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Thermal conductivity of Y-junction carbon nanotubes
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The thermal conductivity of a Y-junction carbon nanotube witl{1d,0) trunk splitting into two(7,0)
branches has been investigated using a molecular dynamics approach. It has been found that the thermal
conductivity of the Y-junction nanotube is less than that of a corresponding st@ig% nanotube, due to
lattice defects in the form of nonhexagonal carbon rings at the junction. These lattice defects result in a
discontinuity in the temperature profile of the Y-junction nanotube. Defects that were introduced to a straight
(14,0 nanotube resulted in a similar discontinuity in the temperature profile.
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[. INTRODUCTION theoretical studies of the Y-junction nanotube have helped to
further elucidate the rectifying nature of the Y-branched
Since their discovery in 1994 carbon nanotubes have structure'®'*In these studies, quantum conductance calcula-
been a subject of great interest among the scientific researt¢ions are made to determine th&/ characteristics of a vari-
community. This interest has been sparked by the emergingty of configurations of the Y-junction nanotube. It is con-
field of nanotechnology, which focuses on the constructiorcluded that both the symmetry of the Y-junction and the
of useful devices whose sizes are on the nanometer scalehirality of the trunk and branches play a role in the rectifi-
Over the past decade, much work has been done on the chaation behavior of these structures, with the symmetry being
acterization of these nanotubes. Theoretical studies of thea more significant factor. In this paper we investigate the
electrical properties have indicated that the nanotubes can ltkermal conductivity of Y-junction carbon nanotubes using a
either metallic or semiconductirfgin addition, it was found molecular dynamics simulation approach, so that similar
that that the band gap of the semiconducting nanotubes iguestions can be answered about the thermal transport be-
inversely proportional to the nanotube radfiEhe diameter-  havior in these structures. The details and results of this ap-
dependence of the band gap of the semiconducting nangroach are discussed in Secs. | and Ill, respectively.
tubes has led researchers to propose and investigate a variety
of structures that involve the connection of one nanotube to
another. Based on the topology of five- and seven-member Il. METHODOLOGY
ring defects and quantum molecular dynamics simulations to

validate the stability, three-terminal T- and Y-junctions of 15 model the dynamics of the atoms within the Y-junction
carbon nanotubes were proposed through modeling anganotube, a molecular dynami¢MD) approach has been
simulation-based approactfes. Y-junctions of multiwall  cposen, with the Tersoff-Brenner bond order potential for the
carbon nanotubes were then fabricated using a templaie_c pond as the potential interaction functii3within the
based approach that allows the fabrication of many\p paradigm, a variety of approaches to the calculation of
Y-junctions in a single experimenf Since then, many other  thermal conductivity have been examined. The approach dis-
experimental approaches have been developed and have {gjssed by Oligschleger and Schénand implemented in
ported the formation of multiwall carbon nanotube Y-, H-, straight carbon nanotubes by Osman and Srivasfasplits

and X-junctions in a variety of experimental conditions. Seeshe nanotube into a series of equal “slabs” of atoms. Two of
for example, Ref. 6 for a review of the developments in thisihe gjabs are thermally regulated to enforce a temperature
area. Three-terminal T- and Y-junctions, and four-termmalgradient upon the system, as shown in Fig. 1. The tempera-
X-junctions of single-wall carbon nanotubes have also rey e of each of these slabs is regulated by a scaling of the
cently become feasible in ion-beam induced welding of carye|qcities of the atoms within the slab. The velocities are

bon nanotubes. , o , scaled according to
Enabled by various growth and fabrication techniques, ex-

perimental work has revealed some interesting electrical
properties of these Y-junction nanotubes. The electronic cur-

rent versus voltage(I-V) characteristics have been I -----
measure@® and simulated®!! and show that the three-
terminal branched carbon nanotubes exhibit rectifying be- FIG. 1. Molecular dynamics setup for calculating the thermal
havior, with current flowing more easily when a negative conductivity of a straight carbon nanotube. The ellipses indicate
bias is applied to the trunk or base of the juncttoh.Recent  that periodic boundary conditions are applied.
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where T IS the desired temperature of the slab, and I]:[I]]]
Teurrent IS the current temperature. In this approa®hy,yol —— Buffer
=Tt AT for the hot slab andl.gnyo=Tame— AT for the

cold slab, wherdl ., is the initial temperature of the solid. cold
The change in energy of the controlled slabs at each time
step is given by FIG. 2. Molecular dynamics setup for calculating the thermal
N conductivity of the Y-junction nanotube. The ends of the tube are
1 fixed in space, the “Hot” and “Cold” slabs are thermally regulated
AEqan= 5M (0 new b0 & . ..
i=1

