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Thermal rectification is an exotic thermal transport phenomenon, an analog to electrical rectification, in which heat
flux along one direction is larger than that in the other direction and is of significant interest in electronic device applica-
tions. However, achieving high thermal rectification efficiency or rectification ratio is still a scientific challenge. In this
work, we performed a systematic simulation of thermal rectification by considering both efforts of thermal conductivity
asymmetry and geometrical asymmetry in a multi-segment thermal rectifier. It is found that the high asymmetry of thermal
conductivity and the asymmetry of the geometric structure of multi-segment thermal rectifiers can significantly enhance the
thermal rectification, and the combination of both thermal conductivity asymmetry and geometrical asymmetry can further
improve thermal rectification efficiency. This work suggests a possible way for improving thermal rectification devices by

asymmetry engineering.

Keywords: thermal conductivity, simulation, thermal rectification, multi-segment thermal rectifier

PACS: 44.10.+1, 66.30.Xj, 66.70.—f

1. Introduction

The heat conduction of the contact surface formed by
two different solid materials contacting each other can be
direction-dependent (the heat transfers in one direction much
faster than in the other), which is called the thermal rectifica-
tion phenomenon. The thermal rectification can be realized in
many different ways, such as different temperature-dependent
thermal conductivities between two materials,!'~®! asymmetric
electron transport,w’m] interface thermal barrier,!!1-13] rough-

14-16]

ness, and flatness in surface contact, ! strain warping be-

tween two solids,!'7-23] asymmetry of nanostructures, 424231
non-uniform mass, 2281 anharmonic/nonlinear lattices, 293!
and composite metamaterials. 7]

As early as in 1936, a solid state rectifier using cop-
per oxide has been proposed.!'%! After that, the research ac-
tivities on thermal rectification have been increased. Ther-
mal devices based on thermal rectification have received lots
of interest and attentions in recent years due to their pivotal
role in heat dissipation, especially in the field of electronic
equipment. As the size of electronic devices gets smaller and
smaller, the heat dissipation by thermal management devices
or low-dimensional thermal transport will become a more and
more important direction of future development.3°¢ Heat
flow control is also very meaningful in many other fields, *’!
such as aerospace,*®! refrigeration,!*°°! biology, chemistry,

and pharmacy, =31 buildings, >*-¢! and so on.
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In the past studies of thermal rectification materials
and devices, how to obtain higher thermal rectification has
been explored. This has led to a variety of experimen-
tal and theoretical advances, including attempts at creating
novel structures and materials to improve thermal manage-

(421 For example, Peyrard reported a design

I [35

ment capabilities.
of thermal rectifier; 3! Li et al. proposed thermal rectifiers by
coupling two nonlinear lattices,**! and utilizing carbon nan-
otubes by molecular dynamics simulations.®”l Many studies
had also been reported on the theoretical simulation of thermal
logic circuits. 26383839 In terms of experiments, Chang et al.
reported a solid-state thermal rectifier based on carbon nan-
otubes through uneven mass distribution.!””! A two-segment
oxide rectifier successfully achieved a thermal rectification
of 1.43."1 The triangular thermal rectifier of multi-layer re-
duced graphene oxide by Tian ef al. obtained a rectification of
1.21.1601 Nevertheless, there remains a lot of work to be done
to improve the thermal rectification efficiency being closer to
the theoretical limit. Approaches on thermal rectification can
be roughly classified into two aspects: one is based on the
difference of thermal conductivity and the other is the differ-
ence of geometric structure. However, much less study has
been reported for combing the two aforementioned aspects.
Very recently, it was shown that the thermoelectric transport
is strongly associated with the asymmetry of electron trans-
port density function. [®!! It would be interesting to see how the

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

064402-1


https://doi.org/10.1088/1674-1056/acc78c
mailto:jczheng@xmu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 32, 064402 (2023)

asymmetries of thermal conductivity or structure or the com-
bination of both affect the thermal rectification.

