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Recentexperimentson irradiatedcarbonnanotubeprovide evidencethation bombardmengivesrise to nan-
otubeamorphizationand dramaticdimensionalchanges. Using an empirical potentialalongwith molecular
dynamicswe studystructureandformationprobabilitiesof atomic-scalelefectsproducedby low-doseirradi-
ationof nanotubesvith Ar ions. For this, we simulateimpacteventsover a wide enegy rangeof incidentions.
We shaw thatthe maximumdamageproductionoccursfor a bombardingon enegy of about600eV, andthat
the mostcommondefectsproducedat all enegiesarevacancieswhich atlow temperaturearemetastabldut
long-lived defects.Employing the tight-binding Greens function techniquewe alsocalculateSTM imagesof
irradiatednanotubesWe demonstrat¢hatirradiation-inducediefectsmaybedetectedby STM andthatisolated
vacanciesnaylook like bright spotsin atomically-resoled STM imagesof irradiatednanotubes.
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I. INTRODUCTION

Unusual mechanicaland unique electronic propertiesof
carbonnanotube¢NTs) canbeusedin numerousapplications
andcanprovide ampleopportunityfor fabricatingnanoscale
devices(seee.g. Refs.1). However, implementatiorof such
devices demandsa thoroughunderstandingf the structural
andelectronicpropertiesnot only of perfectNTs, but alsoof
NTs with variousatomic-scaledefects. Suchimperfections
may be either createdat the time of NT growth? or may be
inducedasa resultof externalin uencessuchasmechanical
strair® orirradiatior? while thedevice is in operation Ex-
amplesof defectsn NTsarepentagon/heptagddtone-Vles
(SW) defect$§ associateavith a rotationof a bondin the NT
atomnetwork, adatomsn thewalls of NTs?, anddefectsini-
tiatedthroughthe adsorptiorof acarbondimeronananotube
wall. 2P

Theissueof how atomic-scaledefectsin uence the struc-
tural and electronic propertiesof NTs has beenaddressed
recenthi? 2 with particular focus on the effects on trans-
port properties™? given the potentialapplicationof NTs as
guantumwires and eld-emission electronguns. The mech-
anismsof defectformationin NTs undermechanicalstrain
have beenstudiedaswell. It hasbeenfound that external
strain givesrise to atomic restructuringand fourfold carbon
rings? aswell asto theformationof topologicaldefects? the
simplestof which beingSW defectsandthatNTs releaseex-
cessstrainvia areversibleformationof defects.

Studiesontherespons®f NTsto irradiationarealsorepor
ted, which are of particularimportanceto understandinghe
mechanism®f defectdevelopment sinceirradiationof NTs
with electronsneutronsor noblegasionspotentiallymalkesit
possibleto createdefectsn a controllableway.

However, theoriesontheformationof defectsn NTsunder
irradiationand on the subsequentlefectevolution over time
arefar from completion. For instance pne of the unresohed
issueds thetype andthe behaior of irradiation-inducedie-
fectsin NTs.

Recenexperiment§ evidencethatNTs exposedo focused
electronirradiationaresererelylocally deformedanddevelop

neck-likefeaturesalongtheirbodiesdueto theremoval of car

bonatomsby knock-ondisplacementdJniform irradiationof

NTs® alsoresultsin surfacereconstructioranddrasticdimen-
sionalchangesasa corollary of which the apparentiiameter
of NTsshrinksfrom %2 1.4 to 0.4nm. Tight-binding(TB) mo-

leculardynamicssimulation$ conductedat a temperaturef

700K indicatethatirradiation-inducediacancie®n NT walls

areunstableunderhigh beamdose(whena large numberof

atomsareremovedvery rapidly) andat high temperaturesA

mendingof vacanciesccursthroughdanglingbond satura-
tion andby forming non-hexagonalringsand SW defectsall

of which givesriseto surfacereconstructioranddiameterre-

duction.However, it is notclearfrom thiswork whethersingle
vacancieslsotransformeasilyatlow temperatures.

On the other hand, althoughexperimentg on the interac-
tion of NTs with Ar ion beamsalso indicatethation bom-
bardmentgivesrise to amorphizationof NTs and shrinkage
of their diametersappearancesf surfacedanglingbondsin
irradiatedNTs arereported’ Sincedanglingbondsare usu-
ally associatedvith isolatedvacanciessuchvacanciesgven
if metastablemaybelong-liveddefectyandmay survive for
macroscopidimes), especiallyunderlow-temperaturejow-
doseirradiation.

