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Abstract: Thermal conductivity is one of the most interesting physical properties of
carbon nanotubes. This quantity has been extensively explored experimentally and theoreti-
cally using different approaches like: molecular dynamics simulation, Boltzmann-Peierls
phonon transport equation, modified wave-vector model etc. Results of these investigations
are of great interest and show that carbon- based materials, graphene and nanotubes in par-
ticular, show high values of thermal conductivity. Thus, carbon nanotubes are a good can-
didate for the future applications as thermal interface materials.

In this paper we present the results of thermal conductance ¢ of a model of helically
coiled carbon nanotubes (HCCNTS), obtained from phonon dispersion relations. Calcula-
tion of 6 of HCCNTs is based on the Landauer theory where phonon relaxation rate is ob-

tained by simple Klemens-like model.

Keywords: helically coiled carbon nanotubes, phonon dispersions, thermal conduc-

tance, ballistic conductance.

1. INTRODUCTION

Since high thermal conductivity of graphite
was analytically predicted by Klemens and Pedraza
in 1993 [1], heat carrying of graphene and related
materials has been intensively explored both theoret-
ically and experimentally. In order to diminish heat
dissipating in nanoscale elements of electronic de-
vices, there is a great interest in thermal properties
of carbon-based materials, nanotubes (NT) and gra-
phene.

In this report we are presenting results ob-
tained for thermal conductance of helically coiled
carbon nanotubes (HCCNTs) using Landauer ap-
proach. Phonon dispersion relations of relaxed
HCCNTs are calculated and intrinsic relaxation time
of each phonon is found. Other phonon scattering
mechanisms like boundary scattering or lattice de-
fects are not considered in the calculations. It is
found that acoustic phonons, fast moving quanta of
crystal lattice vibrations, make the major contribu-
tion to the heat current.

2. MODEL

In our calculations we use the model of helical-
ly coiled carbon nanotubes [2,3], obtained from topo-
logical coordinate method based on graph theory [4].
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Monomer of HCCNT is constructed by means of this
procedure from triple connected tiling of the plane by
pentagons, hexagons and pentagons. Relative mutual
positions of pentagons, hexagons and heptagons in
elementary cell of the plane are preserved on mono-
mer. Elementary cells of the triple connected planes
as well as corresponding monomers of the HCCNT
contain pairs of pentagons and heptagons. Assigna-
tion (ng, n;, ny, ns, (by, b)) of the HCCNT includes
parameters of triple connected plane (ng, n;, 17, ns)
and super-cell vectors (by, b,) defined on it Figure 1a).
Graph manipulations, used for changing the atomic
structure, imply adding columns of hexagons between
heptagons and pentagons 74 [5] or between pentagons
ns or between two heptagons n; in elementary cell or
adding rows of hexagons among the neighboring cells
n,. Geometry of HCCNT is described with helical
geometrical parameters inclination angle y and helical
radius R Figure 1b) and tubular geometrical parame-
ters, tubular radius » (or tubular diameter ) and mo-
nomer length a Figure 1d). Symmetry of thus con-
structed helically coiled carbon nanotube is line group
[6] from the fifth family L = Tyo(F)D,. Symmetry
elements of a HCCNT's model are screw axes and
rotation around X axes for n. Elements of screw axes
are a function of geometrical parameters of HCCNTs,
rotation around helix axes for 2n/Q where
O = 2nR/acosy, is followed by fractional translation
F = asiny. Experimentally, carbon nanocoiles are of-
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ten characterized by geometrical parameters, outer
diameter D = 2(r + R) and coil step p = 2n(» + R) tany
illustrated in Figure 1c) and d). The model of HCCNT
with realistic geometrical parameters has a very large

a)

number of atoms in symcell (half of monomer), which
makes typical calculations procedure more complex
and inapplicable without the implementation of sym-

metry.

0) d)

Figure 1. a) Triple connected graph tiled by pentagons (dark gray), hexagons (white) and heptagons (gray). Black rec-
tangle denotes the elementary cell of the plane with super-cell vectors (by, b))=((2, 1), (1, 2)). b) Part of HCCNT pulled
on helix with geometrical parameter of helix inclination angle y and helical radius R. ¢) Top view of HCCNT with outer
diameter D. d) Front view of HCCNT with geometrical parameters helical step p, tubular diameter d and monomer
length a.

3. PHONON DISPERSIONS

Dynamical sub-matrices of each atom in
symmcell of relaxed HCCNTs are obtained numeri-
cally. Every force constant is evaluated by changing
Brenner’s interatomic potential energy [7] during
variation of spatial coordinates of carbon atom [8,9].

Helically coiled carbon nanotubes contain
large number of atoms in monomers and are mostly
not translationally periodic. Even periodic HCCNT
has too many atoms in elementary cell. Despite peri-
odicity, it is easier to present phonon branches in
helical quantum numbers representation [6]. Longi-
tudinal (LA) and twisting (TW) acoustic phonons
are at ['point (k = 0), and they have linear dispersion
Figure 2a). The lowest energy phonon branch con-
tains transversal acoustic phonons (TA) at £ = 2/Q,
with quadratic dispersion indicated with an arrow in
Figure 2a). The model of the coiled nanotubes is not
rotationally symmetric, so that the angular quantum
number disappears (m = 0 of all bands).

