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Ultrahigh-contrast and large-bandwidth thermal rectification in near-field electromagnetic thermal
transfer between nanoparticles
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We exploit the unique properties of optical waves in nanophotonic structures to enhance the capabilities for
active control of electromagnetic thermal transfer at nanoscale. We show that the near-field thermal transfer
between two nanospheres can exhibit a thermal rectification effect with very high contrast and large operating
bandwidth. In this system, the scale invariance properties of the resonance modes result in a large difference in
the coupling constants between relevant modes in the forward and reverse scenarios. Such a difference provides
a mechanism for thermal rectification. The two-sphere system can also exhibit negative differential thermal

conductance.
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I. INTRODUCTION

Active control of thermal transfer in nanoscale represents
an exciting new frontier in thermal and nanosciences. In
recent years, significant progress has been made to realize
novel active thermal devices, such as thermal diodes,'™>
transistors,® and switches,”® exploiting new capabilities for
controlling the properties of phonon and electron transport in
nanoscale. Since photons are also major heat carriers, there
is also significant emerging interest towards active control of
nanoscale electromagnetic heat transfer, exploiting the unique
properties of optical waves in nanophotonic structures.”!

In this paper, we consider near-field thermal transfer be-
tween two nanospheres. Since these spheres are much smaller
than the free-space wavelength for the relevant resonance
modes, it is known that their resonances are scale invariant,
i.e., the resonance frequencies are independent of the radius
of the sphere, whereas the spatial distribution of the resonance
modal field scales directly with the radius of the sphere.?
Here, we show that such a scale invariance property results
in a significant asymmetry in the relevant coupling constants
between the modes in the spheres, and hence provides a rectifi-
cation mechanism that is distinctly different from all previous
works. For a photon-based thermal rectifier, such a mechanism
significantly enhances its performance. We also show that
the three-dimensional nanoscale modal confinement in these
systems directly enables high-speed operation of the device.

II. BRIEF REVIEW OF PHOTON-BASED THERMAL
RECTIFIERS

A thermal rectifier, or thermal diode, is a two-body device
that operates in a nonequilibrium condition such that for a
given temperature bias, the magnitude of heat flow between
the bodies depends on the direction of the temperature bias.
The performance of a thermal rectifier can be characterized by
the rectification contrast ratio, defined as

PACS number(s): 44.40.+a, 44.05.4-¢, 65.80.—¢g

where Q¢ and Q, are the net heat transfer in the forward and
reverse bias cases, respectively.

All previous works on photon-based near-field thermal
rectifier”!? utilize the parallel-plate geometry [see Fig. 1(a)]
and are based on the mechanism shown in Figs. 1(b)-1(d). In
this mechanism, one considers two bodies, each supporting a
resonance with a temperature-dependent resonance frequency.
At the same temperature, the resonance frequencies of the
two bodies are different [see Fig. 1(b)]. Thermal rectification
is then accomplished when the two bodies are at different
temperatures, such that in the forward bias scenario there is an
overlap of the resonance frequencies between the two bodies,
and hence significant thermal transfer occurs [see Fig. 1(c)],
whereas in the reverse bias scenario, there is no overlap in the
resonance frequencies and hence thermal transfer is suppressed
[see Fig. 1(d)]. This mechanism, which has been the basis for
near-field photon-based thermal rectification for several ma-
terial systems,”!3 is also closely related to the mechanism to
achieve phonon-based thermal diode through matching and/or
mismatching of the energy spectra across the interface.'*

In the actual simulation results, however, Refs. 9-13
provide only limited contrast between the forward and the
reverse bias directions. In the parallel-plate geometry [see
Fig. 1(a)], there exist significant nonresonant components for
the heat transfer, which remains the same in both forward
and the reverse bias scenarios, and hence limits the contrast
ratio for the rectification scheme.!! While efforts have been
made in Refs. 12 and 13, to improve the contrast ratio in
parallel-plate geometry, the improvement is observed either
with the plate-plate separation at a single nanometer scale,
or with material systems that provide almost no near-field
enhancement of thermal transfer.

