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SPECIAL TOPIC — Phononics and phonon engineering
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Thermal rectification is a promising way to manipulate the heat flow, in which thermal phonons are spectrally and
collectively controlled. As phononic devices are mostly relying on monochromatic phonons, in this work we propose
a phononic rectifier based on the carbon schwarzite host—guest system. By using molecular dynamic simulations, we
demonstrate that the phononic rectification only happens at a specific frequency of the hybridized mode for the host—
guest system, due to its strong confinement effect. Moreover, a significant rectification efficiency, ~ 134 %, is observed,
which is larger than most of the previously observed efficiencies. The study of length and temperature effects on the
phononic rectification shows that the monochromaticity and frequency of the rectified thermal phonons depend on the
intrinsic anharmonicity of the host—guest system and that the on-center rattling configuration with weak anharmonicity is
preferable. Our study provides a new perspective on the rectification of thermal phonons, which would be important for
controlling monochromatic thermal phonons in phononic devices.

Keywords: thermal rectification, phonon, thermal transport

PACS: 44.10.+1, 66.70.+f, 05.45.—a, 63.20.—¢

1. Introduction

Thermal rectification, which manipulates the propagating
of heat flow, attracted a lot of research attention in the past
decades.['3! In 2004, Li et al.™ demonstrated thermal rec-
tification in asymmetric atomic chains. After that, many ex-
perimental and theoretical explorations of thermal rectification

5-15]

were performed in nanomaterials,| in which researchers

mostly focused on improving the rectification efficiency to
promote its realistic application. For example, Hu et al.!'3]
proposed a series circuit concept for thermal rectifiers to en-
hance the thermal rectification. Recently, Jiang et al.!'! found
by engineering the thermal contacts that the rectification ratio
of graphene nanoribbon can reaches 920%, even for the sym-
metric structure.

Because of the collective excitation of the thermal

16.17] the controlled heat flow in thermal rectifiers

11,14]

phonons,l
is spectrally distributed.! However, phonons are also
demonstrated as new carriers to control and exchange informa-
tion in phononic related fields,!'®-2!1 such as phonon counting,
quantum communication, etc., in which the monochromatic
phonons, i.e., with a set frequency, are demanded.!?>?3! Due to
the complexity of thermal excitation, the control of monochro-

matic phonons in phononic devices has been rarely reported

DOI: 10.1088/1674-1056/abbbf9

before. The study of phononic rectifiers that allow for the ma-
nipulation of the directional propagation of specific frequency
phonons but without affecting phonons at other frequencies is
meaningful for the phononic related fields.

Recently, host—guest systems, such as clathrates, per-
ovskites, and skutterudites, ?*27! were demonstrated to be a
platform to manipulate phonons.>3?%2% Due to the weak in-
teraction with the host cages, the guest atoms in a host-guest
system (HGS) exhibits an isolated rattling behavior, which
further results in the hybridized phonon modes. The zero
group velocity makes a strong phonon confinement of the hy-
bridized modes in HGS.[?%-311 Ag an inherent feature of HGSs,
the unique phonon confinement of the hybridized mode pro-
vides a novel tool to control monochromatic phonons. Be-
cause of the large void space, Zhang et al.[>>?°! found that
carbon schwarzite is a promising base to construct the host—
guest system by inserting guest atoms, in which the hybridized
In addi-
tion, the external strain and the replacement of guest atoms

mode almost exhibits monochromatic frequency.

are demonstrated as effective ways to regulate the frequency
of the hybridized mode in the carbon schwarzite host—guest
system. 2329301 These features make it an ideal case to control
phonons at nanoscale.
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In this work, based on the carbon schwarzite!29-32-341

host—guest system, we propose a phononic rectifier. By us-
ing molecular dynamic (MD) simulation, we study the spec-
tral rectification of thermal phonons for this phononic rectifier.
Compared to the thermal rectification of full spectrum heat

5-7.9-15] the proposed phononic rec-

flux in previous reports, !
tifier exhibits the rectification phenomenon for a specific fre-
quency, while the rectification at other frequencies vanishes.
Then, the length and temperature effects on the phononic rec-
tification are also discussed. Our study provides a new un-
derstanding of thermal rectification and a pathway to control

monochromatic thermal phonons.

