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Radiative Heat Transfer with a Cylindrical Waveguide Decays Logarithmically Slow
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Radiative heat transfer between two far-field-separated nanoparticles placed close to a perfectly
conducting nanowire decays logarithmically slow with the interparticle distance. This makes a cylinder an
excellent waveguide which can transfer thermal electromagnetic energy to arbitrary large distances with
almost no loss. It leads to a dramatic increase of the heat transfer, so that, for almost any (large) separation,
the transferred energy can be as large as for isolated particles separated by a few hundred nanometers. A
phenomenologically found analytical formula accurately describes the numerical results over a wide range

of parameters.

DOI: 10.1103/PhysRevLett.129.170605

Heat radiation (HR) and radiative heat transfer (HT) are
very sensitive to changes in geometrical configuration and
material properties when the system length scales are
smaller or comparable to the thermal wavelength (roughly
8 pum at room temperature). This was first observed more
than 50 years ago for the HT between two parallel
plates, where the near-field HT shows a strong increase
with decreasing the gap width due to the evanescent waves
contribution, absent for far-field separations [1,2]. Since
then, researchers investigated near-field HR and HT in a
variety of systems with objects of different shapes and
materials, revealing plenty of interesting effects [3-6].

An important question is whether these near-field effects
can be propagated to the far field, thereby improving the
efficiency of HT between objects at large separations.
Recent studies found such a propagation possible in two
cases: (i) for anisotropic objects with some of their
dimensions smaller than the thermal wavelength [7-9];
(i1) for objects that are placed in the proximity of inter-
mediate objects [10-18]. In the first case, the far-field HT
can greatly exceed the blackbody result, and for distances
larger than the objects themselves, it decreases with the
expected power law behavior [7-9].

The second case also provides a variety of interesting
phenomena. The HT between two nanoparticles placed
above a plate [10,13-16,18], inside a two-plates cavity
[10,15], or connected through the near field by a sphere
[12] can be enhanced by several orders of magnitude
(compared to isolated particles) even for interparticle
distances larger than the thermal wavelength. This enhance-
ment and its mechanism strongly depend on the system
geometry and material properties. A larger increase of the
HT is achieved when the system supports resonant sur-
face modes, for example, two SiC particles above a SiC
plate [10,13-16,18] or inside a SiC cavity [15]. However,
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as the interparticle distance grows, the effect is quickly
diminished due to a strong absorption of the SiC plates
[10,13—15]. Less absorbing metallic plates provide a longer
ranged, but smaller effect [13,15]. Using sophisticated
structures can improve the efficiency, however, only in a
short range of far-field separations [16—18]. Is there a
geometry that allows for a long range energy transport
beyond the mentioned scales?

In this Letter, we show that the HT between two far-field-
separated nanoparticles placed in the proximity of a
perfectly conducting cylinder is much larger than in other
configurations studied before. It decays logarithmically as a
function of the interparticle distance d, compared to d—2
decay for the particles in vacuum [19] or d~!' for the
particles placed in a metallic cavity [15]. As a consequence
of the logarithmic decay, the ratio to the HT for isolated
particles grows as d?, e.g., exceeding it by 12 orders of
magnitude with d in the range of centimeters. Saying it
differently, the HT at almost any large distance is compa-
rable to the transfer between isolated particles at d ~
500 nm for the parameters studied. We analyze the
dependence of the HT on the system parameters, provi-
ding a phenomenological analytical formula, and discuss
potential applications and implications of the observed
phenomena.

The considered system is depicted in Fig. 1. Two
spherical particles are placed symmetrically in the prox-
imity of an infinitely long perfectly conducting cylinder.
We aim to compute the HT from particle 1 at temperature
T, to particle 2. In general, there are other HT contribu-
tions, due to sources in the environment, the cylinder (if not
a perfect conductor), and particle 2 [20]. The studied
contribution depends only on 7', and may be imagined,
e.g., as the case with all temperatures except for 7; equal
to zero.
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FIG. 1.

Radiative heat transfer from particle 1 at temperature 7',
to particle 2 in the presence of an infinitely long perfectly
conducting cylinder of radius R. The near-field energy radiated
by the first particle is captured by the cylinder and guided via
surface waves to the second particle. These surface waves decay
logarithmically slow with d, resulting in a highly efficient heat
transfer even for far-separated particles.

