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Saturation of radiative heat
transfer due to many-body
thermalization
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Radiative heat transfer between two bodies saturates at very short separation distances due to

the nonlocal optical response of the materials. In this work, we show that the presence of radiative
interactions with a third body or external bath can also induce a saturation of the heat transfer, even at
separation distances for which the optical response of the materials is purely local. We demonstrate that
this saturation mechanism is a direct consequence of a thermalization process resulting from many-
body interactions in the system. This effect could have an important impact in the field of nanoscale
thermal management of complex systems and in the interpretation of measured signals in thermal
metrology at the nanoscale.

The theory of radiative heat transfer' - predicts a divergence of the heat flux exchanged between two bodies kept
at constant temperatures as the separation distance d between them tends to zero. During the last decade, theo-
retical results’~'? have questioned this divergence and shown that it disappears when a nonlocal optical response'?
of the materials is taken into account. Recently, it has been shown that the divergence of the heat transfer can also
be removed at subnanometric separation distances because of the interplay of conductive and radiative heat
transfer inside the interacting bodies, which lead to the generation of temperature gradients and in turn to a sat-
uration of the heat flux'*'>. This effect is, however, limited to small separation distances at which new channels for
heat transfer (due to phonon tunneling'®%’ or electron tunneling®') start to play a significant role. The divergence
is ultimately removed because thermal equilibrium between the bodies is established at contact**~>.

In all these works, the interacting objects are assumed to be isolated from the environment or from other
radiative sources. Here we revisit the near-field heat transfer problem between two solids when a third source of
thermal radiation participates to the transfer. This situation is fundamentally different from the usual two-body
description because many-body interactions are at work. Several problems in the many-body framework have
recently been considered?*->? and new thermophysical effects have been highlighted.

In this article, we investigate a heat transfer saturation mechanism due to thermalization in many-body sys-
tems under nonequilibrium conditions in the absence of nonlocal effects. While we focus on radiative heat trans-
fer, the considered mechanism follows from the general principle of energy balance and therefore it is not unique
to thermal radiation. The simplest configuration in which such a saturation mechanism can be observed is a
two-body system interacting with a thermal bath. In order to describe this effect, we consider the heat transfer
in the following two simple systems that may mimic many practical situations. The first one is a thin film (i.e. a
membrane) that interacts with both a substrate on one side and a thermal bath on the other side, as sketched in
Fig. 1(a). The second system is a small particle which also interacts with both a substrate and an external bath,
see Fig. 1(b).
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Figure 1. Sketch of the system. (a) A membrane is placed close to a substrate at a separation distance d. The
substrate is thermalized at a fixed temperature T, and the structure is immersed in an environmental bath of
thermal radiation at temperature T;. The temperature T, of the membrane is free to reach a steady-state value
L,=T 25‘, for which the body achieves heat-transfer equilibrium. (b) A small particle is considered instead of the
membrane.

Saturation mechanism for a membrane close to a substrate

Here we consider a substrate that we denote as body 1 and a membrane of thickness 6, denoted as body 2, sepa-
rated by a distance d from body 1. The substrate is thermalized at a fixed temperature T, and the system interacts
with a thermal bath of radiation at temperature T; < T,, see Fig. 1(a). The thermal bath here acts as a third body.
The temperature T, of the membrane is not fixed by a thermostat, so that this body can reach heat-transfer equi-
librium at a stationary temperature T, = T;' for which the net energy flux on the membrane vanishes.

