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We predict an additional thermal transport pathway across metal-nonmetal interfaces with large electron-
phonon nonequilibrium via evanescent radiative heat transfer. In such systems, electron scattering
processes vary drastically and can be leveraged to guide heat across interfaces via radiative heat transport
without engaging the lattice directly. We employ the formalism of fluctuational electrodynamics to simulate
the spectral radiative heat flux across the interface of a metal film and a nonmetal substrate. We find that the
radiative conductance can exceed 300 MW m~2 K~! at an electron temperature of 5000 K for an emitting
tungsten film on a hexagonal boron nitride substrate, becoming comparable to its conductive counterpart.
This allows for a more holistic approach to the heat flow across interfaces, accounting for electron-phonon
nonequilibrium and ultrafast near-field phonon-polariton coupling.
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The thermal boundary conductance (TBC) between two
solids relates the heat flux, g, to the temperature drop AT
across the interface. Over the past few decades, theories
that describe the interactions among electrons and phonons
at interfaces have elucidated various fundamental carrier
scattering and conversion processes that drive these inter-
facial thermal transport pathways [1-6].

One of the most fundamental and ubiquitous transfer
mechanisms, thermal radiation, has been neglected in this
interfacial heat transfer discussion and concomitant thermal
boundary conductance theories. The relatively small fluxes
inhibited by the blackbody limit seem negligible when
compared to traditionally studied conductive pathways
driven by electrons and phonons. In recent years, there has
been a renewed interest in this field due to the verification
of the prediction of super Planckian enhancement due to the
contribution of evanescent modes [7-9]. This is of special
importance in the “near-field” regime, when the separation
distances are smaller than the thermal wavelength [10].
The contribution of evanescent radiative modes can be the
dominant thermal transport mechanism within these dis-
tances [11]. With the ability of evanescent radiative heat
transfer (RHT) to exceed the blackbody limit, many
experiments have been performed for a range of different
geometries, materials, and gaps ranging from micrometers
down to nanometers [12,13]. Due to this new capability,
there is growing interest in the effect that evanescent
RHT can have on various thermal technologies such as
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thermophotovoltaics [ 14], heat-assisted magnetic recording
devices [15,16], scanning thermal microscopy [17,18], and
coherent thermal sources [19-21]. Hence, we must envelop
our standard thermal theory of interfacial transport [1] to
leverage evanescent RHT in the solid state.

The largest RHT enhancements in natural materials have
been reported in polar dielectrics, such as SiC, SiO,, and
hBN, where phonon polariton dominate the evanescent
modes [22,23] in the near field as predicted via Rytov’s
formalism of fluctuational electrodynamics [24,25]. This
theory predicts thermal radiation mediated by all propaga-
tive, frustrated and surface modes at an arbitrary distance
from an emitting body. The frustrated and surface modes
are not allowed to propagate outside the emitting body (i.e.,
they are evanescent), as the parallel component of the wave
vector (k,) for these modes is greater than the free-space
wave vector (kj). However, when another medium is
brought close to this body, the evanescent modes can be
coupled to the receiving system, and the heat is transported
radiatively. The interfaces adjacent to polar dielectric
systems are also the source of major thermal boundary
resistances due to the large phononic mismatches that occur
at metal-dielectric interfaces in devices [6,26], thus heavily
reducing the possible thermal management at these scales.
To compound this, the electrons of metal interconnects are
often an order of magnitude hotter than the phonon
subsystem during operation [27]. Capitalizing on evanes-
cent RHT, the thermal boundary conductance across metal-
dielectric interfaces can be tuned by using the electron-
phonon nonequilibrium.

In this Letter, we model the transduction of thermal
radiation from a metallic emitter into an insulating

© 2025 American Physical Society
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(a) Diagram of interfacial transport phenomena. The schematic depicts energy transfer processes between electrons (e),

phonons (p), and boundary (b) immediately after an ultrashort laser pulse is absorbed. The evanescent and propagating radiation due to
ballistic hot electrons is absorbed into the substrate based on the dielectric properties beneath the interface. (b) The spectral energy
density due to radiation of propagating and evanescent modes from a gold film at a distance d (shown in the color bar) away from the
surface calculated using FED. The solid black line shows the far-field blackbody limit.

dielectric substrate, specifically under the case of strong
electron-phonon nonequilibrium. By leveraging the for-
malism of fluctuational electrodynamics (FED) as well as
the classic Drude-Sommerfeld theory of free electrons [28],
we also examine the effect of electron temperature in the
metallic thin film on interfacial radiative conductance, /,,4,
in the presence of polaritonic and hyperbolic insulators.
By doing so, we demonstrate that there can be more than
twofold increases in overall thermal interfacial transport at
high electron temperatures due to the contribution of
evanescent radiative heat flux at metal-insulator interfaces.

