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A cryogenic near-field thermal  
diode leveraging superconducting  
phase transitions
 

Yuxuan Luan    1,4, Shen Yan    1,4, Jian Guan    1, Ayan Majumder    1, Yuji Isshiki    1, 
Zhongyong Wang    1, Ratul Mali    1, Renwen Yu    2, Shanhui Fan    2  , 
Edgar Meyhofer    1   & Pramod Reddy    1,3 

Control of charge and heat transport is essential for computing and 
thermal management technologies. Recent work with superconducting 
materials has shown rectified electrical supercurrents near liquid helium 
temperatures. However, despite large theoretical interest and expected 
impact on quantum technologies, no experiments have demonstrated 
control of nanoscale radiative heat currents at cryogenic temperatures. 
Here we study photon-mediated thermal transport in nanogaps between 
niobium and gold. Using novel scanning calorimetric probes and 
nanofabricated devices, we reveal a ~20-fold suppression of radiative 
heat transport, when niobium transitions from the metallic to the 
superconducting state. Taking advantage of this effect, we also demonstrate 
a niobium-based cryogenic thermal diode with a heat rectification ratio of 
70%. The experimental techniques and advances presented here will enable 
studying nanoscale thermal transport in quantum materials and advancing 
thermal management of superconducting devices.

Rectifying the flow of charge and energy carriers (for example, elec-
trons, phonons and photons) is critical for computing, communica-
tion, thermal management and energy conversion1–6. Modern devices 
require sophisticated strategies to enable fast computation and com-
munication, while reducing heat dissipation and energy loss. Recent 
work4 has sought to advance the control of charge flow using super-
conducting materials by developing novel superconducting diodes 
that enable rectification of electric supercurrents. Also, efforts7,8 have 
been made to use superconductors for controlling electronic heat 
currents. Over the past decade, theoretical works9–13 have proposed 
that, by leveraging superconducting phase transitions and certain 
nanoscale radiative heat transfer effects, it may be feasible to create 
thermal diodes capable of tuning radiative heat transport at supercon-
ducting transition temperatures.

In the past two decades, studies of nanoscale radiative heat 
transfer have identified how the far-field blackbody limit14 breaks 

down when the gap size between two objects, or the characteristic 
size dimension of the objects, becomes comparable to or smaller 
than the characteristic thermal wavelength (λw)15–17, as determined by 
Wien’s law (λw × T = 2,898 µm K, where T is the environmental tempera-
ture). For example, it has been shown that when the gap size between 
objects is smaller than λw, the radiative heat transfer rates at room 
temperature can exceed the far-field blackbody limit by several orders 
of magnitude18–28 and such enhancements can be used for energy con-
version and thermal management29–37. When the temperature decreases 
from room temperature to cryogenic temperatures (for example, 4 K), 
λw increases from ~10 µm to ~725 µm. Such an increase of character-
istic thermal wavelength indicates that, for most modern cryogenic 
systems involving micro- and nanodevices (for example, solid-state 
cooling and quantum computing systems), radiative heat transfer is 
dominated by near-field effects. Moreover, the heat transfer power 
density is expected to be substantially enhanced when the gap size is 
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calorimetric probe (SCP) featuring T-beams, a platinum (Pt) line heater 
and a niobium nitride (NbN) thin film thermometer. In addition, a 
silicon dioxide (SiO2) sphere coated with Au was attached to the distal 
end of the probe (see Fig. 1b for a scanning electron microscopy (SEM) 
image and Fig. 1d for the measured surface roughness of the attached 
sphere). Next, we micro-fabricated a suspended planar membrane 
(SPM) device that was integrated with a Nb thin film and a NbN thin 
film thermometer/heater (see Fig. 1c for an SEM image and Fig. 1e for 
the measured surface roughness of the Nb plane). These two devices, 
referred to as Au-SCP and Nb-SPM, were designed to enable probing 
RHT in a sphere-plane configuration at nanometre gap sizes and liquid 
helium temperatures.

