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Resonant enhancement of the near-field radiative heat transfer in nanoparticles
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We numerically study the tuning of the radiative heat transfer between a spherical InSb nanoparticle in the
vicinity of a flat SiC surface assisted by a static magnetic field. By changing the value of the applied magnetic
field, the dielectric function of the nanosphere becomes anisotropic due to the excitation of magnetoplasmons.
In the dipolar approximation, the plasmon resonance of the particle splits into two additional satellite resonances
that shift to higher and lower frequencies as the field increases. When one of the particle resonances overlaps
with the phonon-polariton frequency of the SiC surface, an enhancement of the heat transfer of two orders of
magnitude is obtained. To understand the tuning of the radiative heat transfer, we present a detailed analysis of
the nature of the modes that can be excited (surface, bulk, and hyperbolic).

DOI: 10.1103/PhysRevB.105.155404

I. INTRODUCTION

The near-field radiative heat transfer (NFRHT) between
two bodies at different temperatures is characterized by an
excess heat flux larger than that predicted by the Stefan-
Boltzmann law for black bodies. Due to the many potential
applications of the NFRHT at the micro- and nanoscale,
there has been intense research activity in the field [1–3].
Precise experimental measurements of the heat flux at submi-
cron separations are now commonplace [4–7]. The theoretical
explanation for the NFRHT is based on the fluctuation-
dissipation theorem and Rytov’s theory of thermally excited
electromagnetic fields in materials [8]. Thus the dielectric
function and magnetic susceptibility play an important role
in defining the heat flux [8–10].

The dependence of the heat flux on the dielectric function
of the medium opens the possibility of tuning or controlling
its radiative properties. Modification of the dielectric response
can be achieved in several ways. In composite materials, the
dielectric function can be modified by a suitable combination
of host and inclusions [11,12]. The simplest configuration
of a composite is a layered media that can give rise to the
different surface and hyperbolic modes [13–17], which allow
the enhancement of the radiative heat transfer at subwave-
length scales [18,19]. The dielectric function can also change
during a phase transition, so materials such as VO2 are useful
for modulating the total heat flux in the near field [20]. A
similar result was predicted using YBCO superconductors that
show a drastic modification of their dielectric response with
temperature [21,22].

Another system of interest is nanoparticles: either the case
of the heat transfer between two or more particles [23–25]
or between a substrate and a nanoparticle [26,27]. In these
systems, the NFRHT is determined by the absorption cross
section of the nanoparticle, which depends not only on dielec-
tric function but also on the shape of the particles [28,29].
Thus the geometry also becomes an important parameter to

tune the NFRHT. The case of heat transfer between a plane
and spheroidal nanoparticles shows that the heat flux can be
tuned by changing the aspect ratio [27].

Another possibility is to have a spherical nanoparticle
with an anisotropic dielectric function. This can be achieved
through the excitation of magnetoplasmons (MPs), which
arise from the interaction of a localized plasmon with an
external magnetic field [30]. Historically, the most common
doped semiconductor in which magnetoplasmons have been
observed is InSb, because small magnetic fields are needed
[31–33]. Furthermore, since MPs are in the THz region they
are suitable for optical applications [34,35]. The excitation of
magnetoplasmons depends also on the shape of the nanopar-
ticles. In the work of Pedersen [36] a detailed study of
magnetoplasmon resonances in nanoparticles with different
shapes was presented.

The NFRHT between two parallel plates with a constant
applied magnetic field can be used to control the heat transfer.
For doped semiconductors, the heat flux can be reduced by
about 700%. In the case of nanoparticles it is also possible to
excite magnetoplasmons [37,38]. Magnetoplasmonic effects
were considered as means of controlling the heat flux in an
array of nanospheres [39] and inducing a giant magnetoresis-
tance as a function of the applied magnetic field [40]. These
applications involved InSb particles, since it is the doped
semiconductor that exhibits a magnetoplasmonic response at
relatively small magnetic fields [38]. The anisotropy of the
dielectric function of the nanoparticle will have an effect on
the polarizability that plays an important role in the calcula-
tion of the NFRHT. The sensitivity to the external magnetic
field of some nanostructures has been demonstrated in the fine
splitting of their plasmonic resonances [41,42].