The configuration studied here is schematically depicted
in Fig. 1(a), where nonequilibrium is illustrated as the
separation in thermal energy immediately after excitation
from short pulsed laser absorption. Another example of this
nonequilibrium occurs in the gate of high-frequency
electronic devices [21,29,30]. These events can cause the
electronic bath at temperatures of thousands of Kelvin
while maintaining a cold lattice. This nonequilibrium
manifests as the opening up of the Fermi surfaces, resulting
in an increase in the population and the scattering rates of
conducting electrons [3,31-33]. These increases open up
possible radiative photonic states in both the propagating
and evanescent regions of the photonic dispersion. The
proposed mechanism of RHT across interfaces is fueled by
the absorption in insulating dielectrics. These dielectric
materials with high indices can shuttle the evanescent
modes from the metal into high-wave-vector photonic
states, enhancing thermal transport.

All the processes of the thermal transfer across the
interface are depicted in Fig. 1(a), where “e”” and “p” refer
to the electronic and phononic subsystems, respectively.
Each material has its electron-phonon coupling rate, G,
[34], at which electronic energy is converted to phonon
energy. The conductance across the interface includes the
phonon contribution to the boundary resistance (/) [1]

and the contribution associated with electron collisions at
the interface producing phonons in the insulator (4,;) [35].
Finally, there exists a conductance associated with the
mechanism proposed by this work, where the thermal
radiation emitted by the electrons may be absorbed into
the phonons or electrons in the substrate (/,,4). To represent
the scale of available energy contained in thermally excited
evanescent modes of a metallic emitter, we calculate the
energy density at a distance d away from a gold layer with
bulk properties [Fig. 1(b)] using FED [8,25,36]. As d
decreases, the emitted flux increases due to the evanescent
contribution such that it exceeds the blackbody limit by
several orders of magnitude.

The formalism for thermal emission by a system with
nonequilibrium carriers was provided by Greffet er al. [37]
asserting that the subsystem temperature of a carrier in
nonequilibrium should be used along with its contribution
to the dielectric function. Thus, the emission of the metallic
layer is dominated by the free-electron contribution during
nonequilibrium and before electron-phonon thermalization
(i.e., at timescales less than ~10 ps after an electronic
excitation). At this short timescale, there is an opportunity
to sink this heat before the bulk system reaches a high-
entropy equilibrium dominated by diffusive processes. The
dielectric behavior of free electrons is described by the
Drude model as

2

- (1)

en(@) =1 @ + il

where ), is the plasma frequency and Ty, is the total
electronic scattering term. As the Drude model predicts a
broadband dielectric function across the infrared region of
the spectrum (where most of the RHT occurs), the spectral
energy density due to thermal emission by the metallic
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layer also exhibits a broadband behavior, as shown in
Fig. 1(b) for gold, as an example.

When considering a nonequilibrium system with
elevated electron temperatures, we need to investigate the
scope of the Drude oscillator parameters (i.e., @, and '),
which vary noticeably with electron temperature. The
strength of the Drude oscillator is given by the plasma
frequency, defined as

n(T.)e’

(x)p(Te) = W, (2)

where e and ¢, are the elementary charge and free-space
permittivity, respectively. The parameters which depend
on the electron temperature, 7,, are the effective mass
(m*) and the number density of electrons (n,) given by
integrating the occupied density of electronic states over
all energies. The temperature dependencies of m* and n,
can be computed from the total electron density of states
(eDOS) and the chemical potential, u, detailed in
Supplemental Material [38].