III. THERMAL RECTIFICATION BETWEEN
TWO NANOSPHERES

In this section, we show that there exists a much stronger

Or— 0 rectification effect in thermal transfer between nanospheres
R=2L_%r 1 P
- ’ (1) consisting of the same type of SiC [see Fig. 1(e)].
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FIG. 1. (Color online) (a) Conventional device geometry for thermal rectification between two bodies consisting of two parallel plates.
(b) The red solid and blue dashed lines denote the temperature dependence of a resonance of each body, respectively. The vertical dashed
lines mark the operating temperatures 7, and 7;. The red circles and the blue rings mark the resonance frequencies of two bodies at the
operating temperatures, respectively. (c) The (overlapping) resonance frequencies of two bodies in the forward bias scenario in the conventional
mechanism. (d) The (nonoverlapping) resonance frequencies of two bodies in the reverse bias scenario in the conventional mechanism. (e) Our
device geometry for thermal rectification. For our representative implementation in our paper, two spheres have the radii of 96 and 10 nm,
respectively, and the sphere-sphere distance is 26 nm. (f)—(g) [llustration of our mechanism for thermal rectification. The symbols have the
same meaning as (b)—(d). Notice that the two bodies are on resonance in both the forward and reverse bias scenarios.

A. Material properties and modal structures
of SiC nanospheres

We start by briefly reviewing aspects of the electromagnetic
modal structure of the SiC nanospheres that are relevant for
the understanding of the rectification effect. As arepresentative
implementation, the larger sphere has a radius of 96 nm and is
maintained at a temperature 7}, (or 7;). The smaller sphere has
aradius of 10 nm and is maintained at a temperature 7; (or 7j,).
The two spheres are separated by a 26-nm vacuum gap. Both
of the spheres are made of the same polytype 3C-SiC.?*?* In
the simulation below, we will make use of the temperature-
dependent dielectric function of 3C-SiC (see Ref. 24), which
is given by the expression

2

2 _ s
€(@) = en b0 P TITE )
Wi — W —IYw
where
€0 = 6.7 exp[5 x 1073 (T — 300)],
wLo = 182.7 x 102 — 5.463 x 10° (T — 300) rad s, )

w10 = 149.5 x 10'* — 4.106 x 10° (T — 300) rads ™",

y = 6.6 x 10" [1 + i|rads_1,

exp (;’,‘:ﬁ) -1

with T in units of Kelvin. As the temperature increases, the
resonance frequencies of the phonon-polariton shift and their
linewidth increase.”* All these effects are included in our
theory and simulations.

We use the bulk dielectric function of 3C-SiC in the
nanoparticle calculation. In previous studies, it is known that
the phonon frequencies of 3C-SiC nanoparticles,”>?° and the
linewidth of various nanocrystals>’?® typically have values that
deviate from that of the bulk. However, in most cases, these
size effects are significant only for particles with sizes smaller
than 10 nm.?® Also, while in this paper we use SiC, other polar
or plasmonic materials that support narrow-banded near-field
heat transfer can also be used to construct the device.

We define the direction connecting the centers of the two
spheres as the z direction. Since the two-sphere geometry has
arotational symmetry around the z axis, the z-component m of
the angular momentum is conserved.* Therefore the total heat
transfer can be separated into different channels, with different
m values.

The thermal transfer is dominated by the lowest few m
channels,” and as an illustrative example, we present the prop-
erties of the resonant modes that are involved in the thermal
transfer in the m = 0 channel. With m = 0, different modes
of the individual spheres can be labeled with different total
angular momentum L. For the large sphere with a radius of
96 nm, we plot in Fig. 2(a) the resonance frequencies of modes
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FIG. 2. (Color online) (a) The solid black lines denote the temperature dependence of resonance frequencies of m = 0 modes with different
L for a deep-subwavelength 3C-SiC sphere. At a given temperature, the resonance frequencies increase with L. We show here modes from
L =11t09. The vertical dashed lines mark the operating temperatures 7}, and 7;. (b)—(c) The electric field E, distribution of L = 1 and 2
modes, with m = 0, in x-z plane with y = 0. The z axis is the horizontal direction. The radii of the spheres are 96 nm in (b) and 10 nm in (c).

with different L as a function of temperature. The resonance
frequencies here are determined in full-field simulations using
the temperature-dependent dielectric function of 3C-SiC.>***
The frequencies of w; of the Lth mode are described very well
with??

L+1

Re(e(w)) = ———. “

where € is the temperature-dependent dielectric function of
the 3C-SiC.

In Fig. 2(b), we plot the spatial field distribution of the E,
fields for the L = 1 and L = 2 modes when the large sphere
has maintained a temperature of 700 K. The L = 1 mode,
which has a frequency of 27.64 THz, has a uniform E, field
within the sphere. The L = 2 mode, which has a frequency of
27.87 THz, has a nodal plane within the sphere in its £, field
distributions.

