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Abstract

Nonequilibrium moleculardynamicssimulationswereusedto calculatethe thermalconductivity

of carbonnanotubesanddiamondnanowires. Atomic interactionswere modeledby the Bren-

ner potential. The dependenceof thermalconductivity on length,temperature,andtemperature

“boundary” condition wereinvestigated. Lengthsfrom
���

nm to ��� m weresimulated at temper-

aturesof � ��� K, �	� � K, and 
 ��� K. Thermalconductivity wasfoundto decreasesignificantlywith

shorterlengths. Two differentthermostatswereusedto setthetemperaturedifference:onerescaled

velocities(Berendsenthermostat),theotherpickedafew atomsatrandomeverytimestepandgave

thema velocity sampledfrom theappropriateBoltzmanndistribution (Andersenthermostat). The

Andersenthermostatresultedin slightly highervaluesfor thermalconductivity. All simulations

wererun for at least100,000timestepsof 1fseceach.
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Introduction

Thethermalcharacteristicsof carbonnanotubes1 will be importantfor designingsystemsthat in-

corporatethem. This study investigatesthe dependenceof thermalconductivity on lengthand

temperaturefor a (10,10)armchairnanotube.We alsodiscussthesensitivity of theresultsto how

the energy is addedand removed. Resultsare comparedwith both experimental values2,3 and

simulationsperformedusingdifferentmethods,4,5 which suggesthigh thermalconductivity. For

comparison,simulationsof a diamondnanowire have beenperformedin anattemptto illuminate

the differencesin the phononprocessesin thesequasi-one-dimensional nanostructures.Single

walledcarbonnanotubeshaveanaturally“clean” structureandit is believedthatthisresultsin ex-

cellenttransmissionof phonons,resultingin anextremelyhighthermalconductivity. Thestructure

of the diamondnanowire, with its relatively irregularsurface,is expectedto scatterthe phonons

andinhibit thetransmissionof heat,whichhasbeeninvestigatedpreviously in siliconnanowires.6

The longitudinal thermalconductivities of nanotubeshave recentlybeenmeasured.At �������
K, Shi3 found ��� �������

W/mK for a multi-wallednanotubeand ������� ��� W/mK for a ��� � nm

diameternanotubebundle. Honeet al.2 estimatedthethermalconductivity of single-wallednan-

otubes,basedon the measuredthermalconductivity of a crystalinerope of single-walled nan-

otubes,to bein therangeof ��������� � to ��� ��� W/mK. Usingaquasi-nonequilibrium moleculardy-

namicsformulationwith periodicboundaryconditionsandanareaof approximately������� �! #"%$ m& ,
Berberet al.4 predicted�'�)(�( ��� W/mK; usingan equilibrium techniquewith the Green-Kubo
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relation to compute * , Che et al.5 found *,+ -�.�/�0 W/mK using an areaof approximately132547698 0;:#<%= m> , alsofor asingle-wallednanotube.

Oneof thedifficultiesthatarisesin simulatingnanotubesis thatnanotubesareexpectedto have

longphononmeanfreepaths,ontheorderof microns.3 Thuscomputationsof longnanotubeswith

largenumbersof atomsareexpectedto benecessaryin orderto obtaina sizeindependentthermal

conductivity. Naturally occuringdefects,suchasvoids or isotopes,have beenshown to reduce

thermalconductivity in shortertubes.5

Computational Method

TheBrennerhydrocarbonpotential7 wasusedto modeltheatomicinteractions. This potential has

beenusedin the pastfor thermalconductivity calculations,5,8 aswell as for investigationsinto

variousotherproperties9 of carbonnanotubes.The initial atompositionsweredeterminedbased

ontheknown structureof carbonnanotubesanddiamond. In thesesimulations,a(10,10)armchair

nanotubewasused. Initial velocitieswere randomin both directionandmagnitude(uniformly

distributedwith a maximum absolutevalueof
8 0�0�0 m/s). A velocity Verletalgorithmwasusedto

advancethesolutionin time.

Thealgorithmwasimplementedin parallel.Computation timedominatedcommunicationtime

andthecodescalednearlyperfectlywith numberof processors.It hasbeenrun on parallelplat-
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Hot Region Cold Region

Figure1: Periodicsimulationsetup.

formsusinganywherefrom 2 to 120processors.

Cheet al.10 suggestthat a classicaldescriptionof the mechanicsshouldsuffice for comput-

ing the thermalconductivity. Estimatesusing the Wiedemann-Franzlaw and measurementsof

electricalconductivity11 suggestthatelectroncontributions to thermalconductivity arenegligible

comparedto total thermalconductivity, even for metallicnanotubes.In this study, a nonequilib-

rium approachwasusedto calculatethethermalconductivity. Thetemperaturewascontrolledin

separatehotandcoldregionsin orderto maintaina temperaturedifferenceof ?�@ K. Thisconfigura-

tion is shown in figure1. Thewidth of eachtemperaturecontrolledregionwas10%of tubelength.

Thetubewasperiodic.Dependenceon thethermostatsusedis discussedin thenext section.The

heatflux wascalculatedfrom thechangesin kineticenergy broughtaboutby thethermostats. Once

thesimulationhasreachedsteadystate,thetimeaverageof thisvaluebecomesstatistically station-
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Figure2: Temperatureprofile in temperaturecontrolledperiodicsingle-wallednanotube:straight
solid linesarevisualfits, and showstheperiodicextension.

ary andthetemperatureprofile becomessmooth. Thetemperatureprofile shown in figure2 is the

averagefor a C	D�D nmlong(10,10)nanotubeafter E�DGF timesteps.

