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ABSTRACT: We show that engineering phonon scattering, such
as through isotope enrichment and temperature modulation, offers
the potential to achieve unconventional radiative heat transfer
between two boron arsenide bulks at the nanoscale, which holds
promise in applications for nonlinear thermal circuit components.
A heat flux regulator is proposed, where the temperature window
for stabilized heat flux exhibits a wide tunability through phonon
scattering engineering. Additionally, we propose several other
nonlinear thermal radiative devices, including a negative differential
thermal conductance device, a temperature regulator, and a
thermal diode, all benefiting from the design space enabled by
isotope and temperature engineering of the phonon linewidth. Our
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work highlights the capability of temperature and isotope engineering in designing and optimizing nonlinear radiative thermal
devices and demonstrates the potential of phonon engineering in thermal radiative transport.
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Surface phonon-polaritons

Nonlinear heat transfer, in contrast to conventional heat
transfer, represents a phenomenon where the heat flux
does not exhibit a linear dependence on the temperature
difference between two reservoirs." It serves as the underlyin

mechanism for various nonlinear thermal circuit components,

including thermal switches,”™* thermal diodes,>® thermal
regulators,m_12 and negative differential thermal conductance
(NDTC) devices.”"*™" Similar to their electronic counter-
parts, nonlinear thermal circuits can potentially enable diverse
applications such as renewable energy conversion and
harvesting,”'®"” thermal energy storage,'® personal and
building thermal comfort,"”'*™*" spacecraft thermal manage-
ment,””>* and cooling of electronic devices and data
centers.”*>> Developing high-performance nonlinear thermal
components holds significant potential in tackling global
challenges such as the climate crisis, energy shortages, carbon
emissions, and environmental pollution.

While nonlinear heat transfer naturally occurs in boiling and
convection processes, research investigations into these solid-
state nonlinear thermal devices through conduction and
radiation began this century. NDTC refers to a nonlinear
thermal transport phenomenon where heat flow decreases as
the temperature difference increases, ie., (0Q,_,/0T))ly, or
(=0Q,_,/0T))ly, is negative.'”'* Here, T, and T, represent
the temperatures of hot and cold terminals, respectively.

Conduction-based NDTC concept was initially proposed by Li
et al,"® while thermal radiation-based NDTC was later
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theoretically proposed by Zhu et al,'"* where NDTC is
achieved by coupling/decoupling surface phonon-polaritons
(SPhPs) at near-field regime when the hot terminal temper-
ature increases. Inspired by this temperature-dependent
dielectric functions of SiC, researchers employ optical phase
change materials (PCMs) or complex geometric design, along
with near-field electromagnetic theory, to achieve strong
NDTC across a nanoscale vacuum spacing.%’27

Thermal regulator and thermal diode are fundamental
components of nonlinear thermal circuits, and they can be
realized using either conduction or radiation to control thermal
transport while maintaining the solid-state condition.’
Compared to conduction-based nonlinear thermal devi-
ces,**®* radiative thermal regulators and diodes tend to
offer better performance due to the inherent nonlinearity of
radiative heat transfer.’ The performance of a thermal
regulator is characterized by its on/off switching ratio, ie., R
= G,,/Gop where G = dQ/d(AT) is the differential thermal
conductance. A thermal diode is assessed based on its
rectification ratio, ie, r = g¢/q, — 1. Complex surface or
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layered nanostructures and PCMs are commonly utilized in the
implementation of radiative thermal regulation and thermal
diode functionalities both theoretically’’™>* and experimen-
tally.**>° However, these approaches have limitations such as
the fabrication complexity of nanostructures and the fixed
working temperature determined by the critical temperature of
PCMs. Few studies have shown satisfactory performance
without relying on PCMs or nanostructures.”” Therefore, it is
crucial to develop nonlinear thermal components with tunable
working conditions that offer greater design flexibility for
nonlinear thermal circuits.