Fixed

through velocity scaling, and the buffer slabs act as a thermal shield
against the tube ends.

whereN is the number of atoms in the sla,is the mass of

each atom, and; ne, is calculated according to E¢l). The The slabs labeled “buffer” act as thermal reservoirs, in an

heat flux density at thathth time step of the simulation is attempt to neglect edge effects by providing a buffer between
calculated by taking an average of the net energy added &e yelocity-scaled slabs and the fixed tube ends. The tem-

each previous time step perature of these buffer slabs is the same as that of their
n adjacent velocity-scaled slabs. However, their temperature is
> |AEnotsial]) + AEcosial])] maintained through a more realistic application of friction
1 j=1 and random forces, which satisfy the fluctuation-dissipation
J(n) = A nx At ' 3) theorem through the Langevin dynamics approach. In order

to obtain a single temperature gradieiit/ dx for the entire

where theAEg,fj) come from Eq(2), At is the time asso-  structure, the positions and temperatures of corresponding
ciated with each simulation step, aAds the cross-sectional slabs in the two branches were averaged before a linear fit
annular ring area of the nanotubeAfter a large number of was calculated.
simulation steps, an equilibrium value of the heat flux den- As stated earlier, the linear asymmetry of the Y-junction
sity is obtained. The temperature gradiesht/dz is found  structure precludes the application of periodic boundary con-
by applying a linear fit to the temperatures of the slabs in theiitions to the system. The buffer slabs were added in an
gray region in Fig. 1, and the thermal conductivity at tite  attempt to provide a shield from edge effects, but it is still
simulation step is the quotient of the heat flux density and theossible that the tube ends could have an effect on the heat
temperature gradient: flow within the system. Thus, the proximity to edges could

) have an effect on the absolute magnitude of the thermal con-
= , (4) ductivity. This method, however, is reasonable for identify-

dT/dz ing trends and relative magnitudes of heat transport in a

whereJ(n) is given by Eq(3). One final note that should be branched na_notube_ structure in comparison with straight
made from Fig. 1 is that periodic boundary conditions havé1anOtlJbeS with or without defects.
been applied in order to eliminate edge effeééts.
To investigate the thermal conductivity of the Y-junction lll. RESULTS
nanotube, an algorithm similar to that described by Olig- . . . . . .
schleger and Schon has been chosen. The setup is similar to For the_ MD s_|mulat|ons, aY-!unctlon with@4,0 zigzag
that shown in Fig. 1, except for the fact that, due to its Iineartrunk splitting into tW_O (7,0 zigzag branches was used.
asymmetry, periodic boundary conditions cannot be applie(;I—he“_a were 3_5 slabs in ea_ch of the three branches, and one
to the Y-junction configuration. Therefore, an alternate setu lab n the middle conne_ctlng them, for a total of 106 slabs
has been chosen, and can be seen in Fig. 2. mcIudmg 3980 atoms. With a length of 4.26 A per sI{:\b3 each
In this setup, the black slabs labeled “Fixed” have atom§ranCh in the tube' m_easured abput 15 nm long. This is ang
that are fixed in space in order to prevent tube drift anoEnough for a quall_tatlve comparison of thermal transport in
oscillations during the simulation. The slabs labeled “Hot" ranched and straight carbon nanotubes, but not for absolute

and “Cold” are the velocity-scaled slabs, whose temperature\éalues .of thermal conductivity. The thermal conductlwty_
are controlled as described in Ed). The energy flux den- §|mulat|on was run at base temperatures of.200 to 400 K in
sity at thenth simulation step is calculated in the same man.ncrements of 50 K. A temperature differential of .i50 K be-
ner as in Eq(3), but with an extra term to account for the tween the trunk and the two branches was used in each case.
! wo simulations were run for each base temperature, one

fact that there are two cold velocity-scaled slabs instead OT. .
v with a hot trunk and cold branché¢designated as “forward”

K(n)

