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Thermal transport properties are investigated for out-of-plane phonon modes (FPMs) and in-plane phonon modes
(IPMs) in double-stub graphene nanoribbons (GNRs). The results show that the quantized thermal conductance plateau of
FPMs is narrower and more easily broken by the double-stub structure. In the straight GNRs, the thermal conductance of
FPMs is higher in the low temperature region due to there being less cut-off frequency and more low-frequency excited
modes. In contrast, the thermal conductance of IPMs is higher in the high temperature region because of the wider phonon
energy spectrum. Furthermore, the thermal transport of two types of phonon modes can be modulated by the double-stub
GNRs, the thermal conductance of FPMs is less than that of IPMs in the low temperatures, but it dominates the contribution
to the total thermal conductance in the high temperatures. The modulated thermal conductance can provide a guideline for
designing high-performance thermal or thermoelectric nanodevices based on graphene.
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1. Introduction

Since it was first discovered several years ago, two-
dimensional graphene and quasi-one-dimensional graphene
nanoribbons (GNRs) have attracted a great deal of atten-
tion due to their extraordinary electronic, thermal, and me-
chanical properties. It has been predicted to have many po-
tential applications in nanoelectronics, photonics, and opto-
electronics, and has been believed to be a promising candi-
date for next generation electronics.!'™ As for the thermal
properties, many theoretical and experimental researches have
been reported in graphene and graphene-based thermal de-
vices. For instance, the thermal rectification efficiencies have
been observed in asymmetric graphene ribbons!®! and asym-
metric three-terminal graphene nanojunctions,'®! the nonlin-
ear thermal transport and negative differential thermal con-
ductance have been found in graphene nanoribbons,!”! the
tuning thermal conductance has been explored in extended
defects and folded graphene,!®°! the enhanced thermoelec-
tric properties!!®~!3 have also been predicted in graphene-
based antidot lattices,!'®! edge disorder graphene,!'”! kinked
graphene nanoribbons, '%1°1 and graphene—nanoribbon-based
heterojunctions.”’! The phonon thermal conductivities of
graphene have been measured by using different experi-
mental methods, and room-temperature values ranging from
600 W/mK to 3000 W/mK have been recorded.!?!! In addi-
tion, quantized thermal conductance, ﬂzk%T /3h, which has
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been observed experimentally in dielectric quantum wires, [>?!

has also been predicted theoretically in graphene.!?3! All of
the studied results show that thermal transport properties of
graphene always exhibit sensitive structure-dependence such
as defects,[?* cavities, ! and so on. Lattice vibrations in the
graphene, as is well known, are characterized by two types of
phonons: (261 () in-plane phonon modes (IPMs), which vibrate
in the plane with linear transverse and longitudinal acoustic
branches; (ii) out-of-plane phonon modes, or so-called flexu-
ral phonon modes (FPMs), which vibrate out of the plane of
the layer. Both types of phonon modes are decomposing in
the transport and the thermal conductance can be calculated
separately. The exact numerical solution of the phonon Boltz-
mann equation shows that the lattice thermal conductivity of
graphene is dominated by FPMs. A recent theoretical study,
which is based on the non-equilibrium Green function (NEGF)
approach, also suggests that the FPMs exhibit a significant
contribution to the thermal conductivity of graphene.[?”! These
theoretical results are fully consistent with the experimental
measurements of thermal conductivity on both suspended and

e.?81 However, most of the previ-

supported few-layer graphen
ous researches thus far investigate the total thermal conduc-
tance of the graphene and graphene-based devices, or only
focused on the thermal transport properties of FPMs for the
graphene. The systematic investigation of two types of phonon

modes transport and how to modulate the transport properties
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have been paid less attention.

In the present work, the modulated thermal transport for
IPMs and FPMs in double-stub zigzag graphene nanoribbons
(ZGNRs) has been simulated in detail by using the NEGF
approach.?”! The thermal contributions of IPMs and FPMs
are analyzed systematically in the structure. The results show
that the cut-off frequency of the O-th mode of IPMs is consid-
erably larger than that of the FPMs in straight ZGNRs, which
yields the low thermal conductance in the low temperature.
However, owing to the wider frequency spectrum of IPMs,
the thermal conductance of the IPMs is higher than that of
the FPMs in the high temperature. In contrast to the straight
ZGNRs, both IPMs and FPMs can be modulated effectively
by the double-stub structure, some of FPMs have been prohib-
ited to transport in the low frequency range, leading to the low
transmission rate and small contribution of FPMs to the whole
thermal conductance in the low temperature. However, due to
the decreased influence on the high frequency FPMs, the ther-
mal conductance of double-stub ZGNRs is dominated by the
FPMs in the high temperature.

