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Summary

The purpose of this research is an investigation of the thermal conductivity (1) and thermal
rectification of carbon nanotubes as well as the different factors which have an influence on these
quantities. As computational tool we have used reverse non-equilibrium molecular dynamics
(RNEMD) simulations.

In chapter 1 we have briefly discussed the importance of research in nanoscale science. Furthermore
the motivation for this work has been explained.

In chapter 2 we have investigated the thermal conductivity of single-walled and multi-walled carbon
nanotubes by RNEMD as a function of the tube length (L), temperature and chiral index. We found
that the thermal conductivity in the ballistic-diffusive regime follows a L” law. The exponent « is
insensitive to the diameter of the carbon nanotube; at room temperature « ~ 0.77 has been derived for
short carbon nanotubes. The temperature dependence of the thermal conductivity shows a peak
between 250 and 500 K. We have also defined and shortly discussed the phenomenon of thermal
rectification in mass-graded and extra-mass-loaded nanotubes.

In chapter 3 the thermal rectification in nanotubes with a mass gradient has been studied in more
detail. We predict a preferred heat flow from light to heavy atoms which differs from the preferential
direction in one-dimensional (1D) monoatomic systems. This behavior of nanotubes is explained by
anharmonicities caused by transverse motions which are stronger at the low mass end. The present
simulations show an enhanced rectification with increasing tube length, diameter and mass gradient.
Implications of the present findings for applied topics are mentioned concisely.

In chapter 4 we have extended our work on thermal rectification from mass-graded quasi-one-
dimensional nanotubes to the other model systems. Mass-graded polyacetylene-like chains behave like
single-file chains as long as the mass gradient is hold by the backbone atoms. The thermal rectification
in nanotubes with a gradient in the bond force constant (k,) has been studied, too. They show a
preferred heat transfer from the region with large £, to the domain with small k,. Thermal rectification
has been studied also in planar (2D) and 3D mass-graded systems where the heat flow followed a
preferred direction similar to that observed in nanotubes. Additionally, a more realistic system has
been implemented. Here a different number of carbon nanotubes have been grafted on both sides of a
graphene sheet. We have found that the transfer of the vibrational energy as well as the generation of
low-energy modes at atoms with large masses is responsible for the sign of the thermal rectification.

In chapter 5 the thermal conductivity of carbon nanotubes (CNTs) with chirality indices (5,0), (10,0),
(5,5) and (10,10) has been studied by reverse non-equilibrium molecular dynamics simulations as a
function of different bondlength alternation patterns (Ar). The Ar dependence of the bond force
constant (k,,) in the MD force field has been determined with the help of an electronic band structure
approach. From these calculations it follows that the Ar dependence of £, in tubes with not too small

diameter can be mapped by a simple linear bondlength—bondorder correlation. A bondlength
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alternation with an overall reduction in the length of the nanotube causes an enhancement of A while

an alternation scheme leading to an elongation of the tube is coupled to a reduction of the thermal

conductivity. This effect is more pronounced in CNTs with larger diameters.
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Zusammenfassung

In meiner Doktorarbeit habe ich mich mit der Wérmeleitfdhigkeit (1) und der thermischen
Rektifikation in Kohlenstoff-Nanordhren (CNTs) sowie mit den Faktoren, die diese Grdssen
beeinflussen, beschiftigt. Als theoretisches Werkzeug fiir diese Analyse verwendete ich
Nichtgleichgewichts Molekulardynamik Simulationen (Typ: RNEMD).

In Kapitel 1 meiner Arbeit wird ein kurzer Uberblick iiber wichtige Forschungsergebnisse in der
Nanowissenschaft gegeben. In diesem Zusammenhang erkldre ich auch die Motivation der hier
vorgelegten Arbeit.

Die Warmeleitfahigkeit von Monorohren und Multirohren als Funktion ihrer Léingen (L), der
Temperatur und des sogenannten Chiralititsparameters wird in Kapitel 2 behandelt. Im Rahmen
meiner Untersuchungen habe ich gefunden, dass A unter ballistisch-diffusionskontrollierten
Bedingungen einem L* Gesetz folgt. Der Parameter o hingt nicht vom Durchmesser des Systems ab.
Fiir kiirze Rohren wird bei Raumtemperatur ein Wert von o = 0.77 gefunden. Die Wiarmeleitfahigkeit
zeigt einen Maximum zwischen 250 und 500 K. In Kapitel 2 habe ich mich auch kurz mit dem
Phénomen der sogenannten thermischen Rektifikation beschiftigt. Als Modellsysteme wurden hier
Nanordhren mit einem Massengradienten sowie Nanordhren mit externen Massen gewéhlt.

Auf die Warmeleitfdhigkeit in Nanorohren mit einem Massengradienten gehe ich in Kapitel 3 dann
ndher ein. Unsere Untersuchungen zeigen, dass der Energietransport von leichten zu schweren
Teilchen bevorzugt stattfindet. Dies unterscheidet sich von der bevorzugten Transportrichtung von
“schwer nach leicht” in einer eindimensionalen (1D) monoatomaren Kette. Wir erkldren dieses
Verhalten der CNTs mit einer Kopplung zwischen transversalen und longitudinalen Phonon-Moden,
die fiir leichte Atome stérker ist. Unsere Untersuchungen zeigen, dass die thermische Rektifikation mit
der Lénge der Nanordhre, dem Durchmesser und dem Massengradienten zunimmt. Mogliche
Anwendungen dieser Befunde werden kurz vorgestellt.

Im vierten Kapitel erweitere ich die Analyse der thermischen Rektifikation von quasi-1D-
Nanordhren mit einem Massengradienten auf andere Modellsysteme. 1D Ketten mit einer
Polyacetylen-Struktur mit Massengradienten auf dem Hauptstrang verhalten sich wie entsprechende
eindimensionale monoatomaren Kette. In diesem Kapitel meiner Arbeit habe ich ebenfalls Nanorohren
analysiert, in denen ein Gradient in der Kraftkonstanten (4,) fiir die C-C Bindungen auftritt. Hier findet
der bevorzugte Energietransfer vom Bereich hoher &, zum Bereich kleiner £, statt. Ein weiteres Thema
dieses Kapitels ist die Analyse der thermischen Rektifikation in planaren (2D) und 3D Systemen mit
einem Massengradienten. Diese Systeme verhalten sich wie die Nanor6hren mit einem
Massengradienten. SchlieBlich stelle ich in diesem Kapitel auch ein realistisches System vor, i.e.
Kohlenstoff-Nanorohren, die an eine Graphit-Schicht gebunden sind. Hier diskutiere ich die
Bedeutung des Transfers von Schwingungsenergie sowie die Erzeugung niederenergetischer Moden

an schweren Atomen. Die thermische Rektifikation wird durch diese Grossen bestimmt.
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Thema des fiinften Kapitels ist die Wairmeleitfahigkeit in Kohlenstoff-Nanordhren mit
Chiralitdtsindizes (5,0), (10,0), (5,5), und (10,10) als Funktion der Anordnung von Einzel- und
Doppelbindungen erzeugt durch Variation der Bindungsldngen (Ar). Auch fiir diese Untersuchungen
wurde die RNEMD Methode herangezogen. Die Anderung der Kraftkonstanten k. fiir die C-C
Schwingungen wurde mithilfe von elektronischen Bandstruktur-Rechnungen bestimmt. Fiir CNTs mit
grosserem Durchmesser ldsst sich diese Bestimmung auf Basis einer linearen Korrelation zwischen
Bindungsldnge wund Bindungsordnung durchfilhren. Eine Anordnung von Einzel- und
Doppelbindungen, die mit einer Reduktion der Lidnge der Rohre verbunden ist, fiihrt zu einer
Vergrosserung der Wiarmeleitfahigkeit. Der umgekehrte Effekt tritt ein, wenn die Rohre durch das
Bindungsmuster verldngert wird. Generell ist dieser Effekt im Fall von CNTs mit grosserem

Durchmesser stirker ausgepragt.
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1. INTRODUCTION

The physics of carbon nanotubes'” is intimately coupled to emerging computational fields in nano-
science,” nano-technology,” materials science and condensed matter physics. These computational
fields can be split into two branches, i.e. numerical modeling and computer-based simulation,*’ to
calculate the mechanical, thermal and electronic properties of nano-scale structures, as well as nano-
scale processes that occur in nanoscopic systems. Computational nano-science forms an indispensable
pathway in the research concerned with an intelligent manipulation and structural transformation of
condensed phases at their most fundamental levels. This new field of research offers a complete
control over the structure and functioning of physical matter at the atomistic and molecular scales.
This control implies that physical matter can be interrogated atom-by-atom and molecule-by-

%1 and new forms of materials can be designed by a precise positioning of individual atoms.

molecule,
In short, computational nano-science has created efficient possibilities for the investigation of existing
nano-structures and to operate at highly reduced length, time and energy scales.

The discovery of carbon nanotubes'? has opened world-wide a new and very active research field in
theoretical and experimental condensed matter physics and materials science. They exhibit exceptional
electronic, mechanical, thermal, and transport properties.*'® Their electronic properties can turn them
into metallic or semi-conducting nano-wires, depending on their chirality or helicity.’ These electronic
properties are highly sensitive to local distortions in the nanotube geometry that can arise due to
mechanical deformations and the presence of molecular adsorbates. Nanotubes have also unique, and
in many ways extraordinary, mechanical properties.'” With having a Young’s modulus estimated to be
of the order of several TPa, they are the material with the highest tensile strength known so far.***
They are capable of sustaining high strains without fracture. Among other things they are proposed as
the functional units for the construction of the future molecular-scale machines, providing the simplest
forms of molecular bearings, shafts and gears in highly complex nano-electromechanical systems.”

An important use of carbon nanotubes lies in nanoscopic functional devices. Hence, besides their
mechanical stability and performance, their thermal stability plays a crucial role. In contrast to the
mechanical and electronic properties for which a significant number of investigations have been
carried out, investigations of the thermal properties of nanotubes have not received the same kind of
attention, either experimentally or computationally.***

Measurements of the thermal conductivity of nanotubes, in analogy to measurements of other
properties, are influenced by some degree of uncertainty. This is caused by impurities or defects that
could be present.”’ Numerical simulations such as MD have been playing an increasingly important
role in this field. Both equilibrium and non-equilibrium types of MD simulations have been applied to
model the transport properties of nanotubes.’™*' In the former case, the aim is the computation of
equilibrium time-correlation functions of the heat flux, J,, and to employ this quantity in the Green—

Kubo relation to obtain the thermal conductivity. In the non-equilibrium MD approach, hot and cold

reservoirs are coupled to the two ends of the system. By computing the average heat flux, the thermal
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conductivity can be derived. There are, of course, some disadvantages present in the application of the
non-equilibrium approach. One problem lies in the proper calculation of the heat flux. Therefore, we
have used the reverse non-equilibrium MD approach in this work which imposes a certain flux to the
system and the thermal gradient will be calculated as an effect in the end of the simulation.”

The understanding of the exotic and often highly intriguing properties of carbon nanotubes has
prompted intensive and deep-going experimental and theoretical/computational research efforts in the
fields of nanotube physics, chemistry and technology. These activities have lead to the appearance of
several thousand research publications over the last decade. In this connection we have tried here to
answer open questions in the field of the heat transfer in carbon nanotubes such as: What is the origin
of their high thermal conductivity and which factors and variables are controlling these values? Can
carbon nanotubes be considered as one-dimensional (1D) systems? If they can be classified as quasi-
one-dimensional systems, the following question arises: Is it allowed to adopt physical concepts for
perfect one-dimensional monoatomic chains to explain the properties of nanotubes? Can we expect
that carbon nanotubes conserve as a solid-state thermal rectifier? Finally, how is it possible to control

and change the magnitude and direction of the heat flux?
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Abstract

The thermal conductivity of single -walled and multi-walled carbon nanotubes has been
investigated as a function of the tube length L, emperature and chiral index using

non-equilibrinm molecular dynamics simulations. In the ballistic—di ffusive regime the thermal
conductivity follows a L law. The exponent o is insensitive to the diameter of the carbon
nanotube, o 2= 0.77 has been derived for short carbon nanotubes at room temperature. The
temperature dependence of the thermal conduetivity shows a peak before falling at higher
temperatures (=500 K). The phenomenon of thermal rectification in nanotubes has been

investigated by gradually changing the atomic mass in the tube-axial direction as well as by

loading extra masses on the terminal sites of the tube. A higher thermal conductivity occurs

when heat flows from the low-mass to the high-mass region.

1. Introduction

Recent advances in the know-how of micro/nanosystems
have made possible a continuous reduction in the size
of electrical devices in many industries [1]. It is now
widely accepted that the thermal management in nanosized
devices becomes increasingly important with decreasing size
parameters [2]. New thermal management strategies are thus
of considerable importance to gonarantee high performance
and lifetimes. These strategies include the development of
novel carbon nanotube (CNT) materials with high thermal
conductivity A [3]. Due to the experimental difficulties
in synthesizing high-quality and well-ordered nanotubes, it
is still challenging to perform perfect thermal conduction
measurements with the current equipment. Only a few
research groups have reported experimental A values of
these nano-objects [4-9]. An and supplement

to experimental activities are theoretical approaches which

alternative

have the advantage that the structures generated are clean,

defect-free and perfectly characterized. Different molecular

(0957-4484,00/1 15704+08%30.00 1

dynamics (MD) simulations on the thermal conductivity of
isolated single-walled carbon nanotubes (SWNT) have been
reported in the literature [1-3, 10-14]. Unfortunately the
calculated A values vary from several hundred to several
thousand W m™" K~!, This large width makes it necessary to
clarify the confidence limits of the simulation results and the
conditions for obtaining them.

In the present paper, we use a non-equilibrium molecular
dynamics method to calculate the thermal conductivity A and
thermal conductance o of carbon nanotubes. We first focus on
the length L, temperature T, and diameter [ dependence of
A for both single-walled and multi-walled carbon nanotubes.
Since carbon nanotubes are a possible candidate for thermal
rectifiers [15], which are significant for modermn electronics,
the second topic of the present contribution is a model
study of the thermal rectification either by nanotubes with a
mass gradient or by tubes embedded in an inhomogeneous
medium. Possible future applications are expected in the
areas of nanoscale calorimeters, microelectronic processors,

macroscopic refrigerators and energy -saving buildings.

@ X009 T0P Publishing Ltd  Printed in the UK
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2, Theoretical background: reverse non-equilibrium
molecular dynamics (RNEMD) approach

The RNEMD method has been discussed in detail in the
literature, including all its advantages and shortcomings; see,
for example, [16]. The idea of the method is to drive—
as a primary perturbation—a heat flux through the simulated
system. In the preparation of the steady state with a constant
T gradient, energy is transferred continuously from one region
of the system, denoted as the ‘cold’ region, to another one,
the ‘hot’ region. The two regions are spatially separated, say,
in the z direction. The cold and the hot region of the system
are created by interchanging the velocity of the hottest atom
in the cold region with the velocity of the coldest atom in
the hot region. This implies that a known amount of heat is
transferred between the two regions. By repeating the transfer
periodically, an artificial heat flux j; is created from the cold to
the hot region

Jz (Vhot = Vioia) (n

1 m
= 2

transfer

where m is the mass of the atoms, ¢ the time of the simulation
and A’ the cross-sectional area of the simulation box. vy and
Veald are the velocities of the selected atoms. The summation
is over the exchange events. When the steady state has
been reached, the same amount of energy per time and area
(this is the definition of the heat flux j;] flows from the
hot to the cold region by heat conduction. This equality
of the two fluxes follows from energy conservation. As a
result, a temperature gradient {(d7 /dz) is formed in the system,
From the known imposed j, and the calculated {d7/dz), the
thermal conductivity A is calculated as i —j/dT/dz),
assuming the validity of a linear response (Fourier's law).
We are aware of the possible limitations of this empirical
law in one-dimensional (1D) materials [17, 18], In the
present work intended to derive general, transferable trends,
this vieolation should not lead to conceptual problems. Note
that the applicability of the Fourier law depends on a number
of quantities such as the length of the tube, disorder, or the
phonon mean free path whose influence on A is not understood
comp letely yet.

3. Computational details

The intramolecular force field V(---) characterized by the
geometric parameters ry, 6, 8, and force constants k,, kg, k;
(ra = 0.1418 nm, &,
392460 kJ mol = nm_: ), harmonic bond angle bendingz (Ao
120.0°, kg 527 kJmol™" rad™) and harmonic dihedral
angle? (8, = 0.0° ky = 167 kI mol™" rad=?) [19] terms. The
non-bonded potential V[r,_rJ which includes Lennard-Tones
terms* (¢ = 0.4396 kImol™', & = 0.3851 nm) is added to
account for carbon—carbon interactions of the van der Waals

contains harmonic bond strttch'mg' =

Ve = ke /200 — )R
2V (8) = ke /2)(B — o).
T VS = (ks /20 — dn)?
F Vi) =della/n)'? — (a)r; )0
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type. They occur between interlayer atoms in the simulation
of multi-walled nanotubes and in one of the simulations of the
thermal rectification. The parameters £ and ¢ have been taken
from the so-called universal force field (UFF) [20] and have
been used already by other groups [21] for the investi gation of
structural data of carbon nanotube systems.

All molecular dynamics simulations have been carried
out with the YASP package [22], which uses the leapfrog
algorithm [23] and orthorhombic periodic boundary condi-
tions. Unless specified otherwise, all simulations have been
performed at constant vo lume and temperature. The Berendsen
method [24] with a coupling time of | ps has been adopted to
guarantee a constant temperature. The coupling time accepted
was sufficient to keep the measured mean temperature within
2 K of the target temperature. Unless specified otherwise, a
target temperature of 300 K has been chosen. Mormally, time
steps of | fs have been employed Non-bonded interactions,
where necessary, have been evaluated from a Verlet neighbor
list, which was updated every 15 time steps. Unless specified
otherwise a cutoff radius of 1.0 nm has been adopted while
the neighbor list cutoff was 1.1 nm. The exchange period of
the RNEMD scheme was every 300 time steps (0.6 ps), the
temperature profiles were sampled every 301 time steps. It has
been checked that the temperature gradient was linear when
adopting this exchange period. A non-equilibrium run covered
typically 6 ns. The last 1000 ps of it have been used for the
data production.

