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Nanostructures have exhibited unprecedented optical and thermal properties including super-Planckian
thermal radiation. Nevertheless, nanostructures are usually made of isotropic materials while anisotropic
counterparts are rarely considered despite their wide applications. This paper investigates near-field ther-
mal radiation between gratings consisting of natural anisotropic graphite. Graphite gratings with optical
axes lying out of plane are found to possess sevenfold larger radiative heat flux than counterpart plane
plates at nanoscale gap distances, outperforming blackbodies by over four orders of magnitude. The dom-
inant radiative heat transfer channel changes from nonresonant hyperbolic modes to anisotropic surface
resonant modes after patterning. The strong coupling of anisotropic surface modes with high k waves in
a broad frequency range results in the extremely efficient radiative heat transfer of graphite gratings. This
work helps deepen the understanding of thermal radiation of anisotropic nanostructures and opens routes
for more efficient thermal radiative transport.
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I. INTRODUCTION

Patterning materials into nanostructures, e.g., nanowires,
nanotubes, multilayers, and gratings, has opened ways
to realize unprecedented electrical, optical, and thermal
properties. These extraordinary characteristics enable a
plethora of exciting applications, such as optical cloaking
[1], negative refraction [2], and extremely high thermal
conductivity [3], to name a few. In particular, thermal
radiation, as one of the most universal phenomena in the
world, can be dramatically tuned via nanopatterning. By
employing nanostructures, exotic radiative properties such
as perfect omnidirectional absorption [4,5], coherent emis-
sion [6], and daytime radiative cooling [7] have been
demonstrated, which are hardly possible for bulk coun-
terparts. In addition to the promising far-field radiative
properties mentioned above, similar phenomena may apply
to the near-field thermal radiation (NFTR) as well due to
the exotic interaction of light with nanostructures.

As has been theoretically and experimentally inves-
tigated, when two objects of different temperatures are
separated by a submicrometer gap distance, the otherwise
trivial tunneling of evanescent electromagnetic waves can
render radiative heat exchange to surpass the blackbody
limit [8–20]. Due to this efficient energy transfer, NFTR
has received much attention in wide applications, such
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as noncontact thermal management, heat-to-electricity
conversion, thermal modulation, subwavelength thermal
imaging, etc. [21–34]. In particular, nanostructures have
recently been demonstrated to be able to further enhance
the near-field radiative heat exchange, improve the energy
conversion efficiency, and increase the modulation con-
trast [35–45]. For example, Guérout et al. [35] explored
the NFTR between one-dimensional gold gratings, and
achieved an enhanced radiative heat transfer over counter-
part plates, which is ascribed to the presence of additional
guide modes in the thermal frequency window. Watjen et
al. [46] corrugated a tungsten emitter into gratings and
paired it with an In0.82Ga0.18Sb thermophotovoltaic cell.
They observed that the energy transmission coefficient
can be enhanced, especially near the bandgap, so that the
power output and energy conversion efficiency could be
improved over the counterpart planar scheme by 40% and
2.1%, respectively. By employing the mechanical rotation
between two misaligned gratings in close proximity, Biehs
et al. [47] and Liu et al. [27] designed noncontact ther-
mal modulators with modulation contrasts as high as 5.
Previous investigations only consider nanostructures made
of isotropic materials, while natural anisotropic materi-
als have recently triggered intense attention in the fields
of plasmonics, optoelectronics, and thermal management.
However, in stark contrast, NFTR between nanostruc-
tures consisting of natural anisotropic materials has not
been reported. What radiative properties nanostructures
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FIG. 1. Schematic of near-field thermal radiation between
aligned gratings of graphite with optical axis out of plane (z coor-
dinate), separated by a vacuum gap d. Grating filling factor f is
defined as the ratio of width W to the period P. Temperatures
T1 = 310 K and T2 = 290 K are set as default.

