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Taking heat positively as the information carrier, thermotronics can exempt the long-lasting thermal issue of elec-

tronics fundamentally, yet has been faced with the challenging multiplexing integration of diverse functionalities.

Here, we demonstrate a spatiotemporal modulation platform to achieve multiplexing thermotronics functionali-

ties based on the thermal-hysteresis vanadium dioxide, including negative-differential thermal emission, thermal

diode, thermal memristor, thermal transistor, and beyond. The physics behind the multiplexing thermotronics

lies in the thermal hysteresis emission characteristics of the phase-changing vanadium dioxide during the spa-

tiotemporal modulation. The present spatiotemporal modulation is expected to stimulate more exploration on

novel functionalities, system integration, and practical applications of thermotronics.
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As electronic chips are developing toward higher

density of power, compactness, and integration, ther-

mal issue, originated from the hardly inevitable Joule

effect during the underlying 0–1 Boolean operation,

becomes the key bottleneck that limits the working

performance and lifetime of electronic chips. Rather

than taking heat being “negative”, the concept of ther-

motronics takes heat (either conductive phonon or ra-

diative photon in the quantum level) as the counter-

part of electron that plays the role of information car-

rier, to develop the thermal analogues of electronic

components.[1,2] Herein, heat plays a “positive” role,

thus the thermal issues are exempted fundamentally,

which holds great promise to create a new era of infor-

mative world beyond the electronic one. So far, some

thermotronics devices have been proposed both theo-

retically and experimentally, such as thermal diodes,[3]

thermal transistors,[4,5] thermal memristors,[6] ther-

mal memories,[7−9] thermal logical gates,[10,11] and

thermal computing.[12] However, these attempts are

rather independent and dispersive, based on differ-

ent materials, setups, and configurations, and it is of

challenge to systematically integrate the multiple ther-

motronics functionalities for the ultimate goal of com-

putation with heat. Therefore, a multiplexing plat-

form that can be used to integrate thermotronics func-

tionalities is significantly demanded.

Vanadium dioxide (VO2), as a typical kind of solid-

solid PCMs, undergoes metallic phase and insulating

phase reversely within a picosecond time scale around

its phase-changing temperature at ∼340K, resulting

in a temperature-dependent emissivity regulation.[13]

Below 340K, VO2 at insulating phase is less reflective

than that at the metallic phase, and thus the corre-

sponding emissivity is much larger, and vice versa.

The VO2 emissivity at the insulating and the metallic

phases are 𝜀i = 0.79 and 𝜀m = 0.22, respectively.[6]

The emissivity change 𝜀i/𝜀m = 3.6 across 340K is

large enough to significantly regulate the radiative

heat flux within a small temperature interval. In addi-

tion, VO2 exhibits interesting thermal hysteresis phe-

nomenon, i.e., the phase-changing transition tempera-

tures during heating or cooling circles are different due

to the first-order Mott phase transition of VO2, re-

sulting in the phenomenon that the emissivity curves

during heating and cooling are nonoverlapping.[14,15]

Due to thermal hysteresis, the surface emissivity of

VO2 is dependent on the derivative of temperature

with respect to time:

𝜀(𝑇 ) = 𝜀ℎ(𝑇 )𝐻
(︁𝜕𝑇
𝜕𝑡

)︁
+ 𝜀𝑐(𝑇 )𝐻

(︁
− 𝜕𝑇

𝜕𝑡

)︁
, (1)

where 𝐻(· · ·) is the Heaviside function, which means

when temperature rises (its derivative is larger than

zero), 𝜀(𝑇 ) = 𝜀ℎ(𝑇 ), and otherwise 𝜀(𝑇 ) = 𝜀𝑐(𝑇 ).

Further, the emissivity 𝜀ℎ(𝑇 ) and 𝜀𝑐(𝑇 ) can be ob-

tained by fitting to experiments.[6,15] Though the tran-

sition temperature, emissivity, and thermal hysteresis

can be tuned by doping element,[16,17] inducing inter-

facial stress,[18] adjusting lattice,[19] and generating

defects,[20] we take intrinsic VO2 for simple demon-

stration of multiplexing thermotronics functionalities

hereinafter.