We note that, instead of using the widely used Pt thermometers, 
we developed NbN thermometers for achieving high-resolution 
(sub-nanowatt) thermal measurements at cryogenic temperatures. 
This change was essential as Pt features a poor temperature coefficient 
of resistance (TCR), which is <0.1 % K−1 at liquid helium temperature, 
while NbN thin film46 features orders of magnitude higher TCR (>1 % K−1; 
Supplementary Section 2). Before beginning our experiments, we 
characterized the thermal conductance and the thermal response of 
the Au-SCP and Nb-SPM devices as described in detail in Methods and 
Supplementary Information. We also characterized the superconduct-
ing transition temperature of the deposited Nb thin film and found it 
to be ~7.4 K (Fig. 1a), a value smaller than that of bulk Nb. The observed 
suppression in the superconducting transition temperature is consist-
ent with past work47, which reported that the critical temperature of 
superconducting thin films becomes lower than that of bulk owing to 
the surface effects and sputtering conditions for thin film depositions 
(Supplementary Section 1).

in the nanoscale. However, previous studies on radiative heat transfer 
near liquid helium temperatures38–42 have been limited to micrometre 
gap sizes owing to many experimental challenges.

Here we report the experimental observation of photon-mediated 
heat flows in nanoscale gaps between a normal (gold) and a supercon-
ducting (niobium) metal. To achieve this, we have developed an 
experimental set-up that combines a micro-fabricated calorimeter  
(a suspended membrane with a planar niobium (Nb) region) and scan-
ning probes with an integrated gold (Au) sphere (Fig. 1a). The set-up 
enables picowatt-resolution thermal measurements at liquid helium 
temperatures. We find that when Nb transitions from a normal metal 
to a superconductor, the near-field radiative heat transfer (RHT) in 
nanoscale gaps between Nb and Au is suppressed. This suppression 
of photon-mediated thermal transport is quantitatively explained 
using fluctuational electrodynamics-based modelling43,44. We thus 
demonstrate the capability of fluctuational electrodynamics to 
explore fluctuation physics in superconductors. In addition, we 
show that the superconducting transition of Nb enables highly rec-
tifying thermal transport (rectification ratio (η) of ~70%, as defined 
in refs. 10,30,45)—the highest reported rectification for a photonic 
thermal diode.

Device characterization
To probe near-field RHT between a normal metal and a superconduc-
tor in nanoscale gaps, we chose Au and Nb as a prototypical system, 
as Nb features a relatively high superconducting transition tempera-
ture (bulk Nb has a superconducting transition temperature at ~9 K). 
To perform these studies, we fabricated two distinct devices (Meth-
ods). First, as illustrated in Fig. 1a, we micro-fabricated a scanning 
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Fig. 1 | Experimental set-up and micro-fabricated devices. a, Schematic of the 
micro-fabricated devices for RHT measurements in nanoscale gaps at liquid 
helium temperatures. The top device (Au-SCP) is a sphere-probe that consists 
of two parts: (1) a SiN-based vertical cantilever integrated with a serpentine Pt 
line heater and a NbN thin film thermometer and (2) a SiO2 sphere coated with 
200 nm of Au that is attached onto the end of the cantilever. The bottom device 
(Nb-SPM) is a suspended 400-nm-thick SiN membrane coated with a 200-nm-
thick Nb thin film and a separate NbN thin film, which serves as a thermometer 
and heater. The Au-SCP can be heated by applying a DC current to the Pt line 
heater and the temperature change of the Au-SCP is measured by applying an 
AC current to the NbN thermometer. For the Nb-SPM, the integrated NbN thin 