This paper systematically describes how to achieve higher
thermal rectification by engineering asymmetry in thermal
conductivity or in geometric structure. We also point out that
the thermal rectification can be even further enhanced by com-
bining both asymmetry of thermal conductivity and that of ge-
ometric structure. Our work is mainly divided into three parts:
the influence of thermal conductivity optimization on thermal
rectification, the influence of geometric structure optimiza-
tion on thermal rectification, and whether the combination of
the two can further optimize thermal rectification. Based on
the simulation and verification of oxide rectifiers, -°°! vari-
ous different multi-segment models are constructed to explore
the further optimization of thermal rectification by geometric
structure and thermal conductivity.

2. Methods and models

The simulation program, Energy2D, is an open-source
interactive code based on computational physics with accu-
rate simulation of heat transfer — conduction, convection, and
radiation, and their coupling with particle dynamics. Using
Energy2D,®?l we simulated some models in two dimensions
according to

pc[dT )t +V(vt)] =V (kVT) + O, )

where p denotes the density of the material, ¢ denotes the
specific heat capacity of the material, v denotes the velocity
field describing convective heat dissipation, and Q is the in-
ternal heat generation. The heat equation, i.e., Eq. (1), can be
solved using a finite-difference time-domain (FDTD) method
in both space and time domains. Energy2D has been widely
used in heat transfer simulation in various materials and sys-
tems, demonstrating its wide applications across science and
engineering. (6%

General multi-segment rectifier models, which are close
to many experimental setup of solid state thermal rectifier, are
used in our simulation. Figure 1 shows a typical model di-
agram of a multi-segment thermal rectifier that we designed,
which consists of multiple rectangle grids (building blocks).
Thermometers and heat flow meters (heat flux sensor) are
placed in the first grid. We use the constant temperature source
using the Dirichilet boundary condition to simulate the cold
end and the power source to provide the heat and to simulate
the hot end (heater). Heat flow is controlled by adjusting the
power density in the power source. The proposed model is de-
signed to be as closer to experimental devices as possible, thus
can be conveniently realized in experiments but at the same

time remains flexible for proof-of-concept engineering.

The heat current density J in the multi-segment thermal

rectifiers is described by Fourier’s law!!-33]
drT (x)
J=—k|x,T 2
e T (0] 52 @

where k[x,T (x)] denotes the thermal conductivity as a func-
tion of spatial position x and temperature 7. The rectifying
coefficient R is thus defined by the ratio of forward and re-

verse heat current density, 133

_

R= .
i

3
Alternatively, one can also use the ratio of thermal power P;
and P,,[60]

_ 1Al

R= .
|

“
In our testing, as will be shown later in multi-segment thermal
rectifier with fixed temperature difference at the two ends, AT,
the ratio of forward and reverse heat current density is equiv-
alently to the ratio of thermal power P; and P for the case
of uniform shape. For thermal rectifier with geometric asym-
metry, we will use Eq. (4) only, because the heat flux is too
sensitive to the location of heat flux sensor. The thermal rec-
tification obtained by the ratio of thermal power will be more
robust.

Hot end:
power source

Cold end:
constant temperature

N
Heat flux sensor Thermometer

T -
0 Building blocks Total length, L L
(located at x)

Fig. 1. Conceptual diagram of the multi-segment thermal rectification
model.

3. Results and discussion

3.1. Effects of thermal conductivity on thermal rectifica-
tion
3.1.1. Verification of simulation comparing with exper-
iments
Figure 2 shows the typical theoretical model to simu-
late experimental thermal rectification device.!!! The setup of
the model was adjusted according to the specific conditions
of the experiment. We use a multi-segment model to sim-
ulate materials with temperature-dependent thermal conduc-
tivity. Experimentally, the two segments of material are di-
vided into multiple sections (building blocks) in the theoreti-
cal multi-segment model; in such way, the thermal conductiv-
ity at the corresponding temperature can be precisely assigned

to the corresponding building blocks. Taking experimental
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two-segment thermal rectifier device (made by LaCoO3 (LCO)
and Lag 7519 3Co0O3 (LSCO) segments)[l] as an example, each
of the LCO and LSCO segments is divided into six building
blocks, and the actual sizes of the experimental device are
adapted in our simulation. The size of each two-dimensional
(2D) rectangle building block is 1.2-mm wide and the thick-
ness is | mm. The upper end is connected to the power density
to simulate the hot end, and the lower end is connected to the
heat sink with constant temperature (40 K, the same as the
temperature setup in the experiment!'). The power density at
the hot end is adjusted to be as closer to the experimental con-

(a) Forward
Jp=12214 W/m?

