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Asymmetric thermal conductivity mediated by nonreciprocal polaritons
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As a type of energy carrier, polaritons can play a dominant role in the thermal conductivity of
nano/microstructures. Here, we report an asymmetric thermal conductivity mediated by polaritons that break
the Lorentz reciprocity. In contrast to existing approaches that rely on nonlinearity or time modulation, we
leverage nonreciprocal polaritons induced by magnetic effects. We show that nonreciprocal surface plasmon
polaritons in time-reversal symmetry-breaking systems, including magneto-optical materials and magnetic
Weyl semimetals, can alter the symmetry of thermal conductivity in systems like thin films, resulting in
direction-dependent thermal conductivity. Thermal conductivities of reciprocal material systems can also be
made asymmetric through near-field coupling with these material systems. In accompaniment with the surging
interest in nonreciprocal thermal radiation by polaritons, we extend the role of nonreciprocal polaritons from
radiative heat transfer systems to conduction systems, paving the way for next-generation thermal devices and
efficient energy management solutions.

DOI: 10.1103/pplf-ytqm

Introduction. Nonreciprocal or asymmetric thermal con-
ductivity of materials is the key to unlock applications such as
thermal diodes [1,2], thermal transistors [3], thermal memory
[4], and thermal circuits [5–7]. However, the thermal con-
ductivity of most traditional materials is reciprocal, which is
rooted in the fundamental symmetry of the transport prop-
erties of the energy carriers in the system [8]. There has
been a tremendous research effort towards enabling asymmet-
ric thermal conductivity by introducing (1) nonlinear effect
[9–12], for example, temperature-dependent thermal conduc-
tivity like phase change; or (2) dynamic modulation [13–15],
for example, by tuning the thermal conductivity dynamically;
or (3) structure perturbation [16], by patterning the material
to create a metamaterial for phonon or electrons. However,
the proposed approaches focus on breaking the reciprocity
of electron or phonon transport and still leave the polariton
transport reciprocal.

As a hybrid oscillation of electromagnetic waves and
charged particles, polaritons have recently been shown to be
the potentially dominant heat carriers in materials, especially
for nanostructures where the phonon thermal conductivity is
suppressed as compared to their bulk counterparts [17,18]
as the structures become increasingly miniaturized. Polari-
tons can also assist ultrafast heat transfer due to their high
group velocity [19,20]. In particular, surface plasmon/phonon
polaritons have emerged as a promising avenue to enhance
thermal conductivity in thin-film and nanowire structures
[17,18,20–30]. For instance, studies have revealed that the
surface phonon polaritons in ultrathin SiO2 film can contribute
as much thermal conductivity as phonons [21]. It has also
been experimentally shown that surface phonon polaritons
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can significantly improve the thermal transport in nanowire
structures [17].

In traditional reciprocal systems, the polaritons exhibit
symmetric dispersion relations due to reciprocity, leading
to symmetric heat transport. However, recent advancements
in nonreciprocal photonics indicate that the reciprocity of
polaritons can be broken in nonreciprocal materials, such
as magneto-optical systems and magnetic Weyl semimetals
[31–34]. These nonreciprocal polaritons have been exploited
for achieving thermal radiation that violates the traditional
Kirchhoff’s law of thermal radiation [31,33,35–41]. Despite
significant progress in leveraging nonreciprocal materials for
thermal radiation, their potential to enable asymmetric ther-
mal conductivity remains unclear.

In this work, we explore the possibility of achieving
nonreciprocal thermal conductivity by exploiting the asym-
metric polaritons inherent in nonreciprocal materials. We
show that when the reciprocity of the polaritons is broken,
the asymmetric dispersions can result in a spectral ther-
mal conductivity that is direction dependent. We discuss
the necessary conditions under which nonreciprocal thermal
conductivity can be achieved. As examples, we showcase
the nonreciprocal thermal conductivity in structures con-
sisting of two types of model materials, magneto-optical
materials and Weyl semimetals, where both materials sup-
port nonreciprocal surface plasmon polaritons (SPPs). The
approaches and discussions are applicable to other polaritons
as well.

