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Thermal diodes, which allow heat transfer in a preferential direction while being blocked in a reverse direction,
have numerous applications in thermal management, information processing, energy harvesting, etc. Typical
materials of thermal diodes in previous works include phase-change and magneto-optical materials. However,
such thermal diodes depend highly on specific working temperatures or external magnetic fields. In this work,
we propose a near-field radiative thermal diode (NFRTD) based on two Weyl semimetal (WSM) nanoparticles
(NPs) mediated by a WSM planar substrate, which works without an external magnetic field and with flexible
temperatures. Numerical results show that the maximum rectification ratio of NFRTD can be up to 2673 when
the emitter is 200 K and receiver is 180 K, which exceeds the maximum value reported in some previous works
by more than 10 times. The underlying physical mechanism is the strong coupling of the localized plasmon
modes in the NPs and nonreciprocal surface plasmon polaritons in the substrate. In addition, we calculate
the distribution of the Green’s function and reflection coefficient to investigate nonreciprocal energy transfer
in NFRTDs. Finally, we discuss the effects of momentum separation on the rectification performance of the
NFRTD. This work demonstrates the great potential of WSMs in thermal rectification and paves a path for

designing high-performance NFRTDs.
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I. INTRODUCTION

As one of the most important semiconductor devices, the
electric diode is not only of great theoretical significance,
but also plays an indispensable role in modern industry
[1]. Inspired by the effective regulation of electric currents
by electric diodes, the manipulation of heat flux has also
gradually attracted the research interest of related scientists.
Recently, the concept of thermal diodes has been proposed
[2-9]. The thermal diodes allow heat to transfer in a forward
temperature gradient while being blocked in a reverse tem-
perature gradient [10-13]. Owing to this exotic property of
directional control of heat flux, it has potential applications in
thermal management, thermal rectification, information pro-
cessing, and energy harvesting [14—-19]. To meet the technical
requirements of practical applications, thermal diodes often
require a rectification ratio of dozens or even higher. So far,
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thermal diodes based on various energy carriers (photons,
phonons, electrons) have been extensively studied [20-26].
However, the rectification ratio of thermal diodes is still in-
ferior to that of typical electrical diodes, which hinders its
application and development in related fields.

Due to the coupling effect of evanescent waves, the
near-field radiative heat transfer (NFRHT) may exceed the
blackbody limit by several orders of magnitude [27-46].
The radiative heat flux can be effectively modulated based
on the near-field effects, paving a path for thermal diodes.
Previous works have investigated near-field radiative thermal
diode (NFRTD) in a two-body system [2,47-49], in which
the thermal rectification ratio is highly temperature depen-
dent. In 2017, Doyeux et al. developed energy transfer in
the presence of a nonreciprocal object, which suggests that
nonreciprocal surface plasmon polaritons (SPPs) can effec-
tively manage energy transport at the nanoscale [50]. Ott et al.
proposed a NFRTD based on many-body systems [51], in
which the NFRHT can be manipulated between nanoparticles
(NPs) with nonreciprocity of the magneto-optical materi-
als that depends on the magnetic field. In comparison, the
Weyl semimetals (WSMs) can obtain a superior nonreciproc-

©2023 American Physical Society
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FIG. 1. Schematic diagram of the NFRTD. The two NPs with
radius R are placed along the x axis at a gap distance of d and in the
vicinity of a WSM substrate at a distance of 4. The coordinates of
the emitter and receiver are ry and r;. (a) ry = (00h), r, = (d0h),
and (b) ry = (d0h), r, = (00h). The temperature of the emitter,
receiver, and substrate are 7;, 75, and T;. The forward and backward
heat flux are P; and P, respectively.

ity without an applied magnetic field [52-61]. In addition,
the temperature-dependent optical properties of WSMs offer
flexibility for the control of the rectification performance of
NFRTDs. To date, the NFRHT between WSMs has been
investigated theoretically [62-64]. However, the rectification
potential of the NFRTD based on WSMs has not been ex-
plored, and the underlying physical mechanisms need to be
further discussed.

In this work, we propose a NFRTD using WSMs to achieve
a high rectification ratio. The 4 x 4 transfer matrix method
and fluctuational electrodynamics are used to calculate the
NFRHT between WSM NPs mediated by a WSM planar
substrate [65,66]. Owing to strong coupling of the localized
plasmon modes in the NPs and nonreciprocal SPPs in the
substrate, we can effectively modulate the rectification perfor-
mance of the NFRTD. In addition, we discuss the distribution
of the Green’s function in angular frequency and wave vector
space to reveal the underlying physical mechanism. Finally,
we investigate the effects of temperature and momentum sep-
aration on the rectification performance of the NFRTD. We
believe the results in this work can provide guidance for the
design of high-performance NFRTDs based on WSMs.

