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Recentexperimentson irradiatedcarbonnanotubesprovide evidencethat ion bombardmentgivesriseto nan-
otubeamorphizationanddramaticdimensionalchanges.Using an empiricalpotentialalongwith molecular
dynamics,we studystructureandformationprobabilitiesof atomic-scaledefectsproducedby low-doseirradi-
ationof nanotubeswith Ar ions.For this,we simulateimpacteventsover a wideenergy rangeof incidentions.
We show that themaximumdamageproductionoccursfor a bombardingion energy of about600eV, andthat
themostcommondefectsproducedat all energiesarevacancies,which at low temperaturesaremetastablebut
long-liveddefects.Employing thetight-bindingGreen's function technique,we alsocalculateSTM imagesof
irradiatednanotubes.Wedemonstratethatirradiation-induceddefectsmaybedetectedby STM andthatisolated
vacanciesmaylook like bright spotsin atomically-resolvedSTM imagesof irradiatednanotubes.
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I. INTR ODUCTION

Unusualmechanicaland unique electronicpropertiesof
carbonnanotubes(NTs)canbeusedin numerousapplications
andcanprovide ampleopportunityfor fabricatingnanoscale
devices(seee.g. Refs.1). However, implementationof such
devicesdemandsa thoroughunderstandingof the structural
andelectronicpropertiesnot only of perfectNTs, but alsoof
NTs with variousatomic-scaledefects. Suchimperfections
may be eithercreatedat the time of NT growth2 or may be
inducedasa resultof externalin�uencessuchasmechanical
strain3ÿ4 or irradiation5–7 while thedevice is in operation.Ex-
amplesof defectsin NTsarepentagon/heptagonStone-Wales
(SW) defects8 associatedwith a rotationof a bondin theNT
atomnetwork, adatomson thewallsof NTs2, anddefectsini-
tiatedthroughtheadsorptionof acarbondimeronananotube
wall.2ÿ9

The issueof how atomic-scaledefectsin�uence thestruc-
tural and electronicpropertiesof NTs has beenaddressed
recently9–13 with particular focus on the effects on trans-
port properties,9ÿ13 given the potentialapplicationof NTs as
quantumwires and�eld-emissionelectronguns. The mech-
anismsof defect formation in NTs undermechanicalstrain
have beenstudiedas well. It hasbeenfound that external
straingivesrise to atomic restructuringand fourfold carbon
rings,3 aswell asto theformationof topologicaldefects,4 the
simplestof whichbeingSWdefects,andthatNTs releaseex-
cessstrainvia a reversibleformationof defects.

Studiesontheresponseof NTsto irradiationarealsorepor-
ted, which areof particularimportanceto understandingthe
mechanismsof defectdevelopment,sinceirradiationof NTs
with electrons,neutronsor noblegasionspotentiallymakesit
possibleto createdefectsin a controllableway.

However, theoriesontheformationof defectsin NTsunder
irradiationandon the subsequentdefectevolution over time
arefar from completion.For instance,oneof theunresolved
issuesis the typeandthebehavior of irradiation-inducedde-
fectsin NTs.

Recentexperiments6 evidencethatNTsexposedto focused
electronirradiationareseverelylocally deformedanddevelop

neck-likefeaturesalongtheirbodiesdueto theremovalof car-
bonatomsby knock-ondisplacements.Uniform irradiationof
NTs5 alsoresultsin surfacereconstructionanddrasticdimen-
sionalchanges,asa corollaryof which theapparentdiameter
of NTsshrinksfrom ½ 1.4 to 0.4nm. Tight-binding(TB) mo-
leculardynamicssimulations5 conductedat a temperatureof
700K indicatethatirradiation-inducedvacanciesonNT walls
areunstableunderhigh beamdose(whena large numberof
atomsareremovedvery rapidly) andat high temperatures.A
mendingof vacanciesoccursthroughdanglingbondsatura-
tion andby forming non-hexagonalringsandSW defects,all
of which givesriseto surfacereconstructionanddiameterre-
duction.However, it is notclearfromthisworkwhethersingle
vacanciesalsotransformeasilyat low temperatures.