To calculate the spectral thermal conductivity of SPPs, we
employ a framework based on the Boltzmann transport equa-
tion under the relaxation time approximation. This method
allows a direct evaluation of thermal transport contributions
arising from polaritons. The thermal conductivity of SPPs,
kSPP, can be obtained by integrating the spectral thermal
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FIG. 1. The concept of nonreciprocal polariton thermal conductivity. (a) Symmetric dispersion in reciprocal systems leads to symmetric
heat conductivity. (b) Asymmetric dispersion in a nonreciprocal system leads to asymmetric and nonreciprocal conductivity. The polariton
dispersions are for illustration. (c) The schematic of the system studied in this work. A thin layer of nonreciprocal materials (InAs or Weyl
semimetals) on a SiO2 substrate. The black square represents a heating element. When the system is heated, the heat conducted by the polaritons
from the source differs in magnitude between the forward and backward directions. The magnetic field for the InAs (B) and the momentum
separation of Weyl cones, 2b, for the Weyl semimetal are both along the −z direction.

conductivity kω[21]:

kSPP = 1

4πd

∫ ∞

0
kωdω = 1

4πd

∫ ∞

0
h̄ω�effβR

d f0

dT
dω, (1)

where h̄ is the reduced Planck constant, ω is the angular
frequency, d is the thickness of the material, �eff (ω) is the
effective propagation length of SPPs, βR(ω) is the real part
of the wave vector of SPPs, β, and f0 is the Bose-Einstein
distribution function. In this work, we set the temperature as
300 K for all calculations. The effective propagation length,
�eff , incorporates both the intrinsic propagation properties of
the SPPs and the geometrical constraint of the system. It is
determined using Matthiessen’s rule

�−1
eff = �−1 + r−1. (2)

Here, � is the intrinsic propagation length of the SPPs,
which is determined by the imaginary part of β as � =
[2 Im(β )]−1, and r is the lateral dimension of the sample,
representing the maximum length over which SPPs propa-
gate. This equation states that �eff � r and, therefore, ensures
that the propagation distance of the polaritons is limited by
the real lateral dimension of the sample. Here we assume
r = 30 mm, a scale for practical devices that is used in pre-
vious experimental studies. We note that the kSPP computed
using Eq. (1) only considers the contribution of polaritons,
which is the focus of this work. The contributions of other
carriers should be added when the total conductivity is of
interest.

To solve for the spectral kSPP, it is essential to first solve
the dispersion relation of the structure supporting SPPs. In

reciprocal materials, solving the dispersion relation yields
symmetric wave vectors, i.e., βBwd(ω) = βFwd(ω), for waves
propagating towards opposite directions, where Fwd and Bwd
are used to indicate the forward and backward directions,
respectively. This is true even in anisotropic materials such
as hyperbolic materials [21,42,43] since they are all recip-
rocal. Consequently, the polariton thermal conductivities are
equal for both directions (kBwd = kFwd), resulting in recipro-
cal thermal transport [Fig. 1(a)]. For nonreciprocal materials,
the dispersion relation becomes asymmetric, i.e., βBwd(ω) �=
βFwd(ω), leading to nonreciprocal polariton thermal conduc-
tivity (kBwd �= kFwd), as indicated also in Eq. (1). Therefore,
the heat conduction exhibits a difference depending on the
direction, as indicated in Fig. 1.

To achieve this nonreciprocal behavior, we employ thin
layers of nonreciprocal materials. These materials induce
asymmetric SPP propagation through different mechanisms.
We begin by introducing Indium Arsenide (InAs) as a non-
reciprocal material in our system. InAs is a widely used
magneto-optical material for achieving nonreciprocal thermal
radiation [31,34,39,44]. The nonreciprocal properties of InAs
can be activated by applying an external magnetic field along
the z direction, which corresponds to the Voigt configuration
[31]. Under this condition, the permittivity tensor for InAs
becomes asymmetric and can be represented as [31]