The systems studied here have been constructed by
repeating the unit cell of zig-zag or armchair nanotubes with
different diameters.
connected via periodic boundary conditions.

The two ends of the nanotubes were
Thus, they
are pseudoinfinite, which prevents the study of end effects.
Thermal contact problems as encountered in experimental
studies of CNTs are therefore beyond the capability of the
RNEMD approach used. The smallest system considered
contained 800 carbon atoms and the largest one 227 680 carbon
atoms. The simulation cells were elongated in the z direction,
which is also the direction of the energy flow; their length
varied from 10 to 700 nm. We had to accept that the length
parameters accessible are smaller than typical experimental
values. Nevertheless they exceed the dimension employed in
recent MD simulations of CNT networks [2, 3, 10-14].

4, Results and discussion

4.1, Length dependence of the thermal conductivity

The length dependence of the thermal conductivity A at
room temperature has been studied for single-walled carbon
nanotubes with different chiral indices: (5, 5), (10, 0y, (7,
T, (10, 1Oy, (17, Oy, (15, 15), and (20, 20).
included one triple- (i.e. multi-) walled armchair nanotube
(MWNT) which is made of (5, 5), (10, 10) and (15, 15)
SWNTs. For length parameters L from 5 to 350 nm the
calculated thermal conductivity is listed in table 1 and shown
in figure 1. In the diagram we see that the splitting between
the A curves is largest for short tube lengths L; it is reduced

We have also

with increasing L. Furthermore we notice that A increases
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Figure 1. (a) Thermal conductivity A versus tube length of (5, 5), (10,03, (7, 73, (10, 10), (17,0), (15, 15), and (20, 20) SWNTs at 300 Kin a
double-logarithmic scale. (b) This curve refers to the average for the seven systems studied in (a).

Table 1. Thermal conductivities 4 and thermal conductances o of different single-walled and one triple-walled nanotubes as a function of the

tube length at 300 K.

Chirality index

(5,5) (10,0) 7.7 (17,0)

Length 4 a i a i a S a
nm)  (Wm™'K™) (I07FWK™) (Wm™' K™ (1I07FWK™) (Wm™'K™) (107*FWK™) (Wm™K™") (107FWK™)
5 37.59 £ 046 05530007 4228+ 110 0.721£0019 4995+ 1.39 1.028 £0.029 33304072 0965+£0.021
10 68.99 £044 0.507+0.003 6501 +£082 0669 +0.007 T7T27T+1.71 07950018 79 14+1.63 1.147+0.024
25 14157 £ 1.46 04830004 14953£056 0501 £0.002 14202+£0.82 0579 £0.003 16918 £4.41 0.964£0.025
50 232004 131 03360002 23438 £0.83 039310001 218324113 044310002 22184 £0.86 0.6321+0.002
15 29064 £ 1.23 02810001 27925+ 1.32 03110002 27677+ 1.18 0.375+0002 27881+ .07 0.528+0.002
100 345,14 £ 1.01 02370001 33884+ 1.81 02680002 302794+1.12 0.307 £0.001 3466249 0.4331+£0.004
250 47765+ 092 0 138+0.001 54278+ 1.65 0181 £0.001 51804+0.78 02100001 53215+316 0302+0.002
350 54607 £ 057 0.113£0001 602824082 0144 £0001 62153+ 1.29 0.180£0001 620,13+ 1.83 0.252+0.001

Chirality index

(10, 10} (15, 15) (20,20) MWNT

Length i a i @ i @ i @
mm) (WmT KT (I0TFWEKTY) (WmT KT (0TfF WK (Wm T KT (10T WEKTY) (WmT KT (10T WK
5 3556119 1.312+ 0035 4041 £334 2.2244+0.147 51.15£1.21 30090071 2736+£073 3555+£0.094
10 TR6BE£1.55 11884+ 0.023 8026208 1.947£0.046 8377x1.61 24640048 4586£0.91 2.973+£0.098
25 16483325 09610019 15232%1.03 12370009 14905171 17360020 10405+ 1,52 2.670£0.073
50 22393 +£272 06500008 21613+£309 10840013 22308277 12930016 13161 £ 1.95 16810054

75 27924 £ 285 05370006 26529089 0.731 L0003 27195+ 1.43 1.052 0006 — —

100 30587 £ 307 044240004 31219073 06560002 32677+ 1.51 0947 £004 — —

250 54970 £ 551 0.319+£0.003 537.88 £ 638 0.467 0001 511.63£6.96 0.544 £0.008 — —

350 611.97 324 02530001 63035658 63535+ 7.58 05130001 — —

with increasing tube length. This is consistent with the length
dependence found in other MD studies [1, 2, 12, 14].
tube length, which is not much longer than the phonon mean

For a

free path (=0.5 pm), it has been shown experimentally [7]
that the thermal conductivity does not converge to a constant
boundary. Our results in figure 1 reproduce this behavior.
The thermal conductivity increases with a power law L% The
room temperature exponent o is approximate ly 0.77 for short
(L < 25 nm) and 0.54 for longer (100 nm < L < 350 nm)
nanotubes, These results are in line with the theoretical room

temperature findings of Wang et al [25] with an exponent &

0.391 £0.001

of 0.83 for short (L < 100 nm) and 0.35 for long (L >
10 ppm) CNTs. The thermal conductivity of the armchair triple-
walled carbon nanotube also increases with increasing L. The
calculated ex ponent e for the short { <0.1 pm) MWNT of 0.71
is similar to the values of the short SWNTs (0.77).

One of the open questions in the evaluation of the thermal
conductivity A of nanotubes is the choice of the cross-sectional
area A for the heat flux. Unlike in bu lk materials, there is some
arbitrariness in this definition. In the present work we define
the cross-sectional area as a ring with the same diameter as the
SWNT under inclusion of a van der Waals diameter of 0.34 nm

THERMAL CONDUCTIVITY OF CARBON NANOTUBES
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Figure 2. Double-logarithmic representation for the thermal
conductance o of (5,5), (10,00, (7, T), (10, 10), (17,0), (15, 15), and
(20, 20) SWNTs at 300 K with a tube length L between 50 and

350 nm.

for each carbon atom. This choice, however, is only one of
many. As a matter of fact it is sometime more convenient
to work with the thermal conductance ¢ = A" x A'/L,
which has no ambiguity in its definiion. In contrast to the
‘nanotube’ parameter A, A’ refers to the cross-sectional area
of the simulation box which is a well-defined quantity. A" is
the crude thermal conductivity of the simulation box without
using thering cross-sectional area. Figure 2 showsthe o curves
of the discussed carbon nanotubes at room temperature in a
double-logarithmic representation. We notice that the thermal
conductance decreases with increasing tube length. It does not
converge in the length range studied (L < 350 nm). This
result is not surprising as A depends on the length via a L*
law @ < |. Final division by L yields a L™ law for & with
y=I1l—-o) <l

All computational results for the thermal conductivity
A and thermal conductance o for SWNTs as well as for
the MWNT chosen are summarized in table 1.
immediately that the length dependence of A and o is large

It is seen

in comparison to the influence of the diameter and the chiral
indices.

Our thermal conductance data for SWNTs can be fitted
by a simple phenomenological expression. At a given
temperature, here 300 K (figure 2), the thermal conductance for
sy stems with a length between 50 and 350 nm obeys a power
law relation

a=pAL7", 2

with y (1 — @) = 1. Asthe exponent @ for nanotubes
of different diameters is more or less constant (o 0.54)
an almost universal exponent y (== 0.46) occurs, too. The
prefactor B has been found to depend linearly (figure 3) on the

number of carbon atoms n in the circumference of the tube. n

is given by the sum of the two chiral indices. The n dependence
of B reads

B=2n— 110" 3)

M Alaghemandi ef al
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Figure 3. Prefactor £ (equation (2)) for the thermal conductance
versus number of carbon atoms (n) in the circumference of SWNTs,
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Figure 4. Thermal conductance o versus temperature for (5, 5), (17,
0), (10, 10), and (15, 15) single-walled carbon nanotubes with a
length of 30 nm.

In the present formulation, the unit of 8 is W K~ nm?.
Equations (2) and (3) can provide a quick estimate for the
thermal conductance of SWNTs,

4.2, Temp erature dependence of the thermal conductance

The thermal conductance of (10, 10), (17, 0), (15, 15) and (5,
5) SWNTs with L = 30 nm and of an armchair triple-walled
CNT with L = 15 nm formed by (5, 5), (10, 10), and (15, 15)
SWNTs has been calculated for temperatures between 200 and
1000 K. As shownin figure 4, the MD based (i.e. classical) o
values of all nanotubes decrease monotonically with increasing
temperature. Due to the neglect of quantum effects in the
MD approach, the present results differ from the available
experimental data. Up to 350 K the experimental curves

decrease smoothly with decreasing temperature [4, 8, 9]. For
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Figure 5, Thermal conductance o, versus temperature for (5, 5), (17,
0), (10, 10y and (15, 15) single-walled carbon nanotubes with 30 nm
length after applying quantum corrections.

MD temperatures Typ less than the Debye temperature Tp
inherent errors of the present o parameters have to be expected.
Ty, values ranging from 473 to 960 K have been reported for
carbon nanotubes, Reasons for this width have been discussed
in the literature [1, 26—28]. The implementation of quantum
corrections of the zero-point type into the present MD results
causes no principal problems Before presenting such data we
want to mention that the general findings presented up to now
(i.e. length dependence of A and o) are not changed under the
influence of quantum effects. Inthe present study we have used
the guantum corrections of Lukes and Zhong [1] which are
based on the following ingredients. Itis assumed that the total
energy of the system at Ty is given by twice the mean kinetic
energy. Then this energy is equated to the phononenergy of the
system by adopting the temperature T, as fitting parameter. T
is the so-called quantum temperature of the system [29]. Zero-
point effects in this correction scheme are considered by an
additional parameter. The quantum correction sketched leads
to thermal conductance values gq where the MD o numbers
are multiplied by the ratio dTwp/dT; defined by the MD
temperature Ty and the quantum temperature 75,

The quantum-corrected thermal conductance oy increases
rapidly up to around 250 K (figure 5). Then the curves show
a broad maximum followed by a slow decrease at higher
temperatures (T > 400 K). The g, curves are in reasonable
agreement with measured data. However, we cannot see
a sharp maximum as found in experimental reports [4, 9].
A reason might be the differences between the length and
diameter of the nanotubes which have been used in the
simulations and in experiment. Pop et al [Y] (e.g)
studied a SWNT with a length of 2.6 pum and a diameter of
1.7 nm while we have used SWNTs with 30 nm length and
diameters of 0.33, 0.67, and 1.01 nm for the (5, 5), (10, 10)
and (15, 15) systems, respectively. It seems that the thermal
conductance of short SWNTsis less temperature-sensitive than
that of long CNTs. One also notesthat the thermal conductance

have
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Figure 6, Thermal conductance o, versus temperature for an
armchair triple-walled carbon nanotube with 15 nm length and 2 nm
diameter after applying quantum corrections.

of SWNTs withthe same length and diameter coincide more or
less. Figure 5 shows that the o curves of the (10, 10) and (17,
0) SWNTs are quite similar. Thusit can be deduced the chiral
indices of the nanotube s are not important in connection with
the thermal conductance. This behavior differs from another
transport property, i.e. the inverse resistivity which depends
on the chirality index [30]. As predicted by equation (2)
the conductance increases with the diameter of the SWNT.
Figure 5 suggests that the gy of nanotubes with large diameter
are more lemperature-sensitive than the oy of small diameter
systems. There is also an indication that the curve maxima are
shifted to higher temperatures when the diameter is enhanced.
They are found at around 250 K for the (5, 5), (10, 10), and
(17, 0) nanotubes, while they are between 300 and 400 K for
the (15, 15) system. The thermal conductance [ ofthe MWNT
considered shows, the same behavior as found for the SWNTs
(figure 6). The temperature dependence of A and o at higher
temperatures, where quantum effects become less important,
can be explained theoretically by socalled Umklapp processes
in the phonon—phonon interaction. See [4, 8, 11].

4.3. Thermal rectification in CNTs

Rectification describes a treatment process through a system
that is faster in one than in the reverse direction. Rectification
is well known in the flow of charge (diodes are rectifiers). But
for a long time it has not been observed for heat transport.
Recently, however, carbon and boron nitride nanotubes have
been found to exhibit thermal rectification effects in an
inhomogeneous surrounding [15]. The inhomogeneity was
introduced by covering a single nanotube with a platinum
compound in a conical geometry. It was found that the heat
flow from the high load to the low load region was roughly 2%
faster than in the opposite direction.

Tomodel asymmetric heat propagation, we have simulated

the loading of the L = 60 nm ( 10, 10) nanotube with a heavy
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Figure 7. Mass distribution in the axial direction of a (10, 10) SWNT. {a) The heavy particles are located in the hot regions on either side of
the periodic simulation cell. (b) The heavy particles are located in the cold region in the center of the periodic simulation cell. The RNEMD
method requires atoms of identical mass in the hot and cold regions. Implications following from the sudden mass change at the sides (a) and

atthe tube center (b) are discussed in the text.

component by assigning different masses to the atoms. Please
note that the theoretical peculiarities of the RNEMD method
require an effective length parameter of 2L. The first setup
simulated implements a mass gradient by gradually increasing
the atomic masses from 12 to 300 along the tube; see figure 7.
Two distributions are realized, one having the heavy atoms
in the cold region (center), the other having them in the hot
regions (sides). The symmetric mass distributionis dictated by
the periodicity of the system. The RNEMD method restricts
velocity exchange to atoms of the same mass, Therefore, the
This
system is referred to as having a mass gradient. We feel that

atomic masses in the hot and cold slabs are the same,

the setup chosen might be helpful to understand rectification
effects in glass or ceramic materials where a mass gradient
can be generated via impurity doping at the boundaries of the
material. For CNTs, of course, it should be accepted as an
idealized model.

In the second system modeled, the nanotube itself has not
been modified. It has been loaded with external extra atoms
either placed in the hot or cold region of the simulation cell
(figure 8).
at each side of the nanotube. They form regular layers with

Totally 3336 external particles were distributed

alternating zig-zag and anmchair arrangements. The shortest
interatomic contacts within one layer amount to 0.6 nm, a
separation which guarantees that the external particles do
not contribute sizably to the heat transport in the stacking
direction. These intralayer constants are too large for the
atoms to ‘feel” a harmonic potential with a force constant
k, of 100000.0 kImol™" nm~ becoming operative for an
interatomic separation 0.5 nm. Contacts meeting this
boundary are only found for interlayer pairs. But we want to
mention that most of the external particles do not contribute to
any bond. External particles have been fixed around the tube by
a Lennard-Jones potential (¢ = 0.48 kI mol™', & = (0.7 nm).
They have a mass of 11, a value close to that of carbon.
The small difference to the carbon mass, however, prevents
that they participate in the velocity exchange. A (10, 10)

(b)

Figure 8. Representation of the extra atoms deposited externally on a
(10, 10) carbon nanotube with L = 60 nm. (a) Extra atoms are
placed in the hot regions on either side of the periodic simulation
cell. {b) Extra atoms are placed in the cold region in the direction
towards the center of the periodic simulation cell.

SWNT with 60 nm length (the simulation box covers a length
of 120 nm) has been used for the calculation of the thermal
conductivity A when heat flows from the high-mass to the low-
mass region and vice versa. This (second) system is referred to
as the externally loaded sy stem.

In RNEMD, the heat flux is constant. Therefore, the
thermal conductivity is proportional to {(dT/dz)~".

A= —j./dT/dz). )

In inhomo gene ous sy stems, the temperature gradient and,
hence, the thermal conductivity can vary locally. Figure 9
shows the temperature profile in the axial direction of a
nanotube with a mass gradient as symbolized in figure 7. The
averaged temperature inthis simulation amounts to 300 K. The
heat flux has been simulated both into (figure 9(a)) and against
(figure 9(b)) the direction of lower atomic masses.

In figure 9(a) a sudden drop of T is found in the terminal
region while this drop occurs in the central part of figure 9(b).
These temperature drops are related to the density drop in the
sy stems. The local thermal conductivity A, can be calculated
by dividing the flux, which is imposed to the system, by the
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Figure 9. Temperature and density profiles in the (10, 10) single-walled nanotube with a mass gradient (figure 7) at an averaged temperature
of 300 K. (a) Heat flows into the direction of lower atomic masses. (b) Heat flows into the direction of higher atomic masses.

temperature gradient (—dT /dz) for the local area chosen. See
again equation (4).

We first focus on Ay, within the regions with a linear
temperature profile.
discussed below., At 300 K, the local thermal conductivities are
25.66 W m™' K~! when heat flows from the low-mass region
to the hi gh-mass region and 23.24 Wm~™' K~! for the opposite
flow (figure 9).