2. Model and methodology

The atomic structure of the asymmetric phononic recti-
fier is shown in Fig. 1, which is composed of two homoge-
neous parts: the HGS layers at the left side and the schwarzite
cage at the right side. The primitive cells of the two seg-
ments are displayed in the upper plane of Fig. 1. The carbon
schwarzite structure is obtained from Refs. [33,35], having a
large void space to insert atoms. By inserting the Fe atoms
to the schwarzite cages, we build up the schwarzite HGS cell,
as shown in the left inset of Fig. 1. The total length along x
direction of the phononic rectifier is L, and the length of the
left HGS is Ly. While, y and z are the directions along cross-
section with width W. In this work, L and W are respectively
fixed at 319.3 nm and 3.9 nm. To establish the temperature
gradient, the two ends of the phononic rectifier are coupled to
the heat baths, respectively with temperatures Tjot and Teog-

et

T

Fig. 1. Schematic figure of the phononic rectifier. Atomistic structure for
the phononic rectifier composed of HGS at the left side and the carbon
schwarzite at the right side. To establish the temperature difference, at both
ends, the phononic rectifier is coupled to heat baths. The gray and blue
atoms are C atoms in the schwarzite cage and guest Fe atoms, respectively.
The upper plane figures show the perspective views of the primitive cell for
the two segments. The dimensions of the rectifier are labeled as L and W,
and the length of HGS is Ly.

We use classical MD simulations to study the rectifi-

cation of thermal phonons. The covalent C-C interaction

in the schwarzite cage is modeled by the optimized Ter-

1, 1361

soff potential, and the non-bonded interaction between

the schwarzite cage and guest Fe atoms is modeled by
the Lennard—Jones (LJ) potential with LJ parameters € =
1.59 meV and ¢ = 3.01 A from universal force field.[*”! Our
previous study!>’! showed that the LJ potential can well de-
scribe the weak interactions between the cages and Fe guest
atoms. Periodic boundary condition is applied along the y
and z directions. To control the temperature of the heat baths,
the Nosé—Hoover thermostat®®! is applied. All MD simula-
tions are performed by using the LAMMPS package**! with
a timestep of 0.35 fs. Firstly, the system runs 1 x 107 steps to
establish the non-equilibrium steady state. Then, the simula-

tion runs over 5 x 10° steps to study the thermal transport.

3. Temperature distribution
3.1. Nonlinear temperature distribution

To study the thermal rectification along the rectifier, two
directional temperature gradients are applied. As shown in
Fig. 2(a), the plus indicates the heat energy transfer from the
right (schwarzite) to the left (HGS) side, while the reversed
direction is labeled by a minus sign (see Fig. 1). With the
temperatures Thor = 500 K and T = 100 K, the steady state
temperature distribution of Ly/L = 0.05 system is shown in
Fig. 2(a). Compared to the linear distribution of temperature in
symmetric homogeneous materials,***!] a nonlinear temper-
ature distribution is observed in our calculation, which agrees
well with other reports about thermal rectifiers.[®!3] There is
even a temperature jump across the interface of the inhomo-
geneous rectifiers.[*1% The nonlinear temperature distribution
results from the asymmetric thermal resistance along the recti-
fier. This asymmetry is also responsible for the thermal rectifi-
cation in nanomaterials. Due to the limited difference between
HGS and schwarzite cage (see detailed discussion in the next
section), in our phononic rectifier, the nonlinear distribution or
interfacial temperature change between HGS and schwarzite is
not as significant as that in other thermal rectifiers presented in
other reports.[”!13] Correspondingly, the overall heat flux rec-
tification efficiency is only 3.2 % (not shown).

