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ABSTRACT

We study the near-field radiative heat transfer between two twisted finite-size polar dielectric nanoparticle gratings. Different from previ-
ous studies of the same configuration, we do not rely on any approximated effective medium theory to describe the gratings. By the full
many-body radiative heat transfer theory, we are able to investigate how the size, distance, and relative orientation between the gratings
influence the radiative heat flux. By changing the twisting angle 0, we show a significant oscillation of the thermal conductance G(0), due
to the size effect for gratings of both square and circular shapes. The distance- and twisting-dependent coupling between the gratings
accounts for a strong and characteristic modulation of radiative thermal conductance with implications for the energy management,
sensing, and the micro-electromechanical system (MEMS) and nano-electromechanical system (NEMS) devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0018329

Near-field radiative heat transfer (NFRHT) has recently attracted
much attention for both fundamental and applicative reasons. The
radiative heat exchange between two objects with a separation distance
comparable to or less than the thermal wavelength Ay = fic/kpT can
exceed by several orders of magnitude the Planckian blackbody limit,
which has been theoretically investigated for physical systems of differ-
ent geometries (e.g, two planar surfaces, ° two isolated nanopar-
ticles,” two spheres,10 one dipole and surface,'’ two nanoparticles
above a substrate,'” ' and two nanoparticles separated by a multilayer
plate'®), and has also been proved experimentally recently (e.g., two
plates,'”” " one plate, and one sphere or tip”* ")

Active tuning of NFRHT is of great interest and importance for
micro-nanoscale heat management. To this purpose, several proposals
investigated the NFRHT between twisted gratings,” possibly realized
with graphene-coated strips,”® or using natural anisotropic materials
(two multiple black phosphorus layers) with a twisting relative angle
between the upper and lower multiple layers.”” Some other important
progress has also been reported in tuning and manipulating the
NFRHT on the micro-nanoscale, e.g., pattern-free thermal modula-
tor,” strain-induced modulation,” thermal routing,” thermal Hall
effect,”’ and heat flux splitter,”” to name a few.

NFRHT modulations via twisted gratings typically use the
effective medium approximation (EMA)*”** to describe the gra-
tings, and consider the approximation of infinite-size systems.””
When the distance between two parallel gratings is comparable to
or less than the grating periods, the EMA theory cannot be used.
In addition, the finite size effect will also bring new challenges
when using the EMA to calculate NFRHT between two finite
gratings. For the finite size physical system, as compared to the
corresponding infinite system, some new physical insight may be
introduced. This has been recently shown when considering the
Casimir torque between two finite gratings at different twisting
angles, where the torque per area can reach extremely large values,
increasing without bounds with the size of the system.’® An inves-
tigation of finite-size and a beyond-EMA approximation effects
between twisted gratings is still missing for the NFRHT.

In this Letter, by investigating the NFRHT between two finite-
size polar dielectric nanoparticle gratings with a relative twisting angle
0 (see Fig. 1) and by using a full many-body radiative heat transfer
theory,y‘%’” we show that finite-size effects and an exact calculation
beyond the EMA theory lead to new qualitative and quantitative
effects and features.
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FIG. 1. Two nanoparticle gratings (L and U), realized with parallel nanoparticle
chains, are separated by a distance d and twisted by an angle 0. The grating lattice
period is e, while p is the distance between neighboring nanoparticles in each nano-
particle chain.

As shown in Fig. 1, each ensemble is composed of many nano-
particle chains. When calculating the radiative thermal conductance
G, we consider that the two ensembles are near the thermal equilib-
rium around the temperature T. Inside each nanoparticle chain, p is
the distance between neighboring nanoparticles, while e is the separa-
tion distance between two neighboring chains. Nanoparticle radius a
is fixed as the smallest length-scale in the problem, allowing for the
dipole approximation.’**” The separation distance between the gra-
tings L and U center to center is d. The minimum nanoparticle separa-
tion in each chain is set to p = 3a. When considering heat exchange
between such nanoparticle ensembles where e > 3p, each ensemble
behaves like a grating. In addition, the effects of the coupling between
the two gratings, breaking of symmetry, and collective many-body
interaction on NFRHT between the two nanoparticle gratings are fully
taken into account by the many-body radiative heat transfer
theory.” **

