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We introduce a many-body theory for thermal far-field emission of dipolar dielectric and metallic nanoparticles
in the vicinity of a substrate within the framework of fluctuational electrodynamics. Our theoretical model
includes the possibility to define the temperatures of each nanoparticle, the substrate temperature, and the
temperature of the background thermal radiation, separately. To demonstrate the versatility of our method,
we apply it in an exemplary way by discussing the thermal radiation of four particle assemblies of SiC and
Ag nanoparticles above a planar SiC and Ag substrate. Furthermore, we use discrete dipole approximation to
determine the thermal emission of a spherical nanoparticle in free space and close to a substrate. Finally, the
calculation of the thermal far-field radiation of a sharp Si tip close to a SiC substrate using the discrete dipole
approximation including the near-field scattering by the tip as well as the thermal emission of the tip and the
contribution of the substrate which is partially blocked by the tip serves as another example.

DOL: 10.1103/PhysRevB.105.205422

I. INTRODUCTION

The theory of near- and far-field thermal radiation in many-
body systems has greatly advanced in the last decade. This
development arose from the generalization of Draine’s work
on dipolar many-body interactions [1] by allowing for fluctu-
ational and induced dipolar moments [2]. With this approach
one could study thermally fluctuating fields generated by in-
teracting dipolar objects and, thus, describe near-field as well
as far-field thermal emission of an arbitrary number of dipolar
objects each thermalized at its own heat bath with given tem-
perature. Further works generalized this model, rendering it
possible to place dipolar objects in an environment at a given
temperature [3] and to include magnetic dipolar contributions
[4]. Therewith, thermal infrared radiation emitted by small
metallic objects can be described more accurately since they
are known to have a massive effective magnetic response due
to the induction of eddy currents [5-8]. It should be mentioned
that also more general models were introduced in order to pro-
vide a theoretical basis for many-body systems with objects of
arbitrary size and shape [9-12] as well as numerical methods
[13-15].

Here, we will focus on the dipole model only, which is
the theoretical workhorse of many recent works because of
its conceptional and numerical simplicity. For example, using
this model it could be shown that the heat transfer between
two dipolar objects can be enhanced by the presence of a sub-
strate or more general third objects supporting surface waves
like phonon polaritonic media [16-20], graphene [18], Moiré
bilayer graphene [21], or hyperbolic media [22,23]. For nonre-
ciprocal media even more interesting many-body effects were
demonstrated like persistent heat currents and fluxes [24-27],
giant magnetic resistances [28,29], Hall and anomalous Hall
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effect [30,31], circular polarized emission and thermal angu-
lar momentum and spin [25,32,33], as well as nonreciprocal
near-field diodes [34,35] or spin-related directional thermal
emission [36]. Of course, also radiative heat transfer between
different many-body systems has been studied theoretically
for anisotropic systems [37—41], fractal structures [40,41], and
lattices [42,43] as well as thermal transport in one-, two-,
and three-dimensional (1D, 2D, and 3D) nanoparticle systems
[44—47] including topological Su-Schriefer-Heeger structures
[48]. Predominately, such studies are of theoretical interest,
but they can also be relevant for radiative heat transport mea-
surements in particle glasses [49] and other systems. Reviews
of most of the advances in the last 10 years can be found in
Refs. [50-52].

In this work, we provide a generalized many-body theory
for the thermal far-field emission of N dipolar objects in a
given environment. Based on the coupled dipole method of
Ben-Abdallah et al. [2], first Edalatpour and Francoeur [53]
and then Ekeroth et al. [54] provided a model for near-field
heat exchange and, subsequently, also for thermal emission
in the context of discrete dipole approximation (DDA) of
a macroscopic object divided into many small subvolumes,
so called voxels, which act as fluctuating dipoles emitting
thermal radiation. Here, we want to extend that description
by including magnetic dipole moments to be able to describe
metallic nanoparticles. Furthermore, we include an environ-
ment consisting of thermal radiation at a given temperature in
which N dipolar objects and a material part at another tem-
perature, for instance a substrate, are embedded. Therefore,
our model can be regarded as an N-body extension of the
dipole model in Refs. [55-58]. Our model can be used to study
thermal emission of any N-body assembly close to a substrate,
for instance, but it can also be employed for a discrete dipole
approximation of a single or several macroscopic objects close
to a substrate or environment as depicted in Fig. 1. To demon-
strate the versatility of our model, we will study the thermal

©2022 American Physical Society
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FIG. 1. Sketch of a DDA of a macroscopic object by N voxels
(a) and of two spherical nanoparticles differing in size and material
(b) each emitting heat radiation into the far field. The substrate,
the different nanoparticles, and the background radiation have, in
general, different temperatures. The radiation is gathered at the de-
tection plane lying parallel to the substrate. The assemblies are at
edge-to-edge-distance d to the substrate.

emission of different combinations of four nanoparticles close
to a planar substrate, the thermal emission of a macroscopic
spherical particle close to a substrate using DDA, and the
thermal emission and scattering of near-field thermal radiation
by a sharp tip, again, using DDA. This allows us also to check
the validity of our results against those of Refs. [4,54,59].
Finally, we will also discuss the impact of different choices
of the dressed polarizability to some extent.

Our paper is organized as follows: In Sec. II we intro-
duce the theoretical framework and derive the general N-body
expressions. This includes also the introduction of different
definitions of the dressed polarizability. In Sec. III we pro-
vide several numerical results including those for the thermal
emission of a single nanoparticle, of a combination of four
nanoparticles with different temperatures, a DDA calculation
for a spherical particle, and a DDA calculation for a sharp tip.
Finally, in Sec. IV we summarize our findings.

II. THEORETICAL FRAMEWORK

In this section we introduce the general theoretical expres-
sions for the emitted power of a heated system that consists
of N nanoparticles treated as pointlike dipoles in presence of
a substrate as sketched in Fig. 1. This results in two possible
applications to determine thermal emission. One is pursued by
approximating macroscopic objects by voxels like in Fig. 1(a).
In that case, we refer to this procedure as DDA. The other one
describes the thermal emission of several separated subwave-
length emitters as depicted in Fig. 1(b). Since this situation
is different from DDA, we will refer to it by using the term
coupled dipole method (CDM). In the CDM cases considered
in the following, these emitters will be spherical. In both
cases the same formalism applies which we develop in the
following. We start by determining the electric and magnetic
fields generated by these dipoles in terms of the dressed po-
larizability for which we also discuss the different choices
used in literature. Finally, we apply the fluctuation-dissipation

theorem (FDT) to derive an expression for the emitted power
of the N-body system through a “detection plane.”

A. Fluctuational fields

Let us start by considering a configuration of 1 <o < N
nanoparticles arbitrarily distributed in front of a substrate
occupying the half-space at z < 0. We ascribe different tem-
peratures T,, Ty, and 7, to the nanoparticles, substrate, and
background, respectively. We assume that the nanoparticles
fulfill the dipole approximation. That means their radii R,
obey 3R, < d, < Ay with particle-substrate distance d, and
thermal wavelength XAy. Each nanoparticle and the substrate
possess nonmagnetic, homogeneous, and isotropic material
properties, therefore, we neglect their permeabilities but we
allow for eddy currents inside of the nanoparticles so that we
can treat metallic nanoparticles [4-8]. To include the effect
of self-interaction, we want to start by composing the equa-
tions for the fields in the nanoparticle o within the framework
of macroscopic electrodynamics. For these fields we make the
ansatz (k = E, H)

Frin(te) =Feen (te) + o0 Y |:l/ d*r G (ry, 1)J (r)
Lt

le(EH

+ wZsz(ra,r,s)df}. (0
BFa

Here Fg = E is the electric field, Fy = H the magnetic field,
dg = p the electric dipole moment, and dg = m the magnetic
dipole moment. Jy describes the above-mentioned eddy cur-
rents. The index “env” indicates a background field consisting
of the radiation of the background and substrate, G(r,r’)
denotes the corresponding Green’s function, V,, the volume
of nanoparticle «, @ the angular frequency, i the imaginary
unit, and po the vacuum’s permeability. Exploiting the long-
wavelength approximation (LWA) and, thus, assuming that the
current density is constant inside of the minuscule nanoparti-
cle volume, we extract the current density from the volume
integral so that we can interpret it as volume average of the
Green’s function. After replacing the current density by the
corresponding dipole moment, we obtain (k = E, H)

Frin(re) =Fpen (re) + po0?

x [(kara»d?+Zle<ra,rﬁ>df}

le{E,H}) B#a
(2)
with the volume averages
1
(G(r)) = v f d*r'G(r,1). (3)

Note that this integral contains a singularity at r' =r.
However, a rigorous treatment is provided by [60-62]. To
obtain a closed formula for the fields, we decompose the
dipole moments into a fluctuating part and an induced one,
so that

¢ =d¢ g+ eoVoxg Froin(re). @

205422-2



GENERALIZED COUPLED DIPOLE METHOD FOR THERMAL ...

