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Effect of superconductivity on near-field radiative heat transfer
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Near-field (NF) radiative heat transfer (RHT) over vacuum space between bodies can exceed the far-field (FF)
heat transfer by orders of magnitude. A large portion of the heat flux transferred between metals in NF is at
very low frequencies, much lower than in FF. Thus a strong effect of superconductivity on NF RHT can be
expected even at radiation temperatures above the superconducting critical temperature, where nearly no effect
in FF is observed. We have examined experimentally the RHT between plane-parallel surfaces of niobium. Up
to a fivefold decrease in NF heat flux was observed when the colder sample passed from the normal to the
superconducting state. We found that a maximum decrease occurs at sample spacings ten times shorter than
the spacing of crossover between the NF and FF heat flux, being ~1000/T (ium). Applying Polder’s and Van
Hove’s relations for NF RHT and BCS theory of superconductivity, we explain this effect and show the roles of
transversal electric and magnetic modes in the steep decrease of heat flux below the critical temperature and the

subsequent flux saturation at low temperatures.
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Introduction. Pure metals, owing to their high electrical
conductivity, are known to be good reflectors of thermal
radiation at infrared and longer wavelengths. The idea that
the transition to the superconducting state markedly increases
the metal’s reflectivity (decreases absorptivity) is justified for
far-field (FF) thermal radiation of temperatures below the
superconducting critical temperature 7. On the other hand,
the photons of a thermal source with a temperature higher
than 7, have enough energy to be absorbed by breaking
up the Cooper pairs of the superconducting condensate, as
follows from the BCS theory of superconductivity [1] and the
Planck’s characteristic wavelength of FF radiation. This may
be markedly different in the near-field regime.

The near field (NF) from a planar source is composed of
evanescent waves [2] whose amplitude decays exponentially
with the distance from a body’s surface. Even though NF
is not radiative, another body placed sufficiently near to the
surface of a source can absorb a significant amount of the
power of the evanescent waves by photon tunneling [3]. In this
case, the NF contribution to radiative heat transfer potentially
exceeds the Planck’s blackbody limit by orders of magnitude
[4-6]. A crossover between FF and NF occurs at distances
d ~ 107! 1 of the electromagnetic radiation wavelength [7].
In other words, at a given distance d, the NF spectrum exceeds
the spectrum of FF at long wavelengths, which means that
NF radiative heat transfer predominately occurs via photons
of lower energy than in the FF.

Thus, we assume that thermal NF could open a window for
the observation of a strong influence of the superconducting
phase transition on radiative heat transfer, even at radiation
temperatures, which are higher than the critical temperature 7.

NF radiative heat transfer has been studied both theo-
retically and experimentally for various materials, such as
dielectrics [8,9], metals [6,10], graphene [11,12], metama-
terials [13], and the VO, undergoing a metal-to-insulator
transition [14], to give some examples. For a review, see
Refs. [3,13,15]. Studies of the effect of superconductivity
on thermal NF heat transfer are lacking. The possibility
to extract some information about superconductors when
varying the distance between the samples (absorber and
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radiator) and their temperatures therefore deserves further
investigation. In particular, an interesting question to ask is
whether the difference between radiative heat flow in the
normal and superconducting states could provide a contrast
in the thermal NF microscopy [7,16] of structures made of
superconducting materials, or provide some thermal control
[14] at low temperatures, with possible applications including
thermal switches, diodes, or transistors [17,18], or possibly in
microelectromechanical systems [19].

In this Rapid Communication, we present experimental
results on NF radiative heat transfer between normal and
superconducting metal bodies. We have chosen samples of
niobium (Nb) with a plane-parallel vacuum gap between them.
The reasons are as follows: (i) With Nb, we can measure over
a reasonably large range of temperatures (above a helium bath
temperature of 4.2 K) below and above the critical temperature,
and (ii) the geometrically simple (although challenging exper-
imentally) plane-parallel configuration enables us to calculate
NF heat transfer directly from the relations derived by Polder
and Van Hove [4] for infinite plane-parallel surfaces. Let us
briefly review some of those relations in question.

Basic theory. The total heat flux over the vacuum gap
between samples is described by
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o1 = [T [T T+ T+ T o
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In Eq. (1), the heat flux from the hot to the cold sample, and
vice versa, is dependent on the intensities of the blackbody
radiation generated within two bodies at temperatures Tj
and T>:
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This term is multiplied by the spectral hemispherical transmis-
sivities 7 of the vacuum gap for far-field (superscript FF) and
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near-field (NF) radiation of the transversal electric mode (TE)
and transversal magnetic mode (TM),

ofc ] 27K dK
T,fp(w,d)=/ e
o 2 (w/c)

| 2n K dK
T wd) = [ AL, (3b)
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where the subscript m denotes the TE or TM mode of radiation
and K is the surface-parallel component of the wave vector in
vacuum, Ko = w/c.