Aiming at a proof of concept, and to simplify the
problem, we use the point particle (PP) limit, where the
two particles are small compared to the thermal wave-
length, the particle’s skin depth, and distances d and A
[12,15,21]. The results in Figs. 2, 3, and 4 are valid for
particle radii R; < h, i.e., R; = 10 nm or smaller for the
given value of 7 = 100 nm.

Problems of HR and HT in many-body systems can be
studied within frameworks of fluctuational electrodynamics
[22,23] and scattering theory [24-26]. For our system, the
HT from PP 1 to PP 2 reads as [12,24]

32ah [ S
H = ﬂ/ dw%lm(al)lm(az)Tr(GGT), (1)
0 e

C4 BT — ]

where ¢ is the speed of light in vacuum, and % and kg are
Planck’s and Boltzmann’s constants, respectively. Tr(GG")
is the trace of the matrix product of the dyadic Green’s
function (GF) G of the cylinder, evaluated at the particles’
coordinates, and its conjugate transpose G'. The GF
encodes the system geometry (it is a function of R, £,
and d), and hence determines the role of the cylinder in the
HT. Note that it is also a function of the wave number
k = w/c (i.e., the absolute value of the wave vector) or the
corresponding wavelength A = 2z/k.

g(w) =1
() =22 R3 2
is the electrical dipole polarizability of particle i, with R; and
&; being the radius and the frequency-dependent dielectric
permittivity, respectively. Polarizabilities determine the
radiation and absorption strength of the particles. For
numerical illustration, we use both particles to be made
of SiC, €, = &, = &g;c, Where [27]
* — ol + iwy

esic(w) =€ N
' C w? - a)%o + lwy

(3)

with e, =6.7, w o = 1.82 x 10 rads™!, wpo = 1.48x
10" rads™!, and y = 8.93 x 10'! rads~'.
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FIG. 2. Heat transfer (normalized by particles’ volumes) from
SiC particle 1 at temperature 7; = 300 K to SiC particle 2 in the
presence of a perfectly conducting cylinder as a function of
interparticle distance d. The particles are placed symmetrically
above the cylinder at distance & = 10~7 m from its surface (see
the sketch). The results are given for different radii R of the
cylinder and compared to cases of the particles in vacuum and
above a perfectly conducting plate at the same /. Points show
numerically exact results [computed using Eq. (1), with numeri-
cally exact Tr(GG")], while solid lines represent the approximate
HT given by formula (6). The dominant wavelength Ay~
1.08 x 10~ m. Inset shows rescaled curves, H = H(R + h)*/
(V1V,43) (same color coding), as a function of the rescaled
distance Aod/R? [see main text below Eq. (6)].

For details of the GF, we refer the reader to Supplemental
Material [28]. It is worth noticing that the GF of a cylinder
contains both integration over a certain component of the
wave vector and summation over multipoles [28,29], in
contrast to the GF of a plate (only integration) [12—-14,16—
18,30] or a sphere (only summation) [12]. This makes the
numerical computations difficult requiring long computa-
tion times.

As for the system parameters, we fix 7; = 300 K, such
that the corresponding thermal and dominant wavelengths
are Ay, ~7.63 x 107 m and g~ 1.08 x 107> m, respec-
tively, the latter resulting from the material properties of
Eq. (3) and the polarizability in Eq. (2). The particles are
placed at a small near-field distance above the cylinder,
h = 1077 m, for a strong coupling between particles and
cylinder. The dependence on % is discussed below and in
Supplemental Material [28]. With d = 10~ m, the PP limit
of Eq. (1) is valid for R; <1078 m. Because H « V|V,
with V; being the volume of particle i [see Eq. (1)], we do
not give R; explicitly and normalize the HT by V V..

Figure 2 shows the HT as a function of interparticle
distance d. We note a drastic effect of the presence of the
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cylinder on the far-field HT. For distances larger than a few
hundred nanometers, the HT seems to be almost indepen-
dent of distance d. This yields a strong enhancement over
the vacuum HT or the case of a close-by plate, the more so,
the larger d: For example, for R = 10 mand d = 107! m,
the HT is larger than the vacuum HT by 12 orders of
magnitude. In other words, the HT between the particles
placed above of a wire and separated by 10 centimeters is
the same as the HT between isolated particles which are just
a few hundred nanometers apart. We attribute this to the
system geometry, i.e., the cylinder guides the energy in the
preferred direction via surface waves.

