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The thermal transport phenomenon through one-dimensional dimer chain is important for the develop-
ment of a new generation of small-scale thermal devices. The heat conduction in one-dimensional two
component (dimer like) structures is studied using Non Equilibrium Molecular Dynamics Simulation
(NEMDS). The dimers like AB .... BA and BA .... AB are considered in the present study. We have taken
total 11 layers in the structure and the each layer has 20 oscillators in it. The number of total oscillators of
the whole chain is N = 220. The extreme ends of the dimer chains are connected with Langevin heat bath
to keep constant temperature on both ends. The FPU-S potential is used to calculate the intermolecular
potential with #= 1. The temperature profile, heat flux and thermal conductivity are studied as functions
of mass of an oscillator Mz (0.1, 0.2 ... 0.8, 0.9) in layer B. The mass of each oscillator in layer A is kept
constant as Ms = 1.0, where Mg < Ma. The temperature gradient and interface thermal resistance at each
interface are calculated for both dimer structures. The increase in mass of an oscillator of layer B leads to
an increase in heat flux and thermal conductivity of the structures. It is observed that the ABABABABABA
structure is more heat conductive structure than the BABABABABAB structure. Thus, ABABABABABA
dimer is better thermal conductor while BABABABABAB dimer is better thermoelectric material.
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1. INTRODUCTION

The major technical problem, which deteriorates
the performance of nanoscale devices, is the production
of unwanted heat during its operation. When the size of
the structure decreases, the heat dissipation increases
and hence directly affects the efficiency as well as the
performance of the device [1, 2]. To drag radiant heat
we need good heat sinking materials, which absorb the
heat very rapidly. On the other hand, the material
with low thermal conductivity is a desired feature for
thermoelectric systems [3-6]. Thus, without under-
standing detail dynamics of heat carrier- “phonon”, it
is not possible to make modifications in materials
structures for their fruitful use [7-9]. Such study is
helpful to design materials for thermal applications
like heat pump, heat exchanger, thermoelectric gener-
ator, thermal moderator of nanoscale. Many research-
es have been done on multilayered structures, which
demonstrated the tuning of thermal conductivity [4-6,
10-16]. Going on step ahead, in the present study, we
investigated the response of phononic flow in one-
dimensional multilayered dimer chains. Basically, a
dimer chain is a multilayered structure, in which two
different types of materials are arranged alternatively.
Hence in dimer chain, stacking of materials A and B is
like ABAB........ ABA or BABA............. BAB. In the di-
mer, due to the two types of materials are arranged
alternatingly, number of interfaces present affects
their thermal response. In general, the non-zero inter-
face thermal resistance (ITR) is produced at the inter-
face of two materials of different masses [17-20]. In the
present case, we took the mass of an oscillator of mate-
rial A as Ma and that of an oscillator of material B as
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Mp. The mass mismatch between material A and mate-
rial B at the interface in a dimer chain is the key of
controlling the phonon scattering rate. In such chains,
phonons with a certain frequency range only can pass
through neighboring layers due to mass mismatch of
the structures [9]. The thermal conductivity is reduced
in such structures due to the suppression of the pho-
nons of certain frequencies at different interfaces of the
structures. There are many reports on layered struc-
tures, where the reduction in the thermal conductivity
is observed for different semiconductor materials like
Si/Ge [7-9, 13], Kr/Ar [16], and GaAs/AlAs [11].

With this, in the present work, we have taken two
types of one-dimensional multilayered dimer chains:
(i) ABABABABABA and (ii) BABABABABAB; made up
by the use of two different materials A and B. The mass
of an oscillator of the material A is taken as Ma and the
mass of an oscillator of the material B is taken as Ms.
The non-equilibrium molecular dynamics simulation
(NEMDS) has been carried out to study the thermal
transfer through one-dimensional dimer. The total
number of oscillators in both types of one-dimensional
multilayered dimer chains viz. ABABABABABA and
BABABABABAB is N =220, in which each block of A
and B contains 20 oscillators. As the dimer chain con-
tains 11 layers of two different materials A and B,
there exist total 10 interfaces in the one-dimensional
structure. The schematic representation of the chains
is shown in Fig. 1. Here the left end of the dimer chain
is connected to the hot temperature bath and the right
one to the cold temperature bath. The Langevin heat
baths are used in the present work. In the present
simulation study, the effect of MB on the heat conduc-
tion in the mentioned two types of dimer structures is
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investigated. The mass mismatch of material constitu-
ents A and B in the dimer chain leads to different cut
off frequencies and density of states of phonons. The
differences in cut off frequencies oppose the phonon
flow and generate non-zero resistance to the phonons
at the interfaces [17, 18]. Due to the ITR produced at
each interface of the chain, large reduction in heat flux
and thermal conductivity is observed when phonons
move from hot end to cold end. We simulated the tem-
perature profile, heat flux, ITR and thermal conductivi-
ty of various dimer chains.
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Fig. 1 — Schematic daigram of ABAB.....ABA (a), BABA....BAB
(b) dimer chains