On the otherhand,althoughexperiments7 on the interac-
tion of NTs with Ar ion beamsalso indicatethat ion bom-
bardmentgivesrise to amorphizationof NTs andshrinkage
of their diameters,appearancesof surfacedanglingbondsin
irradiatedNTs arereported.7 Sincedanglingbondsareusu-
ally associatedwith isolatedvacancies,suchvacancies,even
if metastable,maybelong-liveddefects(andmaysurvive for
macroscopictimes), especiallyunderlow-temperature,low-
doseirradiation.

In this paper, we studythe irradiationof individual single-
wall NTs with Ar ions. Making useof anempiricalpotential
alongwith moleculardynamics,we modelthe impactevents
aswell asthe subsequentevolution of the system.We show
for the �rst time that single vacancieson NT walls are the
predominantdefectsunderlow-energy ion irradiation. These
defectsare stablefor our simulationtimes, at leastat room
temperatures.

SinceSTM probablyremainstheonly tool to identify atom-
scaledefectsdirectly andsinceunderstandingtheunderlying
physicsof imperfectNTs is not possiblewithout determining
thetypeof defects,wealsosimulateSTM imagesof irradiated
NTs within a framework of a TB approach.We demonstrate
thatirradiation-induceddefectsmaybedetectedby STM and
that,at low biasvoltages,vacanciesappearasbright spotsin
STM imagesdue to growth in the local electrondensityof
stateson atomssurroundingthe vacancy. Electronicsuper-
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structuressimilar to thosein graphitenearpoint defectsare
evidentin our theoreticalSTM images.

It shouldbenoted,however, thatalthoughatomicresolution
hasbeenachievedin a numberof experimentalworks14ÿ15 we
areunawareof signaturesof atomic-scaledefectshaving been
observedin experimentalSTM imagesof NTs.

II. MOLECULAR DYNAMICS SIMULA TIONS

We dwell upon (10,10)armchairsingle-wall NTs, which
are assumedto be the predominantconstituentsof ropes
synthesizedby the electric arc techniqueusinga catalyst.16

We stress,however, that our results are qualitatively cor-
rect for NTs of differentchiralities. We modela portion of
long (up to 1mm) individual NTs which are also observed
experimentally.5 To avoid excessivecomputationaleffortsand
to prevent NTs from beingdisplacedby the transferof mo-
mentum,only atomsat a distanceof lessthan 50 Å from
the impactpoint wereallowedto move during therelaxation
of the atomicstructureafter ion impact. In actuality, in the
TB simulationthe100Å longnanotubeswereaugmentedby
muchlongeridealtubesto avoid size-quantizationeffects.

To simulatedefectproductionby irradiation of NTs, we
usedclassicalmoleculardynamics.This is the only method
fast enoughboth for realistic simulationof energetic colli-
sionalprocessesandfor achieving representativestatistics.To
modelcarbon-carboninteractionin theNT, weusedtheBren-
ner II interatomicpotential,which is constructedto give a
gooddescriptionof vacanciesandbondstretchingin graphite
layers.17 A goodcorrelationbetweenthe resultsof ab initio
andclassicalsimulationsof NTs is alsoreported.2ÿ4 Because
bondconjugationis not expectedto besigni�cant in thecol-
lisional processes,we neglectedthe computationallyintens-
ive four-body part of the potential. To realistically model
energetic collisions, we smoothly joined a repulsive poten-
tial calculatedby a density-functionaltheorymethod19 to the
Brennerpotentialat short interatomicseparations20. The in-
teractionbetweenAr and C was modeledwith the Ziegler-
Biersack-Littmarkuniversalrepulsivepotential.21

In practice, we employed our simulation code which
has previously been used to model irradiation effects in
a wide rangeof metals, semiconductorsand carbon-based
materials22–24. ThecodeusestheGearV algorithm25 to in-
tegratethe equationsof motion,anda variabletime stepde-
pendenton the maximum velocity and interactionforce in
the system26 to ensureenergy conservation when energetic
particlesare presentin the system. A combinedlink-cell
methodandneighborlist is usedto achieve linear scalingof
thesimulationtimewith thenumberof atoms.