In this Letter, we demonstrate the multiplex-
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ing thermotronics functionalities through spatiotem-

poral modulation of the thermal emission from VO2

plates, including negative-differential thermal emis-

sion, thermal diodes, thermal memristors, thermal

transistors, and beyond. The key characteristic of

each thermotronics functionality is simply introduced

firstly and then followed by detailed discussions of

the present spatiotemporal modulation platform. The

present study is expected to open a new avenue in de-

velopment of thermotronics, thermal computing, and

thermal management.

Negative-Differential Thermal Emission (NDTE).

Over centuries, there appears a consensus that hotter

objects emit more power, i.e., the differential ther-

mal emission 𝜕𝑞/𝜕𝑇 is always positive. The physi-

cal premise of such a consensus is that the surface

emissivity is nearly a constant, i.e., the differential

emissivity 𝜕𝜀(𝑇 )/𝜕𝑇 approaches zero. Such a premise

may be correct for most materials, but no longer

holds for PCMs whose optical properties are strongly

changed with temperature, thus enabling the NDTE

functionality.[21,22] For this end, we derive the differ-

ential of 𝑞 as

𝜕𝑞

𝜕𝑇
= 4𝜎𝜀(𝑇 )𝑇 3 + 𝜎𝑇 4 𝜕𝜀(𝑇 )

𝜕𝑇
, (2)

where 𝜎 is the Stefan–Boltzmann constant and 𝑇 is

the temperature. To achieve NDTE in the far field,

Eq. (2) must be less than zero, and thus the tem-

perature coefficient of emissivity (TCE), defined as

TCE = 1/𝜀(𝑇 )|𝜕𝜀(𝑇 )/𝜕𝑇 | must be larger than 4/𝑇 ,

and the derivative of emissivity with respect to tem-

perature 𝜕𝜀(𝑇 )/𝜕𝑇 must be negative.[22]
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Fig. 1. Schematic for thermotronics setups. (a) Negative-
differential thermal emission (NDTE). (b) Thermal diode
or thermal memristor. (c) Thermal transistor.
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Fig. 2. Spatiotemporal modulation for negative-differential thermal emission (NDTE). A VO2 plate with a sinu-
soidal temperature variation Δ𝑇 = 8 sin(2𝜋𝑡/𝜏 + 𝜑) with phases 𝜑 = 0, 𝜋/2, 𝜋, 3𝜋/2, respectively.

To demonstrate the NDTE achieved by spatiotem-

poral modulation, we apply a spatial and temporal

temperature variation ∆𝑇 (𝑥, 𝑡) to modulate the tem-

perature of VO2 plate as 𝑇 (𝑥, 𝑡) = 𝑇0+∆𝑇 (𝑥, 𝑡) with

respect to the reference temperature 𝑇0, which is set as

the mean temperature of 𝑇0,h (phase transition tem-

perature in the heating curve) and 𝑇0,c (phase tran-

sition temperature in the cooling curve), as shown

in Fig. 1(a). We consider the ∆𝑇 (𝑥, 𝑡) to be a spa-

tiotemporal function that varies sinusoidally with time

𝑡 and travels along the 𝑥 direction at a speed 𝑣0 as

∆𝑇 (𝑥, 𝑡) = 𝜃 sin[2𝜋(𝑥+ 𝑣0𝑡)/𝑑] = 𝜃 sin(2𝜋𝑡/𝜏 + 𝜑).[23]

Here, 𝜃 is the amplitude of sinusoidal ∆𝑇 that should

be large enough (>8K) to cover the thermal hysteresis

loop of VO2 after one period 𝜏 ; 𝑑 is the spatial wave-

length of the sinusoidal ∆𝑇 , and the spatial phase
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2𝜋𝑥/𝑑 is denoted as 𝜑 for short hereinafter. Such