The radiative heat transfer originates from the electromagnetic field produced by the random thermal motion
of charges inside the materials'~®. Expanding the electromagnetic field in plane-wave components characterized
by frequency w, parallel wave vector k, and polarization p = TM, TE, the energy flux (normal component of the
Poynting vector) in the different vacuum regions of the system can be written as

f f —kZZﬁw ]]+1

p j=1 (1)
where v = 1 indicates the region between bodies 1 and 2, y = 2 labels the region on the right of body 2 [see
Fig. 1(a)], and n, J=m = with the thermal d1str1but10n funct1on n =1/ (eﬁ“”/ ksTy 1), kg being the Boltzmann

constant and /2 the reduced Planck constant. Here ’Z' =7’ .(k, w, p)are the associated energy transmission coef-
ficients given by’
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where p = p(k w, p)and 7, = 7(k, w, p) are the optical reflection and transmission coefficients of body j,

respectlvely, P, =Py + (7'2) pez’k A1 — plpZeZikzd) is the reflection coefficient of bodies 1 and 2 together,

k, = </w?/c* — k* is the component of the wave vector perpendicular to the surfaces in the vacuum regions, and
the projectors on the propagating and evanescent wave sectors are defined by II?" = 6(w — ck) and
I = 6(ck — w), respectively, c being the speed of light in vacuum and 6(x) the Heaviside step function. The
coeflicients p and 7 depend on the Fresnel reflection coefficients of the interfaces rjp = rj” (k, w) as detailed in
Methods; in particular, since the substrate is assumed to be a semi-infinite, dissipative body, we have

pk, w, p) = 1 P(k, w) and T(k w, p) =0, wh1ch have been used to obtain Eq. (2). Moreover, these transmission

coefficients satisfy*’ T =7, j» from which T T

The steady-state temperature T of the membrane is obtained by requiring a vanishing net energy flux on this
body, so that ®,(T5') — ®,(T5') = 0. Since the fluxes depend on the separation distance, the steady-state temper-
ature depend on d as well. Hereafter we solve this equation by taking T, = 400 K and T, = 300 K. In Fig. 2(a), we
show ® = ®(T5') = ®,(T5") with respect to the separation distance d for several values of the thickness ¢ in the
case in which both the slab and the membrane are made of silicon carbide (SiC). We observe a saturation of the
heat flux at relatively large separation distances, where nonlocal effects are completely negligible. This saturation
mechanism is directly related to the dependence of the temperature difference AT = T, — T;' on the separation
distance d. As shown in the inset of Fig. 2(b), AT is proportional to d? at short separations. Moreover, since the
flux ® approaches a constant at small d, the ratio ®/AT (i.e., the heat transfer coefficient) scales as 1/d* in this
regime, as already outlined in the literature®*>* for polar materials like SiC. Notice that the asymptotic value of &
at short separations does not depend on the width ¢: in the limitd — 0, ® correspond to the energy flux radiated
to the environment by a single semi-infinite body (see below).
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Figure 2. Energy flux and steady-state membrane temperature as a function of the separation distance. The
substrate and membrane are made of SiC in (a,b), while (c,d) correspond to Au. Here the substrate and bath
temperatures are T, = 400 K and T; = 300 K, respectively, and the results are shown for several values of the
membrane thickness é. The insets show the behavior of AT = T, — T;' at smalld (all curves approximately
coincide for Au).

We now derive analytic expressions for the saturation heat flux and the temperature difference. Setting
T;' = T, — AT and assuming small AT, at T, = T5', we have n, = n, — (On,/OT,) AT to leading order in AT.
Taking this into account, we can rewrite Eq. (1) as <I>7 =a, AT + bw with

©dw, Ony >~ dk Al a2
_ [Ty Om Ry (7 _ 7 )
“ fo 2m w@Tl 0o 2w Zp: 7 7

* duw % dk | sl
b, 7f0 —ﬁwnmj; Ek%TW.

27 (3)
Then, the equilibrium condition ®,(T5"y = ®,(T5")leads to
d — ab, — ab AT = b27b1.
a; — a4 a; — a4 (4)

Let us now consider how this saturation mechanism is modified for metallic materials. At short separation
distances, it is well known that the heat transfer between metals is first dominated by the TE-polarization contri-
bution and the 1/d* behavior associated to TM waves is usually recovered at subnanometer separation distances.
However, this divergence disappear because of nonlocal effects!®. We show below that in metallic many-body
systems a saturation of heat flux can exist at larger separation distances. To this aim, we consider a system made
of a gold (Au) membrane suspended above a Au substrate.