PHYSICAL REVIEW B 105, 205422 (2022)

Here, ¢( denotes the vacuum’s permittivity and yg/ are the electric and magnetic susceptibilities which will be specified later.
Inserting Eq. (4) into (2), we find for the fields inside of nanoparticle « the closed expression

Frin(ry) = Frenv(ry) + Z |:M0w2(le(rw)>d?,ﬂ + kg Vo x 2 (G (1)) F 1 in(Ts)

le(E,H}

pa

with the vacuum wave number kg = w/c. This system of N
vector equations for 1 < o < N can be rewritten in a more
compact way by exploiting the block-matrix notation. There-
fore, let us introduce the block vectors

F, = (F(r)), ..., Fi(ry)), (6)
d, = (d,....dY) )
and the block matrices
G = 8ap(Gra(rp)) + (1 = 8up)Cra(re, 15),  (8)
X = SupVox - )

With these definitions we can express the corresponding fields
by the two block-matrix equations (k = E, H)

Foo=Fn+ Y [100°G d, i+ G XF ] (10)
1e{E.H}

Eventually, one can interpret these two block-matrix equa-
tions as one new block-matrix equation introducing the block
vectors

= (E. H)Y, (1)
d = (p,m) (12)
and the new block matrices

G (S S (13)

G G )

HE —EE

X=(Z 0 14
=0 x /) (14)

Inserting the latter into Eq. (10), we obtain

Fin=[ 1 =k GX |7 (Few +p00® Gdp). (15

This expression allows us now to derive the fields outside of
the nanoparticles. By inserting Eq. (15) into (4)

d=(1+K &G ) da +50 &Fen, (16)

we obtain the closed form of the dipole moments. Here, we
introduced the dressed polarizability

@ =X [1 -k GX] 7. (17)
A general discussion of this dressed polarizability will follow
up in the next section. Here, we focus on the derivation of
the fields outside of the nanoparticles which are given by the

+ Z(Moszu (rg, 1g )dfﬂ + kSVﬁfokz (re, rg)Fin(rp )):| 5)

(

fields generated by the dipole moments and the environmental
fields so that we have

Frou(®) = Freny (1) + tow” Y Y Gu(r,r)df. (18)

le{EH} «

By inserting Eq. (16), we finally obtain the result for the fields
outside of the nanoparticles:

Frou® =Fren@+ > > Gu(r.ra)

I,me{EH} «o,B
X (/L()a)ZA(;’fd’i f + kOalm m,env(rﬂ)) (19)
with

A=1+k &G . (20)

Note that this expression is very general and describes the
fields generated by the fluctuational dipoles inside of the
nanoparticles and the field of the background and substrate
within near- and far-field regimes. We will use these gen-
eral expressions to compute the z component of the mean
Poynting vector integrated over a plane above the nanoparticle
assembly. This will give us the spectral power emitted by the
nanoparticles in vicinity of the substrate, taking into account
the different temperatures of the nanoparticles, substrate, and
background. Hence, this power determines the emitted heat
of the whole system which would also be measurable with a
detector.

B. Dressed polarizability

Actually, Eq. (17) contains four different dressed polariz-
abilities which are given by

_ 2
e =X [1l-KGC X —kG X
x[L-Ke X ]G X ] @1
o =F « =a B (22)
ZEH/HE  —E/H—HH/EE _ —EE/HH=H/E
with
~1
EE/H = kOXE/H []l kO@EE/HHﬁE/H] QEH/HE’ 23)
—1
Eoy= kOgHE/EHXE/H[]l kO@EE/HH§E/H] : 24

Note that the bar notation indicates E = H and H = E, respec-
tively. Additionally, the relations

1 ~1
k_(Z)EE/H:EH/HE tE E (25)

Lepmn — ZE/H=HH/EE—E/H
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hold. These relations are the general N-body formulas for the
dressed polarizabilities.

To show later that we can retrieve the known single-particle
expressions from the general ones, we restrict ourselves to
the electric polarizability by setting xg = 0. Then the above
expressions simplify to

ogE = Qg L6 @ e, + e, @ e,] + apg ce; R e, (26)

V Xe
1 — k3V xe(Geg, 1/2)

whereas the other polarizabilities vanish. Here, the vol-
ume average of the components perpendicular and parallel
to the surface normal split up in the vacuum contribution
(GEE.vac, L /z) and the contribution of the surface reflected fields
(GEE ref, 1/z)- To further evaluate this expression, we require
the volume averages of the Green’s functions. These aver-
ages depend on the shape of the nanoparticles. For pure
vacuum, i.e., without substrate, they are well known and long
established [60-62]. Nonetheless, throughout the literature
different forms are used which lead to different expressions
for the dressed polarizability [1,3,54,61,63—67], especially for
DDA. When considering spherical nanoparticles, for instance,
one finds the expressions [3,54,60,63,67]
1 iko

—_— 4 — 28
3Vk3 + 6mr (28)

QEE, 1/; = , 27

(GEE vac, 1/z)D-CDM = —

which includes the so-called “radiation correction” term and
is also called “Draine’s form” of coupled dipole moments (D-
CDM) [60]. On the other hand, the expression [60,61,64]

2 o
(GEE vac, 1/2)s-coM = (5[1 — ikoR]e™ R — 1) (29)

Vi
is used which is also called the “strong form” of coupled
dipole moments (S-CDM) [60]. Note that in the limit kgR < 1
one has

(GeE vac, 1/2)s-com ~ —1/(3k5V) = (GE vac, 1/2)w-cDM-
(30)
That means in the small sphere limit the strong form of cou-
pled dipole moments converges to the “weak form” of coupled
dipole moments (W-CDM) and the only difference between
the weak and strong forms and Draine’s form in that limit is
the radiation correction term iky/67r which is typically small
in the limit. As a consequence, when using the susceptibility

xe=e—1 31

the polarizability for a nanoparticle in vacuum including the

radiation correction is [3,54,60,63,67]
QW-CDM

3 (32)

QEE, l/zp.cDM = s
— 0W-CDM g;

with the Clausius-Mosotti—type polarizability of a spherical
nanoparticle also obtained from the weak form of coupled
dipole moments

e—1
e+2

awW-CDM = 3V (33)

On the other hand, the strong form of coupled dipole moments
leads to the polarizability

V xe
1 — xe(3[1 — ikoR]et*oR — 1)

®EE,1/z5.cDM — (34)

which coincides in the limit kgR < 1 with the weak form
Ow—cdm like it is used in Ref. [64].

Note that these expressions are only valid without sub-
strate. With substrate also the average of the scattered part of
the Green’s function needs to be added. In that case we have
the three forms

AwW-CDM
QEE. L/zp.cbM = i N )
— aw-coM e — kyaw-com (GEE ref. 1/2)
(35)
QEE, 1/z5.cDM
_ Ve
1 — xe(3[1 — ikoRle® R — 1) — k3V x (Geper 1/2)
(36)
Oly—cd
®EE, L/zw.cDM — L . (37)

1-— kgaw—cdm<GEE,ref.,J_/z)

The weak form is the one used in Ref. [55] together with
an approximated Mie expression for the dipolar polarizabil-
ities in place of aw_cpm. This combination of the weak form
together with Mie expressions is not unusual and has been
applied to spherical nanoparticles for the electric and mag-
netic parts [55] because it might also be applicable to spherical
particles of larger size as long as the dipole contributions are
dominant. It corresponds to setting (Ggg, vac, 1 /;) = 0 and using

IV, i
Vxk = S5a. (38)
xa
o Vi o
Vodi = 55 b (39)

where [68]

L= Eajl(ya)[xajl(xa)]/ - jl(xa)[yajl(ya)]/
st Ga) [l ()] = h{P () V1 )T
b = J10Ve)[Xe j1 (X)) — J10) a1 o)l
Dt @)] = Y o)y ji o)V
are the dipolar Mie coefficients with x, = koRy, Vo = /€aXa>
and the spherical Bessel and Hankel functions of the first kind
[4]. The primes denote the derivatives with respect to the func-

tion’s argument. &, denotes the permittivity of nanoparticle «.
In the limit x,, y, < 1 the susceptibilities simplify to

(40)

(41)

gy — 1
Vaxg = 3Vam, 42)
o Ho 2 2
Ve = B le 2, 43
XH € lo'xct(g ) ( )

Note that in this limit Vi x§ equals aw.com so that the
electrical part retrieves the Clausius-Mosotti form of the po-
larizability. This mixed approach of the weak form with the
Mie coefficients is called the “weak Mie form” (W-Mie-
CDM) in the following.
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In the numerical evaluations of thermal radiation of one
or several nanoparticles within the CDM we will use the
expressions for spherical nanoparticles. On the other hand,
for DDA simulations we will use cubic volume elements of
a single unit size to replace the macroscopic object by a
assembly of voxels. More elaborated DDA simulations with
rectangular voxels or voxels of different sizes and shapes for
better approximation of the shape of the macroscopic object
can, of course, also be used [69,70]. An overview on the DDA
method in general can be found in Ref. [71], for instance. A
more detailed discussion on finite-size effects of some of the
considered polarizabilities which are important for large radii
can be found in Ref. [72].