In this work, we calculate the NFRHT between a SiC plane
and an InSb spherical nanoparticle [43] in the presence of
an external magnetic field that induces an anisotropy in the
dielectric function. We find an increase in the total heat flux of
up to two orders of magnitude when the maximum peak of the
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FIG. 1. Sketch of the system: nanoparticle with radius R, permit-
tivity ε

↔′
P(ω, B), and temperature TP, located at a distance L from a

planar substrate of nonmagnetic material with permittivity εS (ω), and
temperature TS . The applied constant magnetic field, �B, is directed
along the z axis.

nanoparticle polarizability is tuned to the SiC surface-phonon
resonance.

II. DIELECTRIC FUNCTIONS AND POLARIZABILITY

We consider the system depicted in Fig. 1 that con-
sists of a SiC surface with a dielectric function εS (ω),
and an InSb sphere of radius R with a dielectric function
εP(ω). The separation of the particle and the plane is L,
which we assume to be vacuum. When an external magnetic
field is applied, the dielectric response of the nanoparticle
becomes anisotropic [32,33,44,45]. The diagonalized dielec-
tric tensor is described by ε

↔′
P(ω, B) = diag(εxx + iεxy, εxx −

iεxy, εzz ) = diag(ε′
P,x, ε

′
P,y, ε

′
P,z ), where the components have

an electronic and a phononic contribution given as

εxx(ω, B) = ε∞,P

{
1 − (ω + iγ )ω2

p

ω
[
(ω + iγ )2 − ω2

c

]
+ ω2

L,P − ω2
T,P

ω2
T,P − ω2 − i�Pω

}
, (1a)

εxy(ω, B) = iε∞,P

{
ωcω

2
p

ω
[
(ω + iγ )2 − ω2

c

]}
, (1b)

εzz(ω) = ε∞,P

[
1 − ω2

p

ω(ω + iγ )
+ ω2

L,P − ω2
T,P

ω2
T,P − ω2 − i�Pω

]
.

(1c)

The cyclotron frequency is ωc(B) = eB/m∗ written in
terms of the effective mass m∗. For InSb, the parameters

are ε∞,P = 15.7, ωp = 0.314 ω0, γ = 0.034 ω0, and m∗ =
0.22me. Phonon parameters are ωT,P = 0.339 ω0, ωL,P =
0.362 ω0, and �P = 5.65 × 10−3 ω0. Throughout the paper,
all the frequencies are normalized to ω0 = 1014 rad/s. In the
case of B = 0 the dielectric function becomes isotropic since
ωc = 0.

For small nanoparticles where higher order multipoles can
be ignored, the power absorbed by a nanoparticle depends on
the magnetic and electric dipole contribution. The electric and
magnetic polarizabilities are defined, respectively, as

αE
i = 4πR3 ε′

P,i(ω) − 1

ε′
P,i(ω) + 2

, (2)

αH
i = 2π

15
R3(k0R)2[ε′

P,i(ω) − 1], (3)

where the index i = x, y, z.
The magnetic dipole contribution arises even if the particle

is nonmagnetic and in the absence of an external magnetic
field. This can be attributed to eddy currents [25,27] and play
an important role in the dissipation in nanoparticles. For InSb,
no magnetic saturation has been reported. For small nanopar-
ticles, it is enough to consider the dipolar approximation. For
larger particles higher polarization modes are needed [46], but
they will not be considered in this work.

The dielectric function εS (ω) of SiC is described by the
expression

εS (ω) = ε∞,S

(
1 + ω2

L,S − ω2
T,S

ω2
T,S − ω2 − i�Sω

)
, (4)

where ε∞,S = 6.7, ωL,S = 1.825 ω0, ωT,S = 1.493 ω0, and
�S = 8.97 × 10−3 ω0.

