
Vol. 14 Núm. E
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ABSTRACT

Near-field radiative heat transfer has attracted increasing attention in recent years in the development and manufacturing of
thermal devices analogous to the building blocks of current microelectronics. In this work, we study theoretically a near-field
thermal transistor operating at room temperature. The source and drain were assumed as indium antimonide (InSb) plates,
whereas the gate as a Weyl semimetal (WSM). Numerical results computed using the fluctuational electrodynamics framework
indicate that the modulation and/or amplification of the heat flux in the considered transistor can be achieved by modifying the
gate temperature, and by the action of an external magnetic field upon the system. Results obtained in this work make the
proposed near-field thermal transistor a suitable candidate for the contactless devices for the heat flux control and thermal
management at nanoscale.

Keywords: Near-Field Thermal Transistor, Thermotronics, Near-Field Radiative Heat Transfer, Thermal Management, Surface Waves,
Magneto-Optic Medium, Weyl Semimetal.

1 INTRODUCTION
Two-body at different temperatures, and separated by a vacuum
gap, can exchange heat via propagating and/or evanescent
photons. The first exchange mechanism, known as far-field
regime, is dominant as long as the separation between the
bodies be much greater than the thermal wavelength, that is, the
wavelength for which the energy density is maximum. However,
at sub-wavelength distances (i.e., in the near-field regime) and in
the presence of resonant surface modes, the main contributors to
the transfer is given by the tunneling of evanescent photons. Such
near-field radiative heat transfer (NFRHT) can exceed by several
orders of magnitude the contribution of the propagating photons
predicted by the Plank’s blackbody radiation theory [1, 2]. This
estimate of the NFRHT can be performed within framework of
fluctuational electrodynamics [3, 4], which assumes that thermal
radiation is generated by random electric currents inside the
emitter body.

Experimental confirmation of the NFRHT [5, 6, 7], has triggered
off the study and realization of thermal analogues to the building
blocks of current microelectronics [8, 9], such as thermal
diodes [10, 11] and thermal transistors [10, 12]. In this way,
devices based on NFRHT has become of significant importance
due to their ability to greatly increase the speed of information
processing, since its transport is carried out through photons.
In this regard, there have been several proposals for near-field
thermal transistor (NFTT), consisting of three parallel plates
separated by vacuum gaps, acting as the source, gate and drain of

the transistor, respectively. It has been demonstrated that in these
systems, the modulation and/or amplification of the heat flux can
be achieved as a result of the resonant tunneling through the gate
of the evanescent field associated to surface modes in drain and
collector [12, 10, 13]. Although there is experimental evidence
of this behavior in the far-field regime [14], the experimental
realization of the NFTT has not been completed yet.

As stated above, the NFRHT is linked to the resonant surface
modes which in turn depends of the optical properties of the
materials involved in the radiative thermal exchange. In this
regard, a second approach for the control of NFRHT focuses
on the research for the active control of the NFRHT via the
dependence of the optical parameters with the temperature
and/or external bias. A remarkable example of this concept is
found in devices based on indium antimonide (InSb), whose
dielectric function can be modified by the application of an
external magnetic field, making this material a suitable candidate
for the realization of a thermal diode [15]. Another example
are the Weyl semimetals, which can support surface plasmon
polaritons (SPP-WSM), and whose optical properties depend
on temperature [16]. This material has been considered for the
control of the NFRHT in a three-body system [17].

The goal of this work is the theoretical study of the of NFRHT in
the near-field thermal transistor, InSb/WSM/InSb, illustrated in
Fig. 1. We study the several operational modes of this device as a
consequence of the variation of the different system parameters,
such as the gate temperature, TG, associated with the intermediate
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film (body 2), and the application of an external magnetic field, H,
which affects the optical properties of the InSb films playing the
role of the source (body 1) and the drain (body 3). Furthermore,
we also analyze the influence of geometrical parameters as the
slab thicknesses, δ j, and the size of the vacuum gap, d.

Fig. 1. Schematic representation of the proposed NFTT,
consisting of three parallel films separated by a vacuum gap
d. The source and drain are made of InSb, each with fixed
temperatures TS and TD, respectively. Whereas the gate assumed
to be a WSM and can operate at an adjustable temperature TG.
This system can be subjected to an external magnetic field along
the z-axis.

The remaining of this paper is organized as follows. In the
section 2, we present the specific details of the considered system
and the theoretical framework used for the calculation of the
radiative heat transport. In section 3, we discuss the main results,
paying special attention to the operating modes of our proposed
NFTT and the underlying mechanism for the amplification of the
NFRHT. Main results are summarized in section 4.