Recently, phonon scattering science, including three-
phonon®® and four-phonon scattering,””~** on infrared and
Raman spectra has attracted significant attention. Isotope
scattering, as another phonon scattering mechanism, also
emerged as a fascinating area of research for modulating
diverse material properties.””~** Dominated by coupled SPhPs,
near-field radiative heat transfer between polar dielectrics could
be actively tuned by isotopically engineered phonon line-
width.*”** Naturally, the technique of isotope engineering has
been employed to enhance the performance of near-field
radiative thermal diodes.”’ In this Letter, we investigate the
potential of isotope engineering to control near-field radiative
heat transfer between two boron arsenide (BAs) semi-infinite
solids. Our study theoretically demonstrates a radiative heat
flux regulator with infinite switching ratio by leveraging the
temperature-dependent phonon linewidth combined with
near-field radiation. Furthermore, we achieve a range of
nonlinear radiative transfer devices, including NDTC devices
and temperature thermal regulators. By adjusting the isotope
concentrations, we can tune the operating temperature of the
NDTC device and the temperature window for stabilized heat
flux of the heat flux regulators. Moreover, by introducing
asymmetry in the isotope composition of one of the terminals,
we created a radiative thermal diode. This innovative and rich
approach to nonlinear radiative transfer through phonon
scattering engineering opens up exciting possibilities for the
development of thermal circuit components, significantly
expanding the interdisciplinary applications of conduction
and radiation.

As shown in Figure la, the nonlinear radiative thermal
device requires two bodies at thermal equilibrium (T, and T,)
separated by a small vacuum gap, which can leverage the
feature of near-field radiation mediated by SPhPs. BAs is
selected as the terminal material due to its strong temperature-
dependent optical response. The temperature-dependent
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Figure 1. Schematic diagram and material property of the nonlinear
radiative thermal devices. (a) All presented devices consist of two BAs
semi-infinite solids separated by a vacuum gap of distance d. The hot
and cold terminal temperatures are set at T; and T, respectively. (b)
Phonon linewidth of BAs as a function of temperature with different
isotope concentrations of boron.

dielectric function of BAs is given by Lorentz oscillator
model:>

2 2
Wp — Wrg

e(w, T) = g [1 + —

wio — w” — iwy(T) (1)
where g, is the dielectric constant at the high-frequency limit,
and  is the photon frequency. Wy = 681.5 cm™" (20.4 THz)
and ;o = 684.7 cm™! (20.5 THz) represent the transverse
and longitudinal optical phonon frequencies, respectively,
which are assumed to be temperature insensitive. y is the
temperature-dependent phonon line width, which can be
obtained from first-principles calculations:*”

(T) = 7,(T) + 7, (T) (2)

where T is the material temperature at thermal equilibrium.
The subscripts ph and iso indicate the contributions from
phonon scattering and isotope effect, respectively. The optical
phonon frequencies and phonon line width are obtained from
ﬁrst—princigles calculations. As intensively discussed in previous
literature,””*” the corresponding calculation method would not
be addressed here.

Figure 1b shows the temperature-dependent phonon
linewidth of BAs at different isotope concentrations of
boron. Due to increasedusi%piﬁcance of four-phonon scattering
at high temperature,””**>> the phonon linewidth of BAs
exhibits a strong temperature dependence, potentially leading
to a significant nonlinear impact on the radiative heat flux.
Additionally, alterations in the isotope concentration of
elements can substantially tune the phonon linewidth due to
changes in the average mass.”® Notably, as the isotope
concentration of '°B increases from 0 to 19.8%, the phonon
linewidth undergoes significant changes spanning several
orders of magnitude below 500 K. This observation presents
a large design space for the development of potential nonlinear
thermal devices with enhanced performance.

The dielectric functions of BAs around Reststrahlen band
(w10 < @ < WLp) at 200 and 600 K are shown in Figure 2. A
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Figure 2. Temperature-dependent dielectric functions of BAs. (a)
The real and (b) imaginary parts of the dielectric function of
isotopically pure BAs at 200 and 600 K. The corresponding phonon
linewidths at 200 and 600 K are 0.10 and 1.55 cm™, respectively.

small linewidth usually indicates less friction of this vibration
mode and therefore a larger oscillation at the resonance
frequency. It is evident from both Figure 2a,b that there is a
larger oscillation of the dielectric functions at 200 K compared
to 600 K. As shown in Figure 2b, the imaginary parts of the
dielectric function of BAs usually correspond to the absorption
capability of near-field radiative heat transfer. Therefore, the
dielectric function at 200 K implies a potentially higher
absorption peak at the resonance frequency than that at 600 K.
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Figure 3. Schematic and mechanism of an NDTC device. (a) Contour plot of the normalized spectral integration of the energy transmission
coefficient as a function of phonon linewidths of both terminals. (b) Radiative heat flux between two BAs semi-infinite solids (left axis) and spectral
integration of the energy difference between two Planck oscillators (right axis) as a function of temperature difference. (c) Spectral heat fluxes
between two BAs semi-infinite solids with different cold terminal temperatures. Note that the hot terminal temperature is always fixed at 300 K for
(a—c), and the vacuum spacing is fixed at 10 nm unless specifically mentioned. (d) Contour plot of radiative heat flux with respect to the
temperatures of hot and cold terminals. (e) Radiative heat flux with respect to temperature difference at different hot terminal temperatures. (f)
Radiative heat flux with respect to cold terminal temperature for different isotope treatments. (g) Critical temperature as a function of isotope
phonon linewidth. Note that isotope engineering is applied to both terminals and AT = T, — T,. By default, BAs semi-infinite solids are assumed to