We �rst testedthe energeticsof single vacancies(which
have threedanglingbonds)and two vacancy-relateddefects
describedin Ref. 5. Those defect structuresare single
pentagon-onedanglingbondatomiccon�gurationsandfour-
fold coordinatedatomsin thecenterof two pentagonsandtwo
hexagons. For brevity, we label the former defect "5-1db"
andthe latter "5-6" defect. To calculatetheenergy, we used
theTB27 andempiricalpotentialmodels(Brennerpotential17,

Brennerpotentialwithout thebondconjugationtermandthe
originalTersoff potential18).

Sinceweareprimarily interestedherein therelativestabil-
ity of the vacancy-relateddefects,we comparethe total en-
ergy differences(at 0 K) betweenthesinglevacancy andthe
vacancy-relateddefects.We �nd that the "5-1db" defectlies
1.8, 3.0, 0.9, and -1.0 eV below (above for negative signs)
thesinglevacancy in energy for the tight-binding,full Bren-
nerpotential,Brennerpotentialwithout thebondconjugation
term,andtheoriginalTersoff potential,respectively. Our res-
ults for the 5-6 defectare -0.4, 2.4, 0.9 and -1.3 eV below
the singlevacancy for the samepotentials. The energy dif-
ferencesdo dependheavily on the theoreticalmodelsused.
However, sinceit is known thatit is verydif�cult to calculate
theformationenergiesof vacancy-likedefectsin covalentsys-
temsevenwith density-functionalmethods,28 wethink thatno
morethana qualitative agreementcanin any casebedesired
at thisstage.SincebothAjayan'sresults5 andourbettermod-
els(TB andBrenner)all predictthatthe5-1dbdefectis lowest
in energy, this providesstrongevidencethat this is the most
stablemissing-atomdefectcon�gurationin nanotubes.

To simulateAr impactsontheNT, weshotanAr ion placed
well outsidethetubetowardthecenterof thetube.Theimpact
point waschosenrandomly, and the Ar ion shot toward the
centralaxisof thetube.Between40and170ionsweresimu-
latedatdifferentenergiesto obtainreasonablysmallstatistical
uncertaintiesin themainquantitiescalculated.Thesimulation
wascarriedout for 5 ps per eventusingtemperaturescaling
only at the outeredgesof the NT (whereno collisional pro-
cessestookplace).Defectsweredetectedby visualinspection
of the�nal atompositions.

To examinethe stability of the vacancies,we simulateda
singlevacancy in a100Å longnanotubewith no �x edatoms
over timescalesup to morethanten nanosecondsat temper-
aturesof 500 – 4000K. We found that at high temperatures
a singlevacancy doestransforminto thesame5-6 con�gura-
tion and5-1dbcon�gurationobservedin Ref.5 andbecomes
mobile. At leastat temperaturesbelow 2500K, the clearly
dominantprocesswas a transformationinto the 5-1db de-
fect,asexpectedfrom thedefectenergetics.With simulations
betweentemperaturesof 1500K and2200K, we determined
that theaveragevacancy lifetime canbe well describedwith
activatedbehavior with a singleactivationenergy, i.e. by the
formula t � aexp� b� kBT	 , wheret is the time beforethe
vacancy transformsinto somethingelse, kB is Boltzmann's
constant,T is thetemperature,anda andb arethe�tting con-
stants.Ourbest�t gavea � 0.18ù� 0.02 psandb � 1.2ù� 0.1
eV.