The results for the heat flux and the steady-state temperature for a slab and a membrane made of Au are shown
in Fig. 2(c,d), respectively. A saturation of the heat flux at short separations is observed also for this material. We
highlight that the dependence on the thickness of the membrane is weak for § larger than 100 nm. This is due to
the fact that the electromagnetic field is completely screened for such thicknesses and the membrane becomes
practically opaque. Furthermore, the behavior of AT in this case is shown in the inset of Fig. 2(d). Clearly, the
temperature difference is not proportional to d” at small d because of the contribution of TE-polarized waves (TM
polarization dominates well below the nanometer scale). Such a behaviour emphasizes that here the saturation
mechanism is different from that for polar materials.

Asymptotic short-distance behavior. Here we analyze the asymptotic behavior of the heat flux and tem-
perature difference at short distances. We discuss separately TM and TE polarizations, the former being the
dominant contribution for the considered polar material and the latter for the metal. By neglecting the contribu-
tion of propagating waves at close separation distances, the coefficient a, defined in expression (3) reads
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We also assume that the thickness of the membrane is large as compared with the separation distance, which

corresponds to the limit 6 — oo in the expressions for the reflection coefficients and therefore,

plk, w, p) — rf(k, w). For simplicity, we consider that the materials are identical and thus define r? = rf = rf
and e(w) = g)(w) = g, (w).

Polar materials. The heat exchange between polar materials at short separations can be studied in the electro-
static limit. In this limit, only large wavevectors k >> k, contribute to the heat exchange, where k, = w/c, and the
normal component k, can be approximated by ik. Moreover, the Fresnel reflection coefficient for TM polarization
takes the form rTM (€ — /(e + 1) = r, while for TE-polarized waves this coefflcemt vanishes as
(5 — 1)(ky/k)*. Keeping only the TM polarization, Eq. (5) can then be written as®’

1 ™ dw, On, 4Im(r) o0 dx rle 2

d>Jo 27 9T, Im(r") 0 21 1 —r%e ™
1 o0 duw dw . anl Im? (r)Im[L12(r )]
Jo 2 0T 2mIm(?) 6)

where Li,(w) denotes the dilogarithm function. Hence, in the limitd — 0, the coefficients a,, b, and b, in Eq. (4)
remain finite since they have propagating waves contribution only, while a, diverges as d > because of the contri-
bution of evanescent waves in TM polarization. Thus, AT — 0and ® — b, asd — 0. More explicitly, in this limit

the energy flux becomes
* dw wie dk 2
o= L Zry - ,
.](; P U.)nl,3 L](; T Xp:( |p12‘ ) (7)

which corresponds, as anticipated above, to the heat exchanged between bodies 1 and 2 together at temperature
T, and an environment at temperature T;. Notice that when bodies 1 and 2 are made of the same material, so that
rf(k, w) = rP(k, w), one has p(k, w, p) =1 P(k, w)in the limitd — 0.

Metals. For metals close to room temperature, the heat flux in the electrostatic limit is dominated by TM polar-
ization at subnanometer separation distances and the traditional 1/d* divergence is regularized by the presence of
nonlocal effects”!%. However, at these separation distances, other mechanisms superimpose to the radiative trans-
fer such as phonon'®=?° or electron tunneling?!. Close to contact, these channels even dominate the heat transfer.
For separation distances slightly larger (usually ford 2> 1 nm), the radiative transfer in metals is entirely driven
by TE-polarization states and nonlocal optical effects”!? do not play any role. In this case, the imaginary part of
r'F decays with respect to k, so that the flux saturates' for a wave vector k..« = w,/cbefore increasing again close
to contact, where w, is the plasma frequency of the metal (see Methods). Typically, this saturation is observable
betweend ~ 1 nm and separation distances similar to the skin depth of the metal evaluated at w,_ (about 20 nm
for Au). Nonetheless, this effect takes place at separation distances which are one order of magnitude smaller than
the saturation distance induced by the thermalization process, as shown in Fig. 2(c) in our example for Au. In
addition, since the transport is mediated by TE-polarized waves, the heat-transfer coefficient g, given by Eq. (5)
remains finite at short separations. Although a is finite in this regime, it is large as compared with 4, in Eq. (4)
because the latter only accounts for the contribution of propagating waves. Thus, from Eq. (4), one obtains & ~ b,
and therefore the flux is approximately given by Eq. (7), while AT = (b, — b,)/a,, which is small but finite in the
considered limit. This behaviour is observed in the inset of Fig. 2(d) for Au.