be isotopically pure ""BAs unless stated otherwise.

However, the full width at the half-maximum of the absorption
peak at 600 K should be larger than that at 200 K. This trade-
off phenomenon potentially implies an optimal linewidth to
achieve the maximum near-field radiative flux at a given
temperature difference.’”**

A fluctuational electrodynamics formalism is applied to
calculate the net radiative heat flux between the two semi-
infinite solids.’> The spectral heat flux per unit area is
calculated by

Q, =— fo “10(w, T) - O(w, T)1(w)

4r @)
where O(w, T) = hwlexp(hw/kyT) — 117" is the mean
energy of a Planck oscillator at an angular frequency w with
7 and kg being the reduced Planck constant and Boltzmann
constant, respectively. £(@) is the angle integration of energy
transmission coefficients.”

To elucidate the mechanism of NDTC in this configuration,
it is essential to discuss two factors, the energy transmission
coefficient, and the mean energy difference of two Planck
oscillators, individually in order to calculate the net spectral
heat flux as described in eq 3. Figure 3a presents a contour
map of the total energy transmission coefficient (& = / S (w)
dw) while varying the phonon linewidths on both terminals
from 107 cm™ to 10 cm™. The hot spot observed in the
contour plot indicates the existence of an optimal phonon
linewidth pair that can provide with the maximum energy
transmission probability between two BAs semi-infinite solids.
When the phonon linewidths of both terminals approach each
other, the total energy transmission probability increases. By
drawing a vertical line on the contour map and varying y, from
T, =300 K to T, = 20 K, it becomes evident that the capability
of near-field radiative heat transfer weakens as the temperature
difference increases. However, Figure 3b illustrates that the
mean energy difference of the two Planck oscillators increases
continuously as the temperature difference rises. Taking into

account the combined effect of these two factors, the net
radiative heat flux initially increases as the temperature
difference rises. Nonetheless, once the temperature exceeds
the critical temperature (T. = 190 K), the reduction in the
near-field energy transmission coefficient becomes the
dominant factor, leading to a decrease in the net radiative
heat flux. As a result, the NDTC feature is achieved within the
temperature range of 190 to 20 K.

The spectral heat flux analysis reveals important details
about NDTC behavior. Figure 3¢ shows that when T, is 200 K,
the spectral heat flux is the highest compared to T, values of
270 and 30 K. At 30 K, the limited contribution from coupled
SPhPs within the Reststrahlen band leads to a lower total heat
flux. Similarly, at 270 K, the spectral heat flux outside the
Reststrahlen band decreases significantly due to a smaller
temperature difference, resulting in a lower total heat flux. This
observation explains the mechanism of NDTC in the near-field
energy exchange between two BAs semi-infinite solids.

To investigate the NDTC behavior across a wide temper-
ature range, we present a contour plot of the radiative heat flux
with the temperatures of both the hot and cold terminals
varying from 20 to 1000 K. As shown in Figure 3d, the
radiative heat flux exhibits a symmetric distribution along the
diagonal, indicating the geometric symmetry of the two-
terminal configuration. Remarkably, NDTC behavior is
observed across all hot terminal temperatures. To further
demonstrate this, Figure 3e highlights the NDTC behavior for
three selected temperatures. The critical temperatures for these
cases are 83, 243, and 451 K, corresponding to increasing hot
terminal temperatures of 250, 500, and 750 K, respectively. By
tuning the temperature of the hot terminal in this
configuration, we can effectively adjust the range of NDTC
behavior. This flexibility allows for precise control and
customization of the desired temperature range for NDTC
applications.