Sincethe TB andclassicalmodelsgive dissimilarenergy
differencesfor the defects(seeabove), it is clear that each
modelcanbe expectedto give a somewhat differentactiva-
tion energy as well. We note, however, that the initial part
of thetransformationfrom thevacancy to any otherstructure
involvesan elasticstretchingof bonds. Sincethe BrennerII
potentialdescribesbondstretchingwell, it canthusbeexpec-
tedto give a gooddescriptionof at leastthelower partof the
energy barrierseparatingdifferentdefectcon�gurations.

We alsostudiedthe stability of isolatedvacanciesin NTs
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FIG. 1. Ball-and-stickrepresentationof a (10,10)NT after ion
impactandsubsequentrelaxation.A vacancy is evidentin theupper
part of the NT anda carbonknocked-off atomadsorbedinsidethe
NT in a D3 con�gurationis alsoobservable.

usinga TB approach,which hasbeenproven to be very re-
liable in calculatingstructuraland electronicpropertiesof
NTs.9–13 We usedtheparametrizationof theTB Hamiltonian
suggestedin Ref. 27. We foundthat isolatedvacancieswere
quite stablefor the entiredurationof our TB moleculardy-
namicssimulations(about5 ps)evenat temperaturesexceed-
ing 1000K. However, at 2000K we observed formationof
5-1dbdefectsduringoursimulations.

Thus,boththeclassicalandTB modelsindicatethatat low
temperaturesthevacancy is stableon long timescales.If the
activation energy for vacancy transformationis •» 1 eV, as
our simulationsindicate,thevacanciescanbeexpectedto be
stableat roomtemperaturefor timescalesof at leasttheorder
of hours.Thus,they mightbeexperimentallyfound.

A typical defectcon�gurationwhich appearedin a (10,10)
NT after ion impactandthesubsequentrelaxationof carbon
network is representedin Fig. 1. A vacancy is evident in
theupperpart of theNT, whereasin the lower part a carbon
knocked-off atomis adsorbedon thewall insidetheNT.

Two-coordinatedsingle adatomson both externaland in-
ternal sidesof the NT walls are also proli�c after ion im-
pact. Defectsof this type for graphitehave beenpreviously
labeled20 "D3", so,in whatfollows,we usethis termaswell.
The geometryof D3 defects(bond lengthsand angles)are
very closeto thosereportedin Ref. 20. We found that such
defectsarestableat low temperatures.Recentsimulations2

alsoevidencethatD3 defectscansurvive evenwhentheNT
is annealedat 3000K. Othercomplex defects(clusteredva-
cancies,non-hexagonalrings, etc.) appearafter ion impact
aswell. However, we have never observedany defectstruc-
tureswhich might be labeledas in-planeinterstitials in the
NT. This is not unexpected,asanextra carbonatomlying in
agraphite-likeplanewouldneedto haveeitheranunnaturally
high numberof bondsor prohibitively shortones. Thus,we
reachtheconclusionthattheD3 defectcanbeexpectedto be
thepredominantinterstitial-likedefectproducedin nanotubes
duringirradiation.
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FIG. 2. Averagenumberof defectsformedfor onebombarding
Ar ion as a function of the ion energy. The upperpart shows the
formationprobabilitiesof vacancy-typedefects,thelower partother
defects.Notethedifferencein theordinatescales.

The productionof differentvarietiesof defectsasa func-
tion of incidention energy is illustratedin Fig. 2. That�gure
shows the averagenumberof defectsproducedfor different
energiesof the bombardingAr ion (50, 200, 600, 1000and
3000eV).Theupperhalf showsthetotalnumberof vacancies
produced,aswell ashow this numberis dividedinto isolated
vacanciesand vacanciesin clusters. The lower half shows
thenumberof D3 defectswheretheadatomis insideor out-
sidethetube.Also shown is thenumberof defectcomplexes,
i.e. defectstructureswhichcouldnotbeclassi�ed into any of
thesesimplecategories.