We focus on the radiative thermal conductance G(0) between
two polar dielectric SiC nanoparticle gratings with a relative angle 0,
which is the sum of that between all possible nanoparticle pairs (one
from the grating L and the other one from grating U) and is defined as

follows:*
G(0) = ZZGU" 1)

icU jeL

where Gj; is the thermal conductance between two arbitrary nanopar-
ticles i and j and yields

" dwod(w, T)
i = 3L ETJ ij(o), (2)

where o is the angular frequency, ®(w, T) is the mean energy of the
Planck’s oscillator, and transmission coefficient .7 () between the
jth and ith dielectric particles is given as follows:"”"”

4 . - ,
71j(@) = S KIm ;) Im (k) oGt 3)
where the parameter xiEorj = otiEorj — % \oc?rj ? is introduced,” ocg’rj is

the corresponding electric dipole polarizability ~described as
4na* (¢ — 1) /(e + 2) in the Clausius—Mossotti form,”” the permittivity
for the polar dielectric SiC is described by the Drude-Lorentz model ™
€(w) = ex(@* — 0} + iyw)/(w?* — @? + iyw), with parameters

scitation.org/journal/apl

€0 =67, 0 =1.827 x10"rad - s, w; = 1.495 x 10" rad - s7', and
=09 % 10"”%rad - s, k is the vacuum wavevector and Gi¥ is the
electric—electric Green’s function in the particulate system considering
many-body interaction, which is the element of the following left
matrix,

o o - Gf 0 G Gty
G o . G, 0 .
21 Ao | G0 ’
: EE : Co EE
- Gy Gy (N1
G Gy - 0 Gon Gona =+ 0
4
where Ggl = j% [(1 + ’7,‘(2,31) I + =3k ¢ f‘] is the free space

Green’s function connecting two nanoparticles at r; and rj, 7 is the
magnitude of the separation vector r = r; — rj, T is the unit vector
r/r, I3 is a 3 x 3 identity matrix, and the matrix A\ including many-
body interaction is defined as

1 EE 1 (EE
0 g Go.i %5 Gy
2 ~EE " :
A=l | %Gos 0 . :
— 3N — k )
: : . N—1EE
g GO,(N—I)N
N ~EE N (~EE
o Gy g Gy Nv—1) 0

©)

where I3y isa 3N x 3N identity matrix.

Now, we discuss the numerical results using above expressions
for NFRHT between two polar dielectric SiC nanoparticle gratings. In
Fig. 2, we show the scaled thermal conductance G(6)/N as a function
of the twisting angle 0. Both square gratings and circular gratings are
considered, of which the schematics are shown in the inset of Fig. 2.
Three lateral sizes are considered, D; = 0.8 um, D, = 1.4 um, and
D3 = 2.8 um, respectively. a=20nm, T=300K, d=80nm,
p=60nm, and e =200 nm.

For both the square and circular gratings, with increasing twisting
angles, G(0) decreases to its first valley and then oscillates slightly. The
twisting angle corresponding to the first valley of G(0) is 0y,. For the
circular gratings of three lateral lengths (D;, D,, and D3), 0, values
are 24°, 10°, and 6.8°, respectively. 0,, increases with the decreasing
lateral length of the gratings. The amplitude of the G(6) oscillation
corresponding to D; is much larger than that corresponding to
D, and Ds. As the lateral length of the circular grating increases, the
amplitude of the oscillation of G(6) decreases gradually. The thermal
conductance G(0) as a function of 0 tends to converge to a given curve
when the size of gratings increases. The size effect accounts for the
oscillating behavior of G(0) and was absent in previous studies using
infinite-systems and EMA approximations. It is worth stressing that
an oscillation of the thermal conductance due to a lateral shift of two
aligned gratings has been recently reported.”

Even for the same value of size D, the curves of G(0) are quite
different if we consider square or circular gratings. In particular, for
large 0 (50°-90°), G(0) increases monotonically with 0 for the square
gratings, while the oscillations are still present for circular gratings.
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FIG. 2. The scaled thermal conductance G(0)/N as a function of the twisting angle
0. A scheme for the square and circular grating configurations is shown in the inset.
Three different lateral lengths are considered, D; = 0.8 um, D, = 1.4 um, and
D3 = 2.8 um, respectively. d=80nm, a=20nm, T=300K, p=60nm, and
e = 10a = 200 nm. For the circular grating configuration, 01, Omz, and Opg cor-
respond to the angle where G(6) decreases to its first valley value, respectively,
for systems having lateral lengths Dy, D,, and Ds.

