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Based on fluctuational electrodynamics, we reveal a dimensional crossover in far-field thermal
radiation between subwavelength gold membranes. As the membrane thickness decreases from bulk
to nanoscale, we observe a transition from three-dimensional (3D) to two-dimensional (2D) heat
transfer, characterized by a distinct minimum plateau in thermal conductance for intermediate
subwavelength thicknesses. This behavior, absent in polar dielectrics, stems from the coupling and
decoupling of long-range surface plasmon-polariton modes. The thermal conductance exhibits a
T3 dependence for thick membranes at high temperature and transitions to a 72 dependence for
ultrathin films at low temperature, reflecting the dimensional shift in photon density of states.
Notably, the minimum plateau falls below the black body limit, demonstrating the potential for
tailoring far-field thermal radiation in metallic nanostructures through dimensional confinement

and plasmonic effects.

Thermal radiation through vacuum gaps has attracted
significant interest of physicists for several decades [1].
This research field has particularly gained momentum
since the 2000s, due to its potential applications to en-
hance radiative currents and generate passive cooling.
In polar materials, the near-field heat flux can exceed
the conventional Planck’s predictions by several orders
of magnitude and is characterized by a very narrow
spectrum of photons [2-6]. This substantial enhance-
ment is attributed to the coupling between the evanes-
cent tails of surface waves traveling along the radiating
surfaces. These electromagnetic waves are called Sur-
face Phonon-Polaritons (SPhPs) and Surface Plasmon-
Polaritons (SPPs) when they are propagate along the sur-
faces of polar dielectrics and metals, respectively. Both of
these surface energy carriers can travel distances of a few
millimeters with infrared frequencies that are relevant for
room temperature applications [7].

In 2005, SPhPs were also identified as in-plane heat
carriers propagating along polar nanofilms [8]. The SPhP
heat transport along the interfaces of a SiO4 film thinner
than 50 nm can surpass the vibrational heat conduction
at 500 K. This prediction was experimentally confirmed
fourteen years later [9, 10]. In the same period, Thomp-
son et al. [11] demonstrated the existence of an unexpect-
edly high radiative heat flux between two SiN nanofilms
separated by a gap of 20 pm. This enhanced far-field
radiation is driven by the SPhP propagation along po-
lar nanofilms with a subwavelength thickness and was
demonstrated to also exist in the near-field regime [12].
Decreasing the film thickness thus revealed a transition
from a three-dimensional (3D) to a two-dimensional (2D)
radiation [13], the former becoming substantially weaker
than the latter for nanofilms thinner than 1 um. More
recently in 2023, the in-plane SPP heat transport along
a single metallic film was also demonstrated [14, 15],

though the physical mechanisms in metals differ from the
ones in polar materials [16]. However, the SPP contribu-
tion to the thermal radiation between two subwavelength
films has not been explored yet, despite its importance
for practical applications.

In this Letter, we use fluctuational electrodynamics
and Maxwell’s equations to demonstrate that the far-
field radiation between two gold subwavelength mem-
branes is driven by the in-plane propagation of SPPs.
The coupling of these plasmonic energy carriers propa-
gating along the top and bottom surfaces of thin mem-
branes increases their radiative thermal conductance. As
the thickness increases through intermediate subwave-
length values, this SPP coupling weakens and disappears,
causing the thermal conductance to reduce until reaching
a plateau. This enhancement and minimum plateau are
unique features of the thermal radiation between metallic
membranes, as they are not present for dielectric mem-
branes [6, 11, 12].

Let us consider two metallic membranes exchanging
heat by thermal radiation due to their temperature dif-
ference AT, as shown in Fig. 1. The lateral dimensions
(I,a) = (80,20)um of the identical membranes were cho-
sen big enough to ensure a sizable heat exchange and
small enough to keep the calculations tractable. The
separation distance was fixed at ¢ = 20 um to ensure
the regime of far-field radiation (¢ > Ay,) above room
temperature. According to fluctuational electrodynam-
ics, the net heat flux between the membranes is given by
[17, 18]

- / TR [fu(T + AT) — fu(D) B(W)dw, (1)

where w is the radiation frequency, f,(T) =
[exp (hw/kpT) — 1] is the Bose-Einstein distribution



FIG. 1: Scheme of two subwavelength membranes

exchanging far-field thermal radiation through photons
(wavy lines) and SPPs (green lines). The photons are
emitted from the facing surfaces, while the SPPs are
radiated after propagating along the top and bottom
surfaces. The membranes are identical and their red
and blue colors indicate high (T'+ AT) and low (T')
temperature, respectively. The thickness d is smaller

than the Wien’s wavelength \;;, which is around 10 pm
at 300 K. Black arrows represent the direction of the

total heat flux.