ε =
⎡
⎣ εxx iη 0

−iη εyy 0
0 0 εzz

⎤
⎦, (3)
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FIG. 2. (a) The dispersion relation of the SPPs for an InAs thin film on SiO2 and (b) the corresponding spectral conductivity when B = 3 T
and the thickness of the InAs layer is 1 µm. (c) The polariton thermal conductivity for the same structure when different magnetic fields are
applied. (d) The polariton thermal conductivity for different thicknesses of the InAs layer on SiO2 when B = 3 T. (e) Modal profile of SPPs
when the InAs film thickness is (from the top to the bottom) 1000, 700, and 500 nm, respectively.

where

εxx = εyy = εd = ε∞ − ω2
p(ω + i�)

ω
[
(ω + i�)2 − ω2

c

] , (4)

η = ω2
pωc

ω
[
(ω + i�)2 − ω2

c

] , (5)

εzz = ε∞ − ω2
p

ω(ω + i�)
. (6)

In the above equations, ε∞ is the high-frequency permittiv-
ity; � is the damping rate; ωp =

√
nee2/(m∗ε0) is the plasma

frequency, where ne is the carrier concentration, e is the el-
ementary charge, m∗ is the effective electron mass, and ε0

is the vacuum permittivity; and ωc = eB/m∗ is the cyclotron
frequency, with B being the applied magnetic field.

We start by solving the dispersion relation of the system
shown in Fig. 1(c), a system with a thin film of InAs on a
substrate. The dispersion of the SPPs for such a system is
given by [45]

tan(κdd ) = εdκd
(

γair

εair
+ γs

εs

)
εd k2

0 − β2 − ηdβ
(

γair

εair
− γs

εs

) − (
ε2

d − η2
d

)
γair

εair

γs

εs

.

(7)

γair =
√

β2 − k2
0 , where we assume the medium above the

structure is air with εair = 1, κd =
√

k2
0 (ε2

d −η2
d )

εd
− β2, and γs =√

β2 − k2
0εs with εs being the permittivity of the substrate.

k0 = ω/c is the wave vector in the free space, where c is
the speed of light. We use SiO2 as the substrate beneath the
nonreciprocal material. As indicated by the above equation,
the solution of β is sensitive to its sign, which causes the

nonreciprocal dispersion of the polaritons. Therefore, we note
that it is critical to make sure the nonreciprocal material is
surrounded by an asymmetric dielectric environment such that
the term γair/εair − γs/εs can remain nonzero. Otherwise, for
example, if the substrate is air, the same as the medium above
the structure, then γair/εair − γs/εs = 0 and the solution of
Eq. (7) becomes symmetric and reciprocal, despite that the
system contains nonreciprocal materials. This highlights the
importance of breaking the geometric symmetry for achieving
nonreciprocal kSPP. SiO2 is chosen as the substrate due to
its relatively low thermal conductivity of approximately 1.4
W/m K. One can further suspend the film to minimize the
conduction from the substrate. The low thermal conductivity
of the substrate helps to better highlight the contrast between
the left and right thermal conductivities resulting from the
SPPs. We solve Eq. (7) using the local minima detection
method.

By applying a magnetic field, the dispersions for the for-
ward and backward propagating polaritons become different,
as shown in Fig. 2(a). In Fig. 2(b), we show the spectral range
within which the spectral polariton thermal conductivity is
prominent. We focus on the symmetric branch (long range)
of the SPP dispersion, whose contribution to heat conduction
is dominant, while the antisymmetric branch (short range) is
neglected due to its negligible influence on thermal conductiv-
ity. In the Supplemental Material [46], the propagation length,
�, and also �eff are plotted. From these plots, it can be seen
that the frequency range of strong spectral kSPP is primar-
ily governed by the propagation length. The high-frequency
behavior of kSPP can be understood by rewriting Eq. (1)
as kSPP = 1

4πd ∫∞
0 h̄ω�effβR

e(h̄ω/kBT )

(e(h̄ω/kBT )−1)2
h̄ω

kBT 2 dω.�eff gradually
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decreases as the frequency increases as shown in Fig. 5 of the
Supplemental Material [46]. In the frequency range where the
propagation length is long, the real part of the propagation
constant βR increases approximately linearly with respect to
the light line, i.e., βR ∼ ω/c. Therefore, even without consid-
ering the decrease of �eff as ω, the ω-dependent term can be

simplified as ∼ ( h̄ω
kBT )

3

e(h̄ω/kBT ) , which approaches zero as ω increases.
Therefore, the spectral conductivity gradually decreases as the
frequency increases.