film is used to either raise the device temperature or measure the temperature 
change by applying a DC or an AC current, respectively. The top inset of a shows 
a thermal resistance network representing all important thermal resistances, 
and the bottom inset shows the measured electrical resistance of the sputtered 
Nb thin film on the Nb-SPM. b, False-coloured SEM image of the Au-SCP.  
The sphere diameter is ~50 µm. c, False-coloured SEM image of the Nb-SPM. 
The NbN thin film thermometer/heater has four-lead connections. d, Surface 
roughness of the attached Au-coated SiO2 sphere characterized by atomic force 
microscopy. e, Surface roughness of the sputtered Nb thin film measured by 
atomic force microscopy.
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Characterization of the dependence of 
photon-mediated thermal transport on the 
superconducting phase transition
To characterize the RHT between the Au sphere and the Nb plane at 
nanometre gaps, we started our experiments under a relatively high 
temperature differential between the two devices to ensure a heat 
flow via RHT, which was large enough to be measured (below, we will 
also discuss how measurements were made under small temperature 
differentials). Specifically, we performed an experiment where the tem-
peratures of the ambient and the Au-SCP device were both held at 4.4 K, 
while the Nb-SPM device was heated to 22.8 K (Methods). To begin the 
experiment, we placed the distal end of the Au sphere at a separation of 
~100 nm from the Nb plane (note that this relatively small gap was cho-
sen because the travel range of the sphere was <200 nm, owing to the 
reduced piezo constant at these low temperatures). Subsequently, the 
gap size between the sphere and the plane was systematically reduced in 
steps of 5 nm while measuring the temperature rise of the Au-SCP probe 
(Methods and Supplementary Section 4). The measured temperature 
rise in conjunction with the known temperature-dependent thermal 
conductance of the Au-SCP and Nb-SPM devices allows an estimation of 
the heat flow (QNFRHT) and the radiative thermal conductance (GNFRHT) by 
using the thermal resistance network in Fig. 1a (see Methods for details).

Data obtained from such an experiment are shown in Fig. 2a and 
reveal that RHT is strongly gap-size dependent. The instant at which 
contact was established between the sphere and the plane was readily 
detected by a sudden jump in the temperature of the Au-SCP device. 
The point of contact was assumed to occur at a gap size of ~5 nm, and 
all gap sizes before contact were estimated from the known displace-
ments of the piezo during approach with respect to contact (see Sup-
plementary Sections 4 and 5 for a detailed description of the calibration 
of the gap size and its uncertainty analysis). These data reveal that 
even at temperatures close to liquid helium temperatures, near-field 
enhancements in thermal transport can result in about an order of 
magnitude increase in the heat flux when the gap size is reduced from 
~100 nm to <10 nm.

Next, to measure QNFRHT versus ΔT characteristics between the 
Au-SCP and Nb-SPM devices, it is necessary to perform experiments, 
at a fixed gap size, and quantify the heat flux between the two devices 
under varying temperature differentials. Performing these experi-
ments for small magnitudes of ΔT is challenging as the heat flux in 
such experiments could be ~100 pW or smaller, which is very close to 
the heat current resolution of our devices. Below, we elaborate on how 
these challenges are overcome using an averaging scheme.

First, we placed the distal end of the sphere at a known separation 
(10 nm) from the Nb plane (as determined from gap-dependent thermal 
radiation measurements, for example, data in Fig. 2a). Subsequently, 
we modulated the temperature of the Nb-SPM device and measured 
the corresponding temperature change on the Au-SCP device, which, 
in conjunction with the known thermal conductance of the devices, 
enables characterization of the radiative thermal conductance between 
the two devices. In Fig. 2b, we show an example where the ambient tem-
perature was ~14 K and the Nb temperature was periodically modulated 
by ~14.8 K (ΔTNb) by applying a square-wave current at a frequency of 
20 mHz to the NbN heater integrated on the Nb-SPM. The temperature 
changes in the Nb-SPM (ΔTNb) and the Au-SCP (ΔTAu) were determined, 
as described above, by recording the voltage changes across the NbN 
thin film thermometers integrated on the devices. The recorded volt-
age change can then be readily used to obtain the time (t)-dependent 
TAu(t) and TNb(t) as shown in Fig. 2b (middle and bottom panels). The 
single-period traces clearly show that the temperature of the Au-SCP is 
periodically modulated (via radiative thermal transport) when a large 
periodic temperature change is imposed on the Nb-SPM. We also note 
that the modulation of the temperature of the Nb-SPM has a negligible 
impact on the gap size owing to the small dimensions of the devices and 
the low thermal expansion coefficients (see Supplementary Section 6  

