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Radiative heat transfer in a low-symmetry Bravais crystal
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Over the last few years, broken symmetry within crystals has attracted extensive attention since it can improve
the control of light propagation. In particular, low-symmetry Bravais crystal can support shear polaritons,
which has great potential in thermal photonics. In this work, we first use the fluctuation-dissipation theorem
to investigate mechanisms of near-field thermal radiation (NFTR) in a low-symmetry Bravais crystal. The NFTR
between such crystal slabs is nearly four orders of magnitude larger than the blackbody limit, demonstrating its
remarkable potential for noncontact heat dissipation for nanoscale circuits or other devices. Moreover, we report
a form of twist-induced near-field thermal control system employing the low-symmetry Bravais crystal medium
(B-Ga,03), showing that this crystal can serve as an excellent platform for twist-induced near-field thermal
control. Due to the intrinsic shear effect, the twist-induced modulation supported by low-symmetry Bravais
crystal exceeds that by high-symmetry crystal. We further clarify how the shear effect affects the twist-induced
thermal-radiation modulation supported by hyperbolic and elliptical polaritons and show that the shear effect
significantly enhances the twist-induced thermal control induced by the elliptical polariton mode. These results
open directions for thermal-radiation control in low-symmetry materials, including geological minerals, common

oxides, and organic crystals.
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I. INTRODUCTION

In contrast with classical thermal radiation [1-3], evanes-
cent waves coupling between two bodies with subwavelength
separation can assist photons to tunnel through a vacuum
gap (i.e., photon tunneling), resulting in a radiative heat flux
that can exceed the blackbody limit by several orders of
magnitude [4,5]. Over the last two decades, this so-called
near-field thermal radiation (NFTR) has inspired significant
research interest because of its fundamental scientific rele-
vance [6-8], and it is particularly important for technological
applications, such as thermal logic circuitry [9-13], high-
efficiency energy conversion [14—18], photon transformation
[19], and magnetic recording [20]. For these novel appli-
cations, it is important to actively control NFTR. Several
active control strategies have been proposed and are based
on modifying the dielectric function of materials to change
their dispersion relation and surface polaritons; these include
the use of insulator-metal transition materials [21,22], apply-
ing an electric field to ferroelectric materials [23], the use
of an external magnetic field to magneto-optical materials
[24-26], the use of drift currents [27,28], and the regula-
tion of the chemical potential of graphene [29-31]. Another
active control strategy is to use the rotational degrees of
freedom. In analogy to the twistronics concept in flat-band
superconductivity [32], polariton topological transitions

“yong_zhang @hit.edu.cn
fyihongliang @hit.edu.cn

2469-9950/2022/106(15)/155404(10)

155404-1

[33,34], and Moiré excitons [35], this control strategy is also
called the twisting method. To date, most proposals for im-
plementing the twisting method rely strongly on processing
technology for nanometer-sized metamaterials [36-39] or ex-
ternal field assistance (electric field, magnetic field, tension,
etc.) [40—42]. Creating a convenient and efficient platform for
controlling heat flux remains an open challenge.

Recently, low-symmetry crystals have drawn widespread
attention due to their unique physical properties, such as
nonlinear frequency conversion [43], structural phase transi-
tions [44], ferroelectrics [45], quantum memories [46], and
slow light [47]. In particular, low-symmetry Bravais crystals
exhibit nonorthogonal principal crystal axes, resulting in the
nontrivial relative orientation (neither parallel nor orthogonal)
of several optical transitions [48]. Consequently, their dielec-
tric permittivity tensor has major polarizability directions that
depend strongly on the frequency, with off-diagonal terms that
cannot be completely removed through coordinate rotation.
The tensor also has shear terms analogous to the case of
viscous flow [49]. This shear phenomenon in the dielectric
response induces extreme anisotropic propagation of surface
waves, giving rise to a polariton class of “shear polaritons.”
All of these factors make low-symmetry Bravais crystals an
exciting platform with strong anisotropic polaritons, which
opens avenues for the manipulation of polariton propagation,
light-matter interaction, and light emission. However, funda-
mental studies of such low-symmetry Bravais crystals remain
scarce, especially in the field of thermal radiation, which
hinders the further exploration and practical application of
these materials.