The sudden temperature drops will be

In a second 500 K simulation (not shown)
=1

the respective values are 22,73 and 21.77 Wm~ K The
thermal rectification R, is defined as
Aloc — Aoe

Rl — loc, L—H loc,H—L w 100 [5}

Aloe,L—H

where A, g stands for the thermal conductivity of the
nanotube when heat flows from the high-mass to the low-
mass end, vice versa for Ajge—n. At 300 (500) K we have
calculated R, numbers of 104 (4.4)%. Simulations at still
higher temperatures confirm this trend, i.e. the rectification is
reduced with increasing 7. Detailed simulation results over a
larger T interval will be presented in a future contribution.
The opposite direction for the preferred heat flux has
been predicted in a recent theoretical study of a monoatomic
one -dimensional chain [31]. The Fermi—Pasta—Ulam potential
employed in this work is defined by a harmonic and a fourth-
order coupling element. A priori this difference in the
theoretical findings might be caused either by non-equivalent

potential energies adopted or by the strict one-dimensional
order in the article cited. Peculiarities in the properties of
pertect 1D materials are known since the 1960th [32, 33| In
order to comment on the above problem we have performed
a single-file 1D simulation under the same computational
conditions as adopted for the nanotubes. In the potential
only the force constant k, has been taken into account. Now
the sign of R, has changed and agrees with the data in [31].
With the present computational setup we derive a thermal
rectification parameter of 3.5% for a preference of the heat
flux from the heavy to the light atoms. Thus we have shown
that the peculiarities in the physical properties of 1D systems
are not restricted to electronic degrees of freedom as presented
in [32, 33]. The present results impressively demonstrate that
nanotubes—althou gh characterized by a stacking direction—
and 1D systems differ quite generally. To sum up: incontrast
to 1D materials, we have—at least in the (10, 10) nanotube—
a larger thermal conductivity when the ‘higher' temperature
is at the ‘lighter’ particles. ©Our simulations in progress,
however, have shown that magnitude and direction of the
thermal rectification depend on the diameter of the nanotube.
Let us come back to the results in figure 9. The sudden
jumps in the temperature profiles always occur at the position
where atoms of mass 12 are connected to atoms of mass 300,
The large differences in the vibrational frequencies on the two
sides of the interface are responsible for a slow and inefficient
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phonon—phonon coupling. Asaresult, the thermal conductivity
at the interface is small and the temperature gradient is steep
(equation (4)). We note that the temperature jump is larger
when the mass discontinuity occurs in the cold (figure 9(b)) and
not in the hot region (figure 9(a)). It is not clear whether this
behavior is caused by opposite directions in the mass gradient
or by a large temperature differences inthe hot and cold region.
An asymmetric geometrical shape can, in principle, intro-
duce an asymmetric boundary scattering of the phonons [15].
An outcome of such an effect might be a thermal conductivity
that is reduced in one direction while it is enhanced in the
reverse direction. This possibility leads us to the second
class of systems. They are externally loaded. Hence they
form inhomogeneous nanotubes. The thermal conductivity
at 300 K is larger in the direction of increasing external
loading (169.19 W m™! K_'J than in the reverse direction
(141.20 W m~! K=!). This trend coincides with our results for
the nanotubes with a mass gradient, see above. Our findings,
however, differ from a recent experiment [15], where one half
of the nanotube has been gradually mass loaded on the surface
by heavy molecules. Here, a 2% hi gher conductivity was found
in the direction from high to low loading. On the basis of the
limited simulation results we cannot explain this difference.
‘We hope that additional RNEMD simulations as a function of
the CNT geometry and the mass distribution will offer deeper
insi ght in to key-parameters controlling thermal rectification.

5. Conclusions

Using reverse non-equilibrium molecular dynamics simu-
lations we have calculated the thermal conductivity and
thermal conductance of single-walled and multi-walled carbon
nanotubes as a function of the length, temperature, and chiral
index. The calculated thermal conductivity follows a L® law,
with & values between 0.54 and 0.77. The effective exponent
@ is quite insensitive to the diameter and chiral index of the
carbon nanotubes. With increasing diameter the maxima in the
thermal conductance curves are shifted to higher temperatures.
Again the chiral index is only a weak influence parameter.
There is a crossover of the power law at lengths of =50 nm.
Short nanotubes exhibit a weaker temperature dependence
of A than long nanotubes. We have also studied the heat
rectification in single-walled nanotubes. We have observed a
more efficient heat current (i.e. higher thermal conductivity)
when heat flows from low-mass to the high-mass region. The
It depends
on the temperature and on the way how the mass gradient
was implemented. These results confirm the experimental
finding of a preferential direction for the heat transport in

calculated rectification was between 3 and 16%.

inhomogeneous nanotubes. In the future they might be used as
thermal rectifiers or even transistors for heat flow. Comparison
of the thermal rectification as derived for nanotubes and perfect
1D chains emphasizes the different behavior of the two classes
of components. The physical properties of nanotubes do not
match perfect 1D behavior. This topic will be commented on
in detail in our future contribution.
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Abstract

The thermal rectification in nanotubes with a mass gradient is studied by reverse

non-equi librinm molecular dynamics simu lations, We predict a preferred heat flow from li ght to

heavy atoms which differs from the preferential direction in one-dimensional monoatomic

sy stems. This behavior of nanotubesisexplained by anharmonicities caused by transverse

motions which are stronger at the low-mass end. The present simulations show an enhanced

rectification with increasing tube len gth, diameter and mass gradient. Implications of the

present findings for applied topics are mentioned concisely.

1. Introduction

Rectificationis a transport process thatis faster in one direction
than in the opposite one. This phenomenon has been used
extensively in electric devices such as diodes.
of a predominant charge flow in one direction these elements
can act as electric rectifiers. The recent detection of thermal
rectification in externally mass-loaded carbon and boron

As a result

nitride nanotubes has been a milestone in nanoscale solid-state
science [1]. In analogy to the electric phenomenon, thermal
rectification R, describes a preferred direction for the heat flow
in amaterial. The challenging experimental findings of Chang
et al [ 1] therefore have focused the interest of theoreticians on
thermal rectification. In a series of molecular dynamics (MD)
simulation studies, Li and co-workers described the possibility
of observing thermal rectification in carbon nanocones [2] or
in nanotubes having an intramolecular junction [3]. Guided
by the aim to understand the mechanism of rectification, Li
and co-workers have detected thermal rectification in a perfect
one -dimensional (1D) mass-graded monoatomic chain [4]
interacting throu gh the Fermi—Pasta—Ulam (FPU) potential [5].
In this model a harmonic term is supplemented by a fourth-
order coupling element introducing anharmonic effects. Li

0957-4484/10/075704+06%30.00

and co-workers showed in their articles that the overlap
of the vibrational spectra of the two chain ends having
different masses or different diameters is a key quantity for
thermal rectification. The larger the vibrational overlap, the
more intense is the heat flow. In objects with asymmetric
mass or size distribution, therefore a more or less efficient
overlap can be obtained, depending on how the system is
oriented into a temperature gradient. Additionally, Li and co-
workers pointed out the decisive role of anharmonic effects
for thermal rectification. This is illustrated in detail in their
MD study of the mass-graded 1D monoatomic FPU chain [6].
Indeed, low-frequency modes contributing predominantly to
heat conduction can be generated when the anharmonic part
of the FPU potential is excited. On the one hand, the mass-
graded FPU chain is thought to be a suitable model for the
understanding of thermal rectification in systems having an
extent in one dimension. On the other hand, no attempt has
been made up to now to correlate the theoretical findings for
such a sy stem withresults for quasi-one-dimensional structures
such as nanotubes.

In our recent MD study on the thermal conductivity in
nanotubes [7], we have demonstrated that both external loading
under otherwise constant atomic masses in the nanotube and

@ X1010P Publishing Ltd  Printed in the UK
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the implementation of a mass gradient @ = Am (z) /Az along
the tube axis (z) renders possible thermal rectification. m(z)
symbolizes the particle mass at position z. In our study we
have shown that systematic trends in thermal rectification can
be derived more easily for a mass-graded quasi-1D system.
At this stage of our research we could not give a microscopic
explanation of the origin, direction and magnitude of thermal
In [7] we have described only the general
Now we have chosen mass-graded nanotube
mode Is to understand the underlying microscopic mechani sms

rectification.
phenomenon.

involved in thermal rectification. Instead of externally mass-
loaded nanotubes we have chosen a set-up where thermal
rectification is rendered possible by a mass gradient along the
tube axis.

Manotube materials have been chosen by experimentalists
and theoreticians to analyze whether concepts for 1D single-
file chains can be transferred to quasi-1D materials which
The present contribution will
show that, as far as thermal rectification is macroscopically

are experimentally accessible.

concerned, the behavior of mass-graded monoatomic 1D
systemsis different from that of mass-graded quasi-1D systems
such as nanotubes. Furthermore, by proposing a model based
on spectral considerations, we show that the introduction
of possible transverse atomic moves due to a cylindrical
configuration and their coupling to longitudinal vibrations
plays a central role in thermal rectification They are
responsible for a different behavior of the heat conduction in
tubes and in perfect 1D systems.

2. Theoretical background: non-equilibriuvm MD
simulations and rectification parameters

We have employed a reverse non-equilibrium molecular
dynamics (RNEMD) approach [8, 9] to study thermal
rectification in nanotubes with a mass gradient. To generate
such a mass gradient o we have modified gradually the atomic
mass m(z) along the main axis of the systems, here chosen to
be the z axis. As the theoretical background of the RNEMD
technique can be found in the literature [8, 9] only the most
important ingredient of this method will be reviewed here. The
RNEMD formalism is based on a reversal of the experimental
cause-and-effect picture. In conftrast to conventional non-
equilibrivm MD schemes, the RNEMD model makes use
of an imposed heat flux which allows the evaluation of the
temperature gradient in the z direction. The evaluation of the
heat flux in the presence of an imposed temperature gradient is
not strai ghtforward on a molecular scale.

The atoms in the nanotubes interact via harmonic radial,
angular and torsion potentials. The equilibrium values of these
parameters in nanotubes amount to 0.1418 nm, 120° and 0°,
The associated force constants are 3 92460 k] mol ™! nm’z,
527 kI mol~' rad=? as well as 167 kJ mol™' rad™>. These
parameters have been determined by Li and Chou [10].
In analogy to our recent article on thermal conductivity in
carbon nanotubes [7], we have employed them without further
modificati ons.

The thermal rectification factor R, is defined as

Ro="""T 100 (n @) (1

AL—H
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hot region cold region

hot region

Figure 1. Schematic mass distribution in the axial direction of a (10,
10) nanotube. The heavy particles (symbolized by bold lines) are
located in the hot regions on either side of the periodic simulation
cell. The terminal light atoms (thin lines) at the chain ends are a
mani festation of velocity exchanges in the RNEMD formalism that
are restricted to particles of the same mass; see text. In the second
case the heavy particles are located in the cold (central) region of the
simulation cell.

where Ap_.p stands for the thermal conductivity of the system
when heat flows from the high-mass to the low-mass region,
and vice versa for Ap_.py. We are aware of the fact that
equation (1) is only one possible choice to quantify thermal
However, this definition is in line with the
formula adopted by Chang et al in the first experimental

verification of this phenomenon in nanotubes [1].

rectification.

The thermal conductivity A is related via the Fourier law
A = —j./{dT/dz) to the heat flux j. through the system set
into a temperature gradient along the z direction d7/dz. We
should mention that, when using the RNEMD method, a linear
temperature profile is observed only within the central region
of the sample. Therefore, we have restricted the determination
of A to this linear region and disregarded the boundaries of
the system. The physical origin of this behavior has been
emphasized in detail in our recent study of nanotubes [7].
The velocity exchange in the RNEMD method is restricted to
particles of the same mass. The imposed mass gradient in the
nanotubes then requires light atoms (for the exchange) in the
neighborhood of heavy ones. We refer to figures 7 and 9 of our
recent study [7].

In section 4 we first analyze the thermal rectification
factor R, in nanotube systems with different chiral indices
and thus different diameters as well as tube lengths. Caused
by the above-mentioned peculiarity of the RNEMD method
(i.e. mass equivalence of atoms whose velocity is swapped) an
effective sample length is required which exceeds the target
length by a factor of two.
have adopted a linear mass gradient @ = 5.76 gmol™! nm™!

In one series of simulations we

starting with a mass of 12 gmol™" for the lightest atoms in
each system. Additional values for @ will be commented on
below. A typical mass profile we have adopted is depicted in
figure 1. In one configuration, the gradient was oriented such
that the heavy atoms were in the hot regions (sides) while in
the second configuration heavy atoms were in the cold region
(center). The symmetric mass distribution generated is dictated
by velocity exchanges between atoms of the same mass; see
above. In both configurations described, light atoms were
chosen to be in the velocity exchange regions.
In purely harmonic mass-graded (1D)
into a temperature gradient, the energy transfer is exactly
compensated when reversing the temperature gradient.
Therefore, rectification cannot exist in this case [4] A
recent study in the framework of the mass-graded FPU chain,

systems  set

however, showed that the energy transfer in a lattice with
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an anharmonic character is not compensated, when reversing
the temperature gradient and thermal rectification arises [4].
In order to quantify such an uncompensated energy transfer,
we have calculated the power spectra of the studied systems.
Already in articles dealing with nanocones [2] or the mass-
graded FPU chain [4], the reliability of such an approach has
been proven. In contrast to previous articles [3, 4] where only
power spectra of particular light and heavy atoms in the sy stem
were computed, we have evaluated the total power spectra.
We have computed them as the Fourier transform of the
mass-weighted Cartesian velocity auto-correlation function. In
the harmonic approximation, it corresponds to the density of
vibrational states of the system [11].

When increasing the temperature, the amplitudes of the
transverse vibrations of the atoms increase. In additional
simulations we have shown that—even in connection with
a classical MD model—Ilight atoms are more sensitive to
this effect. Thus, we expect that anharmonic vibrations in
tubes can be correlated to excited transverse vibrations of
light atoms. Therefore, we state that, when light atoms are
placed in the high temperature re gion, the transfer of energy
from transverse vibrations to longitudinal vibrations is more
efficient than for warmed-up heavy atoms. In order to check
that model, we define—in addition to the parameter Ri—a
‘spectral’ rectification factor Ry;:

H—L L—H
— Py - Fz

R
Plz_ﬁH

. % 100 (in %), (2)

In analogy to equation (1) H — L refers to a heat flow
from the high-mass end to the low-mass end, and vice versa
for L = H. The projection of the power spectrum in the
longitudinal direction Pz is computed using

_ [ Gzlew) dew

Fz=".
2T [ Glw) do

(3)

where Gzlew) is the z projection of the Fourier transform of
the mass-wei ghted Cartesian velocity auto-correlation function
Glen):

e N
1 i 5 5
Gilw) = — f dre*”’ E m v (1v;(0) ). (4)

\/Err e

=1

The symbol v;(t) abbreviates the velocity of atom j at
time t, while e d-enotes the vibrational wavenumber. The
integration in equation (4) was carried out over the whole
spectrum. F_ appears to be the fraction of the total power
spectrum related to longitudinal atomic moves. Thus P; is
expected to quantify the transfer of the total vibrational energy
to the longitudinal direction when the system is set into a
temperature gradient. Other quantities based on the relaxation
of correlation functions for transverse and longitudinal atomic
moves under non-equilibrium conditions may similarly map
this energy transfer. They will be considered in a forthcoming

paper [12].
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3. Computational conditions

All MD simulations have been performed with the YASP
package [13, 14] using periodic boundary conditions. This
implies that the end regions of the systems are connected.
Unless specified otherwise, all simulations have been
performed at constant vo lume and temperature. The Berendsen
thermostat [15] has been used to maintain a constant
temperature. The chosen coupling time of 1 ps has been
sufficient to keep the measured mean temperature within 2 K
of the target temperature. A time step of | fs has been
employed. In order to build up a steady heat flux in the system,
a velocity exchange in the RNEMD approach has always been
pertormed after 300 time steps (i.e. 0.3 ps) while temperature
profiles have been recorded for time intervals covering 301
steps. [t has been checked that the temperature gradient was
linear when adopting this exchange period. Non-equilibrium
simulations required typically 6 ns. The last nanosecond has
been used for the data production. To check the stability of
the RNEMD data we have extended the simulation time to
values larger than 10 ns. These test calculations have shown
that 5 ns was sufficient to derive stable results, irrespective
of the masses employed
simplifications adopted in the present model simulations. But
neither the rather short chain length nor the underestimation
of anharmonicities have an influence on the general trends
derived. When enhancing the length of the nanotubes or
allowing for additional anharmonic couplings, we observed
rectification effects that are somewhat more pronounced.

We are aware of the different

4. Microscopic model for thermal rectification

To simplify the analysis of the thermal rectification let us—
for a moment—come back to the thermal conductivity in
nanotube models. In figure 2 we have displayed A and the
thermal rectification factor R, of nanotubes with different
chiral indices. The average temperature in the simulations
amounts to 300 K. The chiral indice s considered are (5, 5), (7,
7y, (10, 10y, (15, 15) and (20, 20). They refer to tube diameters
of 0.677, 0948, 1.354, 2,031 and 2708 nm, respectively.
We have chosen lengths of 30, 50 and 80 nm for the mass
gradient, which implies simulation box lengths of 70, 120 and
200 nm. In figure 2(a) we present the variation of the thermal
conductivity in the nanotube systems with respect to the tube
diameter for a heat flow from the light end to the heavy end
and vice versa. It can be seen that the thermal conductivity
is larger when heat flows from the light end of the tubes to
the heavy end. This behavior differs from the mass-graded
FPU-based findings of Li and co-workers [4] in perfect 1D
chains. These authors have found that the heat flux from heavy
to light atoms exceeds the flux in the reverse direction. In the
mass-graded anharmonic FPU chain one has the situation that
heating the heavy mass end yields a more efficient excitation
of low-frequency modes contributing to heat conduction. Our
simulation results for the nanotubes in figure 2{a) show that
this reasoning cannot be applied to the guasi-1D tube systems.
In a previous work Li and co-workers [6] pointed out the
decisive role of anharmonic effects for thermal rectification.
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Figure 2. (a) Thermal conductivity & of (5, 5), (7, 7), (10, 10), (15, 15) and (20, 20) nanotubes (from left to right) with a mass gradient length
of 80nmand e = 5.76 gmol~! nm™' for a heat flow from the light part to the heavy one (upper curve) and vice versa (lower curve).

(b) Diameter dependence of the thermal rectification &, for the same nanotubes as considered in the left diagram with a mass gradient length
of 30, 50 and 80 nm. The lines in all diagrams serve as guides for the eyes. The error bars in the simulations are less than the dimension of the

adopted symbols.

Anharmonic—or more generally coupling—mechanisms are
of different origin in perfect one-dimensional and cylindrical
structures. Indeed, in tubes coupling can arise from transverse
vibrational displacements while such modes are absent in a
linear arrangement. The validity of this assumption will be
explained below. Macroscopically, the implications of this
difference in the degrees of freedom for rectification effects
are illustrated in figure 2(b). Here it is shown that the
thermal rectification factor R;innanotubes has anegative value
throughout. Before continuing with our theoretical model,
one should note that the magnitude of the rectification is
enhanced by tube diameter and tube length. This is visualized
in figure 2(b) where the R, numbers have been computed on
the basis of the A values plotted in figure 2(a).

