CHIN.PHYS.LETT. Vol.38, No.1(2021) 016801

Photonic Thermal Rectification with Composite Metamaterials
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We demonstrate strong photonic thermal rectification effect between polar dielectrics plate and the composite
metamaterials containing nonspherical polar dielectric nanoparticles with small volume fractions. Thermal recti-
fication efficiency is found to be adjusted by the volume fractions and the nanoparticles’ shape, and it can be as
large as 80% when the polar dielectric nanoparticles are spherical in shape and are in the dilute limit with the
volume fraction f = 0.01. Physically, there exists strong electromagnetic coupling between the surface phonon
polariton mode of polar dielectrics plate and the localized surface phonon polariton mode around polar dielec-
tric nanoparticles. The results provide alternative new freedom for regulating energy flow and heat rectification
efficiency in the near field, and may be helpful for design of multiparameter adjustable thermal diodes.
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Recently, there appears to be a new field called
thermotronics based on the development of near-field
radiative heat transfer (NFRHT) and other ther-
mal fields such as far-field radiation with focus on
thermal current instead of electrical ones.!'! When
a thermal diode is applied with different tempera-
ture gradients in forward or reversed direction be-
tween two points, it would result in asymmetric heat
fluxes.'! The strength of manipulating heat flow led
to various achievements of thermal component such as
data storage devices,!”! thermal diodes,”—*! nanopho-
tonic thermal devices,[”'’] thermal transistor,[-'" %]
and thermal memories.['*'"] Considering thermal
diodes to a large extent, asymmetric devices using
heat conduction!'”! and far-field heat radiation!'¢:'"]
are relatively convenient to manufacture. However,
NFRHT has more advantages in other aspects. Due
to the tunneling of evanescent wave, devices based on
NFRHT can realize a very high degree of integration.
In addition, this type of thermal diodes can also be
based on a variety of physical mechanisms, with a high
degree of control. Specifically, NFRHT can be en-
hanced significantly by the coupling between surface
phonon polaritons (SPhPs) or surface plasmon po-
laritons (SPPs), which promotes its significant useful-
ness in energy conversion systems.!'® 2" For instance,
Otey et al.’!) proposed to tune the near-field heat ex-
change using two plates, and a rectification coefficient
of 0.41 was envisaged as the maximum. This was due
to altering the temperature of optical properties of the
materials. Afterward, Lizuka and Fanl’! investigated
the thermal rectification between temperature set of

500 K and 300K using a SiC-coated dielectric plate,
and obtained the maximal thermal rectification effi-
ciency of 0.44. Tang et al.l’) was first to extend this
area of investigation using planar thermal diodes of
the same materials, and achieved the maximal rectifi-
cation coefficient of 0.63. On the other hand, engineer-
ing composite metamaterials has become an essential
tooll??~?Y to modify materials’ properties physically
from macroscale to mesoscale. By replacing the per-
mittivity of one material with another, the NFRHT
can be modified.[””) Previous theoretical and exper-
imental studies on tip-plate,?*?7] sphere-platel**:2]
and plate-platel’’! configurations revealed that the
separation distance and the dielectric properties can
be adopted to control the NFRHT. The NFRHT at
the nanoscalel®' %]
composites or phase change material

In this Letter, we study theoretically the NFRHT
between a semi-infinite 3C-SiC plate and a semi-
infinite composite metamaterial plate containing non-
spherical 3C-SiC particles with the volume fraction f
randomly suspended in the host medium, separated
by gap d as depicted in Fig.1. The two plates are
maintained respectively at different temperatures 77,
and Ty (Ty > T1,) corresponding to the receiver’s and
emitter’s temperatures, respectively. The relative per-
mittivity for the 3C-SiC is given by[*’]
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can be tuned in other ways using
[33—35)
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e1(w,T) = euc (1 -

where €14, I', wro and wy,o are the relative permit-
tivity at high frequency, damping constant, the trans-
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verse and longitudinal phonon frequencies,

€100 = 6.7exp[5 x 1075(T — 300)], (1b)
wro = 182.7 x 10" — 5.463 x 10°(T — 300), (lc)
wro = 149.5 x 10'? — 4.106 x 10%(T — 300), (1d)

2
explhwro/ksT] — 1] (1e)

For the composite metamaterial plate, its effective
permittivity can be expressed in the generalized
Maxwell-Garnett approximation!’” as follows:

_ faB+ (1 - fe
o= 00 2

where 3 = %Zj:w e2/[Lje1 + (1 — Lj)eq] is the field
factor, €1 and €5 are the relative permittivity of the
3C-SiC and the host medium. We assume that SiC
particles are ellipsoidal in shape, characterized by the
depolarization factors L,, L,, and L, satisfying the
sum rulel*®) L, + L, + L_ = 1. To elucidate further,
we assume all ellipsoids to be spheroidal in shape with
the symmetry towards the z axis, L, = L,. For a
given L., we have L, = L, = (1 —L,)/2.

In the present system, the effective permittivity is
adopted to calculate the spectral heat function and the
rectification efficiency. For our model, both the vol-
ume fraction and depolarization factor can be adjusted
simultaneously, and hence can be used to control the
rectification factor, resulting in high rectification co-
efficient.