How does this effect depend on R? In Fig. 2, we note that
it is especially strong for a thin cylinder, and the enhance-
ment decreases the thicker the cylinder. For large R, the HT
approaches the result of two particles close to a plate as
may be expected [31]. The strong effect of a thin cylinder
may be related to its ability to concentrate the near-field
energy radiated by particle 1 over a smaller surface area,
such that the energy loss of the surface waves traveling
along the cylinder to particle 2 is minimized. Figure 3
shows the result as a function of R, for various fixed values
of d, displaying the mentioned approach of the plate result
for large R, and the general decrease with R. However, for
very small R, the HT again decreases, so that a maximal
value for R appears.

Can we characterize the observed behavior analytically?
Looking at Fig. 2, one may expect that the HT decays
slower than any power law. Therefore, we presumed a
logarithmic dependence of Tr(GG') for an analytical
approximation of the numerical data [32], which leads to
the scaling of the HT in Eq. (6). Indeed, considering a
logarithmic decay with d, as well as the dependence on R
and h, we found that Tr(GG") can be well approximated by
(k=w/c)

Tr(GG') ~

1 - 1 n 3
82 d? Kd*  k*d*

I
+ SN C))
472K (R + h)In? 1 4 Y2YE

where the first term is the vacuum part [12], while the
second term is the cylinder contribution. Formula (4) is
discussed in detail in Supplemental Material [28], where we
show that it is a good approximation for almost any regimes
of parameters. In case h <1 <d (i.e., what we are
interested in), the agreement with the numerical result is
very good, and it becomes excellent when we also have
Ad > 16R? or Ad < 4R?. These two conditions correspond
to the cylinderlike or platelike limits of Tr(GG'), respec-
tively [28]. Substituting Eq. (4) into Eq. (1), one gets for the
heat transfer

Vacuum — — Cylinder
d d
30
10 SRS TR
%T % ER T~ ]
ﬁE 107 Qﬁl?ﬁ d[m] 107!
T d=107°m|
=
— 1072} d=10"" m
=
é 10207
= 108 S d=10"2m]
1 ‘ ;
T hlm] 107 d=10"" m
1079 107% 1077 10°% 10> 107* 107 1072
R [m]
FIG. 3. Heat transfer (normalized by particles’ volumes) from

SiC particle 1 at temperature 7; = 300 K to SiC particle 2 in the
presence of a perfectly conducting cylinder as a function of its
radius R. The particles are placed symmetrically above the
cylinder at distance h = 10~7 m from its surface, and the results
are given for different interparticle distances d (see the sketch),
using formula (6). Dashed and dashed-dotted lines give the
corresponding heat transfer in vacuum and in the presence of a
perfectly conducting plate (with the same %), respectively. The left
inset shows H as a function of A ford = 103> mand R = 107 m,
with the vacuum case, approached for large %, shown as a dashed
line. The right inset shows R, for 4 = 10~ m (the radius which
maximizes the HT) as a function of d.
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Formula (5) can be further simplified. For SiC PPs and
T, =300 K, the HT spectrum is strongly peaked at
wy = 1.75194 x 10" rad s™!. It is the resonance frequency
of SiC PP [equivalently, the resonance frequency of «; in
Eq. (2)]. The corresponding dominant wavelength 4, ~
2mc/wy =~ 1.08 x 1075 miis close to Ar,. Since the cylinder
is a perfect conductor, Tr(GG') has no resonances.
Therefore, we can replace @ with @, in the trace and pull
the trace out off the frequency integral. As a result, we
finally obtain
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which agrees almost perfectly with Eq. (5), as shown in
Supplemental Material [28], and provides a very good
approximation for the exact HT, as can be seen in Fig. 2: Its
inset shows that H = H(R + h)*/(V,V,42), plotted as a
function of Ayd/R?, leads to a collapse for large d of the
curves for all parameters shown. Formula (6) is the main
result of this Letter. It states that the HT in the presence of a
cylinder decays logarithmically with d for large d, small &,
and small R. More specifically, if d 2 4y, the logarithmic
behavior dominates when 7 < 1, and Aod > 16R?> [28].
Note that, for a given d and for R < h, the HT is a very
strong function of 4, i.e., it scales as h*. For h < R, the
HT approaches an & independent value.