MNow let us consider the *spectral’ rectification parameter
R, to render possible a microscopic explanation for the
findings summarized in figure 2. The variation of Ry as a
function of the tube diameter and tube length is reported in
figure 3. It must be noticed that R, has the same sign as R, and
that its variation follows the same trend as encountered for R,.
‘We believe that this one-to-one correspondence between K, and
R, validates our model. It shows that the transfer of vibrational
energy from transverse atomic motions to longitudinal ones
plays a crucial role for thermal rectification. Moreover, it
has to be compared to the mass-graded FPU chain where the
introduction of the anharmonic term in the potential energy
renders possible thermal rectification [4]. Inthe case of a mass-
graded nanotube, the possibility of transverse atomic motions
and their coupling to longitudinal moves plays the same role.
However, in a monoatomic 1D chain, the heat transfer is
dictated by the fact that a warm heavy atom can excite a li ghter
atom more efficiently than a warm light atom can excite a
heavier atom.
positive.
shows an opposite trend. This follows from the fact that the
enhanced anharmonicities of light atoms can be transmitted

As a consequence, the rectification factor is
In a nanotube arrangement the thermal rectification

more easily via the transverse—longitudinal coupling.

00 — T T T T T T T T T

3
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08 | E
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]
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Figure 3. Spectral rectification factor R caleulated from

equation (2) for (7, 7), (10, 10) and (15, 15) nanotubes (from left to
right) with a mass gradient length of 80 nm and

a =576 gmol™! nm~",

When increasing the tube diameter. the number of
transverse modesis enhanced. Following the model described
above, we can anticipate that the energy transfer to the
longitudinal tube direction will be enhanced accordingly. Since
a mass-graded tube exhibits a higher heat flow from the low-
mass end to the hi gh-mass end, we expect that an enlargement
of the tube diameter renders possible an increase in the
magnitude of the thermal rectification factor K, Thisisexactly
what is observed inthe RNEMD results reportedin figure 2(b),
where K isincreasing inabsolute value when the tube diameter
is enhanced.

Due to the construction of our samples, the number
of lightest atoms remains constant when the tube length is
increased while the number and the mass of heavier atoms
are increased. Thus the energy demand for the atoms to feel
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Figure 4. Thermal rectification as a function of the mass gradient o
for (20, 20) and (5, 5) nanotubes with a length of 50 nm for the mass
gradient at an averaged temperature of 300 K.

the anisotropy of the local potential is higher for the heavy
particles than for the light ones. Therefore, the anharmonic
character of the lattice is enhanced when the higher thermal
energy is experienced by the light atoms. As a matter of fact
the magnitude of the thermalrectification is increased when the
tube is longer. Thisisshown in figure 2(b).

In addition to the influence of the diameter and length
of the nanotubes on the magnitude of R, the slope of the
mass gradient o plays a significant role, too. Again we have
analy zed the heat flow from the heavy-mass part to the low-
mass one and vice versa for (5, 5) and (20, 20) nanotubes with a
length of 50 nm at an average temperature of 300 K. We found
that both thermal conductivities Ay_ and &, .y decrease with
increasing mass difference between bonded atoms. It is well
known that the energy transfer is maximized for atoms of
identical mass. One should also remark that a similar behavior

2| (a) |

24}

thermal conductivity 2 (W m™ K)
b

22 .
21f J
20 J
19 | 4
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temperature (K)
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would exist in monoatomic 1D chains since the energy transfer
is reduced by anincreasing mass difference along the system’s
main axis. However, in the case of the nanotubes studied
here, the splitting between the two thermal conductivities is
almost constant for all @ parameters chosen. As explained
previously A; .y is always higher than Ay_,; . Figure 4 shows
that the thermal rectification factor is negative and increases
in magnitude when the mass gradient increases. Indeed, we
found that, due to the diameter effect described, the difference
between Ap_.p and Ay _.p is larger for the larger tube diameter,
i.e. for the (20, 20) nanotube.

Next we consider the influence of the temperature on
the two directions of the heat transfer and on the thermal
rectification. The temperature dependence of the calculated
thermal conductivities and thermal rectification factors is given
in figures 5(a) and (b). The splitting between the two curves
Ap—p and A; _y is reduced when increasing the temperature.
The final result is an attenuation of rectification effects. At
higher temperatures it becomes irrelevant whether the energy
for the heat conduction is stored in the high- or low-mass
region of the nanotube. This effect seems to overcompensate
the influence of anharmonicities in the potential, which should
be stronger at high temperature s.

5. Conclusions

In the present paper we have explained the microscopic origin
for the thermal rectification in mass-graded nanotube systems
by performing reverse non-equilibrium molecular dynamics
simulations. We have observed a more efficient heat current
(i.e. higher thermal conductivity ) in nanotubes when heat flows
from the low-mass to the high-mass region. The opposite
behavior has been found in mass-graded 1D chains. We have
emphasized that the thermal conductivity in quasi- 1D networks
such as nanotubes and perfect 1D chains is controlled by
different influence parameters. Only in nanotubes can we
have a transfer of the vibrational energy to the longitudinal

of () J
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Figure 5. (a) Temperature dependence of the thermal conductivity & for a heat flow from heavy to light atoms and vice versa in a (10, 10)
nanotube with a length of 50 nm and a mass gradient & of 5.76 g mol™' nm~". (b) Temperature dependence of the thermal rectification in the

(10, 10y nanotube given under (a).
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axis under the influence of anharmonic effects perpendicular
to this direction. Such an energy transfer is absent in single-
file chains. At least in connection with thermal conductivities
and rectification we have to conclude that nanotubes cannot
serve as model structures to study the physical peculiarities
of 1D systems. Such an exclusion also holds for electronic
properties [ 16, 17]. The influence of the tube length, diameter,
mass gradient and temperature on the thermal rectification in
mass-graded nanotubes has been quantified. The rectification
factor R, is positively correlated with the length, the diameter
and the mass gradient while it is negatively correlated with the
temperature.

We are convinced that the model systems studied are
helptful in understanding thermal rectification effects in real
sy stems where a mass gradient can be generated via impurity
doping or isotopic substitution. It is well known that an
enrichment of i sotopes in a natural matrix leads to a si gnificant

reduction of A This has been verified in a number of

experimental studies [18-21]. For a random distribution of
isotopes, rectification effects do not occur. But when going
to a spatially ordered (i.e. localized) arrangement of added
isotopes or impurities, thermal rectification is expected. The
enrichment of isotopes at one side of a glass or ceramic
material might lead to a more efficient energy balance.
With this prediction let us go back to the first experimental
observation of thermal rectification [1]. It is our hope
that the present theoretical findings provide an explanation
for the measured thermal rectification in externally mass-
loaded nanotubes. Rectification in these materials arises
from enhanced amplitudes of transverse modes due to their
interaction with the external particles.
represents the source of an asymmetric energy transfer
necessary to observe thermal rectification in such a material.
The sign of the rectification factor is a direct effect of the
cylindrical arrangement. More generally, the understanding of
vibrations in a nanotube as we have described here, may be of
interest for any system with a coupling between the vibrational
modes of the tube and the vibrational modes of the species

This mechanism

adsorbed either on the internal or the external surface.
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4. THERMAL RECTIFICATION IN NANOSIZED MODEL SYSTEMS

Thermal rectification in nanosized model systems: A
molecular dynamics approach
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Eduard-Zintl-Institut fiir Anorganische und Physikalische Chemie,
Technische Universitat Darmstadt, Petersenstrasse 20, D-64287 Darmstadt, Germany
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The thermal conductivity in a set of mass-graded nanosized model systems has
been studied by non-equilibrium molecular dynamics (MD) simulations in
order to understand the phenomenon of thermal rectification which has been
detected in externally mass-loaded nanotubes. We have found that the
preferred direction of the heat transport in mass-graded nanotubes occurs
from light to heavy atoms while the opposite direction of the heat transfer is
observed in anharmonic mass-graded single-file chains. Mass-graded
polyacetylene-like chains behave like single-file chains as long as the mass
gradient is hold by the backbone atoms. The thermal rectification in nanotubes
with a gradient in the bond force constant (k) has been studied, too. They are
characterized by a preferred heat transfer from the region with large k; to the
domain with small k.. Thermal rectification has been studied also in planar and
3D mass-graded systems where the heat flow followed a preferred direction
similar to that observed in nanotubes. Additionally, a more realistic system has
been implemented. Here a different number of carbon nanotubes have been
grafted on both sides of a graphene sheet. We have found that the transfer of
the vibrational energy as well as the generation of low-energy modes at atoms
with large masses is responsible for the sign of the thermal rectification. Its
origin has been rationalized with the help of (projected) vibrational density of
states. On the basis of the present MD simulations we suggest a possible design
of materials showing a strong preference for the heat transfer into one

direction.
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4.1. Introduction

Rectification is a transport process that is faster in one direction than in the opposite. This
phenomenon is known since many decades for the current of charges; diodes are electric
rectifiers. The first experimental articles on thermal rectification (Ry), i.e. the non-equivalence of
the heat transport in two opposite directions, however, have been published in the seventies.
This phenomenon has been found in metal-metal and dielectric-dielectric systems.12 For a
current review on solid-state thermal rectification in bulk materials we refer to 3. The recent
detection of thermal rectification in externally mass-loaded carbon and boron nitride
nanotubes* has lead to a breakthrough in nanoscience that initiated also new experimental
activities on bulk materials such as transition metal oxides.> To come back to nanosized
materials, the rectification effects observed here have lead to an increasing interest in the
physical properties of carbon nanotubes (CNTs).6- Li and coworkers have shown in a number of
theoretical studies that the origin of a different heat conduction in opposite directions depends
on the type of the system studied.3 10-12 A geometric anisotropy, e.g., can be built by a conic
fragment in a tube with otherwise constant diameter. Very recently such a geometric anisotropy
has been studied theoretically for asymmetric graphene ribbons.!3. 14 The implementation of an
impurity gradient can establish a mass anisotropy. Another possibility to generate thermal
rectification is the insertion of external masses at the boundaries of a low-dimensional system.
Such a setup has been used in Ref. 4. The above factors are either responsible for an anisotropy
in the static potential energy surface (PES) or in the kinetic energy part leading to a PES
anisotropy in a dynamic description.’s Modifications in the local vibrational modes yield the
necessary anisotropy for the heat conduction.

In recent molecular dynamics (MD) simulations,'¢ the present authors have analyzed the
thermal conductivity (1) as well as the thermal conductance (o) of CNTs as a function of the
chain length (I), diameter (d) and temperature (7). This research has lead to our first contact
with thermal rectification in externally mass-loaded CNTs and nanotubes with a mass gradient
(@).17 We have found that the signs of R;,

R, =Mx100, (in %) (1)
L—>H
of mass-graded nanotubes and mass-graded one-dimensional (1D) single-file chains differ.

Ay, symbolizes the thermal conductivity from heavy to light atoms; vice versa for 4, .

Modified definitions of thermal rectification for the mapping of other physical situations will be
given in the next section. The predicted preferred heat transport in single-file chains occurs from
atoms with heavy masses to light particles leading to R > 0.1° The negative sign of R calculated
for nanotubes indicates that the energy transport is here more efficient when placing the light

atoms at higher temperatures. In the present manuscript we have adopted an R; definition
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where the number of the degrees of freedom in the high and low T reservoir is identical. R # 0 is
then caused by different efficiencies of the degrees of freedom for the transport of energy.

Differences in the physical properties of a hypothetical 1D single-file chain and nanotube
models or any other quasi 1D system raise a general question. It concerns the transferability of
physical concepts derived for 1D single-file chains to quasi 1D systems that are experimentally
feasible. In a brief report!” we have explained why mass-graded quasi 1D nanotubes cannot
serve as a model system for perfect 1D single-file chains at least in connection with heat
transport processes. The influence of anharmonicities in the potential, which are a possible
prerequisite for thermal rectification, is different in mass-graded single-file chains and quasi 1D
systems.

The different signs of R: in hypothetical 1D single-file chains and quasi 1D networks such as
CNTs are not unexpected. Theoretical articles emphasizing the physical peculiarities of
hypothetical 1D systems have been published over many decades. More than eighty years ago
Jordan and Wigner!8 have shown that the electronic quantum statistics in single-file chains is
essentially arbitrary. It differs from the conventional fermionic statistics of electronic systems
that are more than one-dimensional. The topology dependence of this statistics has been
analyzed by one of the present authors.1% 20 Lieb and Wu?! have demonstrated the absence ofa T
gradient in the interior of single-file chains when adopting the harmonic approximation.
Deviations from this behavior have been found in the framework of the Fermi-Pasta-Ulam (FPU)
potential,22 where the harmonic terms are supplemented by fourth-order coupling elements.10
Another peculiarity of perfect 1D systems has been reported by W. Kohn in the fifties.23
Manifestations of the so-called Kohn anomaly, i.e. a characteristic mode softening at half band-
filling, on the electrical conductivity have been commented on in Refs. 24, 25. To sum up: in
theoretical articles published over many decades, it has been demonstrated that the physics of
single-file chains differs not only from the physics of two- (three-) dimensional materials but
also from the one established in many quasi 1D systems experimentally accessible. Possible one-
to-one correlations between the properties of hypothetical single-file chains and quasi 1D
materials have become a challenging field of chemical physics.

In the present MD study we analyze the correlation between the dimension of a system and the
sign or magnitude of the thermal rectification. As one class of model compounds we have chosen
nanotubes. In the past years it has been accepted quite generally that nanotubes are suitable
models to map the physical peculiarities of 1D systems.6-9 But already in our recent article!” we
have shown that this direct correlation cannot be justified when comparing the R; parameters of
mass-graded nanotubes and 1D single-file chains. In the present contribution our recent findings
will be extended into several directions. We have considered a larger collection of nanosized
systems. In addition to quasi 1D nanotubes we have studied quasi 1D chains with a

polyacetylene-like structure as well as some 2D and 3D networks. Please note that each atom in
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the present MD simulation has three spatial degrees of freedom (i.e. Cartesian x, y, z
coordinates) irrespective of the actual dimension of the nanosystem. The anisotropy in most of
the present model systems is kinetic energy driven as it has been generated via a mass-gradient
a. For a (10,10) nanotube model we have generated a PES anisotropy via changes in the force
constant under conservation of the masses. Thermal rectification under 2D conditions has been
modeled for a graphene sheet with a mass-gradient. Crystalline and amorphous Lennard-Jones
(L]) solids have been employed to study 3D networks. As a final example we have chosen (6,6)
nanotubes in contact with a graphene interlayer that differ in the number of CNT chains on both
sides of the interlayer; see Fig. 1. On one side we have four (6,6) CNTs, on the other only a single
one. In the CNT-graphene system displayed in Fig. 1 neither the particle masses nor the force
constants have been modified. Here the PES anisotropy is of pure topological origin. The systems
mentioned show that we have chosen idealized models to identify key parameters for thermal
rectification. Despite this simplification, our general conclusions should be transferable to real
systems.

For the determination of thermal conductivities, which are a prerequisite to calculate the R;
parameters, see Eq. (1), we have adopted MD simulations of the reverse non-equilibrium
(RNEMD)z26. 27 and dual thermostat (DTMD) [28] type. Both techniques have been used
successfully in our group to derive the thermal conductivities of polymers, L] fluids or molecular
liquids.29-33 The two methods are part of the MD program YASP which has been adopted as
computational tool.34 In Ref. 11 we have suggested that the sign of R: in mass-graded nanotubes
can be explained by a transfer of vibrational energy under the influence of anharmonicities from
transverse to longitudinal modes. This transfer mechanism is more efficient when placing the
light atoms at higher temperatures. Some sparse theoretical studies of mode-coupling to explain

heat conduction have been reported in the past decade.35.36

Figure 1. Schematic picture of a (6,6) carbon nanotube rectifier where four nanotubes (rhs.) and a single

chain (lhs.) are separated by a graphene interlayer.
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We have used the Fourier-transform of the mass-weighted Cartesian velocity auto-correlation
function to explain this mechanism. Up to now it seems to be not possible to make a priori
predictions on the preferred direction of the heat flow. Central aim of the present article is the
identification of key quantities controlling the transfer of energy in nanosized systems. On the
basis of our findings we formulate some general rules on the preferred direction of the energy

flow.

4.2. Theoretical tools

As mentioned in the introduction we have employed two MD techniques to derive the thermal
conductivity and thus the thermal rectification of nanosized systems. Most of the simulation
results have been determined by the reverse non-equilibrium MD method.26 27 Only for the CNT-
graphene system of Fig. 1 we have adopted the dual-thermostat technique.?® To calculate the
thermal conductivity, we have assumed the validity of the Fourier law with its linear T profile.

Thus we have related A to the heat flux j, into the direction of the T gradient, here the z direction,

and to the inverse of the temperature gradient <dT/ dz> .
A=—j, dT/dz) 2)

Many years ago it has been verified theoretically?! that such a linear T profile does not exist in
perfect 1D single-file chains when using the harmonic approximation. This restriction, however,
does not occur in the studied nanosized systems with their anharmonicities. They are an
outcome of the coupling between the harmonic potential terms employed in our MD approach.3”
The implication of anharmonic terms on the thermal conductivity of polymeric glasses has been
analyzed in very recent study.38 Later we come back to the role of vibrational couplings; see also
the remarks in the introduction. The validity of the Fourier law in quasi 1D systems has been
discussed critically both in experimental and theoretical articles.3% 40 Even if a linear T gradient
does not exist at the chain ends, it occurs in the central part of these systems. The heat flow in
the present work has been calculated only in this linear regime; again we refer to 16. Here a
more detailed discussion of the shape of the temperature profile in nanotube models set intoa T
gradient has been given. As they are not important for the aim of the present analysis - and to
save the space of the journal - such T profiles have not been commented on in the article at
hand. To reemphasize; the R: numbers discussed bellow have been determined for spatial
domains where a linear response is strictly valid.