Figure 2(c) shows the dependence of kSPP on the exter-
nal magnetic field. When B = 0 T, the system is reciprocal
and the forward and backward kSPP overlap. As B increases,
the nonreciprocal effect becomes stronger and the contrast
between the forward and backward SPPs increases, manifest-
ing as an increasing difference between the corresponding
kSPP.

Figure 2(d) shows the dependence of kSPP on the thick-
ness of the InAs layer d when B = 3 T. As d increases,
kSPP initially increases as well since a thicker layer allows
for a longer propagation length for SPPs (see Supple-
mental Material [46]). On the other hand, as d becomes
larger, the 1

d factor in Eq. (1) starts to dominate the ef-
fect, resulting in a decreasing kSPP. As a result, there
exists an optimal thickness—around 1500 nm—at which
kSPP reaches its maximum for both forward and backward
directions.

The nonreciprocal response of the system is essentially
provided by the InAs region. Therefore, the conductivity con-
trast can be enhanced if the overall field strength in the InAs
is stronger. For the system considered here, one can enhance
the field strength in the InAs film by increasing its thickness.
We solve the modal profile of the SPPs for systems with
different InAs thickness, as shown in Fig. 2(e). When the
InAs layer becomes thicker, the evanescent wave spans more
volume of the region, yielding a larger conductivity contrast
as d increases, as seen in Fig. 2(d).

The loss of the SPPs in InAs results in a relatively short
propagation length for the nonreciprocal polaritons as shown
in the Supplemental Material [46]. Therefore, the nonrecip-
rocal conductivity contrast is on the order of 0.01 W/m K.
Materials that can support longer-propagating SPPs could
be used to enhance the nonreciprocal contrast. Meanwhile,
the necessity of an external magnetic field may introduce
some practical challenges [47] in miniaturized systems. For
these reasons, we consider an architecture that uses Weyl
semimetal as the nonreciprocal material. As a class of topo-
logical materials, magnetic Weyl semimetals inherently break
time-reversal symmetry, leading to nonreciprocal behavior
[33]. Unlike magneto-optical materials that require an exter-
nal magnetic field to induce nonreciprocity, the nonreciprocal
effects in magnetic Weyl semimetals arise intrinsically with-
out the need for an external field. The momentum separation
of the Weyl cones, denoted as 2b, functions analogously
to an applied magnetic field in magneto-optical systems.
Weyl semimetals have attracted considerable attention in re-
cent years, not only in theoretical studies but also through
research on real materials. The literature shows that Weyl
behavior can be realized in experimentally accessible systems.
These studies highlight both the scientific importance of Weyl

semimetals and their potential for practical applications, since
their distinctive properties can be realized and controlled in
real material platforms [48–51]. Without loss of generality, we
consider a scenario where b is oriented along the z direction.
In this case the permittivity has the same format as Eq. (3),
where

η = be2

2π2h̄ω
. (8)

When b �= 0, ¯̄ε becomes asymmetric, leading to the break-
ing of reciprocity. The diagonal element is given by εxx =
εyy = εzz = εb + i σ

ωε0
, where εb represents the background

permittivity, and σ denotes the bulk conductivity, which is
derived from [33]

σ = ε0rsgEF

6h̄
�G

(
EF �

2

)

+ i
ε0rsgEF

6π h̄

{
4

�

[
1 + π2

3

(
kBT

EF

)2
]

+ 8�

∫ ξc

0

G(EF ξ ) − G

(
EF �

2

)
�2 − 4ξ 2

ξdξ

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

. (9)