consisting of natural anisotropic materials will exhibit in
the near field is still an open question. In order to fill
in the blanks, this paper investigates the NFTR between
nanostructures comprised of natural anisotropic materi-
als, i.e., graphite with different orientations of the optical
axis. Based on exact scattering theories, graphite grat-
ings are found to support higher radiative heat flux when
the optical axis lies out of plane compared with the sce-
nario of being in plane. For the former scheme, with a
filling factor of 0.1, the radiative heat exchange between
graphite gratings is predicted to be sevenfold higher than
that between counterpart plane plates at nanoscale gap
distances and periods, outperforming the blackbody limit
by more than four orders of magnitude. The underlying
physical mechanism will be discussed later.

II. THEORETICAL FORMULATION

Graphite, a natural anisotropic material comprised of
layered hexagonal arrays of carbon atoms, is selected for
investigation in this paper due to its many applications in
thermal management and electronic industries. Other natu-
ral anisotropic materials, e.g., hexagonal boron nitride and
black phosphorous, can also be explored via this method
in the future. Figure 1 depicts the schematic of NFTR
between aligned gratings of graphite with the optical axis

out of plane (i.e., along the z coordinate, set as default
unless otherwise specified), separated by a vacuum gap d.
The patterning direction is always along the x axis. The
dimension along the y axis is assumed to be infinite, i.e., a
one-dimensional (1D) grating. The thickness of gratings t
is taken to be sufficiently large to simplify analyses unless
they are specified. Grating filling factor f is defined as the
ratio of grating width W to the period P. The temperatures
of gratings are set to be T1 = 310 K and T2 = 290 K as the
defaults.

By employing the exact scattering theory based on rig-
orous coupled-wave analysis (RCWA), near-field radiative
heat flux (N-FRHF) between periodic nanostructures can
be described as [35]

Q = 1
8π3

∫ ∞

0
[�(ω, TH ) − �(ω, TL)]dω

∫ ∞

−∞

∫ π/P

−π/P
ξ(ω, kx, ky)dkxdky (1)

where �(ω, T) = �ω/(e�ω/kBT − 1) represents the mean
energy of Plank’s oscillator. kx and ky denote tangential
wavevectors along the x and y axes, respectively. Due to
the periodicity in the x direction, kx is integrated from
−π /P to π /P. ξ(ω, kx, ky) is the energy transmission coef-
ficient depending on the reflection coefficient matrix of the
nanostructures. The derivation of the reflection coefficient
matrix for gratings made of anisotropic materials with
ε = diag(εx, εy , εz) is given briefly as follows. For an inci-
dent wave with a wavevector of k(p)

i = (k(p)
x , ky , −k(i,p)

z ),
the fields in the vacuum can be written as

Ey(x, z) =
n=+∞∑
n=−∞

δnp I (e)
p ei(k(p)

x x−k(i,p)
z z) + R(e)

np ei(k(n)
x x+k(i,n)

z z)

(2a)

Hy(x, z) =
n=+∞∑
n=−∞

δnp I (h)
p ei(k(p)

x x−k(i,p)
z z) + R(h)

np ei(k(n)
x x+k(i,n)

z z)

(2b)
The x components of the fields can be derived from their

y components by employment of the Maxwell’s curl equa-
tions. The fields inside gratings can also be described as
Rayleigh expansions, and then the Fourier components of
the fields F = (ex, ey, hx, hy)

T can be written as

∂zF = MF

M =

⎛
⎜⎜⎜⎜⎝

0 0 − iky
ω

kxε
−1
z −iω1 + i

ω
kxε

−1
z kx

0 0 iω1 − ik2
y

ω
ε−1

z
iky
ω

ε−1
z kx

iky
ω

kx iωεy − i
ω

kxkx 0 0

−iωεx + ik2
y

ω
1 − iky

ω
kx 0 0

⎞
⎟⎟⎟⎟⎠ =

(
0 M1

M2 0

)
(3)
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where kx = diag(kn
x ) and 1 is the identity matrix. Kx col-