Since the sizes of both spheres are considerably smaller
than the relevant free space wavelength of about 10.8 um
for the modes here, we are in the quasistatic regime. As aresult,
the resonance frequency of the sphere is in fact independent of
the radius of the spheres. This can also be seen by noting that
Eq. (4) has no dependency on the radius of the spheres. Thus,
for the small sphere with a radius of 10 nm, the temperature
dependence of the resonance frequencies of its various modes
are also depicted by the same plot of Fig. 2(a) as for the large
sphere. In Fig. 2(c), we plot the spatial field distribution of
E. fields for the L = 1 and 2 modes for the small sphere. We
see that the modal field distribution for the small sphere is an
exact scaled version of the fields for the large sphere, due to the
scale-invariant properties of the modal fields in the quasistatic
limit.?

When two spheres are brought in close proximity to each
other, the total angular momentum L is no longer conserved.
Thus, within each m channel, a mode in one of the spheres
with a given L can couple to all other modes in the other
sphere with different values of L. The dominant contributions
to the thermal transfer, however, occur between modes that
have similar resonance frequencies.

B. Mechanism for thermal rectification in two-sphere system

We now demonstrate that strong rectification can be
accomplished in the two-sphere system, based on the modal
properties as discussed above. As an illustration, we choose
T, = 700 K and T; = 200 K, corresponding to the two dashed
lines in Fig. 2(a).

In the forward bias scenario, where the large sphere is
maintained at 7, = 700 K and the small sphere is maintained at
T; = 200 K, we see from Fig. 2(a) that the higher-order modes
of the large sphere, including the L = 2 mode, are in resonance
with the L =1 mode of the small sphere. The couplings
between these modes provide the dominant contributions to
the heat transfer. As an illustration, we plot together the L = 2
mode of the large sphere, and L = 1 mode of the small sphere
in Fig. 3(a). For the rest of the paper, we denote the Lth
modes for the two spheres as |L)jyoe and |L)gya, respec-
tively. We represent the coupling constant between these two
modes as smai (1] O |2)1arge, Where O represents the coupling
operator.

In contrast, in the reverse bias scenario, where the large
sphere is at 7; = 200 K, and the small sphere is at 7, = 700 K,
the dominant contributions to the heat transfer come from the
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FIG. 3. (Color online) (a) The field distribution E; of |2),,,, and
[1) sman- (b) The field distribution (E) of |1),,e and |2) - In (a) and
(b), for the mode of the small sphere, we only show the field inside the
small sphere. (c) Coupling constants between the four lowest order
modes of the two spheres in the m = O channel. L, and L, are the total
angular momenta of the modes of the large and the small spheres,
respectively. (a)—(c) use the same parameters of the representative
device implementation [Fig. 1(e)].

L = 1 mode |1}, of the large sphere and modes with higher
L of the small sphere. Again, as an illustration, we plot together
the L = 1 mode |1}, of the large sphere, and L = 2 mode
|2) ¢man Of the small sphere in Fig. 3(b). The coupling constant
between these two modes is smail (2] O [1)1arge-

In this system, in both the forward and the reverse bias
scenario, there always exist modes in the two spheres that are
on-resonance with each other [see Figs. 1(g)—1(h)]. This is
in contrast with the rectifier considered in Refs. 9-13, where
in the reverse bias scenario the resonances of the two bodies
were off-resonance from each other [see Figs. 1(c) and 1(d)].
In this system, the rectification arises from the very large
difference in coupling constants between the modes that are
relevant in the different bias scenarios, i.e., the large contrast
in magnitude between small(1| 0 |L)large and small(L| O |1>1arges
with L > 1.

PHYSICAL REVIEW B 88, 184301 (2013)

In general, the coupling constant gmay (L2| O |L1)1arge can be
evaluated as®’¥?

small<L2| 0 |L1>large

jo large 1*
[ dv(€gman — 6O)eLl ’ eilea ’ ®)

4 small sphere

where €54 1S the dielectric function of the small sphere, € is

the vacuum permittivity, e}f:ge is the normalized electric field

for the mode | L 1) ;e and eSL“;"‘“ is the normalized electric field

for the mode |L;),,;- The formula is derived by considering
the energy transfer to the small sphere, due to the polarization
field created by |L 1), in the small sphere region. Here, the
integration occurs only inside the small sphere.