T, =98.9 K Reverse

Tr 1

LSCO— ¢

Tr 2
Tr3

S R
Thermal rectification R= — = — =1.48
AR

T

300

J,=8255 W/m?

250

200

150

Th=Ta

Temperature (K)

100

50

Time

dition as possible. Four thermometers are placed at a distance
of 5 mm from the endpoints of the two oxide materials, which
is similar with the experimental setup.!!! The LCO oxide mate-
rial is not only showing unusual temperature-dependent spin-
state transition,[%%! but also exhibiting quite different thermal
conductivity with the LSCO alloy (Fig. 2(b)). The large differ-
ence between the temperature-dependent thermal conductivity
of LCO and that of LSCO boosts the large thermal rectifica-
tion effect in the LCO-LSCO two-segment thermal rectifier.
Such a typical thermal rectifier can be used for the verification

of simulation comparing with experiments.

Thermal conductivity (W/m-K)

1'0 1 1 1 1 1
40 50 60 70 80 90 100

Temperature (K)

1.8
1.7
1.6
1.5
1.4

Forward
Reverse i

1.3
1.2

1.1

Heat flux (10* W/m?)

1.0
0.9

0.8

Time

Fig. 2. Experimental two-segment thermal rectification device (LaCoOj3 and Lag 7Sry 3CoO3 segments) represented by the theoretical multi-segment
thermal rectification model in simulation. (a) Multi-segment thermal rectification model. For the model on the left-hand side, the top half part is
made of Lag 7Srp.3C003, and the bottom half part is LaCoO3. For the model on the right-hand side, the setup is in the opposite direction, i.e. the
top half part is LaCoO3, while the bottom half part is Lag 7Srp 3C003. The rainbow color represents the temperature distribution in the steady state
(40 K-98.9 K). The cold end is heat sink at the temperature of 40 K, and the hot end is heated by power source and reaches 98.9 K when the system
is steady. (b) The thermal conductivity of LaCoO3 and Lag 7Sry3CoOs3 as a function of temperature. (c) The temperature profile of different parts
of multi-segment thermal rectifier as a function of time (it reaches the steady state when 7f; = T;1). (d) The heat flux as a function of time. The
rectification can be obtained by R = |J¢|/|J;| = |P;|/|P:| = 1.48, which is in good agreement with the experimental value of 1.43.

As shown in Fig. 2(c), the steady-state temperatures of
the top thermometer for both forward and reverse configura-
tions reach about 100 K by adjusting the power density in the
power source and then the thermal rectification is verified at
this temperature. The thermal rectification obtained by simu-
lation is 1.48 using the ratio of forward and reverse heat flux
(Eq. (3)), and shown in Fig. 2(d)) or the ratio of power den-

sity at power source for the forward and reverse configurations
(Eq. (4)), which is very close to the value of 1.43 obtained by
the experiment.!!l The very good agreement of thermal rec-
tification between simulation and experimental measurement
demonstrates the excellent capability of our approach to per-
form thermal rectification simulations. We thus will apply the
similar method to perform systematic simulation of thermal
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rectification by considering both efforts of thermal conductiv-
ity asymmetry and geometrical asymmetry in a multi-segment
thermal rectifier, and to design multi-segment thermal recti-
fier with novel structures combining both thermal conductivity
asymmetry and geometrical asymmetry.