Furthermore, isotope engineering can tune the material
properties and the behavior of near-field radiative heat transfer
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in the NDTC device. By enriching the isotopic boron in both
BAs terminals (shown in Figure 3g), the phonon linewidth can
be increased, leading to a smaller absolute value of NDTC and
a decrease in the critical temperature with increasing y,,, as
shown in Figure 3f. Additionally, Figure 3g illustrates that the
manipulation of the isotope concentration in BAs enables the
design flexibility of the critical temperature from 190 to 20 K,
where the NDTC phenomenon disappears. This highlights the
potential of isotope phonon engineering as a promising
approach to control both the value and effective temperature
range of NDTC devices.

Analogous to current and voltage regulators in electric
circuits, thermal regulators can also be categorized into two
types: temperature regulators and heat flux regulators. Figure
4a presents a temperature regulator utilizing the same
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Figure 4. Isotope effect on the performance of a temperature and heat
flux regulator. (a) Q—AT curves of a temperature regulator at
different isotope concentrations. (b) Maximum switching ratio with
respect to the photon linewidth due to isotope effect. The average
temperature (T, = (T, + T,)/2) of this temperature regulator is
fixed at 100 K. (c) Q—AT curves of a heat flux regulator at different
isotope concentrations. Since the Q—AT curve exhibits symmetry, the
negative portions of the three isotope-engineered cases are omitted
for clarity. The shadow area represents the temperature window for
stabilized heat flux. (d) The temperature window for stabilized heat
flux with respect to the phonon linewidth due to isotope effect in the
heat flux regulator. The average temperature of this heat flux regulator
is fixed at 297 K.

geometric structures and materials as those shown in Figure
la. Three heat flux and temperature difference (Q—AT) curves
are plotted to depict the performance of the temperature
regulator, showcasing the impact of the isotope concentrations
in both terminals. Taking the case of y,,, = 0.1 cm™ as an
example, the Q—AT curve demonstrates a strong nonlinear
relationship, where the differential thermal conductance is
almost 10 times lower at AT = 0 K (G = 4.5 W/K m?)
compared to AT = 160 K (G,, = 44.7 W/K m?). Based on
Figure 3a, the observed strong nonlinear phenomenon can be
attributed primarily to the mean energy difference between the
two Planck oscillators, as the transmission coefficient remains
relatively stable when an isotope phonon linewidth is
introduced as the baseline. In other words, when the
temperature varies from 20 to 180 K, the phonon linewidth
of BAs only shows a small variation from 0.10 to 0.15 cm™,
resulting in even a slight increase in the energy transmission

coeflicient as the temperature difference increases. By tuning
the isotope concentration, the maximum on/off switching ratio
can exceed 10, as depicted in Figure 4b. This value is nearly 6
times higher than that achieved using two blackbodies with the
same temperature difference. The remarkable enhancement
demonstrates the powerful capability of isotope engineering in
significantly improving the performance of a temperature
regulator.

Compared to a temperature regulator, achieving a radiative
heat flux regulator is challenging at the far-field regime because
the relationship between the heat flux and the temperature
difference follows a fourth power function (T*). By leveraging
the combined effect of phonon linewidth matching between
two BAs semi-infinite solids and temperature difference, here
we propose a heat flux regulator with infinite switching ratio
(Gog = 0) through near-field radiation, as shown in Figure 4c.
It is worth noting that G is defined as small-signal thermal
conductance, and it is important to clarify that the large-signal
thermal conductance (Q/AT) is not equal to 0 in this context.
Similar to the mechanism of NDTC, the radiative heat flux
initially increases with the temperature difference. However,
once the temperature difference surpasses the critical temper-
ature difference (AT,;), the decrease in the energy trans-
mission coefficient becomes the main factor contributing to the
reduction in heat flux when AT, < dT < AT,,,. However,
when the temperature difference exceeds AT, the energy
transmission coefficient reaches a saturation value. At this
point, the mean energy difference between two Planck
oscillators becomes the dominant factor influencing the heat
flux, leading to an increase in the radiative heat flux. As shown
by the shaded area in Figure 4c, the temperature window for
stabilized heat flux is bounded by AT, and AT,,, where the
radiative heat fluxes at these two points remains the identical.
Same as the temperature regulator, the nonlinear Q—AT curve
can be tuned by isotope engineering. As depicted in Figure 4d,
by increasing the isotope concentration, AT,; decreases from
493 to 319 K, and the temperature window for stabilized heat
flux decreases from 269 to 0 K. By utilizing isotope
engineering, it becomes possible to manually select the desired
temperature window for stabilized heat flux based on the
required temperature sensitivity. The proposal of this heat flux
regulator with infinite switching ratio addresses a significant
gap in nonlinear thermal circuits, offering promising prospects
for advancements in thermal management and modulation.