Without loss of generality, the top plate is in
forward-biased scenario with temperature Ty and ra-
diative heat flux Q¢ while it is at reverse scenario with
low temperature 71, and radiative heat flux Q.. Ther-
mal diode performance is characterized by the rectifi-
cation efficiencyl®]
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Fig. 1. Diagram of NFRHT between two plates separated
by gap d with the upper plate at temperature Ty in the
forward-bias case while it maintains a low temperature 71,
in the reverse-bias case, also the lower plate at tempera-
ture 77, in the forward-bias case while it maintains a high
temperature T3 in the reverse-bias case.

The net heat flux can be written asl*”]

Q= / qu,dw
0
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where O(w,T') = hw/2[coth(fuw/2kpT)] is the Planck-
ian function, S is the parallel wave vector, and ¢, is
called the net spectral heat function. In addition, 7,
(sum over s and p polarizations) is the total energy
transmission factor which includes the contributions

from both propagating wave (5 < ko) and evanescent
wave (3 > ko) in the NFRHT, and admits the form[*]

(L= Ir1al®)(1 = |r2al?)

Ta(w757d) = |1—7’1 o ezmd|2 ) B <w/Ca
B 4Tm(114)Im (roy e~ 2m(0)d 5> we.

Ta(w, B,d) =

e |1_7’1(17‘2@6_21m(ﬁ)d|2 ’ (5)
where 71, and re, are the Fresnel reflection coeffi-
cients.
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Fig. 2. Real part (a) and imaginary part (b) of €. against
w with f = 0.01 at temperatures T' = 700 K for different
L. Real part (c) and imaginary part (d) of g against w
at L, = 1/3 for different temperatures.

In order to confirm the quantitative results for
thermal rectification, we first investigate the effective
permittivity (e,) of the composite metamaterials as
a function of the angular frequency for f = 0.01, as
shown in Fig.2. From Figs.2(a) and 2(b), it is evi-
dent that both the real part and the imaginary part
exhibit two peaks for different values of L, in the el-
lipsoidal shape (except for L, = 0.3, which is close to
the spherical shape). The peaks result from the local-
ized surface phonon polariton (LSPhP) modes, whose
frequencies can be quantitatively determined by the
relation L;Re(e1)+(1—L;)es =0 alongi =z ori =z
axis. On the other hand, the real part of the effective
permittivity is positive and above zero. This clarifies
the fact that no SPhP mode takes place at the surface
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of the composite metamaterials. For the composite
metamaterials containing spherical nanoparticles, one
single resonant peak arises, and the increase of tem-
perature leads to the decrease of the peak magnitude
accompanied with the red shift of the resonant peak,
as shown in Figs.2(c) and 2(d). Also, it is observed
that the effective permittivity (e,) of the composite
metamaterials with spherical particles is analogous to
the permittivity of SICI%*] except that the values are
small. This shows the effect of the effective medium
theory on the effective permittivity.
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Fig. 3. Values of ¢, as a function of w for the forward-
and reverse-bias cases at 71, = 300 K and Ty = 700 K. The
volume fraction used are (a) 0.01 and (b) 0.1 respectively.

In order to understand the physical mechanism of
thermal rectification between the 3C-SiC plate and
the composite metamaterials’ plate containing spher-
ical 3C-SiC nanoparticles, we plot the variation of g,
with w in Fig.3 for a vacuum gap of 30nm. From
Fig.3(a), one observes that the net spectral heat flux
in the forward biased scenario achieves the peak en-
hancement at the frequency w = 1.757x 10 rad /s and
in the reverse biased scenario, there are two small res-
onant peaks at w = 1.747x 10 rad /s and w = 1.787 x
10* rad/s. As one knows, the 3C-SiC plate possesses
one surface phonon polariton frequency wsppp(7') at
Rele1(T)] + 1 = 0, while the composite metamate-
rials containing spherical SiC nanoparticles have one
LSPhP resonant frequency wrspnp(T) at Re[e1(T)] +
2 = 0. In the forward-bias case, the resonant fre-
quency for SPhP coincides with the one for LSPhP,
i.e., wsphp(T = 700K) ~ stphp(T = 300 K), and
hence the interaction between the SPhP and LSPhP
modes is strong, resulting in one enhancement peak.
On the contrary, for the reverse-bias case, wspnp (T =
300K) is separated from wyspnp(T = 700K), and the
interaction between the two modes becomes weaker.
As a consequence, one observes two small peaks. Such
a difference between the forward- and reverse-bias sce-
narios indicates the heat rectification, which will be

further discussed in the following. For a large vol-
ume fraction [see Fig. 3(b)], we can obtain a large net
spectral heat function. According to our calculation,
the p-polarized wave contributes more to the spectral
heat flux in the forward-bias case as compared to the
s-polarized wave which is trifling in both the cases.
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Fig. 4. Effect of volume fraction on rectification efficiency
(vertical right axis) in relation to total heat flux parame-
ters as a function of the depolarization factor (a) f = 0.01
and (b) f =0.1, at Ty, = 300K and Ty = 700 K.