©2022 American Physical Society


https://orcid.org/0000-0003-4540-5864
https://orcid.org/0000-0002-5244-7117
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.106.155404&domain=pdf&date_stamp=2022-10-07
https://doi.org/10.1103/PhysRevB.106.155404

ZHOU, TANG, ZHANG, ANTEZZA, AND YI

PHYSICAL REVIEW B 106, 155404 (2022)

To address this issue, we investigate beta gallium oxide
(B-Gap03) as an example of a low-symmetry Bravais crys-
tal and reveal the mechanisms of radiative heat transport
in B-Ga,O3 by applying the fluctuation-dissipation theorem.
Moreover, we explore the twist-induced control of thermal
radiation in the low-symmetry Bravais crystal system. By
introducing a scaling factor to describe the magnitude of
the off-diagonal component, we tune the shear phenomenon
to modulate the photon tunneling features in the search for
guidance in radiation modulation. The results are summarized
in the conclusion.

II. SYSTEM UNDER STUDY AND THEORETICAL
APPROACH

We consider the near-field thermal radiation model consist-
ing of two parallel 8-Ga, 03 slabs with a vacuum gap d [see
Fig. 1(a)]. The temperature of the top and bottom B-Ga,03
slabs is T + AT and T, respectively, with T = 300 K. The
thickness of the 8-Ga, O3 slabs is 100 um. To gain insight into
the crystalline structure of 8-Ga,03, we present in Fig. 1(c)
the crystal structure of the monoclinic plane a-c. Due to the
monoclinic angle (8 = 103.7°) [50-52], axes a and c are not
perpendicular to each other, as shown in Fig. 1(c). A Cartesian
coordinate system x-y-z (x’-y’-z) is defined for the bottom
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The identity matrix is denoted I, subscripts 1 and 2 indicate
the emitter (bottom slab) and receiver (top slab), respectively,
and ko= (kg—kz)l/ 2 is the tangential wave vector along the z
direction in vacuum. The reflection coefficient matrix R,, and
the transmission coefficient matrix T, at the interface between

FIG. 1. (a) Setup for near-field radiative modulator composed of
two beta-phase Ga,03; with vacuum gap d and twist angle 6. (b)
Schematic view from the top of the twist-induced thermal radiation
modulator. The surface of the B-Ga,0; crystal is the monoclinic
(010) plane (x-y plane). (c) Monoclinic crystal structure of 8-Ga,0;
in a-c plane (x-y plane).

(top) slab, and the x- (x’-) and z axes are in the direction of
axes a and b of B-Ga,0s3, respectively. The twist angle 6 is
the angle between the x- and x" axes [see Fig. 1(b)].

In this work, we focus on analyzing the heat-transfer coef-
ficient (HTC) H which is the radiative heat conductance per
unit area [53]:

H(T,d) = /OO h(w)dw
0

1 ®00(w, T)
- — | =2
87'[3 0 T

X /OO /*00 &(w, ky, ky)dkdk,, (1)

where O(w, T) = ho/[exp(hw/kgT) — 1] is the mean photon
energy of a Planck oscillator at angular frequency w and
temperature 7', and k, and k, are the surface wave vectors
along the x- and y axes, respectively. When the surface parallel
wave vector k = (k2 + k}z,)l/ ? is greater than the wave vector
in vacuum, ky = w/cy, the electromagnetic wave excited by
thermal energy takes the form of an evanescent wave [54];
otherwise, it is propagating wave [55]. & (, k, k) is the pho-
tonic tunneling coefficient (PTC) of thermal photons and is
expressed as [56]

k<k0

@
k > ko.