lects diffracted wavevectors kn
x = kp

x + n(2π/P), where n
runs from −N to N (the highest diffraction order). εi and
ε−1

i are dielectric function tensors and their reciprocals
expanded in Fourier series, respectively. The bold quanti-
ties in the above larger matrix have dimensions of 2N + 1.
Combining the above equations with the boundary condi-
tion that the tangential fields across the interface should
be conserved, the reflection coefficient matrices Re and Rh

can be obtained [48].
In addition to exact scattering theory, effective medium

theory (EMT), which treats nanostructures of anisotropic
materials as equivalent homogenous biaxial plates, is
employed to assist the analysis due to its simplic-
ity and rapid calculation speed. The effective dielec-
tric function of nanostructures can be written as εeff =

diag(εeff,x, εeff,y , εeff,z), where εeff,x = εo/[f + (1 − f )εo],
εeff,y = f εo + 1 − f , and εeff,z = f εe + 1 − f . Parameters
εo and εe represent the dielectric functions for ordinary and
extraordinary waves, respectively. The dielectric function
of graphite is obtained from Refs. [49] and [50]. Elabo-
rate derivations of reflection coefficients of biaxial media
can be found in Ref. [51]. Here, we give the longitudinal
wavevector in biaxial media as [51]

k(m)
z = ω√

2

√
A + B ±

√
(A − B)2 + 4C (4)

where A = L14L41, B = L23L32, and C = C1C2 = L14L42 ×
L23L31. m = 1 or 2, meaning birefraction. Lij is an element
of the matrix L expressed as

L =

⎛
⎜⎜⎜⎜⎜⎜⎝

0 0 0
β2

ω2ε0εeff,z
− μ0

0 0 μ0 0

ε0(εeff,x − εeff,y) sin ϕ cos ϕ ε0(εeff,xsin2ϕ + εeff,ycos2ϕ) − β2

ω2μ0
0 0

−ε0(εeff,xcos2ϕ + εeff,ysin2ϕ) −ε0(εeff,x − εeff,y) sin ϕ cos ϕ 0 0

⎞
⎟⎟⎟⎟⎟⎟⎠

(5)

where β =
√

k2
x + k2

y is the tangential wavevector along
the x-y plane. ε0 and μ0 are the permittivity and permeabil-
ity in the vacuum, respectively. ϕ = arccos(kx/β) repre-

sents the circumferential angle. The reflection coefficients
for biaxial media are computed as

rs
s =

k0z
ωε0

(β(1)γ (2) − β(2)γ (1)) + (β(1) − β(2)) + k2
0z

ω2ε0μ0
(α(1)γ (2) − α(2)γ (1)) + k0z

ωμ0
(α(1) − α(2))

k0z
ωε0

(β(2)γ (1) − β(1)γ (2)) + (β(2) − β(1)) + k2
0z

ω2ε0μ0
(α(1)γ (2) − α(2)γ (1)) + k0z

ωμ0
(α(1) − α(2))

, (6a)

rp
s =

2k0z
ωμ0

(γ (1) − γ (2))

k0z
ωε0

(β(2)γ (1) − β(1)γ (2)) + (β(2) − β(1)) + k2
0z

ω2ε0μ0
(α(1)γ (2) − α(2)γ (1)) + k0z

ωμ0
(α(1) − α(2))

, (6b)

rs
p =

2k0z
ωε0

(α(1)β(2) − α(2)β(1))

k0z
ωε0

(β(2)γ (1) − β(1)γ (2)) + (β(2) − β(1)) + k2
0z

ω2ε0μ0
(α(1)γ (2) − α(2)γ (1)) + k0z

ωμ0
(α(1) − α(2))

, (6c)

rp
p =

k0z
ωε0

(β(2)γ (1) − β(1)γ (2)) + (β(1) − β(2)) + k2
0z

ω2ε0μ0
(α(1)γ (2) − α(2)γ (1)) + k0z

ωμ0
(α(2) − α(1))

k0z
ωε0

(β(2)γ (1) − β(1)γ (2)) + (β(2) − β(1)) + k2
0z

ω2ε0μ0
(α(1)γ (2) − α(2)γ (1)) + k0z

ωμ0
(α(1) − α(2))

, (6d)

where α(m) = [((k(m)
z )2 − ω2A)/ω2C1], β(m) = −(k(m)

z α(m)/

ωμ0), and γ (m) = −(k(m)
z /ωL14). k0z =

√
k2

0 − β2 is the
longitudinal wavevector in the vacuum.

