperature at one node
(via magnetocaloric effects). In other words, the dielectric
material can be thought of as a heat source (or connected to
one), and the external magnetic field is used to control both
the conductance and temperature of the magnetocaloric
material (the receiver) to route the flow of heat into or out
of the source as needed.

The picture in Fig. 2 can be generalized in a number of
ways, as shown in the Supplemental Material Fig. S1 [62].
(1) �Ti does not have to be positive. It can be negative,
meaning Qi flows from the magnetocaloric material to the
dielectric, or even zero, meaning Qi = 0 and the system is
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in thermal equilibrium. (2) B can point in any direction.
Since the heat flux is integrated over all possible directions
(to be explained in Sec. II B), only the polar angle θB mat-
ters. (3) The initial magnetic field does not have to be zero.
In general, the system can have nonzero initial and final
magnetic fields Bi and Bf , respectively, and the tempera-
ture change �T will be a function of both Bi and Bf . In
that case, the spins may be more or less aligned depending
on Bi and Bf ; Fig. S1 in the Supplemental Material [62]
illustrates a case in which the spins initially are strongly
aligned and become weakly aligned when the magnitude
and direction of B change.

Lastly, let us comment on material selection. Our
choices of Gd, SiC, and InAs can be understood by look-
ing at Fig. 3, which shows how the magnetocaloric and
optical responses of these materials overlap with the spec-
tral range of blackbody radiation at room temperature.
In the case of the magnetocaloric effect of Gd, the usual
T axis is transformed into wavelength using Wien’s law
[100] to better illustrate how thermal emitters at or around
room temperature can leverage the large �T values of Gd.
(Strictly speaking, it would be more informative to use
a “near-field Wien’s law” [101], but this can depend on
the resonant modes supported by the materials, i.e., plas-
monic versus polaritonic.) The bottom two panels show the
lossless dispersion relations of SPhPs and SPPs supported
by SiC-vacuum and InAs-vacuum interfaces, respectively,
calculated using k = (ω/c)

√
ε(ω)/[ε(ω) + 1], where c is

the speed of light in vacuum and ε(ω) is the dielectric
function of either SiC or InAs [102].

A. Thermodynamic model of the magnetocaloric effect

To calculate �T(Ti, Bi, Bf ), we calculate the total
entropy S of the magnetocaloric material as a function of
temperature T at the initial and final values of the magnetic
field, Bi and Bf , then graphically determine the temper-
ature difference between points (Ti, Si) and (Tf , Sf ) on
the T-S diagram under the condition Sf = Si (see [103]
and Sec. 2 in the Supplemental Material [62]). The total
entropy of the magnetocaloric material has three compo-
nents: the electronic entropy Se, the lattice entropy SL, and
the magnetic spin entropy SM ,

S = Se + SL + SM . (1)

Se is calculated using tabulated values of the electronic
specific heat, ae [104],

Se = aeT. (2)

For Gd, the magnetocaloric material of choice in this work,
ae = 11 mJ mol K−2 [103,105]. The lattice entropy S� is
calculated using the Debye model [104],

SL = R

[
−3ln(1 − eθD/T) + 12

(
T
θD

)3 ∫ θD/T

0

x3

ex − 1
dx

]
,

(3)

FIG. 3. Material selection. Top: Spectral heat flux of black-
body radiation at room temperature compared to the magne-
tocaloric effect of Gd in the case of B = 0 → 7 T, as a function
of frequency. In the case of the magnetocaloric effect, tempera-
ture is converted to frequency using Wien’s law, ω = 2.431 ×
10−4 T [eV]. Middle: The lossless dispersion relation of SPhPs
supported by SiC (solid line), along with bulk modes (dash-
dotted line) and the light lines in SiC (dashed red line) and air
(dashed black line). The shaded area is the reststrahlen band. Bot-
tom: The lossless dispersion relation of SPPs supported by InAs,
with the same notation as the middle panel.

where R = 8.3145 mol K−1 is the universal gas constant
and θD is the Debye temperature. For Gd, θD = 184 K
[103]. Finally, the magnetic spin entropy SM is calculated
using molecular field theory [1,103], which states that

SM = R
{

ln
[

sinh(((2J + 1)/2J )x)
sinh((1/2J )x)

]
− xBJ (x)

}
, (4)

where BJ (x) is the Brillouin function,

BJ (x) = 2J + 1
2J

coth
(

2J + 1
2J

x
)

− 1
2J

coth
(

1
2J

x
)

(5)

and

x = gJ JμBB
kBT

+ 3θCJ BJ (x)
(J + 1)T

. (6)
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In Eq. (6), gJ is the Landé g-factor, J is the total angular
momentum quantum number, μB is the Bohr magneton,
θC is the Curie temperature, and kB is the Boltzmann con-
stant. For Gd, gJ = 2, J = 7/2, and θC = 293 K [103].
x can be thought of as the ratio of the Zeeman energy
to kBT and is calculated by self-consistently solving Eqs.
(5) and (6), which can be done using Newton’s method to
solve the transcendental equation Eq. (6) or a Taylor series
expansion of the Brillouin function to simplify Eq. (6), for
example.