C. Total emitted heat radiation

Now, we determine the total heat flux through a plane
parallel to the substrate’s surface above the nanoparticle as-
sembly. This heat flux is equivalent to the power emitted into
the far field. As mentioned before, we need the Poynting vec-
tor which is computed by means of the FDT [73]. To this end,
we assume that the background fields as well as the electric
and magnetic dipole moments are uncorrelated. We obtain

P, = 2Re [ dr & l(Boul) © Hyy o)
=Ps+Pnp+Penv 44)
with the power solely emitted by the background fields
P=2Re [ r e (B @ L @G @)

the power emanated from the nanoparticles
CY Y Ref e
k,le{EH} @,B,y.6
x [Grx(r, ra)AZég ((Pﬂ ® Pﬂ» A\zyléS 'GIU(I" ry)

+ Gi(r, 1y )M{.’}((mg ® mg»”&;’gTGLl(r, Iy )]ij’
(46)

Pnp =2:u'

and the power stemming from interactions between substrate
and nanoparticles

Pey =25 Y ZRe/d reij

k,le{EH} a.B
X [((Beny(r) @ F} ()0l G, (x, 1)

+ GEk(r ra)akl ((Fl env(rﬂ) ® Henv(l’)))w

+ k5 Z ZGEk(l‘,l‘a)‘le

m,ne{E,H} y,8

X ((Fren(rp) ® F} o0, (15))) 0T G, (o, 1))
(47)
Additionally, €;;, denotes the Levi-Civita symbol, d*r the

infinitesimal surface element of the x-y plane. The ((-)) nota-
tion indicates an ensemble average over thermally fluctuating

currents and fields. For the first term P in Eq. (44) we obtain

kn
Py = Ahw(ns — nb)/ _kJ_(Z — rel* = [rul?).  (48)

It conveys no additional information about the scattering pro-
cess but describes the power transferred between substrate and
background due to the different temperatures of the substrate
and background [74]. Here, A denotes an area in the x-y
plane, % the reduced Planck constant, and rg g are the Fresnel
amplitude reflection coefficients for parallel and perpendicu-
lar polarized light, respectively (see Appendix A). n; is the
Bose-Einstein occupation probability

nj = [e% —1]"" (49)

with the Boltzmann constant kg. The plane area A diverges
when considering the whole x-y plane, so that we will later
set A to be the geometrical cross section of the considered tip
or nanoparticle. However, in an experiment the choice of A
would correspond to the collection area of a detector. Nowa-
days, many experiments usually operate in tapping mode with
a lock-in technique [75-81], i.e., the distance between sub-
strate surface and nanoparticle assembly, e.g., the tip of an
atomic force or scanning tunneling microscope, oscillates dur-
ing measurements. Then, because P is constant with respect
to the distance between nanoparticles and substrate surface,
this quantity will average out and does not contribute to the
detected signal.

For the evaluation of P,, we need two intermediate steps.

At first, we exploit Eqs. (22) and (25) to rewrite Agﬁ/HE in
terms of AZE . by

AP

N
ay g VB
EH/HE — Z IE‘E}/Hl&%—/IH/EE (50)

Besides, we have to evaluate the correlation function which is
done by using the FDT related to [58]

((dea ®d] )2y
2h
- (e D) S s

with the generalized susceptibilities

aaﬁ aﬁaT y
Xa,g—ko kk lkk koZ“y
s Syt Y€ res ey tmdet
% G}c/k - sz + Z E/E G/Ek — GEk EE P
2i - 2i Fek -
(52)

These general susceptibilities used in the FDT are known for
single arbitrary objects [9,82] and in particular for a single
dipolar object in a given environment as well as for many
of them [35,50,58,72,83] where the details of the derivation
for arbitrary objects can be found in [9,82] and for dipoles
in [72]. A more detailed justification for this evaluation will
follow at the end of this paragraph. With that we obtain
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for Pyp

Prp =4h“0w2Refd2r6iﬂZ Z (GEk(r, ra){|:<n(Ta,a))+ )Xa,g +Z <n( , o)+ ) Fe k ]FﬁST:|GTk(I‘ rg)

a,B ke{EH}

1 4
+Z|:< ,w) + )]FZVXyﬂ—i— (n(Ta,a))—i—E)XI;VF;?VT}GI‘{E(L m)}) . (53)
Y ij
If the radiative heat sources in the substrate and background are uncorrelated, we can safely decompose the correlation
function concerning the fields of the whole environment containing substrate and background into separated correlation functions
dealing with either the substrate or the background. Then, we can follow the procedure outlined in Ref. [58] providing
((Fr(ra) @ F} (rp))” = ((Fi(re) @ Fj ()% + ((Fi(re) @ Ff (rp)))i2, (54)

for the correlation function of the whole environment with

1 Gaﬂ _ GﬁaT
((Freny (ra) @ F . (rp)))% = 2lipo0’ (nb + 5) % (55)
and
(Fren(Te) @ F]  (0p))ieg = 2hptow’kg (ng — nyp)Im(ey) f d’r Gig(ra, DG (rg, T). (56)
Vs

In the latter equation, V; denotes the substrate’s volume, & its permittivity, and G® describes the Green’s function for sources
inside of the substrate. If one refers to spatial arguments which do not correspond to particle positions, the superscripts in the
Green’s function in Eq. (55) are replaced by the usual argument notation with coordinates of the observation point and the
source point. The first correlation function stems from forcing both fields to fulfill the global equilibrium correlation function
[84] when they are at the same temperature. The second one, however, results from evaluating the correlation functions in local
equilibrium for both fields separately. Using only the first correlation function in Eq. (55) and the relations between the dressed
polarizabilities (k = E, H)

o
L = L (57)
4 — —
%oy = "% (58)
we obtain for the global equilibrium contribution of Pepy = Penveq + Penv,leq
Penv,eq = _4hl/L0w (nb + )Re / d*r €ijz Z Z (GEk(r rot)|:Xu¢/3 + ZFzV X])(/B]Flfﬁ:| Gltlk(r’ 1‘5)
B ke(EH}
+ Z Gex(r. ) [FY X + Xy B ]Gl (r. g )) ' ©?
ij

Comparing P,, and Penv,eq, they only differ in sign and temperature. Therefore, we can merge them to one contribution to the
whole system describing the heat transfer between all nanoparticles and the background. This also describes detailed balance
between background and nanoparticles and also serves as justification for the evaluation of the dipole moment correlation
functions a posteriori because this part vanishes when 7}, = T}, as it should be. Together with the matrix abbreviations

NP = (g — mp)xey + D (ny — np)EY X5 TR (60)
Y,
and
NP =" [(na — m)xl, BT+ (0, — )Y x5 ] (61)
Y

we simplify the merging of Py, and Pepyeq t0

Poir = Pnp + Penv,eq
= 4huoa)2Re/d2r €ijz

X Z( Y G r)MP Gl (r,1p) + Ger(r, ra)INP Gy (r, 1p) + Gen(r, ra)INFT Gl (r, rﬁ)> : (62)

o, \ke{EH} ij
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Analytically simplifying the integrals as far as possible, we end up with

€
Py = ha)kOReTr<M I +2MI +2 /NI ) (63)
—E=E Lo —H=H Ho —c=c
The components of the tensors I are integral expressions listed in Appendix B.

The remaining “local equilibrium contribution” (LEQC) consists of two parts

Penv,leq = Paps + Pscat (64)
with
Pups = 4kghipao* (ng — np) Yy ZRe / d*r / dr'e;;.Im(g,)
k,le{E,H}
x [Gy(r, r)GL (g, T )akf*G (r, 10) + Gk (r, T )] G (g, £)Grip(r, 1), (65)
and

Pycar = 4k Tipto* (ng — ny) Z Z Re / d*r / d’r'e;;, Im(ey)

k,l,m,ne{EH} «,B,y.,8

x [Gri(r, v Gl g, 1G5, K)o Gy, (v, 1) (66)
Analytically simplifying the integrals as far as possible, we obtain
Pyps = (np — ns)hkaImTr (oc R + P _HHBH +2/ p gHEEc) 67)

and

1
Pocar = Z(ns - nb)ha)kgReTr

o [ €0 f % o, 0 [ €0 ,
X ([aEEEEEEE + Lo EEHEH_EH + 2 Mo _EEECEEH]EE + Lo [gHEgEgHE + Lo gHHEH_HH + 2 Lo gHEEC—HH}EH

T €0 200) T €0 + ot
+ 2\/ o |: =EE (F + 5E)gHE + %gEH(EH + KH)—HH + \ %gEE (Lc + Ec)%-m + %gEH(LC - Ec)gI‘-IE}EC)
(68)

The integrals R and T are listed in Appendix B.
The total emitted spectral power is

Pror = Pair + Pavs + Ps + Pecat (69)

where Pg;; gives the direct thermal emission of the nanoparticles and P, describes heat flux between substrate and background
that is absorbed in the nanoparticles which is encoded by the imaginary part. This power can become negative due to the choice
of temperatures in the Bose-Einstein factors which is opposite to the one in Py, The latter describes the power transferred to the
background by being scattered at the nanoparticles. The diagonal entries of the I' integrals indicating identical particle indices
coincide with the integrals used to describe the heat flux between a small sphere and a semi-infinite half-space without multiple
reflections [9,85]. Note that, in principle, Py, and P need to be considered together because P,y corresponds to the power which
is absorbed from Py due to the presence of the nanoparticles when 7y > Ti,. Hence, when choosing A equal to the cross section of
all nanoparticles the sum of Py,s and Py would be positive even though Py, itself would be negative if the dipole approximation
is fulfilled.