Just one heat flow, and one with a cold trunk and hot branclige-
n verse” heat flow. For comparison, é14,0) straight nanotube
2 [AEnoi) + AEcoqr(j) + AEcoigal )| of 71-slab length was also run at these temperatures. The
J(n):i JiF ) straight tube was configured in a manner similar to that
A n x At shown in Fig. 2, with the fixed ends, buffer slabs, and
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. FIG. 4. Temperature dependence of the heat flux density. The
FIG. 3. Temperature dependence of the thermal conductivitysqyares represent the straigh#,0 nanotube, the triangles repre-
The squares represent the straight,0 nanotube, the triangles gont the forward heat flow configuration of the Y-junction tube, and

represent the forward heat flow configuration of the Y-junction tube e circles represent the reverse heat flow configuration of the
and the circles represent the reverse heat flow configuration of th?—junction tube.

Y-junction tube.

velocity-scaled slabs. Each simulation was run for 200 00@vhere the trunk splits into the two branches. No such discon-
time steps, with the heat flux density averaged over the lagtnuity in the temperature profile exists for the straight tube.
100 000 time steps. For these simulations, the time step wakhis small region of the relatively large temperature gradient
0.5 fs, and the cross-sectional area was calculated based @na result of the presence of high resistance to heat flow at
an annular ring width of 3.4 A? the junction. This high resistance, in turn, results in the lower
The results for the thermal conductivity of the nanotubesyalues for the thermal conductivity of the Y-junction nano-
are summarized in Fig. 3. For temperatures up to 400 Kiube.
there is no significant difference between the “forward” and  Discontinuities in the temperature profile have been ob-
“reverse” heat conductivity of the Y-junction carbon nano-served in the context of MD simulations before. Using a
tube. This is in contrast to the theoretical result indicatingnonequilibrium MD approach, Maiti, Mahan, and
significant electrical rectification in the same Y-junction pantelide¥’ have investigated the heat flow across crystal
nanotube configuratiot. Additionally, the thermal conduc- grain boundaries. They have reported a similar temperature
tivity exhibits an increase with temperature similar to what
has been reported experiment&fljor straight carbon nano- 100
tubes. Figure 3 also indicates that the thermal conductivity of
the straight(14,0 nanotube was consistently larger than that
of the Y-junction structure. F 80- .
The heat flux density results are shown in Fig. 4. This
figure indicates that the forward and reverse energy flux val-= ] .’.=.=.*‘
ues of the Y-junction nanotube are almost exactly the samef 60 —n
for all temperatures. Furthermore, these flux values are esg ] .,—l—l/
sentially identical to those of the straigfit4,0) nanotube.
Given this, it stands to reason that the differences in therma
conductivity between the Y-junction and the straight nano-
tubes are due to differences in the temperature gradient. Fig'é
ure 5 shows the values of the temperature gradient obtainec8, 201 ]
and indicates that the Y-junction tube has a higher tempera-g
ture gradient than the straiglit4,0 tube for all tempera- 0
tures. _ © 100 200 300 400 500
Figure @a) shows the temperature profile along the - ture (K)
straight(14,0 nanotube at 300 K and Fig(l§ shows that of
the Y-junction nanotube, also at 300 K. These figures help to  FIG. 5. Temperature dependence of the temperature gradient.
explain the reason why the Y-junction nanotube has a higherhe squares represent the straight,0) nanotube, the triangles
temperature gradient than the straight nanotube. As seen igpresent the forward heat flow configuration of the Y-junction tube,
Fig. 6b), the Y-junction nanotube exhibits a sharp disconti-and the circles represent the reverse heat flow configuration of the
nuity in the temperature profile at slab positions 35-37,Y-junction tube.
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between the number of defects in a crystal and the thermal
conductivity of the crystal? In the Y-junction tube examined

in this paper, lattice defects are present in the form of six
heptagonal carbon rings at the junction pdint.

