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Using nonequilibrium molecular dynamics simulations, a comprehensive study of the asymmetric heat conduction in
the composite system consisting of the Frenkel-Kontorova (FK) model and Fermi—Pasta—Ulam (FPU) model is conducted.
The calculated results show that in a larger system, the rectifying direction can be reversed only by adjusting the thermal
bias. Moreover, the rectification reversal depends critically on the system size and the properties of the interface. The
mechanisms of the two types of asymmetric heat conduction induced by nonlinearity are discussed. Considering the novel
asymmetric heat conduction in the system, it may possess possible applications to manage the thermal rectification in situ

directionally without re-building the structure.
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1. Introduction

Recently, many investigations have been conducted to
elucidate a comprehensive theory about the heat conduction
in low-dimensional system.!!=8] Great efforts have been made
to expound the macroscopic phenomenon of heat conduction
in the sight of a microscopic dynamics mechanism by using
analysis methods or nonequilibrium molecular dynamics sim-
ulations. Although many problems remain unsolved, some
intriguing findings have established the foundation for the
phononics, ! such as the thermal rectification effect,!'%! nega-
tive differential thermal resistance (NDTR),[!!?] and Kapitza
resistance.!!3! It has been demonstrated that the phonons in the
form of heat can be controlled and manipulated analogous to
the electrons in a heterogeneous semiconductor junction.

Particularly, the thermal rectification effect is widely
utilized to build a thermal diode. Various nonlinear mod-
els have been proposed to construct a thermal diode
theoretically.[1%1424] Moreover, benefiting from the boost of
nanotechnology, solid thermal diodes have been fabricated in
experiments successfully by using specific materials, which
paves the way for the practical applications of thermal diode

r.[2528] These researches revealed that a one-

and transisto
dimensional thermal diode model must satisfy two essential
conditions: the nonlinear (unharmonic) interaction and asym-
metric structure of the system. As for the classic nonlinear
system, it can be divided into two categories: one is the system
with on-site potential, such as the Frenkel-Kontorova (FK)
model typically; the other is the system without on-site po-
tential, such as the Fermi—Pasta—Ulam (FPU-/ ) model and

Toda model. The asymmetric structure can be realized by set-
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ting different system parameters in a unitary model, or by cou-
pling different models which possess inherent asymmetry. For
examples, the unitary thermal diode model consists of two FK
segments with different system parameters,!'*! and the FPU
thermal diode model builds the asymmetric structure by intro-
ducing a mass gradient.””) Coupling the FK and FPU mod-
els also forms the composite asymmetric system, in which the
high-efficiency rectification can be obtained by changing the
system parameters.!!5] An explanation of the asymmetric heat
conduction in the models given above is that the phonon bands
of different segments of the chain will change from overlap to
separation.

In this work, a comprehensive study of the one-
dimensional composite system consisting of the FK model and
the FPU model is conducted by using nonequilibrium molec-
ular dynamics (NEMD) simulations. The calculated results
show that the thermal rectifying direction in a larger system is
found to be reversed when the thermal bias is greater than a
certain value. The thermal rectification reversal has to rebuild
the system structure in previous studies.3%3!] In the system
we studied here, for the first time, the rectifying direction can
be reversed only by adjusting the thermal bias. The proposed
system whose thermal rectification can be managed in situ di-
rectionally without re-building the structure may have great
potential applications in phononics.

2. Model and calculation method

The system consists of FK lattices and FPU lattices, as

is illustrated in Fig. 1. The two segments are connected by a

*Project supported by the Natural Science Foundation of Hunan Province, China (Grant No. 12JJ3009), the Changsha Science and Technology Plan Projects,
China, and the Science and Technology Plan Projects of Hunan Province, China (Grant No. 2013SK3148).