III. NUMERICAL RESULTS

A. A single nanoparticle

To check for plausibility, we want to retrieve the result in [58] for the single-nanoparticle case N = 1. Then, all 3N x 3N
block matrices reduce to ordinary 3 x 3 matrices corresponding to the 11-entry of the former block matrix. For example, now,
the Green’s functions are fully described by the volume averages. This yields the dressed polarizabilities (k = E, H)

Voxile: ® e, + e, ® e] Voxie, ® e,

— 4 ViG] — kgV xi (G o)
1 kOVpXk(Gkk,l> 1 ]‘:OVpXk<GkkL) g

O = (70)
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KV, xexn(Gue)le: ® e, — e, ® €]
1 = kgVpxe(Gee, 1)) (1 = k§Vpxu(Gan, 1)) + kgV2 xe xu(Gug)?

OEH = OHE = ( (71)

which coincide with the dressed polarizabilities in [58]. The matrices IF, IE, and IN follow the structure of Eq. (71), meaning that
the matrices only possess a xy and yx entry. The matrices x and IM, however, look like Eq. (70) having three entries with two
identical ones accounting for one direction parallel and two directions perpendicular to the substrate’s surface normal. Then, we
obtain the identical results as in Ref. [58] for the three contributions

Z €0 €0
Pdir = ha)k()RC ME,jIE,j + M—MHJIH’I' +2 M_NCIC , (72)
0 0
}

je{l.z
3 €0 &0
Pyps = (np — ns)ha)kolm< Z |:05EE,jRE,j + M_(XHH,_jRH,_j] +2 M—OtHERc), (73)
0 0
}

Jell.z

and

1 6 2 €0 2 o % 2
Pycar = g(ns — np)hiwkyy | logg, L |"TE, 1 + M_|05HE| 'y +2 M—RG(OIEE,LOZHEFC) Ig. 1 +2|ogg | TE 1 -
0 0

&0 €0 €0 €0
+— |:<|aHE|2rE,L + — lomm, 1 *Th 1 + 2 —RC(WHE(XEH,J_F?»IH,L + 2_|aHH,z|2FH,zIH,zi|
Mo Mo Mo Mo

&0 € 2] €0
+2 —Re|:< —ogp10pplE L + —ompopy  Tny + [ —oee oy Te— —|aHE|2F:)Ic} } (74)
Mo Mo Mo Mo

The expressions Mgy, 1/ and N, as well as the different integral terms I" and / can be found in Appendix C. These three terms
describing the direct emission of the nanoparticle, the amount of thermal background radiation absorbed in the nanoparticle, and
the scattered contribution were already discussed in detail in Ref. [58]. Nonetheless, we want to compare them with other results
from literature.

For example, when considering only the electric dipole contribution in Py, we find the expression

Pycat = 3 (ng — ny)howk§(Joge, 1 1°Tg, 1 1g 1 + 2lage | TE Jg ) (75)

for the scattered power by an electric dipole. This expression does not fully coincide with the dipole expression given in Eq. (7)
in Ref. [64]. This deviation can be traced back to an error in the definition of the transverse magnetic (TM) mode part of the
Green’s function in Eq. (4) in Ref. [64]. To highlight the difference and consequences, we first explicitly write the expressions for
the 7 integrals and introduce the angle ¢+ between the surface normal and the wave vector by k; = kg sin(?) and k, = ko cos(?).
We then obtain

1 /2 L )
Pocac = 5 (n = my)heok§ / d¥ sin(?)(lee, L PTg, 1 [cos(9)2[1 — rge® N2 41 4 pe?tlo o 2]
0
+ 2|age. | T . sin(9)?| 1 + rge’kocos@®d 2y (76)

which is the same result as in Eq. (38) in Ref. [55]. Note that the transverse electric (TE) mode terms with rg have a different
sign. In Ref. [64] the TM mode contribution of the scattered part of the Green’s function contains the wrong combination of
polarization vectors. Using this definition one would obtain the same sign in front of the rg terms. Consequently, the scattered
intensity given in Eq. (7) in Ref. [64] is

4

_ "0
167272

([E") ([lee. LI? cos()(EZ) + lotge.. | sin(@ (EZ)| |1 + e D2 4 jag ; HEF) 1 + e <D12),(77)

where the energy densities (E2) and (Ezz) of the substrate at the position of the dipole moment are connected to our I" integrals
such that ¢ (EXZ) = hw(ng — n;,)FE,Lkg/c and € (EZ) = 2hw(ng — n;,)FE,zkg/c where in Ref. [64] n;, = 0. A correct use of the
the polarization vectors in the Green’s function would give
k4 . .
<|EFF|2) — 16 02 > (|aEE,J_|2 COS(ﬁ)Z(E)?)'l _ rEe2lk0 cos(z?)d|2 + |aEE,z|2 Sln(l?)2(EZ2>|1 + rEeZZk()COS(ﬁ)d|2
i

+ loge P(EZ)I1 + rge? e %), (78)

This expression coincides with the integrand of Py, in Eq. (76).
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FIG. 2. Py, normalized to the exact result P(mie in Ref. [86] for
a (a) SiC nanoparticle at the localized surface mode frequency w =
1.787 x 10" rad/s and (b) Ag nanoparticle at = 1.0 x 10'* rad/s.

In the even simpler case without substrate, we are left with
the expressions for the thermal emission of a nanoparticle at
temperature 7), in a vacuum filled with blackbody radiation at
temperature 7, = T;. We obtain

an)kSV,,(n,, — np)Im(xg)

7|1 = K2V, xe{ Gk vac) |
€0 kg Vy(np — np)Im ()
Mo |1 — k(%VpXH<GHH,vac>|2.

We can compare Eq. (79) with the known Mie expressions
of the thermal radiation of a spherical particle derived by
Kattawar and Eisner [86]. Taking only the contributions of the
electric and magnetic dipolar terms in the limit k)R < 1 and
kole|R < 1 the Mie theory yields [86]

P = hw(n, — ny)12[Re(a;) — |a|* + Re(by) — |by |

dir =

(79)

Im(e)
~ 353
=~ 24k0R h(,()(}’lp - ﬂb)m
4 sps
+ EkOR (np — np)Im(e). (80)
Hence, PMi¢ = 2Py, when choosing
xg=¢—1, (81)
1 Ho
= —k}R*(e — )= 82
xu =15k (e )E0 (82)

together with the weak form of coupled dipole moments
(GEE.vac) = €0/ 10{GHH, vac) ~ —1/(3k§V) coinciding with S-
CDM for kyR < 1. Of course, since we consider only the
thermal radiation through a single plane “above” the nanopar-
ticle and neglect the contribution “below,” we have Py, =
Pé\i’lrie /2. We note that the electrical part of Py, also coincides
with the corresponding result for the radiation of a small
sphere as derived in Refs. [9,57].

As discussed before, the same result can be obtained
when implementing the weak form by setting (GgEg, yac) =
(GuH,vac) = 0 and using the expressions for gy from

Eqgs. (42) and (43). In the same manner but by using xg/n
from Egs. (40) and (41) we obtain the weak Mie form. By
comparison with Eq. (80) it becomes clear that the weak Mie
form only covers the term Re(a;) + Re(b;) and therefore is
a linear approximation in the Mie coefficients [8]. Assuming
koR < 1, D-CDM behaves alike. In Fig. 2 we show the result
of Py, for the different forms of the dressed polarizability
including the weak Mie form normalized to the exact Mie
result Pé\i’fe in Ref. [86] for the dipolar contribution for a SiC
and an Ag nanoparticle. It can be seen that for SiC all different
forms are equally good for R < 100 nm which is smaller
than the skin depth dy = 1/2koIm(,/€sic) ~ 830 nm at the
resonance frequency wsppp Of the localized surface modes
defined by Re[esic(wsprp)] = —1 and Im[esic(wsprp)] K 1,
i.e., by the poles of rg. For Ag the differences are much
larger. The D-CDM and W-CDM are mostly the same, and
they provide an equally good approximation for R < 10 nm
as the S-CDM. This could be expected because the skin depth
is this time d; &~ 11 nm at the chosen frequency. Interestingly,
the W-Mie-CDM is very accurate even for radii over several
hundred nanometers in this case. Hence, in the numerical cal-
culations we can safely choose nanoparticle radii up to 100 nm
when using the W-Mie-CDM method, whereas for the other
methods we are restricted to Ag nanoparticles with R < 10 nm
but for SiC nanoparticles also radii up to 100 nm can be used.