Spectral directional NF and FF transmissivities of the plane-
parallel vacuum gap between samples, integrated in Egs. (3),

—_ ;WP (1 = |,@?
t,EF — (1 |rm | )(1 |rm | )2’ (43)
|1 — r,(,})r,Sf) exp(2iy0d)|
B 4Im(r{P)Im(r{?) exp(—2y" od)

2
11— i’ exp(—2y 7o)

(3a)

NF m = TE,TM,

(4b)

are given by the Fresnel reflection coefficients r of the
sample surface, distinguished by the superscript. Notice that
in the exponential terms in Eqs. (4) (i.e., the “interfer-
ence term” in FF, and the decaying term in NF), the real
values yp = [(@/c)* — K*]'? (K < Ko = w/c) and y] =
[K? — (w/c)*]"? (K > K,) are multiplied by the distance d
between the surfaces. For the effect discussed in this Rapid
Communication, Eq. (4b) is substantial, where the imaginary
part of the Fresnel coefficients is crucial for the strength of
the NF and the decaying exponential term suppresses short
wavelengths.

To calculate the Fresnel coefficients in Egs. (4), we used
the computer code published in Ref. [20] for the evaluation
of the dynamic electrical conductivity of a superconductor.
This code, based on the Mattis and Bardeen theory [21], takes
into account the arbitrary purity of the superconductor. In the
normal state, the conductivity coincides with the Drude model,

Odc
l—iwt’
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where oy4c,80,wp, and t stand for the dc conductivity mea-
sured in the normal state, the vacuum permeability, the
plasma frequency, and the relaxation time of free electrons,
respectively. As input parameters for the theoretical model,
we have applied the measured values of dc conductivity
04c = 1.7 x 10’S and critical temperature 7, = 8.995K on
one hand, and the literature values of the plasma frequency
of niobium w, = 8.8 x 10" [22] and the relation for the
energy gapat T = OK, E,, = 3.528 kT [1] on the other hand.
Values of the energy gap E,r attemperatures 0 < 7' < T were
obtained by interpolation from the table of reduced energy gap
Eqr/Eq vs T /T, provided in Ref. [23].

Experimental setup. Both the radiator and absorber samples
are 548 nm thick Nb layers deposited by dc magnetron
sputtering on circular sapphire substrates 35 mm in diameter
and 2.7 mm in thickness with a planarity of better than
0.5 um, appearing optically smooth. The reverse side and
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sidewalls of the sample substrates have extra Al and Cu thin
layers. The Al layer suppresses the absorption or emission of
parasitic background radiation while the Cu “patches” serve
as contact electrodes for in sifu capacitive measurements of
the vacuum gap size d between the sample surfaces, which are
in a concentric plane-parallel position.

Four-point probe measurements of dc resistivity of the
samples resulted in a room-temperature value, which is 1.38
times higher than the one published for the bulk Nb [24] and
a low-temperature resistivity of about 5.9 x 10~8Q m, which
is nearly constant at temperatures from 9 to 30 K (room-
temperature resistivity to residual resistivity ratio, RRR =
3.6). On decreasing the temperature further, we observed a
transition to the superconducting state at a critical temperature
of (8.995+0.020)K, seen as a steep decrease within an
interval of about 10 mK (inset in Fig. 2). The four-point probe
measurement was conducted on the samples just before their
installation into the dedicated Evanescent Wave Apparatus
(EWA) [25], designed by us for previous NF heat transfer
measurements [6]. The EWA has been updated for the current
experiment with an additional stabilized heater for setting
various temperatures 77 of the cooler sample with a stability
of better than 50 uK. Sample spacing d is set in situ with a
differential micrometric screw and its value can be read out
in parallel with an independent capacitive measurement of the
spacing, ranging from hundreds down to a few micrometers.
An uncertainty of less than 1.5 um in the distance d was
assessed from a comparison between the readouts on the screw
and the capacitometer.