3.2. Temperature dependent hybridized mode in HGS

However, due to the isolated rattling of the guest atoms,
the HGS and schwarzite should have distinct modal behav-
iors around the frequency of the hybridized modes. To gain
insight into the modal phonon information, we perform the
spectral energy density (SED) analysis. The phonon energy
at wavevector k and frequency o, E(k,®), can be calculated

by the Fourier transform of phonon normal mode velocity
Lk
g (b;t> [42.43]

E(k,0) =

2
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where N is the number of cells, N, is the number of atoms in
one unit cell, and #( is the simulation time. The phonon normal

’Z;t) is defined by

q (]Z;l) :iﬁvbl (t)e

where m;, is the mass of the b-th atom in the unit cell, vy (¢) is

mode velocity ¢ <

ik!-Ro]’ (2)

the velocity of the b-th atom in the /-th unit cell at time #, and
Ry, is the equilibrium position of the /-th unit cell.
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Fig. 2. Temperature distribution and its effect in the phononic rectifier. (a)
Temperature distribution along x direction of the phononic rectifier for plus
and minus transport directions. The system is computed with Ly/L = 0.05,
and temperatures are fixed to Tj,or = 500 K and Ti01q = 100 K. Temperature
dependent spectral energy density (SED) of HGS at (b) 50 K, (c) 100 K,
(d) 300 K, and (e) 500 K. The black line in (b) is the phonon dispersion of
pure carbon schwarzite from lattice dynamic calculations.

The calculated SED spectra for the HGS system at tem-
peratures 50 K, 100 K, 300 K, and 500 K are shown in
Figs. 2(b)-2(e).
structure, there is an additional hybridized mode (wy) appear-

Compared to the pure carbon schwarzite

ing in the low frequency region as a flat band (see Fig. 2(b)).
The flat hybridized mode results from the weak interaction be-
tween the guest atoms (Fe) and host cages (carbon schwarzite).
The zero group velocity of the hybridized modes further leads
to the confinement of phonons around @,. The confinement
at wy, makes the control of monochromatic phonons in the
phononic rectifier possible.

Moreover, because of the anharmonicity of HGS, the fre-
quency of @y and also its broadening strongly depend on the
temperature. When increasing temperature, @y, is shifted to the
high frequency region and the linewidth becomes broader, as
shown in Figs. 2(b)-2(e). Therefore, as a longer HGS segment

(Lp) is integrated in the phononic rectifier, a broader range of
frequency of phonons are confined in the system. Ly should be
a critical factor to realize the phononic rectifier.

4. Phononic rectification
4.1. Rectification efficiency

To further study the propagating of thermal phonons in

the rectifier, the spectral heat flux along plus/minus directions,

i.e., Qp/m (@), across the interface can be defined as [44.45]

—ReZZ/ (Fij(r)-vi(1))ye'®de, (3)

JEH ieC

Qp/m

where i and j are the atoms in the cold region (C) and hot
region (H) at the two sides of the interface, A is the inter-
face area, Fj; is the pair force between the i-th and j-th atoms
across the interface, and vj; is the atomic velocity in the cold
temperature side. Moreover, to obtain the output spectral heat
flux of the phononic rectifier, the interface is set at the last two
unit cells in the cold temperature region, which means that we
change the location when reversing the temperature gradient.

Figure 3(a) shows Qp/n, (®) calculated for the system
with Ly/L = 0.05, Thoy = 500 K, and Tqg = 100 K. There
is a difference between Oy, (@) appearing at 3.4 THz. The
frequency is close to the @, of HGS at 100 K, i.e., the tem-
perature of T¢o1q- Obviously, the difference in Qp,/p, (@) results
from the phonon mode blocking by the flat hybridized band
in HGS. Moreover, the Q,,/r, (@) is mainly determined by the
phonon information in the cold ouput side.

i a
's 30} () —— plus
E - - - - minus
7 i
X 20 f
q \
g i d
B 10 L
g ik ]
5 W
S 9 . . .
0 2 4 6 8
Frequency/THz
150 F b '
(b) o « calculated
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100