Thevaluesfor thermalconductivity areobtainedby

HJI KLM�NPONRQTS (1)

where
KL

is the heatflux, A is the cross-sectionalarea,and UGVXW�U A is the averagetemperature

gradient. The nanowiressimulatedhad the samecrosssectionalareaas the nanotubes( E�Y3Z[C]\
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^�_;`#a%b
mc measuredto thecentersof thesurfaceatoms),which weretakenassolid for computing

this area.Cheet al.5 useda 1 Å thick ring for theareain the thermalconductivity calculations.

This smallerarearesultsin the high valuefor thermalconductivity they report. Rescalingtheir

valuesto accomodatethedifferencein area,thethermalconductivity becomesdfe�e _ W/mK for ag _
nmnanotube,which is closerto but still higherthanourvalueof h _ h W/mK for aslightly longeri�_
nmnanotube.

Thermostats

Two differentthermostatswereusedto controltemperature.Thefirst is aBerendsen12 thermostat,

which rescalesthevelocitiesby j eachtimestep,where

jlk m ^onqp�rs tvuxwzyP{u | ^�}X~o�
���

(2)

Thetargettemperatureis u�wzyP{ andtheinstantaneous local temperatureis u . Therelaxationtime s ,
which setsthestrengthof thethermostat,was

^�_ `#a%�
secandwaschosento beasweakaspossible

while still beingableto maintaintherequiredtemperaturegradientin a
i�_

nmtube.

Thesecondtypeof thermostat usedis dueto Andersen.13 It worksby stochastically coupling

the systemto a constanttemperaturebath. Eachtimestep, eachatomhasa � p�r probability of

“colliding” with a particlein this bath. If an atomis selectedfor collision, it is given a random

6



Simulation Berendsen Andersen
CarbonNanotube 1248W/mK 1390W/mK

DiamondNanowire 378W/mK 533W/mK

Table1: Dependenceof thermalconductivity on thermostat.

velocity drawn from theBoltzmanndistribution for thedesiredtemperature.� waschosento be���5���
for thesesimulations.

For boththermostats,a
�����

nmlengthwasused,with ameantemperatureof � ��� K. Theresults

areshown in table1. The Andersenthermostat givesslightly highervaluesfor thermalconduc-

tivity thantheBerendsendoes,but theresultsdo not seemto behighly sensitive to our choiceof

thermostat.Subsequentresultsall usetheBerendsenthermostat.

Length Dependence

Simulationof (10,10)nanotubeswith lengthsfrom � � nm to
���

m show a strongdependenceof

thermalconductivity onlength.(Diamondsimulationsrequiresignificantlymorecomputingpower

andhavethusonly beensimulatedupto
�����

nmin lengthsofar.) Themeantemperaturewas � ��� K
with a ��� of � � K. Resultsareshown in table2, andthe valuesfor the nanotubeareplottedin

figure3. Thetablealsoshowsresultsfrom experimentsandothersimulations.
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50nm 100nm 500nm 1000nm
Present (10,10)Nanotube 606W/mK 1248W/mK 3241W/mK 3650W/mK

DiamondNanowire 299W/mK 378W/mK
Cheetal.5 � 880W/mK

Berberet al.4 � 6600W/mK for length ����� nm.
Experiment2 1750-5800W/mK for length �f��� m�

Simulation length was40 nm anda 1Å ring wasusedfor cross-sectionalarea.
Thevalueshownhasbeenadjustedfor thedifferent areaused.�
It is not clearwhatareawasusedin thecalculation. Theoriginal valueis shown.

Table2: Dependenceof thermalconductivity on length.
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Figure3: Nanotubethermalconductivity versuslength.
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Simulation 100K 290K 400K
CarbonNanotube 1300W/mK 1248W/mK 1174W/mK

DiamondNanowire 539W/mK 378W/mK

Table3: Dependenceof thermalconductivity onmeantemperature.

Temperature Dependence

Simulations wereperformedat threedifferentmeantemperatures,but keeping���f�¡ �¢ K anda

periodicboxlengthof £�¢�¢ nm. Boththenanotubeanddiamondshowedhigherthermalconductivity

at lower temperature,thoughtheeffect is moresubtlethanwasexpectedfor thenanotube.Berber

et al.4 founda six fold increasein thermalconductivity whengoingfrom roomtemperaturedown

to £�¢�¢ K. It is believed that the low temperaturedependenceshown heremaybean indicationof

sizeeffects,sincethe dependency found is muchlessthanfor bulk materials. This is currently

beinginvestigated.Thediamondwire, however, is moresensitive to temperature.Unfortunately

it seemsunstableto surfacediffusion at thehighertemperatures,evenfor theshorttimesof these

simulations.

Conclusion

Thethermalconductivity of a (10,10)nanotubehasbeencalculatedusingnonequilibrium molec-

ular dynamicssimulations. Resultsvaried from ¤�¢�¤ W/mK for a ¥�¢ nm periodic box length to
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W/mK for a ª�« m box. This is within the rangeof valuesobtainedin recentexperiments.2,3

Simulations alsoshowedthatthetypeof thermostathasasmalleffecton thethermalconductivity

calculationsfor Berendsen12andAndersen13 thermostats,with thelattergiving slightly higherval-

ues.Similarsimulationswerealsoperformedfor adiamondnanowire andtheseshowedareduced

thermalconductivity in comparisonto the nanotube. Both the diamondand nanotubeshowed

decreasingthermalconductivity with increasingtemperature.
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