function, & and kp are the respective reduced Planck and
Boltzmann constants, and ® is the transmission function
of the random currents’ energy from the left membrane
(emitter) into the right one (receiver). We determine @
by using the boundary-element method, a mature and
sophisticated formulation in which the electromagnetic
fields are calculated from the fluctuations of surface cur-
rents [18]. This method has been extensively applied to
study near-field and far-field thermal radiation and we
used it via the free-software solver Scuff-EM. For the sake
of simplicity and conciseness, we evaluate ¢ through the
thermal conductance G = ¢q/AT, which for a tempera-
ture difference AT <« T and the linear approximation of
fu(T + AT) = f,(T) + ATOf,(T)/0T, becomes inde-
pendent of AT and is determined by

_ [T, 9fu(T)
G—/O MT‘P(w)dw. (2)

The Scuff-EM calculations were done by discretizing
both membranes into surface elements, as shown in Fig.
S12(a) of the Supplementary Material (SM) [19]. The
meshing was chosen sufficiently fine to generate 28048
fluctuational surface currents, ensuring the transmission
function convergence for frequencies up to 100 THz. All
calculations were done for membranes of gold, which is a
good SPP conductor due to its high plasma frequency
(wp/2m = 2196.3 THz) and relatively low absorption
(damping factor = I'/2r = 15.9 THz) [20] enabling the
long-range propagation of SPPs over a wide frequency
range [14]. For temperatures lower than 500 K and thick-
nesses greater than 25 nm, these values of w, and I' are
practically independent of the membrane temperature
and thickness[21, 22], and they allow the Drude model
used in our calculations to describe well the gold permit-
tivity for frequencies up to 100 THz [23]. Unlike the real

part of the permittivity of polar materials, the one of
gold is large and negative for all frequencies lower than
wp (see Fig. S9 of the SM [19]), which favors the existence
and propagation of SPPs over a relatively broad range of
frequencies. The thermal excitation and propagation of
SPPs in gold membranes is thus expected to enhance the
radiative heat transfer via their energy emission at the
membranes’ edges.
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FIG. 2: (a) Spectral thermal conductance between two
gold membranes at T'= 300 K. (b) Temperature
evolution of the thermal conductance and (c) its

normalized values with respect to the 2D (solid lines)

and 3D (dashed lines) thermal conductances predicted
by Egs. (3a) and (3b) for black bodies.



The spectral thermal conductance G, is shown in
Fig. 2(a) for T = 300 K and five representative thick-
nesses. The tiny ripples of G, are caused by the nu-
merical determination of ®, however they do not sig-
nificantly impact on our results due to their relatively
small amplitude. As the thickness d increases, G, de-
creases and tends to converge with a peak at 14.3 THz,
for d > 500 nm. Unlike the spectral thermal conduc-
tance for SiN membranes [11], the one for gold mem-
branes takes higher values for smaller thicknesses, espe-
cially when d reduces from 200 to 100 nm. This counter-
intuitive enhancement and convergence of G, for deep
subwavelength thicknesses, leads to a thermal conduc-
tance G = [ G,dw with the same behavior, as shown
in Fig. 2(b), as a function of temperature. Higher G
values are obtained for thinner and hotter membranes.
For T < 200 K, the thermal conductance G « T2, which
transforms to G oc T2, for T > 400 K, as demonstrated
by its normalization with respect to the following 3D and
2D thermal conductances for two black bodies (see Fig.
2(c) and section S1 of the SM [19])

G3D = 4adF1203DT3, (3&)
GQD = 3CLF120'2DT2. (Sb)

where o3p = 27°k%,/(15¢2h3) = 5.67 - 1078 Wm—2K~*
and oap = 82(3)k%/(ch?) = 1.92 - 10710 Wm—1K~3 are
the 3D and 2D Stefan-Boltzmann constants, and Fs is
the geometrical view factor given in supplementary Eq.
(S8a) for the membranes shown in Fig. 1 [24]. This
characteristic temperature dependence of Gsp and Gaop
arises from a 3D and 2D density of photon states, re-
spectively; and therefore it represents the fingerprint of
the dimensionality of the thermal radiation. The pro-
portionality G o< T™ shown in Fig. 2(c) thus indicates
that the radiation is driven by the 2D (n = 2) and 3D
(n = 3) emission of photons for sufficiently low and high
temperatures, respectively. The regime of 2D radiation
appears from the linear dependence of the transmission
function (® o« w in the supplementary Fig. S12(b)) at
low frequencies relevant for low temperatures. Accord-
ing to Eq. (2), this linear behavior leads to the quadratic
dependence of G, & w?, resulting in G o< T?2. For rela-
tively high frequencies, on the other hand, ® « w? and
therefore G, < w? (G o T?), which drives the usual 3D
radiation. The 2D (in-plane) far-field radiation between
gold subwavelength membranes also appears in the near-
field radiation between SiN membranes, as we show in
the supplementary Fig. S11(b) that we obtained by using
experimental data recently reported by Luo et al. [12].
These authors explained their measurements through the
in-plane propagation of SPhPs along the SiN membranes,
which suggests that our low-temperature results shown
in Figs. 2(a) and 2(b) could be driven by SPPs propagat-
ing along the top and bottom surfaces of the gold mem-
branes. This suggestion is reinforced by the fact that