Hence, we deduce that the overlap between the L and U gratings,
which is different in the case of square and circular configurations,
significantly influences the thermal conductance between two 2D
ensembles, as it happens for the Casimir torque.”® At large angles,
the overlap area of the two square gratings increases monotonically
with the increasing twisting angle 0, which may account for the
monotonically increasing dependence of G(0) on the twisting angle
0. For circular gratings, the overlap area will not vary with increasing
0 and the angle-dependent coupling accounts for the oscillation of
G(0) with 6.

We move here to the study of the separation d dependence of the
thermal conductance all along the twisting. The ratio of the thermal
conductance G(0) to the thermal conductance G(0 = 0°) is shown as
a function of the twisting angle 0 and for different values of d in Fig. 3.
Circular gratings with D = 1.8 um are considered here.

The decreasing behavior of G(0)/G(0 = 0°) with the twisting
angle 0 is significantly dependent on the distance. For the smallest
distance d =80 nm, G(0)/G(0 = 0°) decreases from 1 to 0.47 and
then oscillates in a pronounced way with increasing angles. As d
increases, the oscillations of G(0)/G(0 = 0°) with increasing 0
decrease gradually. Particularly, for a large d, G(0)/G(0°) decreases
with 0 monotonically and smoothly, which is similar to the mono-
tonic and smooth decreasing dependence of near-field heat trans-
fer coefficient h/hmay (W/m?) with the twisting angle observed for
the 1D semi-infinite gratings."”** For a large d, G(0)/G(0 = 0°)
varies in a much shorter range (e.g., for d =200 nm, it ranges from
1.0 to 0.8) as compared to the case with smaller separations (e.g.,
for d =80 nm, it ranges from 1.0 to 0.47). It is worthwhile to men-
tion that the first-valley 0, is independent of the separation dis-
tance d between the two gratings and is significantly dependent on
the size of the gratings.

scitation.org/journal/apl
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FIG. 3. The ratio G(0)/G(0 = 0°) for circular gratings. Five different separations
d are considered, d =80 nm, 120 nm, 160 nm, 200 nm, and 1000 nm, respectively.
a=20nm, T=300K, p=60nm, e = 10a = 200 nm, and D = 1.8 um.

The vacuum filling fraction f = (e — 2a)/e is another param-
eter that can significantly influence the NFRHT. The modulation
rate [G(0°) — G(90°)]/G(0°) is shown in Fig. 4 as a function of
f.p=60nm. Two different distances d=80nm and d=200nm
are considered.

For the two different separations, the modulation rate
[G(0°) — G(90°)]/G(0°) increases with the vacuum filling fraction f.
The modulation rate for a small distance d = 80 nm is always much
larger than that of the case with a big distance d = 200 nm because of
a stronger coupling at small separations. The coupling between the
two gratings with the twisting angle is distance dependent.

1.0 T T T T T T

0.8 E

[G (0°)-G (90°)] / G (0°)

—=—J=80nm |
—o—d =200 nm

0.0 L 1 L 1 " 1 "
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f

FIG. 4. [G(0°) — G(90°)]/G(0°) as a function of the vacuum filling fraction f at
two different distances d=80nm and d=200nm and for circular gratings.
T=300K, a=20nm, p=60nm, and D = 4 um.
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In summary, the modulation of NFRHT between nanoparticle
gratings by twisting is analyzed beyond the EMA and infinite-size
approximations, which is needed for realistic experimental analysis.
We studied different finite-size grating shapes (square and circular),
which present remarkably different features. When twisting one grat-
ing, characteristic oscillations of the thermal conductance G(6) are
observed (more pronounced for circular gratings) and fully due to
finite-size and beyond-EMA effects. G(0) converges to a given shape
with the increasing size of gratings. In addition, the modulation rate
[G(0°) — G(90°)]/G(0°) is significantly dependent on the vacuum
filling fraction. This work may help for energy management at the
nanoscale with relevant implications for the micro-electromechanical
system (MEMS) and nano-electromechanical system (NEMS) devices.

As for the infinite system, most recently, the Fourier modal
method was raised for the description of nanoparticle lattices in the
dipole approximation,’””’ which makes the direct investigation on
NFRHT between infinite periodic nanoparticle lattices possible.
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