50

Phononic rectification

Frequency/THz

Fig. 3. The rectification in the phononic rectifier. (a) Spectral heat flux
Op/m (o) in the phononic rectifier. (b) Phononic efficiency in phononic rec-
tifier. The dots are calculated from MD results, and the solid blue line is
fitted by the Lorentzian function. The size of the system is Ly/L = 0.05, and
the temperatures are fixed at T = 500 K and ;01 = 100 K.
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As demonstrated before, the asymmetric heat flux is the
origin of thermal rectification in nanostructures.[®%!11 Ac-
cordingly, the asymmetric spectral heat flux in Fig. 3(a) would
result in the rectification phenomenon of thermal phonons.
The phononic rectification efficiency is defined as

_ |QP (w) —Om ((O)‘
Om (@)

The obtained phononic rectification efficiency of the
Lo/L = 0.05 system is displayed in Fig. 3(b). There is a peak
emerging at 3.4 THz, which agrees well with the difference in

R (o) % 100%. “)

spectral heat fluxes in Fig. 3(a). The peak demonstrates the
happening of phononic rectification around 3.4 THz. To clar-
ify its monochromaticity, we further use the Lorentzian func-
tion to fit the spectral rectification spectrum. As shown by the
solid blue line in Fig. 3(b), the modeling results can be well fit-
ted, indicating the control of monochromaticity of phonons in
the phononic rectifier. Moreover, the rectification efficiency at
@y, reaches 134%, which is larger than most of the previously
reported rectification efficiencies in nanostructures. [6--11-14]

It should be noted that the broadening of the phononic
rectification depends on the anharmonicity of the HGS. As
the HGS has strong anharmonicity, the broadening of the
hybridized modes in the HGS is increased and then the
monochromaticity is suppressed in the rectifier. Previous stud-
ies showed that this effect can be tuned by introducing dif-
ferent guest atoms to the cage, as the anharmonicity is ac-
cordingly changed.?>?°! On the other side, the reduced an-
harmonicity would also enhance the rectification efficiency at
@y, as the phonons of @, mode are less scattered and highly
confined.

4.2. Length effect

As we discussed in Fig. 2, the temperature gradient dis-
tribution and length of HGS makes the HGS cells take differ-
ent temperatures, and the @y, is shifted to different frequencies
due to the anharmonicity of HGS. This phenomenon was also
reported before in HGS, especially for the off-center rattling
case.[?”] Thus, the rectification efficiency should depend on
the length of HGS, as shown in Fig. 4. When the HGS has
longer length in the rectifier, more phonon modes are blocked
because of the frequency shifting (see Fig. 2). Accordingly,
the phononic rectification of monochromatic phonons is fail-
ing. Only as the HGS length is decreasing to small value,
for instance Ly/L = 0.05 in Fig. 4, only one peak in rectifi-
cation appears, indicating the success of phononic rectifica-
tion to control monochromaticity of thermal phonons. More-
over, compared to the system of Ly/L = 0.05, a longer rec-
tifier blocks more phonon modes in a wider spectrum. Al-
though blocking a wider phonon range leads to the failure

of monochromatic phononic rectification, it significantly im-
proves the rectification of heat flux. The calculations show
that the thermal rectification efficiency of heat flux is enhanced
by 4.1 and 4.7 times as Ly/L increases from 0.05 to 0.1 and
0.5, respectively. This phenomenon can provide researchers a
pathway to improve thermal rectification by widely and specif-
ically blocking the phonon modes.

400+

Ly/L=0.05

300

200

100

Phononic rectification

Frequency/THz

Fig. 4. Length effect on phononic rectification. The phononic rectification
efficiency of the phononic rectifier with the sizes of Ly/L = 0.05, 0.1, and
0.5. The temperatures are fixed at T,y = 500 K and T, = 100 K.

4.3. Temperature effect

The temperature is also a key factor in determining the
phononic rectification. Figure 5(a) studies the Ly/L = 0.05
system with the cold temperature varying from 30 K to 100 K,
meanwhile the hot temperature is fixed at 500 K. Because of
the relative weak phonon—phonon scattering strength in HGS
at low temperatures, the variation of temperature at the cold
side has negligible effect on the phononic rectification. The
Lorentzian function fitted results in the insert of Fig. 5(a) show
stable peaks, i.e., in frequency and amplitude, with different
low temperatures.