From Figs. 3(a) and 3(b), we see that the mode of the large
sphere has a length scale of field variation that is much larger
than the size of the small sphere. Therefore the field of the
large sphere mode is nearly uniform within the small sphere,
regardless of the order of the mode. In contrast, the mode
of the small sphere can vary significantly inside the small
sphere depending on L. The mode |1),,,; has a uniform field
distribution inside the small sphere. Therefore sman (1] O |2)1arge
is large, as can be seen in Fig. 3(a). In contrast, the mode |2) .
has a nodal plane inside the small sphere, and consequently,
small (2] O [1)1argc is much smaller in magnitude [see Fig. 3(b)].
We show the magnitude of the coupling constant between
the four lowest order modes for the two spheres in Fig. 3(c).
Indeed’ we see |small <1 | 0 |L>large| > |small<L| 0 |1>large|’ forall
L>1.

The very large difference in |smai (1] O |L)1arge] and
[smatt (L] O |1)1arge| With L > 1 should lead to large rectifica-
tion. In the forward bias scenario, where the large sphere
is maintained at temperature 7; and the small sphere is
maintained at temperature 7}, there is an overlap of resonance
frequencies between |1}y and |L)yyee With L > 1. Due to
the large coupling constant |gman (1] O |L)jarge| With L > 1, the
net heat transfer should be large. In the reverse bias scenario,
where the large sphere is maintained at temperature 7; and the
small sphere is maintained at temperature 7}, there also is an
overlap of resonance frequencies between |1),e and |L) a1,
with L > 1. However, due to the significantly smaller coupling
constant |smaii{L| O [1)1arge] With L > 1, the net heat transfer
should be greatly suppressed.

C. Numerical demonstration of rectification
in two-sphere system

We verify the existence of large thermal rectification in
the two-sphere system, by directly calculating the net heat
transfer between two 3C-SiC spheres using the partial-wave
scattering method.>® We present in Fig. 4(a) the net heat
transfer magnitude for a different large sphere temperature
Ty and a small sphere temperature 7. The diagonal line of
Fig. 4(a) corresponds to the case where two bodies have
equal temperatures, and hence the net heat transfer is zero,
agreeing with the second law of thermodynamics. The strong
asymmetry of Fig. 4(a) with respect to the diagonal line
indicates strong rectification.

In Fig. 4(b), we plot the contrast ratio for a given set of
temperature bias as specified by 7, and T;, with T, > T;.
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FIG. 4. (Color online) (a) Net heat transfer magnitude as a function of the larger sphere temperature 7} and the small sphere temperature 75.
(b) Rectification contrast ratio for different sets of 7j, and 7;. (a) and (b) use the same parameters of the representative device implementation
[see Fig. 1(e)]. (c) Maximum rectification contrast ratio as a function of the contrast between the radii of the spheres (7iarge/ sman), as the
sphere-sphere distance is varied, for a temperature bias 7, = 700 K and 7; = 200 K. The small sphere has a radius of 10 nm. (d) The net heat
transfer between two spheres as a function of the large sphere temperature 77, where the small sphere is maintained at 7, = 500 K, using the
same parameters of the representative device implementation [see Fig. 1(e)].

The forward (reverse) bias scenario corresponds to the large
(small) sphere having the higher temperature. The contrast
ratio reaches a maximum of 5.14, when 7, ~ 700 K and
T, ~ 200 K.

In Fig. 4(c), we plot the maximum rectification contrast
ratio as a function of the contrast between the radii of the
spheres, for a temperature bias of 7, = 700 K and 7; = 200 K.
The small sphere has a radius of 10 nm. We vary the radius
of the large sphere. Each data point in Fig. 4(c) corresponds
to the maximum rectification contrast ratio for a given radius
of the large sphere, as the sphere-sphere distance is varied.
We see that the maximum rectification ratio increases as the
size difference between the spheres increases. This is expected
from the modal analysis above. The contrast ratio here is at
least an order of magnitude larger than the previous photon-
based thermal rectification for similar material systems.’~!!
Since the modes of the spheres are scale invariant, the contrast
in the length scale of the spatial variation of the modes become
more prominent as the contrast in the sizes of the two spheres
increases. In general, we found that in the deep-subwavelength
regime, the contrast ratio is scale-invariant, i.e., the contrast
ratio remains the same if we scale all the parameters of the
device proportionally. We also emphasize that when the two

spheres are not in deep-subwavelength regime, even if there is
large size contrast for the two spheres, the thermal rectification
contrast ratio is negligible, and therefore the device is based
on the unique properties of deep-subwavelength modes.