II. MODELING AND CALCULATION

The schematic diagram of the NFRTD, which consists of a
WSM planar substrate and two WSM NPs placed above it, is
as shown in Fig. 1. The radius R of the WSM NPs is 20 nm.

The distance between the NPs and from the NPs to the plate is
d = 1000 nm and /2 = 100 nm, respectively. The WSM planar
substrate is considered as a semi-infinite medium. The temper-
ature of the red particle (emitter), blue particle (receiver), and
planar substrate are Tj, 75, and Ty, respectively. To simplify
the computational model, we assume that 7} > T, = Ts. A
Cartesian coordinate system is established with the projection
of the spherical center of the left particle on the upper surface
of the WSM planar substrate as the origin. When the emitter
is on the left side, we define the NFRHT as forward transfer,
and the heat flow is P;. The coordinates of the emitter and
receiver are r; = (004) and ry = (d 0 h). When the emitter
is on the right side, the NFRHT is backward transfer, and the
heat flow is P». The coordinates of the emitter and receiver
are r; = (d0h) and ry = (00h). By changing the positions
of the WSM NPs, we can effectively modulate the NFRHT
between two WSM NPs mediated by a WSM planar substrate
and obtain a higher theoretical rectification ratio. It is worth
noting that the dipole approximation can be nicely adapted
when d, h, . > R, and two NPs can be described as point
sources [66,67].

Specifically, we considered the simplest case of WSM.
The time-reversal symmetry could be broken when splitting a
Dirac point into a pair of Weyl nodes with opposite chirality.
Each pair of Weyl nodes is separated in momentum space by
wave vector b. This kind of material has been recently realized
experimentally, for example, EuCd,As,. Moreover, the pres-
ence of Weyl nodes changes the electromagnetic response,
and the displacement electric field for WSM can be written
as [52,53]

D = ¢4E + ( 2boB +2b x E), @)
where e is the elementary charge, h is the reduced Planck con-
stant, E is the electric field, B is the magnetic flux density, and
&4 18 the permittivity of the corresponding Dirac semimetal. It
is worth noting that Dirac semimetals are generally assumed
to be isotropic in the absence of external magnetic fields.
Thus, we assume that the diagonal elements of the permittivity
tensor are all &4. The first (—2byB) and the second (2b x E)
terms in the parentheses of Eq. (1) describe the chiral mag-
netic effect and the anomalous Hall effect, respectively. In this
work, we only consider materials where the Weyl nodes have
the same energy (i.e., bp = 0). The momentum separation b
of the Weyl nodes is an axial vector that acts similarly to an
internal magnetic field, and we choose the coordinates with b
along the positive y direction: (i.e., b = by). With the above
considerations, the permittivity tensor of the WSM becomes

&4 0 e,
e=| 0 & 0], 2
—ig, 0 &4

where
be?

= — 3
2 2gohw )
When b # 0, &, is nonzero. Thus, ¢ is asymmetric and

could break Lorentz reciprocity. To calculate the diagonal

term &4, we apply the Kubo Greenwood formalism within
the random phase approximation to a two-band model with
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FIG. 2. (a) The permittivity ratio (|¢,/4| for WSMs and |e, /¢,| for InSb) varies with angular frequency. The temperature of the WSMs is
300 K. (b) The permittivity tensor components (&, and &4) of the WSMs vary with angular frequency.

spin degeneracy. This formalism considers both interband and
intraband transitions [68,69],

o
€4 =¢8p+i—, “)
1)
where o is the bulk conductivity given by
g Q rgf 4 72 kgT 2
= 220G = N i T
=% (2)+’6n<9{ 3 [EF(T)
* G(E) - G(9)
8Q | ———F¢&dE |, 5
4 /0 ot s 5)