3.1.2. Enhancement of thermal rectification by modi-
fying thermal conductivity

The asymmetry of electron transport density function,
namely, the thermoelectric skewness, is the key to en-
hance thermoelectric power.[%!! Interestingly, the temperature-
dependent asymmetry of thermal conductivity is also an im-
portant factor that affects the thermal rectification.!%*! There-
fore, we can further improve thermal rectification by modi-
fying the thermal conductivity asymmetry of the material of
two segments. We tried the method by modifying the thermal
conductivity of the two materials as a function of temperature
and to explore whether the thermal rectification would be im-

proved.

=
=~ 8 T 3.5
BN Mt A | 0 [\P)  —Forward
= % 3.0 — Reverse
Z 5l <
= =z 25
2 5
> <
5 4 B 220
~§ 3l é 1.5
° 2 = 1.0 1
3 J 54
g IEEVG-D""B ..... @----0 —A—a 4 T UA5/-;
[

0
£ 40 50 60 70 80 90 100 0 -

Time

Temperature (K)

Fig. 3. Multi-stage thermal rectification model with modified thermal
conductivities. (a) Modified thermal conductivity of materials A and B
as a function of temperature. (b) Resulting heat flux of thermal rectifier
in the forward and reverse directions as a function of time. The thermal
conductivity is increased in the lower temperature part of material A and
the high temperature region of material B, while the thermal conductivity
is reduced for the high temperature part of A and the low temperature part
of B, compared with original samples in Fig. 2. The other parameters in-
cluding the two-segment configurations are similar to those in Fig. 2. The
rectification is R = |J¢| /|| = |P|/|B:| = 5.91.

We found that if we doubled the difference of the thermal
conductivity of materials in bi-segment rectifier (for example,
the aforementioned LCO-LSCO rectifier model) from before
to after the crossover point (shown in Fig. 3(a)), the thermal
rectification of the updated rectifier device would be increased
by almost 4 times (R = |J¢|/|J;| = |Pt|/|P;| = 5.91). Here we
can use the formula of thermal conductivity and heat current
density (Eq. (2)) to explain the origin of enhancement of ther-
mal rectification. It can be seen from the formula that the ther-
mal conductivity at the forward direction increases twice but
that along the reverse direction reduces twice, thus it results
in four times difference of heat flux (Fig. 3(b)), and it will
lead to the significant four times enhancement of thermal rec-
tification. Although we should note that such modification of
thermal conductivity is arbitrary, it is good enough to show
that the sensitivity of thermal rectification to thermal conduc-
tivity changes. Our simulations clearly demonstrate that the

thermal rectification is strongly correlated with the difference
of temperature-dependent thermal conductivity of materials A
and B in bi-segment rectifier. One can select realistic materials
with largely different temperature-dependent thermal conduc-
tivities for designing better bi-segment rectifier.

3.2. Geometric effects on thermal rectification
3.2.1. Shape effects of the segments

Model 1. The two-rectangular shaped solid-state ther-
mal rectifier based on reduced graphene oxide

It has been reported that the asymmetry of the geometric
structure will cause thermal rectification in many studies. Here
we propose two ways to enhance thermal rectification through
geometric design, namely external shape effects, and geomet-
ric internal asymmetry. In order to compare with experimen-
tal results,!°° we adapted a typical bi-segment thermal recti-
fier with different shapes of segments to perform numerical
simulations. The two-rectangular shaped solid-state thermal
rectifier model based on reduced graphene oxide is used for
simulation.

1.14 T T

T
this work)
expt)

i

1.12

Power source

1.10 Forward/ \ Reverse

1.08
1.06

1.04

Rectification

Heat ‘siuk
1 2 3 4 5 6 7 8 9
Wi,/ W,

I
©
o

Fig. 4. The bi-segment thermal rectifier model based on the reduced
graphene oxide with an asymmetric rectangular shape. Inset, for the left-
hand side forward model, the hot end is on the top, the cold end is located
at the bottom, and vice versa for the right-hand side reverse model. Each
segment is 10-mm thick, and the thermometers and heat flow sensors are
placed 1 mm from the heat end and the cold end. The curve shows the
thermal rectification as a function of Wi, /W, the width ratio of bottom seg-
ment and top segment. The thermal conductivity of the reduced graphene
oxide is used in the simulation.