III. NFRHT EQUATIONS

When the characteristic thermal wavelength, λT =
h̄c/kBT , of the radiation emitted by the substrate is larger than
the radius R of the particle, it can be considered as a dipole
whose electromagnetic response is described by the electric
(2) and magnetic (3) polarizabilities.

Then, within the framework of fluctuating electrodynamics
theory, the total heat flux, QT , exchanged by an anisotropic
spherical particle at temperature, TP, separated a distance,
L, from a semi-infinite substrate at temperature, TS , can be
calculated as follows [27]:

QT (TS, TP, L) =
∫ ∞

0
dω Sω(ω, TS, TP, L). (5)

The spectral heat flux, Sω, is given by the expression

Sω(ω, TS, TP, L) = [	(ω, TS ) − 	(ω, TP )]k2
0

×
∫

d�κ
(2π )3

[τ prop(ω, κ, L)

+ τ evan(ω, κ, L)], (6)

where 	(ω, T ) = h̄ω/[exp(h̄ω/kBT ) − 1] is the Planckian
distribution, k0 = ω/c, and �κ = (kx, ky) = (κ cos φ, κ sin φ)
is the longitudinal wave vector, parallel to the substrate
interface. The contributions of propagating and evanescent
waves to the heat flux are determined by the coefficients
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τ prop(ω, κ, L) and τ evan(ω, κ, L), respectively, which are de-
duced from Ref. [27]. These quantities give the mean

energy distribution resolved in frequency (ω)-wave-vector (κ)
space:

τ prop(ω, κ, L) = 1

4kz0

{
Im

(
αE

x

)[
sin2 φ(1 − |rs|2) + cos2 φk2

z0

k2
0

(1 − |rp|2)

]

+ Im
(
αE

y

)[
cos2 φ(1 − |rs|2) + sin2 φk2

z0

k2
0

(1 − |rp|2)

]
+ Im

(
αE

z

)κ2

k2
0

(1 − |rp|2)

+ Im
(
αH

x

)[
sin2 φ(1 − |rp|2) + cos2 φk2

z0

k2
0

(1 − |rs|2)

]

+ Im
(
αH

y

)[
cos2 φ(1 − |rp|2) + sin2 φk2

z0

k2
0

(1 − |rs|2)

]
+ Im

(
αH

z

)κ2

k2
0

(1 − |rs|2)

}
, for k0 > κ, (7a)

and

τ evan(ω, κ, L) = exp(−2γ L)

2γ

{
Im

(
αE

x

)[
sin2 φ Im(rs) + cos2 φγ 2

k2
0

Im(rp)

]

+ Im
(
αE

y

)[
cos2 φ Im(rs) + sin2 φγ 2

k2
0

Im(rp)

]
+ Im

(
αE

z

)κ2

k2
0

Im(rp)

+ Im
(
αH

x

)[
sin2 φ Im(rp) + cos2 φγ 2

k2
0

Im(rs)

]

+ Im
(
αH

y

)[
cos2 φ Im(rp) + sin2 φγ 2

k2
0

Im(rs)

]
+ Im

(
αH

z

)κ2

k2
0

Im(rs)

}
, for k0 < κ. (7b)

The above expressions are in terms of the different com-
ponents of the particle polarizability tensors αE

i and αH
i , and

also in terms of the reflection coefficients rs and rp associated
with the incidence of p- and s-polarized light on the substrate,
respectively. These coefficients are given by the well-known
Fresnel formulas:

rs = kz0 − kz

kz0 + kz
, rp = εS (ω)kz0 − kz

εS (ω)kz0 + kz
. (8)

Here kz0 =
√

k2
0 − κ2 = iγ and kz =

√
εS (ω)k2

0 − κ2 are the
transversal wave vectors normal to the interface (vac-
uum|substrate) that correspond to the vacuum and the material
space of permittivity εS , respectively.