Strictly speaking, Eqs. (4)–(6) apply to ferromagnets,
but the magnetocaloric effect of antiferromagnets can be
calculated by substituting the Néel temperature for θC
[1,103]. Typically, the magnetocaloric response of a ferro-
magnetic material is strongest near θC because it transitions
from a ferromagnetic phase (more ordered) to a paramag-
netic phase (more disordered), meaning the change in the
spin entropy is the largest. The same is true of antiferro-
magnetic materials near their Néel temperatures, such as
Tb [103]. This information is useful for the design of ther-
mal switches based on the magnetocaloric effect because
it constrains θC to be as close as possible to the operating
temperature of the system in which the thermal switch will
be used.

B. Fluctuational electrodynamics model of radiative
heat transfer

To calculate the heat flux, we use fluctuational elec-
trodynamics, which assumes that thermal radiation origi-
nates from random, thermally fluctuating current sources
inside each body incorporated into Maxwell’s equations
[38,106,107]. For the system shown in Figs. 2(a) and 2(b)
(essentially two semi-infinite, anisotropic, and homoge-
neous slabs) with the coordinate system shown in Fig. 2(d),
the heat flux is

Q =
∫ ∞

0

dω

2π
[	(ω, TD) − 	(ω, TMC)]

∫
d2q

(2π)2 τ(ω, q, d),

(7)

where q is the in-plane wave vector, 	(ω, T) =
�ω/(e�ω/kBT − 1) is the mean energy of a Planck
oscillator, τ(ω, q, d) is the energy transmission coef-
ficient. Additionally, � is the reduced Planck’s con-
stant and TMC is the temperature of the magne-
tocaloric material. All the physics of near-field radia-
tive heat transfer is embedded in τ(ω, q, d), which is
given by

τ(ω, q, d) =
{

Tr[(I − R†
2R2)D12[I − R1R†

1]D†
12], |q| < ω/c,

Tr[(R†
2 − R2)D12[R1 − R†

1]D†
12]e−2|k0,z |d, |q| > ω/c,

(8)

where Ri =
[

rpp
i rps

i
rsp

i rss
i

]
, i = 1, 2 are the reflection matri-

ces of the planar interfaces, D12 = (I − R1R2e−2ik0,zd)−1 is
the multiple reflection (or Fabry-Pérot) term, and k0,z is
the out-of-plane (z) component of the wave vector in the
gap. Additionally, I is the identity matrix and † denotes
the conjugate transpose. In Ri, rmn

i denotes the reflection
coefficient associated with an outbound n-polarized wave
created by an inbound m-polarized wave, where m, n =
s, p . In Eq. (8), the first row represents the contribution
from propagating waves (|q| < ω/c and k0,z ∈ R) and the
second from evanescent waves (|q| > ω/c and k0,z ∈ I).
Equation (7) is an integral over kx and ky , where q =
kxx̂ + ky ŷ, but it can be recast as an integral over q = |q|
and ϕ = arctan(ky/kx) [see Fig. 2(d)] [58],

Q =
∫ ∞

0

dω

2π
[	(ω, TD) − 	(ω, TMC)]

∫ ∞

0

dq
2π

q
∫ 2π

0

dϕ

2π
τ(ω, q, ϕ, d). (9)

This facilitates the calculation of the reflection coeffi-
cients, which is described in Ref. [58] and Sec. 3 in the
Supplemental Material in greater detail [62].

Finally, to calculate the reflection coefficients, we need
appropriate models of the dielectric tensors of Gd, SiC,
and InAs. This is because the magnetic field affects the
motion of free carriers inside Gd and InAs and makes
their dielectric responses anisotropic, leading to magneto-
optical effects; the dielectric response of SiC is isotropic
because it is dominated by phonons, not free carriers.
For SiC, we use a fairly standard model of the dielectric
function of polaritonic materials [108–110],

εSiC(ω) = ε∞
ω2 − ω2

LO + i�ω

ω2 − ω2
TO + i�ω

, (10)

where ε∞ = 6.7 is the high-frequency dielectric constant,
ωLO = 0.120 eV and ωTO = 0.098 eV are the longitudinal
and transverse optical phonon frequencies, respectively,
and � = 0.588 meV is the damping constant [109]. The
dielectric tensor of SiC is diagonal: ¯̄εSiC(ω) = εSiC(ω)I .
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For Gd and InAs, we use the so-called gyrotropic Drude-
Lorentz model, which is derived using the same equation

of motion as the Drude-Lorentz model with the addition of
the Lorentz force [32,111],

¯̄εGDL(ω) =

⎡
⎢⎢⎢⎢⎣

ε∞ − ω2
p (ω+iγ )

ω[(ω+iγ )2−ω2
c ]

iω2
p ωc

ω[(ω+iγ )2−ω2
c ]

0

− iω2
p ωc

ω[(ω+iγ )2−ω2
c ]

ε∞ − ω2
p (ω+iγ )

ω[(ω+iγ )2−ω2
c ]

0

0 0 ε∞ − ω2
p

ω(ω+iγ )

⎤
⎥⎥⎥⎥⎦ , (11)

where ωp is the plasma frequency, γ is the damping
constant, and ωc = eB/m∗ is the cyclotron frequency. Usu-
ally, ωp is given by ωp =

√
ne2/m∗ε0, where n is the

free carrier density, e is the elementary charge, and ε0
is the permittivity of free space. For InAs, ε∞ = 12.4,
ωp = 0.181 eV, γ = 0.102 meV, n = 7.8 × 1023 m3, and
m∗ = 0.033me, where me is the electron mass [32,112].
For Gd, these parameters are not as readily available as
for InAs, so we have to make some assumptions. Accord-
ing to experimental data found in the literature, for Gd,
ε∞ = 1, ωp = 3.48 eV, and γ = 224 meV [113]. To cal-
culate ωc, we need to know m∗, which forces us to make
an assumption either about m∗ itself or about n, which
allows us to calculate m∗ by way of ωp . We use the free
electron model and assume that n ≈ (2meEF)3/2/3π2�3,
where EF = 0.25 Ry ≈ 3.4 eV [114]. Under this assump-
tion, n ≈ 2.85 × 1028 m−3, which is similar to a value
reported in the literature [115], and m∗ ≈ 3.24me.