for details). The measured temperature changes ΔTAu and ΔTNb, in 
combination with the known temperature-dependent thermal con-
ductances GAu-SCP and GNb-SPM of the Au-SCP and the Nb-SPM devices, 
respectively, can be used to estimate the radiative thermal conduct-
ance of the nanoscale gap via (GNFRHT = QNFRHT/(TNb – TAu) = GAu-SCP ΔTAu/
(ΔTNb – ΔTAu)), as described in Methods and above.

However, before estimating GNFRHT, we asked whether the 
signal-to-noise ratio in the measured ΔTAu and ΔTNb can be further 
enhanced while applying smaller temperature differentials. To accom-
plish this goal, we reduced the amplitude of the square-wave current 
applied to the heated device. We show in Fig. 2c an example of the 
observed temperature rise of the Au-SCP and the Nb-SPM where heat 
flow via RHT was on the order of 100 s of pW. As can be seen, while ΔTNb 
(emitter in this case) can be readily detected, ΔTAu (absorber in this case) 
was quite noisy and was hard to quantify in a single-period trace. To 
improve the signal-to-noise ratio in our measurements, we collected 
tens of these single-period traces and averaged them to improve the 
signal-to-noise ratio as can be seen in the panels of Fig. 2c. These results 
indicate that a relatively high signal-to-noise ratio can be obtained by 
averaging ~50–100 single-period traces (Supplementary Section 10). 
Similar measurements were also performed by heating the Au-SCP and 
measuring the resultant temperature rise of the Nb-SPM (data shown 
in Fig. 2d). We note that, in all these experiments, the frequency for 
modulation was chosen to be 20 mHz to ensure that the thermal time 
constant of the two devices (Supplementary Section 3) is much smaller 
than the time period of modulation (50 s = 1/(20 mHz)). Data from these 
experiments enable estimation of both GNFRHT under low-bias condi-
tions (<5 K) and probing thermal rectification by switching temperature 
differentials between the two devices.

By using the above-described approach, we performed measure-
ments of low-bias GNFRHT (T) as a function of the ambient temperature at 
a fixed gap size of ~10 nm. In performing these experiments, we system-
atically varied the ambient temperature from 4 K to 18 K, while periodi-
cally heating the Au-SCP by ~3 K above the ambient temperature using 
a square wave at a frequency of 20 mHz. The measured conductance is 
shown in Fig. 3a where the RHT between the Au sphere and the Nb plane 
is largely suppressed when the Nb transitions from the normal metal 
phase to the superconducting phase. To quantitatively compare these 
experimental observations with theory, we first used fluctuational 
electrodynamics in conjunction with a temperature-dependent super-
conducting energy gap (Δ(T)) and a dielectric function obtained from 
the Bardeen–Cooper–Schrieffer theory (Methods and Supplementary 
Section 7). To compute the heat flux exchanged between a spherical 
surface and a planar surface, we used the Derjaguin approximation48, 
which has been used in previous studies15,19,20,49,50 of near-field radiation 
in a sphere-plane configuration (Methods). As seen in Fig. 3a, the com-
putational results obtained using the Derjaguin approximation (solid 
black line) are in good agreement with the experimental data. We also 
show in Fig. 3b the temperature-dependent dielectric function of Nb 
as predicted by the Bardeen–Cooper–Schrieffer theory51,52. It can be 
seen that the dielectric function is substantially modified, particularly 
at low frequencies, when Nb transitions from the normal metal phase 
to the superconducting phase, owing to the temperature-dependent 
superconducting energy gap. We note that at these environmental 
temperatures, the characteristic thermal wavelength (on the order 
of 100 s of µm) is greater than the diameter of the sphere (~50 µm), 
which brings into question the applicability of the Derjaguin approxi-
mation. Therefore, we also computed the gap-dependent thermal 
conductance using the SCUFF-EM-based method53–55 (Supplementary 
Section 11), which gives numerically exact results. The results obtained 
from both the Derjaguin approximation and SCUFF-EM-based method 
(Fig. 3c) show a very similar dependence of the radiative thermal con-
ductance on gap sizes. The computed radiative thermal conductance 
using the SCUFF-EM-based method is ~0.77× the values obtained from 
the Derjaguin approximation, suggesting that the relatively simple 
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model based on the Derjaguin approximation produces results in good 
agreement with numerically exact models. Further, we show in Fig. 3d 
the spectral heat conductance calculated using the SCUFF-EM-based 
method with various environmental temperatures and gap sizes. Owing 
to the strong temperature dependence of Bose–Einstein distributions 
at these low temperatures, the spectral heat conductance across all 
frequencies decreases with the decrease of temperature. Moreover, 
on account of the superconducting phase transition of Nb, the spectral 
heat conductance across all frequencies, particularly at low frequen-
cies (frequencies lower than ~6.4 × 1011 Hz, at 4.4 K), is attenuated, 