Here, rs = e2/(4πε0 h̄vF ) represents the effective fine-
structure constant, where h̄ is the reduced Planck constant and
νF is the Fermi velocity. The normalized complex frequency
is given by � = h̄(ω + iτ−1)/EF , where τ−1 is the scattering
rate, EF is the Fermi level, and T is the temperature, assumed
to be 300 K in this study. The function G(E ) = n(−E ) −
n(E ), where n(E ) is the Fermi-Dirac distribution function, g is
the number of Weyl points, and kB is the Boltzmann constant.
The normalized cutoff energy is defined as ξc = EC/EF , with
EC being the cutoff energy beyond which the band dispersion
ceases to be linear. The values of the parameters are all the
same as in Ref. [33].

Based on Eq. (7), we solve the dispersion relation of SPPs
for a thin layer of Weyl semimetal on a SiO2. The disper-
sion exhibits a similar nonreciprocal behavior as displayed in
Fig. 3(a). The corresponding spectral polariton thermal con-
ductivity is shown in Fig. 3(b). As compared to the InAs cases,
the spectral range where the conductivity is strong is much
broader since the propagation length is significantly longer
in the Weyl system, as shown in Fig. 5 in the Supplemental
Material [46]. A small peak around 9.5 × 1013 rad/s is caused
by the epsilon near zero (ENZ) point of SiO2, where the real
part of its dielectric function (εxx) crosses zero. The inset
in Fig. 3(a) reveals the oscillatory behavior around the ENZ
point of SiO2. Figure 3(c) shows the dependence of the kSPP

on the thickness of the Weyl semimetal layer. It follows the
same physics and trend shown in Fig. 2(d) as the thickness
of the Weyl layer increases. As compared to the InAs system,
the nonreciprocal contrast of the conductivity is significantly
enhanced by more than 1 order of magnitude, and the strong
contrast is obtained without an external magnetic field, paving
the way for direct experimental demonstrations.

In the above discussions we focus on the asymmetric
polariton thermal conductivity in nonreciprocal materials.
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FIG. 3. (a) The dispersion relation for Weyl semimetal thin layer on SiO2 and (b) the corresponding spectral thermal conductivity, when
the thickness of the Weyl layer is 700 nm. (c) The polariton thermal conductivity for different thicknesses of the Weyl semimetal layer on SiO2.

Leveraging the nonreciprocal polaritons in these materials,
one can in fact also create asymmetric thermal conductivity
even in reciprocal materials through evanescent wave cou-
pling by controlling the dielectric environment the material is
within. To demonstrate the idea, as a baseline, we revisit the
work in Ref. [18], where a thin Ti layer on a SiO2 substrate—
both reciprocal materials—is shown to exhibit enhanced Ti
thermal conductivity via SPPs. In that system, the forward and
backward SPP thermal conductivities are identical. We use the
same geometry as Ref. [18] (with r = 28 mm), but replace the
SiO2 substrate with InAs, as shown in the inset of Fig. 4(a).
When B = 0 T, InAs behaves as a reciprocal material, and the
system remains symmetric with the forward and backward
kSPP overlapping. When B = 3 T, we introduce a nonrecip-
rocal material in the dielectric environment of the Ti film.
Through near-field coupling, the SPPs in the Ti layer become
nonreciprocal, resulting in different forward and backward
kSPP in Ti as shown in Fig. 4(a).

The overall trend of kSPP as the thickness of the Ti layer
[Fig. 4(a)] is similar to the above two cases. The SPP propaga-
tion length for the forward and the backward SPPs at different
Ti film thicknesses is shown in Fig. 4(b). By decreasing the
thickness of the Ti film, the imaginary part of the wave vector
of SPPs increases, leading to shorter propagation lengths.
The 1

d factor, on the other hand, increases. Therefore, one
can expect a Ti film thickness at which the thermal conduc-
tivity maximizes, which is around 65 nm for the geometry
considered here. On the other side, as the Ti layer becomes
thinner, the contribution of polariton-enhanced heat transport
to the total thermal conductivity increases. Since this po-
lariton contribution is the sole source of asymmetry in the
thermal conductivity, selecting a Ti thickness for which the

polariton contribution is significant is crucial in order to
achieve the maximum asymmetric thermal conductivity,
which also makes the experimental observation more feasible.