2. Model and formulation

The simulated structure is schematized in Fig. 1. It con-
sists of double-stub GNRs section, which acts as a central scat-
tering region, coupled with two semi-infinite ZGNR’s leads.
The phonon—phonon and electron—phonon interactions, due to
the large phonon mean-free path in graphene, are very weak in

20,29-32]

the considered system, ! so the ballistic phonon trans-

ports are considered by the NEGF approach.

Fig. 1. (color online) Schematic diagram of the double-stub graphene
nanoribbons.

In the scheme, the considered structure is divided into
three regions: the left/right (L/R) lead and the central scatter-
ing region. The force constants between the carbon atoms in
different directions can be constructed by using the empirical
potential. 3334 The Hamitonian between IPMs and FPMs is

completely decomposed and can be expressed separately as!3]

Hg= Y HE+(up) VCup + (uf) Vg, (1)
a=L,C,R
where ug is the reduced vibrational displacement of each atom

in the o region of B vibration (8 is x—y or z). Vé“c and VBCR

are the coupling between center and left/right leads. H, g‘ is the
linear Hamiltonian for three regions:

. 1
Hif = 5 ()" + 5 (uf) K ug, ©)

where Kg‘ is the force constant matrix of  vibration. The
retarded surface Green function of IPMs and FPMs in the
isolated center region and the two (left/right) isolated leads
can be calculated as gga =[(®+in)* - K[‘;‘]_l,
stant 7 — 0 and 7 unit matrix.

with a con-
The retarded self-energy of
the leads for IPMs and FPMs, carrying the coupling informa-
tion between the center region and leads, can be expressed by
DIFE VE"‘ 85 Vé"c. The retarded Green’s function for the

B
center region connected with leads:

A AN

The phonon transmission function and phonon density of
states (PDOS) on the i-th atoms in the central region can be
derived for IPMs and FPMs:

Tp(0) = Te(GT " GHIY), @)

2m
pip(@) = —7Tf(1m[G;3]ii), ®)

with the function I‘%’a
function G = (G%)
tion of the systems, the corresponding thermal conductance
contributed from the IPMs or the FPMs can be derived as

= fZImZ%'a and the advanced Green

After obtaining the transmission func-

. hz /oow eh(l)/kBT
B = 27'CkBT2 0 (ehw/kBT _ 1)2

with kg the Boltzmann constant.

Tg(w)dw,  (6)

3. Numerical results and discussion

Figure 2(a) displays the phonon transmission coefficients
of IPMs and FPMs in the straight ZGNRs with width N, = 6
(6-ZGNR). We note that the transmission coefficients of the
long-wavelength phonon take the quantized value 2 for [IPMs
and 1 for FPMs in the limit @ — 0, which means only the
two lowest IPMs (the coupling transversal acoustic and longi-
tudinal acoustic modes) and the lowest FPM are excited. The
resulting total transmission coefficient is 3. The transmission
curves for IPMs and FPMs appear with the perfect stepwise
structure. It is shown that, with the increase of frequencies,
the higher acoustic phonon modes are excited and go through
smoothly to the straight ZGNRs.

However, the cut-off frequency of both phonon modes
For the 0-th mode,
the cut-off frequency is about 180 cm™! for IPMs, which is

have obviously different characteristics.
two times wider than the FPMs about 96 cm~!. The several
other foremost lowest frequencies FPMs always have lower
cut-off frequencies. The low cut-off frequency means that the
phonon modes can be excited more easily. Consequently, in
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the low frequency region, the FPMs can be excited firstly and
result in a higher phonon transmission rate. In contrast, in the
high frequency region, more phonon modes have been excited

15
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and the phonon transmission rate of [IPMs is higher due to the
wider phonon energy spectrum scope: ranged from zero to
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Fig. 2. (color online) Phonon transmission functions for (a) the straight 6-ZGNR; (b) double-stub GNR N; =6, N; =2, N, =6, and M = 4; (c) N; =6,
N.=6,N, =6,and M =4; and (d) N; = 6, N, = 6, N = 13, and M = 4. The solid, dashed, and dotted curves correspond to the total transmission rate, the

transmission rate of IPMs, and the transmission rate of FPMs, respectively.