J

where g, is the background permittivity, Q@ = A(w + it~')/Ex
is the complex frequency normalized by the chemical po-
tential, 7~! is the scattering rate corresponding to Drude
damping, G(E) = n(—E) — n(E) where n(E) is the Fermi
distribution function, Ep(T) is the chemical potential, ry =
€2 /4 eyhvg is the effective fine structure constant, vg is the
Fermi velocity, g is the number of Weyl points, and & =
E./Er where E, is the cutoff energy beyond which the band
dispersion is nonlinear. Other important parameters are as fol-
lows: e, = 6.2, & =3, 7 = 1000 fs, g = 2, and vg = 0.83 x
10° m/s. The chemical potential as a function of temperature
can be calculated from charge conservation [52]:

2/3
210[9ER(0) +/81E¢(0)° + 1270k TO]  — 27231/3k3 77

Ep(T) =

6 [9ER(0) + \/B1ER(0)° + 1270 k§ T]

where Eg (0K) = 0.163 eV and Ex(300K) = 0.150 eV.
The permittivity of magneto-optical material InSb is given
by [70]

€1 0 i82
e=| 0 & 0 (7
—i82 0 €1

Note that the direction of the magnetic field is in the pos-
itive y direction. The detailed calculation parameters can be
found in Ref. [71].

The permittivity ratio represents the ratio of the nondiago-
nal elements to the main diagonal elements in the permittivity
tensor, which is an effective parameter to describe the per-
formance of nonreciprocal materials [69]. To compare the
nonreciprocity of the two materials, we define the permittivity
ratio: |e,/eq| for WSMs and |g;/¢;| for InSb. Figure 2(a)
shows the permittivity ratio of the WSMs and Insb as a func-
tion of angular frequency. Note that the temperature of the
WSMs is 300 K. The off-diagonal elements of the WSMs and
InSb are determined by momentum separation b and magnetic

(6)

1/3 ’

(

field, respectively. It can be seen that even when InSb is under
a very strong magnetic field (~2 T), its nonreciprocity is still
inferior to that of WSMs. This is due to the separation of
the Weyl nodes in momentum separation b having relatively
large values for compounds such as EuCd,As;. In addition,
the strong nonreciprocity of WSMs can be obtained without
an applied magnetic field, which is its significant advantage
over the magneto-optical material InSb. We further calculated
the WSM permittivity tensor components (&, and &q) versus
angular frequency, as shown in Fig. 2(b). We find that &, is
comparable to g4 over the entire display wavelength range. In
addition, &, and g4 are strongly correlated with the momentum
separation and temperature, respectively, which provides us
with more possibilities for the nonreciprocal regulation of
WSMs.

The total heat flux received by NP; can be described as [51]

P —/OO dop, _3/00 90 0Ty — OTts (8
[ , 27 o = , 27 J i)l%jis
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where ©(T) = hw/[exp(hw/kgT) — 1] is the mean energy
of the Planck thermal harmonic oscillators, and t;; =
4kéTr[xiG,~ jX;G};1/3 is the transmission coefficient for the
heat flux between the NPs [72,73]. Here “*” denotes the
conjugate transpose. x; = (e;—of)/2i is the dressed polariz-
ability of NP; [67,72]. When ignoring radiative correction,
the polarizability of an anisotropic NP could be written
in Clausius-Mossotti form [32,74]. For dielectric NPs, the
magnetic polarizability can be ignored. When the NP is
surrounded by vacuum, the electric polarizability of the
anisotropic NPs «; is given as [32]

6‘,‘—11
€i+21’

o; = 47R? 9
where I is the unit matrix and &; (e;) is the permittivity
tensor of the emitter (receiver). G;; in tj; is the dyadic Green’s
tensor:

Gij=GY + G (10)

Ly iy’

where Gl@ is the vacuum Green’s function, which is related
to the position of the NPs [75],

eikorij ik()l’,'j —1
ol Bl S sl |
dmrj korl.j

3 - 3ik()}’ij — kgi‘l2
A ~
2,2 I QL |,
0

0
ng) = G(O)(ri, I'j) =

+ Y

where kg is the vacuum wave vector, r;; = |r;;| is the magni-
tude of the vector linking two NPs, #;; = r;;/r;;, and ® is the
outer product.

G — L /OO dk,
i T 8a2 )

o0
X f (rssMSS + rpsMps + rpMy, + 1, ppMpp)
—0Q

% ei[kx(xi_x])+k)'()7i_y/)]eikz‘Zi+Z/|dky, (12)
where G;jf") is the scatter Green’s function, which is associated
with substrate presence [76]. r is the reflection coefficient
related to incident “s” and “p” polarized waves. k, and k,
are the in-plane wave vectors, and k, is the out of plane wave
vector.