Note that the differencein the ordinatescaleis about a
factorof � ve in the two partsof the �gures. This shows that
thedominanttypeof defectsproducedduringheavy-ion irra-
diationof NTs is alwaysavacancy. At thevery lowestenergy
(50 eV), monovacanciesdominatebecausethis energy is so
closeto the defectproductionthresholdthat it is highly un-
likely that complex defectscould form. At intermediateen-
ergies,vacancieswhich arein clustersof at leasttwo vacan-
ciesdominateandathigherenergies(• 1 keV) thenumberof
monovacanciesandvacanciesin clustersis aboutthesame.

Fig. 2 shows that for all defect typesexcept D3 defects
inside the tube, the maximumin damageproductionoccurs
at about600 eV. The damageproductionincreasesbetween
50and600eV simply becausethereis moreenergy available
for it. At higherion energies,defectproductiondecreasesas
the nuclearcollision crosssectiondecreases,makingdefect-
producingcollisionslesslikely.
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To estimatethe possiblemodeldependency of the results,
we alsosimulated200 eV Ar bombardmenteventswith the
Brennerpotentialwhich includesbond conjugationeffects.
We found that the numberof monovacancieswas the same
within the uncertainties,while the otherdefectnumbers(D3
defectsandclusteredvacancies)were» 50 % lower. Since
monovacanciescanbeproducedby asingleballisticcollision,
it is not surprisingtheir amountis similar. The numberof
the otherdefectsapparentlyis moresensitive to the detailed
natureof the atomic interaction. Our main objective hereis
to examinehow thedamageproductionqualitatively changes
with energy, whichwill belargelygovernedby how muchen-
ergy is transferredin initial ballistic collisionsfrom Ar to the
C network. Hence,althoughthechoiceof thepotentialclearly
affectstheabsolutenumberssomewhat,theoverallenergyde-
pendencecanbeexpectedto beinsensitiveto thechoiceof the
potential.

III. TIGHT -BINDING SIMULA TIONS OF STM IMA GESOF
IRRADIA TED NANOTUBES

Having usedclassicalmoleculardynamicsto calculatean
eventof an Ar ion impacton theNT andsubsequentrelaxa-
tion of thecarbonnetwork, we computedtheSTM imagesof
theirradiatedNTswithin theframework of theTB approxim-
ation.

Our techniquehasbeensuccessfullyusedfor calculations
of STM imagesof graphitesurfaceswith point defects29 and
NTs,30 the latter being treatedwithin the framework of a
simplenearest-neighborTB model.Sincetheelectronicstruc-
tureof single-wall NTs neartheFermienergy is governedby
thep -statesorientedperpendicularlyto the NT walls, in our
simulation,we employeda one-bandTB Hamiltonianwhich
accountsfor electronhoppingbeyond the �rst-neighbor ap-
proximation. To accountfor the dependenceof the hopping
elementson interatomicdistances,we usedthescalingfunc-
tionsgivenin Ref.27.

The STM tip was modeledas the �nal atom of a semi-
in�nite, one-dimensionalchain. To the �rst orderin the tip-
NT interaction,which wastreatedperturbatively, the tunnel-
ing currentI asa functionof thetip coordinates� xÿyÿz	 may
bewritten31 atzerotemperatureas

I � xÿyÿz	 �
2pe
h̄

@EF � eVbias

EF

(1)

� å
i

Vi � xÿyÿz	 2r tip� E	 r tube� iÿE	 dE.

wherethesumrunsover all sitesinvolvedin thetip-NT hop-
ping. Vbias is thebiasvoltageappliedto thetip-NT interface,
Vi � xÿyÿz	 is the tunneling matrix elementcoupling the tip
apex atomto theatomi of theNT, r tip� E	 andr tube� iÿE	 are
theLDOS of thenoninteractingtip andtheNT, respectively.
TheparameterV wasevaluatednumericallywith thetip states
beingapproximatedby ahydrogen-liked-functionmimicking
a tungstentip.