B. Four nanoparticles

Inspired by the work of Dong et el. [4] we consider four
nanoparticles made of SiC or Ag in different material com-
binations above a SiC or Ag substrate. These nanoparticles
are positioned on the corners of a square which is parallel
to the substrate interface and has a side length of 4R. The
radius of the nanoparticles is chosen to be R = 10 nm so that
we can safely use the dipole model for the metal nanopar-
ticles using S-CDM. For convenience, we choose the same
temperature for the background and the substrate which are
T, =T, = 300 K so that we only need to consider Py, as
we did for the single-particle case discussed in the previous
section. The two nanoparticles on the left side as depicted in
the insets of Figs. 3 and 4 have a temperature of 350 K and
the two on the right side have a temperature of 310 K. Note
that, due to the different temperatures of the nanoparticles and
the environment, the thermal emission does not correspond
to the absorption of the whole system so that this situation
cannot be treated by simply calculating the absorptivity of the
nanoparticles above the substrate. To display negative values
in those semilogarithmic plots, too, we adopt the method
outlined by Webber [87].

First of all, the numerical results in Figs. 3 and 4 show the
known result for heat transfer between nanoparticles, namely,
that the electric part of Py, dominates the thermal emission
of the dielectric nanoparticles and the magnetic part of Py,
prevails in the case of metallic nanoparticles. The mixed
terms, however, can be neglected in all cases. In general, we
observe a strong peak at the nanoparticles localized surface
phonon polariton resonance at wyppp = 1.78 x 10'* rad/s and
a secondary peak at the transversal optical phonon frequency
wro = 1.495 x 10' rad/s for the SiC components. The latter
frequency is mostly important for the magnetic contributions.
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FIG. 3. Py, and its compound for four nanoparticles made of SiC or Ag of radius R = 10 nm positioned at the corners of a square (as
depicted in the inset) which is in a plane parallel to a SiC substrate at the distance d = 52 nm (substrate, nanoparticle’s center). The temperature
of the two nanoparticles on the left is 350 K and those of the two particles on the right is 310 K, the background and substrate have the same

temperature 7y = T, = 300 K.

For Ag nanoparticles above an Ag substrate no features are
expected since Ag resonates in the ultraviolet as can be seen
in Fig. 4(b) so that when involving Ag the features are due to
the SiC surface or the other SiC nanoparticles. In general, the
spectra resemble those of Dong et al. [4] for the heat transfer
between the two particles on the left and the ones on the right.
Without the substrate the resemblance would be even greater.

In the case of four Ag nanoparticles above a SiC substrate
we find in Fig. 3(b) reduction of thermal emission at the sur-
face phonon polariton frequency wspyp = 1.787 % 10" rad/s
of the substrate. This shows the impact of the strong cou-
pling of the nanoparticles to the surface phonon polaritons of
the substrate which decrease the thermal emission in the far
field because the Ag nanoparticles emit their heat preferen-
tially into the SiC substrate at the surface mode resonance.
Our numerical results indicate that for smaller distances the
nanoparticles and the substrate Py, can even become negative
for metallic nanoparticles above a SiC substrate at the surface

1 1.5 2 2.5
w (10 rad/s)

phonon polariton resonance. We checked that this happens for
all methods W-CDM, S-CDM, and D-CDM. Additionally, the
distance at which Py;; becomes negative depends on the lateral
distance between the nanoparticles. If they touch each other
(d; = 0) Pgi; becomes negative at d = 43 nm. For d; = 4R
this distance grows up to d = 53 and, eventually, decreases
for larger lateral distances. Since Py should be positive for
all frequencies because T, > Ty = T, we are convinced that
this hints to the fact that the dipole model can be safely used
for center-center distance between particles and for center-to-
surface distance larger than approximately SR, only.

C. Discrete dipole approximation: Spherical nanoparticle

Here, we want to apply our general theory to perform DDA
of a macroscopic object radiating heat into the far field. Within
this approximation method the macroscopic object is replaced
by a number of small polarizable subvolumes, so called

w (10 rad/s)

FIG. 4. Py, like in Fig. 3 but for a silver substrate.
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voxels, which are treated with the formalism of the coupled
dipole method. The idea behind this approach is that, by
replacing any arbitrarily shaped macroscopic object by a suf-
ficiently great number of subvolumes or voxels (in the ideal
case an infinite number of infinitely small voxels), the elec-
trodynamical response of the macroscopic object is described
exactly. This allows for treating electrodynamic problems of,
in principle, arbitrarily shaped objects [71]. In the context
of fluctuational electrodynamics this DDA method has been
introduced to describe the thermal heat exchange between
two macroscopic objects [53] by applying the corresponding
CDM formalism first introduced in Ref. [2]. An extension
to treat also the heat transfer between anisotropic and non-
reciprocal objects can be found in Ref. [54]. Furthermore, in
Ref. [59] the DDA method for treating radiative heat exchange
between an arbitrarily shaped object and a planar sample was
introduced and, finally, in Ref. [64] the same group used the
DDA method to determine the near field of a planar sample
scattered into the far field by an arbitrarily shaped object.
Thermal emission of an arbitrarily shaped object into free
space, i.e., without a sample, was introduced in Ref. [54].
When using DDA, typically all voxels of a single object
are considered to have a single temperature 7,. However, in
principle also temperature profiles and multiple objects can
be modeled.

Our here introduced method is a generalization of the two
latter methods in Refs. [54,64]. In Ref. [64], the intensity of
the scattered near field by a single object treated within DDA
is considered, only. Therefore, since no other temperatures
but the temperature of the substrate 7y > 0K are involved in
that approach the results correspond to our expression Pycy
for the scattered power assuming that 7, = 7, = 0 K. But, of
course, even for this choice of temperature the substrate itself
will directly emit heat which will be partially absorbed by
the scatterer which is described by the terms P, and Py, in
our theory. On the other hand, the approach in Ref. [54] only
considers thermal emission of a single object with temperature
T, into vacuum with temperature 7. By replacing the vacuum
Green’s function in the expressions in Ref. [54] by that of
a planar sample, as done in Ref. [35], and integrating the
mean Poynting vector over the corresponding detection plane,
this method would give Py, for the case that 7; = T;. In our
approach, we do not only have access to Py;, for different tem-
peratures of the substrate and the background, but also to all
other heat flux contributions which shows that our approach
generalizes those previous works.

We find that our DDA formalism works for materials where
the electrical part dominates, only. That means that it cannot
be applied to macroscopic metallic objects where the absorp-
tion or thermal emission is dominated by the contribution of
eddy currents. Note that this does not mean that DDA 1is not
able to describe, for example, metals in the optical regime. In
that case, the response would, again, be dominated by the elec-
trical fields. Mathematically, we find that the lack of resonance
of the effective magnetic polarizability in the infrared regime
leads to a negligible coupling between the voxels for the
magnetic dipolar moments. Therefore, the overall response of
the object, being replaced by a huge number of voxels, is the
sum of the response of the individual voxels and it cannot be
used to describe the response of the macroscopic object. That

FIG. 5. Sketch of the sphere used in our calculations approxi-
mated by 2533 voxels. We scale side length L in such a way that our
fixed number of voxels fits the radius of the sphere.

means that the contribution of eddy currents to the thermal
emission of macroscopic objects cannot be treated within a
DDA approximation using magnetic dipole moments. We will
substantiate this claim at the end of this section. Hence, we use
in the following only the electrical part of our theory to carry
out the DDA calculations. As a first illustration we consider
the thermal emission of a single spherical particle within the
DDA as shown in Fig. 5 in a vacuum environment and close
to a substrate.

We have already discussed in Sec. III A that the dipole
model provides reliable results for any choice of dressed po-
larizability for particle radii smaller than the skin depth of the
material. Here, we will use S-CDM as in the DDA calculations
in Ref. [64] because we want to discuss specific results form
that work in the next section. In Fig. 6(a) we show the results
of Pggir for spherical SiO, nanoparticles of different radii
using the DDA with N = 2553 voxels compared with the full
Mie results of Katawar and Eisner [86]. It can be seen that the

—R=10nm |
R=30nm j

—R =100 nm ||
R =300 nm

PE,dir (10_20 J)

=

0
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o

—

\': —d =20 nm
&l d =30 nm
= —d =50 nm

& —d = 160 nmy

1 1.5 2 2.5
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FIG. 6. Pg g for a SiO; sphere at T, = 700 K in a vacuum back-
ground with 7;, = 300 K for S-CDM. (a) Depicts the SiO, spectrum
for different radii using a DDA model for the sphere with N = 2553
voxels (solid lines) and the full Mie result (open symbols). (b) DDA
spectra when adding a SiC substrate at 7, = 300 K for different
distances d between substrate and sphere (solid lines) compared to
the single-particle solution (open symbols; dashed lines in the inset).
The inset magnifies the spectra within the reststrahlen band of SiC.
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DDA results are in good agreement with the exact results as
long as the radius is small enough: in our case R < 1 um. This
was also found in Ref. [54] using D-CDM. By using more
voxels, also the results for larger spherical particles can be
improved [70] but the main features of the spectrum are well
captured for all radii even with our relatively small number
of voxels. On the other hand, it is interesting that even for
small particles with only 30-nm radius DDA shows a rela-
tive deviation of about 26% at the surface phonon polariton
resonance frequencies of SiO, which is due to the “slow”
convergence of DDA [70], which means one can only increase
the accuracy by using more and more voxels which results in
longer computation times to obtain a certain accuracy level.