2 RADIATIVE HEAT TRANSPORT IN A THREE
PLATES SYSTEM: InSb/WSM/InSb

As explained in the Introduction, we focus on the study of a
NFTT comprised by a magneto-optical material as InSb, and
a topological semimetal. The optical properties of the InSb
plates are described by the uniaxial dielectric tensor, εInSb =
diag(ε1,ε1,ε2), where [18]
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In this model the longitudinal and transverse optical phonons
contributions are described by the frequencies ωL and ωT ,
respectively, and the free carriers by the plasma frequency ωp.
The influence of the magnetic field is given by the cyclotron
frequency ωc = eH/m∗, where e denotes the electron charge
and m∗ its effective mass. All calculations in this work were

performed with the same parameters of Ref. [19], that is,
ε∞ = 15.7, ωL = 3.62 × 1013 rad/s, ωT = 3.39 × 1013 rad/s,
Γ= 5.65×1011 rad/s, γ = 3.39×1012 rad/s, n=1.07×1017 cm−3,
ωp = 1.14×1013 rad/s, and m∗/m=0.022.

For the WSM slab, which is considered isotropic, its
temperature-dependent dielectric function was assumed as
εWSM = εb + iσ/Ω, with [16, 20]
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Here G(E) = sinh(E/T kB)
cosh(EF/T kB)+cosh(E/T kB)

, EF is the Fermi level, Ω=

h̄ω/EF , g is the number of Weyl nodes, rs = e2/4πε0h̄vF is the
effective fine structure constant, vF is the Fermi velocity, and
ξc = Ec/EF , where Ec is the cutoff energy. In this work we
used EF = 0.15 eV, vF = 106 m/s, g = 4, ξc = 3, εb =12, as in
Ref. [16].

Computation of the heat exchanges between the different plates
in the proposed three-body system of Fig. 1, was carried out with
the use of three-body model outlined in Ref. [13], according to
which, the heat flux received by the drain, ΦD, and the heat flux
lost by the source, ΦS, are given by
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where Θi j = Θi − Θ j, Θi = h̄ω/[exp(h̄ω/kBTi) − 1] is the
occupation of the photon states in the i−th slab at a temperature
Ti, and k is the magnitude of the wave vector parallel to
the surface of the slabs. Functions τ

i j
ξ
(ω,k,d) denotes the

transmission probability of evanescent photons from i-th to
the j-th plate. These probabilities can be written in terms of
optical reflection coefficients, ρ

j
ξ

, and transmission coefficients,

τ
j

ξ
, of each individual element of the system [13], as well as

the reflection coefficients for the coupled elements, ρ12
ξ

, in the
following form
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In the preceding expressions, ξ denotes the polarization state
(s or p), q0 =

√
ω2/c2 − k2 is the wave vector component

perpendicular to the plates surfaces and c is the velocity of light
in the vacuum. It is important to mention that transmission
probabilities τ21

ξ
and τ32

ξ
are obtained by exchanging indexes

2 ↔ 1 and 3 ↔ 2 in equations (5) and (6), respectively.
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Heat fluxes given by Eqs. (3) and (4) allow us to compute the net
heat flux received or emitted by gate as [12, 21]

ΦG = |ΦS|− |ΦD|. (7)

Notice that this three-body model described above can also be
applied for the calculation of the heat flux in a two-body system
(InSb/InSb) separated by a gap, by simply making d2b = 2d and
δ2 = 0. In this case, Φ2(d2b)≡ ΦD(d,δ2 = 0) = ΦS(d,δ2 = 0).
Using this limit, the amplification of the NFTT can be expressed
in terms of the ratio [13]

ΦD(d,δ2)

Φ2(2d +δ2)
> 1. (8)

3 RESULTS AND DISCUSSION
With the use of the theoretical model outlined in the preceding
section, we have calculated the heat fluxes, Eqs. (3)-(7), for
p-polarized waves, assuming a symmetric configuration, that
is, δ1 = δ3 = 80 nm and d = 50 nm. The temperatures of
the source and drain were assumed as T1 = 320 K and T3 =
300 K, respectively, for all the calculations, whereas the gate
temperature, T2, is modulated between these two values, that is,
T1 > T2 > T3.

In Figs. 2 and 3 the main results are presented as a function of
gate temperature and applied magnetic field, respectively. We
show in panels (a), (b) and (c) the heat flux received or lost by the
source, gate and drain, respectively. These results are used for
the calculation of the amplification factor (see panel (d)) relative
to the two-body system.