1 k2 —kk, 0
M,, = —k.k 0
5§ — xfty X )
kky \ o 0 0
L —k? —kxlzcy —kxké/kz
M,, = e —kzxky —zky —kikp ékz
0% \kek2/k:  kyk2/k. k3K
woe (R
Sp — 7 19 x xiy x z s
kok \ g 0 0
. kok, —k2 0
M, = e k§2 —kzxky 0 (13)
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FIG. 3. The rectification ratio varies with the temperature of the
emitter 77 and the temperature of the receiver 7. The temperature
of the planar substrate is 7s = 7,. The momentum separation is b =
2x10°m™".

III. RESULTS AND DISCUSSION

To quantitatively describe the performance of the NFRTD,
we define the rectification ratio as the ratio of the difference
between the forward and backward total heat flux to the mini-
mum total heat flux [49,77]:

P -P
n= P

(14)

Figure 3 gives the relationship of the rectification ratio to
the temperature of the emitter (77) and receiver (7;), where
T) > T,. The temperature of the planar substrate is equal to
that of the receiver, i.e., T, = Ts. The momentum separation
b is set to 2 x 10° m~!. We found that the rectification ratio
strongly depends on the temperature with WSM NPs. When
T1 =200 K and 7> = 180 K, we can obtain a rectification
ratio of 2673, which exceeds the maximum rectification ra-
tio of some previous works by more than a factor of 10
[51,71,76,78]. The low-temperature thermal diodes have ap-
plications in deep and low-temperature heat harvesting and
heat transfer technology [79-81]. This may be due to the
effect of temperature on the nonreciprocity of the WSMs,
resulting in a significant difference between the forward and
backward heat flux. In addition, it could achieve a high recti-
fication ratio at a smaller temperature difference compared to
conventional NFRTD.

To understand the high rectification ratio, we calculated
the forward transmission coefficient 7}, and backward trans-
mission coefficient 75; between WSM NPs. As shown in
Fig. 4(a), three resonances occur at 1.35 x 10'4, 2.1 x 10'4,
and 3.1 x 10" rad/s for both 7j, and Ty;. The enhancement
of NFRHT is related to the coupling of threefold degenerate
localized modes in NPs and the surface modes in the sub-
strate. The frequencies of localized plasmon modes @,;—o 41
corresponding to quantum number m = 0, £1 is determined
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FIG. 4. The forward transmission coefficient 7j, and backward transmission coefficient 7>, between WSM NPs for the momentum
separation of (a) b =2 x 10°m~" and (b) b = 0. The temperature of the emitter and receiver is 7} = 200 K and 75 = 180 K. The dressed
polarizability of WSM NPs at temperature of 200 K for the momentum separation of (c) » = 2 x 10°m~! and (d) b = 0.

by dressed polarizability, which can be expressed as [82]

xii 0 xi3
xi=|0 x2 0],
x31 0 x33

s5)

where xi; = x33, and x13 = —x31. The resonance frequency
of the WSM NPs can be determined by [83-85]

det [e(w, T) + 211 = (64 + 2)[(ea +2)* — &7 = 0. (16)

Thus, the resonance modes appear when (¢4 +2) = 0 or
(€4 + 2)*—¢&2 = 0. For the NFRHT between WSM NPs, the
main diagonal component of the dressed polarizability tensor
dominates. Next, we mainly analyzed these three components.
The resonance of 1.35 x 10", 2.1 x 10", and 3.1 x 104
rad/s corresponds to i1, x22, and x33, respectively. The res-
onance of 2.1 x 10'* rad/s depends on the localized plasmon
mode of (g4 4+ 2) = 0; thus it is strongly related to the temper-
ature of WSM NPs. This momentum separation independent
mode is the “nonrotating” mode that exhibits zero angular
momentum (m = 0). The Tj, is several orders of magnitude
lower than 75;, demonstrating strong nonreciprocity due to
the temperature difference of WSM NPs. The resonance of
1.35 x 10", and 3.1 x 10'* rad/s depends on the localized
circular mode of (g4 + 2)2—83 = 0; thus it is related to both
temperature and momentum separation of WSM NPs. The
resonance at an angular frequency of 3.1 x 10'* rad/s for
the heat flux rotates clockwise along the momentum sep-
aration (m = -1). The T}, and 75, are equal, and there is
no nonreciprocity. The resonance at an angular frequency of
1.35 x 10" rad/s for the heat flux rotates counterclockwise
along the momentum separation (m = +1). The T}, is a little

larger than 75|, exhibiting weaker nonreciprocity. Figures 4(b)
and 4(d) give the spectral heat flux and dressed polarizability
of WSM NPs for the momentum separation of b = 0. Only
the localized plasmon modes are excited, and the NFRHT
between the WSM NPs becomes strictly reciprocal in this
case. Moreover, the polarizability tensor has only equal main
diagonal elements.