Since our model also includes the possibility to study the
impact of a substrate to the thermal emission, we show in
Fig. 6(b) our numerical results for a SiO, nanoparticle with
radius R = 30 nm above a SiC substrate. For the nanoparticle
we choose the DDA as before for a single SiO, particle with
N = 2553 voxels and compare it to the single-dipole result
from Sec. III A. This allows us to check the validity of the
dipole approximation when the distance d is smaller than 4R.
Furthermore, we choose 7, = 700 K and T; = T;, = 300 K.
We observe a slight decline in Pg 4 for increasing distances
outside of the reststrahlen band of SiC. However, the DDA
approximation is still in good agreement with the single-
nanoparticle result (open symbols). Note that d describes
the distance between substrate and sphere surface so that
Zp =d + R holds. In the inset we can see large deviations
between DDA and single-dipole model for distances d < 20
nm between substrate and sphere surface due to the SPhP
mode of SiC at 1.787 x 10'* rad/s. If we assume that DDA
is giving the correct result, then this means that the deviation
stems from the shortcomings of the dipole model and that
higher multipole orders become important at such distances
as it is expected. On the other hand, because of the “slow”
convergence of the DDA method further detailed studies on
the convergence of the DDA method are required but they are
out of the scope of this work.

As a side note, we considered SiC for the sphere’s material
as well. In that case we obtained poor agreement between
DDA and single-particle model for frequencies below 1.8 x
10'* rad/s. Because both results coincide for frequencies
above that frequency, we trace this deviation back to large val-
ues of the complex permittivity of SiC which is in agreement
with fact that the complex refractive index has significant
impact on the accuracy of DDA results as shown in Ref. [70].

We mentioned before that DDA does not work for the mag-
netic contribution. In Fig. 7 we compare the purely magnetic
contributions of the directly emitted power of a SiO, sphere
approximated by 653 spherical nanoparticles (solid blue line,
inset) for the same parameters like in Fig. 6 with the exact Mie
result in Ref. [86] (solid red line) and the single-dipole model
in Eq. (72) (open red symbols) at constant radius R = 30 nm.
Here, we chose spherical particles to perform DDA for a better
visualization of the following point which is highlighted by
the open blue symbols: As mentioned before, the magnetic
contribution of our DDA calculations only provides the sum of
the directly emitted power of each nanoparticle approximating
the desired object. In this DDA example, 13 nanoparticles
fit into the whole sphere diameter. Therefore, the radius of

¢ =—exact
= [ |=—DDA
- ¢ | o single dipole
N

1 1.5 2 215
w (10 rad/s)

FIG. 7. Py qir for a SiO, sphere for identical parameters like in
Fig. 6 with radius R = 30 nm. The exact Mie result (solid red line) is
compared with the single dipole result (open red symbols), the DDA
result for 653 spherical nanoparticles (solid blue line), and the exact
Mie result multiplied by 653/13% (open blue symbols). Inset: Sketch
of the sphere used for the DDA.

each nanoparticle is 1—13 of the radius of the whole sphere.
Because the particle volume only appears in the magnetic
polarizability [e.g. Eq. (43)] which is proportional to R°, the
sum of the directly emitted power of all nanoparticles is by
factor of 653/13° different from the exact result. This also
means that the magnetic contribution in DDA calculations
would decrease for an increasing number of nanoparticles
which, obviously, leads to nonphysical results. That is also
the reason why the single-dipole model coincides with the
exact result because, then, the number of particles and the
radii are identical. Therefore, since the magnetic contribution
dominates the thermally emitted heat radiation for metallic
nanoparticles, the DDA method is not applicable to metals in
the infrared.

D. Discrete dipole approximation: Sharp tip

Finally, we want to discuss the results obtained by Edalat-
pour et al. in Ref. [64]. In that work, the scattering of near-field
thermal radiation of a sharp Si tip in 10 nm distance of a SiC
substrate has been compared to the results for the scattering
in the dipole model considering a dipole which has the same
size as the tip. Clearly, in this scenario the dipole model is
used in a regime where it should not by applicable, but Babuty
et al. in Ref. [55] used exactly this approach to model the
measured spectrum of a tip-based near-field scattering micro-
scope. Comparing the DDA result for a sharp tip with the
dipole model Edalatpour et al. found in Ref. [64] that DDA
predicts resonances at 944 and 980 cm™!, whereas the dipole
model predicts a resonance at 929 cm ™.

The goal of this section is to revisit this result. To this end,
we model a sharp Si tip as depicted in Fig. 8 using approx-
imately the same size and shape as for probe B in Ref. [55].
We further use the same temperatures 7, = T, = 0 Kand Ty =
573 K as indicated in Ref. [64], but it should be kept in mind
that in this reference only the scattered intensity of the sub-
strate’s thermal near field is calculated so that strictly speaking
T, = 573 K is the only temperature which can be modified
in that approach. By setting 7, = T, = 0 K the authors can
argue to neglect thermal emission of the tip itself which is not
treated in that work. But even when these temperatures are
chosen we have still thermal emission of the SiC substrate
manifesting in P; together with shielding of that emission

205422-12



GENERALIZED COUPLED DIPOLE METHOD FOR THERMAL ...

PHYSICAL REVIEW B 105, 205422 (2022)

FIG. 8. Sketch of the sharp tip used in our calculation. The fore-
most part of length 126.35 nm is approximated by 3904 voxels with
side length 3.61 nm and the remaining part of length 2485.4 nm by
1484 voxels of side length 57.8 nm.

taken into account by Py,s. To calculate Ps, we use the cross
section of the largest part of the tip at its backside for area A.
The distance between substrate and foremost part of the tip is
only 10 nm. We compare the DDA results as in Ref. [64] with
those for a single dipole whose radius corresponds to the size
of the foremost part (R = 63.2 nm) and with one that has the
size of the whole tip (R = 1.306 um) using A = wR? in those
cases. Since they considered an emission angle of 9 = 7 /4 in
Ref. [64], we slightly adapt our theory by again introducing
k1 = ko sin(¥) and k, = ko cos(¥}) and substituting

ko dk, ™2 4 _ ) ,
f — ki f(ky) = / — cos() sin(¥)kg f[ko sin(P)]

0 2 0 2
(83)

in all I and R integrals as well as in the one used for F.
Here, f denotes the corresponding integrand and ¢ is the
emission angle between wave vector k and surface normal.

Now, we just pick the integrand value for ¢ = 7 /4 instead of
integrating over all emission angles.

In Figs. 9(a) and 9(b) we show the results for Pg ,ps + Ps
and the full emitted power Pg. It can be seen that for the large
sphere within the dipole model these quantities can be nega-
tive. We are aware that this result, in general, seems to violate
basic thermodynamics. Therefore, let us emphasize once more
that this result does not impair the robustness of our model but
is caused by the arbitrarily chosen plane A contributing to F;.
We could easily choose another value for A to obtain purely
positive results. This negative value in the emitted power can
be interpreted such that the spherical dipolar object in the near
field of the substrate absorbs more heat from the substrate than
predicted by the geometry of its cross section A = 7 R?. This
might not be astonishing but we want to emphasize that the
dipole model is here used in a regime where R >> d so that the
dipole approximation itself is strictly speaking not applicable
and higher dipole moments need to be included. It can also
be noted that the spectra for Pg uns + Ps and the full emitted
power Pg for the small dipolar sphere resemble those of the
DDA tip in Figs. 9(a) and 9(b).

However, here, we are more interested in the scattering
spectra. For the scattering spectra of the DDA tip and those
of the two dipoles, at first, it can be observed that the spectra
of the tip and the large sphere are quite similar in Fig. 9(c).
The radiation scattered by the tip and by the small sphere pos-
sesses a resonance at w = 1.778 x 10 rad/s (v = 945cm™")
corresponding to the redshifted surface mode resonance of
the SiC substrate at wgpyp = 1.787 x 10'* rad/s as discussed
in Ref. [64] which was found there to be at v = 944 cm™!.
On the other hand, the radiation scattered by the tip and by
the large sphere share a peak at v = 1.846 x 10'* rad/s (v =
980 cm~!). There is also a small feature in the scattering spec-
trum of the small sphere at this frequency. Atw = 1.75 x 104
rad/s (v = 929 cm~') we find no peak in Fig. 9(c). There is,
however, a broad peak at w ~ 1.756 x 10'* rad/s for radiation
scattered at the large sphere. To compare our results with the
ones in Ref. [64] we highlighted the there mentioned wave
numbers in Fig. 9(c). From our results we conclude that a
large sphere is capable of approximating the scattering signal
of the tip because the shapes of the two spectra resemble
each other after exceeding their minimum value. Note that
the first peak of the large sphere scattering spectrum is at

v=929 cm !
v =944 cm™ !
v =980 cm™ !