There is also a sizable increase in the total elec-
tronic scattering rate, I, at high temperatures due to
the increase in average collisions experienced by electrons
at the broadened Fermi surface. The classic Drude model
assumes independent electrons, but at the nanoscale, elastic
collisions between electrons and boundaries become sig-
nificant. To account for this effect, we extend the Drude
model using Matthiessen’s rule [43], providing a more
accurate total relaxation time, ', as

Ftot = Fee + Fep + Felﬁ (3)

where I',,, T, ,, and I, are the electron-electron, electron-
phonon, and electron-boundary scattering rates, respec-
tively. Each of these rates can be calculated from first
principles under the theories of Fermi liquid theory [44,45],
electronic Cerenkov radiation of sound waves [46], and
inelastic electron scattering from a vibrating boundary [47],
with the inputs taken from Refs. [31,48] (see Supplemental
Material for details [38]). Throughout the simulations
performed in this work, we consider a metal film thickness
of 10 nm with a “cold” lattice, i.e., Tp =300 K. This
assumption represents the initial transient phase of strong
electron-phonon nonequilibrium following an intense
electronic excitation. During this scenario, 7', can reach
thousands of Kelvin while 7', remains nearly constant on
the timescale of picoseconds due to the relatively slow
electron-phonon energy exchange. This isolates the impact
of hot electrons on radiative heat flux in nonequilibrium
conditions, such as after ultrafast laser excitation [49] or
during high-power electronic device operation [27,50].
The temperature dependence of these scattering rates
along with the total scattering rate in three representative
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FIG. 2. (a)-(c) Electron-electron, electron-phonon, electron-
boundary, and total scattering rates in a film of gold, copper, and
tungsten, respectively. The thickness of the film is set to 10 nm.
(d) Electron temperature trend of the plasma frequency for each
metal film.

metals (i.e., Au, Cu, and W) are shown in Figs. 2(a)-2(c).
At the low-temperature limit of 7, ~ 300 K, the dominant
mechanism is electron-phonon scattering as the system
is close to equilibrium and the phonons scatter more
readily since they have higher heat capacity than the free
electrons. At electron temperatures higher than 2500 K, this
trend inverts, and the self-interaction of the electronic sea,
i.e., the electron-electron scattering, dominates over the
electron-phonon counterpart. While all three metal films
show similar electron-electron scattering rates, the gold
film exhibits a higher electron-phonon scattering rate than
copper and tungsten. Although gold has the lowest elec-
tron-phonon coupling among these three metals [31], the
electron-phonon scattering rate is the highest since gold has
the lowest sound speed (see Supplemental Material [38]).
Additionally, the lower sound speed in gold causes
electron-boundary scattering to be the dominant contrib-
uting mechanism to the total scattering.

Figure 2(d) shows the trends in the plasma frequencies,
where Au and Cu exhibit a characteristic downturn, in
contrast to the relatively stable trend in tungsten. Gold
and copper are both noble metals that conduct via their outer
s-band at lower temperatures. The general trend for these
noble metals is a trend upward in number density at moderate
electron temperatures (7, < 2000 K) due to Fermi smearing
into the d-bands, resulting in a increase in @,. However, at
higher temperatures, the tail of Fermi smearing starts to gain
access to the heavy d-bands. Hence, while the number
density keeps increasing, the competing effect of the
effective mass of the d-band electrons dominates the trend
at T, > 2000 K and thus, decreases w,,. Tungsten, a non-
noble transition metal, has a much smoother trend with
electron temperature due to the d-bands participating in
conduction throughout the temperature ranges simulated.
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(a) FED predictions of radiative TBC at varying electron temperatures. The highest 4,4 can be expected from the absorption

into high-wave-vector phonon polaritons in hBN and SiC. The lack of polaritonically active optical modes in the Si results in small
values of A4 during nonequilibrium. (b) Comparison of nonequilibrium /%,y calculated in this work (red stars) with measured TBC
values at nonequilibrium (green diamond [57]) as well as room-temperature phonon-phonon TBCs (black squares [3]). The values of
TBC are plotted against the ratio of the film and substrate Debye temperatures, which gives a first approximation to the effective acoustic
impedance matching used to estimate the efficiency of interfacial phonon transport. (c)—(e) Representative dispersion of evanescent
radiative spectral heat flux per unit wave vector transferred from the metal to the substrate in the cases of 10-nm Au film with

T, = 5000 K on Si, 3C-SiC, and hBN, respectively.