[
air and B8-Ga,;0j3 slab with n = 1, 2 take the forms [57,58]
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Rn:|:n :|v Tn:|: :|, (3)
moor oot

and can be calculated by the transfer matrix method [59]. In
the model calculations in this work, the 8-Ga,0j is strictly
modeled as a finite slab with thickness of 100 um. The film
thickness would affect the transmission coefficient T and the
reflection coefficient R of the emitter and receiver, which in
turn affects the near-field radiative behavior [Egs. (1) and
(2) [60]. Utilizing the method in this Ref. [60], we can
accurately calculate the transmission coefficient T and the
reflection coefficient R of the finite slabs. The 2 x 2 matrix
Dis definedasD = (I — Rleez"kZO"l)_l , which describes the
usual Fabry—Perot-like denominator resulting from multiple
scattering between emitter and receiver [61,62]. In general,
the frequency-dependent permittivity of B-Ga,O3 can be ex-
pressed as a third-rank tensor with identical off-diagonal
elements [48]:

Exx Exy O
E=|&x &y 0. 4)
0 0 e

The B-Ga, O3 monoclinic permittivity tensor is composed
of the high-frequency contributions, the dipole charge
resonances, and the free charge-carrier (FCC)
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contributions [50]:
8
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where g4 is the permittivity at high frequency for different
directions, the A, and B, modes are long-wavelength active
(infrared and far-infrared); the A, modes are polarized along
axis b only and the B, modes are polarized within the a-c
plane. o is the angle between the dipole oscillation axis of B,
mode j and the axis a of the 8-Ga, O3 monoclinic crystal. The
8(4) modes mean that this material has 8(4) long-wave active
intrinsic modes of vibration for the B, (A,) modes [50]. The
Lorentzian-broadened oscillator function p; ,.,) represents
the energy-dependent contribution to the long-wavelength po-
larization response of an uncoupled electric dipole charge
oscillation of B, mode j (A, mode). The Drude model func-
tion ¥pce gives the energy-dependent contribution to the
long-wavelength polarization response of free charge carriers
for different directions. The Drude model function ¥rcc and
the Lorentzian-broadened oscillator function pj 4,.5,) can be
expressed as [50]

ezn
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ﬂFCC,(x,y,Z) =

Aj(A.B)
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Here, n is the free charge-carrier density. mef, (x,y,z) and
Vp.(x.y.z) are the electron effective mass and the damping co-
efficient along the different directions, respectively. gy is the
vacuum permittivity, and e is the amount of the electrical
unit charge. Aj @,.8,)> @10 A8, a4 Kj a,.5,) denote the
amplitude, resonance frequency, and broadening parameter of
a lattice resonance with TO character for A, mode j or B,
mode j. The detailed parametrization of the dielectric func-
tion of B-Ga, O3 monoclinic crystal is available in Ref. [50].
The B-Ga, O3 monoclinic crystals are Sn doped to produce
a free charge-carrier density of n = 4 x 10'7 cm™3, which is
reasonable in B-Ga, O3 samples [63]. The diagonal permit-
tivity elements of a $-Ga, O3 monoclinic crystal are plotted
in Fig. 2(a). In biaxial crystals, the sign of the real part of
the diagonal permittivity elements determines the topology of
the polariton mode. All diagonal permittivity elements have
a negative real part, producing an elliptical polariton mode.
When the diagonal permittivity elements change sign, a po-
lariton mode of hyperbolic topology is produced in which
either the real part of one element is negative and the other two
are positive (type-I hyperbolic mode) or two are negative and
one is positive (type-II hyperbolic mode). However, for the
monoclinic crystal, the effect of the dielectric response of off-

100
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FIG. 2. (a) Real part of diagonal permittivity element &,y ..
(b) Real part of off-diagonal permittivity element &,,. The free
charge-carrier density n is fixed at 4 x 10" cm 3.

diagonal elements on the polariton nature is non-negligible.
This strong dielectric response of off-diagonal elements typ-
ically prevents the electromagnetic propagation angle from
being aligned with the principal axes, leading to a nontrivial
polariton response with highly directional modes and giving
rise to a remarkable shearing effect of polariton modes in
monoclinic crystals [48].