Firstly, we used the geometric parameters from
experiment!®’! to verify our multi-segment thermal rectifier
model based on reduced graphene oxide (rGO) with asym-
metric shape. As shown in Fig. 4 (insert picture), we used
a constant temperature source (heat sink) to simulate the cold
end and a power source to simulate the hot end. The model
is divided into two rectangular sections, and the thickness of
each section is 10 mm. The thermometers and heat flow sen-
sors are placed 1 mm from the heat end. The thermal recti-
fication given in the experiment/®®! is defined as the ratio of
forward and reverse thermal powers (Eq. (4)), which can be
calculated by the power density in the power source at the heat

end. Taking a typical setting in the experiment as an exam-
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ple, we used the same geometrical parameters from the re-
ported experiment!®’! for our simulation. That is, the ratio
of the lower segment (W;,) to the upper segment (W) is Wy, /W,
(namely, the width of the upper rectangle is set to W;, the width
of the lower rectangle is set to W), and the power density is
adjusted to control the temperature so that T is equal to T;o,
with the temperature difference between the hot end and the
cold end being 30 K.

As aresult, the rectification for rGO thermal rectifier with
the setting of Wy, =9 mm and W; = 2 mm obtained from the
simulation is 1.105, which is in excellent agreement with the

).[60] The thermal rectifications for

experimental value (1.10
other W;, /W, cases are also very close to experimental data, as
shown in Fig. 4. These simulations indicate the amazing capa-

bility of our model representing the realistic thermal rectifier.

(a) Two-segment rectifier

(d) Five-segment rectifier

(b) Three-segment rectifier

(e) Six-segment rectifier

Therefore, our models can be further used to optimize the de-
sign of multi-segment thermal rectifier, not only by choosing
the suitable materials with optimal thermal conductivity, but
also by adjusting the geometric shapes.

Model 2. The Proposed multi-segment size gradient
(MSSG) thermal rectifier

In the previous section, we already demonstrated that our
bi-segment model can well reproduce the experimental recti-
fication based on reduced graphene oxide. It is worth noting
that the reduced graphene oxide has a high thermal conduc-
tivity. To extend our multi-segment model to a more general
case, and to emphasize the effects of shapes, we will later set
the thermal conductivity in all parts of rectifier to be as simple
as unit, that is, 1 W/(m-K), to show how to further enhance the
rectification by shape design.

(¢) Four-segment rectifier

(f) Rectification versus segments
1.32 T T T T T T T

1.30

1.28

1.26

Rectification

1.24

1.22

1'202 3 4 5 6

Number of segments

Fig. 5. Proposed multi-segment size gradient (MSSG) thermal rectifier: (a)—(e) models with different numbers of gradient segments. (f) Rectifi-
cation as a function of number of segments. The width of the uppermost rectangle is 2 mm and the width of the lowest rectangle is 14 mm. The

other segments in the middle region are designed with gradient width.

We now will modify the bi-segment thermal rectifier to
multi-segment size gradient (MSSG) thermal rectifier with the
increase number of layers or segments with a gradient width in
the thermal rectifier but keeping the same total length. This is
to further explore the relationship between the thermal rectifi-
cation and the number of rectangles due to asymmetric geom-
etry. As shown in Figs. 5(a)-5(e), we design a series of more
general multi-segment thermal rectifier models with a fixed to-
tal length (12 mm) but with different numbers of segments or
layers with a gradient width. The ratio of the top-layer width
and the bottom-layer width is set to be 2:14. Namely, the

width of the uppermost rectangle is 2 mm and the width of
the lowest rectangle is 14 mm (the distance between the top
and bottom sides of the rectangle is defined as the length, and
the distance between the left and right sides is defined as the
width). Other settings are similar to the bi-segment thermal
rectifier as shown in Fig. 4.