a spatiotemporally modulated temperature variation

can be experimentally achieved with electrical heat-

ing or cooling unit, whereas the electrical heating or

cooling frequency should be modulated to make sure

that the period 𝜏 is longer than the thermalization

time of VO2.
[6] After such a setup, the correspond-

ing time-dependent ∆𝑇 , 𝜀, 𝑞, 𝜕𝜀/𝜕𝑇 , and 𝜕𝑞/𝜕𝑇 with

four spatial phases 𝜑 = 0, 𝜋/2, 𝜋, 3𝜋/2 are shown in

Fig. 2. It is seen that as ∆𝑇 is spatiotemporally mod-

ulated periodically with respect to phase and time,

all the quantities of interest are also spatiotempo-

rally modulated periodically. Let us take the phase

𝜑 = 0 as an example to explain detailedly. When

the temperature rises across the heating phase transi-

tion temperature 𝑇0,h in the first quarter period, the

emissivity drops significantly from 𝜀i to 𝜀m due to the

phase transition from insulating to metallic, resulting

in the similar trend of emitted power 𝑞. When the

temperature drops in the second quarter period, the

emissivity almost maintains the same as 𝜀m due to

the thermal hysteresis behavior as the temperature is

still above the cooling phase transition temperature

𝑇0,c. However, the emitted power continues decreas-

ing due to the drop of temperature according to the

Stefan–Boltzmann law. When the temperature con-

tinues dropping across the 𝑇0,c in the third quarter

period, the emissivity increases from 𝜀m to 𝜀i due to

the reversed phase transition, resulting in the abrupt

increase of emitted power 𝑞. When the temperature

begins to increase before reaching 𝑇0,h in the fourth

quarter period, the emissivity almost maintains the

same as 𝜀i and the emitted power continue increasing

due to the increase of temperature. This is the behav-

iors of emissivity and emitted power of VO2 with the

absence of spatial phase in the complete period and

thermal hysteresis loop, based on which we can easily

obtain the 𝜕𝜀/𝜕𝑇 and 𝜕𝑞/𝜕𝑇 in Fig. 2. The abrupt

changes of emissivity and emitted power in the first

and third quarter periods give rise to the correspond-

ing sudden change of the derivative simultaneously.

The TCE curve is also plotted in Fig. 2, which is larger

than 4/𝑇 in the corresponding periods, thus ensuring

the occurrence of NDTE.[22] Such detailed analyses

can also be implemented for other spatial phase 𝜑.

From Fig. 2, we can see that the NDTE occurs and

can be spatiotemporally modulated.

Thermal Diode. A thermal diode, also known as

thermal rectifier, allows heat transfer between two

terminals in one direction but blocks heat trans-

fer in the opposite direction, which has been pro-

posed and demonstrated in the conductive,[3,24−26]

convective,[27] and radiative[28−30] regimes. The key

characteristic lies in the nonlinear thermal proper-

ties, either conductivity or emissivity, which rectifies

the heat flux when interchanging the high- and low-

temperature terminals. Here we show that thermal

diode can also be achieved via spatiotemporal mod-

ulation of VO2. Assume that a VO2 plate main-

tained at 𝑇1(𝑥, 𝑡) = 𝑇0 + ∆𝑇1(𝑥, 𝑡) is separated to a

black-body plate with 𝑇2(𝑥, 𝑡) = 𝑇0+∆𝑇2(𝑥, 𝑡), where

∆𝑇1 = 8 sin(2𝜋𝑡/𝜏 + 𝜑1) and ∆𝑇2 = 16 sin(2𝜋𝑡/𝜏),

as shown in Fig. 1(b). The forward and backward

heat fluxes exchanged between the two plates with

the same area read 𝑞F = 𝜎𝜀F(𝑇 )(𝑇
4
H − 𝑇 4

L ), and 𝑞B =

𝜎𝜀B(𝑇 )(𝑇
4
H − 𝑇 4

L ), where 𝑇H and 𝑇L are the high and

low temperatures of the two terminals, and thus the

rectification factor 𝑅 could be defined as[31]

𝑅 =
|𝑞F − 𝑞B|

max(𝑞F, 𝑞B)
=

|𝜀F − 𝜀B|
max(𝜀F, 𝜀B)

, (3)

where 𝜀F = 1/[1/𝜀1(𝑇1) + 1/𝜀2(𝑇2) − 1], 𝜀B =

1/[1/𝜀1(𝑇2) + 1/𝜀2(𝑇1) − 1]; 𝜀F = 𝜀1(𝑇1) and 𝜀B =

𝜀1(𝑇2) since the black-body emissivity 𝜀2 is equal to

unity and independent of temperature.
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Fig. 3. Spatiotemporal modulation for thermal diode.
The separated two VO2 plates with sinusoidal temper-
ature variations: Δ𝑇1 = 8 sin(2𝜋𝑡/𝜏 + 𝜑1) and Δ𝑇2 =
16 sin(2𝜋𝑡/𝜏). Each column denotes the corresponding
curves with the same 𝜑1.