From Eqs. (5)–(7), we obtain the expressions for the ra-
diative heat transfer between an interface and a spherical
nanoparticle made of an isotropic material by considering
αE ,H

x = αE ,H
y = αE ,H

z = αE ,H . For the case of the evanescent
field, the formulas are presented in Ref. [47], Eqs. (3)–
(10) and (16). On the other hand, the part associated with
propagating waves conduces to the textbook result QT =
1/π2

∫ ∞
0 dω 	(ω, TP )k3

0Im(αE ) for the energy emitted by a
nanoparticle of a nonmagnetic material in the absence of ex-
ternal surfaces (rs = rp = 0); see Ref. [48], pp. 124 and 140.

IV. RESULTS

We conducted numerical experiments of the NFRHT con-
sidering an InSb nanoparticle with radius R = 20 nm and
temperature TP = 100 K placed at L = 50 nm above a planar

SiC substrate with temperature TS = 300 K. The system is
depicted in Fig. 1.

Based on Eqs. (5)–(7), we plot in Fig. 2 the total heat flux,
QT , as a function of the magnitude of the applied field, B. For
small values of the magnetic field B, the total heat flux shows
small changes. However, when the magnetic field exceeds
approximately 10 T, the heat flux increases at a faster pace,
until it reaches its maximum value around B = 21.75 T. This

FIG. 2. Total heat flux, QT , as a function of the applied constant
magnetic field, B, for the setup depicted in Fig. 1. The system
consists of an InSb particle with radius R = 20 nm and temperature
TP = 100 K, separated by L = 50 nm from a SiC substrate with
temperature TS = 300 K. Electric and magnetic contributions to QT

are shown in the figure inset.
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FIG. 3. Spectral heat flux, Sω, between an InSb particle with
radius R = 20 nm and temperature TP = 100 K separated by L = 50
nm vacuum gap from a SiC substrate with temperature TS = 300 K.
The colors of the curves correspond to different values of the external
magnetic field.

optimal value of B enhances the NFRHT of the system by two
orders of magnitude in comparison with the case without mag-
netic field, B = 0. When the field exceeds the optimal value,
the heat flux drops again, suggesting a resonant behavior. In
the inset of Fig. 2, the electric and magnetic contributions to
the total heat flux are shown as the green-dashed and purple-
dotted curves, respectively. It demonstrates that the energy
transfer is totally governed by the electric polarizability of the
InSb nanoparticle, αE

i .
The origin of the two orders of magnitude increase in the

total heat flux for a specific value of the applied magnetic
field can be understood by analyzing the spectral distribution
of the transferred energy, Sω, given by Eq. (6) and shown in
Fig. 3. Here, the colors of the curves correspond to different
values of the magnetic field indicated in the figure. In the
absence of the magnetic field, the spectral heat flux is charac-
terized by two peaks at low frequency: one at ωP

SPP = 0.26 ω0

associated with the surface plasmon-polariton (SPP) of the
nanoparticle and the other one at ωP

SPhP = 0.39 ω0 related
to the excitation of surface phonon-polariton (SPhP) modes.
For nanoparticles, both modes are localized and also referred
as localized surface plasmon-polariton (LSPP) and localized
surface phonon-polariton (LSPhP), respectively. Completely
decoupled from the previous two, the SPhP resonance of SiC
is present at ωS

SPhP = 1.78 ω0.
By turning on the magnetic field, the original SPP res-

onance of the nanoparticle is split into two new satellite
resonances maintaining the original one at ωP

SPP. As a con-
sequence, additional peaks (ω−, ω+) are apparent in the heat
flux spectra associated with the excitation of magnetoplas-
mons below ω < 0.3 ω0; see the inset of Fig. 3. For small
magnitudes of the magnetic field, the frequency shift of the
satellite resonances displays the linear dependence ω± ≈
ωP