III. RESULTS AND DISCUSSION

We first investigate the NFTR of this low-symmetry Bra-
vais crystal system without twist. Figure 3(a) shows the HTC
as a function of the vacuum gap d. To visualize the near-
field enhancement for this material, Fig. 3(a) also shows
the HTC of a blackbody at room temperature given by
Hgg = 40sgT> = 6.12 Wm~2 K!, where ogg is the Stefan-
Boltzmann constant. The HTC of the B-Ga,Os3 system is
colossally enhanced in the near-field region due to the evanes-
cent contribution, which is several orders of magnitude greater
than the blackbody limit. In particular, the results show that
the HTC of such crystals is 8264 times the blackbody limit at
d = 10nm. As shown in Fig. 3(a), when the gap is less than
400 nm, the HTC of this crystal approaches a d ~2 dependence
(plotted by the blue curve). This dependence is consistent with
the approximate expression in Ref. [64], in which the NFTR
for any bulk materials tends to follow the unique asymptotic
law of d =2 in the deep near field.

The HTC of the B-Ga,O; system decreases notably to
1.42hpp as the gap approaches 1 um in Fig. 3(a) because
the large gap severely limits the evanescent contribution to
thermal radiation. A spectral analysis allows us to understand
the mechanism for the NFTR. Figure 3(b) shows that the spec-
tral HTC for this low-symmetry Bravais crystal at d = 10 nm
has a prominent feature with multiple peaks. This is also
well predicted by Fig. 2, which shows that this material has
multiple resonance modes in the mid- and far-infrared region,
complicating the polariton behavior in this low-symmetry
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FIG. 3. (a) Heat-transfer coefficient H of 8-Ga,0; system as a
function of the vacuum gap d. (b) Spectral HTC h(w) as a function
of energy for a vacuum gap of 10 nm. The gray dotted line in panel
(a) is the HTC for the blackbody. The hyperbolic and the elliptical
regimes in panel (b) are represented by the yellow and green areas,
respectively. The temperature is fixed at 300 K.

Bravais crystal. Thanks to this multipeak feature, the spec-
tral HTC of this low-symmetry Bravais crystal can cover a
broad frequency region, which is particularly important for
obtaining a strong NFTR. Moreover, Fig. 3(b) shows that the
spectral HTC features three main peaks, playing an important
role in the NFTR. Combined with Fig. 2, we see that the three
peaks are in the hyperbolic-mode region from 55 to 69 meV/#,
the hyperbolic-mode region from 89 to 91 meV/h, and the
elliptical-mode region from 92 to 98 meV/#, respectively. In
the subsequent analysis, for the sake of discussion, we focus
our attention entirely on these three frequency ranges.

Additionally, to visually evaluate the NFTR of this low-
symmetry Bravais crystal, the HTCs of other types of terminal
structures are also shown in Fig. 3(a) [(I) SiC slab, (II) SiO,
slab, and (IIT) BN slab]. In this section, the thicknesses
and temperatures of all samples are fixed at 100 um and
300 K. The optical properties of SiC, SiO,, and #BN are
modeled as per Refs. [65-67]. Note also that, as representative
platforms with robust polariton modes, these materials are
widely used in the research of NFTR [68-71]. As shown
in Fig. 3(a), the HTCs of the SiC and SiO, slabs are
9.29 and 27.37kWm~2 K~!, respectively, for d = 10nm.
Additionally, the HTC produced by the BN slab only is
3.89kWm~2 K~! at the same vacuum gap. Interestingly,
Fig. 3(a) shows that the §-Ga,0; slab can yield a greater
HTC than these typical polariton materials, especially for a
small vacuum gap. These results show that this low-symmetry
Bravais crystal produces H = 50.61kWm~2 K~! for d =
10nm, which is 13.01 times greater than the HTC of an
individual ABN slab. In other words, this low-symmetry
Bravais crystal offers a larger potential for noncontact heat
dissipation for nanoscale circuits or other devices.
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FIG. 4. (a) Twist-induced modulated coefficient n at different
scaling factors for the magnitude of the off-diagonal component.
Note that the twist-induced modulated coefficient n is normalized
by h(0°)/h(0) for a given scaling factor. (b) Spectral HTC for differ-
ent twist angles in shear-free biaxial material (f = 0). (c) Spectral
HTC for different twist angles in low-symmetry crystal (f = 1). The
vacuum gap is 10 nm and the temperature is 300 K.