Zeroing the denominator of reflection coefficients, the
dispersion relation of anisotropic surface resonant modes
can be obtained as
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(β2 − εeff,zk2
0)[(k

(1)
z )2 + k(1)

z k(2)
z + (k(2)

z )2]

+ (β2k0z − εeff,zk2
0k0z − εeff,zk0zk(1)

z k(2)
z )

× [k(1)
z + k(2)

z ] − (ω2Aβ2 − ω2Aεeff,zk2
0+

ω2Aεeff,zk2
0z + εeff,zk2

0zk
(1)
z k(2)

z ) = 0. (7)

When β � k0, k0z ≈ iβ. A × B and C in Eq. (4) are propor-
tional to β to the fourth and second powers, respectively.
Thus, C can be ignored, k(1)

z ≈ ω
√

A, and k(2)
z ≈ ω

√
B.

Subsequently, Eq. (7) can be simplified as

β2 − ω2εeff,z
√

AB − iωβ(εeff,z
√

A +
√

B) = 0 (8)

Note that there exist four combination modes of√
A and

√
B. Only when

√
A ≈ −i(β/ω

√
εeff,z)√

εeff,xcos2ϕ + εeff,ysin2ϕ and
√

B = i(β/ω), can we
achieve meaningful solutions. In consequence, for high-
β waves, the asymptote of the dispersion relation of
anisotropic surface resonant modes is approximately

ky = ±kx

√
1 − εeff,xεeff,z

εeff,yεeff,z − 1
(9)

For a uniaxial plate with an optical axis in plane, Eq.
(9) will degenerate into ky = ±kx

√
(1 − εoεe)/(ε2

o − 1),
which coincides with Eq. (9) in Ref. [52] (the constant
±k0

√
ε2

oεe/(εoεe − 1) is negligible compared with kx for
high-β waves). This further verifies Eq. (9) and demon-
strates its general applicability.

III. RESULTS AND DISCUSSION

A. Efficient near-field thermal radiation between
graphite gratings

Figure 2(a) plots the NFRHF of graphite gratings
as a function of filling factors with P = 10 nm at
d = 50 nm. The radiative heat flux is normalized to that
of a blackbody (QBB = 123 W/m2). As can be clearly
seen, patterning graphite plates into 1D gratings enables
an augment of thermal radiation for all practical fill-
ing factors (f > 0.005). Then, the NFRHF decreases
monotonically as filling factors increase. This can be
interpreted in terms of imaginary parts of the dielec-
tric functions. Approximating graphite gratings as effec-
tive homogenous biaxial plates, then Im(εeff,x) = f Im(εo)/

([f + (1 − f )Re(εo)]2 + (1 − f )2Im2(εo)), Im(εeff,y) =
f Im(εo), and Im(εeff,z) = f Im(εe), where Re(εo) and
Im(εo) are extremely large. From the above equations, we
can conclude that decreasing filling factors will lead to a
reduction of these imaginary parts. Moderately reducing
the imaginary parts of dielectric functions helps to increase
the local density of states for both surface modes and non-
resonant hyperbolic modes (essentially the frustrated total

FIG. 2. Radiative heat flux ratio of graphite gratings as a func-
tion of (a) filling factors with P = 10 nm at d = 50 nm; (b)
periods with f = 0.1 at d = 50 nm. The radiative heat flux ratio
is normalized to the blackbody limit QBB = 123 W/m2.