As both the RNEMD and DTMD techniques have been described in the literature, 26-28 it suffices
to review the basic facts. Advantages and disadvantages as well as the error bars of the methods
have been described in a number of articles.26-33 The heat flux j, in the RNEMD method is the

outcome of an artificial exchange of particle velocities in different regions. For this purpose, the
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system is partitioned along the z direction into equidistant slabs. One terminal slab is defined as
the “hot slab”, another one as the “cold slab”. At certain time intervals the velocities of the
coldest particles in the hot slab and the hottest particles in the cold one are exchanged. These
swapping processes require identical masses of the respective particles. This however implies
that the overall z dimension of the simulation cell for systems with a mass-gradient is twice the
dimension of the region characterized by a T gradient; again we refer to recent articles on the
RNEMD method.26.27 By repeating these exchange processes periodically, we can derive the heat
flux j, which offers an access to the thermal conductivity 4 via Eq. (2) in the steady state.

In analogy to the RNEMD method, we have two reference regions, the hot and cold one, in the
DTMD technique.28 They are locally coupled to Berendsen thermostats.4! The temperatures in
the two reference slabs are kept constant. After equilibration of the system, a linear T profile is
formed in the intervening region. Parallel to the DTMD method we have adopted Eq. (2) to
derive A. As mentioned above, the DTMD simulations have been restricted to the CNT system
portrayed in Fig. 1. To have a measure for the thermal rectification in this species, a modification
of Eq. (1) has been necessary. The parameter R in Eq. (3) guarantees that - at least technically
- the same number of degrees of freedom on both sides of the graphene sheet has been taken
into account. Due a drop in the temperature at the graphene interlayer, it is necessary to restrict
the balance region for the heat transfer to the CNTs.

4
R =221 o4 0100, (in %) 3)

J154

Ja; symbolizes the heat flux in the right CNT fragment with four chains towards the single
chain unit on the lhs. under exclusion of the interlayer; vice versa for j,_,,.

It remains to define a thermal rectification parameter for the RNEMD simulations on the
(10,10) nanotube with a constant carbon mass (12 gmol-l). Here we have generated a PES
anisotropy by gradually changing the bond force constant k. between bonded carbons. The Ry

formula used

A, —A
R, =—22L"125 %100, (in %) (4)

I—>s

is a straightforward generalization of Eq. (1). A, ,, abbreviates the thermal conductivity from

the region with small bond force constants to the domain with large ones; vice versa for 4, , .

After having introduced the two MD techniques employed and the parameters describing
thermal rectification, we now define the quantities chosen to explain its origin in the presence
(absence) of a mass-gradient. For some nanotube systems we have calculated the power and
projected power spectra by adopting the Fourier transform of the mass-weighted Cartesian

velocity auto-correlation function. In the harmonic approximation these spectra map the density
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of vibrational states.*2 Let us make the hypothesis that thermal rectification in mass-graded
nanotubes is the outcome of an energy transfer from transversal to longitudinal modes. This
coupling leads to an enhanced vibrational density of states (DOS) into the longitudinal direction,
i.e. into the direction of the T gradient. For recent approaches based on mode-coupling we refer
to the literature.35 36 The coupling mechanism is more efficient when placing the light particles
at high temperatures. The decisive role of the overlap of the vibrational spectra in the hot and
cold spatial domains for thermal rectification had been mentioned already by Li et al..10

To explain the physical origin for the direction of the thermal rectification we define - in
addition to the quantities R, R:¥, and Ry - a spectral rectification parameter R, by using

(projected) power spectra.

_ P(Z)H—>L _P(Z)L—)H x 500
, = PG, 100 (in %) (5)

The indices H — L, L — H have the same meaning as in Eq. (1), i.e. they indicate the

direction of the heat flow in a system with a mass gradient. P(z) stands for the projection
of the vibrational spectrum onto the longitudinal z direction. It is defined as
[G,(@)de

P(z)= 6
D= oo (6)

with G.(®) abbreviating the z-projection of the Fourier transform of the mass-weighted

Cartesian velocity auto-correlation function G().

G(w) = ﬁjdte"‘” <Z mv, (0, (0)> (7)

mj stands for the mass of the jth particle and vj(t) for its velocity at time t. @ symbolizes
the vibrational wave number. The Fourier transform in Eq. (7) covers the whole
vibrational spectrum. The physical information carried by P(z) can be explained as
follows. As P(z) represents the fraction of the total power spectrum confined to
longitudinal modes, it quantifies the transfer of the total vibrational energy to this
direction when the system is set into a T gradient.

At the end of this section we want to clarify the validity and limitations of the present
MD simulations. i.) The YASP force field,3* see next section, contains - with one
exception - only harmonic potential parameters for the bond lengths, angles and
torsions. Thus we have to ask whether we can use such a potential to study a physical
phenomenon that is caused by anharmonicities? Yes we can: any coupling of harmonic
potential parameters causes a certain degree of anharmonicity.37.38 We are aware of the

fact that anharmonicities are underestimated by the force field employed. Nevertheless
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they are sufficient to explain thermal rectification. ii.) We have mentioned above that we
have used mass-dependent particle vibrations to predict the general direction of
thermal rectification. iii.) Let us dwell on the neglect of quantum effects in the present
classical MD study. At the temperatures chosen, quantum effects are not decisive as they
merely lead to a constant shift of all thermal conductivities.*3 44 iv.) To avoid a
prohibitive computer time demand for the MD runs, we have chosen lengths of the
simulation cells that are shorter than the dimensions in the micrometer range realized
in experimental studies.*>-50 The length dependence of A4 and o has been studied in the
recent articles.16 51 On the basis of these results our length restriction can be justified in

a study intended to explain general trends.

4.3. Computational details

In the introduction we have already emphasized the model character of many systems
adopted in the present theoretical contribution. All particles in the “carbon-like” mass-
graded networks interact via a common force-field, i.e. neither the harmonic force
constants nor the geometrical parameters depend on the particle mass. A (10,10)
nanotube model is an exception; it has been studied as a function of the bond force
constant k. All other force constants and the respective carbon masses have been kept
fixed in this series of simulations. The only model, where we have chosen force
constants and geometrical parameters that depend on the topology of the atoms is the
1D chain with a polyacetylene-like arrangement where the “effective” carbons are
saturated by “effective” hydrogens; see Fig. 2. Note that the periodic boundary
conditions employed lead to a CyHn system and not to a CyHns+2 one as encountered for a
system with a finite length. The descriptor “effective” symbolizes that we have chosen
force constants and atomic increments for the bond length that are characteristic for
carbon (hydrogen), even if we have modified the respective masses to introduce an
anisotropy in the kinetic energy.

Although the intramolecular force field for all effective carbon systems has been
optimized for CNTs, we have used the same parameters for all other carbon-like
materials. This choice allowed us to restrict our analysis to the topological influence on
rectification. In our study they appear decoupled from possible modifications of the

potential energy surface due to chemical bonding.
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With exception of the polyacetylene model all quasi-1D and 2D systems studied are

described by three harmonic force constants &, =392460 kJmol-'nm-, k, =527 kJmol
Irad? and k; =167 kJmol-rad-? for the bond stretching, angle bending and the dihedral

behavior. The associated geometrical parameters at the PES minimum amount to
7, =0.1418 nm, 6, =120.0"and &, = 0.0".52-5¢ The force field and geometrical parameters

for the polyacetylene-like chains can be found in Table 1; the data have been taken from
Ref. 55. V(7) maps the torsional behavior of the potential; k. is the corresponding force
constant. In contrast to the dihedral term for the other networks V(7) is not defined by a
quadratic term. For the MD simulations of the crystalline and amorphous 3D L] solids we
have adopted & =1.197 kJjmol! and o = 0.335nm. These parameters have been

developed for Ar.56

Table 1. Force field parameters and equilibrium values for the geometry of polyacetylene.”

V(r) = (k. 12)(r - ro)

bond distance/nm k,/ kJmol 'nm™
c-C 0.1446 328668.02
Cc=C 0.1346 549398.71
C-H 0.108 0 200000.00
() = (ko/2)(0-0,)’
bond angle 0 /deg kg kJmol 'rad™
Cc-C=C 12530 1198.36
H-C-C 116.29 505.89
H-C=C 118.41 505.89
V(1) = (k./2)[1 - cos 3(7-70)]
dihedral angle 7o/deg k./ kJmol rad™
Cc-C-CC 180.0 562.0

We have used the program system YASP34 for all MD simulations. It employs the
leapfrog algorithm>7 and orthorhombic cyclic boundary conditions. They have been used
for all systems irrespective of their formal dimension. Unless mentioned explicitly, the
MD runs have been performed for a constant volume and temperature. Constant
temperatures have been guaranteed by the Berendsen thermostat*! with a coupling time
of 1 ps. This choice rendered possible the generation of a measured mean temperature
which fluctuates by less than 5 K around the target temperature. The sufficient accuracy
of the thermostat has been verified in a number of test simulations. In the majority of

simulations we have chosen a target temperature of 300 K. In the 3D Lennard-Jones
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solid, T has been reduced to 30 K. The time-step in the MD simulations amount to 1 fs.
The non-bonded interactions, when necessary, have been determined with the help of a
Verlet neighbor list which has been updated every 15 time steps. We have chosen a
cutoff radius of 1.0 nm. The neighbor list cutoff exceeds this value by 0.1 nm. The
particle exchange in the RNEMD simulations takes place every 300 time step (0.3 ps).
The temperature profiles have been sampled every 301 time steps. Whenever adopting
this exchange period, the presence of a linear temperature gradient has been checked. A
non-equilibrium simulation typically covered 6 ns. The last 2000 ps of this interval have
been selected for the data production. In additional test simulations over 10 ns we have
shown that 6 ns is sufficient to guarantee steady state simulation results. This is valid for
all masses and systems studied. The error bars displayed in the different diagrams
always refer to the maximum value. They refer to the standard deviation of the

simulations.

4.4. Calculated thermal rectification parameters
4.4.1. Mass-graded nanotubes

We start the presentation of calculated thermal rectification parameters with mass-graded
nanotubes of different chiral indices and tube lengths (I). The data have been derived by RNEMD
simulations which require an effective length parameter that exceeds the length of the domain
with the T gradient by a factor of 2; see Fig. 2 for a schematic representation. The mass-graded
nanotubes are generated by gradually enhancing the atomic mass along the tube axis (z). The
first atoms in the nanotubes have a mass of 12 gmol-l. We end with atomic masses of several

hundreds. The constant mass-gradient & = Am(z)/ Az (in gmol-'nm-1) in the simulations spans

arange from 1.76 to 13.76. The two combinations of the mass and temperature profile analyzed
have been symbolized in Fig. 2. In this diagram we show a (10,10) nanotube as well as a
polyacetylene-like chain as representative examples. The “polyacetylene” results will be
discussed in Sec. 4.4.4. In one series of simulations we have placed the heavy particles at the
ends of the simulation box at high temperatures while the light central masses occurred in the
cold region. In the second series of RNEMD simulations the reverse combination of masses and
temperatures has been studied. The symmetric mass distribution in Fig. 2 is dictated by a
characteristic feature of the RNEMD technique. Note that it restricts velocity exchanges to

particles of identical mass.26:27
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i) hot cold hot
ii.) cold hot cold

Figure 2. (a) Schematic representation of the mass profile in the axial (z) direction of a (a) (10,10)
nanotube and (b) for a polyacetylene-like topology. The chain atoms in b refer to effective carbons, the
outer ones to effective hydrogens. The bigger circles represent heavier atoms. In the top of the diagram we
show the two temperature profiles considered. i.) The heavy particles in both terminal regions are placed
at high temperatures, the central light particles are located in the cold region. ii.) In the second T profile

the heavy particles are located in the cold terminal region while the light central particles are hot.

The thermal rectification in nanotubes depends on a number of factors.16. 17 In Fig. 3 we have
plotted R: of nanotubes with chiral indices (5,5), (7,7), (10,10), (15,15) and (20,20) as a function
of the tube diameter (d) for an average temperature of 300 K. The four curves refer to a length of
30, 50, 70 and 90 nm for the region with a mass gradient. In the whole simulation series we have
adopted a = 5.76 gmol-lnm-1. The negative sign of R; in Fig. 3 indicates that the preferred heat
transport proceeds from the light to the heavy particles. The splitting between the four curves is
enhanced with increasing tube diameter. Elongation of the tube length shifts R to larger
negative values. For the two shorter chains we predict an enlargement of R when going from the
(5,5) to the (7,7) chain. This peak in the R curve is suppressed with an increasing length of the
mass-graded region. Note that the splitting between the peak in the (7,7) system and the (5,5),
(10,10) neighbors exceeds the error bars of the RNEMD approach.

In the next series of RNEMD calculations we have studied the thermal rectification R; in a
(10,10) nanotube as a function of the mass gradient « for an effective length of 30, 50, 70 and 90
nm. The computational results have been displayed in Fig. 4. With increasing « the parameter R,
becomes more negative. In analogy to the diameter dependence of R: in Fig. 3, an increasing
chain length causes an enhanced splitting between the curves. The thermal rectification for a
mass-graded length of 30 nm depends only weakly on «. Differences in the influence of d and «
on R; become evident when comparing Figs. 3 and 4. The parameter R; is a linear function of «
with a negative slope while we have observed R; maxima in Fig. 3 for the (7,7) nanotube as long

as the length of the mass gradient is small enough (< 70 nm).
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Figure 3. Diameter dependence of the thermal rectification R; in (5,5), (7,7), (10,10), (15,15) and (20,20)
nanotubes (from left to right) with a mass gradient length of 30, 50, 70 and 90 nm. The mass gradient «
adopted in this series of RNEMD simulations amounts to 5.76 gmol-'nm-t. The average temperature is 300
K. In all diagrams we have plotted only the maximum error bar; see comment at the end of Sec. 4.3 The

lines in all diagrams only serve as a guide for the eye.

thermal rectification R, (in %)

mass gradient « (g mol' nm™)

Figure 4. Thermal rectification R; in a (10,10) nanotube as a function of the mass gradient o. We have
considered the following lengths for the mass gradient area: 30, 50, 70 and 90 nm. The average

temperature is 300 K. The data could be fitted to a straight line.

The influence of the temperature on R has been plotted in Fig. 5. Thermal rectification in mass-
graded nanotubes is reduced with increasing T. The T = 200 K splitting between the (10,10),
(15,15) and (20,20) curves exceeds the curve splitting at 800 K by a factor larger than two. The
theoretical results in Fig. 5 can be interpreted as follows. Thermal rectification profits from
differences in the eigenfrequencies of the classical oscillators. With increasing T these

differences become smaller with respect to the thermal energy. Outcome of this frequency
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leveling is an attenuation of the thermal rectification if T is enlarged. This implies that a large
selectivity for the direction of the heat transfer (i.e. large |R:|) requires low temperatures. Of
course we have to keep in mind that both the force field and the restriction to the classical limit
have an influence on the absolute numbers; the general trends, however, are conserved when

allowing parameter changes.
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Figure 5. Temperature dependence of the thermal rectification R: for (10,10), (15,15) and (20,20)

nanotubes with an effective length of 50 nm and a mass-gradient « of 5.76 gmol-'nm-1.

4.4.2. Nanotube simulations with a gradient in the bond force constant

Let us stay with nanotube models for a moment. The implementation of a mass gradient is not
the only way to induce thermal rectification. In the following we present RNEMD data for a
(10,10) nanotube with a gradient S = Ak, (z)/Az in the bond force constant k. under
conservation of a universal carbon mass of 12 gmol-l. In contrast to the implementation of a
mass gradient with its kinetic energy modification this setup yields an anisotropy in the
potential energy. The two extremal £ values are 1666.7 and 6666.7 kjmol-'nm-3. The mean value
for the bond force constant in all (10,10) chains amounts to 400000 kjmol-'nm-2 which is very
close to k- adopted in the simulations of mass-graded chains. The minimum and maximum
values of k- amount to 200000 and 600000 kjmol-‘nm-2 for largest Svalue (i.e. 6666.7 kjmol-tnm-
3). The thermal rectification Ry for systems with a gradient in the force constant has been
defined in Eq. (4). Fig. 6 represents the S dependence of Ry for a (10,10) nanotube with an
effective length of 60 nm. The simulations have been performed for an average temperature of
300 K. We predict Ry < 0 for all g values which indicates that the heat current in this nanochain
model is more efficient from the region with large force constants to the lower k. region. This
trend has been expected when remembering that the energy of (harmonic) oscillators scales

with /k/u which u denoting the reduced mass. This formula is valid both in a classical and
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quantum description.>? To sum up; the local curvature of the PES is affected in the same
direction when decreasing the bond force constant or increasing the reduced mass. An enhanced
difference in the force constant k. at two neighboring atoms implies a higher thermal
rectification Ry. The reduced efficiency for the heat transport guarantees an enhanced

selectivity.

O\O

thermal rectification R, (in %)

I
1000 2000 3000 4000 5000 6000 7000 2000

gradient #in the radial force constant k_(kJ mol” nm™)

Figure 6. Thermal rectification parameter Ry in a (10,10) nanotube as a function of the gradient £in the
bond force constant k.. The RNEMD simulations have been performed for an effective chain length of 60

nm at 7=300 K.

4.4.3. Mass-graded 2D and 3D models

Let us leave the nanotube models for an analysis of the thermal rectification R; in 2D and 3D
systems with a mass gradient. Recent work on 2D networks can be found in Refs. 13, 14. We
begin with a graphene sheet of 12.76 nm width and an effective length of 50 nm. The chosen
width of graphene coincides almost perfectly with the circumference of a (30,30) nanotube. The
simulations summarized below have been performed for an average temperature of 300 K and a
mass-gradient « of 5.76 gmol-'nm-1. The chosen « leads to masses between 12 and 300 gmol-.
The thermal rectification for the 2D graphene system has the same (negative) sign as
determined in all mass-graded nanotubes. Nevertheless it is much smaller in magnitude (R; = -
3.7 %) than in the (30,30) nanotube (R: = -17.3 %) with the same "transversal” dimension. To
explain this difference we postulate that “transversal” vibrational coupling effects within a plane
are less strong than transversal couplings in a bend topology like in a tube. On the one hand this
coupling might find its origin in the non-zero transverse mean stress due to the tube curvature.
On the other hand, this behavior is well-known for quantum oscillators.58 Thus it seems that the
present classical data fit to the results of a quantum description.