indicating that the radiative thermal conductance between the Au 
sphere and the Nb plane is strongly suppressed as Nb transitions from 
the normal metal phase to the superconducting phase. This suppres-
sion in RHT can be understood by noting that when Nb transitions to the 
superconducting phase, a superconducting energy gap (2Δ) arises in 
Nb, allowing only photons whose frequency (v) is above the frequency 
threshold (that is, v > 2Δ/h, where h is Planck’s constant) to contribute 
to the RHT, which is also reflected by the change of the Poynting flux 
(Fig. 3e,f) and the transmission probability of the supported transverse 
electric modes (Supplementary Fig. 15).
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Fig. 2 | Experimental schemes used for probing radiative thermal transport 
between the Au-SCP and the Nb-SPM. a, Measured gap-dependent near-field 
RHT when the Au-SCP is at ~4.4 K and the temperature of the Nb-SPM is elevated 
to 22.8 K. The RHT gradually increases as the gap size decreases until the two 
devices make physical contact. Inset: the same data but plotted on a linear 
scale. Each data point represents the mean of four independent measurements 
of gap-dependent near-field RHT. Error bars denote the corresponding 
standard deviations. Exp., experiment. b, Representative single-period traces 
of the measured temperature of the Nb-SPM (TNb) and the Au-SCP (TAu) when 

the ambient temperature was ~14 K and the temperature of the Nb-SPM was 
modulated by ~14.8 K. c,d, An improved signal-to-noise ratio is achieved by 
using an averaging scheme where data from multiple experiments are averaged. 
Data from experiments where the temperature of the Nb-SPM is modulated are 
shown in (c), while data for experiments where the temperature of the Au-SCP 
is modulated are shown in (d). As the number of traces used in the averaging 
scheme increases from 1 to 100, the measured temperature change of the sensing 
device (Au-SCP in c and Nb-SPM in d) can be clearly differentiated from the 
background noise.
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Heat rectification in cryogenic thermal diode
Next, we performed experiments to demonstrate thermal rectification 
when the Nb plane and the Au sphere were separated by a 10 nm gap 
(see details in Methods). In a first set of experiments, performed at 
an ambient temperature T0 = 4.4 K, we measured the heat flow under 
forward bias conditions (Qfwd(ΔT)), which refers to a scenario where 
the temperature of the Au-SCP was TAu = T0 = 4.4 K and the Nb-SPM 
was heated to reach an elevated temperature TNb = T0 + ΔT (where 
the magnitude of ΔT was systematically varied from 0 K to ~30 K). 
Subsequently, we performed experiments under reverse bias condi-
tions, where TNb = T0 = 4.4 K and TAu = T0 + ΔT and measured the heat 
flow (Qrev(ΔT)). Upon completing these experiments at T0 = 4.4 K, we 
repeated these experiments at T0 = 14.1 K to characterize the scenario 
where Nb is always in the normal metal state.