SPP ± ωc/2, as the curve B = 1.2 T exemplifies. When the
external field increases, nonlinear behavior is observed. This
is clearly appreciated in the case B = 10 T, where the two
satellite peaks are no longer equidistant from the original
plasmon resonance. This behavior of the magnetoplasmons

FIG. 4. (a), (c), (e), (g) Contribution of P-polarized waves to
the mean energy distribution resolved in the normalized space of
longitudinal wave vectors and frequencies, κ − ω. (b), (d), (f), (h)
Imaginary part of the nanoparticle electric polarizability, ImαE

i , as a
function of the frequency, ω/ω0. In the figure, each row corresponds
to a different value of the magnetic field, B.

resembles the atomic Zeeman effect and is known as the
plasmonic Zeeman effect [41]. The high sensitivity to the
magnetic field of the redshift resonance ω+ allows for tuning
its corresponding spectral heat flux peak to that associated
with the SiC-SPhP by applying the optimal field B ≈ 21.75 T.
In this case, the heat flux around the resonance frequency
ωS

SPhP increases by almost three orders of magnitude.
The resonance associated with the nanoparticle surface

phonon ωP
SPhP also exhibits a slight splitting due to the

red/blueshift of the satellite resonances of the SPP, but there
is no explicit dependence of the phonon band on the magnetic
field. In fact, the magneto-optical response enters into the InSb
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FIG. 5. Components of the permittivity tensor ε
↔′

P given by Eq. (1). The hyperbolic mode (HM) regions correspond to the frequency range
where the real part of one component of ε

↔′
P has an opposite sign with respect to the other two, i.e., Re(ε′

P,i ), Re(ε′
P, j ) < 0, Re(ε′

P,k ) > 0 or
Re(ε′

P,i ), Re(ε′
P, j ) > 0, Re(ε′

P,k ) < 0. In the surface mode (SM) regions the three components of the permittivity tensor exhibit negative values,
Re(ε′

P,x ), Re(ε′
P,y ), Re(ε′

P,z ) < 0.

dielectric response, Eq. (1), through the free charge carriers
band via the cyclotron frequency, ωc. Thus, as B increases,
ωc carries the dispersion of the free charges to the lower and
higher frequencies, ω±. This indirectly modifies the disper-
sion of the nanoparticle SPhP causing the appearance of two
extra peaks in the frequency range ω ≈ 0.35–0.42 ω0.

To better understand the nature of the different peaks in
the heat flux spectrum, Fig. 4 shows the mean energy dis-
tribution (in logarithmic scale) throughout the κ-ω space for
the case of P-polarized waves. Density plots (a), (c), (e), and
(g) were obtained using Eqs. (7), (2), and (1) for different
values of the external magnetic field. Figures (b), (d), (f), and
(h) present the imaginary part of the electric polarizability,
αE

i , as a function of the normalized frequency for the InSb
nanoparticle immersed in the corresponding magnetic field.
In Fig. 4(a) the mean energy profile exhibits two maximum
values at ω ≈ ωP

SPP = 0.26 ω0 and ω ≈ ωP
SPhP = 0.39 ω0 re-

lated to the InSb plasmon- and phonon-polariton resonances,
respectively, while the SiC phonon-polariton contribution is
observed at ω ≈ ωS

SPhP = 1.78 ω0. In this isotropic situation,

the three components of the nanoparticle electric polarizabil-
ity coincide with having resonances at the frequencies ωP