305 310 315

1

2

|Φ
D
|(

K
W
/m

2
) (a)0 T

5 T

8 T

10 T

12 T

305 310 315

1

2

|Φ
S
|(

K
W
/m

2
) (b)

305 310 315
T2 (K)

−1

0

1

Φ
G

(K
W
/m

2
) (c)

305 310 315
T2 (K)

100

101

|Φ
D
|/|

Φ
2
| (d)

Fig. 2. Radiative heat flux as a function of gate temperature for
various applied magnetic field values and a gate thickness of
δ2 = 80 nm. (a) Heat flux received by the drain, (b) heat flux
lost by the source, (c) heat flux exchanged by the gate, and (d)
radiative heat transfer amplification.

Fig. 3. Radiative heat flux as a function of the external magnetic
field for various gate thickness values with a fixed temperature of
T2 = 310 K. (a) Heat flux received by the drain, (b) heat flux lost
by the source, (c) heat flux exchange at the gate, and (d) radiative
heat transfer amplification.

3.1 Operating Modes
Modulation: Obtained results suggest that the modulation of
radiative heat flux in the proposed NFTT can be achieved by
manipulating the gate temperature and/or by the action of an
external magnetic field. This is evident in panels (a), (b) y (c)
of Figs. 2 and 3, where the fluxes in all configurations change
when either of these two parameters varies. It can be observed
that the temperature-induced modulation is more pronounced for
a magnetic field value of H = 10 T (green line in Fig. 2).

Amplification: The most remarkable characteristic of a transistor
is its ability to amplify the heat flux from the source to the
drain. In panel (d) of Figs. 2 and 3, the calculation of the
amplification of the proposed NFTT is presented for different
system parameters. It can be observed that the proposed NFTT
amplifies (ΦD/Φ2 > 1) primarily for a magnetic field intensity
of H = 10 T. By selecting the appropriate parameters, the
amplification can reach values close to 15 compared to the
two-body system.

3.2 Underlying Mechanisms
For a deeper insight of the role of the gate in the enhancement of
the NFRHT, we plotted in Fig. 4 the transmission probabilities
for different gate thicknesses (in columns) and different magnetic
field values (in rows), τ3 ≡ (τ12

p + τ23
p )/2. In the absence of

a magnetic field (first row), the coupling between the InSb
surface modes (PSs-InSb) and the SPP-WSM is not optimal.
Furthermore, the PSs-InSb modes shown in panel (a), which
reside in the lower frequency range, are attenuated by the
presence of the gate, especially as its thickness increases. As can
be seen from panels (b) and (c), despite an additional mode
(SPP-WSM) emerging around ω = 7 × 1013 rad/s when the
gate is situated, the peaks of PSs-InSb decrease to smaller
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values of k. In this configuration, the gate can act as a resistive
barrier [22] that obstructs the transmission of InSb surface modes
from the source to the drain as its thickness increases by a few
nanometers. In contrast, when a 5 T magnetic field is applied, the
coupling between hyperbolic modes [see Fig. 4(d)] induced in the
InSb plates (HM-InSb) and the lower region of the SPP-WSM,
occurring around ω = 4.9×1013 rad/s, is enhanced, as shown
in Figs. 4(e) and 4(f). This improvement becomes even more
significant with a 10 T field. At 10 T, the HM-InSb modes shift
towards higher frequencies [see Fig. 4(g)], close to the frequency
of the SPP-WSM, approximately at ω = 8.2×1013 rad/s, as seen
in Figs. 4(h) and 4(i). In these Figs., the SPP-WSM is largely
overlapped by the HM-InSb. Moreover, it’s noticeable that as
the gate thickness increases [see Fig. 4(i)], the coupling between
the SPP-WSM and MH-InSb becomes more pronounced in that
region, suggesting that the enhancement of NFRHT is attributed
to the tunneling of evanescent photons by the gate.

Fig. 4. Transmission probability τ13
p for different magnetic field

values (in rows) and various gate thicknesses (in columns).
Different resonant modes are also indicated.

4 CONCLUSIONS
We focused on study of the behavior of NFRHT in the three-body
system: InSb/WSM/InSb, which exhibits characteristics of a
NFTT due to the presence of a magneto-optical material and a
Weyl semimetal. The calculations have demonstrated that the
modulation of radiative heat flux can be achieved by manipulating
the gate temperature and applying a magnetic field. Furthermore,
amplification between the source and drain can be attained
in comparison to its two-body counterpart, facilitated by the
tunneling of evanescent photons from the gate. This work
contributes to the developing of non-contact functional thermal
devices, including thermal logic gates and memory devices.
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