FIG. 3. STM imageof a(10,10)irradiatedNT. (a)Schematicplot
of tip heighth asa functionof tip positionfor a scanin a direction
perpendicularto the tubeaxis. (b) Isometricplot of h asa function
of tip positionin the � xÿy	 planefor Vbias � � 0.2. (c) Illustration
for achieving atomiccorrugation("�ltering" theSTM image)by sub-
tractingtheaveraged(over theNT axisx) pro�le of thenanotube.(d
ande)Gray-scale"�ltered" STMimagesof theirradiatedNT for pos-
itive andnegative valuesof Vbias respectively. Thevacancy is at the
origin in the� xÿy	 plane(atthecentersof theimages).(f) Gray-scale
"�ltered" STM imageof a (10,10)NT withoutdefects.

Note that the equation(1) hasan approximatecharacter:
it involves densitiesof statesof the nanotubeand tip only,
but notoff-diagonalelementsof thenanotubeandtip Green's
functions,as neededin a strict tight-binding formulation of
STM.However, if theseparationbetweenthenanotubeandtip
ismorethan4 Å (andwechoseavalueof thereferencecurrent
in suchawaythatthisconditionwasmet),this formulaworks
verywell for carbonsystems.31

The recursionmethod32 was employed to calculatethe
LDOS of a nanotube.STM imageswere computedfor the
constantcurrentmodeof STM operation,in which theheight
of theSTM tip is adjustedto keepa constantvalueof current.
To simulatethismode,wenumericallysolvedtheequation(1)
for thezcoordinate(tip heighth ùùù z) atany scanpoint � xÿy	 .

In ourcalculations,weignoredthemechanicaldeformation
of thesurfaceinducedby theSTM tip, aswell asany possible
ohmiccontactsappearingdueto contaminationof theSTM tip
asa resultof workingwith carbonaceousmaterials.33 A small
Vbias � ù� 0.2 V wasconsidered.Thus,only electronicstates
nearEF contribute to the tunnelingcurrent. We accountfor
theshift14 of EF by dE � 0.3 eV dueto thechargetransfer
from thesubstrate,which leadsto anasymmetricpositionof
theNT bandstructurerelative to EF , seeFig. 4(b).

Fig. 3(a) schematicallyillustrates the image formation
mechanism:tip heighth ùùù z asa functionof tip positionfor
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FIG. 4. I � V curvesfor the(10,10)NT calculatedjust above the
vacancy (a) andabove an atomdistancedfrom the defect(b). The
arrow indicatesthepositionof EF anddE is theshift of EF dueto
thechargetransferfrom thesubstrate.

a scanin a directionperpendicularto the tubeaxis is shown.
The isometricplot of h as a function of tip position in the
� xÿy	 planeis representedin Fig.3(b) for the NT shown in
Fig. 1 andfor Vbias � � 0.2 . Thevacancy is at theorigin. All
lengthsaregivenin Ångstroms.Thecentralpartof theimage
correspondingto thetopmostpartof theNT (� 5Å ” y ” 5Å)
is shown. A dramatichillock-likefeatureabovethevacancy is
evident.Theheightof theprotrusionconstitutes½ 1 Å, while
its linear size is about10 Å. To achieve atomiccorrugation,
we subtractthepro�le of theNT averagedover its axis from
the initial pro�le, seeFig. 3(c). Figs. 3(d ande) depict the
�ltered STM imagesof thecentralpartof theNT. Theshape
of thehillock is governedby thatof theatomsin theNT car-
bonnetwork.

To understandthe origin of the hillock, in Fig. 4(a) we
plot the current-to-voltage(I � V) characteristicfor the tip
positionedabove the vacancy. The I � V curve is actually
theLDOSoncarbonatomssurroundingthevacancy andcon-
tributing to the tunnelingcurrent. In Fig. 4(b) we plot the
I � V curve calculatedat a distancefrom the vacancy, and
this coincideswith the I � V curve for a defect-freeNT. As
it is evident from the �gures, the vacancy resultsin a sharp
increasein LDOSnearEF onatomsnearestthevacancy. This
increasestemsfrom thestatescloseto theEF spatiallylocal-
izedonatomsnearthevacancy, whichmaybealsointerpreted
asdanglingbonds.Sinceit is speci�cally thesestateswhich
STM probesat small bias voltages,a vacancy is imagedas
a protrusion. A similar effect hasbeenreportedfor surface
vacanciesin graphite,seeRefs.20,29andreferencestherein.