After such a setup, the corresponding time-

dependent ∆𝑇1, ∆𝑇2, 𝜀1(𝑇1), 𝜀1(𝑇2), and 𝑅 with four

spatial phases 𝜑1 = 0, 𝜋/2, 𝜋, 3𝜋/2 are shown in

Fig. 3. It is seen that as time elapses, ∆𝑇 is spatiotem-

porally modulated periodically with respect to phase

and time, and the emissivity and rectification ratio

are also spatiotemporally modulated. As temperature

changes sinusoidally in one period, the VO2 undergoes

a full loop of thermal hysteresis, as explained above.

Let us take the phase 𝜑1 = 0 as an example to explain

the details. In the first and third quarter periods, both

𝜀1(𝑇1) and 𝜀1(𝑇2) vary significantly, while 𝑅 increases

sharply from zero to 0.65 and then drops back to zero.

This is caused by the sharp change of emissivity of the
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two VO2 plates during the phase-changing transition.

Since the amplitude of ∆𝑇2 is larger, its emissivity

changes more sharply. In the second and fourth quar-

ter periods, both 𝜀1 and 𝜀2 become the same as those

in the metallic phase, thus giving rise to the zero 𝑅

according to Eq. (3). From Fig. 3, it is seen that 𝑅 is

spatiotemporally modulated with respect to time and

phase. When the spatial phase is 𝜑1 = 𝜋, we can real-

ize that 𝜀1(𝑇1) and 𝜀1(𝑇2) are at different phases and

𝑅maintains as large as (𝜀i−𝜀m)/𝜀i = 0.72. We further

find that the spatial phase difference is determinative:

when the phase difference |𝜑1 − 𝜑2| is zero, 𝑅 is small

at most of the time, while phase difference |𝜑1 − 𝜑2|
is 𝜋, 𝑅 is large at most of the time, as demonstrated

in Fig. 4.

0.50 0.5

0.0

0.5

0.0

0.5

0.0

0.5

0.0

0.5

0.0

0.5

0.0

0.5

0.0

0.5

0.5
0.0

0 1 0.50 1 0.50 1 0.50 1

0.5

0.0

0.5

0.0

0.5

0.0

0.5

0.0

0.25

0.00

0.50

0.25

0.00

0.50

0.25

0.00

0.50

0.25

0.00

Normalized time t/t

f
1
=
0

f2=0

f
1
=
p
/
2

f2=p/2

f
1
=
p

f2=p

f
1
=
3
p
/
2

f2=3p/2

Fig. 4. Spatiotemporal modulation for thermal diode.
The separated two VO2 plates with sinusoidal temper-
ature variations: Δ𝑇1 = 8 sin(2𝜋𝑡/𝜏 + 𝜑1) and Δ𝑇2 =
16 sin(2𝜋𝑡/𝜏 + 𝜑2). Each column and row denote the cor-
responding curves with the same 𝜑1 and 𝜑2, respectively.

Thermal Memristor. An electrical memristor, as

the fourth fundamental circuit element accompanied

with resistor, capacitor, and inductor, is expected to

play an important role in future electronic industry.[32]

The key characteristic is the nonlinear hysteresis ef-

fect that induces a Lissajous 𝐼–𝑉 curve across the

zero point. Similarly, a thermal memristor, possessing

a pinched Lissajous 𝑞–𝑇 curve, is expected to con-

tribute to the area of thermotronics significantly.[6]

Here we show that thermal memristor functionality

can also be achieved via the spatiotemporal modula-

tion of VO2. Assume that a VO2 plate maintained

at 𝑇1(𝑥, 𝑡) = 𝑇0 + ∆𝑇1(𝑥, 𝑡) is separated to a black-

body plate with 𝑇2(𝑥, 𝑡) = 𝑇0 + ∆𝑇2(𝑥, 𝑡) respec-

tively, where ∆𝑇1 = 8 sin(2𝜋𝑡/𝜏 + 𝜑1) and ∆𝑇2 =

16 sin(2𝜋𝑡/𝜏 +𝜑2), as shown in Fig. 1(b). For simplic-

ity, here we maintain the reference temperature 𝑇0

as the same. The heat flux exchanged between the

two plates is given as 𝑞 = 𝜎𝜀(𝑇 )(𝑇1(𝑥, 𝑡)
4 − 𝑇2(𝑥, 𝑡)