SPP
and ωP

SPhP; see Fig. 4(b).
Anisotropic dielectric response arises in the presence of

a magnetic field: while the z component of the electric
polarizability is unchanged, the x and y components show
magnetoplasmon resonances shifted to higher and lower fre-
quencies than the original plasmon, respectively. Where a
magnetic field of B = 1.2 T is applied, the new satellite plas-
mon resonances are almost equidistant from the original one;
see Figs. 4(c) and 4(d). Also, the InSb phonon-polariton splits
into two extra resonances. As a result, six different nanopar-
ticle modes are available for radiative energy transfer. From
Figs. 4(e) and 4(f), we observed nonlinear shift of the magne-
toplasmon resonances for the case B = 10.0 T. On the other
hand, the resonance frequencies of satellite phonon-polariton
modes are weakly influenced by the magnetic field in com-
parison with the behavior of plasmonic ones. Figures 4(g) and
4(h) illustrate the situation of maximum coupling between the
nanoparticle satellite peak ω+ with the SiC resonance peak.
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The magnetic field not only modifies the dispersion of the
nanoparticle plasmonic and phononic surface modes, but it
also changes their nature: in the absence of magnetic field, the
resonance condition εP(ω) + 2 = 0 of the electric polarizabil-
ity is associated with true surface modes (SMs). On the other
hand, when the magnetic field is applied, the anisotropy of the
dielectric function gives rise to the appearance of hyperbolic
modes (HMs). They can propagate across the nanoparticle
but decay in its surroundings. HMs are expected within the
frequency regions where the real part of almost one compo-
nent of the permittivity tensor ε

↔′
P has an opposite sign with

respect to the other two [49,50], i.e., Re(ε′
P,i ), Re(ε′

P, j ) <

0, Re(ε′
P,k ) > 0 or Re(ε′

P,i ), Re(ε′
P, j ) > 0, Re(ε′

P,k ) < 0.
Figure 5 shows the components of the InSb permitivity

tensor. Here the frequency range of HMs corresponds to the
yellow shaded regions, while the green shaded ones corre-
spond to SMs, where the permittivity components satisfy
Re(ε′

P,x ), Re(ε′
P,y), Re(ε′

P,z ) < 0. When B = 1.2 T is applied,
the original nanoparticle resonance at ωP

SPP and the upper
magnetoplasmon resonance lies within the HM region ω ≈
0.23–0.3 ω0. Thus only the lower satellite resonance ω− is
actually a true SM; see Fig. 5(b). As the field magnitude
increases, the HM regions widen while the SM regions begin
to reduce. For a field of B = 10 T, the original plasmonic
resonance and the two satellite ones are now associated with
HMs. Only the SPhPs survive within the reststrahlen band
as shown in Fig. 5(c). By increasing the magnetic field even
more, it begins to destroy the HM regions too; see the case for
B = 21.75 T in Fig. 5(d). Here, the magnetic field drastically
modifies the dielectric response of the nanoparticle, causing
the high-frequency magnetoplasmon ω+ to disappear. Thus
the resonance condition ε̃′

P,x(ω) = −2 is no longer satisfied;
however, the imaginary part of the nanoparticle electric polar-
izability, Im(αE

x ), displays a maximum value at the frequency
where this plasmon would be located; see Fig. 4(h). For
B = 21.75, this maximum peak coincides with the phonon
resonance of the SiC substrate, giving rise to an increase of
the mean energy distribution we observed at ω ≈ 1.78 ω0.

Finally, in Fig. 6, we analyze the total heat flux, QT , as
the separation distance, L, between the nanoparticle and the
substrate increases, for the cases B = 0.0 and B = 21.75 T.
We observe that the near-field heat transfer in the system
increases 100 times for the short distance range ≈50–200 nm
when an external magnetic field of B = 21.75 T is applied.
This enhancement is progressively lost as the width of the
vacuum gap exceeds the nanometer scale.

V. DISCUSSION

The NFRHT between the nanoparticle and the substrate
depends on both the temperature gradient and the absolute
temperatures. For example, with the same temperature gradi-
ent but different absolute temperatures the heat flux changes.
This happens because the difference of the Planckian distri-
butions in Eq. (6) acts as a temperature-dependent passband
filter. As an example, we present in the Supplemental Material
Fig. S1 [51] the spectral heat function, Sω, for two cases
where the role of the temperature gradient is explained: in
one case the temperature gradient is 200 K and in the second
case the gradient is only 10 K. In both cases the substrate

FIG. 6. Total heat flux, QT , as a function of the separation dis-
tance, L, without magnetic field (black line) and at resonance with
an applied magnetic field of B = 21.75 T (dashed line). At short
separations, there is a difference of two orders of magnitude in the
heat flux.

