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Abstract

Nonequiliium moleculardynamicssimulatons were usedto calculatethe thermalconductvity
of carbonnanotubesaind diamondnanavires. Atomic interactionswere modeledby the Bren-
ner potential The dependencef thermalconductvity on length,temperatureandtemperature
“boundary” condition wereinvestgated. Lengthsfrom 50nm to 1m were simulaed at temper
aturesof 100K, 290K, and400K. Thermalconductvity wasfoundto decreasesignificantlywith
shortedengths Two differentthermostatsvereusedo setthetemperaturelifference:onerescaled
velocities(Berendserthermostat)the otherpickedafew atomsatrandomevery timestepandgave
themavelocity sampledrom the appropriateBoltzmanndistribution (Anderserthermosat). The
Andersenthermostaresultedin slighty highervaluesfor thermalconductvity. All simulations

wererun for atleast100,000timestepsf 1fseceach.



| ntroduction

Thethermalcharacteristic®f carbonnanotubeswill beimportantfor designingsystemghatin-
corporatethem. This study invesigatesthe dependencef thermalconductvity on lengthand
temperaturdor a (10,10)armchaimanotube We alsodiscusghe sensitvity of the resultsto how
the enegy is addedand removed. Resultsare comparedwith both experimenal value€® and
simulationsperformedusing differentmethods’® which suggestigh thermalconductvity. For
comparisonsimulationsof a diamondnanavire have beenperformedin anattemptto illuminate
the differencesin the phononprocessesn thesequasi-one-dimemgnal nanostructures.Single
walledcarbonnanotubesiave a naturally“clean” structureandit is believedthatthisresultsin ex-
cellenttransmissin of phononsresultingin anextremelyhighthermalconductvity. Thestructure
of the diamondnanavire, with its relatively irregular surface,is expectedto scatterthe phonons
andinhibit thetransmssionof heat,which hasbeeninvestgatedpreviouslyin silicon nanavires.®
The longitudinal thermalconductvities of nanotubesave recentlybeenmeasured At T =
300K, Sh found A = 3000W/mK for a multi-wallednanotubeand A = 1200W/mK for a 150nm
diametemanotubebundle. Honeetal.? estimatedhe thermalconductvity of single-walled nan-
otubes,basedon the measuredhermalconductvity of a crystalinerope of single-walled nan-
otubesto bein therangeof A = 1750 to 5800W/mK. Usingaquasi-noneqibrium moleculardy-
namicsformulationwith periodicboundaryconditionsandanareaof approximately29 x 10 ~1°m?,

Berberetal.* predicted\ = 6600W/mK; usingan equilibriumtechniquewith the Green-Kibo
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relationto compute), Cheet al.> found A ~ 2980 W/mK using an areaof approximately
4.3 x 1071m?, alsofor a single-vallednanotube.

Oneof thedifficultiesthatarisesn simulatingnanotubess thatnanotubesreexpectedo have
long phononmeanfree paths ontheorderof microns® Thuscompuationsof long nanotubesvith
large numbersof atomsareexpectedo be necessaryn orderto obtaina sizeindependenthermal
conductvity. Naturally occuringdefects,suchasvoids or isotopes have beenshavn to reduce

thermalconductvity in shortertubes®

Computational Method

TheBrennerhydrocarborpotental” wasusedto modelthe atomicinteractions This potental has
beenusedin the pastfor thermalconductvity calculations)® aswell asfor investgationsinto
variousotherpropertie8 of carbonnanotubesThe initial atomposiions weredeterminedbased
ontheknown structureof carbonnanotubesnddiamond In thesesimulatians,a (10,10)armchair
nanotubewas used. Initial velocitieswere randomin both direction and magnitude(uniformly
distributed with a maximum absolutevalueof 1000m/s). A velocity Verletalgorithmwasusedto
adwancethesolutionin time.

Thealgorithmwasimplementedn parallel. Computatio time dominaedcommurcationtime

andthe codescalednearly perfectlywith numberof processorsit hasbeenrun on parallelplat-
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Figurel: Periodicsimulationsetup.

formsusinganywherefrom 2 to 120 processors.

Cheetal.’® suggesthata classicaldescriptionof the mechanicshouldsufiice for comput-
ing the thermalconductvity. Estimatesusingthe Wiedemann-Frantaw and measurementsf
electricalconductvity!! suggesthatelectroncontritutions to thermalconductvity arenegligible
comparedo total thermalconductvity, evenfor metallic nanotubesin this study a nonequiib-
rium approachwasusedto calculatethe thermalconductvity. Thetemperaturevascontrolledin
separatdotandcoldregionsin orderto maintainatemperaturelifferenceof 20K. This configura-
tionis shovnin figure1. Thewidth of eachtemperatureontrolledregionwas10%of tubelength.
Thetubewasperiodic. Dependencen the thermostatsisedis discussedn the next section.The
heatflux wascalculatedrom thechangesn kineticenepgy broughtaboutby thethermostatsOnce
thesimdation hasreachedteadystate thetime averageof this valuebecomestatisticaly station-
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Figure2: Temperaturgrofile in temperatureontrolledperiodicsingle-walled nanotube straight
solid linesarevisualfits, and---- shavsthe periodicextension.