the quantum of thermal conductance per unit width of
polaritons propagating along a single nanofilm also in-
creases with T2 and is equal to Gap/ (2aF12) [25]. The
factor two is explained by the contribution of two modes
to Gap, as detailed in section S1 of the SM [19].

“ ,
= ‘ "
o L S/ 500K 4
O - o
5 S 300K
-8 1 I, 4
8 10 q 'l ”’ 3
(&) " ’
E Pl
: 4
= -2 ¢

10

107 163 10*

Thickness d (nm)

FIG. 3: Thermal conductance between two gold
membranes as a function of their thickness. The dashed
lines stand for the 3D black body radiation predicted by

Eq. (3a). Calculations were done for three
representative temperatures.

Figure 3 shows the computed thermal conductance G
as a function of the membranes’ thickness d. Note that
G becomes independent of d and takes values lower than
the 3D black body limit, within an interval of inter-
mediate thicknesses smaller than the Wien’s wavelength
Aen = 2897.77/T pum. The minimum plateau of G thus
appears for subwavelength thicknesses that increase when
the temperature decreases. This plateau indicates that
the obtained heat transfer rate is not determined by the
cross-section area of the radiating membranes or their
view factor determining the 3D thermal radiation. Fur-
ther, the behavior of G is consistent with that of the
emissivity of a gold membrane, which takes higher val-
ues for membranes thinner than 100 nm and becomes
independent of the thickness for thicker membranes, as
shown in supplementary Fig. S10 [19, 26].

Considering that the gold membranes support not only
the emission of photons, but also the propagation of SPPs
along their top and bottom surfaces, we analyze the im-
pact of these energy carriers on the obtained thermal
conductance. According to the supplementary section S2
[19], the solution of the Maxwell equations for the trans-
verse magnetic (TM) polarization supporting the long-
range propagation of SPPs establishes that they propa-
gate along a single membrane with the following in-plane



(8) and cross-plane (p1, ps) wave vectors[27]

B = \arkoy/1+ Z—;via (4a)

e1ko
p1=+——+", ps=kov—e2, (4b)
VE2
where €5 and €7 = 1 are the respective relative per-

mittivities of a gold membrane and its surrounding vac-
uum, kg = w/c and ¢ are the corresponding wave vec-
tor and speed of light in vacuum, v = tan (,/22kod/2)
and the plus (+) and minus (—) signs in £ correspond
to the even (EM) and odd (OM) TM modes, respec-
tively. Both TM modes propagate inside the mem-
brane with the same wave vector ps independent of
thickness due to the relatively high permittivity of gold
(le2| ~ 10*) compared to that of vacuum [19]. Out-
side the membrane, the wave vector p; does depend on
the membrane thickness via v, as is the case of the
in-plane wave vector [ inside and outside the mem-
brane. However, taking into account the equality tan(xz+
iy) = [tan(x) + itanh(y)] /[1 — i tan(x) tanh(y)] = 4 for
tanh(y) = 1, which is well satisfied for y > 2; the
parameter v = i for kodlm(\/€2) > 4. In this case,
Egs. (4a) and (4b) establish that the in-plane (8 =
VEikoy/1 —€1/e2) and cross-plane (p1 = ieiko/ \/€2)
wave vectors of the even and odd modes are equal and
independent of the membrane thickness. This thickness
and mode independence of the three wave vectors shows
up for d > 4 [kOIm(\/?Q)]fl = 4[koRe(v/—=22)] " = 85,
eight times greater than the SPP penetration (skin)
depth d, = [2Re (p2)] " inside the membrane [19]. Ac-
cording to Fig. S5(b) of the SM, d2 < 25 nm, for all
frequencies with a relevant contribution to G, (see Fig.
2(a)), and therefore the SPP modes propagating along
the top and bottom surfaces are expected to decouple in
gold membranes thicker than 200 nm. For these thick rel-
atively membranes, G also becomes independent of thick-
ness (see Fig. 3), which links the minimum plateau of the
thermal radiation with the SPP modes’ decoupling.