Different from the bi-segment thermal rectifier, our newly
proposed MSSG thermal rectifier can further enhance the rec-
tification significantly, as shown in Fig. 5(f). It can be seen that
the thermal rectification of the device increases as the gradient
segments increases. Here we can explain it in terms of asym-
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metric geometry in the MSSG thermal rectifier. In the above
simulation with the fixed total length, more gradient segments
mean higher geometric asymmetry and therefore greater ther-
mal rectification. Such an MSSG thermal rectifier model is
novel, and the enhancement of thermal rectification is encour-
aging. Therefore, our proposed MSSG thermal rectifier, which
is a hierarchical model and can be regarded as a new concept-
proof design, will shed some light for the experimental setup
or thermal rectifier device design.

3.2.2. Enhancement of thermal rectification by design-
ing multi-segment inhomogeneous porous ther-
mal rectifier

The aforementioned proposed MSSG thermal rectifier is

designed based on the exterior shape. Another interesting di-

rection is the design of interior structure. Inhomogeneous geo-

metrical internal structure also has a significant impact on ther-
mal rectification. Next, we will explore the impact of interior
structures on thermal rectification. Inspired by nanoporous

66] 67-69]

superlattice, 1651 nanoribbon network, [ porous carbon,!

79 and the microstructured cellular

nanoporous frameworks,
biomorphic materials,!”!! we will consider pores as tuning fac-
tors for the interior structure.

We thus design the multi-segment inhomogeneous porous
(MSIP) thermal rectifier. Figure 6 shows the detailed design
of the MSIP thermal rectifier, which are generated by creating
porous structures inside the segments of the initial geometry of
the general multi-segment thermal rectifier, as shown in Fig. 1.
We systematically investigate the effects of location, size, and

shape of pores on the rectification of the MSIP thermal recti-

fier.

unl m“

=

(1)

I

L
Fig. 6. The multi-segment inhomogeneous porous (MSIP) thermal recti-
fier. The pores with different relative depths (relative to the thickness of
segment) in the second segment are shown from panels (a)-(i): (a) 10%

depth, (b) 20% depth, (c) 30% depth, (d) 40% depth, (e) 50% depth, (f)
60% depth, (g) 70% depth, (h) 80% depth, (i) 90% depth.

e

(I) MSIP thermal rectifier: effects of relative pore
depth

The procedure of the setup of the MSIP thermal rectifier
is given as follows. The multi-segment thermal rectification
model with power source and heat sink, sandwiched with 22
segments (building blocks) is designed as the initial geometry.
Then the heat flux sensor and thermometer are placed on the

first building block near the hot end. The conductivity of every
building block is set to 1 W/(m-K). In order to study the effect
of the internal geometrical symmetry on thermal rectification,
we create a pore in segments and control the corresponding
variables of pore. The variables we test here are the relative
thickness, relative width, and relative position of the pore (here
the abstract concept method is used to generate the model, and
the relative concept can be used for the general cases).

In the simulation, the power density in the power source
is adjusted to keep the temperature of first block (the segment
with thermometer) to be 60 °C, and the cold end (heat sink) is
set to a constant temperature of 0 °C. We create pores in the
second building block from the hot end, increasing the relative
depth of pore from 10% to 90% in a 10% step of a building
block. The thermal rectifications caused by pores with differ-
ent relative depths are calculated (according to Eq. (4), by the
ratio of forward and reverse power densities, similar with the
case of MSSG thermal rectifier) and compared with the simu-
lation without pores.

Figure 7 shows the corresponding thermal rectification of
MSIP thermal rectifier with pores having different thicknesses.
It can be seen that the thermal rectification is higher when the
relative thickness of the pore is larger. The thermal rectifica-
tion increases with the relative thickness of the pore, and the
enhancement is significant.

1.12 T T T T

1.10} L+ -
1.08} + .
1.06} .

1.04F + 4

Rectification

1.02F + T

1.001 b

1 1 1 1
0'980 0.2 0.4 0.6 0.8 1.0

Relative depth of pores

Fig. 7. The rectification of the proposed MSIP thermal rectifier as a func-
tion of depth of pores (relative to thickness of segment).