Finally, Eq. (11) corresponds to the case in which θB =
0◦ (B pointing in the z direction). If θB �= 0◦, the dielectric
tensor can be rotated using the transformation ¯̄ε′ = R ¯̄εR−1,
where

R =
⎡
⎣ 1 0 0

0 cos θB −sin θB
0 sin θB cos θB

⎤
⎦ . (12)

With that, we have all the information we need to perform
a parametric study of the thermal switch. A table summa-
rizing the material property data used in this work can be
found in Sec. 4 in the Supplemental Material [62].

Before moving on, we remark on the time scales
involved in the system under consideration. Although we
are not attempting to model the time dependence of tem-
perature and heat flux, we assume that the time scale
associated with the magnetocaloric effect is much shorter
than the thermal relaxation time associated with cooling or
heating the magnetocaloric material via near-field radiative
heat transfer (in other words, we assume adiabatic magne-
tization or demagnetization). According to Kamarád et al.
[116], the time taken for the temperature of a piece of Gd
to change upon magnetization is comparable to the spin
relaxation time, on the order of 10−6 s. On the other hand,

using the lumped-capacitance model [117], we can esti-
mate the thermal relaxation time associated with cooling or
heating the magnetocaloric material via near-field radiative
heat transfer: τ ∼ mc/hA, where h is the near-field radia-
tive heat transfer coefficient and A is the surface area of
the magnetocaloric material. If we define a characteristic
length or thickness L = V/A, where V is the volume of the
magnetocaloric material, the thermal relaxation time per
unit thickness is τ/L ∼ ρc/h. Taking ρ = 7900 kg m−3,
c ∼ 300 J kg−1 K−1, and h ∼ 100 W m−2 K−1 (under the
conditions of room temperature and gap width of 100 nm,
see [37] and Fig. S10 in the Supplemental Material [62]),
we estimate τ/L ∼ 4 min cm−1. This is a liberal estimate,
but the key takeaway is that the thermal relaxation time
is likely to be much longer than the magnetization relax-
ation time. Our assumption seems to be in good agreement
with several experiments [116,118–122], where T(t) and
B(t) (t being time) either overlapped or followed each
other closely, suggesting that T changes almost instantly in
response to B, at least relative to the time scale over which
B changes (on the order of 0.1–1 s, depending on whether
the field is pulsed or swept).

III. THERMAL SWITCHING IN
GADOLINIUM-BASED SYSTEMS

A. Thermal switch with magnetocaloric tunability
(Gd-SiC system)

We begin our discussion with the Gd-SiC system men-
tioned in the introduction. With reference to Fig. 2, Gd is
the magnetocaloric material and SiC is the dielectric mate-
rial. Again, Gd-based systems are of interest because θC is
close to room temperature and, consequently, the magne-
tocaloric response of Gd is strongest at room temperature.
(This is also why Gd is useful for applications in room-
temperature magnetic refrigeration and heat pumping [7,
123].)

Before discussing the thermal switching performance,
let us go over the thermal radiative properties of the sys-
tem. As previously mentioned, all the physics of near-field
radiative heat transfer is embedded in τ(ω, q, d), Eq. (8),
so by looking at that, we can understand what to expect in
terms of the magneto-optical response. Figure 4 is a plot
of τ(ω, q, d) when d = 100 nm. As it turns out, according
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FIG. 4. Transmission coefficient τ(ω, q) between Gd and SiC
when d = 100 nm. Because SiC is a polaritonic material (i.e.,
its dielectric function in the mid- to far-infrared spectral range
does not have a free carrier contribution) and the magneto-optical
response of Gd is weak in the far infrared, the transmission coef-
ficient is approximately isotropic and independent of the external
magnetic field. The dotted white lines denote the phononic band
gap between the longitudinal optical (LO) phonon and transverse
optical (TO) phonon modes (i.e., the reststrahlen band), where
SPhP modes are supported. The dashed black lines denote the
light cone, ω = cq.

to the model of the dielectric tensor of Gd in Sec. II, the
magneto-optical response of Gd is extremely weak in the
far infrared, so much so that it can be neglected. As a result
of this, the system is essentially isotropic, meaning that
τ(ω, q, d) only depends on q (and not ϕ and B). The ther-
mal radiative properties boil down to those of SiC, which
are well understood [124–127]—the near-field radiative
heat transfer is dominated by bulk (phonon polariton)
modes and SPhPs, whose dispersion relations are out-
side the light line, as can be seen in Fig. 4. Therefore,
we can expect the system to have strong magnetocaloric
tunability but weak (in fact, negligible) magneto-optical
tunability.