To analyze thermal rectification R; under 3D conditions, we have chosen a Lennard-Jones solid

formed by 10000 particles in a simulation box of dimension 5x5x15 nm3. The length of the
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mass gradient in the z direction amounts to 6.3 nm. We have chosen o = 45.87 gmol-'nm-!
starting with an atomic mass of 12 and ending with 300 gmol-l. The 3D system has been
equilibrated at 500 K. In a sudden quenching the temperature has been reduced to 30 K to create
a glass. Before we have started the RNEMD simulations to derive R, we have performed a final
equilibration. The non-equilibrium run in the amorphous solid covered 1 ns. For the crystalline
solid this interval has been enlarged to 6 ns. In analogy to the mass-graded quasi 1D nanochains
and graphene, we predict a more efficient energy transfer when heat flows from the light-mass
to the heavy-mass region. For the amorphous L] solid we derive R; = -36.5 % which is reduced to
-28.0 % in the crystalline system. When assuming that the thermal rectification in all mass-
graded systems with a dimension higher than 1D is caused by transversal vibrational couplings,
it follows that this mechanism is more efficient in amorphous systems, i.e. in the absence of
geometrical constraints. The enhanced selectivity (i.e. large |R¢) in the amorphous system
correlates with the higher 4 in the crystalline material with its “undisturbed” vibrational modes

At the end of this section we shortly mention a possible application of the predicted mass
dependence of thermal rectification. Experimentally a mass gradient can be generated via
isotopic substitution. The implications of this process on the thermal conductivity have been
studied in a number of articles. For diamond, e.g., it has been verified that A can be reduced by
30% in samples, with a random distribution of an enhanced 13C concentration in the natural
matrix.>? Isotopically enriched polycrystalline diamond films have been analyzed in Ref. 60. The
isotope effect on A of silicon has been described in a conference proceeding.? More
experimental results can be found in articles on germanium single crystalséz 63 and on the
isotope effect on the thermal conductivity of boron nitride nanotubes.t* All these articles have
shown the sensitive correlation between 4 and randomly distributed isotopes. When going from
a random distribution of added isotopes to a spatially ordered mass-graded one, thermal
rectification is expected. The potential of thermal rectification for the energy efficiency of
buildings should become evident on the basis of our suggestion. Spatially ordered isotope
substitution in windows might lead to a reduction of the heat transfer from the heated inside to

outside.

4.4.4. Mass-graded polyacetylene-like models

In this sub-section we go back to systems with a transverse dimension smaller than in the
nanotube case. For this purpose we have chosen a mass-graded chain with a polyacetylene-like
topology; see Fig. 2. Four different mass distributions i.) to iv.) have been studied. In the first
series of simulations i.) the effective carbon mass has been changed linearly whereas we have
conserved the outer, i.e. hydrogen, mass which amounts to 1 gmol-l. The second simulation

series ii.) is characterized by a mass gradient at the outer effective hydrogens while we have

THERMAL RECTIFICATION IN NANOSIZED MODEL SYSTEMS

36



fixed the mass of the backbone (i.e. carbon) atoms to 12 gmol-. iii.) refers to the situation where
we have adopted the same mass gradient o at the inner chain and outer atoms; its slope is
identical. iv.) Finally we have simulated a chain with opposite directions for the mass
enhancement at the two types of atoms. We have adopted the same o = 20 gmol-! nm-! for both
atomic species. This value has been conserved in all simulations described in the present sub-
section. A length of 500 nm for the polyacetylene-like arrangement has been taken throughout.
Again we have chosen an average temperature of 300 K. The first series of simulations, i.e. mass-
graded inner atoms, has lead to R; = 44.6 %. The positive value indicates a more efficient heat
transfer in the direction from the heavy inner atoms to the light ones. This direction has been
expected. It coincides with the findings for the 1D single-file chain described by the FPU
potential.1® The sign of R; is dictated by the mass-graded inner part of the polyacetylene-like
model while the hydrogens with a constant mass do not support rectification effects. The chain
model with a constant C mass and mass-graded effective hydrogens ii.) reproduces the findings
for the mass-graded nanotubes. The negative sign of R, (-7.3 %) indicates the influence of mass-
dependent transverse couplings. The transverse vibrations arise from larger torques due to high
masses at the outer atoms of the chain. The energy transfer is stronger when having the light
effective hydrogens at higher temperatures. When going to model chain iii.) with the same
direction for the mass gradient at both types of atoms, we derive the same heat transfer as
encountered in a mass-graded nanotube chain (R; = -28.2 %). The enhancement of |R;| relative to
the simulations of type ii.) indicates that transverse coupling effects are stronger in the absence
of a large mismatch in the masses of the effective carbons and hydrogens. We refer to Ref. 65
where the implications of mass differences on the thermal conductivity have been analyzed. In
the last simulation series iv.) with opposite directions of the two mass-gradients we reproduce
again the rectification pattern in anharmonic single-file chains, i.e. R; is positive (35.4 %). Note
that we have chosen a R; definition for iv.) where R > 0 symbolizes a preferred heat transfer
from heavy carbons (light hydrogens) to light carbons (heavy hydrogens). Under consideration
of the simulations i.) and ii.) one probably might have expected an R; value for the last series iv.)
exceeding R; of model i.) with mass-graded carbons. The R; reduction from 44.6 % in i.) to 35.4 %
in iv.), however, reflects the suppression of coupling effects with increasing mass differences
within the effective C-H units; see again Ref. 65. To reemphasize: with the mass-graded
polyacetylene-like model chains it has been possible to reproduce either the direction of the
thermal rectification in 1D single-file chains (mass gradient in the central chain) or the negative
R: elements of quasi 1D nanotubes (mass gradient at the outer atoms). This possible switching in
the sign of R, gives quasi 1D systems a better ability of modeling thermal conductivities than the

FPU anharmonic single-file chain.
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4.4.5. Topological thermal rectification

At the end of this section we leave the analysis of idealized models and discuss the nanochain
system of Fig. 1. As we have used a uniform particle mass of 12 gmol! and the same force
constants within all units of the network, thermal rectification can be only of topological origin.
In section I we have given the prescription to define the rectification parameter R, see Eq. (3),
for this CNT-graphene interlayer material. Only this system has been studied by the DTMD
method.28 The temperatures of the hot and cold bath amount to 325 and 375 K. The T profiles for
the two directions of the heat transfer have been displayed in Fig. 7. In the CNT part we predict a
T profile that is more or less linear indicating the applicability of the Fourier law in these units.
In the diagram this has been verified via a linear least-square fit to the data points adopted. At
the graphene interlayer, however, we have a sudden drop of T. The large temperature jump at
the graphene sheet is a manifestation of a sizeable interfacial thermal resistance in the
connecting region between the nanotubes and the graphene layer. A physical interpretation of
this effect will be given in the next section in connection with our analysis of vibrational
polarization under the influence of mode-mode coupling. To continue with the phenomenon of
thermal rectification we derive a topological rectification parameter R@ of 30.3%. From the
definition of the thermal rectification in the present system R:{Z # 0 means that we have an
imbalance in the thermal resistance at the graphene layer for the two directions of the heat flow.
The layer-caused resistance is more important if the transferred energy is small (1—>4
direction). It is less decisive for the propagation of larger energy packages. For the heat flow
from the four nanotubes to a single one, the system might also benefit from interference of

waves exciting in the four channels.

T T T T T T T T T T T T T T

320 + 320 +

4—e1 transfer b X +—= 4 transfer
ong tube region one lube region
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—— linear fit — linear fit B
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temperature (K)
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Figure 7. Temperature profiles in the CNT-graphene system of Fig. 1 for the two different directions of the
heat transfer. On the lhs. we have shown the T profile for the heat transfer from four CNTs to a single one.
Vice versa for the diagram on the rhs. The slight left-right asymmetry follows from the fact that DTMD
simulations require an even number of slabs in the z direction. The straight lines have been determined

via a least-square fit.
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4.5. Analysis of the projected density of vibrational states - the spectral
rectification parameter R,

As a possible step towards a microscopical explanation for the thermal rectification in the
nanotube and polyacetylene-like models, we have calculated the spectral rectification parameter
R, defined in Eq. (5). Recent theoretical studies employing the coupling between modes into
different directions have been mentioned already in the introduction.3> 36 In Fig. 8 we have
plotted R, for the same nanotubes as considered in Fig. 3. We have chosen an effective chain
length of 50 nm and the same « as employed in the evaluation of R.. The comparison of the two
diagrams shows that the thermal rectification parameter R; and its spectral pendant R, are both
of negative sign. Note however that the latter is smaller in magnitude. The two |R,| numbers
become larger when enhancing the tube diameter. The local maximum of R; for the (7,7)
nanotube, however, is not reproduced by R,. Nevertheless we are convinced that the similarity of
the two plots supports our model that thermal rectification in mass-graded nanotubes is a
manifestation for a polarization of the vibrational energy from the transversal direction to
longitudinal one. R; (R, ) < 0 implies that this mechanism is more efficient when placing the light
atoms at higher T. It differs from thermal rectification in mass-graded single-file chains
described by the FPU modell® where transversal couplings are absent. Here the preferred
direction for the energy transport profits from the fact that the excitation of light atoms by heavy
ones is more efficient for a heat transfer from heavy to light atoms. The inequivalence between
both transfer paths yields R; > 0 in mass-graded single file-chains. The enhancement of |R:| (|R»|)
with increasing tube diameter in Figs. 3 and 8 simply shows that the predicted energy transfer
from transversal to longitudinal modes is intensified with an increasing number of atoms, i.e.
vibrational degrees of freedom. It is clear that the same argument is valid to explain the thermal
rectification in the mass-graded 2D (graphene-like sheet) and the 3D models (L] solids). Precise
statements on the saturation of R, as a function of d as well as the origin of the local maxima in
Fig. 3 would require additional (time-consuming) simulations.

Let us go to Fig. 9 where we have plotted R, of a (10,10) CNT with a constant atomic mass of 12
gmol-! as a function of the gradient £ in the bond force constant k.. In analogy to the R; diagram
in Fig. 6, the spectral rectification parameter R, is negative and in magnitude is an increasing
function of . A physical explanation for this behavior has been commented on already in Sec.

4.4.2.
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Figure 8. Spectral rectification parameter R, derived for (5,5), (7,7), (10,10) , (15,15) and (20,20)
nanotubes (from left to right) with a length of 50 nm for mass gradient and o= 5.76 gmol-'nm'. The

average temperature is 300 K. The error bar of the simulations is smaller than the dimension of the circle.
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Figure 9. Thermal rectification parameter R, in a (10,10) nanotube as a function of the gradient £in the

bond force constant k.. The simulations have been performed at an average temperature of 300 K.

At the end of this section let us analyze the spectral rectification R, for the simulations ii.) and
iv.) of the polyacetylene-like chain. Remember that we have derived R; < 0 for the model with a
mass gradient at the outer atoms (i.e. for ii.)) and R; > 0 in the case of iv.) with opposite mass
gradients at the two types of atoms. Also remember that R; > 0 for this example symbolizes that
the preferred heat transfer goes from the heavy chain atoms (light outer atoms) to the light
inner centers (heavy outer atoms). For both model studies, we have found that R; and the
spectral parameter R, are of the same sign. The polyacetylene-like model ii.) can be explained by
the same arguments as outlined for the mass-graded nanotubes. The energy transfer from

transversal to longitudinal modes is more efficient if the “transversal” neighbors are light. This
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mechanism is operative both for neighbors that differ from the reference atoms (i.e.
polyacetylene topology) and for identical neighbors (i.e. nanotubes). R; (R,) > 0 for the
simulation series iv.) shows that the direction of the thermal (spectral) rectification is controlled
by the mass-graded chain atoms and not by the outer ones. Again we refer to the published data
for the 1D single-file chain.10

On the basis of the theoretical results in this section we are able to explain the temperature
drop at the graphene interlayer in the (6,6) carbon nanotube rectifier shown Fig. 1. The
variation of the temperature as a function of the box coordinate has been given in Fig. 7. The
large thermal resistance at the interlayer seems to express that the vibrational transfer from the
longitudinal modes in the nanotubes into the in-plane modes in the graphene layer and back is
rather weak. Such a topological barrier does not exist in all other nanotubes studied. Here each
atom contributes both to transverse and longitudinal modes which guarantees that vibrational
polarization in these networks is quite efficient. The outcome of this effect has been quantified
by the spectral rectification parameter R,. We strongly feel that this is a useful quantity to
explain the direction of the thermal rectification in nanosized materials. Without exception we
have found that R; and R, are of the same sign and of similar shape when derived as a function of
model quantities such as the tube diameter, mass gradient or gradient in the (bond) force

constant.

4.6. Conclusions

In the present contribution we have employed two MD techniques to study thermal
rectification in nanosized model systems. The majority of data has been derived by the reverse
non-equilibrium MD formalism. The dual thermostat method has been chosen to analyze the
CNT-graphene interlayer model portrayed in Fig. 1. The two central topics of our theoretical
work can be expressed as follows. A: We have suggested correlation schemes to explain the
direction of the thermal rectification in nanosized materials of different topologies. Thereby we
have covered structures ranging from a more-or-less one-dimensional boundary to 3D Lennard-
Jones solids. For the design of materials with certain thermal properties, it is a prerequisite to
understand the key quantities determining the transfer of heat. B: We have adopted the flow of
energy to study the transferability of physical concepts developed for 1D single-file chains to
low-dimensional materials experimentally accessible. In this context we have concisely touched
theoretical contributions on different physical peculiarities of perfect 1D systems published over
many decades.

Topic A. We have suggested two factors controlling the direction of the thermal rectification in
nanosized materials. i.) We first mention the vibrational coupling due to anharmonicities on the

PES. In mass-graded nanotube models this mechanism leads to a transfer of vibrational energy
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from the transversal to the longitudinal direction. Final outcome of this phenomenon is a
preferred energy transfer from light to heavy particles. ii.) In mass-graded single-file chains as
well as in certain models with a polyacetylene-like topology this coupling is either not possible
or inefficient. The preferred heat transfer from heavy to light atoms in these systems can be
explained by the generation of low-energy modes. For single-file chains described via the FPU
potential this mechanism has been discussed already in the literature.1® Both for i.) and ii.) we
have the situation, that the present classical simulations lead to the same predictions than
expected in a quantum description of the systems.37. 58 The so-called topological rectification
arises from thermal resistance of the interlayer, where vibrational transfer from the longitudinal
modes in the nanotube to the in-plane vibrations in the graphene layer is poorly efficient.

The detailed analysis of the different parameters controlling thermal rectification should be
considered as a useful input for the design of materials with a preferred direction of the heat
transfer or fulfilling specific thermal requests. We have shown that thermal rectification can be
induced either by the implementation of a mass gradient (isotope substitution), by a gradient in
the force constants (impurity dopings), by external masses or by modifications in the topology.

B: It concerns the transferability of physical concepts that have been developed for
hypothetical 1D single-file chains to real systems. At least for the transfer of energy we have
quantified the conditions allowing or preventing such a correlation. In connection with thermal
rectification we have demonstrated that mass-graded nanotubes do not map the behavior of 1D
mass-graded FPU chains. Such a topological discrimination is known for many physical
quantities and concepts. Recent contributions of one of the present authors to this discussion
have been mentioned in the introduction.18 1925 [t is interesting that the topological implications
for thermal rectification can be related to the topology dependence of electronic quantum
statistics. In quasi 1D chains a second dimension is necessary to allow the transfer of vibrational
energy from the transversal to the longitudinal direction. In quantum statistics a second
dimension is needed if electrons of the same spin should pass one another. In other words; the
restriction to one dimension prevents them to pass (antisymmety constraints are not operative)
and it prevents the accumulation of vibrational density of states via polarization effects (R;> 0 in
mass-graded single-file chains). The present data for the nanotube system with a gradient in the
bond force constant as well as the polyacetylene-like chains with different mass distributions
have let to new insight into conditions allowing a correlation from the 1D boundary to
topologies experimentally accessible. Again we want to emphasize that the present analysis has
been restricted to the transfer of energy. Nevertheless we are convinced that these data are
another step to understand the peculiar physical properties of low-dimensional materials.

We are aware of the simplifications and model assumptions that had to be accepted in the
article at hand. Despite the approximations employed, our simulations have reached the

boundaries of today’s computational facilities. We feel that the constraints accepted in the
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simulations can be justified in a theoretical model study intended to explain general trends and
physical concepts. The determination of results that are accurate in an absolute sense has not

been the aim of the present research.
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5. THERMAL CONDUCTIVITY OF CARBON NANOTUBES WITH
BONDLENGTH ALTERNATIONS
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The thermal conductivity (1) of carbon nanotubes (CNTs) with chirality indices
(5,0), (10,0), (5,5) and (10,10) has been studied by reverse non-equilibrium
molecular dynamics (RNEMD) simulations as a function of different bondlength
alternation patterns (Ar). The Ar dependence of the bond force constant (k) in
the MD force field has been determined with the help of an electronic band
structure approach. From these calculations it follows that the Ar dependence
of ki in tubes with not too small diameter can be mapped by a simple linear
bondlength - bondorder correlation. A bondlength alternation with an overall
reduction in the length of the nanotube causes an enhancement of A while an
alternation scheme leading to an elongation of the tube is coupled to a
reduction of the thermal conductivity. This effect is more pronounced in CNTs
with larger diameters. The formation of a polyene-like structure in the
direction of the longitudinal axis has no strong influence on A. The combined
analysis of RNEMD and crystal orbital results shows that Ar dependent
modification of A and the electrical conductivity are uncorrelated. This behavior
is in line with a heat transfer that is not carried by electrons. General trends in
the calculated A values are explained with the help of (projected) power spectra
which provide an access to (projected) densities of vibrational states (DOS). A is

enhanced with increasing DOS values into the longitudinal tube direction.
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5.1. Introduction

The fascinating properties of carbon nanotubes (CNTs) have absorbed the interest of
many research groupsl-4 From an experimental point of view, their high electrical
conductivity as well as superconducting transitions have attracted scientific activities
since almost two decades. From a theoretical point of view, these nanosized systems
have been employed widely to check the transferability of physical concepts derived for
perfect one-dimensional (1D) single-file chains to experimentally feasible quasi 1D
systems. In recent articles>® we have analyzed the justification of this procedure for the
thermal conductivity (A). The thermal conductivity of CNTs has been studied both
experimentally’-12 as well as by molecular dynamics (MD) simulations of the non-
equilibrium (NE) type!3-21, The observation of thermal rectification (R¢) in externally
mass-loaded carbon and boron nitride nanotubes22 has lead to a renaissance in the
research of the heat transfer in nanotubes>621.23-29 R # 0 characterizes a difference in
the heat transport into two opposite directions. The length (1), diameter (d) and
temperature (T) dependence of A in carbon nanotubes has been quantified by (reverse)
non-equilibrium MD (RNEMD) simulations. Our articles on nanotubes have lead to a
theoretical concept to explain the direction and magnitude of R¢&6. For our analysis we
have calculated the power spectra as well as projected power spectra of CNTs on the
basis of the velocity-velocity auto-correlation function. In the harmonic approximation
the (projected) power spectra map the (projected) density of vibrational states (DOS)3°.