2. METHOD OF COMPUTATION

To express the interaction among the nearest
neighbors, we have considered most commonly adopted
FPU-B model. The Hamiltonian of one-dimensional
dimer chain is given by

p2
e

where, P; is the momentum of i particle, M; is the
mass of i" oscillator, M; = Ma for the mass of oscillators
for material A and M; = Mp for the mass of oscillators
for material B. The interaction potential is [19, 20]

K
VFPU—ﬁ = E(qi -4~ a)z +§(qi Qi1 a)4 .

In above equation, a is the lattice constant, g; is the
position of the ith particle, K is the spring constant, and
B is the anharmonicity parameter. In the present simu-
lation, we took a=1, K=1 and f=1.0. We fixed the
temperature on the first particle of the chain at
T =1.1 and on the last particle of the chain at Tr = 0.9
by Langevin heat baths. We also applied fixed bounda-
ry conditions.

The motion between oscillators is due to the Lange-
vin heat bath, which provides the constant temperature
between the first and last oscillators of the chain. The
equation of motion of the dimer chain is given as [19]
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In above equation, A g is the variance parameter,

oH . . . .

F= S is the force on the ith particle. & ; and vari-
0 '

ance parameter show the microscopic action of heat

bath and it executes interaction of the first and last

particles with thermal reservoirs. It also includes ran-

dom forces and dissipation. & ; is an independent

Wiener process with zero mean concerned with the
usual fluctuation dissipation relations as [19]:

(£LOS L) =2KgT (1),
(&OSR()) = 2KgTrS( -1).
The local heat flux is generated by [19, 20],

-G N (94, %)
Lo

J.

The 7th-order Runge-Kutta algorithm is used with
fixed boundary conditions to perform NEMDS. We per-
formed this simulation for > 107 times such as the sys-
tem reaches the non-equilibrium thermal steady state
condition. For such a long simulation, <J; is independent
of the index i and hence the thermal conductivity is
computed by [19, 20],

-J

=5
dg

K

Here, d%q is a temperature gradient in the chain.

When the phonon propagates through the interface,
the produced interface thermal resistance is calculated
by [17, 18],

ar/
rR=—2%4
J

3. RESULTS AND DISCUSSION

The computed temperature profiles are displayed in
Fig. 2a, b. From the temperature profile, we can figure
out the non-equilibrium steady state temperature with-
in the dimer chains. In the present work, the materials
in contact with the hot and cold heat baths are of the
same type, A type in ABAB...ABA dimer chain or B
type in BABA...BAB dimer chain. The temperature
drop of the interfaces near the hot and cold heat baths
is high compared to the temperature drop at interfaces
away from heat baths. The phonon propagation from
material B to material A is more resistive near the hot
reservoir, while it is more resistive from material A to
material B near the cold reservoir. This is due to high
phonon scattering near the hot heat bath. The temper-
ature jumps become smaller and smaller and thereby
the temperature profile becomes linear as the mass of
an oscillator of material B increases and approaches to
the mass of an oscillator of material A. This happens
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because of the decrease in mass mismatch of material
A and material B at the interface.