In order to understand the origin of the discontinuity at
the Y-junction, two types of defects were intentionally intro-
duced into the middle of two straiglit4,0) nanotubes. The
first type of defect was in the form of atomic vacancies and

(a) eove g
240 . . . . . . . was created by the removal of two atoms from the middle
0 10 20 30 40 50 60 70 slab of the tube. The second type of defect was a Stone-
360 Wales(5, 7, 7, 5 defect, where four hexagons are changed
into two pentagons and two heptagons. These tubes were
3407 then run through the simulation at 300 K, with the usual
3201 +50 K hot and cold slabs applied. The resulting temperature
gradient of the tube with vacancies can be seen in Kig, 6
300 while that of the tube with the Stone-Wales defect can be
2801 seen in Fig. &). As seen in these figures, the temperature
2 2601 profile of the straight nanotube with two vacancies is very
= (b) use similar to that of the Y-junction, while the temperature pro-
é’ 2400 To 20 30 40 30 c0 7o file qf t_he tube _With the Stone-Wales defect e>_<hibits a dis-
| continuity that is much less pronounced. Additionally, the
g 360 resulting values of the temperature gradient and the thermal
E conductivity of the(14,0 tubes with defects were calculated.

3201

2801

The nanotube with vacancies had the same thermal conduc-
tivity and temperature gradient as those obtained for the
Y-junction nanotube at the same temperature. The nanotube
with the Stone-Wales defect had a smaller temperature gra-
dient and thus a larger thermal conductivity than the
Y-junction tube, but a smaller thermal conductivity than the

240 y y y y y y y defect-free(14,0) tube. Cheet al. noted that Stone-Wales
0 10 20 30 40 50 60 70 o >
defects have a less significant effect on thermal conductivity
360 than vacancie¥) which is consistent with the smaller tem-
soestiagys perature profile discontinuity seen in Fig(ds They con-
s cluded that the Stone-Wales defects were less severe because
3207 they do not change the bonding configuration of the lattice
and thus induce less structural deformation. The greater
amount of structural deformation in the Y-junction nanotube
2801 suggests that it will exhibit a more significant discontinuity
‘ in the temperature profile.
240 @ , , , , ™ In an attempt to clarify the reason behind the presence of
0 10 20 30 40 50 60 70

Slab Position

the jump in the temperature profiles, the phonon spectra of
the nanotubes in question were investigated. The phonon
spectra were found by taking the Fourier transform of the

FIG. 6. Temperature profiles ¢&) the straight(14,0 nanotube,
(b) the Y-junction nanotube(c) the straight(14,0 nanotube with
vacancy defects, andl) the straight14,0) nanotube with a Stone-
Wales(5,7,7,5 defect. Fit lines have been added to show the slop
in each region.

velocity autocorrelation functions of each tube, which were
calculated over 1024 time steps in the MD simulations. Of
interest were the frequency distributions of atomic vibrations
€long two different directions. Axial phonons and radial
phonons represent vibrations parallel and perpendicular to
profile across a grain boundary in a silicon crydtal. the nanotube axis, respectively. Therefore, two autocorrela-
Maruyama, Taniguchi, and Shibuta have reported seeing #on functions were calculated, one using only the component
jump in the temperature profile of a carbon nanotube heteroef the atomic velocities parallel to the nanotube axis, and one
junction consisting of a12,0) tube connected to €6,6) using only velocity components perpendicular to the nano-
tube® In each of these cases, the jump in the temperaturtube axis.

profile seems to be associated with the presence of disconti- Figure 7a) shows the axial phonon spectrum of the atoms
nuities or defects in the crystal lattice under investigationin a single defect-free slab in tt{@4,0 nanotube. A primary
These defects act as additional scattering centers and respkak exists at around 50 THz, with a lesser peak at about
in a region of large temperature gradient, which translates t@0 THz. In Fig. 7b), the axial phonon spectrum of the atoms
a reduction in the thermal conductivity of the crystal. Che,in the slab with vacancies in th{&4,0) tube is shown. Again,
Cagin, and Goddard have reported his type of behavior, witithe phonon density peaks at about 20 and 50 THz. However,
theoretical calculations that indicate an inverse relationshiphe magnitude of the 50 THz peak is about 15% smaller than
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10 g g g g branches have been investigated using MD simulations.
30| @ . Thermal transport under steady state does not show any an-
20 ] isotropy with respect to the direction of the heat flow, which
10 is in contrast to the evidence of electrical rectification in the
same structure. In their calculations, Andriots al. ac-
0 b 20 20 60 80 100 cour?ted.for t.he effects of quantum states on electrical con-
40 . . . . duction in Y-junction carbon nanotubes through an applica-
7 30] ® ] tion of Green's functiod! Recent experimentation has
.‘a‘} shown that the specific heat of carbon nanotubes increases
5 20 linearly with temperature from 2 to 8 K, with an increase in
E 104 1 the slope above 8 RC This behavior implies a quantized
E 0 r r r . one-dimensional phonon spectrum in carbon nanotubes at
2 0 20 40 60 80 100 temperatures below 8 K. Above 8 K, the number of phonon
s 40 © ' ' ' ' modes excited becomes large enough to make the specific
§ 301 1 heat appear to be continuous with temperature. Therefore,
H 20 ; guantum thermal effects are not seen at the temperatures
& 101 | used in these simulations. Furthermore, the use of Fourier’s
£ ° ' ' ' ' classical law of heat flow in the MD simulations precludes
0 20 40 60 80 100 the inclusion of quantum thermal effects. Fourier’s law pro-
40 T T T T vides an aggregate measure of the thermal conductivity by
30| @ ] summing over all of the present phonon modes, but in doing
20 ] S0 wipes out information about the contribution of individual
10] phonons to heat flow. It has been demonstrated that the ther-
mal conduction of carbon nanotubes at any temperature is
0 o 20 20 0 80 100 dominated by phonon'$.Therefore, it is possible that a more