On the contrary, the high temperature has significant ef-
fect on the phonon excitation of hybridized modes in HGS.
Therefore, when varying the temperature of the hot side, the
temperature reveals more obvious effects on the phononic rec-
tification. Firstly, the increase of temperature leads to the
larger temperature difference between the hot and cold sides,
which results in the increase of the rectification efficiency (see
Fig. 5(b)). Moreover, the increase in temperature tends to ex-
cite the hybridized modes to the high frequency region. The
frequency shifting degree of phononic rectification is not so
obvious in Fig. 5(b), due to the fixed temperature in Tq.

To realize the frequency tuning of the hybridized mode
at HGS, we apply a large temperature difference in the study
of phononic rectification in the HGS rectifier. However, at the
nanoscale, it is difficult to implement in realistic applications.
We expect this phononic rectifier to be possible on a large
scale to make the large temperature difference. Moreover, we
also find the rectification phenomenon at hybridized modes o,
under small temperature differences, such as |AT| = 10 K or

124402-4
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20 K. Because of the reduced shift of ay, with a small tem-
perature difference, however, tiny rectification efficiency but a
wider rectified spectrum is realized.

Lastly, we would like to have a short discussion about
the tuning of phononic rectification in this carbon schwarzite
host—guest system. As we discussed about the monochro-
maticity of phononic rectification in Subsection 4.1, the tuning
of phononic rectification should be also related to the guest
atoms in HGS. The analytical model from Nakayama and

Kaneshita[3!

showed that the frequency of hybridized modes
@y, is determined by the mass of the guest atoms and the cou-

pling between the guest atoms and cage, in the form of

[ONES \/? &)
m

where f is the second-order force constant between the guest
atoms and cage, and m is the mass of the guest atoms.
Therefore, the rectification frequency in the phononic recti-
fier can be tuned by inserting different guest atoms in the
carbon schwarzite cage, with which f and m are simultane-
ously varied.>328] Compared to the on-center rattling of guest
atoms in the weakly anharmonic system, the multi-potential
well system or high temperature effect!>**%47] would exhibit
the off-center rattling dynamics, which possesses stronger an-
harmonicity. The strong anharmonicity would further destroy
the rectification effect by blocking thermal phonons on a wider

spectrum.
2 300 (a) 160
=l | —— T.a=30K <
+ g
< === Tea=50 K £ 80
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Phononic rectification
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Fig. 5. Temperature effect on phononic rectification. (a) The phononic rec-
tification efficiency of HGS with the cold temperatures T;og = 30 K, 50 K,
and 100 K. Here, Tjoy = 500 K and Ly /L = 0.05. (b) The phononic rectifica-
tion efficiency of HGS with the hot temperatures 7j,oc = 300 K, 400 K, and
500 K. Here, Tio1q = 100 K and Lo /L = 0.05. The insert figures in (a) and (b)
are the fitted Lorentzian functions for the rectification efficiency spectrum.

5. Conclusion

In this work, by using molecular dynamic simulations,
we studied the phononic rectification in a phononic rectifier.
The phononic rectifier is constructed based on the carbon
schwarzite host—guest system. Compared to the thermal recti-
fication over the full spectrum, our simulations demonstrated
that due to the strong confinement of hybridized modes, the
phononic rectification in the proposed rectifier only happens
at a specific frequency (@y). Moreover, the rectification effi-
ciency at @y reaches 134%, which is larger than most of the
thermal rectification efficiencies in nanostructures. Then, the
length and temperature effects on the phononic rectification
were discussed. Because of the frequency shift of the hy-
bridized modes in HGS, the increase of the length would block
phonons on a broader frequency range, leading to the failure
of the rectifier. Besides, the increase of temperature at the
hot region also results in the frequency shift of the phononic
rectification. Our results propose a new perspective about the
thermal phonon rectification, which would be important for
controlling monochromatic thermal phonons.
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