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Background

Facedwith thewell publicizedlimits of present-daymicro-electronicsfabricationtechnology, man-
ufacturerswill likely turn to nanostructures,suchascarbonnanotubesor nanowires, in order to
continueto increasecircuit densityandperformance.However, thethermalpropertiesof thesestruc-
turesmustbequantifiedbeforethey canbeusedefficiently in designs.In thiswork weuseatomistic
simulationto studythermaltransportby phononsin carbonnanotubesanddiamondnanowires,fo-
cusingon theeffective thermalconductivity of thesestructures.

The longitudinal thermalconductivities of nanotubeshave recentlybeenmeasured.At T �

300K, Shi1 foundλ � 3000W/mK for a multi-wallednanotubeandλ � 1200W/mK for a 150nm
diametermulti-wallednanotubebundle.Honeetal.2,3 estimatedthethermalconductivity of single-
wallednanotubes,basedon themeasuredthermalconductivity of crystalineropeof single-walled
nanotubes,to bein therangeλ � 1750to 5800W/m K.

Atomistic simulationsarean attractive complementto thesedifficult experimentsbecauseof
thedetailsthey canprovide. Unfortunately, they arelimited to relatively small systemsandshort
simulationtimes. Structuresize is particularly importantbecausethe phononmeanfree pathsin
nanotubesarethoughtto be long. Recentmeasurementssuggesta mean-freepathof 500nmfor a
multi-wallednanotube.1 Simulatingamultiwalledtubeof thislengthseemsprohibitively expensive.
An evenlongermeanfreepathis expectedfor asingle-wallednanotubesincethereis nomechanism
for phononscatteringbetweenthewall layers.Periodicboundaryconditionsareoftenemployedin
simulationsso thatphononscantravel severalperiodsbeforethey scatter, thussimulatinga much
larger structure. Using quasi-equilibrimandequilibrium approaches,respectively, Berberet al.4

and Che et al.5 have computedthe longitudinal thermalconductivity of periodic single-walled
nanotubesusingperioidic boundaryconditionsfinding high valuescomparableto thosededuced
experimentally.

However, in mostanticipatedapplicationsnanotubeslengthswill becomparableto thephonon
meanfreepath.In thisstudywecomputetheeffective thermalconductiviesfor nanotubesof several
lengthsandsubjectto differentmodelboundaryconditions.Resultsarecomparedto diamondwires
of comparabledimensions.Unlike nanotubes,whose“clean” structureis thoughtto reducephonon
scattering,theirregularstucturesof diamondnanowiresareexpectedto scatterphononsubstantially,
asobservedin atomisticsimulationsof siliconnanowires.6
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Figure1: Runtimescalingon IBM SP: code, thereticalmaximum.

Methods

WeusetheBrenner7 potentialto simulatethecarbonatoms.Thissamepotentialhasbeenusedpre-
viously to studythermalconductivity4,5 andvariousotherpropertiesof carbonnanotubes.Because
it is a strictly classicalpotential, it will fail at low temperatureswherequantumeffects become
significant,but it hasbeenshown to beadequateatmoderatetermpaturesandabove.8

We have implementedour algorithmin parallel to permit simulationswith � 105 atomsand
� 106 timesteps.Theatomsin thenanotubeor diamondnanowire aredistributedamongthepro-
cessorsbasedon their axial position. MPI is usedfor interprocessorcommunications.Although
communicationmustoccureachtimestep,run timesscalewell with numbersof processors(figure
1). Wehave usedup to 120processors.

In our nonequilibriumapproach,atomicvelocitieswererescaledin local regionsto maintaina
temperaturegradient.Eachhot andcold region wasone-tenthof the total lengthof thestructure.
Theheatflux, cross-sectionalarea,andtemperaturegradientgive thethermalconductivity.

Results

Herewe presentresultsfor a nanotubeanda diamondrod. Both have a diameterof 1.1nm. The
thermostatsweresetatThot

� 300K andTcold
� 280K in bothcases.

The temperatureprofile for a 0.5µm long nanotubeis shown in figure2. Statisticswereaccu-
mulatedover 106 timesteps.Using the constanttemperaturegradientclearly seenin figure 2 and
the heatflux requiredto maintainit, we found a high λ for the 0.5µm long tube comparableto
experiments.However, it wassuppressedby nearlya factorof 4 in a90nmlong tube.

Thecomparisonsimulationof a90nmlongdiamondrodpredictedλ to beone-sixththatfor the
nanotubeof thesamelength,asexpecteddueto increasedphononscattering.
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Figure 2: Temperatureprofile in temperaturecontroledperioidic single-walled nanotube. The
is theperiodiccontinuation.
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