As aside note, we also observe negative differential thermal
conductance in our device.®?? As an example, in Fig. 4(d),
we plot the net heat transfer between the two spheres as a
function of the large sphere temperature 77, where the small
sphere is maintained at a temperature 7, = 500 K. The net heat
transfer varies with 7} nonmonotonously, exhibiting negative
slopes at low- and high-temperature ends of the temperature
range we consider here. In this system, as discussed earlier,
the net heat flow is dominated by net heat transfer to the L = 1
mode |1),,; of the small sphere. In the regime where T < 7>,
the resonances of the larger sphere eventually become off-
resonance with |1) .. as 77 decreases [see Fig. 2(a)], resulting
in the decrease of the magnitude of heat flow. On the other
hand, in the regime where 7| > T, there are always higher
modes of the larger sphere that are on resonance with |1) .
[see Fig. 2(a)]. However, as T increases, the modes in the
large sphere that are on resonance have an increasing L [see
Fig. 2(a)], resulting in the decrease of the coupling between
the two spheres and hence a reduced net heat flow.
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FIG. 5. (Color online) (a) Net heat transfer spectra in forward
bias scenario (blue line), and reverse bias scenario (magenta line), for
a bias condition 7}, = 700 K, 7; = 200 K. (b) The net heat transfer
spectrum (blue line), far-field radiation spectra of the large sphere
(green dashed line) and the small sphere (red dash-dotted line) in the
forward bias scenarios. (c¢) The net heat transfer spectrum (magenta
line), far-field radiation spectra of the large sphere (green dashed
line) and the small sphere (red dash-dotted line) in the reverse bias
scenarios. (a)—(c) use the same parameters of the representative device
implementation [see Fig. 1(e)].

In Fig. 5(a), we plot the spectra of the thermal transfer
between the two spheres, for the bias condition of 7;, = 700 K
and 7; = 200 K. Under both the forward and the reverse
bias scenarios [see Fig. 5(a)], the thermal transfer spectra are
dominated by peaks near 28.03 THz, but the transfer strength
in the reverse bias scenario is far weaker. These spectra are
consistent with our theoretical analysis presented above; the
spheres are indeed on resonance in both forward and reverse
bias scenarios, but the coupling strength in the reverse bias
scenarios are far weaker. Also, we see that the transfer spectra,
in both forward and reverse bias scenario are dominated by
the resonant components, as we can see by the solid lines in
Figs. 5(b) and 5(c) where the spectra are presented on the
logarithmic scale. The dominance of the spectral component
of thermal transfer, even in the reverse bias case, is directly
related to the high rectification contrast ratio we observe in the
simulations.

In Figs. 5(b) and 5(c), we also compare the net heat transfer
to the far-field thermal radiation from both spheres. The

PHYSICAL REVIEW B 88, 184301 (2013)

net heat transfer completely dominates the far-field thermal
radiation from the individual spheres, which indicates that as
far as electromagnetic heat transfer is concerned, the rectifier
here is very well isolated from the environment, and will have
little interference with other electromagnetic thermal transfer
devices.

D. Dynamic study

In a phonon-based thermal rectifier, the low speed of
phonon propagation, which is typically in the magnitude of
1000 m/s, constrains the speed or the operating bandwidth.3*
A photon-based rectifier is not constrained by the speed of the
heat carrier. Thus our device is expected to work in higher
bandwidth than phonon-based thermal rectification. We now
perform a dynamic study for the our thermal rectifier, and show
that it can work in a bandwidth as high as 100 MHz.

To do the dynamic study, we introduce two thermal contacts
with temperature 7; and t;. The two contacts are connected
with the large and the small spheres, with thermal conductance
of h; and h,, respectively. We denote the net heat transfer
between the spheres as Q(7},77). The photon propagation
between the spheres can be treated as instantaneous for such a
nanoscale separation. The dynamical equations for 77 and 75
are therefore

dT,

CIE =hi(r; — T1) — O(T1,T»), (6)
a7,

sz = hy(rr — 1) + OQ(T1,T), @)

where C; and C; are thermal capacitances for the large and
the small spheres, respectively. In Egs. (6) and (7), the relevant
time scales are set by Cy/h, and C,/h;. A higher operation
speed is obtained for small thermal capacitance C and
large contact conductance /. Since the thermal capacitances
are small for the spheres, with reasonable contact conductance
we should expect to see a large operation bandwidth for these
devices.