With the Drude parameters calculated at high electron
temperatures, we can utilize FED to determine the radiative
heat flux associated with propagating and evanescent
modes across the interface between the metallic thin film
and an insulator substrate [51,52], as described in
Appendix C. This flux is then used to calculate the thermal
boundary conductance with AT =T, — T ,. We considered
three semi-infinite substrates (i.e., Si, 3C-SiC, and hBN)
with different dielectric behaviors in the infrared region.
While Si does not support any optical features that would
significantly enhance the radiative heat flux, 3C-SiC and
hBN can support evanescent polaritonic modes [53] that
cause a resonant increase in the heat flux. 3C-SiC is an
isotropic polar wide-bandgap semiconductor with a large
transverse optical (TO) absorption peak in the infrared
region and supports phonon polaritons [36,54,55]. Also,
hBN is an anisotropic uniaxial medium with different in-
plane and cross-plane dielectric functions. hBN possesses
two hyperbolic spectral regions, in which the in-plane and
cross-plane dielectric functions have opposite signs and

hyperbolic phonon polaritons may be excited, resulting in a
broadband enhancement of radiative heat flux [56]. The
dielectric functions of these substrate materials are found
using available literature parameters [41,53].

Figure 3(a) shows the calculated results for evanescent
radiative conductances, /.y, for all nine interfaces. We
observe a two-order-of-magnitude increase in the interfa-
cial radiative conductance at high electron temperatures
when compared to near-equilibrium conditions (i.e., low
T,). The magnitude of these radiative conductances, how-
ever, is only significant for polar substrates with strong
dipole oscillators supporting strong resonant modes at high
wave vectors. For polaritonically active substrates, the
value of h,,4 approaches the order of conductive transport
(~100/s MW m~2 K1) [26] at electron temperatures above
3000 K. Figure 3(b) presents a range of literature values for
total TBC measured during local thermodynamic equilib-
rium, ie., T, =T, =300 K. Comparing our calculated
values at 7, = 5000 K to the literature values, we see that
h.,q can be the dominant mechanism under nonequilibrium.
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Au and W show the highest evanescent transfer to polari-
tonic substrates, up to 333.7 MW m™2K~! at T, = 5000 K.
In the case of tungsten, this is due to the dramatically lower
w,, of the metal [see Fig. 2(d)], resulting in a small negative
dielectric function allowing more modes through the metal-
insulator interface. Gold compensates for a high w, with
overall higher scattering rates which broaden the envelope
of evanescent modes and results in a comparable flux to
that of W (see Appendix B of Supplemental Material for
sensitivity of heat flux to each Drude term [38]).

We focus on electron temperatures up to 5000 K to
model scenarios of strong electron-phonon nonequilibrium,
where electrons transiently reach high temperatures before
thermalization with the lattice. The only measured value of
radiative TBC in such nonequilibrium conditions is for the
Au/hBN interface, reported by Hutchins et al. [57]. The
ultrafast heat transfer measurement described in Ref. [57],
involving evanescent coupling between hot electrons in
gold and hyperbolic phonon polaritons in hBN, aligns with
the theoretical predictions presented here. The reported
“polaritonic interface conductance” of 500 MW m~2 K~ at
high electron temperatures agrees within uncertainty with
our calculated /4.