ary andthe temperaturgrofile becomesmooh. Thetemperaturegrofile shavn in figure 2 is the
averagefor a500nmlong (10,10)nanotubeafter 106 timeseps.
Thevaluesfor thermalconductvity areobtainedoy

Q

A=
A%

(1)

where @ is the heatflux, A is the cross-sectionarea,and dT'/dz is the averagetemperature

gradient. The nanavires simuated had the samecrosssectionalareaasthe nanotubeg14.5 x



10~ *m? measuredo the centersof the surfaceatoms),which weretakenassolid for computig
this area. Cheetal.5 useda 1 A thick ring for the areain the thermalconductvity calculations.
This smallerarearesultsin the high valuefor thermalconductvity they report. Rescalingtheir
valuesto accomodatéhe differencein area,thethermalconductvity becomes- 880W/mK for a
40nmnanotubewhichis closerto but still higherthanour valueof 606W/mK for a slightly longer

50nm nanotube.

Ther mostats

Two differentthermostatsvereusedto controltemperatureThefirst is a Berendset? thermostat,

whichrescaleshevelocitiesby y eachtimestepwhere

X:[1+§(T;r—1>r. )

Thetargettemperaturés T}, andtheinstantaneosilocaltemperaturés 7. Therelaxationtime 7,

which setsthe strengthof the thermosat, was10~'*secandwaschoserto be asweakaspossible
while still beingableto maintaintherequiredtemperaturgradientin a 50nmtube.

The secondype of thermosat usedis dueto Andersent® It works by stochasticajl coupling
the systemto a constanttemperaturebath. Eachtimesep, eachatomhasa v At probability of

“colliding” with a particlein this bath. If anatomis selectedor collision, it is given a random



Simulation Berendsen| Andersen
CarbonNanotube | 1248W/mK | 1390W/mK
DiamondNanaovire | 378W/mK | 533W/mK

Tablel: Dependencef thermalconductvity onthermostat.

velocity drawvn from the Boltzmanndistribution for the desiredtemperature» waschoserto be
0.01 for thesesimulations.

For boththermostat, a 100 nmlengthwasusedwith ameantemperatur@f 300K. Theresults
areshavn in table1l. The Andersenthermosat givesslightly highervaluesfor thermalconduc-
tivity thanthe Berendsemloes,but the resultsdo not seemto be highly sensitve to our choiceof

thermostatSubsequemntesultsall usethe Berendserthermostat.

L ength Dependence

Simulationof (10,10) nanotubesvith lengthsfrom 50nm to 1uzm shov a strongdependencef
thermalconductvity onlength.(Diamondsimulationsrequiresignificantlymorecomputingoower
andhave thusonly beensimulatedupto 100nmin lengthsofar) Themeantemperaturevas300K
with a AT of 20K. Resultsare shovn in table 2, andthe valuesfor the nanotubeare plottedin

figure 3. Thetablealsoshaws resultsfrom experimentsandothersimuations.
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100nm

500nm

1000nm

Present (10,10)Nanotube
DiamondNanawire

606 W/mK

299W/mK 378W/mK

1248W/mK| 3241W/mK

3650W/mK

Cheetal® f880W/mK
Berberetal.* 16600W/nK for length< 10nm.
Experiment 1750-5800WhK for length~ 1um

1 Simulation length was40 nmanda 1A ring wasusedfor crosssectbnalarea.
Thevalueshownhasbeenadjusedfor the different areaused.
1 It is not clearwhatareawasusedin the calcuktion Theoriginal valueis shavn.

Table2: Dependencef thermalconductvity onlength.
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Figure3: Nanotubehermalconductvity versudength.




Simulation 100K 290K 400K
CarbonNanotube | 1300W/mK | 1248W/mK | 1174W/mK
DiamondNanawire | 539W/mK | 378W/mK

Table3: Dependencef thermalconductvity on meantemperature.

Temperature Dependence

Simulatiors were performedat threedifferentmeantemperaturesyut keepingAT = 20K anda
periodicboxlengthof 100nm. Boththenanotubenddiamondshonvedhigherthermalconductvity
atlowertemperaturethoughthe effectis moresubtlethanwasexpectedfor thenanotubeBerber
etal.* foundasix fold increasén thermalconductvity whengoingfrom roomtemperaturelown
to 100K. It is believed thatthe low temperaturelependencehovn heremay be anindication of
size effects, sincethe dependeng found is muchlessthanfor bulk materials. This is currently
beinginvestgated. The diamondwire, however, is more sensitve to temperature Unfortunately
it seemaunstableo surfacediffusion at the highertemperaturesvenfor the shorttimesof these

simulations.

Conclusion

Thethermalconductvity of a (10,10)nanotubenasbeencalculatedusingnonequilibrum molec-

ular dynamicssimuations. Resultsvaried from 606W/mK for a 50nm periodic box lengthto



3650W/mK for a 1m box. This is within the rangeof valuesobtainedin recentexperiments®3
Simulatiors alsoshavedthatthetype of thermostahasa smalleffect on the thermalconductvity
calculationdor BerendsettandAndersef® thermostatswith thelattergiving slightly higherval-
ues.Similar simulationswerealsoperformedor adiamondnanavire andtheseshovedareduced
thermal conductvity in comparisonto the nanotube. Both the diamondand nanotubeshaved

decreasinghermalconductvity with increasingemperature.
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