Recently, near-field heat transfer in sphere-plane geometry
has been measured experimentally, where the thermal contact
to the sphere is provided using a cantilever.>>-7 The contact
conductance is 7910 nW/K in Ref. 36 and 4520 nW/K
in Ref. 35 Therefore, in our dynamic study, we choose
hy = 4512 nW/K, to be consistent with these experiments.
We choose a smaller 4, = 5.1 nW/K so that the intrinsic time
constants of the spheres are comparable.

Our simulations assume a uniform temperature distribution
within both spheres. The validity of this assumption requires
the Biot number?®

HL,

Bi = <0.1. 8)
K

Here, H is the heat transfer coefficient in units of W/m?/K,
L. is the characteristic length scale, and « is the thermal con-
ductivity of the body. The Biot number Bi can be interpreted
as the ratio of the heat transfer resistances inside and at the
surface of a body. 3C-SiC has a typical thermal conductivity*
of k =360 W/m/K. For a sphere, H ~ h/(wr?), L. ~r,
and Bi = h/(wrk). For the large sphere, h; = 4512 nW/K,
rip =96 nm, and Bi = 0.042. For the small sphere, h, =
5.1 nW/K, r, = 10 nm, and Bi = 0.00045. Therefore both
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FIG. 6. (Color online) (a) Wave forms for the temperatures of the
contacts 7, and t1,, the temperatures of two spheres 77 and 75, and
net heat transfer, in three frequencies, i.e., 10, 100, and 500 MHz,
as denoted by the circles in (b). The first row shows wave forms of
the temperatures of the contacts 7; (blue line) and 7, (green dashed
line). The second row shows wave forms of the temperatures of the
two spheres 77 (blue line) and 7, (green dashed line). The third
row shows wave forms of net heat transfer Q(7;,7>) (red line). The
contact conductances are 1; = 4512nW, h, = 5.1 nW. (b) Frequency
dependence of rectification contrast ratio for A = 250 K. (a) and (b)
use the same parameters of the representative device implementation
[see Fig. 1(e)].

spheres satisfy Bi < 0.1. Hence the assumption of a uniform
temperature distribution within both spheres is reasonable.
We note that for a specific sphere size the requirement for
a uniform temperature distribution within both spheres puts an
upper bound for the contact thermal conductances, which in
turn leads to an upper bound for the operating bandwidth of
our device.

We vary the temperature of the contact 7; and 1, sinu-
soidally:

T = 110 + Acos2rft), )

) = Ty0 — Acos(2m ft), (10)

PHYSICAL REVIEW B 88, 184301 (2013)

where 119 = 10 = 450 K are the average temperatures for
the two contacts and A = 250 K is amplitude of temperature
fluctuations.

In Fig. 6(a), we show the wave forms of contact tem-
peratures t; and 7, (first row), temperatures for two bodies
Ty and T; (second row), and corresponding net heat transfer
Q(Ty,T,) (third row), for three cases with different frequencies
f, as denoted by circles in Fig. 6(b). For f =10 MHz,
T, and T, are almost the same as 7; and 1, and there is
large rectification. For f = 100 MHz, there is a considerable
phase lag between the temperature fluctuations of the spheres
and contacts, and the rectification reduces. For the case of
f =500 MHz, there is very little temperature fluctuation on
the spheres, the rectification almost completely vanishes. We
define the operating bandwidth of the rectifier as the frequency
at which the contrast ratio is reduced by 3 dB from that at
f = 0 Hz. Examining Fig. 6(b), which plots the contrast ratio
as a function of f, we see that the device has a bandwidth over
100 MHz.

IV. FINAL REMARKS AND CONCLUSIONS

We note that a spherical 3C-SiC nanoparticle can be
fabricated using various methods, including electrochemi-
cal etching,*® chemical vapor synthesis,*' and carbothermal
reduction.*” The heat flow in our device is on the order of
nanowatt. Recent experiments have provided measurement
resolution for heat flow at picowatt** and even subpicowatt**
level. Therefore our proposed device for thermal rectification
between nanoparticles should be within the regime where
experiments may be conducted.

In conclusion, we have shown that near-field thermal
transfer in the two-sphere geometry can provide a strong
thermal rectification effect with ultrahigh contrast and large
bandwidth, as well as negative differential thermal conduc-
tance. The underlying operating mechanism for achieving
thermal rectification is fundamentally different from previous
studies. Our work shows that the unique modal properties of
nanophotonic structures can be exploited to create a powerful
mechanism for achieving new thermal functionalities.
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