internal reflection of hyperbolic materials, no resonances
are excited), which is beneficial to NFTR [53]. Thus, a
smaller filling factor corresponds to a larger NFRHF for
graphite gratings. Nevertheless, when f is too small, e.g.,
below 0.03, the fluctuation current becomes very small
according to the fluctuation-dissipation theorem, causing
NFTR between graphite gratings to deteriorate dramati-
cally. When f further decreases to zero, i.e., only vac-
uum exists, the heat transfer will vanish, as shown in the
figure. The optimal NFRHF supported by graphite grat-
ings at f = 0.03 is about 7.14 times as high as that for
counterpart plates, and outperforms the blackbody limit
by 276-fold. Without loss of generalities, f = 0.1, where
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NFRHF drops slightly from the peak, is selected in further
analyses.

The effect of periods on the NFRHF of graphite grat-
ings is illustrated in Fig. 2(b) at the same gap distance
as in Fig. 2(a). As denoted by the red solid line, the
NFRHF of graphite gratings increases continuously and
approaches the value predicted by EMT (delineated by
the black square) with decreasing periods. The radiative
heat exchange of 32.4 kW/m2 at P = 5 nm is lower than
the EMT limit of 33.8 kW/m2 by 4.1%. The discrepancy
will further decrease and even vanish at smaller periods.
It is reasonable that electromagnetic waves cannot iden-
tify the fine structural details of gratings at extremely
small periods, so that those nanostructures can be homog-
enized as homogeneous plates. As expected, along with
the rise in the periods, the NFRHF of graphite gratings
will eventually approach the value calculated by proximity
approximation (PA) due to the gradually diminishing influ-
ence of interactions between nearby unit cells. The upper
and lower critical values are governed by the EMT and PA
limit [54]. Graphite gratings do not always possess supe-
riorities as compared to counterpart plates represented by
the blue dash-dotted line in terms of the NFRHF. They per-
form better only when the period is below around 400 nm,
as shown in the figure. To further demonstrate the perfor-
mance of graphite gratings without losing generalities, the
filling factor of 0.1 and period of 10 nm are chosen as
default in the remainder of this paper.

Figure 3(a) depicts the normalized NFRHF of graphite
gratings, plane plates, and the ratio between them with
varying gap distances while keeping the other parame-
ters fixed at the default values. As represented by the red
solid and blue dash-dotted lines, both graphite gratings
and plates present a monotonous augment of NFRHF with
decreasing gap distances as expected due to the increas-
ing local density of the states. In the deep near field, where
the gap distance is smaller than tens of nanometers, the
NFRHF of graphite plates follows the power law of d−2

due to the dominant contributions of nonresonant hyper-
bolic modes [55,56] while that of graphite gratings changes
more slowly than d−2. As a result, the ratio between the
NFRHFs of gratings and plates drops in the deep near
field, as shown by the black dot line. When the gap
distance approaches around 10 µm, neither the interfer-
ence of propagating waves nor the tunneling of evanes-
cent waves becomes nontrivial, and the NFRHFs of both
graphite gratings and plates saturates there and converges
to the far-field values. In terms of the radiative heat trans-
fer enhancement, graphite gratings outperform counterpart
plates at any practical gap distances ranging from deep
submicron to far field. At d = 25 nm, the NFRHF of
graphite gratings can be 7.87 times as large as that of coun-
terpart plates. Furthermore, at smaller gap distances, e.g.,
d = 5 nm, the heat exchange between graphite gratings
can be higher than the blackbody limit by more than four

FIG. 3. (a) Effect of gap distances on the near-field ther-
mal radiation of graphite gratings (f = 0.1, P = 10 nm), plates,
and their ratio; (b) Radiative heat flux ratio of graphite grat-
ings with sufficiently small periods varying with grating thick-
nesses/depths at f = 0.1 and d = 50 nm.

orders of magnitude, confirming their enormous potential
in applications ranging from efficient thermal management
to super-Planckian thermophotovoltaic energy conversion.