4),

where the effective emissivity could be simplified to

𝜀(𝑇 ) = 1/[1/𝜀1(𝑇1) + 1/𝜀2(𝑇2) − 1] = 𝜀1(𝑇1) as the

black-body emissivity 𝜀2 ≡ 1. Since the temperature

difference ∆𝑇 = ∆𝑇1 − ∆𝑇2 is periodically modu-

lated, the emissivity and heat flux are also periodically

modulated, generating a closed loop with the time-

dependent evolution trajectory. The effective thermal

resistance 𝑀 = ∆𝑇/𝑞 represents the history of the

input temperature difference, which can be denoted

as the thermal memory resistance, analogous to the

Lissajous 𝐼–𝑉 curve of the electrical memristor.
After such a setup, the corresponding 𝑞–∆𝑇 and

𝑀–∆𝑇 curves are plotted in Fig. 5, where the left and

right 𝑦-axes are 𝑞 and𝑀 , respectively, in each subplot.

To denote the trajectory of time evolution, we use four

colors (blue, orange, green, and purple in series) to

represent the successive four quarter periods, respec-

tively. The 𝑞–∆𝑇 curves will cross the zero point no

matter how we modulate the spatial phases 𝜑1 and 𝜑2,

which is easy to understand that, when the tempera-

ture difference vanishes, the net heat flux between the

two plates becomes zero. All the 𝑞–∆𝑇 curves include

four parts of behaviors: two linear and two nonlin-

ear behaviors with respect to the quarter period. The

two linear behaviors reflect the proportional depen-

dence of heat flux 𝑞 and temperature difference ∆𝑇 as

𝑞 = ∆𝑇/𝑀 , where the slope 𝑀−1 is a constant due to

the absence of VO2 phase transitions. In contrast, the

two nonlinear behaviors correspond to the VO2 phase

transition where the emissivity abruptly changes due

to the thermal hysteresis characteristics. Such quasi-

and non-linear behaviors can also be observed in the

𝑀–∆𝑇 curves, corresponding to the absence and pres-

ence of VO2 phase transition at the same quarter pe-

riod. The high and low quasi-linear behaviors can be

used to define the on-off states of the thermal memris-

tor. It is also seen that both 𝑞–∆𝑇 and 𝑀–∆𝑇 loops

are influenced by the phase difference ∆𝜑 = 𝜑1 − 𝜑2.

When the phase difference ∆𝜑 equals zero, both 𝑞–

∆𝑇 and 𝑀–∆𝑇 curves are similar respectively though

their quarter period contributions are different. When

the phase difference ∆𝜑 equals 𝜋/2 and −3𝜋/2, the

shapes of 𝑞–∆𝑇 and 𝑀–∆𝑇 loops are different from

others. The nonlinear behaviors of 𝑞–∆𝑇 loops van-

ish and the width of 𝑀–∆𝑇 loops is largest, offer-

ing superior thermal memristor characteristic like the

rectangular hysteresis materials.[33]

Thermal Transistor. The electrical transistor,

composed of a source, a drain, and a gate, is the

cornerstone for establishing the modern electrical

and informative world.[34] The key characteristic

is that a small voltage applied in the gate can

be used to amplify or switch electrical signals be-

tween the drain and the source. Similarly, a ther-

mal transistor, which can be used to tune the heat

flux with a small energy input, has also been pro-

posed via phonons[2,35] and near-field photons.[4,5]
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sinusoidal temperature variations: Δ𝑇1 = 8 sin(2𝜋𝑡/𝜏+𝜑1) and Δ𝑇2 = 16 sin(2𝜋𝑡/𝜏+𝜑2), respectively. Each column
and each row denote the Lissajous 𝑞–Δ𝑇 and 𝑀–Δ𝑇 curves with the same 𝜑1 and the same 𝜑2, respectively.
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Fig. 6. Spatiotemporal modulation for thermal transistor. A VO2 plate with sinusoidal temperature variations:
Δ𝑇 = 8 sin(2𝜋𝑡/𝜏 + 𝜑) is put in between a black-body source thermostat (𝑇s) and a black-body drain thermostat
(𝑇d). Each column denotes the corresponding curves with the same 𝜑. The red and blue dashed arrows denote the
heating and cooling process in one period.