Notice that the coefficient a, represents the inverse of the thermal resistance between bodies 1 and 2. Since g,
becomes large in the limit of short separations, it implies that the thermal resistance between bodies 1 and 2 is
small in this limit as compared with that between bodies 2 and 3. A similar saturation effect would be expected,
with the appropriate thermal resistances, for other heat transport mechanisms different from thermal radiation.

Opaque membrane. In the example of the heat flux saturation for the metal, we have shown that the results
are not sensitive to the thickness of the membrane when this is larger than 100 nm. This is due to the fact that,
because of dissipation, the electromagnetic field is completely screened inside the material. In other words, the
membrane becomes opaque when it is thick enough. Such a screening occurs also in polar materials, but for
thicknesses typically larger than for metals: In our example of SiC, the opaque-membrane limit takes place at §
much larger than 100 pm.

Assuming that the membrane is opaque introduces a simplification in the heat-transfer problem, which then
can be described through next-neighbor interactions only. This can be seen by noting that the factor e*2" in the
optical reflection and transmission coefficients vanishes for large ¢ (see Methods), that is, when the membrane is
opaque, because Im(k,,) > 0 for dissipative materials. Under these conditions, we have p,(k, w, p) — rf(k, w)
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and 7(k, w, p) — 0, and therefore, in this opaque-membrane limit the energy transmission coefficients (2)
become
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and ’f; = ’ff = 0. We emphasize that these energy transmission coefficients are expressed in terms of the
single-interface reflection coefficients only. The energy flux ® and stationary temperature T;' in the opaque mem-
brane limit are shown in Fig. 2 as a function of the separation distance for SiC and Au. It can be seen that the value
of @ for the opaque membrane gives for all distances a lower bound on the steady-state heat flux. Furthermore, we

observe that Ty, .. < T' in the near-field regime and > T, in the far-field regime.

Ts;t)aque
Saturation mechanism for a particle close to a substrate

In the previous section, we have analyzed a mechanism of saturation of the heat exchange in a system with planar
geometry. In this section, we extend the discussion to a situation in which a small particle is considered instead of
a membrane. The particle is assumed small as compared with the thermal wave length, so that it can be modeled
as a single dipole in the dipolar approximation.

The system thus consists of a substrate at temperature T filling the half-space z < 0, a particle of radius R at
temperature T, centered at the pointr = (x, y, d + R), and a radiative thermal bath at temperature T} surround-
ing the particle, see Fig. 1(b). The power absorbed by the particle at the point r and instant ¢ is given by

dp(r, t
Py — < p(r, 1)

al

5 - E(r, t)>

)
where ( ---) indicates statistical average, p(r, t) is the dipole moment of the particle and E(r, t)is the local electric
field at the point r. Introducing the Fourier components f(w)at frequency w such that f(¢t) = ZRe{ fooo ji Flw)e ™,

Eq. (9) can be writtenas P, = fx dw

X ;P(w), where the spectral power is given by

0 du’ 1\ —i(w—w)t
Ple) :j; S 2Iml{p(r, w) - BY(r, o)) .t (10)