In Figs. 2(b)-2(d), we describe the calculated transmis-
sion rates of various types of double-stub GNRs. It can be
found that the transmission rates for both IPMs and FPMs
are decreased drastically due to the scattering of the double
stubs. Furthermore, the scattering can be modulated by the
height of stubs and length between two stubs. The scatter-
ing is stronger when the stub is higher, the decrease of trans-
mission rate is also more severe. Comparing the transmission
rate of [PMs with that of FPMs, we find that the scattering
on the FPMs is much stronger than that of the IPMs in the
low frequency region. As shown in the inset in Fig. 2(b), a
clear transmission dip appears in the range of frequency from
® =74 cm™! to =86 cm™!, which suggests the phonon
transports of FPMs in the frequencies have been fully scattered
by the structure. Such strong scatterings result in that the trans-
mission of FPMs is obviously lower than on IPMs. To eluci-
date the physical mechanism, we calculate the phonon density
of states (PDOS) for both the FPM and IPM at @ = 76 cm ™!,

as shown in Fig. 3. We find that the phonon of the FPM is com-
pletely separate from each other and localize highly on the top
of two stubs and at both ends of the structure (as shown in
Fig. 3(a). The separate distributions suppress effectively the
transport of the phonon and leads to the low transmission rate.
However, the PDOS of the IPM is delocalized over the whole
system. The well-distributed phonon modes, the same as the
pentagon-heptagon defect®>3 and the cavities,**! result that
the incoming phonon of the IPM can pass through the system
with less scattering. The resulting transmission rate of [PMs
is only slightly degraded by this structure and the transport is
more robust for IPMs in the low frequency region.

Now, we turn to investigate the thermal conductance of
the system. Owing to the decoupling of the FPMs with the
IPMS, so the thermal conductance contribution from two kinds
of modes can be separated from the total thermal conductance.
In Fig. 4, we plot separately the thermal conductance of each

kind of mode as a function of temperature 7. We find that all of
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the thermal conductances increase monotonically with the in-
crease of the temperature; this is because the higher modes are
excited with the increasing temperature. However, there exist
distinct differences for the contributions of FPMs and IPMs
to the total thermal conductance. For the straight ZGNR (6-
ZGNR), the thermal conductance of the FPMs is slightly larger
than that of the IPMs in the temperature region 7' < 138 K,
and then less than that of the IPMs in the high temperature
region. The reason is that a lower cut-off frequency exists
for the FPMs in the low temperature. So these low-frequency
FPMs can be excited easily and contribute to the thermal con-
ductance. However, in the high temperature region, owing to
the wider phonon transmission spectrum for IPMs, the more
phonon modes of high frequency IPMs are excited and result
in the higher thermal conductance. However, for the double-
stub GNRs, it is interesting to note that the thermal conduc-
tances of IPMs are firstly higher than those of the FPMs in the
low temperature region, and then they exhibit a lower thermal
conductance value in the high temperature region, as shown
in Figs. 4(b)-4(d). It is suggested that the thermal conduc-
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tance of FPMs and IPMs have been modulated by the double-
stub structures. The modulation of thermal conductance stems
from the frequency-dependent scattering strength of the IPMs
and FPMs. The stubs exhibit much stronger scattering effects
for the FPMs in the low frequency region. This can be clearly
understood from the PDOS in Fig. 3(a).
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Fig. 3. (color online) The PDOS of the FPMs (a) and the IPMs (b) at
® =76 cm~! for the double-stub GNR N, = 6, N, =6, N, = 6, and M = 4.
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Fig. 4. (color online) The thermal conductance and reduced thermal conductance (insets) as functions of the temperature for (a) the straight 6-ZGNR; (b)

double-stub GNR N, =6, N. =2, N, =6, and M =4; (c) N, =6, N, =

6, NL =6,and M =4; and (d) N, =6, N, = 6, NL = 13, and M = 4. The solid,

dashed, and dotted curves correspond to the total thermal conductance and reduced thermal conductance (insets), the thermal conductance and reduced
thermal conductance (insets) of IPMs, and the thermal conductance and reduced thermal conductance (insets) of FPMs, respectively.
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The phonons of FPMs are highly localized by the scat-
tering of stubs, and many low frequency FPMs have been en-
tirely scattered by the stubs, which obstruct the heat flow and
result in the low thermal conductance. Owing to the delocal-
ization PDOS of IPMs as shown in Fig. 3(b), the heat can flow
smoothly through the system, so the relevant thermal conduc-
tance is higher. However, for the wider energy spectrum, the
scatterings are stronger for IPMs in the high frequency, which
suppress effectively the phonon transport and decrease con-
siderably the IPMs thermal conductance in the high energy
region.