We show in Fig. 4a,b the experimental results obtained at envi-
ronmental temperatures of 4.4 K and 14.1 K, respectively. The data in 
Fig. 4a clearly show that Qfwd(ΔT) > Qrev(ΔT). This rectifying behaviour 
(that is, thermal diode characteristics) can be understood by noting 
that under forward bias conditions (that is, when the Nb film is heated), 
the Nb film transitions from a superconductor to a normal metal greatly 
increasing the radiative thermal conductance, whereas under reverse 
bias conditions, Nb remains in the superconducting phase, resulting 

in a low radiative thermal conductance consistent with the data in 
Fig. 3a. In strong contrast, for the data shown in Fig. 4b, the rectify-
ing behaviour is largely lost as the Nb film stays in the normal metal 
phase for both forward and reverse temperature biases. We note that 
the experimentally measured data is in very good agreement with the 
predictions of our fluctuational electrodynamics-based modelling (see 
black dashed lines in Fig. 4).

To quantify the performance of the thermal diode, we calcu-
lated the rectification ratio (η (ΔT)) of the thermal diode10,30, which 
is defined as:

η(ΔT) = ||Qfwd(ΔT)| − |Qrev(ΔT)||
max(|Qfwd(ΔT)|, |Qrev(ΔT)|)

, (1)

at different environmental temperatures. The results of the theoretical 
prediction and the fitting curve for experimental data are shown in 
Fig. 4c,d with black dashed lines and solid lines, respectively. Notably, 
at T0 = 4.4 K, the rectification ratio is as high as ~70% for an ~10 K tem-
perature bias. In contrast to that data obtained at T0 = 4.4 K, only a very 
small rectification ratio (<~5%) was observed for the data obtained at 
T0 = 14.1 K. We believe that the performance of this Nb–Au pair can be 
further enhanced by decreasing the environmental temperature (T0) 
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Fig. 3 | Results of temperature-dependent near-field thermal transport 
between the Au-SCP and the Nb-SPM. a, Measured temperature-dependent, 
low-bias thermal conductance for a 10 nm gap size (obtained using the averaging 
scheme). Inset: the same data on a log-scale. The inflection point of the measured 
thermal conductance is at ~7.4 K and is in good agreement with the transition 
temperature determined in Fig. 1a. Results indicate an ~20-fold suppression 
of the thermal conductance (from ~253 pW K−1 at 7.75 K to ~12 pW K−1 at 4.4 K) 
when Nb undergoes a superconducting phase transition. The computational 
results obtained from the Derjaguin approximation are plotted (black solid 
lines) for comparison. Data points correspond to the mean of the measured 
thermal conductance, while error bars reflect the standard deviations. The 
number of averaged traces increased from ~50 to 100 as the ambient temperature 

decreased. b, The temperature-dependent dielectric permittivity of the Nb thin 
film. Imag., imaginary. c, Comparison of the heat conductances obtained using 
the Derjaguin approximation and SCUFF-EM. d, The spectral heat conductance 
computed using SCUFF-EM. The top panel shows the spectral heat conductance 
at various gap sizes (5 nm, 20 nm, 40 nm, 60 nm, 80 nm and 100 nm) and 
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These frequencies were chosen to correspond to the maxima of the Poynting flux.
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to sub-kelvin (<1 K) values. Finally, we note that the maximum observ-
able rectification ratio is primarily constrained by the magnitude of the 
superconducting energy gap of the material (see detailed discussion 
in Supplementary Section 9 following an approach developed in a 
recent work56).