In this paper we studytheirradiationof individual single-
wall NTswith Ar ions. Making useof anempiricalpotential
alongwith moleculardynamics,we modelthe impactevents
aswell asthe subsequengvolution of the system.We shov
for the rst time that single vacancieson NT walls are the
predominantefectsunderlow-enepgy ion irradiation. These
defectsare stablefor our simulationtimes, at leastat room
temperatures.

SinceSTM probablyremaingheonly tool to identify atom-
scaledefectsdirectly andsinceunderstandinghe underlying
physicsof imperfectNTs is not possiblewithout determining
thetypeof defectswealsosimulateSTM imagef irradiated
NTs within a framewvork of a TB approach.We demonstrate
thatirradiation-inducediefectsmaybe detectecdoy STM and
that, at low biasvoltagesyacanciesappeatasbright spotsin
STM imagesdueto growth in the local electrondensity of
stateson atomssurroundingthe vacang. Electronicsuper



structuressimilar to thosein graphitenearpoint defectsare
evidentin ourtheoreticalSTM images.

It shouldbenoted however, thatalthoughatomicresolution
hasbeenachievedin anumberof experimentaworks® we
areunawareof signature®f atomic-scal@efectshaving been
obsenedin experimentalSTM imagesof NTs.

Il. MOLECULAR DYNAMICS SIMULA TIONS

We dwell upon (10,10) armchairsingle-wall NTs, which
are assumedto be the predominantconstituentsof ropes
synthesizedy the electric arc techniqueusing a catalyst®
We stress,however, that our results are qualitatvely cor
rectfor NTs of differentchiralities. We modela portion of
long (up to 1nm) individual NTs which are also obsened
experimentally® To avoid excessve computationagfforts and
to preventNTs from beingdisplacedby the transferof mo-
mentum,only atomsat a distanceof lessthan50 A from
theimpactpoint wereallowedto move during the relaxation
of the atomic structureafterion impact. In actuality in the
TB simulationthe 100A long nanotubesvereaugmentedby
muchlongeridealtubesto avoid size-quantizatioeffects.

To simulatedefectproductionby irradiation of NTs, we
usedclassicalmoleculardynamics. This is the only method
fast enoughboth for realistic simulation of enegetic colli-
sionalprocesseandfor achieving representatie statistics.To
modelcarbon-carbointeractionin theNT, we usedthe Bren-
ner Il interatomicpotential, which is constructedo give a
gooddescriptionof vacancieandbondstretchingin graphite
layers!” A goodcorrelationbetweenthe resultsof ab initio
andclassicalsimulationsof NTs is alsoreported®* Because
bondconjugationis not expectedto be signi cant in the col-
lisional processesywe neglectedthe computationallyintens-
ive four-body part of the potential. To realistically model
enegetic collisions, we smoothlyjoined a repulsve poten-
tial calculatecby a density-functionatheorymethod?® to the
Brennerpotentialat shortinteratomicseparation®. Thein-
teractionbetweenAr and C was modeledwith the Ziegler
Biersack-Littmarkuniversalrepulsie potential?!

In practice, we employed our simulation code which
has previously been usedto model irradiation effects in
a wide range of metals, semiconductorsand carbon-based
material$?—24. The codeusesthe GearV algorithn?® to in-
tegratethe equationsof motion, anda variabletime stepde-
pendenton the maximum velocity and interactionforce in
the systent® to ensureenegy conseration when enegetic
particlesare presentin the system. A combinedlink-cell
methodandneighborlist is usedto achieve linear scalingof
the simulationtime with the numberof atoms.

We rst testedthe enepgeticsof single vacanciegwhich
have threedanglingbonds)andtwo vacang-relateddefects
describedin Ref. 5. Those defect structuresare single
pentagon-onelanglingbondatomiccon gurationsandfour-
fold coordinatecaitomsin thecenterof two pentagonsindtwo
hexagons. For brevity, we label the former defect"5-1db"
andthe latter "5-6" defect. To calculatethe enegy, we used
the TB2” andempiricalpotentialmodels(Brennermotential’,

Brennerpotentialwithout the bond conjugationtermandthe
original Tersof potentiat?).