Here we show that thermal transistor functionality can

also be achieved via the spatiotemporal modulation

of VO2. Assume that a VO2 gate plate maintained

at 𝑇 (𝑥, 𝑡) = 𝑇0 + ∆𝑇 (𝑥, 𝑡) = 𝑇0 + 8 sin(2𝜋𝑡/𝜏 + 𝜑)

is placed between two separated black-body plates at

source thermostat of 𝑇s = 350K and drain thermostat

of 𝑇d = 300K, as shown in Fig. 1(c). The heat flux

between the source (drain) and the gate reads F1 =

𝜎𝜀(𝑇 )(𝑇 4
s − 𝑇 4) and F2 = 𝜎𝜀(𝑇 )(𝑇 4 − 𝑇 4

d ). From the

principle of energy conservation, the input heat flux

to the gate is F3 = F2 − F1 = 𝜎𝜀(𝑇 )(2𝑇 4 − 𝑇 4
s − 𝑇 4

d ).

The equilibrium temperature 𝑇g of the gate can be
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obtained by setting F3 = 0. To quantify the ther-

mal transistor characteristics, we define the heat flux

amplification factor as[5]

𝛼 =
𝜕F2

𝜕F3
=

𝑑𝜀(𝑇 )
𝑑𝑇 (𝑇 4 − 𝑇 4

d ) + 4𝜀(𝑇 )𝑇 3

𝑑𝜀(𝑇 )
𝑑𝑇 (2𝑇 4 − 𝑇 4

s − 𝑇 4
d ) + 8𝜀(𝑇 )𝑇 3

. (4)

From Eq. (4), when 𝑑𝜀(𝑇 )/𝑑𝑇 is zero, i.e., the emis-

sivity is constant, the amplification factor 𝛼 = 0.5.

When the denominator 𝜕F3/𝜕𝑇 vanishes, the amplifi-

cation factor 𝛼 diverges, implying that a small change

on F3 will generate a relatively large change on 𝑇 . Af-

ter such a setup, the corresponding ∆𝑇 , 𝛼, the inter-

dependence of three heat fluxes (F1, F2, F3), with four

spatial phases 𝜑 = 0, 𝜋/2, 𝜋, 3𝜋/2 are plotted in Fig. 6.

It is seen that as ∆𝑇 is spatiotemporally modulated

periodically with respect to phase and time, all the

quantities of interest are also spatiotemporally modu-

lated periodically. The interdependence of 𝑇–F3, F1–

F3, F2–F3 forms asymmetric loops, which include two

linear and two nonlinear behaviors of VO2. When the

spatial phase changes, the loops maintain the same

shape although the contribution of each quarter pe-

riod varies. Let us take the phase 𝜑 = 0 as an example

to explain the details. When temperature variation is

sinusoidally modulated, the corresponding emissivity

𝜀 and its derivative 𝜕𝜀/𝜕𝑇 can be found in Fig. 2. At

the second and fourth quarter periods, no phase tran-

sition happens and 𝜕𝜀/𝜕𝑇 vanishes, thereby the corre-

sponding 𝛼 equals 0.5. At the first and third quarter

periods, the NDTE happens and amplification factor

𝛼 diverges when 𝜕F3/𝜕𝑇 = 0, which corresponds to

the critical F3. There exists two critical F3 in the

first and third quarter periods, when insulating-to-

metallic and metallic-to-insulating phase transitions

occur in VO2. The critical F3 implies a large temper-

ature jump with 𝜕𝑇/𝜕F3 = ∞ locally, which signifies

that a small change of applied heat flux F3 will induce

a large change of VO2 temperature. The same criti-

cal F3 can also be observed when 𝜕F3/𝜕F1 = 0 and

𝜕F3/𝜕F2 = 0 as the change of F2 and F2 should be

balanced during heating and cooling processes due to

the thermal hysteresis of VO2. Similarly, the critical

F3 also corresponds to a large heat flux jump with

𝜕F2/𝜕F3 = ∞, which is the figure of merit of a ther-

mal transistor that a small change of applied heat flux

will induce a large heat flux change across the thermal

transistor. With thermal transistor functionality, the

thermal switching, modulation, and amplification can

also be obtained similarly.[4]

In conclusion, based on the thermal-hysteresis

vanadium dioxide, a spatiotemporal modulation plat-

form to achieve multiplexing thermotronics func-

tionalities, like negative-differential thermal emission,

thermal diode, thermal memristor, and thermal tran-

sistor, is demonstrated. The characteristics of these

four thermal functionalities are introduced and the

factors affecting their performance are investigated.

The mechanism can be attributed to the intrinsic ther-

mal hysteresis emission characteristics of vanadium

dioxide during the spatiotemporal modulation of tem-

perature. The present study is expected to inspire de-

velopment of thermotronics, thermal computing, ther-

mal management, and beyond.
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