The Fourier components of the local field can be separated into the incident field E™(r, w) and the induced

field E™(r, w) = wzqu(r, r, w)p(r, w), that is E(r, w) = E™(r, w) + wzuo((}(r, r, w)p(r, w), where 4 is the
vacuum permeability and G(r, r/, w) is the dyadic Green’s function of the system. The latter can be written as
G(r, v, w) = G(O)(r, r, w) + G(R)(r, r’, w), where the first term is the free space contribution and the second
term is the scattering contribution accounting for reflections on the surface of the substrate. The real part of the
free space Green’s function is divergent in the coincidence limitr’ — r, but only its imaginary part contributes to
the absorbed power and is given by InG“(r, r, w) = -1, where I denotes the unit dyad. The scattering Green’s
function reads®® ore

0 a 00
G®r, 1, w) = if %k[o a 0],
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Furthermore, the dipole moment of the particle can be decomposed into a fluctuating part pﬂ(r, w) and an
induced part resulting from the incident field E™ and the field produced by the dipole itself and then scattered by
the surface, i.e. wzpoG(R)(r, r, w)p(r, w), so that

2

p(r, w) = pﬂ(r, w) + goa(w)E™(r, w) + w—za(w)G(R)(r, r, w)p(r, W), (12)
c

where ¢ is the vacuum permittivity and a(w) is the dressed polarizability of the particle (see Methods). Hence,

noting that the matrix G(r, r, w) is diagonal, with simple manipulations, the components of the dipolar moment

and local field can be written as
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Taking the statistical average and using Eq. (13) leads to
(p(r, @) - E'(r, o) = W, 3 (@)E (WG, v, )

X (piﬂ(r, w)piﬂ*(r, W)
+ gpr(w) Zf,-(w)ﬁi*(w’)

12
x |1+ w—za*(w’)Gi(,-O)*(r, r, w')
c

x (E"(r, W)E"(r, o)), (14)

where we have used that the fluctuating part of the dipole moment and incident fields are uncorrelated. To work
out this expression, below we first compute the correlations of the incident field. In what follows, for simplicity,
we will omit writing down explicitly the dependence on positions of the fields, Green’s functions and correlation
matrices, since they will always be evaluated at the same point r in the coincidence limit.

The incident field can be decomposed into a contribution coming from the substrate E'(w) and a contribution
from the bath field E*(w), so that E™(w) = E{w) 4+ E*(w). The substrate field EX(w) is a direct contribution to the
total field at the point r propagating to the right, while the bath field E*(w) accounts for a direct contribution
propagating to the left and a reflected one propagating to the right. The correlation matrix of the incident field is
given by

(E™(W)E™ () = (EYWE (W) + (E@)E (W), (15)

where we have assumed that the substrate and bath fields are uncorrelated. In addition, when the substrate is in
thermal equilibrium with the bath field at, for instance, temperature T, the correlation matrix of the incident field
can be computed from the fluctuation-dissipation theorem

2
(Emc(w)EincT(w,» _ 47Thu2) ny(w)S(w — WNImG(w),
€ (16)

where the total Green’s function of the system is used here because, in the absence of the dipole, the incident field
is the total field on the right side of the substrate. Moreover, when evaluated at temperature T}, the correlation
matrix of the substrate field can be written as

2
A (@6 — W)SW),

€oC (17)

where we have introduced the matrix S(w) whose explicit form is given in Methods. The correlation matrix of the
bath field can thus be obtained from Eq. (15) using Eqgs. (16) and (17) evaluated at temperature T;, which gives

(B (WE (W) =

2
AT (6w — W)B(W),
€0 (18)

(B WET (W)

where B(w) = ImG(w) — S(w). In Methods we also give an explicit expression of the matrix B(w). To complete
the description of the problem, we need to know the correlation matrix of the fluctuating dipole moment which
is given by* (pﬂ(w)pﬂT(w’» = 4mhegn,(w)dw — w)x(w)l, where x(w) = Im[a(w)] —w3\a(w)|2/(67r63). By
using the correlation functions given above in Eq. (14), the spectral power (10) becomes

4

3
Pw) = C;" X@) DI I o)) = my5(@)By(w)],

19)

which manifestly goes to zero at thermal equilibrium. In view of expression (19), the total power absorbed by the
particle can be decomposed as P, = P, — P, where

o d 4hw3
731:](; ﬁ”l,z(u)) 2 X(W)Z:'éi(w)ﬁsii(w)