To explain the heat transfer mechanism, the Green’s func-
tion for the forward and backward heat flux varying with
angular frequency is investigated (Fig. 5). Since the nonrecip-
rocal effect of this system depends mainly on the substrate, the
polarizability effect on the Green’s function is not considered.
Equation (10) indicates that Green’s function G consists of
a vacuum function G and a scattering function G, The
Green'’s function in the transmission coefficient can be decom-
posed into three parts:

Tr(GG*) = Tr(GPOGY*) + Tr(GSO GEY*)

+ 2Tr(xG xG ). (17)

The right side of Eq. (17) represents the sum of vacuum,
scattering, and cross contributions [86], respectively. The scat-
tering and cross contribution are associated with the presence
of the substrate. The G¢°) agrees well with the G, represent-
ing that the NFRHT is mainly through the substrate rather than
vacuum. When b = 0, the Green’s function varies with differ-
ent angular frequencies [Fig. 5(a)]. The total Green’s function
(black line) has only a resonance at the angular frequency of
2.17 x 10" rad/s. At this angular frequency, the contribution
of the total Green function is mainly by the substrate, and the
frequency corresponds to the position where Re(gq) is —1,
indicating the excitation of surface modes in the substrate
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FIG. 5. The Green’s function varies with angular frequency.
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lines represent the total contribution. (a) b = 0, (b) b = 2 x 10° m™!
corresponding to Py, and (c) b = 2 x 10° m~! corresponding to P;.

enhances the NFRHT, while when b =2 x 10°m™!, the
NFRHT has nonreciprocity, and the Green’s functions G,
and G, corresponding to P; and P, are shown in Figs. 5(b)
and 5(c), respectively. For b =2 x 10°m™!, three differ-
ent resonances occur at 2.17 x 10'#, 1.4 x 10'*, and 3.02 x
10" rad/s due to the nonzero off-diagonal permittivity ele-
ments. The resonance at 1.4 x 10'* rad/s is small and has a
negligible effect on the total Green’s function. The resonance
at2.17 x 10" rad/s in G, 1s much smaller than that in G, ,,
as affected by the substrate. Therefore, the directional nonre-
ciprocal surface modes in the substrate leading to the spectral
heat flux in P; , are smaller than P, ,. At the frequency of
3.02 x 10" rad/s, the G, is larger than G, ,,, corresponding
to P, being larger than P, ,. The mechanism is also due
to the excitation of nonreciprocal surface modes, while the
nonreciprocal effect is weaker.

Further, we calculate the distribution of the scattering
Green’s function in the wave vector space to obtain an intu-
itive understanding of the influence of the substrate on the
nonreciprocal energy transfer, as shown in Fig. 6. When b =

0, the scattering Green’s function is consistent on the forward
and backward heat flux; thus there is no nonreciprocal effect
in the near-field thermal diode [Figs. 6(a) and 6(b)]. When
the momentum separation b =2 x 10°m™~!, the symmetry
of eigenstates with positive and negative k, is damaged by
the momentum separation, leading to a strong nonreciprocal
surface mode in the substrate. When the angular frequency
w = 1.35 x 10" rad/s, the forward and reverse heat fluxes are
almost equal. Therefore, it can be considered that the NFRTDs
are reciprocal, which reflects good agreement with Fig. 4(a).
When the angular frequency w = 2.1 x 10'* rad/s, the dis-
tribution of the scattering Green’s function in positive and
negative k, space has an asymmetrical character. Specifically,
the narrow blue bright band at the positive k, space shifts
to red from Figs. 6(e) to 6(f), which significantly enhances
the radiative heat flux P, producing a strong nonreciprocity.
When the angular frequency w = 3.1 x 10'* rad/s, the distri-
bution of the scattering Green’s function in negative k, space
is slightly different in Figs. 6(g) and 6(h), leading to smaller
nonreciprocity.