Results. Figure 1 collects all experimental data. We mea-
sured the heat flux g between the Nb film in the normal state
(radiator) at the temperature 7, = 12.5, 15, 20, and 30 K
and the film passing from the normal to superconducting
state (absorber) at 77 = 5-9.9 K for various values of spacing
between the samples, d = 7.5-600 um. The heat flux ¢
transferred between the samples is normalized to the FF heat
flux between the black (100% absorbing) surfaces,

qBB = GSB(T24 - T14), (6)

where ogg is the Stefan-Boltzmann constant. The values
of the normalized heat flux ¢/gpp are plotted depending
on the product of the temperature 7, of the radiator and
vacuum gap size d. Normalized heat flux measured for various
temperatures 7, of the radiator and spacing d at the constant
absorber temperature 77 = 9.1 K (normal state) tend to follow
one dependence on T,d at short distances. A similar tendency
is seen in the data points measured with the absorber in the
superconducting state at 77 = 5 K. This behavior is, under
certain conditions, related to the exponential terms in Eqs. (2)
and (4b).

From now on, for brevity, we will use the term “contrast” C,
defined at a specific value of product 7>d as the ratio between
the data for the absorber in the normal state at 7; = 9.1 K and
the superconducting state at 7} = 5K:

C(T»,d) =q(9.1 K, T,,d)/q(5 K, T»,d). @)

We have plotted the contrast C in the upper inset of Fig. 1. The
theoretical curve gives a higher contrast than the measured
values and shows a maximum at about 7>»d = 70K um. A
decrease of contrast at low values of T>d can be expected since
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FIG. 1. Main panel: Heat flux ¢/ggg [normalized to blackbody,
Eq. (6)], dependence on the product of the temperature 7, of the
“hot” surface (radiator) and spacing d between the radiator and
the “cold” surface (absorber). Solid symbols show data measured
when the spacing d was varied at a specific temperature 7,, whereas
the absorber was at 7} = 5 K (superconducting) or 9.1 K (normal
state). The open symbols are points measured for various absorber
temperatures 7 at specific values of d (data are plotted in Fig. 2
as a function of 7). Theoretical curves (thick solid lines) evaluated
for 7; = 5 and 9.1 K, both for 7, = 15 K. Upper inset: Contrast C,
Eq. (7). The theoretical line is calculated for 7, = 15 K. Lower inset:
Scheme of the sample configuration.

shorter and shorter wavelengths are involved with decreasing
the spacing and thus the spectrum of the transferred NF
photons shifts toward higher energies above the energy gap.

Data visualized with open symbols in Fig. 1 were obtained
at specific distances d and radiator temperatures 7>(>T).
Both were kept constant during each run, when we varied
the absorber temperature 7} between 5 and 9.9 K step by step,
crossing the superconducting critical temperature. These open
symbol data are replotted in Fig. 2 as a function of the absorber
temperature 7.

In Fig. 2, we see that at 7" = (8.97 £0.02) K, the NF
regime is characterized by a steep decrease in heat transfer
before saturating below 77 ~ 8.5 K. The value 7} agrees with
the critical temperature of the transition to the superconducting
phase, T, = (8.995 £ 0.020) K (cf. the inset in Fig. 2).

Discussion. Figure 3 shows the heat fluxes evaluated using
Eq. (1) together with the experimental data for d = 10um
and T, = 15K. The theoretical curves, essentially following
the behavior of the experimental data, clearly show that the
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FIG. 2. Main panel: Heat flux ¢g/ggg as a function of the
absorber’s temperature 77. Data are plotted for various values of
spacing d and radiator temperature 7, within the interval T,d =
90 — 4000 K um. The phase transition from a normal metal to a
superconductor manifests itself as a steep decrease in heat transfer
at Ty < T* =(8.97 £ 0.02) K. Inset: Temperature dependence of
electrical dc conductivity of the Nb layer. The critical temperature
T, = (8.995 £ 0.020) K and the steep transition to superconductivity
within an interval of 10 mK are visible.
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FIG. 3. Near-field heat flux ¢ transferred between Nb layers
separated by d = 10 um (circles). The absorber at temperature
T, undergoes a phase transition to the superconducting state at
T = 8.995K. The radiator is in the normal state at 7, = 15K.
Contributions of the near-field TE and TM modes are calculated
separately using Eq. (1). Far-field heat flux is negligible in this case.
Heat fluxes from the radiator at 7, to the absorber at 77 (solid lines) and
vice versa (dashed lines) are distinguished. The difference between
them gives the total heat flux (thick line).
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FIG. 4. Modified NF transmissivities M of near-field TE radiation
mode (curves with peaks at low frequency w, blue line) and TM
mode (curves increasing monotonically with frequency, red lines),
calculated at d = 10 um, Eq. (8a). Kinks on the curves correspond
to the superconducting energy gap of the absorber at individual
temperatures T;. Upper curves (black lines) present the term E in
Eq. (8b) multiplied by a constant.