The original symmetric schematic depicted in Figure la
lacks the capability to function as a thermal diode due to its
symmetric geometry and material properties. However, by
introducing an asymmetric isotope effect in one terminal of the
device, a thermal diode can be achieved, as shown in Figure Sa.
The Q—AT curve of a thermal diode mimics the current—
voltage curve of a diode, exhibiting an exponential relationship
between the heat flux and temperature difference. For the
forward bias (T, > T,), the near-field radiative heat flux
exhibits exponential growth due to the convergence of the
phonon linewidth of the hot terminal with that of the cold
terminal.”®> However, in the backward direction (T, < T,), the
difference in phonon linewidth between the hot terminal and
cold terminal increases, resulting in a decrease in the
transmission coefficient.”> Due to the increasing temperature
difference, the near-field radiative heat flux continues to rise,
albeit with a dampened trend. The thermal diode exhibits a
maximum rectification ratio approaching 3.7 when subjected to
a temperature difference of 240 K. The influence of the isotope
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Figure 5. Isotope effect on the performance of a radiative thermal
diode. (a) The net heat flux and rectification ratio with respect to the
temperature difference for a radiative thermal diode. (b) The
maximum rectification ratio with respect to the phonon linewidth
due to isotope effect. (c) Q—AT curves of the thermal diode at
different vacuum gap distances. (d) The maximum rectification ratio
of the thermal diode with respect to vacuum gap distance. The
average temperature is fixed at 140 K. The isotope concentration is
added asymmetrically to one terminal of the thermal diode, which is
indicated in each plot.

effect on the maximum rectification ratio is shown in Figure
Sb, where the concentration of isotope enrichment can be
adjusted to achieve a maximum rectification ratio of 4.0 in this
thermal diode. The impact of the vacuum gap distance is
illustrated in Figure Sc,d. In general, increasing the vacuum gap
distance can have a detrimental effect on the rectification
performance of the thermal diode. This thermal diode remains
functional only when the gap distance is less than 100 nm. As
indicated by other near-field thermal diodes with thin-film
structure,””>' the rectification ratio can be further improved,
since the propagating modes are suppressed, and the surface
modes dominate the radiative heat transfer. Moreover, the
sensitivity of the gap distance on the performance of the
NDTC devices and thermal regulators is discussed in
Supporting Information. Nonetheless, the remarkable capa-
bility of isotope engineering is exemplified in the development
of this thermal diode, highlighting its potential in advancing
nonlinear radiative devices.

The significance of BAs in the context of these nonlinear
thermal devices lies in its strongly temperature- and isotope-
dependent phonon linewidth, which can greatly influence the
radiative heat transfer in near-field regime. In a broader
perspective, if a material exhibits a broad span of changes in its
phonon linewidth due to controllable parameters (temper-
ature, isotope concentration, or even defects), spanning several
orders of magnitude, this material would be a promising
candidate for realizing these nonlinear thermal devices. Such
candidates could include III-V and IV semiconductor
compounds (silicon carbide and boron antimonide) with a
strong four-phonon scattering effect on phonon linewidth.>
However, it is crucial to recognize that these nonlinear heat
transfer phenomena also require other conditions, including
optical phonon frequencies, phonon anharmonicity, and the
temperatures of the hot and cold terminals.

In summary, we theoretically propose and demonstrate the
potential of phonon scattering engineering for enabling unique
nonlinear thermal radiative phenomena including NDTC

devices, thermal regulators, and thermal diodes. In particular,
we propose a radiative heat flux regulator with an infinite on/
off switching ratio and a tunable temperature window for a
stabilized heat flux through isotope engineering. Using
symmetric or asymmetric enrichment of the isotope element
in the device terminals, we have successfully demonstrated the
tunability of critical temperature in NDTC devices, the
switching ratio of temperature regulators, and the rectification
ratio of thermal diodes. These results emphasize the
effectiveness of isotope and temperature engineering in
achieving adjustable performance characteristics in nonlinear
radiative thermal devices. Furthermore, this integration of
phonon and photon science in controlling heat flux at the
nanoscale holds significant promise for advancing thermal
management and modulation applications.
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