The calculated values of temperature gradient and
ITR at all the interfaces are shown in Fig. 3 and Fig. 4,
respectively. The temperature gradient and ITR value
are higher at the first interface near the hot reservoir
in both dimer structures (i) and (i1) and are attributed
due to higher phonon scattering rate near the hot heat
bath. It is also seen that phonon flow is less thermal
resistive while moving from a material of lower cut off
frequency to a material of higher cut off frequency. In
reversal case, phonon propagation from a material of
higher cut off frequency to a material of lower cut off
frequency is more thermal resistive. This happens in
both types of dimer chains. As a result, the highest
temperature gradient and ITR for ABAB...ABA dimer
structure are observed at the second interface, while
for BABA...BAB structure they are observed at the first
interface.
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Fig. 2 — Temperature profiles of ABAB........ ABA dimer chains
(a) and temperature profile of BABA...... BAB dimer chains

As we move from hot end to clod end, the tempera-
ture gradient at the interface gradually decreases. In
the material structures we considered, the phonon
frequency mismatch decreases as we go towards the
cold end. Upon increasing the mass of an oscillator of
material B, the temperature gradient and ITR de-
crease. It is seen that the temperature gradient and
the ITR are high in BABA...BAB structure than those
of ABAB...ABA structure.

The simulated results of heat flux and thermal con-
ductivity are shown in Fig. 5 and Fig. 6, respectively. It is
clearly seen that the heat flux and thermal conductivity of
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Fig. 3 — Temperature gradient at interfaces as function of the
mass of an oscillator in B type segment: (a) ABABABABABA
dimer chains, (b)) BABABABABAB dimer chains
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Fig. 4 — The ITR at interfaces as function of the mass of an
oscillator in B type segment: (a) ABABABABABA dimer chains,
(b) BABABABABAB dimer chains

these structures greatly depend on the mass mismatch
of material A and material B. As the mass mismatch of
materials A and B decreases, the heat flux and thermal
conductivity increase. This increasein thermal conduc-
tivity is evidence of matching of phonon spectrum and
density of states of the material constituents at the junc-
tion point of the interfaces. The heat flux and thermal
conductivity of ABA....ABA dimer structure is higher
compared to BAB....AB dimer structure. The phonon
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attenuation is very high in structure BABA...BAB due to
the lower mass of the material B connected with heat
baths. Thus, the heat conduction in this multilayered
dimer is also relying on selection of the material on the
end points of the chain.
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Fig. 5 — Heat flux of ABAB...ABA and BABA...BAB dimer
structures

25 r T T T T T T T T T
z P =
=

.‘? 20 + / ] > ‘

2 A

- .

1 / o

T 15t /r

: »

S / « ABA--BA

= ¢ . « BAB---AB
10 +

B

7}

'= .

=
A(l.0 0.1 0.2 03 04 05 0.6 0.7 08 09 1.0 1.1

Mg

Fig. 6 — Thermal conductivity of ABAB...ABA and BABA...BAB
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REFERENCES

1. C. Liu, M. Chen, D. Zhou, D. Wu, W. Yu, J. Nanomater. 2017
(2017).

2. K.M. Razeeb, E. Dalton, G.LL.W. Cross, A.J. Robinson, Int.
Mater. Rev. 63, 1 (2018).

3. M. Jun, Z. Liu, Z. Ren, npj Quantum Materials 1, 16028 (2016).

4. X. Mu, L. Wang, X. Yang, P. Zhang, A.C. To, T. Luo, Sci. Rep.
5, 16697 (2015).

5. M. Hu, D. Poulikakos, Nano Lett. 12, 5487 (2012).

6. A. Kandemir, A. Ozden, T. Cagin, C. Sevik, Sci. Technol.
Adv. Mater. 18, 187 (2017).

7. Y. Shangjie, J. Zhang, Y. Tang, M. Ouyang, Nano Lett. 15,
6282 (2015).

8. P.M. Norris, N.Q. Le, C.H. Baker, J. Heat Trans. 135, 061604
(2013).

9. D.G. Cahill, W.K. Ford, K.E. Goodson, G.D. Mahan, A. Majumdar,
H.J. Maris, R. Merlin, S.R. Phillpot, J. App. Phys. 93, 793
(2003).