Conclusion
The results presented in this work provide direct evidence of RHT 
enhancements in nanoscale gaps between superconductors and nor-
mal metals at liquid helium temperatures. Further, we demonstrate 
that thermal rectification can be achieved via superconducting phase 
transitions. Our results are helpful for advancing thermal management 
in superconductor-based devices, such as superconducting nanowire 
photodetectors and superconducting quantum computers, as insights 
from this work can be leveraged to create thermal switches and diodes 
for different operating conditions by tuning superconducting transi-
tion temperatures and superconducting energy gaps. Since super-
conducting phase transitions can be controlled via magnetic fields, 
our work also points to the possibility of controlling heat flows via 
magnetic fields. Finally, we believe that the micro-fabricated devices 
and experimental methods developed in this work can become useful 

to study fundamental fluctuation phenomena in exotic states of mat-
ter, such as superconductors, topological insulators and semi-metals 
at cryogenic temperatures.
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Methods
Device fabrication
The steps in the fabrication of the Nb-SPM device are shown in 
Supplementary Fig. 1. First (step 1), the T-shaped beams were defined 
on a bare Si wafer using deep reactive ion etching (DRIE) followed by 
a low-pressure chemical vapour deposition (LPCVD) of 600-nm-thick 
low-stress silicon nitride (SiN). Then (step 2), the 40-nm-thick Au 
leads for electrical connections were patterned. Next, the Au elec-
trodes for wire bonds were deposited. Subsequently (steps 3 and 4), 
a 200-nm-thick Nb thin film and a 150-nm-thick NbN thin film were 
sputtered on the substrate. Lastly (step 5), the Nb-SPM device was 
released via DRIE.

The fabrication of the Au-SCP device begins (step 1) by defining 
the T-shaped beams using DRIE and filling the resulting channels with 
LPCVD low-stress SiN (see also Supplementary Fig. 2 for the fabrication 
process). Later (step 2), the Au line was defined and electron beam 
evaporated onto the wafer. Next (step 3), a 50-nm-thick serpentine Pt 
line was patterned, followed by a 100-nm-thick deposition of a NbN 
thin film (step 4). Then (step 5), the probe structure was released using 
DRIE. After the release of the probe from the DRIE of Si (step 6), the 
distal end of the probe was attached by a 200-nm-thick, Au-coated 
SiO2 sphere (the diameter was ~50 µm) utilizing a nanomanipulator 
integrated into a focused ion beam (FIB) microscope (Thermo Fisher 
Helios 650 Nanolab SEM/FIB). To elaborate, we first picked up a clean 
Au-coated sphere by bridging the nanomanipulator and the sphere 
with Pt via in situ Pt depositions. Next, we moved the sphere close 
to the end of the probe by fine-tuning the position of the nanoma-
nipulator and created an ~10 µm wide and ~1.5-µm-thick Pt connection 
between the sphere and the probe to ensure an excellent thermal 
contact. Finally, the Pt bridge formed between the sphere and the 
nanomanipulator was cut off by applying a large FIB current to the 
Pt bridge (step 7).

Circuitry for measurement of thermal radiation
Temperature changes of the Nb plane on the Nb-SPM, which were 
induced by the heated Au sphere, were measured using a half-bridge 
circuit (Supplementary Fig. 4a). To elaborate, a 1 µA AC current IAC 
(frequency, f = 23 Hz) was applied to the circuit, where the NbN thin 
film heater/thermometer and a potentiometer (placed at room tem-
perature) were connected in series. The voltage differential across 
the NbN thin film heater/thermometer and the potentiometer was 
first amplified by the instrumentation amplifiers (AD524ADZ, Analog 
Devices) with a gain of 10. Then the differential output of the two signals 
was further amplified using a second-stage instrumentation amplifier 
(AD524) with a gain of 10. This signal output from the second stage of 
amplifications reflected the voltage change in the NbN thin film sensor. 
The 1ω component of the output signal V(1ω) was then read by an SR830 
lock-in amplifier. Using the measured voltage change ΔV(1ω) in the NbN 
thin film thermometer, the corresponding temperature change can be 
quantified as ΔT(1ω) = ΔV(1ω)/αNbNINbNRNbN, where αNbN is the TCR of the 
NbN thin film thermometer (see details in Supplementary Section 2),  
INbN is the amplitude of AC current applied to the thermometer and 
RNbN is the resistance of the NbN thin film. Similarly, the temperature 
change of the Au sphere on the Au-SCP can be measured using the NbN 
thermometer integrated on the Au-SCP (see details in Supplementary 
Section 2 and Supplementary Fig. 4b).