To explain the mechanism of the asymmetric distribution
of Green’s functions at different resonance frequencies, the
imaginary part of 7, is shown in Fig. 7. The double “p” in the
subscript of r,, indicates the incoming p-polarized wave and
reflected p-polarized wave, respectively. The imaginary part
of r,, is proportional to the density of states of the photons,
and the near-field coupling of the two WSM NPs via the
nonreciprocal SPPs of the substrate is mainly given by the

component r,, of the reflection tensor (Z[” ;’; )[71,87]. Thus,

we can understand the underlying physical mechanisms by
focusing on the component r,,. When the momentum sepa-
ration b = 0, the WSM substrate supports isotropic surface
modes because there is no off-diagonal component in the
permittivity tensor, while when the momentum separation b =
2 x 10°m~!, the momentum separation is along the positive
y direction, and the reflection coefficient shows asymmetry
in positive and negative k, spaces. At an angular frequency
of 1.35 x 10" rad/s, the value of the reflection coefficient
is small, and the nonreciprocal effect is weak [Fig. 7(b)].
However, Fig. 7(c) shows two narrow bright bands in positive
k. space at an angular frequency of 2.1 x 10'* rad/s, leading
to a strong nonreciprocal effect. When the angular frequency
® = 3.1 x 10" rad/s, the reflection coefficient has a wide
bright band but a small value, resulting in a weak nonrecip-
rocal effect.

Our study is not limited to a specific material, but a class
of materials with different momentum separations. We fur-
ther investigate the rectification ratio n versus momentum
separation b and give the corresponding permittivity ratio
|ea/€ql to discuss the performance of the NFRTD, as shown
in Fig. 8. The temperature of emitter and receiver is 7} =
200 K and 7, = 180 K, respectively. The rectification ratio
n fluctuates upward with the increase of momentum separa-
tion. The permittivity ratio |&,/&q4] increases with increasing
momentum separation at the resonance frequency of localized
plasmon modes @ = 2.1 x 10'* rad/s when the temperature is
200 K. Therefore, the nonreciprocal effect of the NFRTD was
enhanced, leading to a higher rectification ratio. When the
momentum separation b = 2 x 10° m~!, the rectification ratio
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FIG. 8. Left: the rectification ratio n varying with momentum
separation. The temperature of the emitter is 200 K, and the tem-
perature of the receiver is 180 K. Right: permittivity ratio |e,/&q]

varying with momentum separation when the temperature is 200 K,
and angular frequency is @ = 2.1 x 10" rad/s.

can reach 2673. So far, the rectification ratio is ~249 for InSb
NPs mediated by an InSb substrate, and ~88.67 for SiC NPs
mediated by drift-biased graphene grating [71,78]. The strong
rectification of conventional thermal diodes, such as intrinsic
semiconductors or the vanadium dioxide based rectification
method, occurs only close to the critical temperature of these
materials. Furthermore, obtaining a good rectification effect
often requires a large temperature difference, which is diffi-
cult to implement experimentally. In contrast, a WSM-based
near-field radiative diode could get a high rectification ratio
in a small temperature difference. In addition, the rectification
effect varies with the emitter and receiver and could change
with the parameters of WSM, such as the number of Weyl
points g, the Fermi velocity vg, the background permittivity
&p, and the scattering rate corresponding to Drude damping 7.

Our findings can provide theoretical guidance for
multiprobe-based near-field thermal radiation systems similar
to the model of Ben-Abdallah [88]. A direct measurement of
the rectification effect might be possible with a many-body
heat transfer setup like that developed by Reddy’s group,

which seems to be feasible [89]. There may be other possibil-
ities, but since our work is biased toward theoretical analysis,
it is necessary to explore more details and make further spec-
ulations before we move toward experiments.

IV. CONCLUSION

In summary, we theoretically investigate a NFRTD that
consists of two WSM NPs mediated by a WSM planar sub-
strate. Due to the strong coupling of the localized plasmon
modes in the NPs and nonreciprocal SPPs in the substrate,
the maximum rectification ratio of NFRTD can be up to 2673,
which exceeds the maximum value reported in some previous
works over 10 times. The contributions of the vacuum, scat-
tering, and cross terms under the influence of WSM NPs are
investigated to explore the underlying mechanism of the high
rectification ratio. Moreover, we calculate the distribution of
the Green’s function and reflection coefficient to investigate
nonreciprocal energy transfer in NFRTD. Finally, we investi-
gate the effects of temperature and momentum separation on
the rectification performance of the NFRTD. We believe that
this work can be helpful for the design of high-performance
NFRTD and facilitate the application of WSMs in thermal
rectification.
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