Sincewe areprimarily interestecherein therelative stabil-
ity of the vacang-relateddefects,we comparethe total en-
ergy differenceqat 0 K) betweerthe singlevacany andthe
vacang-relateddefects.We nd thatthe"5-1db" defectlies
1.8, 3.0,0.9, and-1.0 eV below (above for negative signs)
the singlevacang in enegy for the tight-binding, full Bren-
nerpotential,Brennerpotentialwithout the bondconjugation
term,andthe original Tersof potential respectiely. Ourres-
ults for the 5-6 defectare-0.4, 2.4, 0.9 and-1.3 eV below
the single vacang for the samepotentials. The enegy dif-
ferencesdo dependheaily on the theoreticalmodelsused.
However, sinceit is known thatit is very dif cult to calculate
theformationenegiesof vacang-lik e defectsn covalentsys-
temsevenwith density-functionainethods?® we think thatno
morethana qualitatve agreementanin ary casebe desired
atthis stage Sinceboth Ajayan'sresultS andour bettermod-
els(TB andBrenner)all predictthatthe5-1dbdefectis lowest
in enepy, this providesstrongevidencethat this is the most
stablemissing-atondefectcon gurationin nanotubes.

To simulateAr impactsontheNT, we shotanAr ion placed
well outsidethetubetowardthe centerof thetube. Theimpact
point was chosenrandomly andthe Ar ion shottoward the
centralaxisof thetube.BetweerdO and170ionsweresimu-
latedat differentenepiesto obtainreasonablgmallstatistical
uncertaintiesn themainquantitiescalculated Thesimulation
was carriedout for 5 ps per event usingtemperaturescaling
only at the outeredgesof the NT (whereno collisional pro-
cessesook place).Defectsweredetectedy visualinspection
of the nal atompositions.

To examinethe stability of the vacancieswe simulateda
singlevacang in a100A longnanotubevith no x edatoms
over timescaleaip to morethanten nanosecondat temper
aturesof 500— 4000K. We found that at high temperatures
asinglevacang doestransforminto the same5-6 con gura-
tion and5-1dbcon gurationobsenedin Ref.5 andbecomes
mobile. At leastat temperaturedelonv 2500K, the clearly
dominantprocesswas a transformationinto the 5-1db de-
fect,asexpectedrom the defectenegetics.With simulations
betweertemperaturesf 1500K and2200K, we determined
thatthe averagevacang lifetime canbe well describedwith
activatedbehaior with a singleactivationeneny, i.e. by the
formula t aexp b kgT , wheret is the time beforethe
vacang transformsinto somethingelse, kg is Boltzmanns
constantT is thetemperatureanda andb arethe tting con-
stantsOurbestt gavea 0.180u 0.02psandb 1.204 0.1
eVv.

Sincethe TB and classicalmodelsgive dissimilarenegy
differencesfor the defects(seeabove), it is clearthat each
model can be expectedto give a somevhat differentactiva-
tion enegy aswell. We note, however, that the initial part
of thetransformatiorfrom thevacang to ary otherstructure
involvesan elasticstretchingof bonds. Sincethe Brennerll
potentialdescribedondstretchingwell, it canthusbeexpec-
tedto give agooddescriptionof at leastthe lower partof the
enegy barrierseparatinglifferentdefectcon gurations.

We also studiedthe stability of isolatedvacanciesn NTs



FIG. 1. Ball-and-stickrepresentatiorof a (10,10) NT afterion
impactandsubsequemelaxation.A vacang is evidentin theupper
part of the NT anda carbonknocled-of atomadsorbednsidethe
NT in aD3 con gurationis alsoobserable.

usinga TB approachwhich hasbeenprovento be very re-
liable in calculating structuraland electronic propertiesof
NTs .22 We usedthe parametrizatiorf the TB Hamiltonian
suggestedn Ref. 27. We foundthatisolatedvacanciesvere
guite stablefor the entire durationof our TB moleculardy-
namicssimulations(about5 ps) evenattemperaturesxceed-
ing 1000K. However, at 2000K we obsened formation of
5-1dbdefectsduringour simulations.

Thus,boththeclassicandTB modelsindicatethatat low
temperaturethe vacang is stableon long timescales.If the
activation enegy for vacang transformationis 5, 1 eV, as
our simulationsindicate,the vacanciexanbe expectedto be
stableatroomtemperaturdor time scalef atleasttheorder
of hours.Thus,they might be experimentallyfound.

A typical defectcon gurationwhich appearedn a(10,10)
NT afterion impactandthe subsequentelaxationof carbon
network is representedn Fig. 1. A vacang is evidentin
the upperpart of the NT, whereadn the lower parta carbon
knocked-of atomis adsorbedn thewall insidetheNT.