To determine whether the low-symmetry Bravais crystals
can provide a highly tunable platform for near-field radiative
heat transfer, we now discuss the twist-induced near-field
thermal modulation induced by intrinsic shear of the surface
modes in B-Ga,03. Note that the twist-induced modulated
coefficient 5 is normalized by /(0°)/h(6) for a given scaling
factor. The twist-induced modulated coefficient n in Fig. 4(a)
is computed for the full heat transfer (from 0 to 120 meV/h).
The vacuum gap is 10 nm. To visually analyze the role of
the shear phenomenon in thermal modulation, we introduce
a scaling factor f to describe the magnitude of the off-
diagonal component, indicated as fe,,. The scaling factor
shows the intensity of symmetry breaking for propagating
polaritons. When we remove the off-diagonal component
(f = 0), B-Ga,03 becomes a shear-free biaxial material in
which mode propagation is symmetric with respect to the
crystal axes, similar to «-MoOj3. As the scaling factor for the
off-diagonal component returns to its natural value (f = 1),
the propagating polaritons become increasingly skewed
from the crystal axes. A similar analysis has also been
applied to shear hyperbolic polaritons [48]. This factor pro-
vides evidence that intrinsic shear in low-symmetry Bravais
crystals can improve the twist-induced near-field thermal
modulation, as shown in Fig. 4(a). When there is no
shear phenomenon (f = 0), as the twist angle increases
from 0° to 90° the twist-induced modulated coefficient n
reaches 1.11.

Figure 4(a) shows that the twist-induced modulated co-
efficient is enhanced upon increasing the scaling factors for
the magnitude of the off-diagonal component. As the scaling
factor for the off-diagonal component returns to its natu-
ral value, the maximal twist-induced modulated coefficient
increases to 1.27 for 6 = 90°, which is 1.15 times greater
than that in the shear-free scenario. Given that a greater scal-
ing factor generates a stronger shear effect, we predict that
intrinsic shear in low-symmetry Bravais crystals can modu-
late the twist-induced near-field thermal radiation. A spectral
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FIG. 5. PTC at a frequency of (a) 66 meV/#, (b) 90 meV/A, and (c) 97 meV/h in symmetry crystal systems (f = 0) and PTC at a frequency
of (d) 66 meV/h, (e) 90 meV/A, and (f) 97 meV/h in low-symmetry crystal systems (f = 1). The blue dashed lines represent the polariton
resonance dispersion curves of the system. The white dashed lines indicate the optical axis.

analysis allows us to understand the mechanism for the en-
hanced twist-induced near-field thermal control induced by
the intrinsic shear. Figures 4(b) and 4(c) show the spec-
tral HTCs of the shear-free biaxial material (f = 0) and of
B-Ga,O3 (f = 1), respectively. Note that when the scaling
factor increases from 0 to 1, the spectral HTC is attenu-
ated at all frequencies, as shown by Figs. 4(b) and 4(c).
Additionally, note that introducing off-diagonal components
enhances the twist-induced near-field thermal control in the
elliptical region (from 92 to 98 meV/h). Consider the spectral
HTC at @ = 94.5meV/k as an example. For the shear-free
biaxial material, at the given frequency, the change in the
spectral HTC upon increasing the twist angle is difficult to
detect [Fig. 4(b)]. This also means that at the given fre-
quency, for zero off-diagonal components for this material,
the surface polaritons have a very weak anisotropy and thus
cannot exert a strong twist-induced near-field thermal control.
Fortunately, the introduction of an off-diagonal component
improves the twist-induced near-field thermal control due to
support by the elliptical polariton mode, as seen in Fig. 4(c).
The spectral HTC decreases from 0.56nJ m—2K~! at § = 0°
t00.42nJm=2 K~ 'at9 = 90° [Fig. 4(c)].

Howeyver, this enhancement of twist-induced thermal con-
trol does not appear in the frequency region dominated
by hyperbolic polaritons. On the contrary, the introduction
of the off-diagonal component weakens the twist-induced
thermal control supported by the hyperbolic polaritons. Con-
sider the spectral HTC at w = 67meV/h as an example.
For the shear-free biaxial material, the spectral HTC de-
creases from 0.16nJm=2 K~ at =0°to 0.12nJm—2 K~!
at & =90° [Fig. 4(b)]. As the scaling factor for the off-
diagonal component returns to its natural value, the spectral
HTC only decreases from 0.14nJm~2 K~! at § =0° to
0.11nJm~2 K~!at 6 = 90° [Fig. 4(c)].