To understand the thermal switching performance of the
system, we define the switching ratio G = Qf /Qi, where
Qi is the initial heat flux evaluated using �Ti = Ti − TD
(recall that TD = 300 K) and Qf is the final heat flux evalu-
ated using �Tf = �Ti + �T(Bi, Bf ). In Figs. 5(a)–5(c), G
is plotted as a function of �Ti and Bf , with each panel cor-
responding to a different Bi. Plotting G in this way reveals
the critical points of the system, depicted as the black
lines. First, along the dashed lines, where �T(Bi, Bf ) =
−�Ti, G = 0 since Qf = 0. In other words, the change
in temperature resulting from the magnetocaloric effect
equals the initial temperature difference between Gd and
SiC, meaning this is a pure on-off switching state. The
on-off switching line separates the regions where G > 0

and G < 0, i.e., the heat flux is reversed when this line
is crossed. Second, along the solid lines, where �Ti =
0, G = ±∞ (depending on whether you are approach-
ing from the right or left) since Qi = 0. In contrast to
the previous critical point, this represents a pure off -on
switching state, since Gd and SiC are in thermal equilib-
rium to begin with. Third and last, along the dotted lines,
where Bf = Bi, G = 1 since Qf = Qi. This state seems
trivial because the initial and final states are identical,
but we consider this a critical line because it separates
the regions where G > 1—heat flux enhancement—and
0 < G < 1—heat flux suppression.

We synthesize these observations about the thermal
switching performance of the system to plot a general-
ized phase diagram, shown in Fig. 5(d). This illustrates
the different operating modes of the system, given a value
of �Ti. For example, an application that requires the heat
flux to be suppressed or turned off should operate in the
lighter red regions or as close to the dashed line as possi-
ble. Similarly, an application that requires the heat flux to
be enhanced should operate in the darker red regions, and
one that requires it to be reversed should operate in the blue
regions. Thus, via temperature control, the magnetocaloric
effect enables us a wider range of operating modes
than conventional thermal switches that utilize near-field
radiative heat transfer [45–47,128–130]. These operat-
ing modes can be considered analogous to potentiometers
and electrical switches, since there are pure on and off
states.

B. Thermal switch with magnetocaloric and
magneto-optical tunability (Gd-InAs system)

In this section, we discuss a Gd-InAs system, in which
we can utilize strategies for thermal switching that are
unique to near-field radiative heat transfer. Whereas SiC
is a polaritonic material, InAs is a narrow-band-gap semi-
conductor with a relatively small electronic effective mass,
so it is expected to have a strong magneto-optical response
in the infrared. As before, we can understand this by
looking at τ(ω, q, d), which is shown as a function of
B and θB in Fig. 6. In Fig. 6(a), there is no external
magnetic field (B = 0 T), and so the near-field radiative
heat transfer is dominated by SPPs, which are isotropic.
When the external magnetic field is turned on (B = 7 T)

and points out of the plane of the slabs (θB = 0◦), the
transmission coefficient possesses contributions from two
kinds of high-momentum evanescent modes at different
frequencies, as shown in Fig. 6(b). The mid-frequency
(around 0.25–0.52 eV) branches correspond to the SPPs,
while the high- (around 0.52–0.57 eV) and low-frequency
(less than around 0.25 eV) branches correspond to hyper-
bolic modes—a special kind of frustrated totally internally
reflected mode with evanescent fields in the vacuum gap.
The hyperbolic modes are permitted to exist because the
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FIG. 5. Switching ratio G = Qf /Qi between Gd and SiC as a function of �Ti and Bf for initial magnetic fields Bi of (a) 0 T, (b) 5 T,
and (c) 10 T. The temperature of SiC is fixed, TD = 300 K. (d) Generalized phase diagram for the Gd-SiC thermal switch. The dashed
black line shows the critical point where �T(Bi, Bf ) = −�Ti, or G = 0 since Qf = 0. The solid black line shows the critical point
where �Ti = 0, or G = ±∞ since Qi = 0. The dotted black line shows the critical point where Bf = Bi, or G = 1 since Qf = Qi.

magnetic field modifies both the on- and off-diagonal com-
ponents of the dielectric tensor of the magneto-optical
material [see Eq. (11)], introducing anisotropy similar to
a uniaxial crystal with its optical axis perpendicular to
its surface. The material can support hyperbolic modes
if the in-plane diagonal components of the dielectric ten-
sor (εxx = εyy) have the opposite sign to the out-of-plane
component (εzz) because of the action of the magnetic
field [36]. In other words, the hyperbolic modes exist in
the bands where the condition Re[εxx]Re[εzz] < 0 is satis-
fied [shown in Fig. 6(b) and Supplemental Material Fig.
S7 [62]], and they contribute to the near-field heat radia-
tive transfer along with the SPPs. For this out-of-plane
orientation of the external magnetic field, the propagation
of both SPPs and the hyperbolic modes remains isotropic
and reciprocal in-plane (i.e., with respect to ϕ) [36,131].
Because the spectral characteristics of the modes supported
by the system have changed, the spectral and total heat
fluxes change as well. Thus, this change in the spectral heat
flux, shown in Supplemental Material Fig. S10 [62], serves
as an additional tuning mechanism to control the mag-
nitude of the heat flux, especially by opening additional
channels for radiative heat transfer in the system.