steep decrease below the critical temperature is due to the TE
mode, while the TM mode is responsible for the saturation.
This behavior is due to the dominant NF of the TE mode
at low frequencies, while at high frequencies the TM mode
dominates [10]. To show it in our experiment, we neglect the
heat flux from the absorber to the radiator, the second term in
Eq. (2), and separate the NF terms of the integrand in Eq. (1)
into two parts:

1 2
M, = —(i) N1, To,0.d), m = TE,TM,

7w \2mc
(3a)
_ h
E= @ , (8b)
expiw/kpTr) — 1
o0
CI(TI»TZ) %/ E(Tsz)Mm(Tlvwvd)dw' (SC)
0

The term M, further called the “modified NF transmissivity”
of the vacuum gap, does not depend on the temperature 75
at all in our experiment (the conductivity of our Nb sample,
and consequently the transmissivities, do not vary with the
temperature 7 from 9 to 30 K).

In Fig. 4 we plot the modified transmissivity M calculated
for various temperatures 7] at a fixed spacing d = 10 um. At
absorber temperatures 77 > 8.5 K, the TE mode transmissivity
shows a high peak, followed by a monotonic decrease
with frequency. This shows that the TE mode contributes
significantly to the total heat flux at low frequencies, far
below the energy gap (for heat flux spectra, see Ref. [26]).
Immediately after the superconducting transition, the real part
of the dielectric function dramatically increases in an absolute
value at low frequencies, which is accompanied by a decrease
in the imaginary part of the Fresnel coefficients [26]. As a
result, in the superconducting state, the low-frequency TE
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mode transmissivity M is strongly suppressed with decreasing
temperature 7 and, correspondingly, the heat flux steeply
decreases. On the other hand, even though the modified TM
transmissivities M are affected by superconductivity, their low
values at low frequencies are followed by a monotonic increase
with frequency, exceeding the values of the TE mode at high
frequencies. Thus, the spectrum of the energy transferred by
the TM mode is primarily above the energy gap and thus the
TM mode flux is weakly affected by the superconducting state.

The differences between the measured and theoretical
data may be due (in part) to experimental difficulties, such
as distortion of the plane parallelism. Nevertheless, this
cannot explain the theoretical contrast being markedly higher
than the measured one. We expect that better quantitative
agreement can be achieved either by a refined theory, taking
into account the structure defects in sputtered Nb films
[22,27,28], typically characterized by low RRR, or by trying
to manufacture Nb films with higher RRR. Our goal here
was to prove experimentally the effect of the energy gap
of the superconducting state on radiative heat transfer in
the NF regime. Nevertheless, BCS theory, suitable for the
interpretation of dynamical conductivity in bulk Nb [29] with
high RRR, well describes the observed effect qualitatively.

Conclusion. We studied experimentally the radiative heat
transfer between plane-parallel niobium samples during the
phase transition of the colder sample (absorber) from the nor-
mal to the superconducting state (7, = 9.0 K) and interpreted
it in terms of the BCS theory. The temperature of the hot
sample (radiator) was varied between 12.5 and 30 K. In the
NF regime, we observed a substantial heat flux decrease at
the transition to the superconducting state [contrast, Eq. (7),
between the normal and superconducting state up to a factor of
5] differing dramatically from the situation in FF heat transfer,
where no effect of superconductivity was observed. A steep
decrease of the NF heat flux sets in at the critical temperature
of Nb and is saturated below an absorber temperature of
about 8.5 K. Theoretical dependencies, semiquantitatively
agreeing with the experimental ones, show the following:
(i) A marked contrast between NF heat transfer with the
absorber in the normal and in the superconducting state can
be achieved at radiator temperatures several times higher than
the superconducting critical temperature. (ii) A maximum in
the contrast is expected at distances about ten times shorter
than the distance of the crossover between FF and NF heat
transfer. (iii) The steep decrease of heat flux below the critical
temperature is caused by the low-frequency contribution of the
TE polarization mode (far below the energy gap w, = E, /i
of the superconducting state), which dominates the NF heat
transfer of pure metals and which is strongly suppressed by
absorber superconductivity. (iv) The saturation of the NF heat
flux at low temperatures is caused by the TM mode, which,
due to its weak NF effect, contributes (similarly to FF) at
higher frequencies and is thus weakly sensitive to absorber
superconductivity.

It would be useful to examine more generally the properties
of the effect observed here for Nb samples using calculations
and experiment with another BCS superconductor, such as
NbN, for example. Based on our BCS calculations and
experiment, we expect an optimum value of RRR (higher than
our value 3.6) where the effect will be more pronounced.
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