The mechanisms by which shearing affects the twist-
induced near-field thermal control can be explored by photon
tunneling between the two B-Ga,0O;3 slabs (i.e., the PTC).
We first demonstrate how off-diagonal components (i.e., the
shearing effect) influence the hyperbolic polariton resonance
and the elliptical polariton resonance (see Fig. 5) when the
system is in the parallel case (8 = 0°). Here, we show the
specific cases at 66 and 90 meV /7 to reveal how shear affects
the hyperbolic polariton resonance. As shown in Fig. 2, at
66 and 90 meV /#, the polariton nature of this low-symmetry
Bravais crystal is unquestionably located in the region of
the hyperbolic-mode polaritons. Figure 5(a) shows the in-
plane PTC for the shear-free biaxial material system at @ =
66 meV /h. At this frequency, the diagonal permittivity el-
ements are &, = —1.92+0.77i, ¢,, = 14.51 +2.35i, and
g, = —3.01 4 0.79i. A hyperbolic contour of the PRC is
also shown in Fig. 5(a). For the shear-free biaxial material,
these surface waves reveal an in-plane hyperbolic feature and
are thus referred to as “hyperbolic surface” or “hyperbolic
Dyakonov” polaritons [72], in which the hyperbolic polariton
response supported by a shear-free biaxial material is sym-
metric with respect to the crystal axes [Fig. 5(a)].

To confirm the dominant role of hyperbolic polaritons
in the photon tunneling of shear-free biaxial materials, we
show in Fig. 5(a) the in-plane polariton resonance dispersion
at different frequencies. Since the contributions to NFTR
of dielectric materials are dominated by TM waves [73,74],
the dispersion relation is obtained from 1 — rPPrPPe¥ikod —
0. The dispersion curves are hyperbolic and unambigu-
ously located in the bright contour of mode branches.
Figure 5(b) shows the in-plane PTC for the shear-free bi-
axial material at @ = 90meV /A, for which {e, &y, €.} =
{—1.39 4+ 0.86i,0.29 4+ 0.71i, —2.38 + 0.27i}. The topologi-
cal structure of the hyperbolic polariton response at the given
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FIG. 6. Polariton resonance dispersions with different scaling factors at a frequency of (a) w = 66 meV/h, (b) @ = 90meV /A, and

(c) w =97 meV/h.

frequency is like that of the PTC in Fig. 5(a). However, for
B-Ga, 03, the hyperbolic mode bright branches are rotated
with respect to the coordinate system of the monoclinic plane.
To describe the nature of this rotation, we show the rotated
optical axes of this low-symmetry Bravais crystal by diago-
nalizing the real part of the permittivity tensor of B8-Ga,Os.
The rotation angle for optical axes is [48]

1 [ 2Re(gyy) }
y = zatan .
2 Re(er) — Re(eyy)

The rotated optical axes are shown in Figs. 5(d) and 5(e)
(white dashed lines) and match the rotation of the shear hyper-
bolic polaritons. Moreover, when the off-diagonal component
is introduced into the biaxial-hyperbolic material, shearing
causes the hyperbolic mode resonance of the system to be
confined to the narrower bright branches. This suppression of
photon tunneling further explains the spectral recession result-
ing from shearing in Fig. 4. Meanwhile, the bright branches
of the hyperbolic mode resonance in Figs. 5(d) and 5(e) break
the symmetry with respect to the optical axes. This reduced
symmetry in the PTC of $-Ga,03 is a direct consequence of
the lack of symmetry in its vibrational structure [48].