Along with a hillock-like feature,it canalsobeseenfrom
Fig. 3(d) that theSTM imageof theNT in thevicinity of the
vacancy is differentfrom thatobservedfor thedefect-freecase
(givenin Fig. 3 (f)). A network of darkspotscorresponding
to thecentersof hexagons(typical for defect-freeNTs) is no
longerevident, whereasmodulationsin h alongthe NT axis
arepresent.However, it is seenthatthenetwork of darkspots
is graduallyrestoredat theendsof theimages.

Sincewe did not �nd any re-arrangementof NT atomsdis-
tancedfrom thedefectafter thegeometryoptimization,these
modulations,or superstructures,with a periodcommensurate
with (but larger than)that of the underlyinggraphenelattice
alsostemfrom electroniceffects:periodicmodulationsin the
LDOS on carbonatomsin the vicinity of the vacancy. Our
simulationcon�rm predictions34 on the anisotropy of STM
imagesnearpoint defectson NT walls andspecifytheshape
of superstructuresresulting from irradiation-inducedsmall-
scaledefects.

We alsocalculatedSTM imagesnearotherdefects.As ex-
pected,D3 defectson the external sideof the NT walls ap-
pearasvery sharpprotrusionsdue to the geometryof these
defects. However, experimentallyobservingthem is hardly
possiblesinceD3 defectsarelikely to bepickedupandtrans-
posedby theSTM tip. D3 defectson the internal sideof the
NT walls couldbedetectedby STM. Within our model,they
look likesmallhillocksdueto thelocal increasein theLDOS.
However, theheightof D3-inducedhillocks is muchlessthan
theheightof thoseinducedby vacancies.

IV. CONCLUSIONS AND OUTLOOK

In this paper, we simulatedthe irradiationof NTs with 50
- 3000 eV Ar ions using empirical potentialmoleculardy-
namicsto study the structureand formationprobabilitiesof
atomic-scaledefectsproducedby low-doseirradiationof NTs.
In orderto juxtaposeour resultsto possibleexperimentalsig-
naturesof suchdefectsin NTs, we alsoemployed the tight-
bindingGreen's functiontechniqueto calculateSTM images
of irradiatedNTs.

We showed that low-doseirradiationresultsin the forma-
tion of variousatom-scaledefectson NT walls and that the
maximumdamageproductionoccursfor a bombardingion
energy of roughly 600 eV. The most commondefectspro-
ducedat all energiesare vacanciesandat low temperatures
isolatedvacanciesaremetastable,but long-liveddefects.At
the sametime, annealingthe NTs at high temperaturesand
irradiating them with high dosesprobablyleadsto vacancy
mendingvia danglingbondsaturation.
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Irradiation-induceddefectsmay be detectedby STM and
isolatedvacanciesmay appearasbright spotsin atomically-
resolvedSTM imagesof irradiatedNTs analogousto experi-
mentalSTM imagesof graphitesurfaceswith vacancies.35ÿ36

Electronicsuperstructuressimilar to those35 in graphitenear
pointdefectsareevidentin our theoreticalSTM images.

Sincevacanciesin NTs,unlikevacanciesin graphite,seem
to bemetastable,real-timeatomic-resolutionSTM probingof
irradiatedNTs mayenableoneto observe thetemporalevol-
ution of suchirradiation-induceddefectsat varioustemper-
aturesandcompareexperimentallifetimesto thosepredicted
theoretically. Thus,experimentson irradiatingNTswith inert
gasionsandsubsequentSTM probingmaynot only contrib-
uteto understandingthemechanismsof defectformation,but
may alsoserve asa testfor thevalidity of TB andempirical
potentialmoleculardynamicsmodels.
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