—

il 102 (= 1
=10 —
W= 0} (o]
R ‘O )
5 102 = 107/
= 1 (a) ~—
= —~ 4
k= -
; ~ 10
:"7_10‘1 g é
3 102 @ -6
L 210
T4 g'—tip i Q"'
~— ", <2 —small sphere
& :]0-1 —large sphere (b)
1.6 1.7 1.8 1.9 2

w (10" rad/s)

1.6 1.7 1.8 1.9 2
w (10 rad/s)

FIG. 9. Pgabs + Ps (), Pz (b), and Pg oy (c) for a Si tip, small sphere with R = 63.2 nm, and large sphere with R = 1.306 um at 7, = 0 K
in a vacuum background with 7, = 0 K close to a SiC substrate with a gap distance of 10 nm with 7y = 573 K using a DDA model (S-CDM)
with N = 2553 voxels. Additionally, in (c) we highlighted the three frequencies corresponding to the wave numbers v mentioned in Ref. [64].
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932 cm™! rather than 929 cm™! as in Fig. 3(b) in Ref. [64].
Interestingly, the first peak of the tip scattering spectrum is
very well captured by the small dipole representing the fore-
most part of the tip. Hence, the scattering spectrum of the tip
can be understood as being a mixture of the scattering of its
foremost part (represented by the small sphere contributing
the first peak) and its bulk part (represented by the large sphere
contributing the second peak) regarding the peak positions.
This is a reasonable result which has not been pointed out in
Ref. [64].

Therefore, we find that the large sphere approximation
within the dipole model already gives a quite reasonable result
even though the position of the first peak seems to be related
to the scattering of the foremost part of the tip captured by the
small sphere scattering spectrum. In Ref. [64] the difference
between the shapes of the spectra of the tip and the large
sphere is much larger than in ours. It is not easy to find the
source of this discrepancy to Ref. [64], but we are convinced
that the aforementioned error in the dipole model used in
Eq. (7) of Ref. [64] which is due to the wrong choice of
the polarization vectors for the TM-mode part in Eq. (4) in
Ref. [64] is a key element. Therefore, we tried to retrieve the
result in Fig. 3(b) in Ref. [64]. To do so, we also have to
use the quasistatic limit to express the dressed polarizability
[compare with Eq. (8) in in Ref. [64]]. This limit is only
applicable in the near field assuming that the information
carried by the heat transfer is transferred instantaneously, e.g.,
¢ — ooorky — 0. Then, it is possible to provide an analytical
result for (Gggef, 1/;) in the definition of the polarizabilities
because the reflection coefficients inside the integral become
independent of the wave vector:

1 & —
T 16C, wk2(d + R &, + 1

<(;EEJeﬂy) (84)

with C, =2 for y =1 and C,, = 1 for y = z. For a distance
d + R of several microns as chosen in Ref. [64], however, this
approximation is not valid anymore because one leaves the
quasistatic regime. Using the above quasistatic approximation
for such distances means that the term (Gggret,,,) becomes, at
a distance d + R of several microns, so small that it can be
neglected and, therefore, the corresponding polarizability is
effectively the expression without the surface term as given
in Eq. (36). To see that this inconsistency together with the
sign error leading to Eq. (77) has a measurable consequence,
we provide a numerical example for a configuration used in
Ref. [64] with distance d = 10 nm between substrate and
nanoparticle’s surface, radius R =3.12 um, 7, =T, = 0 K,
and 7y = 573 K. In Fig. 10 we compare the spectra according
to the wrong expression (77) of Ref. [64] and the correct one
according to Eq. (76) normalized to the maximal value of the
graph corresponding to Eq. (77) of Ref. [64]. Here, we used
the angle ¥ = 45°. Note that the solid line coincides with
the corresponding graph in Fig. 3(b) of Ref. [64]. The peak
mentioned in the Ref. [64] at v = 929 cm~' can be found
here. Using the correct sign but the inconsistent quasistatic
approximation for (Gggper,,) this peak would shift to v =
927 cm~!. In the corrected graph, however, the peak is located
at v = 936 cm™!; two additional peaks appear at v = 953 and
974 cm~!. These three values are very close to the peaks at

P,y (norm.)

——Ref. 63
«=x:Correction

1100

800 900
v (cm™t)

1000

FIG. 10. Comparing scattered power according to expressions
from Eq. (77) of Ref. [64] (solid line) and to Eq. (76) (dashed line)
for distance d = 10 nm between substrate and nanoparticle’s surface,
radiusR=3.12 um, T, =T, = 0K, T, = 573 K, and ¢ = 45°. Both
graphs are normalized to the maximum value of the solid line.

v = 944 and 980 cm™! observed in the DDA spectrum of the
field scattered by the tip in Fig. 2(b) in Ref. [64].

As a conclusion, our DDA-modeled tip reproduces the
key results of the DDA simulations in Ref. [64]. In contrast
to Ref. [64] we conclude that the dipole model as used in
Ref. [55] to describe the spectra is not as bad as the results
of Ref. [64] suggest because there seems to be an error in
their dipole model result. Furthermore, we also find that the
position of the redshifted SPhP resonance is well described
be the results of a small spherical scatterer. It seems that the
main features are captured by a mixture of the scattering of the
foremost part and the bulk part of the tip which can each be
described by dipole mode. Of course, in the end, the spectra
depend on the choice of the tip shape and size as brought
forward in Ref. [64]. Finally, we want to emphasize that our
model is more versatile than the pure scattering calculations in
Ref. [64] because it also includes the direct thermal emission
of the tip as well as the substrate’s contribution and the part
blocked by the tip. Actually, this last part can be relatively
large as already pointed out by Komiyama [76,88] and also
found in our numerical calculations so that it is important to
minimize this contribution in measurements.

IV. CONCLUSION

In conclusion, we have derived the expressions for the
emitted power of N nanoparticles above a substrate where
each particle temperature as well as the temperatures of the
substrate and background radiation can be set, separately. Our
expressions contain the direct power emitted by the nanoparti-
cles, the power emitted by the substrate, the substrate emission
which is absorbed by the nanoparticles, and the power due
to the near-field scattering. Our model generalizes previous
models and is, therefore, very versatile. It can be used to
study the thermal emission of dielectric and metallic particle
assemblies close to a substrate within CDM and to model
thermal emission of a single or several macroscopic objects
in the vicinity of a substrate within DDA. To illustrate this
versatility we discussed the thermal emission of a four-particle
configuration close to a dielectric and metallic substrate, the
thermal emission of a sphere close to a substrate using DDA,
and the thermal emission of a sharp tip as used in scattering
type near-field thermal profiles, again, within DDA in the
case of dielectric nanoparticles. We found that the dipole
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approximation can only be safely used for metallic nanopar-
ticles close to polar substrates if the distance of the particle
centers to the surface is larger than five times the particle
radius. Furthermore, our study of the sharp tip showed that, in
contrast to previously obtained results [64], the dipole model
as used in Ref. [79] can give qualitatively correct spectra of
a sharp scattering tip even though a DDA model for the tip
shape is definitely preferable to a simple dipole. We point
out that the tip spectrum seems to be a mixture of the scat-
tering of its foremost part which can be modeled by a small
spherical scatterer and its bulk part which can be modeled by
a large spherical scatterer. Our results indicate that the mag-
netic dipole contribution can be used in CDM simulations but
not DDA simulations. We are convinced that our generalized

J

model will be very useful in further more detailed studies
of thermal emission of many-particle systems including sub-
strates and the modeling of scattering-type experiments as in
Refs. [75-81].
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APPENDIX A: GREEN’S FUNCTIONS