Corresponding author. E-mail: wqhuang @hnu.edu.cn
© 2014 Chinese Physical Society and IOP Publishing Ltd

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

114401-1


http://dx.doi.org/10.1088/1674-1056/23/11/114401
mailto:wqhuang@hnu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 23, No. 11 (2014) 114401

harmonic spring of elastic constant kj,. The Hamiltonian of

the whole system is
1
H:H}%K‘i‘HgPU‘f‘Ekim(xNH —xy —a)?, ey

where N is the number of particles of each segment. The total
number of particles in the system is 2N. Each segment of the

system is described by

2
N Pi 1
Hig = Y., {Zmi + EkFK(xi —xi_1—a)’

5 cos(ani)} , 2)

(27)

krk(zi—xi1—a)?/2

—V-cos(2mx;) /(2m)?2

2
N pi 1
HEPU = Zi:NH [2ml_ +§kFPU(xi+1 —Xi—a)2

+§(x,-+1 x,-a)‘*], 3)
where p; and x; in Hll;K and HI§PU denote the momentum and
the displacement of the i-th particle, respectively. The mass
of the i-th particle is M; = 1. We set krg = kppy = 1 and
a = 1, which represent the harmonic interaction strength be-
tween particles and the lattice constant, respectively. The
strength of on-site potential in the FK model is taken by V =5,
and the strength of unharmonic interaction in the FPU model

isp=1.

Erpu{(zit1—zi—a)?/24-B(xip1—zi—a)t/4}

Eint(znp1—2zN—a)?/2

Fig. 1. (color online) Schematic picture of the system. The left and right segments are the Frenkel-Kontorova model with on-site
potential and the Fermi—Pasta—Ulam model, respectively. The two segments are connected by a weak harmonic spring of elastic
constant kijn. The particles at the left and right ends are coupled with the heat baths of temperatures 77, and TR, respectively.

In our simulations, we use the fixed boundary conditions
(x0 =0, xon+1 = (2N +1)a), and the first and last particles are
coupled with the NOSE-HOOVER heat baths, keeping tem-
peratures at 7y, and 7. For simplicity, we define the average
temperature of the system Tp = (7, + Tr)/2, and the thermal
bias AT =Ty — Tr = 2TpA. When A > 0, the left-end par-
ticle is connected with the higher-temperature heat bath and
vice versa as A < 0. The improved Runge—Kutta algorithm
is used to integrate the equations of motion of each parti-
cle, in which the local temperature and heat flux at site i de-
fined as T; = m(x,2>, Ji = k{x;(x; —x;_1 — a)) for the FK model
and J; = k(x{(x; —x;_1 —a) + B (x; —x;_1 —a)’}) for the FPU
model respectively are investigated (( ) denoting time aver-
age). The simulations are performed long enough so that the
system can reach a nonequilibrium steady state where J is a
constant independent of the site of a lattice. We denote the ab-
solute value of the heat flux from left to right as J, the heat
flux from right to left as J_ when the heat baths are reversed.
The thermal rectifier efficiency of the system is denoted by
r=Jy/J_.

3. Results and discussion

We first study the asymmetric heat conduction of the com-
posite system (N = 50) coupling by a weak harmonic spring
(king = 0.05). Figure 2 shows the normalized temperature T'/Tj
versus lattice site i for three different dimensionless tempera-
tures with fixed |A| = 0.5. It is obvious that, in all cases, there
exists a temperature jump caused by interface thermal resis-
tance (ITR, R=AT/J) at the interface. When Ty = 0.1, owing
to the asymmetric ITR in the system, the temperature gradi-
ent distributions are asymmetric as the heat baths are reversed.
However, the asymmetry of heat conduction relies on the av-
erage temperature 7p. In the case of Ty = 0.01, the two parts
of the system are both in the low-temperature limit where the
phonons cannot propagate through the system, especially the
interface. On the contrary, in the case of Ty = 0.5, the two
parts are both in the high-temperature limit where the phonons
vibrate strongly and can propagate through the system from
each direction. As a result, the asymmetric heat conduction
vanishes in both high- and low-temperature limits. To extend
a better study on asymmetric heat conduction of the system,
the average temperature is fixed at Top= 0.1 in the following
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discussion (unless otherwise stated).
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Fig. 2. (color online) T /Tj versus lattice site i at fixed |A|= 0.5 for

Top = 0.01, 0.1, and 0.5. In all cases, N = 50 and kj, = 0.05. The solid

symbols are for the cases of A > 0 and the empty symbols are for the

cases of A < 0 (the same below).
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Fig. 3. (color online) The heat flux J versus |A| for (a) N = 50, (b)
N =500, (c) N =2000. In all cases, Tp = 0.1 and k;, = 0.05.