(20)

is the power absorbed by the particle due to heat exchange with the substrate in presence of the thermal bath, and
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Figure 3. Exchanged power and steady-state particle temperature as a function of the separation distance. The
substrate and particle are made of SiC. In (a,b), the substrate and bath temperatures are T, = 400 K and

T, = 300 K, respectively, and the results are shown for several particle radius R. In (c,d), the substrate and bath
temperatures are T, = 400 Kand T; = 0 K, 250K, and 300K, respectively, while the particle radius is

R = 50 nm.

© dw 4hw’
P= [y S @I B ) on
is the power emitted by the particle due to its interaction with the bath in presence of the substrate.

We are interested in a situation of heat-transfer equilibrium in which the total power absorbed by the particle
vanishes for T, = T;' at fixed T, and Ty, so that B(T5") — P(T5") = 0. This situation is characterized by the sta-
tionary temperature of the particle and by the exchanged power P = P(T5") = P,(T3"), which here is studied as
a function of the separation d. Since we describe the particle in the dipolar approximation, we restrict ourselves to
separation distances larger than the radius of the particle, d > R (the distance between the substrate and the
center of the particle is thus larger than 2R). We also emphasize that the approach developed above is appropriate
for polar materials, but needs to be suitably modified for metals, introducing the magnetic contribution to the
power absorbed by the dipole. With this in mind, here we consider a substrate and a particle made of SiC. In
Fig. 3(a,b), we plot P and the associated AT = T, — TZSt, respectively, as a function of the separation d for
T, = 400 K and T, = 300 K and for several particle radius. We observe again a saturation of the power exchanged
between the substrate and the particle caused by the thermalization of the particle, whose temperature approaches
that of the substrate as the separation is reduced. As shown in Fig. 3(c), there is a maximum value of this power
after the transition from the far field to near-field regime, and then the exchanged power is clearly reduced asd is
decreased. The corresponding particle equilibrium temperature is represented in Fig. 3(d). To highlight the influ-
ence of the thermal bath, for fixed radius (R = 50 nm), in Fig. 3(c,d) we take the substrate temperature as
T, = 400 K, while T; = 0 K, 250K, and 300K. In the far field, we observe a strong effect of the bath on the
steady-state temperature of the particle, but the exchanged power P is similar in the different cases (recall that the
total power absorbed by the particle is always zero in the considered situations).

Discussion

We have demonstrated the existence of a radiative saturation mechanism for near-field heat exchange in
many-body systems. This saturation arises as a consequence of thermalization of the interacting bodies when the
separation d between them is reduced. In contrast to the well-known saturation of heat transfer between two
bodies, close to contact, resulting from the nonlocal response of the materials, the effect highlighted here exists
even with purely local responses. For polar materials with planar geometry, a quadratic dependence of the tem-
perature variation between neighboring elements is observed with respect to the separation distance. This
dependence is counterbalanced by the 1/d” scaling of the heat transfer coefficient and therefore, the energy flux
reaches a constant value in the limit of small d. In metallic structures, where such a scaling does not apply, ther-
malization induces a saturation of the heat flux as well. In the considered example for Au, the saturation distance
due to thermalization is one order of magnitude larger than the optical saturation distance'® for the heat exchange
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between metals at fixed temperatures. Furthermore, we observe that the steady-state heat flux in planar geometry
can be higher at intermediate separations than at short separations, and a similar result is found for the power
exchanged between the dipole and the substrate. This behavior can be attributed to the non-trivial interplay
between the interactions of the body reaching heat-transfer equilibrium (the membrane or the dipole) with the
substrate and the bath.