The system can be tuned further by changing the direc-
tion of B. When θB �= 0◦, the in-plane propagation of SPPs
and hyperbolic modes becomes nonreciprocal (i.e., direc-
tion dependent and asymmetrical) owing to the broken
time-reversal and now inversion symmetries of the system.
This manifests via the shifting of the SPP branches cor-
responding to forward- and backward-propagating modes
along the same axis to different frequencies and changes in
their losses. Furthermore, because one of the SPP branches
(the q > 0 one) blueshifts, it creates an anticrossing point
with the hyperbolic modes that are at a higher frequency
[see Figs. 6(b) and 6(c) and Supplemental Material Fig.
S11 [62]]. These changes affect the maximum value of
q contributing to the heat flux carried by each mode.
The directionality of the nonreciprocal SPPs is maximized
when θB = 90◦ (B parallel to the plane of the slabs). This
is shown in Fig. 6(c). In this case, not only is time-reversal
symmetry broken by B, but inversion symmetry is also
broken because B lies in the plane of the slabs and the
materials on the opposite sides of the gap are dissimilar.
Indeed, it has been recognized that in order to observe
nonreciprocity, both time-reversal symmetry and inversion
symmetry must be broken [132–135]. Thus, based on Fig.
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FIG. 6. Transmission coefficient τ(ω, q) between Gd and InAs when d = 100 nm, showing the dependence on the magnitude and
direction (i.e., polar angle) of the magnetic field, B and θB. (a) B = 0. The heat flux is dominated by SPPs supported by InAs. (b)
B = 7 T and θB = 0◦ (magnetic field pointing out of the surface). The magnetic field breaks time-reversal symmetry and introduces
anisotropy by changing the diagonal components of the dielectric tensor and introducing the off-diagonal ones. This creates two spectral
ranges where hyperbolic modes exist and contribute to the radiative heat transfer, in addition to SPPs. (c) B = 7 T and θB = 90◦
(magnetic field pointing parallel to the surface). The SPPs and hyperbolic modes split into distinct nonreciprocal branches at different
frequencies and wave vectors because the magnetic field breaks time-reversal symmetry and inversion symmetry. The anticrossing
point between the forward-propagating (q > 0) SPPs and hyperbolic modes can be observed at around 0.057 eV. The dashed black
lines denote the light cone, ω = cq. The coordinate system of the plane of incidence (ϕ = 0◦) and the magnetic field vector, if it exists,
are shown at the top right of each plot. SPPs, surface plasmon polaritons; HMs, hyperbolic modes.

6, we can expect the Gd-InAs system to have both mag-
netocaloric tunability and magneto-optical tunability, in
contrast to the Gd-SiC system.

Similarly to the Gd-SiC system, we evaluate the ther-
mal switching performance of the Gd-InAs system using
the switching ratio, but in this case, we can break it
down into multiple processes to understand the relative
contributions of the magnetocaloric and magneto-optical
responses. We consider a system where the magnitude of
the initial magnetic field is |Bi| = Bi = 5 T, which should
have a magnetocaloric response similar to Fig. 5(b). We
define process 1 → 2 as the rotation of Bi from 0◦ to θB,
as shown in Fig. 7(a). Then, the switching ratio asso-
ciated with process 1 → 2 is G1→2 = Q2/Q1, where Q1
and Q2 are evaluated at 0◦ and θB, respectively, all else
being equal. Likewise, we define process 2 → 3 as the
change of the magnetic field from Bi to Bf = Bi + �B,
as shown in Fig. 7(b), with the associated switching ratio
being G2→3 = Q3/Q2. The total switching ratio, G1→3 =
Q3/Q1, is the product of the broken-down switching ratios:
G1→3 = G1→2 × G2→3.

Figure 7(a) shows G1→2 as a function of θB. As can
be seen, rotating the magnetic field gradually changes
the heat flux, as the propagation of SPPs and hyperbolic
modes becomes more nonreciprocal and frequency-shifted
(as in Fig. 6 and Supplemental Material Fig. S11 [62]).
However, the tunability is relatively weak: G1→2 ≈ 0.92
at best, compared to factors of close to 10 predicted
for near-field thermal switches based on different mate-
rial systems in the literature [46,58]. The reason is that
the resonant surface modes supported by Gd and InAs

exist at entirely different frequencies, meaning these sur-
face modes cannot couple to each other. Stronger tun-
ability can be achieved when the materials are identical
or support resonant surface modes in overlapping fre-
quency ranges [124,136–138]. Under these conditions, the
resonant surface modes on each side can electromagnet-
ically couple, further increasing the near-field radiative
heat transfer across the gap. In the Gd-InAs system, the
presence of Gd modulates the photon density of states
across the gap and permits the SPPs supported by InAs
to exist at higher wave vectors (similar to the effect of
a prism). The contribution from higher-momentum states
increases the heat flux, but not as much as if both mate-
rials were identical. As a result, the Gd-InAs system
exhibits magneto-optical tunability, but there is room for
improvement.