Determination of the radiative thermal conductance and heat 
flow between the Au sphere and the Nb plane
With the quantified temperature change (ΔT(1ω)) discussed above, heat 
exchanged between the Au sphere and the Nb plane through RHT can 
be calculated using Qrad = GNb-SPMΔT(1ω), in conjunction with the known 
thermal conductance of the Nb-SPM (see details in Supplementary Sec-
tion 2 and Supplementary Fig. 4a). As a result, the corresponding radia-
tive thermal conductance (Grad) is obtained following Grad = Qrad/ΔTAu–Nb,  

where ΔTAu–Nb is the temperature differential between the Au sphere 
and the Nb plane.

In performing the forward bias experiments for demonstrat-
ing thermal rectification, the Nb-SPM was heated up by applying a 
square-wave current to the NbN thin film integrated onto the Nb-SPM. 
Meanwhile, a 40 nA AC current at a frequency of 23 Hz was applied to 
the NbN thin film thermometer integrated onto the Au-SCP to meas-
ure the temperature change of the Au sphere (ΔTAu). As a result, the 
heat flow Qfwd was calculated using Qfwd = GAu-SCPΔTAu. By changing the 
amplitude of the square wave, the heat flow Qfwd(ΔT) was obtained 
at different temperature biases. Similarly, in the reverse bias experi-
ments, the temperature of the Au sphere was modulated by applying 
a square-wave current to the Pt line integrated on the Au-SCP. The 
temperature change in the Nb plane (ΔTNb) was measured by the NbN 
thin film thermometer integrated onto the Nb-SPM with an applied 
1 µA AC current at a frequency of 23 Hz, and the corresponding heat 
flow was quantified as Qrev = GNb-SPMΔTNb.

Computational method for near-field RHT
We used the framework of the fluctuational electrodynamics43,44 to 
calculate the near-field RHT for our experiments and analysis. The 
heat flux exchanged via RHT between two parallel planes shown in 
Supplementary Fig. 13a can be calculated as

Q = ∫
∞

0

dω
2π [ ℏω

exp(ℏω/kBT1) − 1
− ℏω

exp(ℏω/kBT3) − 1
]∫

∞

0

dk
2πk (τ13s + τ13p ) ,

(2)

where Ti is the absolute temperature of the layers, kB is the Boltzmann 
constant, k is the magnitude of the wavevector parallel to the planar 
surface. The transmission probability τ with different polarizations con-
tains propagating waves and evanescent waves, which is described as

τ13n =
⎧⎪
⎨⎪
⎩

(1−|r21n |
2
)(1−|r23n |

2
)

|1−r21n r23n exp(2iq2d)|
2 , k < ω

c

4Im(r21n )Im(r23n ) exp[−2Im(q2)d]
|1−r21n r23n exp(2iq2d)|

2 , k > ω
c

(3)

where qi = √εiω2/c2 − k2 , rijs = (qi − qj)/(qi + qj)  and rijp = (εjqi − εiqj)/
(εjqi + εiqj). We first show that the sputtered 200 nm Nb thin film and 
coated 200 nm Au layer can be treated as an infinitely thick layer 
(Supplementary Fig. 14). Therefore, the inner shell of the SiO2 sphere 
and SiN substrate do not contribute substantially to the thermal radia-
tion in our case, implying that it is reasonable to calculate the RHT 
between infinitely thick Au and Nb planes as a simplified model for 
calculations of near-field RHT between a Au-coated SiO2 plane and a 
Nb plane on the SiN substrate (Supplementary Fig. 13a). As a result, this 
simplified planar structure can be used for Derjaguin approximation48 
(Supplementary Fig. 13b) to estimate the RHT between a Au sphere and 
a Nb plane, which is the configuration used for our experiments. We 
also note that there are small discrepancies (both the (absolute) values 
and gap dependence in near-field radiation) between the theoretical 
prediction and the experimental data, which is likely due to the differ-
ences in the optical properties of the sputtered metallic film and 
bulk metals.
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