Figure 3(b) illustrates the effects of grating thick-
nesses/depths on the NFTR of graphite gratings with
f = 0.1 at d = 50 nm (the backing substrate is the vac-
uum). To simplify computations, the optimal configura-
tion, i.e., periods are sufficiently small, is chosen, and
thus EMT can be employed. As shown in the figure,
the NFRHF changes very little and nearly saturates at
thicknesses larger than around 100 nm. Thinning gratings
(when t < 100 nm) can elevate their performance of radia-
tive heat transfer in the near field. The NFRHF of thin
graphite gratings peaks at t = 6 nm, with a value higher
than that of bulk counterparts by 47.7%. Similar phenom-
ena have already been observed for both thin plane plates
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and 1D gratings due to the coupling of surface resonances
inside the film [9,57]. As thicknesses further decrease, the
NFTR between thin graphite gratings deteriorates dramat-
ically. This is reasonable because with grating thicknesses
dropping to zero, i.e., only the vacuum exists, the heat
exchange would vanish. To simplify the following anal-
yses of heat transfer mechanism, bulk gratings are selected
as the default.

B. Underlying mechanism of high near-field thermal
radiation between graphite gratings

To facilitate the mechanism analysis, the effective
dielectric functions (real parts only) of graphite gratings
with f = 0.1 are plotted in Fig. 4(a). As demonstrated in
previous literature [49,50,58], graphite plates can support
broadband Type II hyperbolic dispersion in the infrared
region. In addition to uniaxial materials, hyperbolic bands
can exist in other types of materials as long as the dis-
persion curves are hyperbolic [59]. When kx, ky � k0,
one of the longitudinal wavevectors in effective biax-
ial graphite gratings can be simplified as k(1)

z ≈ ω
√

A =
−i(β/

√
εeff,z)

√
εeff,xcos2ϕ + εeff,ysin2ϕ. Thus, the disper-

sion relation of biaxial graphite gratings can be written as
εeff,xk2

x + εeff,yk2
y + εeff,zk2

z = 0. As shown in Fig. 4(a), only
εeff,y is negative, then the above dispersion curve graphs
shape as a hyperboloid. This can be verified by the hyper-
bolic isofrequency surface at ω = 1.3 × 1014 rad/s shown in
Fig. 4(b). The dispersion relation curve for biaxial hyper-
bolic materials at the kx-kz plane is an ellipse, while for
uniaxial hyperbolic materials, it is a circle. This is the
main difference of material dispersions between uniaxial
and biaxial hyperbolic materials. Although still possessing
hyperbolic bands, patterning significantly alters graphite’s
optical response and renders it to become a Type I hyper-
bolic metamaterial (only one component of the dielectric
tensor is negative). In order to explain the underlying
mechanism of the excellent performance of graphite grat-
ings without losing generalities, d = 50 nm is selected.
Figure 4(c) gives the spectral radiative heat flux (SRHF) of
graphite gratings and plates. The default parameters of the
grating, i.e., f = 0.1 and P = 10 nm, are used. As can been
seen in the figure, the SRHF of graphite gratings denoted
by the red solid line is much higher than that of the counter-
part plates represented by the blue dot line within the whole
frequency region. This enables graphite gratings to harvest
a 5.5-fold larger NFRHF. For graphite gratings, the vast
majority of SRHF concentrates on the Type I hyperbolic
bands, contributing 83.5% (25.75 kW/m2/30.82 kW/m2),
as delineated by the light blue shaded regions. Note that
corrugating graphite plates not only enhances and red-
shifts the peak SRHF from 8.1 × 1013 to 5.6 × 1013 rad/s
in the high-frequency hyperbolic band, but also gives
rise to another peak SRHF at 1.6 × 1013 rad/s in the
low-frequency hyperbolic band. This contributes to a high

FIG. 4. (a) Effective dielectric functions (real parts only) of
graphite gratings; (b) Isofrequency contour of effective biaxial
media at ω = 1.3 × 1014 rad/s; (c) Spectral radiative heat flux of
graphite gratings and plates at d = 50 nm. The shaded regions
indicate Type I hyperbolic bands of graphite gratings with default
parameters of f = 0.1 and P = 10 nm.