Figure 7(b) shows G2→3, which is not sensitive to θB.
Clearly, for this material system, the magnetocaloric tun-
ability can be much stronger than the magneto-optical
tunability and has a much wider range of switching ratios.
The plots of G2→3 are similar to those of G in Fig. 5, which
is expected because both systems are Gd-based. In fact, it is
worth pointing out that the temperature dependence of the
magneto-optical tunability is not that strong over the range
of temperatures we are interested in. Thus, the system has
one switching mechanism that is relatively sensitive to
temperature—the magnetocaloric response—and another
that is not—the magneto-optical response. In this way, the
two switching mechanisms are somewhat decoupled but
synergistic. However, in this case, the magnetocaloric tun-
ability is dominant, as can be seen in Fig. 7(c), which
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FIG. 7. Switching ratios between Gd and InAs as a function of �Ti, �B, and θB for initial magnetic field Bi = 5 T. The temperature
of InAs is fixed, TD = 300 K. (a) Switching ratio after the first process, rotation of the magnetic field from 0◦ to θB, defined as
G1→2 = Q2/Q1. The dependence on θB is shown across the columns. (b) Switching ratio after the second process, change of the
magnetic field from Bi to Bi + �B, defined as G2→3 = Q3/Q2. Only one plot is shown because G2→3 is not sensitive to θB. (c) Total
switching ratio, defined as G1→3 = G1→2 × G2→3 = Q3/Q1.

depicts G1→3. Because the magneto-optical tunability is
relatively weak, it does not significantly modulate the mag-
netocaloric tunability, and so the dependence on θB is not
that strong—although there are ways in which this can
be remedied, to be discussed in Sec. IV. Nonetheless, we
believe that the Gd-InAs system highlights the potential of
near-field magnetocaloric thermal switches.

Our results demonstrate that the advantage of using
near-field thermal radiation over conduction as the heat
transfer mechanism is twofold. First, except under cer-
tain conditions [139,140], the effect of magnetic fields on
phonons is much weaker than on electrons, which are typ-
ically responsible for magneto-optical effects. This can be
understood by comparing the cyclotron frequencies of an
electron and an ion: if ωc = qB/m∗, where q is charge, B
is magnetic field, and m∗ is effective mass, the cyclotron
frequency of the ion will be a few orders of magnitude
smaller than that of the electron because the mass of just
one nucleon is 2,000 times larger than that of the electron.
If B ∼ 1 T, we can estimate that ωc is 2 × 10−4 THz for

the ion and 2 × 10−1 THz for the electron. In fact, if the
effective mass of the electron is small (such as in narrow-
band-gap semiconductors), its cyclotron frequency is even
larger, falling in the far infrared, which is the spectral range
of most thermal emitters at room temperature. This offers
the ability to achieve strong tunability of the heat transfer.

Second, unlike conduction where the point of contact or
interface cannot be controlled in operando, in near-field
thermal radiation, the gap width d can be controlled (i.e.,
mechanically, hypothetically via magnetostriction). The
dependence of the heat flux and heat transfer coefficient
on d is well established [141–143]. Generally speaking,
as d decreases, the coupling between the resonant sur-
face modes supported by each material becomes stronger,
and the coupled modes supported by the gap can have
higher momenta. This increases the heat flux according
to Eq. (9) and should strengthen the magneto-optical tun-
ability [36,37,58]. On the other hand, as d increases, the
gap widens and the contribution to the heat flux from cou-
pled modes decreases until the objects are in the far field.
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FIG. 8. Outlook for near-field enhanced magnetocaloric thermal switches. (a) Concepts for two-magnetocaloric material devices.
(i) If the two magnetocaloric materials are chosen such that their responses overlap, the crossing points should lead to multiple phases
and critical points richer than Fig. 5(d). (ii) If instead their responses are far apart, the system should behave similarly to the Gd-SiC
system in Fig. 5(d), but with distinct “hot” and “cold” regimes. (b) Many-body devices could have even more complex behavior than
two-body devices, including unique many-body magneto-optical effects [39,40,151].

In this regime, the magneto-optical tunability should be
the weakest. However, in the case of the Gd-InAs system,
the magneto-optical tunability is maximized at distances
between the far field

(
d >∼ 1 μm

)
and the extreme near field(

d <∼ 10 nm
)
. This is shown in Fig. S14 in the Supplemen-

tal Material [62]. The reason for this is that the momenta
of hyperbolic modes are not as high as those of SPPs: as
d decreases, the contribution to the heat flux from SPPs
starts to dominate, while the contribution from hyperbolic
modes changes little. This can be seen in Fig. S14(c) in the
Supplemental Material [62], which shows τ(ω, q, d) when
d = 10 nm. Although the external magnetic field splits the
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FIG. 9. Difference between a more typical thermal switch [21]
and the one presented in this work. (a) As a function of B and θB,
the slope of the Q − �T curve changes, and the figure of merit is
the ratio of the slopes in the on and off states. The thermal switch
can operate between any two points along line a-b (the dashed
green line), for example. (b) In this work, �T is a function of B.
As a result, changing B not only changes the slope of the Q − �T
curve but also shifts it along the �T axis by an amount equal
to the temperature change caused by the magnetocaloric effect
�TMCE(B) (if we interpret �T in Ref. [21] as being analogous to
our definition of �Ti). The thermal switch can operate along line
c-d, for example, and the flow of heat can be reversed.

SPPs into forward- and backward-propagating branches,
this alone does not lead to strong magneto-optical tunabil-
ity in the Gd-InAs system. Thus, it is favorable to operate
at a value of d at which hyperbolic modes and SPPs have
comparable momenta (at least without mode matching, to
be discussed in the following section).