All Green’s functions can be decomposed into a vacuum part and a contribution due to reflections at the substrate’s surface.
The vacuum part of the electric Green’s function for different observation and source point is well known:

etkoR lr — 1) +ikglr — /| — 1 lr —r')>+3ikglr —r| -3 —-1)® (-1
Gpac(r, T') = 0 —— 1- =2 e : . (AD
4 |r — 1| kylr — 1’| kylr — 1’| r —r'|
All the others can be computed by exploiting relations between the Green’s functions, so that we get
iko|r—r’| ik I —
, L ley e ikplr — 1’| — 1 Ty — 1
G vac,ij\L', = - if B A2
HEvac.ij (2 1) l\/ Hodmlr —r'|  kolr — 1/ ejk|r—r’| (A2)
GEH,vac,ij(r, I'/) = _GHE,vac,ij (r, I‘/), (A3)
/ & /
GHH,vac(ra r ) = _OGEE,VaC (I', r ) (A4)
Ho
The volume averages of the vacuum contributions were calculated by Fikioris [61], meaning
<GEE,V3C(r)) = <GEE,vac>]la (AS)
(GEEvac) = L %(1 — ikoR)e™ R — 1 (A6)
MRV L3
with radius R and volume V of a spherical nanoparticle. It is easy to show that
2
(GHHvac (1)) = M—(GEE,vac(r)), (A7)
0
(GHEvac(r)) = (GEH,yac(r)) =0 (A8)
holds.
The contributions due to reflections at the substrate’s surface are
, ieik;(z-&—z’)
Gegrer(k1, z,2) = o maLko) ®@a (ko) + rea) (ko) ® a; (ko)) (A9)
Z
, gy i@+
Ghtrer(kr, 2,2) = o 2 (reai (ko) ® ai (ko) + rua (ko) ® a (ko)) (A10)
0 4
) %0 l-eikz(erz’)
Cirr(ks, 2.2) = | |2 —eas (ko) @ & (ko) — rua] (ko) @ aL (o)), (A1D)
0 4
) 20 etk G+7)
Genret(kL, 2,2) = | | M—T(Vﬁaﬁr(ko) ® ay (ko) — ruaL (ko) ® a; (ko)) (A12)
0 4
with
d*k, ,
Grer(r, 1) = | =™ Gk, 2, 7). (A13)

2n)?
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Here, we introduced the polarization unit vectors

1
ay (k) = —(ky, =k, 0)", (Al4)
L
1
aj (k) = o (Fhoke, Fhoke, KD (A15)
ki = (ke ky, k)" (A16)

and wave vector k| = (ky, ky, 0)7 as well as x = (x, y, 0)", k, = \/k2 — k3, and k,, = /e,-ko. Additionally, we use the Fresnel
amplitude reflection coefficients

= M’ (A17)
kZ +kS,Z
k., — k.

g = e = M (A18)
g5k, +ks,z

with k,, , = Vk2 — ki. Since there is no singularity when r approaches r’, we can safely approximate the volume average by
the integrand multiplied by the volume:

<Gkk,ref(r)) = <Gkk,ref,J_>[ex e+ €y b ey] + <Gkk.ref,z>ez ® e, (Alg)
(Gup/Enref(r)) = (GHEEHer) (€ @ €, — €, ® €] (A20)
with

dhi ks gy K2

(GEEef, 1) = 1/0 ok rH— VEkZ (A21)
dk, & .
(GEkyef,s) = i / 4; s 22 g, (A22)
0
dkL kl ik k2
G =i— (g — s ), A23
(GuHer, L) = luo / S k. TE erg (A23)
dk k*
<GHHrefz) = MO / 4: k. k2€21k “ru, (A24)
& dk, k

(GuEEHref) = —1 | M(())/ 8; ki e**E (ry — rg). (A25)

For the LEQC we have to use different Green’s functions resulting from the transmission of radiation through the substrate’s
surface. We employed

Gyplke,z.2) = "el(k;(—w(mmko ® a1 (k) + rea (ko) ® al (k). (A26)
, €0 ze’zzz k22
Gk, z,7) = \/%Tm(tEaL(ko) ® aﬁ’(ks) - tHaﬁ“(ko) ® aj (ks)) (A27)
with the Fresnel amplitude transmission coefficients
= L (A28)
ky + k-
g = b2k (A29)

ko &5k, + ks,z

APPENDIX B: LIST OF EXPRESSIONS USED FOR THE POWER CONTRIBUTIONS
For the heat transfer between all nanoparticles and background we defined the following integrals:

b gk, k Ji(§) k? Ji(§)
af GrRL AL 1 aﬁJr _JIRs)
T _./o 2nkzko{[s & ("(5) é) } B

k2 2
|:<Jo(§)—J]S)>1,g'f++kzjlf) - } CYSRANEY “’i‘*ez®ez} B1)
0
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and

IR IPAG) @)
af __ @l AL _OtfH-
v = [l (e -1 it Jo o

- [(JO@)— J‘f)) “f”*+]‘f) 55 } ®e +1k—11(5)( Pe ®e. — Sﬁ*%@%)}- (B2)

Jo.1(¢) denotes the cylindrical Bessel function of the zeroth and first kind, respectively. Additionally, we employed the
abbreviations

Ilfllgi — otka—zp) ZRe(rkeik:(ZaHﬂ)) + |rk|2€*ikz(zafzﬁ)’ (B3)
I;:/zii — eik;(za—z,j) +92; Im(rkeikz(zo,-k—z;;)) |rk|2 —ik; (zu—z;;)’ (B4)
§ = kuyJ(u — 392 + O — yp - (BS)

In the heat transfer between substrate and background we defined the integrals

o o dky ki [[Ji1E) o k? TE) s JE) o K2J1(E) ap-
e s (O e R [ s & ey

K & kik
+ kzjo(sﬂ) k€+e7®ez+z Jl(é)( Ve ®e, + R, ex®ez)} (B6)

and

RY = / ai ki{[(fo@)—@)leﬁ‘f‘; +J‘(‘§)Rﬂ“‘] e ®e — [‘“f)Rﬁ“ (Jo@) ! ‘@))Rﬂ“‘] e @e
0

2w K £ £ £
) (RS + Rl e, e~ [RE + RS Je.w )| ®7
for P,,s where we used the abbreviations
R = (1= |re)(1 & reCetan)y, (B8)
RS = (1= |rePli sin(k.[zq — zp]) % re =Gt (B9)

and four additional integrals for Py, namely,

ko k
- [ 2 50 - oo

3

JE) o kfus)a k3 o
+|:(JO(§)_ lg )"1},}? QlT 5} Qe + k—éJO(é)vkﬁez®ez}
“dky ki [[NE) ap kz( _Jl<s>> }
+/kn o Mko{[ S (e - = ®e
k 2
KJO@)_@)U N0 aﬂi| Dot kzjo(é)v,f’geztgez} (B10)
£ k& k2 ’
and
o o dky ki [[L(E) J1(§) JIEN ap  J1(E) o
rcﬂ:/o 2—;72”15 HﬁlJr("’@) 1;) } B - [(J“g)_ 1; )”““ 1; ﬂ} ®e"}
[T kLKL [[hE) D@ NEN o _HE) o
A = | e L [ 1 LT L]
as well as
ko
]KZ’S=1/ dhy b <&l [ex®ez+ez®ex]—/ .t LJl(E)v e, ®@e. —e. Qe (B12)
o 21 kG o 27 k;
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and

C(Rodk, K dky k3
K = —1/0 ﬁkjg (vile, ®@e. —vife. ®e) — /};0 aTATE L&) (e, ®e. —vphe. ®e)) (B13)

together with the abbreviations

vl = (1 = [y )eCoe), (B14)

vk D = 21Im(ry e KlGatss), (B15)

APPENDIX C: ABBREVIATIONS FOR SINGLE-NANOPARTICLE CASE

For the single-nanoparticle case, we introduced the matrix entries
kSVIIm G x| | G

KVolmOuw) + 21y, Gar
My = (np = mp) 2 BV et G 2 D
|1 = K3V xi (G, ) + m|
k3V,Im ()
Mz = (np — mp)——F 7 (€2)
| - konXk<Gkk,z> |
N — kg V3, — np)Im () xeGre(1 — KV (Gee, 1)*)
c = 2
(1 = K3V,xe(Gee. 1)) (1 — K3V, xu(Gun, 1)) + kV,2 Xexu (Gu)?|
kg V7 — np)Im(xe) i Giig (1 = &3V, xu (Gun, 1)) ©3)
— .
|(1 = KVxe(Gee. 1)) (1 — KV, xu(Gun, 1)) + k§V2 xexn(Gug)?|
The asterisk denotes the complex conjugate. We also define the integrals
b dke, ko A k> ,
I — . 1 _ szzz,, 2 _Z 1 _ Zlk;ZP 2 , C4
=[5 kzk0<| e 4l = e (4
ko dk, k3 )
I = 2ik.z) 2’ C5
.z /0 2nkk3| + e | (C5)
°dk) k
I = /0 2; ka' {2 + 2i Im[(rH — rp)e?ik ZP] lrul? — |rE|2} (Co)
for the heat radiation transferred between nanoparticle and background. We also defined the integrals
ko dkl ki ; i
Rei = /0 ik ((1 — IreP)(1 + rge?r) + (1 — In)(1 -~ “Zﬂ)) (€7
ko dkL K i
Ry = /0 EruE (1 — (1 + re?®), (C8)
ko dkl ki o
R.= / L e [(1 = [ru>)ru — (1 — |re[*)re] (C9)
0
for the radiation absorbed in the nanoparticle and the integrals
o dky ki K2 *dk ki Ik |2
r — - 1= 1r: 2 Tz 1— 2 2/ AL ML 72|k1|717 Z , CIO
=[5 kzk0(< i)+ = I )>+ e i+ (10)
o dk, k3 ®dk, k3
Tie = / (1= ) + 2/ o ome e Im (), (C11)
S Jo 27 kK] o 27 koK
dkL ki dki ki o2k
Fc=/0 T @ Il =) =2 /k e my ) (C12)
for the radiation scattered by the nanoparticle.
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