To elucidate the effect of substrate on the radiative flux,
we show the spectral heat flux per unit k, emitted by the
gold film with 7, = 5000 K into the three substrates in
Figs. 3(c)-3(e). The absorption from the Drude oscillator in
Si results in a weak broadband heat flux. In the case of 3C-
SiC [Fig. 3(d)], the radiative heat flux is dominated by the
excitation of bulk phonon polaritons at lower wave vectors
and the TO absorption at high wave vectors. The latter
occurs at a narrow spectral region resulting in a quasi-
monochromatic heat flux between the metallic layer and
the substrate. The transfer of flux across the interface is
dictated by the allowed electromagnetic modes at each side
of the interface; thus the strongest optical phonons and/or
polaritons result in the most radiative flow. The metal-
substrate paring that resulted in the highest 4.4 was that of
W on hBN due to the intense absorption into the high-
wave-vector hyperbolic phonon polaritons excited within
two hyperbolic regions of hBN, as illustrated in Fig. 3(e).
These hyperbolic modes result in a directional volumetric
sinking of heat from the emitting metal layer. Such
enhancement of radiative interfacial heat transport under
strong electron-phonon nonequilibrium has potential
applications in hot electron transistors [58,59], thermal
switching [60,61], thermophotovoltaics [14,62,63], and
nanophotonic devices [15,16,64]. This work provides a
foundation for designing advanced materials and devices
that leverage these radiative mechanisms for efficient
energy transduction. The presented results in Fig. 3 show
that, while the photonic energy transfer across solid-state
dielectric interfaces is often overlooked when tuning the
efficiency of thermal transport, the evanescent flux emitted
can become significant in cases of extreme nonequilibrium.

In summary, we investigated evanescent RHT under
extreme nonequilibrium in various thin film metals in
contact with several dielectric absorbers. Using fluctua-
tional electrodynamics, we predicted interfacial radiative
conductance for electron temperatures ranging from 300 to
5000 K. We found that polaritonic substrate supporting
surface or hyperbolic phonon polaritons in the infrared
region could achieve radiative conductance comparable to
its conductive counterpart. The highest conductance was
observed for a tungsten film on hBN at high electron
temperature due to hyperbolic phonon polaritons, surpass-
ing 300 MW m~2 K~! and rivaling typical phonon-phonon
interfacial conductances. The trends observed in radiative
TBC suggest that electrons impinging on an insulating
interface can emit energy not only via e-p coupling but via
the transduction of thermal energy into polaritonic and
photonic modes of the absorber, providing an additional
pathway for thermal transport and energy transduction at
the nanoscale.
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End Matter

Appendix A: Plasma frequency calculation—The
plasma frequency of the metallic thin film was found as
described in Eq. (2) of the Letter and is given by

n(T,)e*

dzm*(T,)ey (A1)

wp(Te) =

where ¢; and e are the vacuum permittivity and electron
charge, respectively. The temperature-dependent para-
meters in this equation are n, and m*, which represent
the number density and effective mass of electrons,
respectively. The number density of electrons, n,, was
calculated from the integration of the occupied density
of states (ODOS), g(e,T,), across all energies, €. The
ODOS was obtained by multiplying the ground state

density of states (DOS), D(¢), by the Fermi Dirac
distribution, fgp(e, T,), as

g(e.T.) = D(€).frp(e. T,). (A2)

To find DOS for each metal film, we conducted self-

consistent field calculations in the Quantum ESPRESSO

package [48] using a 8 x 8§ x 8 grid of k-points. The
number density of states was then calculated as

n(1) = [T ger)de= [T D@ T (A3)

The thermal effective mass for each metal film was
retrieved by the Ashcroft and Mermin formulation [43] as
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_ (T
7free(T6) ’

where y and yg.. are the actual and free-electron
Sommerfeld coefficients, respectively. The values of y
and yy.. for each metal film at given 7, are found as

m*(T.) (A4)

yr,) = Clo (3)
7[27’1 2
Yfree(Te) = # ’ (A6)

where C, is the heat capacity of electrons, y is the chemical
potential, and k; is the Boltzmann constant. Finally, with
electron effective mass and number density calculated, the
plasma frequency of each metal film was found.

Appendix B: Electron scattering rate calculation—The
electron-electron scattering rate was obtained using the
Fermi liquid theory formulation, described in Ref. [44], as

42 2k 1 2k
Fee(Te) = 364 127 3 o E 5 -+ —arctan r
l6z°h EoVF Y5 4kF + qs qs qs
— — 2
« ”2+<€€7F”> ] kT, )2,
= ()t

where kr and vy are the Fermi momentum and velocity,
respectively, and are related to the Fermi energy, ey, and
the rest mass of the electron, m,, as

(B1)

kF = \/%/h (BZ)
Vg = kal/me, (B3)

where 7 and m, are the reduced Planck constant and the
rest mass of an electron, respectively. Also, g, represents
the screening length of the electron, that is, the distance
at which the electrostatic force of the electron is
attenuated. The screening length in the above formu-
lation is given by Bohm and Pines [45] as

_ 4ﬂ€0h21.47r§/2

1
q =
BP m, ,

(B4)
where 7 is the inter-electron distance of the simulated
metal given by

dneyh®(3/4xn,)'3
ry = .