(IT) MSIP thermal rectifier: effects of relative pore
width

Figure 8 shows the effect of the relative width of the pores
on thermal rectification. The heat end is still set to 60 °C, and
the cold end is still fixed at a constant temperature of 0 °C. We
create pores sequentially from the second building block of the
hot end to the 11th building block (the first is for the heat flow
meter and thermometer), increasing the relative width from
1/22 to 10/22 in a step of a building block. Then, we calcu-
late the thermal rectification caused by each pore with different
relative widths.
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Fig. 8. The MSIP thermal rectifier with the pores having different relative
widths (relative to the total width of all segments).

Figure 9 shows the effect of relative thickness on thermal
rectification, from which we can see that the relative thickness
does not change significantly for thermal rectification (in the

range of 1.037-1.043, almost constant compared with thermal
rectification vs depth of pores, as shown in Fig. 7).

1.043 T T T T

1.042

T
O

1.041

1.040

Rectification
T
O

1.039

1.038
O

1.037 L ' ' L O
0 0.1 0.2 03 04 05

Relative width of pores

Fig. 9. The rectification of the MSIP thermal rectifier as a function of
relative width of pores (relative to the total width of all segments).

(IIT) MSIP thermal rectifier: effects of relative pore
position

Figure 10 shows the effect of the relative position of the
pores on thermal rectification. The temperature difference is
set to 60 °C. Before proceeding with the location exploration,
the pore location is first defined. We use the one end of the
entire model as the origin to establish a rectangular coordinate
system to determine the position, and the center or middle of

the material is defined as 0.5. The pore is located always at
the middle of the segment (relative to thickness). Then the rel-
ative position of pore can be simplified as the index (i) of the
porous segment divided by the total number of segments, i.e.,
i(pore)/22. Figure 11 shows that the closer the pore is to the
endpoint, the greater the thermal rectification.

Fig. 10. The MSIP thermal rectifier with the pores at different relative
positions (relative to the total width of all segments).

1.045 T T T T

1.040 b
1.035 b
1.030 B
1.025 b
1.020 b
1.015 b

Rectification

1.010 4
1.005 E
1.000 ki

0-995 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Relative position of pores

Fig. 11. The rectification of the MSIP thermal rectifier as a function of
relative position of pores (relative to the total width of all segments). The
cold end in the forward configuration or hot end in the reverse configura-
tion are set to be original point. The middle or center of the material is
located at 0.5.

3.3. Enhancement of thermal rectification by combining
optimization of thermal conductivity asymmetry and
geometric asymmetry
The model by combining thermal conductivity asymme-

try and geometry asymmetry is also investigated. Following
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the setup for the case of LCO-LSCO bi-segment thermal recti-
fier (as shown in Fig. 2) but with the increased thermal conduc-
tivity asymmetry (Fig. 3), we further enhance the thermal rec-
tification through combining geometric asymmetry by creating
pores in the rectifier. The cold end is at constant temperature
40 K, and the first segment at hot end is kept at about 100 K
by adjusting the power source. The resulting thermal rectifi-
cation is then obtained by Eq. (4). The setup and tempera-
ture distribution in both different kinds of thermal rectifiers are
shown in Fig. 12 for comparison. For the model with thermal
conductivity asymmetry only (the parameters are the same as
Fig. 3), the thermal rectification is R = |P|/|F| = 5.91. How-
ever, for the modified model combining geometry asymmetry,
one pore with 75% of size is created in the second segment
near the cold end (heat sink) for the “forward” setup, but the
same size of pore is located at the second segment near the hot
end for the “reverse” setup. The resulting thermal rectification
is enhanced to R = |P;|/|P;| = 6.27. Our simulation clearly
demonstrates that combining thermal conductivity asymmetry
and geometry asymmetry is a very effective strategy to en-
hance the thermal rectification.