Although the recent MD simulations on the thermal conductivity of nanotubes
provided deep insight into the correlation between A and quantities such as the tube
length, diameter or temperature, one possible key parameter has not been considered
up to now. It is the influence of the bondlength or - even more important - the
bondlength alternation on A. Experimental studies of quasi 1D organic molecular
crystals3! and low-dimensional inorganic transition metal oxides32-36¢ have shown sizable
modifications of A via dimerization or distortion coordinates. Bondlength alternations as
well as other types of symmetry reductions in carbon nanotubes have been studied in
detail by electronic (band) structure calculations ranging from model Hamiltonians of
the Su-Schrieffer-Heeger type3738 over semiempirical all-valence techniques3?40 to
sophisticated procedures in the framework of density functional theory (DFT)#1-44. From
the manifold of band structure data on CNTs the following general trends can be

deduced. A: The alternation in the bondlengths is enhanced with decreasing tube
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diameter d. The largest differences between short and long bonds amount to roughly 5
pm. B: The deviations from equidistant C-C lengths in zig-zag tubes are larger than in
armchair materials. C: The potential energy surface around the equidistant configuration
is rather flat. D: For the majority of CNTs the tangential C-C bonds oriented mainly
around the belt (rl) are longer than the axial C-C bonds mainly pointing into the
direction of the tube axis (r2); see figure 1. E: There is no general correlation between
bondlength alternation and the opening of a band gap (AE) in CNTs that are metallic in
the equidistant configuration. The last item indicates that the alternation of the
bondlength in CNTs cannot be identified in any case with the so-called Peierls-transition
of 1D systems, i.e. a metal-insulator transition due to an enhancement of the lattice
periodicity4>. This result leads us back to the question touched above, i.e. the
justification to adopt CNTs as a model to map the physical peculiarities of perfect one-
dimensional single-file chains. Some of the cited band structure studies of theoretical
physicists have been related to the milestone concept of Peierls. From electronic
structure calculations of hydrocarbon © systems, however, it is well-known that these
species show a strong tendency to form C-C bonds with characteristic alternation
patterns. X-ray studies showing the bond alternation in conjugated m systems are
legion#6-48, First theoretical concepts to explain this behavior in terms of bondlength -
bondorder correlations have been published 50 years ago*959. In the past two decades it
has been demonstrated by quantum chemical calculations that the bond alternation in
hydrocarbon m systems depends sensitively on the competition between n- and o-
electronic effects>1-55. The alternation of the bondlengths predicted for CNTs is thus not
unexpected. It should be considered merely as a m electronic property leading to
polyene, allylic or Kekule-like structures and not as a 1D solid state process.

The present work is the first theoretical study to analyze the correlation between bond
alternation and thermal conductivity in carbon nanotubes. For this purpose we have
supported reverse non-equilibrium molecular dynamics simulations>6.57 with the results
of crystal orbital (CO) calculations derived by an efficient semiempirical electronic
Hamiltonian of the intermediate neglect of differential overlap (INDO) type>859. The
INDO Hamiltonian employed is of the Hartree-Fock (HF) type. In contrast to DFT
methods HF techniques tend to overestimate band gaps. DFT gaps are usually too
small®0. The CO formalism provides information that is easy to consider in the design of

the force field of the RNEMD method. The capability of the INDO CO model has been
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demonstrated for many low-dimensional systems®l. They include fullerenes and
fullerides®%-64, graphite intercalates®> as well as organic charge transfer salts. In
analogy to the broad application of the INDO CO Hamiltonian, the RNEMD approach has
been also used to study the transport quantities of different materials®7-71, Originally this
approach has been developed for atomic liquids. Later it had been extended to
molecular fluids as well as to crystalline and amorphous polymers. The reverse non-
equilibrium method has been implemented into the MD code YASP7273, All RNEMD
simulations of the present study have been performed with it.

In our recent RNEMD study of nanotubes>¢ we have used calculated (projected) power
spectra to explain the preferred direction of the heat transfer in model systems with a
mass gradient or other anisotropies. A possible correlation between A and (projected)
DOS values as a function of the bond alternation would offer an additional route to
demonstrate the influence of longitudinal phonons on the heat transfer in nanotubes.

The CNTs chosen for the present analysis are shown in figure 1. We have considered
zig-zag nanotubes with chiral indices (5,0) and (10,0) as well as (5,5) and (10,10)
armchair tubes. From band structure calculations it is known that the zig-zag
arrangement usually implies a finite gap (AE) between occupied and empty dispersion
curves while armchair tubes are metallic!4#43. The alternation patterns of the
bondlengths studied are also shown in figure 1. For the armchair tubes we have studied
the distortion coordinate Ari = rl - r2 for both Ari > 0 and Ar; < 0. The first
displacement symbolizes the formation of a longitudinal “allylic” configuration of the r2
bonds. In our calculations the length reduction of r2 is coupled to an elongation of the r1
bonds under the constraint that the averaged bondlength per C atom (ro) is conserved.
The MD force field employed is based on ro = 141.8 pm74. Negative Ari values in the
armchair tubes describe a polyene structure with short bonds r1 orthogonal to the tube
axis. For the zig-zag chains only the dimerization pattern Arz = r1 - r2 with Arz > 0 has
been modeled. In analogy to the armchair tubes we have analyzed a polyene formation.
But now the short bonds r2 are oriented into the direction of the tube axis. The Ar;
coordinate with Ar; > 0 implies a reduction in the tube length while the Ar; < 0
modulation is accompanied by an enhancement of . Modifications of the diameter due to
this displacement coordinate are less pronounced. Here we have a compensation
between bondlengths shortening and elongation. For the second dimerization

coordinate Arz such compensation occurs for the tube length 1 while the diameter d is
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enhanced with increasing bond alternation. Other displacement patterns possible in
CNTs remain unconsidered in the work at hand. For an older publication of one of the
present authors on multi-mode Peierls transitions under quasi 1D conditions we refer to
the literature’s. Out-of-plane deformations in small diameter CNTs have been studied
by different research groups’¢77. However these studies have not been related to heat
transport phenomena. In order to derive systematic simulation results we have
calculated the thermal conductivity of the four CNTs in figure 1 over a large interval of
the bondlength alternations Ar. The maximum Ar considered in this work exceeds the

largest bond alternation calculated for CNTs by roughly a factor of two.
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Figure 1. Schematic representation of the alternation in the bondlengths
considered in the armchair (left and middle) and zig-zag (right) nanotubes. For
the armchair systems the coordinate Ar; > 0 maps the formation of an allylic
structure of the r2 bonds under elongation of the r1 bonds that are orthogonal
to the tube axis. The dimerization Ar; < 0 is based on a shortening of the rl
bonds under elongation of the r2 bonds. Note that Ar; > 0 leads to a reduction
of the overall tube length while Ar; < 0 implies an elongation of 1. For the zig-
zag CNTs the dimerization coordinate Ar; has been considered only for Ar; > 0,
i.e. a reduction in the length of the r2 bonds coupled to an enhancement of the
r1 length. The predominant geometric modification of this alternation pattern
is an enhancement of the tube diameter. All bondlength alternations considered
have been performed under conservation of the averaged bondlength r¢ at each
carbon atom. For the alternation pattern Ar; this leads to r1 + 2r2 = 3ro while
we have 2rl + r2 = 3ry for the Ar; alternation. The bond alternation is defined

as Ar =r1 - r2 for both types of nanotubes.




5.2. Theoretical tools

Detailed descriptions of the RNEMD method developed by one of the present authors
have been given in the literatures57. Thus it is not necessary to recapitulate its basic
ingredients here. In the present context we should mention only that the derivation of A
requires the formation of a linear temperature gradient. More than four decades ago
Lieb and Wu have demonstrated the absence of such a T profile in the interior of a
homogenous single-file chain if the potential is purely harmonic’8 Such a T shape,
however, is not established in quasi 1D systems. The coupling between the different
degrees of freedom per atom generates the anharmonicities avoiding the peculiar T
profile of the “harmonic” single-file chain. This is valid even if the potential of the quasi
1D system is purely harmonic. We refer to our recent RNEMD studies of A in
nanotubes>21 as well as to contributions of other authors3-20,

The intramolecular force field for the CNTs74 is characterized by the geometric
parameters rx (x = 1, 2), 6o and do. The associated force constants are abbreviated by ki,
ko and ks. The (variable) C-C bondlengths rx allow us to define deviations from the value
ro = 141.8 pm at the equidistant configuration’4. Bond force constants k, have been
chosen that are a function of the C-C bondlength. ki is enhanced with reduced
bondlength (i.e. increasing double bond character). In the present work we have
calculated the thermal conductivity of the CNTs as a function of the bond alternation Ar
=1l - r2. For the bond angle the approximation 6o = 120° has been adopted throughout
to avoid a superposition of different influence factors on A. 6p = 120° is approximately
value if Ar is not too large for armchair tubes. Only for the (5,0) zig-zag chain the
optimized angles differ somewhat from 120° 43. The overall trends derived below,
however, are not influenced by an unrelaxed bond angle. The last coordinate considered
in the CNT force field is the dihedral angle 8o = 0°. The force constants for the equidistant
configuration have been determined by Li and Chou74. To consider the bond alternation
in this force field we have used a correlation suggested long time ago for hydrocarbon =
systems*9.50.79, The geometry dependence of the bond force constant is approximated via
a simple “diagonal” formula

k. =k,+116600P_ (in kJmol-'Tnm-2) (D
with k. denoting the bond force constant of a C-C single bond (&, = 334720 kJmol-Inm-

2)80, P is the w bondorder of the nanotube bonds. We have P, = 0.0 for a C-C single bond
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and P, = 1.0 for a full double bond. To relate the interpolation (1) to the bondlength we
make use of a popular bondlength - bondorder relation49.50.79
r=150.6-17.8 P, (in pm) (2)

where the first term on the rhs. denotes the length of a C-C single bond. With this
interpolation we derive a double bond character P, = 0.495 for CNTs with equidistant C-
C lengths of 141.8 pm. With P, = 0.495 we meet kx = 392460 kJmol-lnm-2 which
corresponds to the force constant published by Li and Chou for CNTs with equidistant
bonds’4.

The validity of the above linear interpolation has been checked by band structure
calculations with an INDO CO Hamiltonian>859, The (x) bondorder used in egs. (1) and
(2) is a well-defined quantity of this Hamiltonian. As P, cannot be extracted easily from
the CO results in the case of non-planar © systems, we have used an approach over so-
called Wiberg bond indices (W)®8l. The © bondorder has been determined via W by
assuming a ¢ bondorder P, of 1.0. Other quantities taken from the INDO CO calculations
are the band gap (AE) in the zig-zag chains and the electronic density of states at the
Fermi energy (Nr) in the metallic armchair systems. These numbers allow us to relate
the Ar dependence of the thermal conductivity to the Ar dependence of the electrical
conductivity. In system with a finite gap o scales with exp(-AE/kgT) with kg denoting the
Boltzmann constant. In metallic configurations o is proportional to Ng. Despite the
adoption of the above CO quantities we want to emphasize that a new detailed electronic
structure analysis of CNTs has not been intended in the present work. This has been
done in detail by more sophisticated CO methods-441-43, Qur band structure data have a
supplementary function which is feasible already with a rather low computational effort.

For mass-graded nanotubes we have demonstrated that the thermal conductivity can
be correlated with a projection of the density of vibrational states into the direction of
the T gradient, here chosen as the z-axis (D;)%¢. D; is defined as

j G.(v)dw

. 3
[G(w)de (3)

with Gz(®) denoting the z-projection of the Fourier transform of the mass-weighted
Cartesian velocity-velocity-auto-correlation function. The parameter ® stands for the
vibrational wave number. Prescriptions to calculate G;(®) and G(®) can be found in the
literature>630, The D, parameter in quasi 1D systems can be used as a measure for the

coupling between transverse and longitudinal vibrational modes. In our recent studies
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this interaction had been an outcome of different orientations of a mass gradient relative
to the direction of the T gradient>¢. In the work at hand we want to consider changes of

D, as a function of the bond alternation Ar.

5.3. Computational conditions

All RNEMD simulations have been performed with the simulation package YASP7273,
The force field accepted for CNTs with equidistant C-C bonds has been taken from ref. 74.
The Ar dependence of the harmonic bond force constants k- has been described in the
last section. For the harmonic bond angle bending we have adopted ky = 527 kJmol-1rad-
2, the harmonic dihedral term amounts to ks = 167 kJmol-lrad-2. As a result of the rigid
nanotube geometry it was not necessary to consider non-bonding interactions in the MD
force field. In the integration of Newton’s equation of motion we have used the leapfrog
algorithm®2 with a time step of 1 fs. A single nanotube of a length of 50 nm has been
placed in the orthorhombic periodic simulation box in all RNEMD simulations. Thus our
box is pseudo-infinite in the axial direction but has no lateral interaction with its
periodic images. The temperature has been controlled by the Berendsen thermostat®3 (t
=1 ps, T= 300 K). A velocity exchange between hot and cold atoms has been performed
every 300 time steps. This setup leads to an exchange period of 0.3 ps. An interval of 301
time steps has been allowed between two samplings of the temperature profiles in the
tube. A non-equilibrium run in the RNEMD approach required roughly 5 ns. The last 2 ns
of this interval have been selected for the collection of the data.

The INDO results reported in the next section are of the 1D type in order to match the
setup of the MD simulations which have been performed for a single nanotube. We have
derived the 1D band structure data with the help of a program that can be used for 1D,
2D and 3D solids>®. The 1D CO calculations have been performed in a mesh of 50 k-
points. We have used the same geometry in the CO calculations as employed in the MD
simulations. To analyze possible modifications in the electronic structure of the CNTs
under the influence of neighboring tubes, we have extended the CO approach to a
monoclinic lattice. Neither hexagonal nor tetragonal unit cells are compatible with the
rotational axis in the four nanotubes studied. Each tube in the 3D calculations is
surrounded by six nearest neighbors. The shortest intertube separations (= 310 pm)
have been taken a recent DFT study*!. We have used the tubegene program to generate

the 3D structure of the CNTs without bond alternation84. For the consideration of bond
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alternation we have written a new code. The & -points have been constructed by the
approach developed by one of us®. The total number of k -points considered in the 3D

CO runs amounts to 256. The k -mesh in the present 1D and 3D calculations is larger
than the grid adopted in the majority of published band structure works37-44, Our 3D
calculations have shown that the intertube couplings are without sizeable influence on
the m bondorders. The band gap in the zig-zag chains is reduced by roughly 10 to 20%.
Such modifications are however not relevant for the intention of the present analysis.

Thus we have restricted the presentation of the CO data to the 1D case.

5.4. Results and discussion
5.4.1. Crystal orbital data

We start our discussion with the CO results which have been derived to estimate the
justification of the linear interpolation for the determination of Ar (r1, r2) dependent
bond force constants in the RNEMD step. Before presenting the CO data we want to
reemphasize that the potential energy surface of the CNTs around the equidistant
configuration Ar = 0 is rather flat394243, Thus one has to expect a dynamic bondlength
alternation Ar # 0 under the influence of the electron-phonon coupling even if the
alternation coordinate does not lead to a lowering of the potential energy. Such a
scenario has been analyzed recently by different techniques76.77.86.87,

In figure 2 we have plotted the © bondorder P, of the r1 and r2 bonds of the two
armchair tubes as a function of the alternation coordinate Ar: in the positive direction,
see figure 1, generating a longitudinal allylic configuration. A linear bondlength -
bondorder correlation is valid for all Ar; values selected. Both armchair tubes show
roughly the same correlation in figure 2. The gradient of the r2 bondorder that exceeds
the r1 one by roughly a factor of two follows from the fact that the Ar; alternation leads
to the formation of two shorter (r1) and one longer (r2) bond at each C atom under

conservation of 3ro for the averaged lengths.
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Figure 2. CO © bondorder P, in the (5,5) and (10,10) armchair nanotubes as a
function of the bondlength alternation Ar; with values > 0 leading to a

longitudinal allylic structure.

The ©n bondorder in the armchair tubes for negative Ar; values are plotted in figure 3.
Only for larger absolute Ar; the linear bondlength - bondorder correlation is slightly
violated. Supplementary test simulations have shown that such minor effects can be
neglected in the design of the MD force field. The following message can be extracted
from figures 2 and 3. A: The popular bondlength - bondorder correlation of planar «
systems seems to be valid also for nonplanar topologies, here for the cylindrical
arrangement of CNTs. B: On the basis of these bondorders it is therefore possible to
approximate the influence of the bond alternation on the MD force field in terms of a
simple interpolation formula. In the present combined RNEMD-CO study intended to
visualize general trends, we have accepted a common prefactor for P in eq. (2) that is
close to values reported for planar m systems+*%50.79, An optimization of this parameter

for each individual tube has not been performed.
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Figure 3. CO & bondorder P, in the (5,5) and (10,10) armchair nanotubes as a
function of the bondlength alternation Ar; with Ary < 0 leading to a transversal

polyene structure.
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In figure 4 we have plotted P, of the two zig-zag tubes as a function of Ar; > 0 which
maps the formation of a axial polyene configuration. For the (10,0) system we predict an
approximate linear bondlength - bondorder correlation with a small change of the
gradient at Arz ~ 5 pm. An explanation for this behavior will be given in the following.
For the moment let us emphasize that the P, splitting in the (10,0) tube in figure 4 gives
an almost perfect mirror image of the Ari < 0 profile in both armchair tubes of figure 3.
Again we see that an universal scaling law seems to be valid for CNTs irrespective of

their chirality index as long as the tube diameter is not too small.
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Figure 4. CO © bondorder P, in the (5,0) and (10,0) zig-zag nanotubes as a
function of the bondlength alternation Ar; leading to a transversal polyene

structure.