This mechanism of saturation due to thermalization can be observed in experimental measurements of radiative
heat transfer in which the temperature of the active components is not completely fixed. This may be the case, for
instance, of a membrane that is suspended by arms constituting a weak conductive channel for heat transport, or
when a small object is attached to a cantilever whose internal temperature profile can be altered by the incoming
radiative energy flux. The power absorbed by a particle in this more general scenario, which could represent a sim-
plified model of a tip, can be described as P, = Py, + Popy + Poge» Where P, . and P, account for the interaction
with the substrate and the environment, respectively, and P, is an external power that controls the state of the sys-
tem. The term P, , may include interactions with a bath of thermal radiation and also a conductive contribution
arising from the structure supporting the particle. In the stationary state at which the absorbed power vanishes, the
power P, supplied to the system to maintain such a state can be used to infer the steady-state temperature of the
particle and the radiative power 7, .. As we have shown here, the induced many-body thermalization can affect both
the temperature of the particle and the power exchanged with the substrate, so it can influence experimental meas-
urements as well. Finally, the thermalization and the associated saturation effect could be relevant for thermal man-

agement in systems with several components interacting through thermal radiation.

Methods
Optical reflection and transmission coefficients, permittivities, and polarizability. The optical
reflection and transmission coefficients P, and T respectively, of the substrate (j = 1) and the membrane (j = 2)
are given by

ik w,p) = 1k, w),

rf(k, w)(1 — e**=2%)

1 — [k, w)] 220

(1~ [k, o))"

1 — [k, w)] =0 (22)

p(k, w, p) =

ik, w, p) =

and 7i(k, w, p) = 0, since the substrate is assumed to be a semi-infinite, dissipative body. In these expressions,
= (k, — k, )/(k + k, ) and rTM (5 k, kzj)/(sjkz + kzj) are the Fresnel reflection coefficients of the

Vacuum—medlum interfaces and k; = . [w e.(w)/c? — k? is the component of the wave vector perpendicular to
the surfaces in medium j which is characterized by the dielectric permittivity ¢ ,(w). The permittivity of SiC can be
described by the Drude-Lorentz model* e(w) = goo(sz — iFw)/(w% — w? — iTw), where €. = 6.7 isthe
high frequency dielectric constant, w;, = 1.83 x 10" rad/s is the longitudinal optical frequency,
wp = 1.49 x 10" rad/s is the transverse optical frequency, and T' = 8.97 x 10'' rad/s is the damping rate. For
Au, the permittivity here is described by the simple Drude model e(w) = ¢, — wzl(w + ivw) with the back-
ground dielectric constant &, = 1, plasma frequency w, = 1.37 x 10' rad/s, and electron collision frequency
v =532 x 10" rad/s.

Furthermore, to describe the response of the particle, we assume that its nude polarizability is given by

) -1
a(o)(w) = 47rR3[€(w) — 1]/[e(w) + 2], while its dressed polarizability reads a(w) = a(o)(w)(l — %a(o)(w))

Correlation matrices of the substrate and bath fields.  The matrix S(w) accounting for the correlations
of the substrate field can be obtained by expanding the field in plane and evanescent waves and using the correla-
tion function of the field modes®”*. This correlation function follows from the fluctuation-dissipation theorem
(16). Then, the matrix B(w) describing the correlations of the thermal bath can be computed as
B(w) = ImG(w) — S(w). A detailed derivation of these quantities is given in the Supplementary Information and
here we give the final result:

f 00 0

o dk dk

Sw) = [T =Ko f ol Bw= [ Felo v ol,

0 8w 87 00

00¢g w (23)
where
w 1 k?
f=1 %\(1 - rlTE‘z) + —wz‘(l - |r1TM|2)

et Im(r" ™) | i2k (44 R)

k, (24)
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2,2 272
g P czk (1- |r1TM|2) e 12c2 k Im(rl"l"M)eIZkz(d+R),
wk, wk, (25)

272
1 i 2 ¢k . 2
y = Hszk ‘1 + rl”fEeszz(d+R)| + Zz ‘1 _ rlTMezzkz(d+R)| ,

. w (26)

272

ck ; 2
w = TIP¥ Zk ‘1 + rl”FMerzkz(d+R) )
w

z (27)
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