SRHT in a broad band, leading to the higher NFRHF of
graphite gratings.

In order to explain what contributes to the much larger
SRHF and thus the higher NFRHF enabled by graphite
gratings, Fig. 5 illustrates the energy transmission coeffi-
cient (ETC) distributions of graphite plates and gratings
in the whole wavevector region. One peak frequency, i.e.,
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ω = 1.6 × 1013 rad/s, is chosen for analysis, while the other
is not investigated here since the mechanism is similar.
Other parameters are identical to those in Fig. 4(c). As can
be seen in the figure, the high ETC of graphite gratings
can reach a broad region with a tangential wavevector β

larger than 600 k0, while that of the counterpart plates is
considerable only when β is lower than 30 k0. In Fig. 5(a),
the green solid line representing k2

x + k2
y = k2

0
√

εe, beyond
(below) which propagating (evanescent) waves are sup-
ported, is in great agreement with the high ETC region.
Therefore, high-β evanescent waves from the vacuum
become propagating in graphite plates. This demonstrates
that conventional nonresonant Type II hyperbolic modes
dominate the NFTR of graphite plates. For the graphite
gratings shown in Fig. 5(b), anisotropic surface plasmon
polaritons (SPPs) are excited here. This can be verified
by the excellent agreement between the high ETC region
and the green solid line, which represents the asymptote
of the dispersion relation of anisotropic SPPs governed
by Eq. (9). Different from conventional circles, the dis-
persion relation of anisotropic SPPs supported by graphite
gratings graphs as a hyperbola, thus this anisotropic sur-
face resonance is called hyperbolic SPPs (HSPPs). Type
I anisotropic HSPPs render graphite gratings to harvest
high ETC on broader wavevector regions and thus possess
higher NFRHF than do counterpart plates.

C. Effects of orientation of graphite optical axis

For practical graphite, its optical axis may have differ-
ent orientations relative to the surface plane. To consider
this effect, Fig. 6(a) depicts the SRHF of graphite gratings
(f = 0.1, P = 10 nm) and plates with different optical axis
directions at d = 50 nm. Since plates along the x-y plane
are infinite, their NFTR is the same for the optical axis
along the x and y coordinates. As shown in the figure,
the SRHF of graphite gratings with different optical axis
directions, delineated by the red solid, green dash-dotted,
and blue dashed lines, possesses similar shapes. Among
them, the two peaks of the blue dashed line have the high-
est value, thus leading to the largest NFRHF of graphite
gratings with an optical axis out of plane (i.e., along the z
coordinate). Graphite plates support similar phenomenon,
namely graphite plates with optical axes out of plane have
a better performance in the NFTR than those with opti-
cal axes in plane, as shown by the pink dot and black
double dash-dotted line. Note that the change of optical
axes from the x coordinate to the z coordinate redshifts the
high-frequency peak SRHF of graphite gratings. Contrary
to the scheme of the in-plane optical axis, the peak SRHF
at low frequency shows a higher magnitude than that at
high frequency for the scheme of the out-of-plane optical
axis.