In Fig. 4 we investigate the effect of nanoparticles’
shape on the heat flux and rectification efficiency. For
small volume fraction such as f = 0.01, strong forward
heat flux is found around L, = 1/3 (3C-SiC nanopar-
ticles are spherical in shape), while the reverse heat
flux is weak. The contrast between them indicates
strong rectification efficiency of larger than 80%. For
large volume fraction such as f = 0.1 [see Fig.3(b)],
although both the forward and reverse heat fluxes be-
come relatively larger, the rectification efficiency is
still less than 80%. Therefore, small volume fraction
of spherical nanoparticles in composite metamaterials
is quite helpful for enhancement of the rectification
efficiency.

In Fig. 5, we present the contour plot for the energy
transmission factor, i.e. the net spectral heat flux per
unit interval of Se/w. There is little or insignificant
heat flow for Sc/w < 1 (propagating wave), and heat
flow exists in the range Sc/w > 1 (evanescent wave).
For f = 0.01, Re(e.) > 0, the composite metama-
terials do not support the SPhP mode but there ex-
ists the LSPhP mode, which occurs at Re(e;) = —2.
The dashed green lines and dashed red lines shown in
Figs. 5(a) and 5(b), respectively, depict that the SPhP
mode is supported by the 3C-SiC plate at the resonant
frequency wsppp and the LSPhP mode is supported
by the 3C-SiC nanoparticles at a resonant frequency
wrsphp- For the forward scenario, the coupling be-
tween SPhP mode and LSPhP modes is strong, lead-
ing to relatively larger QQ;. For the reverse-bias case,
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the resonant frequency of the LSPhP mode is far from
that of the SPhP mode, so @, is quite small. This re-

q(B,w)10~1"W-m~2(rad/m)~!(rad/s)~!
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sults in a higher rectification efficiency. The similar
analysis is also applicable to the case of f =0.1.
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Fig. 5. Energy transmission plots for the forward scenarios: with L, = 1/3 for (a) f = 0.01 and (¢) f = 0.1, and
reverse scenarios: with L, = 1/3 for (b) f =0.01 and (d) f =0.1, at 71, = 300K and Ty = 700 K.
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Fig. 6. Different L. values for the rectification efficiency
against volume fraction, for 71, = 300 K and Ty = 700 K.

As shown in Figs.3-5, the volume fraction and
the depolarization factor have greater effects on the
heat flux and the rectification efficiency. To eluci-
date further, we plot the graph of rectification ef-
ficiency against f in Figs.6 for various depolariza-
tion factors. We observe an optimal volume fraction
fop = 0.01 satisfying the maximal rectification effi-
ciency for L, = 1/3. This can simply be understood
as follows: by tuning volume fraction, the resonant
frequency of the LSPhP mode on the composite meta-
materials keep variant, while the SPhP mode of 3C-
SiC plate remains unchanged. Strongest overlapping

between the SPhP mode of pure 3C-SiC plate and the
LSPhP mode around the 3C-SiC nanoparticles in the
composite metamaterials requires the optimal volume
fraction, and hence attain the peak of heat flux.
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Fig. 7. Different f values for the rectification efficiency
against vacuum gap, at Ty, = 300 K and Ty = 700 K.

Furthermore, we plot the graph of the thermal rec-
tification efficiency against the gap d in Fig. 7 for the
values of f = 0.01, 0.03, 0.05 and 0.10, respectively.
In the cases of volume fraction f = 1/3 or smaller, the
rectification efficiency is enhanced drastically. Under
these conditions, over 50% efficiencies can be main-
tained for d = 100nm or smaller with L, = 1/3.
These actually conform the results obtained in Fig. 6.
Higher efficiency can be obtained as d reduces. For
instance, a volume fraction of f = 0.01 at d = 10nm
yields an efficiency of almost 85%, which implies the
optimal volume fraction discussed in Fig. 6 and it cor-
responds to the efficiency as shown in Fig. 4(a), respec-
tively. Finally, Fig.8 depicts the plot of rectification
efficiency against the high temperature Ty for volume
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fractions of interest, keeping 711, = 300 K. From Fig. 8,
we can see that the rectification efficiency increases
monotonically with increasing Ty, and a volume frac-
tion of f = 0.01 gives the highest rectification effi-
ciency, which corresponds to the other results as dis-
cussed above.
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Fig. 8. The rectification efficiency against high tempera-
ture Ty for different f values at L, = 1/3 and 71, = 300 K.
In conclusion, we have proposed a photonic ther-
mal rectifier based on composite metamaterials. Large
thermal rectification efficiency above 80% is predicted
when the composite metamaterials are composed of
small volume fraction of spherical nanoparticles ran-
domly embedded in the host medium. The physical
mechanism is attributed to the strong/weak coupling
between the SPhP mode of the 3C-SiC plate and the
LSPhP mode of composite metamaterials containing
3C-SiC nanoparticles in the forward- and reverse-bias
scenarios. Beyond their potentials for thermal man-
agement, the photonic thermal rectifiers based on the
composite metamaterials may suggest the possibility
to develop photonic thermal transistors and thermal
memories for processing information.
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