The in-plane (A = [2Im(3)]™") and cross-plane (A; =
[2Re(p1)]”") propagation length of the even and odd
modes are respectively shown in Figs. 4(a) and 4(b) as
functions of thickness. For the three frequencies rele-
vance for G, the even mode propagates longer in-plane
and cross-plane distances than the odd mode, such that
they converge to a common value independent of thick-
ness, for d > 200 nm. The values of A for both modes
are three orders of magnitude longer than the respective
A1, which highlights the ability of SPPs to transport and
confine their energy over relatively long distances along
the membranes’ surfaces. As the membrane thickness
reduces, the relative increase of A(EM) and A;(EM) is
greater than the corresponding decrease of A(OM) and
A1(OM), and therefore the even mode leads the in-plane
and cross-plane propagation of the SPP energy. This fact
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FIG. 4: (a) In-plane and (b) cross-plane (skin depth)
propagation lengths of the even and odd modes of SPPs
propagating along a single gold membrane, as functions

of its thickness. (c) Spatial distribution of the
corresponding energy density (Poynting vector)
propagating with the peak frequency w/2m = 14.3 THz
of the spectral thermal conductance shown in Fig. 2(a).
Calculations were done for three representative
frequencies and thicknesses for the thermal conductance
shown in Figs. 2 and 3.

is confirmed by the spatial distribution of the Poynting



vector shown in Fig. 4(c), which shows that the energy
density of the even mode is distributed in a larger cross-
section area than that of the odd mode, for d < 200 nm.
For thicker membranes, the energy density of both modes
converges to the same line and keeps confined along the
membrane surfaces mainly. This thickness convergence
and surface confinement confirm that the propagation
of SPPs along a single gold membrane determines the
minimum plateau of the radiative thermal conductance
across two membranes of thickness d > 200 nm. For
thinner membranes, the increase of GG is explained by
the dominant role of the even mode, whose energy prop-
agates longer in-plane distances in larger cross-section
areas than the odd mode. This fact is further ratified by
the spatial distribution of the Poynting vector magnitude
shown in Figs. 5(a) and 5(b) around the radiating sur-
faces of membranes with thicknesses of 100 and 500 nm,
respectively. Note that the left membrane emits its elec-
tromagnetic energy flux from a cross-section area larger
than its geometrical one and larger for thinner mem-
branes. Even though most of the energy propagates in-
side the emitter, this enlargement at its boundary is gen-
erated by the concentration of energy propagating out-
side the emitter. The receiver (right membrane) absorbs
the energy in a relatively small cross-section area that
coincides with its geometrical one, for thick enough mem-
branes (d = 500 nm). Further, the effective cross-sections
of the emitter and receiver become independent of thick-
ness, for thicknesses greater than 200 nm, confirming the
radiative thermal conductance plateau between the gold
membranes.

In summary, we have demonstrated that the far-field
thermal radiation between two subwavelength gold mem-
branes reaches a minimum plateau that falls below the
black body limit. This plateau predicted by fluctuational
electrodynamics results from the decoupling of two long-
range and ultrafast modes of SPPs propagating along the
radiating membranes. The temperature evolution of the
computed thermal conductance is well described by the
combined emission of photons with a three-dimensional
and two-dimensional density of states. Unlike the far-
field radiation between subwavelength polar dielectrics,
the one between gold membranes increases for mem-
branes thinner than 200 nm. Our findings thus uncover
the potential of SPPs to enhance and control the far-field
thermal radiation between metallic nanofilms.

This work was supported by the CREST JST (Grant
number JPMJCRI19I1) and KAKENHI JSPS (Grant
number 21H04635 and JP20J13729) projects, as well
as by the JSPS Core-to-Core Program (Grant number:
JPJSCCA20190006).

Poynting vector magnitude (arb. units)

!1.0

0.8
0.6
04
0.2

FIG. 5: Density map of the Poynting vector magnitude
between two gold membranes with a thickness of (a)
100 nm and (b) 500 nm. Calculations were done at the
middle (half width y = a/2) of the membranes and for
the peak frequency w/2m = 14.3 THz of the spectral
thermal conductance shown in Fig. 2(a). The thinner
left membrane emits its energy with a larger
cross-section area than the thicker left membrane. The
three horizontal lines near the edge of the left
membrane in (a) and the sharp red lines near the edge
of the right membranes are minor numerical artifacts,
as they appear in scales that go beyond the resolution
of our numerical calculations.
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