is kept at a temperature of TS = 300 K. The change in Sω

comes from the difference of the Planck distribution functions
[	(ω, TS ) − 	(ω, TP )] in Eq. (6) that act as a passband filter
which depends on temperatures TP and TS . In Fig. S2 [51]
we keep the same temperature gradient at 10 K but the tem-
peratures of the substrate and the nanoparticle are changed.
In this case, despite having the same temperature gradient
the spectral heat flux decrease at higher frequencies, showing
again the role of the Planckian functions. From the experi-
mental point of view, it is easier to control the temperature of
the substrate. If we set the substrate at TS = 400 K and the
particle at TP = 300 K, the enhancement can also be observed
as shown in Supplemental Material Fig. S3 [51], where the
increase in the spectral heat function is plotted as a function
of frequency for zero magnetic field and at the critical field
of 21.7 T. Last, we have assumed that the temperature of the
substrate is larger than that of the particle TS > TP. However,
we could have the opposite with TS < TP and the heat flux will
reverse direction and the spectral heat flux will not change.
This is true only if the dielectric functions of the particle and
the substrate do not depend on the temperature.

Another experimental issue in the system we presented is
the high magnetic field needed to match the resonances of
the substrate and the nanoparticle. Another option is to look
for materials that required smaller fields. InSb is the material
where magnetoplasmons are easily excited due to the low
effective mass of the charge carriers; thus we need substrates
with phonon frequencies at lower frequencies than SiC. Two
possible materials are GaAs and LiCl where a field of 8 T
is needed for the former and 6.5 T for the latter. However,
the resonant enhancement of the NFRHT is smaller than for a
SiC substrate. This is presented in the Supplemental Material
Fig. S4 [51].

The results presented are only for the external magnetic
field in the direction of the z axis. This was an arbitrary choice.
However, if the external magnetic field is in the direction
along the x axis, for example, the dielectric tensor of the
sphere will change but the effect on the heat transfer will be
minimal as seen in Supplemental Material Fig. S5 [51]. As
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seen from Eqs. (5) and (6), to obtain the radiative heat flux it
is necessary to integrate over all wave vectors and frequencies.
So there is no preferred direction in the system.

VI. CONCLUSIONS

In this work, we presented a theoretical study of the
near-field radiative heat transfer between a magneto-optical
nanoparticle and a polar surface when a static magnetic field
is applied. The magnetic field drastically modifies the po-
larizability of the nanoparticle: in the absence of the field,
the polarizability exhibits resonances associated with phonon
polaritons and surface plasmons, each of which splits into two
additional satellite resonances when the magnetic field is in-
troduced. The characteristic frequency of the new resonances
arising from the plasmonic mode depends directly on the
magnitude of the field. The resulting magnetoinduced modes

are no longer surface ones but become hyperbolic modes and,
as the field becomes stronger, both modes available for heat
transfer are progressively destroyed. However, we found that,
by applying an optimal magnetic field, the total heat flux
between the InSb nanoparticle and the SiC substrate increases
by two orders of magnitude when the maximum polarizability
of the nanoparticle is tuned to the resonance frequency of the
SiC phonon polariton. This resonant behavior can be achieved
by using another combination of magneto-optical nanoparticle
and substrate with surface polaritons as long as they are lo-
cated within the frequency range of magneto-optical activity.
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Pimenov, and I. V. Kukushkin, Phys. Rev. Lett. 126, 136801
(2021).

[43] S. G. Pandya and M. E. Kordesch, Nanoscale Res. Lett. 10, 258
(2015).