The latter restriction follows from the © bondorder profile of the (5,0) system in figure
4. Here the diameter is much smaller than in the other examples. In the series (5,0),
(5,5), (10,0) and (10,10) d values of 391, 677, 782, and 1354 pm are realized
(equidistant configuration). The stronger the deviations from planarity in a given system
are®?, the more pronounced is the n-c hybridization. This mixing is also supported by
“through-space” coupling with other bonds of the tube. The combined effects are
responsible for a © bondorder profile in the (5,0) system that differs from the others. In
additional RNEMD simulations for the (5,0) CNT we have considered reoptimized Ar
dependent scaling factors in the definition of the bond force constant k.. In the next
section it will become clear that such a Ar dependence of kr; has no large effect on the
thermal conductivity. The splitting between the two © bondorders for Ar = 0 in the (5,0)
tube indicates an intrinsic instability of the equidistant configuration. Indeed we have
found that the lowering of the energy due to bond alternation is largest for the (5,0)

tube. This agrees with the findings of other CO calculations#%43. We wish to point out
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that also in the (5,5) chain the two © bondorders at Ar = 0 differ slightly; see figures 2
and 3.

The calculated band gap AE for the two zig-zag chains is helpful for understand the P,
profiles in figure 4. The Ar dependence of AE of these CNTs has been displayed in figure
5. The band gap depends on the magnitude of the bond alternation Ar (displacement
coordinate Arz). The predicted modulation of AE is a manifestation of Ar dependent
hybridization effects in the valence and conduction band. A quantitative analysis of such
hybridization effects under the influence of a non-planar geometry for fullerenes and
fullerides has been given by one of us®2. The correlation between AE and =n-c
hybridization in CNTs has been mentioned by several authors4-43. When comparing
figures 4 and 5 we notice that changes in the P, gradient correlate with changes of AE.
This effect is less pronounced in the (10,0) tube but rather strong in the (5,0) material.

The right AE minimum in the (10,0) chain is coupled to a second small hump in P for Ar

>11 pm.
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Figure 5. Band gap AE in the zig-zag nanotubes of chirality (5,0) and (10,0) as a
function of the bondlength alternation Ar; leading to an axial polyene structure.

The straight lines connecting the data points are only a guide for the eye.

The present band structure calculations have shown that the bondlength - bondorder
correlation verified long time ago for planar = networks is also valid in CNTs if the tube
diameter is not too small#95079, Consequently the force constants in the MD force field
can be scaled by a universal relation that does not depend on the chirality index of the
tube. With the help of electronic structure data, however, it would be possible to map
system specific electronic fine effects by modifications in the prefactor of P, in the given

interpolation formulas.
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5.4.2. Thermal conductivity

Below we discuss the dimensionless normalized thermal conductivity A, = A/Ao of the
four CNTs as a function of the displacement coordinates Ar; and Arz. The label Ao
denotes the thermal conductivity of the system for equidistant C-C bonds with ro = 141.8
pm. We have Ao = 188.1, 232.0, 233.9 and 234.1 Wm-1K-! for the (5,0), (5,5), (10,0) and
(10,10) nanotubes, respectively. But before presenting the Ar dependence of A we first
consider the normalized thermal conductivity of the (10,10) system as a function of the
C-C bondlength under conservation of the equidistant arrangement. The two extreme r
values employed refer to a C-C double bond (r = 132.8 pm) and to a long C-C single bond
(r=153.1 pm).

The r dependence of A, of the equidistant (10,10) tube has been plotted in figure 6. We
see that A, is enhanced with decreasing r (enhanced bond force constant, reduced tube
length). As the frequency of (harmonic) oscillators scales with Jk, such a result has

been expecteds. Note that this square root dependence is valid both in the classical limit

as accepted in the present MD simulations as well as for quantum (harmonic) oscillators.

o8t o —o— (10,10) ]
18]
1.00 T -
095k _
g
Q
-~ \ _
085 |- ]
9]
G_BO 1 1 1 1
130 135 140 145 150 155
r(pm)

Figure 6. Normalized thermal conductivity A, = /Ao of the (10,10) nanotube as
a function of the length r of the C-C bonds under conservation of equidistant C-C
bonds. The RNEMD simulations have been performed at an averaged
temperature of 300 K. A stands for the thermal conductivity of the nanotube
with a bondlength ro of 141.8 pm at the minimum of the potential energy

surface. The curve shape for the (10,0) system is similar to the (10,10) profile.

In figure 7 we have plotted the Ar dependence of A,. We start with the A, values of the

(5,5) and (10,10) armchair tubes. Similar to the r dependent A, in figure 6, the thermal
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conductivity depends on the bondlength (alternation). The Ar dependence of A, in the
(10,10) system is larger than in the thinner tube. In the A, plot for the armchair CNTs Ar;
values > 0 and < 0 have been modeled. In analogy to the r variation in figure 6, the
thermal conductivity is enhanced with decreasing tube length (Ari > 0). Due to the

definition of Ari, however, the sign of the slope of the A, curves in figure 6 and 7 differs.
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Figure 7. Normalized thermal conductivity A, = A/A¢ of all CNTs plotted in
figure 1 as a function of the bond alternation Ar. The RNEMD simulations have

been performed at an averaged temperature of 300 K.

Where comparing the A, profiles for the (10,10) tube in figure 6 (i.e. length dependence
of A under conservation of equidistant C-C bonds) and figure 7 (i.e. bondlength
alternation) we can deduce that the gradient of A, is not exclusively determined by the
length of the tube. Furthermore we see that the Ar dependence of A, see figure 7,
depends on the tube diameter. In the next section we will come back to this topic.

Finally let us consider the Ar, dependence of A, in the two zig-zag tubes. For these
CNTs we observe a rather weak response of A on Ar. The formation of a longitudinal
polyene structure causes a - although weak - reduction in the thermal conductivity.
Obviously this behavior cannot be explained with the overall tube length. Note that 1 is
even somewhat reduced when the longitudinal polyene structure is formed. If bare
length arguments would be valid to explain the changes of A, an enhancement of the
thermal conductivity with increasing Ar; would be expected. The opposite trend for A in
figure 7 is simple to explain. The heat transfer is most efficient in an “homogenous”
system, i.e. for identical bonds in the direction of the T gradientt. Longitudinal 1D
homogeneity is fulfilled for the displacement coordinate Ari, but not for Arz. In our
recent RNEMD simulations of the heat transfer in nanotubes we have observed such a

reduction of A due to bonds in the direction of the T gradient that were not identical>®.
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We are left with the following peculiarities for the heat transfer in CNTs as a function of
the bond alternation Ar. A: The Ar; dependence of A in zig-zag chains, which exhibit the
largest bond alternation in the CNT family, is rather weak. B: The strong Ar: dependence
of A in large diameter armchair systems is coupled to rather small displacement
coordinates. C: The weak Ar: dependence of A in the non-metallic zig-zag chains is
accompanied by forbidden band gaps AE that depend on Ary; see figure 5. The electrical
conductivity in these tubes scales with AE. D: The rather large Ar; dependence of A in the
metallic armchair systems does not correlate with a Ar dependence of the electronic
density of states at the Fermi energy Nr. The latter findings indicate that the Ar
dependence of A and & is decoupled. This behavior is characteristic for systems where
the thermal conductivity is not driven by charge carriers. In recent RNEMD simulations
we have verified the decisive influence of phonons on A in different polymer materials

ranging from CNTs>6 to polystyrene or polyamides®870.71.88,

5.4.3. Correlation between A and the projected phonon DOS

In the following we explain the Ar dependence of A on the basis of the projected
density of vibrational states D,. Already in recent works>¢ we have suggested that A is
enhanced with an increasing intensity transfer from transversal to longitudinal modes,
here measured by the parameter D,. Mode coupling theories which explain trends in A as
well as the direction of thermal rectification have been published by different
authors?3.2489, We have restricted the present analysis to the (10,10) armchair tube
where the Ar dependence of A has been largest.

The D, parameter for this CNT has been given in table 1. We have evaluated D, for the
longitudinal allylic (Ari= 8.3 pm) as well as for the transverse polyene arrangement
(Ari= -6.4 pm). The first set of D, values has been derived from an equilibrium MD
simulation (EMD) with a constant temperature of 300 K, the second one in the presence
of a temperature gradient with an average temperature of 300 K as used in the RNEMD
simulations. To reemphasize, we interpret the splitting of the D, in terms of a Ar
dependent transfer of vibrational intensity between transverse and longitudinal modes.
In the EMD simulations we predict roughly the same D, parameter for the two
configurations. When RNEMD calculations are performed in the presence of a T gradient,

a splitting between the two numbers is observed. A more efficient polarization of
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vibrational intensity in the allylic configuration leads to an enhanced density of
vibrational states into the longitudinal direction. In other words, the enlarged D,
indicates that longitudinal modes are now easier to excite thermally. When relating the
present results to our findings in mass-graded nanotubes>¢ we feel that modifications of
A both as a function of Ar or of a mass gradient can be explained in terms of the
projected phonon DOS D.. The above arguments also render possible an explanation of
the different A, gradients for the (5,5) and (10,10) tubes in figure 7. The transversal-
longitudinal mode coupling is strengthened with an increasing number of atoms in the
belt. As a matter of fact the A, enhancement in the (10,10) tube as a function of Ar;

exceeds the A, enhancement in the small diameter system.

Table 1. Projected phonon density of states in the (10,10) nanotube for the
alternation coordinate Ar; > 0 and Ar; < 0. Ar parameters of 8.3 pm and -6.4 pm
have been chosen for Ar; > 0 and Ar; < 0. They refer to the minimum and
maximum values of /Ao shown in figure 7. The D, numbers in the left column
have been derived under equilibrium conditions at 300 K. The D, collection in

the right column has been determined in the presence of a T gradient in the

CNT.
Configuration D, (in %) D, (in %)
EMD RNEMD
longitudinal allylic 36.9 37.3
structure (Ar: = 8.3 pm)
transverse polyene 36.9 37.0
(Ar1=-6.4 pm)

At the end of this section we come back to the bondlength dependence of A, (figure 6)
as well as to the Ar; dependence of the thermal conductivity in the zig-zag tubes. The

enhancement of A, with reduced bondlength (and increased bond force constants) has

been traced back to the vk dependence of vibrational frequencies. Phonon polarization
via transverse-longitudinal mode coupling is irrelevant here. This has been checked by
D, numbers that are not changed as a function of the C-C bondlength r. The (weak) Ar;
dependence of A, in the zig-zag tubes has been commented on briefly in the last section.
The An reduction with increasing Arz is an outcome of an increasing localization of
longitudinal modes. Delocalized modes can be formed most efficiently for a homogenous

bonding framework.
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5.5. Conclusions

We have studied modifications in the thermal conductivity of armchair and zig-zag
carbon nanotubes as a function of different bond alternations by reverse non-
equilibrium molecular dynamics simulations. To incorporate this geometry dependence
into a given force field we have performed supporting electronic band structure
calculations. On the one hand, the crystal orbital data have shown that the bond force
constants can be modulated via a simple “diagonal” bondlength - bondorder correlation.
On the other hand, the CO results have been employed to show that geometry dependent
modifications of the thermal and electrical conductivity are decoupled, which means
that the Wiedemann-Franz law is not valid for carbon nanotubes. The validity of this
empirical relation is often used to emphasize that the heat transfer is controlled by
charge carriers, i.e. electrons or holes.

The dependence of the thermal conductivity on bond alternation can be classified as
follows: The formation of a longitudinal polyene structure in zig-zag tubes (distortion
coordinate Arz) leads to a small reduction of A. This rather weak Ar; response of A is
caused by the competition of two influence parameters acting into opposite directions.
The length of the nanotube is reduced in the longitudinal polyene configuration, a
geometrical modification supporting an enhancement of A; see the r dependence of A in
figure 6. This enhancement factor, however, is overcompensated by an attenuation of A
with an increasing difference between the r1 single and r2 double bonds. Vibrational
transfer under the influence of mode coupling is of minor importance only. As a matter
of fact we predict a shape for the A profile in the zig-zag tubes that does not depend on
the diameter. For the distortion coordinate Ar; in the armchair systems which conserve
the homogeneity of the bonds in the longitudinal direction, we have found a stronger
and diameter-dependent modification of A as a function of the bond alternation. The
larger gradient of A in the (10,10) nanosystem is in line with the expectations deduced
from a mode coupling approach.

We have adopted projected phonon density of states to explain the Ar dependence of A
in the armchair tubes. D, (and in the framework of our theory A) increased with an
increasing transfer of vibrational intensity from transverse to longitudinal modes. It
goes without saying that this effect becomes more efficient with increasing tube
diameter. We are confronted with the situation that the Ar dependent modulation of the

thermal conductivity is weak in zig-zag chains which, however, exhibit larger bond
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alternation than those realized in the armchair systems. In large-diameter armchair
tubes A is significantly changed as a function of Ari. But here only a small bond
alternation occurs.

From theoretical studies published recently, it can be deduced that A will be coupled to
displacement coordinates Ar even if Ar does not lead to a reduction of the potential
energy’6778687 Transmitter of such a process is the electron-phonon coupling. Let us
end with a short prediction on the anisotropy of the thermal conductivity in the
presence of bond alternation. We expect that the displacement coordinate Ar; has a
sizable influence on the anisotropy Ai/A: in armchair tubes. A is the longitudinal thermal
conductivity and A is the transversal conductivity in a three-dimensional CNT system.
Ar1 > 0 implies an enhancement of A; (shortening of the tube length) and a reduction of
A+ (magnification of d). Note that we have neglected a possible intertube contribution to
Atw. Such RNEMD simulations on bundles of CNTs are currently performed in our group.
Indeed a correlation between the anisotropy of A and the dimerization in the
bondlengths has been found in a low-dimensional metal oxide34. For the coordinates Ary
< 0 and Ar2 we expect that both A and A: are reduced with increasing bond alternation.

Its influence on the anisotropy Ai/A: thus should be less pronounced.
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6. CONCLUSION AND OUTLOOK

In my PhD work I have surveyed computational modeling strategies to derive the thermal transport
properties of carbon nanotubes. Now let me very briefly highlight some of the key results that have
been obtained.

The calculated thermal conductivity for carbon nanotubes follows a L” law, with « values between
0.54 and 0.77. The exponent « is quite insensitive to the diameter and chiral index of the carbon
nanotubes. These findings are in line with an analytical study of Wang el al. who found & ~ 0.8." Our
calculated temperature dependence of the thermal conductivity (which shows a pick between 250 and
500 K that is shifted to higher temperatures with increasing diameter) qualitatively agrees with
experimental data.® Again the chiral index is only a weak influence parameter. However, there is a
crossover of the power law at lengths of = 50 nm. Short nanotubes exhibit a weaker temperature
dependence of A than long nanotubes.

We have explained the microscopic origin for the thermal rectification in mass-graded nanosized
systems.*” For quasi-1D, 2D and 3D systems we have observed a more efficient heat current (i.e.
higher thermal conductivity) in nanotubes when heat flows from the low-mass to the high-mass
region. The opposite behavior has been found in mass-graded 1D chains. We have emphasized that the
thermal conductivity in quasi 1D networks such as nanotubes and perfect 1D chains is controlled by
different influence parameters. Only in nanotubes we can have a transfer of vibrational intensity to the
longitudinal axis under the influence of anharmonic effects perpendicular to this direction. Such a
transfer process is absent in single-file chains. At least in connection with thermal conductivities and
rectification we have to conclude that nanotubes cannot serve as model structures to study the physical
peculiarities of 1D systems. After reviewed the results of this work, it should be emphasized that the
thermal rectification realized in the majority of systems studied has been caused by different
efficiencies in the degrees of freedom. Their absolute number has been kept constant. Previous works
in our group have shown that the heat transfer also scales with the number of the degrees of
freedom.®” This influence parameter might be decisive to explain thermal rectification in externally
mass-loaded CNTs.® Here the heat transfer from the region with high loading (larger number in the
degrees of freedom) to the region with low external loading (smaller number in the degrees of
freedom) exceeds the opposite transfer route.

We have also investigated the thermal conductivity into the tube and perpendicular directions of
crystalline nanotubes. The thermal conductivity in the perpendicular direction is by two to three orders
smaller than in the parallel direction. These results are similar to our other findings in polystyrene
materials.”” In this context we can consider carbon nanotube bulks as an extreme example for high
anisotropies. The origin of this anisotropy can be explained as follows. The heat conduction in the
longitudinal direction of the tube driven by phonons is much more efficient than the collision
mechanism between the tubes. An anisotropy in the thermal conductivity of carbon nanotubes has

been verified experimentally after the application of pressure into the one direction of the sample.'’ In
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this case the lattice thermal conductivity perpendicular to the pressure orientation is bigger that those
parallel to the pressure direction.

In addition to the presented results, our preliminary findings for carbon nanotube-polymer
nanocomposites show that the thermal conductivities calculated for nanocomposite are much smaller
than the values expected on the basis of the thermal conductivities of the nanotube and the bare
polymer. These results coincide with available experimental data.'"'* In one case we have found that
the thermal conductivity of polyamide-6,6 with 7% (mass fraction) of the carbon nanotube is only
20.7% higher than the value for the bare polyamide. These findings show us that a polymer matrix
around the tube has an influence on the mechanism of the heat transport in the nanotube. However,

more calculations and analyses are necessary to understand the heat transfer in nanocomposites.
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