Two-coordinatedsingle adatomson both externalandin-
ternal sidesof the NT walls are also proli ¢ after ion im-
pact. Defectsof this type for graphitehave beenpreviously
labeled® "D3", so,in whatfollows, we usethis termaswell.
The geometryof D3 defects(bond lengthsand angles)are
very closeto thosereportedin Ref. 20. We found that such
defectsare stableat low temperatures Recentsimulation$
alsoevidencethat D3 defectscansurvive evenwhenthe NT
is annealecat 3000K. Othercomplex defects(clusteredva-
cancies,non-heagonalrings, etc) appearafter ion impact
aswell. However, we have never obsened ary defectstruc-
tureswhich might be labeledas in-planeinterstitialsin the
NT. Thisis not unexpectedasan extra carbonatomlying in
agraphite-lile planewould needto have eitheranunnaturally
high numberof bondsor prohibitively shortones. Thus,we
reachthe conclusionthatthe D3 defectcanbe expectedto be
the predominantnterstitial-like defectproducedn nanotubes
duringirradiation.
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FIG. 2. Averagenumberof defectsformedfor onebombarding
Ar ion asa function of the ion enegy. The upperpart shavs the
formationprobabilitiesof vacang-type defectsthelower partother
defects Notethedifferencen the ordinatescales.

The productionof differentvarietiesof defectsasa func-
tion of incidention enegy is illustratedin Fig. 2. That gure
shaws the averagenumberof defectsproducedfor different
enegiesof the bombardingAr ion (50, 200, 600, 1000 and
3000eV). Theupperhalf shavsthetotal numberof vacancies
producedaswell ashow this numberis dividedinto isolated
vacanciesand vacanciesn clusters. The lower half shaovs
the numberof D3 defectswherethe adatomis insideor out-
sidethetube.Also shawvn is the numberof defectcompleces,
i.e. defectstructuresvhich couldnotbeclassi edinto any of
thesesimplecateories.

Note that the differencein the ordinatescaleis abouta
factorof vein thetwo partsof the gures. This shows that
the dominanttype of defectsproducedduringheavy-ion irra-
diationof NTsis alwaysavacang. At theverylowestenegy
(50 eV), monovacancieslominatebecausehis enepgy is so
closeto the defectproductionthresholdthat it is highly un-
likely that complex defectscould form. At intermediateen-
ergies,vacanciesvhich arein clustersof at leasttwo vacan-
ciesdominateandathigherenegies(e 1keV)thenumberof
monovacanciesindvacanciesn clustersis aboutthe same.

Fig. 2 shaws that for all defecttypesexcept D3 defects
inside the tube, the maximumin damageproductionoccurs
at about600 eV. The damageproductionincreasedetween
50and600eV simply becaus¢hereis moreenegy available
for it. At higherion enegies,defectproductiondecreaseas
the nuclearcollision crosssectiondecreasegnaking defect-
producingcollisionslesslik ely.



To estimatethe possiblemodeldependenyg of the results,
we also simulated200 eV Ar bombardmeneventswith the
Brennerpotential which includesbond conjugationeffects.
We found that the numberof monovacanciesvas the same
within the uncertaintiesyhile the otherdefecthnumbergD3
defectsand clusteredvacanciesvere» 50 % lower. Since
monovacanciesanbeproducedy asingleballistic collision,
it is not surprisingtheir amountis similar. The numberof
the otherdefectsapparentlyis more sensitve to the detailed
natureof the atomicinteraction. Our main objective hereis
to examinehow the damageproductionqualitatively changes
with enegy, whichwill belargely governedby how muchen-
ergy is transferredn initial ballistic collisionsfrom Ar to the
C network. Hence althoughthe choiceof thepotentialclearly
affectstheabsolutenumbersomevhat,theoverallenegy de-
pendenceanbeexpectedo beinsensite to thechoiceof the
potential.

lll. TIGHT -BINDING SIMULA TIONS OF STM IMA GES OF
IRRADIA TED NANOTUBES

Having usedclassicalmoleculardynamicsto calculatean
eventof an Ar ion impacton the NT andsubsequentelaxa-
tion of the carbonnetwork, we computedhe STM imagesof
theirradiatedNTs within theframework of the TB approxim-
ation.

Our techniquehasbeensuccessfullyusedfor calculations
of STM imagesof graphitesurfaceswith point defect£® and
NTs3C the latter being treatedwithin the framavork of a
simplenearest-neighbdfB model. Sincetheelectronicstruc-
ture of single-wall NTs nearthe Fermienegy is governedby
the p-statesorientedperpendicularlyto the NT walls, in our
simulation,we employed a one-bandlB Hamiltonianwhich
accountsfor electronhoppingbeyond the rst-neighbor ap-
proximation. To accountfor the dependencef the hopping
elementsn interatomicdistanceswe usedthe scalingfunc-
tionsgivenin Ref.27.