We now discuss how shear plays a role in photon tunneling
supported by elliptical polaritons, as shown in Figs. 5(c) and
5(f). As shown in Fig. 2, when the frequency is 97 meV/#,
the polaritons of this low-symmetry Bravais crystal are in
the elliptical mode. Figure 5(c) shows the in-plane PTC
for the shear-free biaxial material system at @ = 97 meV/h.
The PTC clearly shows an elliptical bright band, which
is consistent with the results predicted by the permittivity
(Re[éxy, yy, z] < 0) in Fig. 2. To confirm the dominant role
of elliptical polaritons in photon tunneling between shear-
free biaxial materials, Fig. 5(c) shows the in-plane polariton
resonance dispersion at the given frequency. The dispersion
curves are elliptical and unambiguously located in the bright
branches of elliptical mode resonance.

For a low-symmetry Bravais crystal system, the bright
branches still have an elliptical topology [Fig. 5(f)]; that is,
the shear does not transform the topological structure of the
elliptical polariton mode. The shear elliptical polaritons are
tilted with respect to the coordinate system of the mono-
clinic plane, as anticipated by the optical axes [Fig. 5(f)], and
this feature also appears clearly upon examining the in-plane
polariton resonance dispersion. Moreover, since the propa-
gation of polaritons is nontrivial in low-symmetry systems,

(6

the shear effect would intensify the in-plane anisotropy of
the elliptical mode resonance. Photon tunneling in the low-
symmetry Bravais crystal system has elliptical bright branches
with a stronger anisotropy, as shown in Fig. 5(f). This
conclusion is also supported by the in-plane polariton reso-
nance dispersion of the elliptical mode resonances [Figs. 5(c)
and 5(f)].

Next, to better understand the mechanism behind these
results, we analyze in Fig. 6 the polariton resonance dispersion
for different scaling factors of the off-diagonal compo-
nent. Figures 6(a) and 6(b) show that when we remove the
off-diagonal component (f = 0), the polariton resonance dis-
persion curves are hyperbolic and distributed symmetrically
along the x axis. Upon gradually increasing the magnitude
of the off-diagonal terms, the polariton resonance dispersion
curves become increasingly skewed with respect to the x
axis [Figs. 6(a) and 6(b)]. Moreover, as the scaling factor in-
creases, the hyperbolic polariton resonance dispersion curves
in Figs. 6(a) and 6(b) break the symmetry between the two
sides of the hyperbola. For the elliptical polariton mode, the
increase in scaling factor also deflects gradually the elliptical
dispersion, as shown in Fig. 6(c). In addition, Fig. 6(c) shows
how the off-diagonal terms affect the in-plane anisotropy of
elliptical polariton modes. A higher scaling factor (a stronger
shear effect) produces a stronger anisotropy in the elliptical
dispersion.

The physical mechanism by which shear affects the twist-
induced near-field thermal modulation is revealed in Fig. 7
by the photon tunneling feature of the low-symmetry Bravais
crystal system with twist angle. To visually evaluate how
shear affects the near-field thermal modulation, the photon
tunneling feature of the higher-symmetry materials (shear-
free biaxial material) is also shown in Fig. 7. These results
demonstrate that appropriately tuning the twist angle signifi-
cantly enhances the photon tunneling between the receiver and
emitter. Let us first analyze the twist-induced feature of hyper-
bolic polaritons (f = 0) in Figs. 7(a) and 7(b). The resonance
branches of shear-free biaxial material have a hyperbolic
topology at a frequency of 67 meV /i [Fig. 7(a)], when the
system is in the parallel case (6 = 0°). Figure 7(b) shows that
the increase in rotation angle remodels the bright branches
of the PTC due to the twist-induced decoupling between the
hyperbolic polariton modes of the receiver and emitter. The
physical mechanism producing this twist-induced decoupling
is the momentum mismatch of the polaritons resonance in
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FIG. 7. PTCs for four types of surface modes at different twist angles. Four surface modes are considered: (a), (b) hyperbolic polaritons,
(c), (d) shear hyperbolic polaritons, (e), () elliptical polaritons, and (g), (h) shear elliptical polaritons. (i) Twist-induced modulated coefficients
for four types of surface modes. The white dashed lines indicate the optical axes.