155404-7

https://doi.org/10.1103/PhysRevLett.112.044301
https://doi.org/10.1038/s41565-019-0483-1
https://doi.org/10.1038/s41598-021-93695-7
https://doi.org/10.1103/PhysRevLett.95.224301
https://doi.org/10.1038/nnano.2015.34
https://doi.org/10.1038/nature05265
https://doi.org/10.1021/nl503236k
https://doi.org/10.3367/UFNe.0179.200905a.0449
https://doi.org/10.1103/PhysRevB.4.3303
https://doi.org/10.1016/0375-9601(69)90264-3
https://doi.org/10.1021/acs.jpcc.7b02894
https://doi.org/10.1515/zna-2016-0368
https://doi.org/10.1140/epjb/e2007-00053-3
https://doi.org/10.1063/1.3204481
https://doi.org/10.1063/1.4963297
https://doi.org/10.1021/acs.jpcc.9b01914
https://doi.org/10.1038/s41467-018-06795-w
https://doi.org/10.1103/PhysRevMaterials.3.015201
https://doi.org/10.1103/PhysRevMaterials.1.062201
https://doi.org/10.1364/OE.26.00A209
https://doi.org/10.1038/s41598-020-73017-z
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121922
https://doi.org/10.1103/PhysRevB.99.045418
https://doi.org/10.1063/1.4941751
https://doi.org/10.1063/1.2931062
https://doi.org/10.1016/j.jqsrt.2014.12.010
https://doi.org/10.1051/epjap/2010027
https://doi.org/10.1119/1.4948402
https://doi.org/10.1021/jp066539m
https://doi.org/10.1016/S0167-5729(00)00007-8
https://doi.org/10.1103/PhysRev.104.1804
https://doi.org/10.1103/PhysRev.122.475
https://doi.org/10.1088/0034-4885/33/3/307
https://doi.org/10.1063/1.4968178
https://doi.org/10.1016/j.pquantelec.2007.11.001
https://doi.org/10.1103/PhysRevB.102.075410
https://doi.org/10.1016/j.optcom.2014.12.033
https://doi.org/10.1021/ja309821j
https://doi.org/10.1021/acsphotonics.7b01223
https://doi.org/10.1103/PhysRevLett.118.173902
https://doi.org/10.1364/OE.412585
https://doi.org/10.1103/PhysRevLett.126.136801
https://doi.org/10.1186/s11671-015-0966-4


S. G. CASTILLO-LÓPEZ et al. PHYSICAL REVIEW B 105, 155404 (2022)

[44] A. Hartstein, E. Burstein, E. D. Palik, R. W. Gammon, and B. W.
Henvis, Phys. Rev. B 12, 3186 (1975).

[45] G. Weick and D. Weinmann, Phys. Rev. B 83, 125405 (2011).
[46] K. L. Kelly, E. Coronado, L. L. Zhao, and G. C. Schatz, J. Phys.

Chem. B 107, 668 (2003).
[47] P.-O. Chapuis, M. Laroche, S. Volz, and J.-J. Greffet, Phys. Rev.

B 77, 125402 (2008).
[48] C. F. Bohren and D. R. Huffman, Absorption and Scattering of

Light by Small Particles (John Wiley & Sons, New York, 2008).
[49] C. Hong, A. Siahmakoun, and H. Alisafaee, Photonic and

Phononic Properties of Engineered Nanostructures X (Inter-

national Society for Optics and Photonics, Bellingham, WA,
2020), Vol. 11289, p. 1128929.

[50] X. Song, Z. Liu, Y. Xiang, and K. Aydin, Opt. Express 26, 5469
(2018).

[51] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.105.155404 for additional graphs explain-
ing the role of the temperature gradient and absolute temper-
atures in the near-field heat transfer. Also, the role of having
different substrates besides SiC is discussed as well as the
influence on the heat transfer when the direction of the magnetic
field is changed.

155404-8

https://doi.org/10.1103/PhysRevB.12.3186
https://doi.org/10.1103/PhysRevB.83.125405
https://doi.org/10.1021/jp026731y
https://doi.org/10.1103/PhysRevB.77.125402
https://doi.org/10.1364/OE.26.005469
http://link.aps.org/supplemental/10.1103/PhysRevB.105.155404