Figure 4(c) compares the forward and backward spectral
kSPP for several Ti thicknesses. The spectral conductivity peak
gradually shifts to higher frequency as the Ti film becomes
thicker. Since βR decreases as the film thickness increases (see
Supplemental Material [46]), the fact that the conductivity
peaks blueshift as the thickness of the film increases highlights
the effect of the increased propagation length towards higher
frequencies on the conductivity.

Similar to the previous cases, the contrast between the
forward and backward kSPP can be enhanced with a stronger
magnetic field. For instance, when B = 3 T and the Ti layer
thickness is 50 nm, the forward and backward kSPP are 1.79
and 1.76 W/m K, respectively. Increasing the magnetic field
to 5 T results in forward and backward kSPP values of 1.80
and 1.74 W/m K, respectively, nearly doubling the contrast.

However, in contrast to previous systems where the non-
reciprocal contrast of the conductivity increases as the film
thickness increases [Figs. 2(d) and 3(c)], in the current ar-
chitecture, the contrast increases as the Ti film thickness
decreases, as shown in Fig. 4(a). This is caused by the fact that
the evanescent wave in the InAs substrate becomes stronger
when we have a thinner film. In Figs. 4(d) and 4(e) we
illustrate this point using the modal profile of the SPPs at
ω = 0.21 × 1014 and 1.88 × 1014 rad/s, respectively. We
show these two cases since the real part of the permittivity of
InAs becomes positive when ω > 0.77 × 1014 rad/s. The SPP
profile resembles that of a single-interface SPP in Fig. 4(d),
where a thinner Ti film results in a stronger evanescent wave
component in the InAs substrate. For the case shown in
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FIG. 4. (a) Polariton thermal conductivity of a Ti thin layer on InAs when the lateral dimension of the sample is 28 mm, corresponding
to Ref. [18], for different thicknesses of Ti layer and different magnetic fields. (b) The SPP propagation length for different thicknesses of Ti.
(c) The forward and backward spectral kSPP for different thicknesses of the Ti layer. (d) and (e) The modal profile of the SPPs for the studied
system for different thicknesses (marked in the figures) at (d) 0.21 × 1014 rad/s and (e) 1.88 × 1014 rad/s.

Fig. 4(e), the SPPs resemble the profile of a symmetric SPP
when the Ti film is surrounded by the same dielectric on
both sides. The other mode that resembles the antisymmetric
SPP contributes negligibly to kSPP due to its significantly
shorter propagation length. For this case, the evanescent wave
components in the InAs are still stronger as the thickness
of the Ti film decreases. Therefore, it is critical to ensure
the nonreciprocal material experiences a large portion of the
polariton field for a strong contrast in the conductivity.

Conclusion. In conclusion, we demonstrate that nonre-
ciprocal polaritons can mediate direction-dependent thermal
conductivity in nanoscale systems, establishing a mechanism
for asymmetric heat transport. By exploiting the field-
induced or intrinsic time-reversal symmetry-breaking effects
in magneto-optical InAs and magnetic Weyl semimetals, we
show that polaritons can acquire asymmetric dispersion that
leads to nonreciprocal thermal conduction without relying on
nonlinearity or temporal modulation in the systems studied in
Figs. 2 and 3. The underlying physics can still be observed
and exploited in other structures in a similar manner. Through

near-field coupling, this nonreciprocal behavior can be im-
parted to otherwise reciprocal materials, enabling scalable
architectures for directional heat flow. As shown in Fig. 4,
the magnitude of the thermal conductivity contrast can reach
a level of practical interest, making experimental observation
of this phenomenon more accessible. The findings shown in
this study extend the concept of nonreciprocity from radiative
to conductive regimes and open pathways for realizing solid-
state thermal diodes, transistors, and other active components
in next-generation thermal management and energy systems.
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