Acoustic velocities (v,.) of SWCNTs weakly
depend on tubular radius or chirality, and group ve-
locities of optical phonons vy(k) = dw,/dk are signifi-
cantly lower than the speed of the sound. Conse-
quently, acoustical phonons have a major contribu-
tion in heat conduction of NTs and graphene. We
have found that acoustic velocities of HCCNTs are
highly correlated within the geometrical parameters

of the tube, and are generally lower than acoustic
velocities of SWCNTs. LA, TW and TA branches of
(7, 2) SWCNT and two lowest phonon branches of
two HCCNTs are presented in Figure 2b). Longitu-
dinal and twisting modes of helical nanotube have
equal speed of sound (v;4 = vrw), and along the helix
of (1, 2, 0, 2, ((1, 0), (0, 5)) (D = 2.7 nm,
p = 1.5 nm) and (1, 2, 0, 2, ((1, 4), (0, 5)))
(D = 1.3 nm, p = 5.5 nm) HCCNTs, v,. amounts to
11000 m/s and 9700 m/s respectively. The given
NTs have similar tubular geometrical parameters,
the same number of atoms in a monomer (68) but
different helical geometrical parameters. It is veri-
fied that the shape of phonons branches as well as
phonon group velocities depend of geometrical pa-
rameters of HCCNT.

4. THERMAL CONDUCTANCE

Phonons have a major contribution as heat
carriers in carbon-based systems. Thermal conduc-
tion of nanotubes or graphene at all temperature is
dominated by acoustic phonons, regardless of their
metal properties [10]. This is caused by low anhar-
monicity of crystal lattice and high speed of acoustic
waves in carbon-based materials. We have applied
Landauer formalism to solving heat quantum trans-
port problem of HCCNTs and SWCNTs [10,12].
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The formula used for calculation of thermal conduc-
tance (o) is derived from the definition as a ratio of
phonon thermal current and temperature difference
of the heat baths connected to NT o = J,/AT.
Assuming that temperature difference AT = T, — T,
is much lower than the average temperature of the
system T = (T, + T,)/2, AT « T (T},T, are tempera-
tures of contacts of nanodevice), the resulting for-
mula of thermal conductance is

Wmax
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Wmax
where, f3 is Bose-Einstein equilibrium distribution
function at temperature 7. Approximation of effec-
tive transmission function J3(w) of the phonon
(s, w) through a nanodevice [11,13] is given by rela-
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tion T3(w) = Ag(w)/(L + A;(w)), where L is con-
ductor length (for HCCNTs L is measured along he-
lix) and A¢(w) = vs(w)Ts(w) is phonon mean free
path and vg(w) is (s, w) phonon group velocity. In-
trinsic relaxation time for the three-phonon Umklapp
scattering process is obtained from a simple model
[1,10] based on Klemens-like expression
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Umklapp scattering rates depend on Griinesen
parameter Y which determines the degree of lattice
anharmonicity. Griinesen parameter of an individual
phonon is defined as y;(k) = —d(Inwg(k))/d(InV),
while y 2 is obtained from the averaged over whole
branch s [1].
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Figure 2. a) Phonon dispersion in the low energy range of (1, 2, 0, 2, ((1, 0), (0, 5))) HCCNT. The arrow indicates
transversal acoustic phonons at K point, b) Acoustic branches of straight (7, 2) SWCNT (dashed line) and
two lowest phonons branches containing acoustic phonons of (1, 2, 0, 2,((1, 0),(0, 5))) (light gray line)
and (1, 2,0, 2, ((1, 4), (0, 5))) (dark gray line) HCCNTs

---- SWCNT
1™ band of HCCNT
10-3 ! ----- 2" band of HCCNT

A [m]

10°® :

10 15
o [rad/ps]

b)
(1,2, 0,2, ((1,0), (0, 5))) HCCNT
g 44
g 3 0
[Z} {
E o 8 [ NUSSSSS—— N S | N SO
=
14 A
|
0 b RA A A
0 5 10 15 20 25 30 35 40

o [rad/ps]