J. NANO- ELECTRON. PHYS. 11, 05001 (2019)

4. CONCLUSIONS

In the present work, we studied the one dimensional
multilayered dimer structure for its usefulness to control
the phonon flow as a function of the mass mismatch. As
the mass of the material of an oscillator in material B
increases, the decrease in temperature gradient and ITR
is noticed. The higher values of temperature gradient and
ITR for ABAB...ABA structure are noticed at the second
interface (B to A), while for BABA...BAB structure — at
the first interface (B to A). The phonon transfer from ma-
terial A to material B is less resistive than from material
B to material A near the hot heat bath. We also conclude
that the heat flux and thermal conductivity enhanced in
both chains with increase in mass of material B. The de-
crease in mass mismatch in materials A and B leads to
increase in the matching in vibrational modes of phonons
and hence reduces the phonon attenuation at the junction
point. The temperature gradient and ITR are higher in
BABA...BAB dimer structure than those for ABAB...BAB
dimer structure. It causes the reduction in thermal con-
ductivity of BABA...BAB structure. The present work
suggests that the thermal conductivity of the dimer struc-
ture is tuned by selecting the appropriate material in
multilayered dimer chain. Such dimers could be very use-
ful to construct the good quality thermal barrier in low
dimensional structures. They may be also employed as the
thermal connectors in low scale systems.
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Ilepenecennsa Tensia B OQHOBUMIPHOMY JUMEPHOMY JIAHLIOTY
Tarika K. Patel, P.N. Gajjar

Department of Physics, University School of Sciences, Gujarat University, Ahmedabad 380009, Gujarat, India

fBuine mepeHeceHHs TeIIa Yepe3 OJHOBUMIPHUIA JUMEPHUHN JIQHITIOT € BAMKJIMBUAM JIJII PO3BUTKY HOBOTO
MOKOJIIHHSA Ipi0HOMACIITAOHNX TEILJIOBUX HIpHUIaaiB. TeIonpoBiJHICTh B OQHOBUMIPHIN IBO-KOMIIOHEHTHIN
CTPYETYPl (TT0/1i6HOT O JUMepy) BUBUYAETHCS 34 JOIIOMOTOI0 MOJIETIOBAHHS HEPIBHOBAIKHOI MOJIEKYJISPHOI
IUHaMIKH. Y IIHOMY JOCJIIPKEeHHI poarisgaioTbesa Takl quMmepn sk AB....BA ta BA....AB. B cTpykrypi mu
B3sIH ycboro 11 1mapis, 1 koskeH map Mae 20 oCIHIATOPIB. 3araabHa KIIBKICTD OCIIAJIATOPIB IILJIOT0 JIAHII-
ra craroButh N = 220. Kpaiini kiHIIl JuMepHOro JIQHITIOTa 3'€IHAHI 3 TEIIOBOI BaHHOIO JlamkeBeHa, 1100
MATPUMYBATH TOCTIHHY Temiiepatypy Ha o000x kimmsx. [lorenmian FPU-S BuropuctoByeThes qiist obuwc-
JIeHHS MUKMOJIEKYJISIpHOTO moTeHIiany 3 f= 1. TemneparypHuit mpodiib, TEIJIOBUM HOTIK 1 TEILJIOIPOBII-
HICTh BUBYAIOTHCS AK PyHKITNT Macu ocirmisitopa Mp (0,1; 0,2 ... 0,8; 0,9) y mapi B. Maca koskmHoro ocriuisi-
Topa y mapi A 36epiraerbes mocritiHow 1 piuoo Ma = 1.0, me Mp < Ma. 'pagienT Temmeparypu ta Tepmid-
HUU OIip HA KOKHOMY iHTepdeiici po3paxoByIOTECS I 000X IMMEPHHUX CTPYKTYP. 301IbIIEHHS MACH OCILU-
JsTopa mapy B mpu3BoauTh 10 301BITEHHS TEIJIOBOTO MOTOKY Ta TEIIOMPOBIIHOCTI CTPYKTYp. BusiBieHo,
o ABABABABABA e 6isbIn TemIonpoBiiHoo cTpykrTypoo, Hisk crpykrypa BABABABABAB. Takum uu-
"oM, qumep ABABABABABA e kpamum temnonposigaukom, toai sk numep BABABABABAB e kpamum
TEPMOEJIEKTPUYHUM MaTepiasioM.

Knrouori cinosa: Temmonposigaicts, Tepmiunwmit omip intepdeiicy, Jlumepruit manmsor, TepmoesexkTprasi
MaTepiaim.
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