The logarithmic decay in Eq. (6) suggests that a cylinder
is an excellent waveguide for the HT. We are not aware that
any other unconfined geometry can outperform the one in
Fig. 1 in terms of the HT efficiency for large interparticle
distances. Using formula (6), the curves in Fig. 2 can be
prolonged to arbitrarily large d. Imagine a thought experi-
ment with a nanoparticle being in Minsk, while the other is
in Gottingen, i.e., d & 1200 km, both placed close to an
ideal nanowire (2 = R = 100 nm). According to Eq. (6),
the HT measured in such a thought experiment is the same
as the HT between isolated particles separated by
d =~ 1.5 ym. Roughly speaking, “the logarithm does not
care” whether the distance is of the order of a millimeter,
kilometer, or the size of the Earth.

Noting that the curves in Fig. 3 are computed using
Eq. (6), they can be discussed in more detail. Interestingly,
there is an optimal value of the radius, R,,,,, where the HT
has a maximum. This maximum slightly shifts to a smaller
R with increase of d, and it lays around R =5 X 10° m
(see the right inset). For all considered d, there is a slow
logarithmic growth until R < 4 (encoded in the R depend-
ence of the logarithm) followed by a fast decay
(~(R + h)™*) which finally bends over to the plate result.
This convergence to the plate HT occurs when 4R? > Ayd,
i.e., it shifts to a larger R with increase of d [28]. Expression
for the HT in the plate limit can be straightforwardly
obtained from Eq. (6) using a large R expansion of the
logarithm [28]. As Fig. 2, Fig. 3 reveals that a larger
enhancement of the HT occurs for larger d and a thin
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FIG. 4. Heat transfer from SiC particle 1 to SiC particle 2 as a
function of d, with all parameters as in Fig. 2. Additionally to the
perfectly conducting cylinder (blue shaded points) we show a
gold cylinder (shades of gold). Inset shows the decay length I,
(see Supplemental Material [28] for definition) for a gold
cylinder, as a function of R, characterizing the transition of
the HT from slow to fast decay.

cylinder. The left inset gives the HT as a function of A,
which shows a strong increase with placing the particles
closer to a cylinder. Note that this increase saturates once &
becomes comparable to R. In Supplemental Material [28],
we give the detailed R and % dependence of both numeri-
cally exact and approximated Tr(GG') for both near- and
far-field d.

As seen in Fig. 2 and Eq. (5), the HT in the presence of a
cylinder follows the vacuum result until a certain distance,
where it bends away and is nearly d independent. The HT
with the cylinder for nearly any large d is thus comparable
to the HT between isolated particles separated by a much
smaller distance d,,,,.- In other words, the cylinder
allows to “zoom in” from almost any large distance to
d,oom- In the case of d,,,m <K 4, it reads as [found from
formula (6) [28] ]

dyoom  [25 (R + )*|1/0). (7)

This zooming in is performed by bringing the particles
close to the cylinder down to distance /.

What about imperfect conductors? For a real conductor,
the surface waves traveling along the cylinder are damped,
and the logarithmic decay is eventually cut off (see Fig. 4
and Supplemental Material [28] for details). For a gold
cylinder this occurs at roughly a length of 4000R, i.e., in the
millimeter range for R ~ 100 nm, so that a gold microwire
enhances the HT for over millimeter distances by more than
5 orders of magnitude. The amplitude of the HT generally
increases for real materials, a study which we leave for
future work.

Finally, it is worth mentioning that, despite the large far-
field HT in the presence of a cylinder, the transferred
energy is for large d small compared to the total energy
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emitted by particle 1. Within the PP limit, the maximum
ratio between transferred and emitted energy is around
107*, see Supplemental Material [28]. This is partly due to
the observation that also the emitted energy itself increases
strongly in the presence of a cylinder, as will be inves-
tigated in future work.

A cylindrical waveguide is an excellent tool to efficiently
transfer thermal energy between far-separated objects. The
HT efficiency with a cylinder present can be more than 10
orders of magnitude better than for isolated objects, i.e., in
this aspect much better than the efficiency with other
waveguide geometries [10-18]. This effect can be applied
in a variety of setups, e.g., for efficient far-field cooling or
heating. These findings may also drastically affect many-
body effects, promising strong nonadditivity of the HT
[4-6], for example, using more than one cylinder or more
than two particles. A cylinder can also greatly influence the
thermalization in complex setups [20,35-40] and may
drastically alter the heat transfer eigenmodes [41], where
the (dominant) cylinder eigenmode is expected. A highly
directional energy transport with a cylinder can greatly
affect heat transfer diffusion [42,43]. Using cylinders with
nonreciprocal material may strongly improve rectification
properties [4,5].

As for an experimental realization of the studied system,
we propose using two atomic force microscope tips
[44-46] placed close to a wire.
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