Frequency (THz) detailed model including a consideration of individual pho-
non modes may reveal thermal rectification in Y-junction
FIG. 7. Axial phonon spectra @8) the straigh(14,0 nanotube,  nanotubes at very low temperatures.

(b) the straight(14,0 tube slab with vacancy defectsc) the The discontinuity in the temperature profile of the
straight (14,0 nanotube slab with a Stone-Walgs7,7,5 defect, v nction nanotube seems to be the result of the discontinu-
and (d) Y-junction slab 35. These spectra represent atomic V|bra-Ous crystal structure present at the hub of the Y-junction
ti llel to the tub is. S . ; ’
‘ons para’iel fo the fbe axis Similar temperature profiles have been observed in crystal

grain boundarie$’ junctions between nanotubes of different
: X diameters? and in single nanotubes with vacancy defects
non spectrum of the atoms in the slab with the Stone-Wale resent. A study of the phonon modes in the investigated

defect. The magnitude of the 50 THz peak is about 16°<{ o
) . ubes indicates that the presence of defects reduces the den-
smaller than that of the defect-free slab. Finally, Figd)7 sity of axial and radial prr)mnon modes. This connection be-

shows the axial phonon spectrum of the atoms of slab 35 irt1ween the temperature discontinuity and the atomic vibra-
the Y-junction tube. Slab 35 is the slab in t{iet,0) trunk of P Y

the Y-junction that is adjacent to the middle *hub” slab. tions seems to indicate that both the axial and the radial

Moving from left to right along the temperature profile of the modes are at least partly respon_sible for.the transfer of heat
Y-junction tube in Fig. 6), one can see that slab 35 is where along a nanqtube, aqd that the interruption of these modes
the first significant discontinuity in the temperature drop oc-"€Sults in an interruption of heat transfer.
curs. Again, peaks in the phonon density of the atoms in this
slab exist at 20 and 50 THz. In this case the magnitude of the
50 THz peak is about 30% smaller than that in the defect- V. CONCLUSION
free (14,0 slab. Similar results were obtained for the radial
phonon spectra of the nanotubes. The magnitudes of the Using a MD simulation approach, the thermal conductiv-
50 THz peaks in the radial phonon spectra of the Y-junctiority of a Y-junction carbon nanotube at several temperatures
and (14,0 nanotube with vacancies were both 7% smallethas been calculated. These results indicate that no anisotropy
than that of the defect-fre@4,0 nanotube, while the peakin  of heat flow under equilibrium conditions occurs for this
the tube with the Stone-Wales defect was 20% smaller.  structure around room temperature. The sharp discontinuity
in the temperature profile has been attributed to lattice dis-
IV. DISCUSSION contin_uiti_es at the Y-jur_lctio_n. Phpnc_)n spectrum calculati_ons
have indicated that this discontinuity in the crystal lattice
The steady state heat flow properties of a Y-junction nanoinhibits atomic vibrations both parallel and perpendicular to
tube consisting of g14,0 trunk splitting into two (7,00  the tube axis.

that of the defect-free slab. Figurécy shows the axial pho-
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