The thermal bias is another critical factor for the asym-
metry of heat conduction. Figure 3 shows the dependence of
heat flux on thermal bias for different system sizes with fixed
kint = 0.05. In Fig. 3(a) (N = 50), one can see that as the ther-
mal bias increases, J almost exhibits linear growth, while J_
exhibits negative growth, which is caused by the NDTR. The
asymmetric heat conduction is captured by the phenomenon
of J4 > J_, and the rectifier efficiency increases with the ther-
mal bias. Moreover, the appearance of NDTR as A < O further

improves the asymmetric heat conduction of the system. How-
ever, as shown in Fig. 3(b), the asymmetric heat conduction is
reversed in a larger system (N = 500). There exists a rectifi-
cation reversal from J; < J_ to Jy > J_ at |A| ~ 0.53. To the
best of our knowledge, the rectification reversal in other sys-
tems appears only when the system structure is rebuilt.3%-31]
While the rectifying direction in our study, for the first time,
can be reversed in site only by adjusting the thermal bias with-
out re-building the structure. It can be seen intuitively that the
NDTR leads to the rectification reversal. Moreover, the ap-
pearance region of the NDTR shifts towards greater thermal
bias with the increase of N. As a result, for N = 2000, the
rectification reversal varying simultaneously with the NDTR
disappears eventually and the asymmetric heat conduction is
captured by J, < J_ (Fig. 3(c)).
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Fig. 4. (color online) Dependence of the heat flux J on ki, for (a)
N =50, (b) N =500, (c) N =2000. In all cases, Ty = 0.1 and |A| = 0.8.

To understand the rectification reversal existing in the
larger system, we investigate the dependence of J+ on ki, for
different system sizes with fixed |A| = 0.8, as shown in Fig. 4.
It is clearly seen that, as ki, increases, the two segments are
strongly coupled and behave as a whole in all cases. The J.
would approach to saturation gradually and the asymmetric
heat conduction is captured by the phenomenon of J < J_.
Consequently, there exists a crossover of J4 in Figs. 4(a) and
4(b), while the crossover disappears in a long chain (for exam-
ple, N =2000) with J, < J_ (seen in Fig. 4(c)). The crossover
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can be traced from the asymmetric ITR, which is regarded as a
direct manifestation of thermal rectification. Here, we can see
the rectification reversal directly through the unsynchronized
changes of Ry (Rt denote the ITR when A > 0 and A <0,
respectively), as shown in Fig. 5. In Fig. 5(a), when the two
segments are weakly coupled, R_>>R., resulting in J > J_.
As kin increases, R_ decreases sharply and R, exhibits a rel-
atively flat decrease. As a result, R_ <R, gives rise to the
phenomenon of J < J_. Similarly, the crossover of R also
exists in Fig. 5(b). Because of the sharp decrease of R_ and
gentle growth of R, with the increase of N, the asymmetric
heat conduction in the larger system is captured by the phe-
nomenon of J < J_. Therefore, the rectification reversal in
Figs. 3(b) and 3(c) can be understood as follows. The effect
of the weak interfacial spring on the system decreases with the
increase of N.3% Hence, the weakly coupled two segments in
the larger system behave as a whole, analogous to the case that
the two segments are well coupled.
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Fig. 5. (color online) Dependence of the ITR on ki and N for (a)
N =50, (b) kin = 0.05. In all cases, Ty = 0.1 and |[A| =0.8.

It is thus clear that the system presents two types of
asymmetric heat conduction as the system size and coupling
strength of inter-models are changed: one is J+ > J_ when the
two segments are weakly coupled; the other is J, < J_ when
the two segments are strongly coupled or the chain is long
enough. To understand the underlying mechanisms of them,

we first need to invoke the temperature-dependence of phonon
frequencies of the homogeneous FK and FPU segments. As
discussed in Ref. [15], in the high-temperature limit, the FK
system whose on-site potential can be neglected is close to a
harmonic chain with the frequency spectra

krk
M; ’

which gives 0 < ®/2m < 0.318 for the parameters used in

1
O<w/2 — |2
< /n<2n<

our system. However, as for the FPU system, the anharmonic
term is dominant and a rough theoretical estimate of frequency
spectra is given by

0<o/21m < & (TkepuB)'/*,
2
with
Co= 227l (3/4)34/T(1/4) ~ 2.23,
where I' is the Gamma function. In the low-temperature limit,
the FK particles are confined in the valley of on-site potential.