kx-ky space. Notably, this decoupling phenomenon curtails the
wave-vector range of the coupling resonance and weakens the
intensity of photon tunneling, which in turn attenuates the
spectral HTC. As the scaling factor for the off-diagonal com-
ponent returns to its natural value (f = 1), Fig. 7(c) shows
that the hyperbolic polariton mode would be tilted by the
shear effect and features symmetry breaking, as mentioned in
the above discussion. This shearing effect, however, does not
enhance the twist-induced decoupling between the hyperbolic
polariton mode of the receiver and emitter. When the twist
angle of the system is 90°, the PTC diagram of the system
still has strong resonance branches over a broad range of
wave vectors, deteriorating severely the twist-induced near-
field thermal modulation supported by the shear hyperbolic
polariton mode. Figure 7(i) shows the twist-induced modu-
lated coefficient 1 at the frequency of each polariton mode.
The twist-induced modulated coefficient for the hyperbolic
polaritons can reach 1.33, whereas the scenario for shear hy-
perbolic polaritons only produces a twist-induced modulated
coefficient of 1.27, which is an attenuation of 4.51%.

The shear effect significantly improves the performance of
twist-induced radiative modulation for the elliptical polariton
mode. At a frequency of 94.5meV/h, the introduction of
the off-diagonal component increases the modulated coeffi-
cient from 1.01 (elliptical polaritons) to 1.26 (shear elliptical
polaritons), for an increase of 25.62% [see Fig. 7(i)]. This
enhancement of radiative modulation can be elaborated in the
photon tunneling feature of Figs. 7(e)-7(h). For the shear-
free biaxial scenario, we notice that as the emitter rotates,
the weak intrinsic elliptical anisotropy [Fig. 7(e)] decouples
the PTC [Fig. 7(f)], which is the main reason for the feeble
twist-induced radiation modulation for the elliptical polariton
mode at the given frequency. However, as mentioned above,
the shear effect in a low-symmetry Bravais crystal intensi-
fies the in-plane anisotropy of the elliptical polariton mode
[Fig. 7(g)]. Notably, Fig. 7(h) shows that as the twist angle
increases, the region with high PTC gradually decreases,
which limits the tunneling of thermal photons between the
two B-GayO; slabs. This is the main reason why the twist-

induced modulated coefficient of the shear elliptical polariton
mode is superior to that of the elliptical polariton mode
in Fig. 7(i). Consequently, we conclude that the shear ef-
fect can be used to substantially improve the twist-induced
near-field thermal modulation supported by the elliptical po-
lariton mode, whereas the twist-induced thermal modulation
is suppressed by the shear effect for the hyperbolic polariton
mode.

IV. CONCLUSION

To conclude, we have investigated radiative heat transfer
between two low-symmetry Bravais crystal (8-Ga;03) slabs.
We demonstrate that B-Ga,O3 is a natural low-symmetry
polaritonic material with a strong surface state, producing
near four-order-of-magnitude enhancement of thermal radia-
tion beyond the blackbody limit. It also significantly exceeds
the NFTR from traditional dielectric materials, such as SiO,,
SiC, and ABN, that are widely used in the field of near-field
radiative heat transfer.

In addition, we demonstrate that the intrinsic shear effect
caused by twist-induced radiative modulation makes low-
symmetry Bravais crystal systems superior to high-symmetry
crystal systems. By introducing a scaling factor to describe the
magnitude of the off-diagonal component, we visually show
the evolution of surface polaritons in low-symmetry Bravais
crystals exposed to the shear effect. Finally, we demonstrate
that this effect results in twist-induced decoupling of hyper-
bolic and elliptical polaritons and substantially improves the
twist-induced near-field thermal modulation supported by the
elliptical polariton modes.

The results of this study show that low-symmetry Bravais
crystals can serve as a prospective platform for high-
performance radiative heat transport and twist-induced near-
field thermal control. The phenomena demonstrated herein
can also be extended to other low-symmetry materials, such
as geological minerals, common oxides, and organic crystals.
On the other hand, the reconstitution phenomenon on photon
tunneling exposed to the shear effect may have important
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implications in the manipulation of phase and directional
energy transfer (including ultrafast thermal dissipation, ther-
momechanical stability, and radiative heat shuttling), which
creates interesting opportunities for more efficient and
powerful thermal photons computing and photonic energy-
harvesting techniques.
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