Figure 3. a) Mean free path as the function of frequency of LA, TW and TA phonons for straight (7, 1) SWCNT
(dashed lines) and for the first two phonon branches of (1, 2, 0, 2, ((1, 0), (0, 5))) HCCNT at 200 K (doted lines)
and 300 K (solid lines), b) Frequency dependence of effective transmission function of phonon frequency for
(1,2,0 2 ((1,0), (0, 5)) HCCNT at 200 K (dark gray solid line) and 300 K (light gray solid line) with number
of conductive channels N, (dashed line)
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In Figure 3a) mean free path (MFP) is shown
as the function of frequency for low energy part of
acoustical phonon branches of (7, 1) SWCNT at
room temperature and MFP for the first two phonon
branches of (1, 2, 0, 2, ((1, 0), (0, 5))) HCCNT at
different temperature. The mean free path decreases
with the temperature for all phonons. Over the entire
range of frequencies, solid lines are below the dotted
lines of the same color, they have a similar shape,
and denote MFP of HCCNT obtained for 200 K and
300 K, respectively. Peaks of the acoustic branches
of HCCNT correspond to the phonons with zero
group velocity and do not contribute to heat conduc-
tion. The effective transmission function dependence
of frequency for 1 pum long HCCNT at 300 K and
200 K, respectively, marked with light and dark gray
solid line is shown in Fig. 3 b). At low frequencies
the effective transmission function approaches the
dashed line, which corresponds to the number of
conduction channels Ny. The frequency bandwidth
that satisfies N, ~T;(w) is determined by tempera-
ture (7) and the length of conductor (L).
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Figure 4. Thermal conductance as a function of tempera-
ture for different coil length L of (1, 2, 0, 2,
((1, 0), (0, 5))) HCCNT (solid lines) and 2 um long (7, 1)
SWCNT (dashed line)

Ballistic conductance regime, independent of
the length of the conductor, is obtained for SWCNTs
and HCCNTs at cryogenic temperature. Heat flow in
NT at low temperature is characterized by quantized
thermal conductance which linearly increases with T’
Fig.4. Straight nanotubes have universal quantized
thermal conductance 46, [14], where each acoustic
phonon mode has an equal contribution that is
0o = Tn?k%/3h. In the case of HCCNTs, conduc-
tance is linear at low temperature but it is not integer
multiple of oy and increases more slowly with 7 than
at SWCNT (approximately doubly). At higher tem-

perature 6 of HCCNTs and SWCNTSs reach maximal
values depending on the length of the conductor.
Further, a temperature increase causes decreasing of
MFP and transmission function of the conductor
with length L and as a result, the conductance re-
gime becomes diffusive. In Fig. 4 is presented con-
ductance of (1, 2, 0, 2, ((1, 0), (0, 5))) HCCNT for
several coil length (solid lines) and 3 pm long
(7, 1) SWCNT (dashed line). A decrease of the coil
length is indicated with variable colors from dark
gray to light gray line which corresponds to 0.2 pm
and 3 pm respectively.

5. CONCLUSION

We calculated thermal conductance for dif-
ferent lengths of SWCNTs and HCCNTs at a wide
range of temperature within the Landauer theory of
conductivity. Klemens-like approach was used in
order to obtain intrinsic relaxation rate, which in-
cludes only phonon-phonon scatterings caused by
anharmonic effect. We found a difference between
temperature dependences of conductance at cryogen-
ic temperature of HCCNTs and SWCNTs. HCCNT
has lower conductance than SWCNT of the same
length over the entire range of temperature due to a
slower increase of ¢ from zero temperature, the nar-
row phonon optical gap and low group velocity that
caused short phonon mean free path. Combined elas-
tic and thermal properties of HCCNTs makes them a
good candidate for thermal management applica-
tions.
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TOR

TEPMAJIHA KOHAYKTAHCA XEJIMKAJIHUX YTJbBEHUYHNX HAHOTYBA

Caxerak:

TepManHa TPOBOJHOCT j€ jedHA OJ Haj3HAYAJHUjUX OCOOMHA

YIJbeHUYHUX HaHoTyOa. OBa BeIMYMHA je AETaJbHO MCTPAKEHA €KCIIEPHUMEHTAIHO ajlk U
TEOPHjCKUM METO/IamMa Kao IITO Cy: MOJIeKyJIapHa AuHaMuka, bonmman—Ilajepic ¢oHOHCKE
TPaHCIIOPTHE jeAHAYMHE, METOA MOAN(DHKOBAHHUX TaJACHUX BEKTOpa UTA. Pesynratu oBux
UCTpaXWBama Cy OJ BEIMKOT 3Ha4Yaja W yKa3dyjy nIa MaTepujaqd Ha 0a3W YIJbeHHKa,
moceOHO TpadeH W HaHOTyOe, MMajy BEIHMKY TOIDIOTHY IPOBOXHOCT. 300T TOTra CYy
VIJbeHNYHE HAHOTyOe HOoOpM KaHAMOATH 3a NpHUMjeHy Kao uHTepdejc MaTepujamd 3a

onBoljerme TorIoTe.

TormoTHa KOHAYKTAaHCAa G MOZEJa XEIWKAHUX yribeHHYHNX HaHoTyOa (XYHTa),
JnobujeHa je n3 (OHOHCKHMX THUCIEP3MOHHX pelnanyja. PauyHarme TOIUIOTHE KOHIYKTaHCE
XVHTa 3acHoBaHo je Ha JlannayepoBoj Teopuju, a Bpujeme penakcanuje GoHona 1001jeHo

je mpuMjeHoM npoctor KiiemeHcoBOr Mozea.
XCIUKAJIHE YIJbCHHYHE HAHOTyOe, (DOHOHCKEe JaucIepsuje,

Kibyune pujeun:

TepMajiHa KOHAYKTaHCa, 0aJUCTHYKA IMPpOBOIHOCT.
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