To reveal the heat transfer mechanism in Figs.
6(a)–6(d), we plot the ETC distributions for graphite

FIG. 5. Energy transmission coefficient distributions in the
wavevector region at ω = 1.6 × 1013 rad/s and d = 50 nm for (a)
graphite plates and (b) graphite gratings (f = 0.1, P = 10 nm).

plates and gratings with different optical axis orienta-
tions at ω = 1.6 × 1013 rad/s and the default geome-
try parameters. For graphite plates with in-plane opti-
cal axes, εo = −628.9 + 687.5i and εe = 0.4 + 19.6i at
the selected frequency, so that the dispersion relation
of surface resonant modes (1 − εeεo)k2

x + (1 − ε2
o)k

2
y =

−εeε
2
ok2

0 cannot be satisfied [52]. Only conventional
nonresonant Type II hyperbolic modes are supported. This
can be confirmed by the agreement of the high ETC
region with the green solid line, which represents prop-
agating waves in graphite plates, as shown in Fig. 6(b).
The obscure distinction between propagating and evanes-
cent waves is due to the high loss of graphite. When
employing EMT, graphite gratings with x coordinate opti-
cal axes can be treated as uniaxial plates with the same
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FIG. 6. (a) Spectral radiative heat flux of graphite plates and gratings with optical axes along x, y, and z coordinates; Energy trans-
mission coefficient distributions at ω = 1.6 × 1013 rad/s for (b) graphite plates with x coordinate optical axes, (c) graphite gratings
with x coordinate optical axes, and (d) graphite gratings with y coordinate optical axes. Other parameters in the figures are f = 0.1,
P = 10 nm, and d = 50 nm. White dashed lines in the inserts of Figs. 6(b)–6(d) denote optical axes of graphite.

optical axes, which are similar to the configuration in
Fig. 6(b). However, Fig. 6(c) is very different. Type II
anisotropic HSPPs are excited here, as identified by the
coincidence of the high ETC region with the green solid
lines representing asymptotes of the anisotropic SPPs’
dispersion relation governed by Eq. (9). Interestingly,
in the narrow region between green solid lines, where
SPPs are not excited, high ETC is also supported. This
is because ky is very small there and has a high prob-

ability to be lower than
√

εek2
0 − k2

xεe/εo. Then, kze =√
εek2

0 − k2
xεe/εo − k2

y can be real, which means that waves
with high tangential wavevectors become propagating

inside graphite gratings. Therefore, the frustrated total
internal reflection, i.e., nonresonant hyperbolic modes,
contributes to the high ETC in the narrow region. For
graphite gratings with optical axes lying along the y
coordinate, effective dielectric functions for this configu-
ration are εeff,x > 0, εeff,y > 0, and εeff,z < 0. These effec-
tive dielectric functions cannot allow Eq. (8), i.e., the
dispersion relation of anisotropic SPPs, to be satisfied,
and thus anisotropic surface resonant modes cannot be
supported here. Nevertheless, nonresonant Type I hyper-
bolic modes still exist and generate a broad high-ETC
region as shown in Fig. 6(d), giving rise to a considerable
NFRHF.
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IV. CONCLUSION

This paper investigates near-field thermal radiation
between nanostructures comprised of natural anisotropic
materials, namely gratings of graphite with different ori-
entations of the optical axis. Based on exact scattering
theories, graphite gratings with out-of-plane optical axes
are found to support higher near-field radiative heat flux
compared with those whose optical axes lie in plane. For
the former scheme, with a filling factor of 0.1 and period of
10 nm, graphite gratings are demonstrated to possess sev-
enfold larger NFRHF than that of the counterpart plates
at nanometric gap distances, outperforming blackbodies
by more than four orders of magnitude. This prominent
performance is mainly attributed to enhanced spectral
radiative heat flux in a broad hyperbolic band. Corru-
gating changes the material dispersion of graphite plates
from Type II to Type I. Anisotropic hyperbolic surface
plasmon polaritons are also enabled in a broad frequency
range, leading to the large NFRHT. With regard to graphite
gratings with optical axes in plane, for optical axes paral-
lel to the etching direction, NFRHT mainly comes from
broadband Type II anisotropic HSPPs and nonresonant
hyperbolic modes. For optical axes perpendicular to the
etching direction, nonresonant Type I hyperbolic modes
play a dominant role. This work sheds light on the near-
field thermal radiation mechanism of nanostructures made
of natural anisotropic materials, and may pave the way for
efficient thermal management based on thermal radiation.
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