Finally, the entropy of radiation is different from that
of conduction. Whereas the latter typically equals Q/T,
where Q is the heat flux and T is the temperature, the
former is proportional to Q/T and can take on a range
of values depending on the frequency of radiation (i.e.,
energy of emitted photons) [144–148]. This has implica-
tions for the COP of devices such as magnetic refrigerators
and will be a subject of our future work.

IV. CONCLUSION AND OUTLOOK

In this work, we propose an alternative type of ther-
mal switch which leverages both the magnetocaloric effect
and magneto-optical control of near-field radiative heat
transfer. We predict the performance of two devices based
on Gd, which has one of the strongest magnetocaloric
responses at room temperature. We show that both sys-
tems have a number of different modes of operation where
different switching ratios can be achieved, and in fact,
the flow of heat can be reversed because the magne-
tocaloric effect enables direct control of the temperature
difference between objects. The devices discussed in this
work highlight the potential of solid-state devices that
combine i-caloric effects [61] with complementary modes
of heat transfer. Additionally, this work recontextualizes
the role of magnetic materials in systems that exchange
heat via thermal radiation, suggesting that previous mod-
els may need to be revisited and account for the mag-
netocaloric effect. Another benefit of the magnetocaloric
effect is that it is well suited to a wide range of operating
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temperatures—from cryogenic to high-temperature appli-
cations, as illustrated in Supplemental Material Fig. S12
[62]—because θC sets the temperature of the maximum
magnetocaloric response.

However, with regard to near-field magnetocaloric ther-
mal switches, there is room for improvement in terms of
their predicted thermal switching performance. The weak-
ness of the Gd-InAs system is that the magneto-optical
tunability is weak compared with the magnetocaloric tun-
ability. Ideally, the switching ratios associated with each
response should be as large as possible. To achieve this,
the coupling between the resonant surface modes sup-
ported by each material must be as strong as possible.
This can be achieved in multiple ways. Obviously, mate-
rial selection can play a role, but the constraints depend
on the operating temperature—because this sets the ther-
mal wavelength, according to Wien’s law [100]—and can
be strict. For thermal switch operation at room tempera-
ture, for example, the magnetocaloric material must have a
θC close to room temperature and support resonant surface
modes in the far infrared. The magneto-optical response
does not necessarily have to be strong (so the surface
modes dominating the heat transfer can be SPhPs, for
example), although it would be better if that were the
case. In fact, it should be noted that surface texturing can
be used to tailor the spectral properties of the near-field
thermal radiation and thereby achieve resonant, large heat
transfer at a given frequency or even multiple frequen-
cies [149,150]. Alternatively, a layer of magneto-optical
material identical to the one on the other side of the gap
can be deposited on the surface of the magnetocaloric
material, enhancing the coupling across the gap via mode
matching. It would be even better if, instead of a mag-
netocaloric and a magneto-optical material, the system
consisted of two magnetocaloric materials with the afore-
mentioned magneto-optical responses and slightly different
θC that are relatively close to room temperature. If this
were the case, their magnetocaloric responses would have
one or more crossing points, as shown in Fig. 8(a)(i). This
could lead to a wider range of different modes of operation
and thermal logic, especially if extended to many bodies
[Fig. 8(b)]. Alternatively, it may be desirable to design a
system consisting of two magnetocaloric materials with
disparate θC so that the system essentially has two oper-
ating regimes—one at a low temperature and one at a high
temperature, so that there is little overlap between the two.
This is shown in Fig. 8(a)(ii).

There are other optimizations that could be made to the
system through careful material selection and engineering.
Since the resonant frequencies of the surface modes are
magnetic field dependent, the magnetocaloric response
could be optimized so that the thermal wavelength shifts to
maximally populate those levels. In fact, one could make
use of the so-called near-field Wien’s law [101] to accu-
rately perform this optimization. Although the magnetic

field dependence of the magnetocaloric effect appears to
be monotonic at low magnetic fields [103], the strength
of the magneto-optical response is not, at least accord-
ing to the gyrotropic Drude-Lorentz model, Eq. (11). In
Supplemental Material Fig. S8 [62], we plot the antisym-
metry figure of merit, defined as the ratio of the matrix
norms of the antisymmetric and symmetric parts of the
dielectric tensor [53]. This can be considered a metric of
how strong we should expect the magneto-optical response
to be since it originates from the off-diagonal components
of the dielectric tensor. For InAs modeled according to Eq.
(11), the antisymmetry figure of merit suggests that the
magneto-optical response has an optimum.

An additional and potentially useful refinement one
can make is to account for magnetocrystalline anisotropy
when calculating the magnetocaloric effect. In this work,
we neglect it, but in reality, the magnetocaloric response
depends on the direction of the magnetic field relative
to the easy and hard axes [1]. This means that rotat-
ing the magnetic field will change both the magneto-
optical response and induce an additional magnetocaloric
response, meaning processes 1 → 2 and 2 → 3 in Fig. 7
cannot be decoupled. For a system where two distinct tun-
ing knobs are desirable (“coarse” and “fine”), this could
be considered disadvantageous. From the perspective of
maximizing the switching ratio, however, this could be an
advantage; since the magnetic field tends to blueshift some
of the resonant frequencies of the surface modes, as can
be seen in Fig. 6, an additional increase in temperature
could help to populate those levels more. In the case of
Gd, its magnetocrystalline anisotropy is relatively low at
cryogenic temperatures [152], but it can strongly vary with
temperature near θC [153].