Reverse

Reverse Forward

Forward

—1 With pores s

Fig. 12. Multi-stage thermal rectification model combining thermal con-
ductivity asymmetry and geometry asymmetry. The setup is similar with
the case of LCO-LSCO bi-segment thermal rectifier, as shown in Fig. 2.
The low end is at the constant temperature 40 K, and the first segment
at the hot end is kept at about 100 K. (a) Model with thermal conduc-
tivity asymmetry only, the same as Fig. 3. The thermal rectification is
R = |P|/|P:| = 5.91. (b) Model with further geometry asymmetry based
on the model in panel (a). One pore with 75% of size is created in the sec-
ond segment near the cold end (heat sink) for the “forward” setup. In the
“reverse” setup, the same size pore is located at the second segment near
the hot end. The thermal rectification is increased to R = |P|/|P;| = 6.27.

4. Discussion

We have presented the results of thermal rectifiers by
three main parts: (i) thermal conductivity effects on thermal
rectification, and then (ii) geometric effects on thermal rec-
tification, and finally (iii) the enhancement of thermal recti-
fication through the combined optimization of thermal con-
ductivity asymmetry and geometric asymmetry (namely, usage

of results of above (i) and (ii)). Several novel multi-segment
thermal rectifiers with various thermal conductivity asymme-
try and/or geometric asymmetry as well as with combined de-
sign have been proposed.

The physical mechanism behind thermal rectifiers is
important to understand the origin of thermal rectification
and useful for further improvement of devices. For one-
dimensional asymmetric lattice, it has been revealed that the
thermal rectification can be induced by nonlinear interactions
and nonuniform phonon frequency distribution.!%*! It is also
found that the energy exchange of the normal mode of vibra-
tion induced by asymmetric phonon—phonon interaction may
lead to the ballistic thermal rectification.!”?! Tt has also been
demonstrated that thermal rectification takes place in asym-
metric systems (graded materials)3%73] with local heat flow
proportional to the temperature gradient and with the local
conductivity depending on temperature.’?!

For bi-segment thermal rectifiers, the origin of thermal
rectification is related to thermal conductivity difference be-

1351 For the multi-segment ther-

tween two segment materials.
mal rectifiers with asymmetric geometry (either by size gradi-
ent or with asymmetric distribution of pores), the mechanism
of the thermal rectification enhancement can be explained by
the modulation of effective thermal conductivity of asymmet-
ric segment materials. The effective thermal conductivity can

be expressed according to Fourier’s law,

keff = Q/At

~ A(AT /Ax)’ ©)

where Q/At is the heat flow rate, AT is the temperature gradi-
ent applied on segments with length of x, and A is the cross-
sectional surface area. When the size of the cross-sectional
area is changed, the effective thermal conductivity of the mate-
rial changes accordingly, resulting in the asymmetry of the ef-
fective thermal conductivity, and thus the modulation of ther-
mal rectification.

Most models proposed in this work can be realized in ex-
periments in both the macroscopic scale and the microscopic
scale, as long as the Fourier law is still valid within the scale
of size. With progress of thermal conductivity in materials in
multi-scale[#0:74-821 or thin films™3-341 or bulk form, [33-36] the
design of efficient thermal rectifiers will have more choices
of components. Many advances of characterization®7-881 will
be helpful to reveal the microstructures and properties (such
as phonon scattering, thermal conductivity, thermal diffusion,
thermal capacity, efc.), as well as the interface structure!3%-°0]
and interfacial heat transfer(°!l of segment materials. Such ad-
vanced characterizations combined with thermal rectification
measurements can be useful for further study and design of
better thermal rectifiers.
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5. Conclusion

In this work, we have systematically investigated the
multi-segment thermal rectifiers in terms of thermal conduc-
tivity asymmetry and geometry asymmetry as well as the ef-
fects of combining of both. We proposed the strategies by
utilizing the asymmetry engineering approach to enhance the
thermal rectification of multi-segment rectifiers. Our simula-
tions demonstrate that increasing the asymmetry of thermal
conductivity or the asymmetry of geometry can improve the
thermal rectification. Furthermore, combining the asymme-
try of both thermal conductivity and geometry, it will have
a significant improvement of thermal rectification. The de-
sign and asymmetry engineering of multi-segment rectifiers
are provided in great details. Our study provides ideas for
realizing high thermal rectification in the solid state thermal
rectifiers.
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