By linearizing the equations of motion, the frequency spectra
are obtained with

1 |V 1 |V +4kex
—A 02T < — —_—
2n M; < / < 2n ( M; ) ’

which gives 0.355 < w/2n < 0.477. While the FPU system
becomes a harmonic one with the frequency spectra

krpu

M; |’
which gives 0 < /27 < 0.318. In case that the FK and FPU
models are weakly coupled (except for the larger system), as

1
0 2 — |2
<w/n<2n<

the thermal bias increases, the two segments get into opposite
temperature limits independently without a temperature gradi-
ent (seen in Fig. 2). Therefore, the frequency spectra of each
model present a big overlap in a large range of frequencies
as the heat flux flows from the FK model to the FPU model,
implying great heat flow in the system. On the contrary, the
frequency spectra of each model present complete separation
once the heat baths are reversed, implying scarcely any heat
flow in the system. The match/mismatch of frequency spectra
well explains the phenomenon of J; > J_. However, when
the two segments are strongly coupled, the two segments be-
come mixed and form a whole. The differences between the
temperature-dependence of homogeneous FK and FPU seg-
ments are needed. As shown in Fig. 6, in the same heat bath,
the heat flux in the FPU model shows absolute advantage
compared with the one in the FK model. This is due to the
greater total thermal resistance decided by the essential at-
tributes of the FK model itself. The phonons in homogeneous
FPU can propagate through the system with less scattering.
Therefore, in the case that the two segments are well coupled
or the chain is long enough, as the system reaches a nonequi-
librium steady state, the temperature gradient in the FK model
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can be built more easily. As shown in Fig. 7, the FK model
can achieve both low- and high-temperature limits, occupying
high- and low-frequency phonons simultaneously no matter
when A > 0 or A < 0. The FPU model without an obvious
temperature gradient is merely in the low- or high-temperature
limit. According to the frequency spectra analyzed above,
only the low-frequency phonons in the FK model can propa-
gate to the FPU model and the high-frequency phonons will
be scattered by the interface; all the low-frequency phonons
in the FPU model can propagate through the interface to the
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Fig. 6. (color online) Temperature dependence of the heat flux in ho-
mogeneous FK and FPU segments for Tp = 0.03 (circles), Tp = 0.1
(squares), and Ty = 0.3 (triangles).

0.20

0.15
* e = 0.05
¢ kint =1.0
& 0.10
0.05
(a)
O 1 1 1 1 1 1
0 20 40 60 80 100
i
0.20
0.15F
& o.a0f
0.05F
(b)
o ————————
1

1 1 1 1
0 0 1000 2000 3000 4000
7

Fig. 7. (color online) The T versus lattice site i with different kj¢ for (a)
N =50, (b) N =2000. In all cases, Tp = 0.1 and |A| = 0.8.

FK model without any scattering. The mixing of frequency
spectra decided by the different temperature-dependence of
the two segments results in the phenomenon of J; < J_. We
can conclude that both the match/mismatch and the mixing
of frequency spectra induce thermal rectification effects, how-
ever, with opposite directions, the competition between them
contributes to the rectification reversal essentially.

It is worth noting that the thermal rectifier efficiency of
the fixed system (N = 500) denoted by ratio r = |J;/J_|
changes from r — 0.5 to r — 6 as the rectifying direc-
tion is reversed, congruous with the results observed in
experiments.[>~28] Tt strongly suggests that our results may
have practical applications in managing the thermal rectifi-
cation in situ directionally without re-building the structure.
Moreover, the system can be a good candidate to construct a
thermal transistor or logic gate due to the existence of NDTR.

4. Summary

We have systematically studied the asymmetric heat con-
duction in a one-dimensional nonlinear composite system.
The thermal rectifying direction in a larger system is found
to be reversed from J; < J_ to J. > J_ when the thermal bias
is greater than a certain value. The thermal rectification re-
versal ascribed to the competition between the two different
types of asymmetric heat conduction depends critically on the
system size and the properties of the interface. Generally, the
thermal rectification reversal has to rebuild the system struc-
ture. In the system we studied here, however, the rectification
effect can be reversed only by adjusting the thermal bias. Our
results suggest that the systems have practical applications in
managing thermal rectification in sifu directionally without re-
building the structure.
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