Moreover, although we model the objects participating
in near-field radiative heat transfer as semi-infinite slabs, in
order to accurately model the spatial and temporal temper-
ature variations of the objects, their finite sizes and shapes
must be considered. There are many ways to calculate the
heat flux between finite-sized objects, where the view fac-
tors between the objects are not unity, even when many
objects are involved. These include scattering formalisms
such as those used by Krüger et al. [154] and Zhu and Fan
[39] and numerical methods such as the boundary-element
method [155–158] and volume-integral-equation method
[159]. However, depending on the length scale of the
objects, there could be other complications, mostly related
to accurately modeling the total magnetic field inside
and outside the magnetocaloric material. For one, shape
anisotropy resulting from the shape of the magnetocaloric
material can affect the temperature change caused by
the magnetocaloric effect, although this can be lumped
together with magnetocrystalline anisotropy. More impor-
tantly, since the vast majority of magnetocaloric mate-
rials are magnetic materials, they should generate stray
fields (i.e., magnetic fields outside the magnet itself). The
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magnitude, direction, and spatial distribution of the stray
field depend on the size and shape of the magnet, which
can be analytically or numerically modeled using magne-
tostatics (solving Poisson’s equation [152], finite-element
analysis, etc.). Crucially, the stray field will affect the
total magnetic field acting on the other objects, espe-
cially if they are made of magnetic materials as well.
In the latter case, the magnetic field distribution inside
the objects—regardless of the external (applied) magnetic
field—could become quite sophisticated. For example, if
the spatial distribution of the magnetic field is not very
uniform, the dielectric tensors of the objects will vary
spatially, which could require a gradient-index approach.

In Sec. 10 of the Supplemental Material [62], we show
how one could account for the stray field generated by
Gd using a simplistic refinement to our model. The key
takeaway is that the stray field changes both the mag-
nitude and direction of the total magnetic field acting
on the magneto-optical material. Essentially, it shifts the
switching ratio G1→2 in Fig. 7(a), which is a function of
B and θB : G1→2(B, θB) → G1→2(B + δB, θB + δθB), where
δB and δθB are functions of the magnetization of the
magnetocaloric material M and defined in Sec. 10 in the
Supplemental Material [62]. The general trends observed
in Figs. 6 and 7 should hold. In fact, the stray field could
be considered beneficial in the sense that the total magnetic
field acting on the magneto-optical material will be larger
than the applied magnetic field B. Practically, this means
that a smaller B is required to achieve a desired magneto-
optical response, which can make the thermal switch easier
to implement since applying larger magnetic fields can be
cumbersome and expensive.

As a final point of discussion, in this work, we use
the heat flux switching ratio (sometimes referred to as
“contrast” in the literature) as a figure of merit (FOM).
A commonly used FOM for thermal switches embedded
in a comprehensive switch-environment system model is
based on the temperature difference of the cold side in the
on and off states (see, e.g., Ref. [160]) under a fixed hot
side temperature. In this scenario, the cold side is ther-
mally coupled to both the environment and—through the
variable-conductance switch region—to the temperature-
controlled hot side. This FOM definition is not applicable
to the model discussed in this work, which only evalu-
ates the switch region performance and where the cold
side acts as a fixed-temperature thermal bath. Further-
more, in the systems analyzed in this work, the external
stimulus (i.e., magnetic field) not only modifies the con-
ductance across the gap but also directly sets the difference
between the on- and off -state hot side temperatures. The
switching effect under this scenario is fundamentally dif-
ferent from the case when the external stimulus and the
temperature difference are independently controlled, as
illustrated in Fig. 9 [21]. It is also transient in nature
and allows one to cyclically pump heat to and from

the environment via a noncontact radiative-heat-transfer
mechanism [161].

For practical applications in i-caloric solid-state cooling
and heating, the FOM characterizing the energy efficiency
of the switch could be defined as the ratio of the change
in the total heat flux (the amount of power we switch) to
the power required to magnetize the magnetocaloric mate-
rial (the amount of power we have to put in). To properly
evaluate this type of FOM, a more detailed model needs
to be developed, which accounts for the method used to
generate the applied magnetic field (e.g., a permanent mag-
net, an electromagnet, or a superconducting magnet), the
sizes, shapes, and thermal masses of the materials com-
prising the hot and the cold sides of the switch, as well
as the rate of their energy exchange with the environment
and, if applicable, the type of the thermodynamic cycle
the magnetocaloric pump will be operating in. Prior work
has shown that the COP of magnetocaloric solid-state heat
pumps operating in the Brayton cycle—which accounts for
both the losses in the materials as well as loss associated
with the cycle-related irreversibility during the adiabatic
application and removal of external stimuli—can signif-
icantly exceed the typical COP values of conventional
vapor-compression systems [15,60,162]. Furthermore, we
believe the advantages of i-caloric thermal switches based
on radiative rather than conductive or convective heat
transfer are (i) the noncontact nature of their operation and
(ii) the switch ability to modulate both the temperature
and the surface-mode-driven heat-transfer rate, potentially
allowing for more flexibility in the system design. A
detailed analysis of the thermodynamic properties of heat
pumps based on i-caloric, radiative thermal switches will
be a subject of our future work.
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