S
e’m,

(B3)

The electron-phonon scattering rate for each metal film
was found by following the formula reported in Ref. [46]:

2m*(T,)C?n,(T,)

F—I(Te):% G T, (B6)

ep
where C; is the Debye sound speed of the metal given by
(B7)

In Eq. (S13), u; and uy are the longitudinal and transverse
sound speeds, respectively. The values of the longitudinal
and transverse sound speeds for each simulated metal can
be found in Table S1.

To find the electron-boundary scattering rate, we fol-
lowed the formula reported in Ref. [47] as

Fon(Te) = 354(3>F3;Z<Te>qrt [l i 2(%)1 (B8)

where { is the Riemann-Zeta function, g is the wave vector
of a thermal longitudinal phonon (g7 = T,/u;), and ¢ is
the thickness of the metal film.

Appendix C: Radiative heat flux calculation—Figure 4
represents a schematic of the radiative heat transfer
problem under consideration as a one-dimensional
layered configuration with two solid-state layers. In this
configuration, layer 1 is a thin metallic film emitter
(with a thickness of f) with a bulk vacuum layer on top,
and layer 2 is a receiving dielectric half-space. The
dielectric response of each layer is described using a
frequency-dependent  dielectric ~ function,  &(w) =
€ (w) + ie"(w). As layers are infinitely long in the x and
y directions, we only consider heat flux along the z axis.
Utilizing the framework of fluctuational electrodynamics
[51] in Cartesian coordinates, the spectral radiative heat
transfer (¢q,) from the thin film to the substrate is given
by the time-averaged z-component of the Poynting
vector as

G = 2Re[(EH} — E,HY)] (c1)
where * denotes the complex conjugate. Here, E, and
E, (H, and H,) are the x- and y-components of the
electric (magnetic) field E (H), respectively, thermally

0 Vacuum

' » X (p)
tI 1 Metal

z

FIG. 4. Schematic diagram of the configuration considered for
radiative heat flux calculations.
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emitted by the thin film. These thermally emitted fields
can be found using the fluctuation-dissipation theorem
and the formalism of dyadic Green’s function (DFG)
[51]. By adopting a polar coordinate system and con-
sidering the azimuthal symmetry of the configuration,
the radiative heat flux is then found as

/kmax k%@(a), T)
9o = 2
0 T

t
xRei/ g’
>

a=p,0,z

(w) (ggaggg - ggagz;)dz kpdkp’
(C2)

where © is the mean energy of electromagnetic states,
ko is the vacuum wave vector, and k, is the parallel
(relative to the surface) component of the wave vector.
In this study, we set the upper wave vector limit k,,, =
r/a, where a is the lattice constant of the material. This
choice reflects the physical limit imposed by the
material’s atomic structure and photonic response [52].
Also, g is the Weyl component of DGFs, given by

(ATES § +ATMp2 P/ )e—lk 12
; +(BTES § _|_BTMI'\)2 fﬁ) —ik;z
2k +(CTES§ +CTMpT p ) eikart
+(DI*ss +DTM py)e s

(C3)

(ATEp §— ATMgp ) —ik,z

k, | +(BiEpyS — BIM§p | )e~tkas

"2k | +(CEEpES - CIM3py ) et
+(DIEp5§ — DIMSpT)e*

Here, superscript TE and TM refer to the transverse
electric and transverse magnetic polarizations, respectively.
Also, § and pi are respectively the Sipe unit vectors inside
the ith layer for TE- and TM-polarizations, given by

§=-0 (C5)

A

P =—(Fkap +ky2). (Co6)

I
k;

where k; = \/g;ky and k,; = |/ki — k. Finally, the coef-
ficients A (B}) and C) (D}) represent the amplitude of
waves travelmg toward the positive (negative) direction of
the z axis in y-polarization (where y = TE or TM) due to
thermal sources emitting in the positive and negative
directions of the z axis, respectively. These coefficients
can be found using the scattering matrix method described
in Ref. [51].
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