As shown in the insets of Fig. 4, we demonstrate the
temperature dependence of the reduced thermal conductance.
It can be found that the reduced thermal conductance of the
double-stub GNRs, the same as the straight GNRs, approaches
the quantum value 2 (72k3 T /3h) for IPMs and 1 (m*k3T /3h)
for FPMs in the low temperature limit.3%-371 This can be well
understood from the formula T = hw/kg = hc/KgA, which
describes the relationship between phonon wavelength and
temperature.*8) When 7' — 0, only the 0-th modes are ex-
cited, the wavelength of the phonons is much larger than the
dimension of the central scattering region. Therefore, the
long-wavelength phonons can be transported perfectly in the
double-stub GNRs. Meanwhile, we find that the quantized
plateau ank%T/E»h of IPMs is wider and not easily broken
by the stub-GNRs. It originates from the fact that the excited
frequency of the second IPM (about 180 cm™') is much larger
than that of the second FPM (about 96 cm™!). Instead, the
narrow cut-off frequency of FPMs results in the higher FPMs
being excited easily with the increase of temperature. Ac-
cordingly, the scattering of FPMs becomes stronger due to the
higher frequency and the shorter wavelength. So the reduced
thermal conductances of FPMs display an obvious dip for the
double-stub GNRs in the low energy region. The dip becomes
bigger with the increase of stub height (V.), as shown in the
insets of Figs. 4(b) and 4(c).

The FPMs are important for thermal transport of
graphene; we calculate the temperature dependence of the con-
tribution for these modes to the total thermal conductance,
as shown in Fig.5. In the low temperature limit, 7 — 0, the
thermal contributions come from the perfect transport of three
lowest acoustic modes: two coupling lowest transversal acous-
tic and longitudinal acoustic modes and the lowest FPM. So
the contribution of the FPM is always 1/3 for the straight
graphene or stub GNRs. When the temperature is increased
but still low, the contribution of FPMs rapidly increases and
dominates the thermal conductance for the straight GNRs in
the low temperature region. It is because more low-frequency

FPMs have been excited for the narrow cut-off frequency and

contribute to the thermal transport; however, the contribution
of FPMs goes down and is less than 50% in the high tempera-
ture region due to the wider phonon energy spectrum scope
and the more high-frequency excited modes of IPMs. For
the double-stub structure, a big dip occurs in the contribution
curve, as shown in the inset in Fig. 5. This phenomenon stems
from localized PDOS of FPMs (as shown in Fig. 3(a)) and the
extraordinary scattering for FPMs in the low temperature re-
gion. However, the contribution of FPMs dominates the ther-
mal conductance in the high temperature. This contribution
is more than 50% at the room temperature. Furthermore, the
contribution ratio can be modulated by the geometry detail of
the structure. Compared with the FPMs, the reversal thermal
contribution suggests that the scattering of the stub structure is

stronger for IPMs in the high energy region.
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Fig. 5. (color online) The contribution of the thermal conductance of FPMs
to the total thermal conductance as functions of temperature. The solid,
dashed, dotted, and dash-dotted curves correspond to (a) the straight 6-
ZGNR; (b) double-stub GNR N, =6, N, =2, N, =6,and M =4; (c) N; =6,
N, =6,N, =6,and M =4; and (d) N, =6, N, =6, NL =13, and M =4,
respectively.

4. Conclusion

In conclusion, we have presented an atomistic simulation
of the ballistic thermal transport properties of the IPMs and
FPMs in the double-stub GNRs. The results show that, owing
to the narrow cut-off frequency, the FPMs play an important
role in the thermal transport of straight GNRs in the low tem-
perature region; however, in the high temperature region, the
IPMs dominate the contribution to the total thermal conduc-
tance due to the wider phonon energy spectrum scope and the
more excited [PMs contributed to the thermal transport. Com-
pared with the straight GNRs, the double-stub GNRs present
the stronger scattering for the FPMs in the low frequency re-
gion and a phonon transport dip appears, where the contribu-
tion to total thermal conductance is less than the IPMs. Never-
theless, the contribution of FPMs dominates the total thermal

conductance in the high temperature region.
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