The STM tip was modeledas the nal atom of a semi-
in nite, one-dimensionathain. To the rst orderin the tip-
NT interaction,which wastreatedperturbatvely, the tunnel-
ing currentl asafunctionof thetip coordinatesxyyyz may
bewritten®! at zerotemperatures

2pe @EF e\bias

| xyyyz —_— 1
yyy oG (1)

& M x9yyz [rip E riupe iVE dE.

|
wherethe sumrunsover all sitesinvolvedin thetip-NT hop-
ping. Wias is the biasvoltageappliedto thetip-NT interface,
M xyyyz is the tunneling matrix elementcoupling the tip
ape atomto theatomi of theNT, ry, E andrype iyE are
the LDOS of the noninteractingip andthe NT, respectiely.
Theparamete¥ wasevaluatechumericallywith thetip states
beingapproximatedy a hydrogen-like d-functionmimicking
atungstertip.

FIG. 3. STMimageof a(10,10)irradiatedNT. (a) Schematiplot
of tip heighth asa function of tip positionfor a scanin a direction
perpendiculato thetubeaxis. (b) Isometricplot of h asa function
of tip positionin the xyy planefor Was 0.2. (c) lllustration
for achieving atomiccorrugation(" Itering" theSTMimage)by sub-
tractingtheaveragedovertheNT axisx) pro le of thenanotube(d
ande) Gray-scalé€ Itered" STMimagef theirradiatedNT for pos-
itive andnegative valuesof Was respectrely. Thevacang is atthe
origininthe xyy plane(atthecentersf theimages).(f) Gray-scale
"ltered" STMimageof a(10,10)NT without defects.

Note that the equation(1) hasan approximatecharacter:
it involves densitiesof statesof the nanotubeandtip only,
but not off-diagonalelementf thenanotubeandtip Greens
functions,as neededn a strict tight-binding formulation of
STM. However, if theseparatiobetweerthenanotubeandtip
ismorethan4 A (andwe choseavalueof thereferenceurrent
in suchaway thatthis conditionwasmet), this formulaworks
verywell for carbonsystems™

The recursionmethod? was employed to calculatethe
LDOS of a nanotube. STM imageswere computedfor the
constanturrentmodeof STM operationjn which the height
of the STM tip is adjustedo keepa constanwalueof current.
To simulatethismode we numericallysolvedtheequation(1)
for thez coordinatgtip heighth B z) atany scanpoint xyy .

In our calculationswe ignoredthemechanicatieformation
of thesurfaceinducedby the STM tip, aswell asary possible
ohmiccontactsappearinglueto contaminatiorof theSTM tip
asaresultof working with carbonaceoumaterials® A small
Vhias U 0.2 V wasconsidered.Thus,only electronicstates
nearEg contribute to the tunnelingcurrent. We accountfor
the shift'* of EF by dE 0.3 eV dueto the chagetransfer
from the substratewhich leadsto an asymmetrigposition of
theNT bandstructurerelativeto Efr, seeFig. 4(b).

Fig. 3(a) schematicallyillustratesthe image formation
mechanismtip heighth 8 z asa function of tip positionfor
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FIG.4. 1 V curwesfor the(10,10)NT calculatedust above the
vacang (a) andabove an atomdistancedrom the defect(b). The
arrav indicatesthe positionof Er and dE is the shift of Ef dueto
thechagetransferfrom the substrate.

a scanin a directionperpendiculato the tubeaxisis shown.
The isometric plot of h asa function of tip positionin the

xyy planeis representedn Fig.3(b) for the NT shown in
Fig. 1 andfor \hjas 0.2 . Thevacany is attheorigin. All
lengthsaregivenin Angstroms The centralpartof theimage
correspondingo thetopmosipartof theNT ( 5A” y” 5A)
isshavn. A dramatichillock-lik efeatureabovethevacang is
evident. Theheightof the protrusionconstitutes4 1 A, while
its linear sizeis about10 A. To achiese atomiccorrugation,
we subtractthe pro le of the NT averagedover its axisfrom
theinitial pro le, seeFig. 3(c). Figs. 3(d ande) depictthe
Itered STM imagesof the centralpartof the NT. The shape
of the hillock is governedby thatof the atomsin the NT car
bonnetwork.

To understandhe origin of the hillock, in Fig. 4(a)we
plot the current-to-wltage(l V) characteristidor the tip
positionedabove the vacang. Thel V curwe is actually
the LDOS on carbonatomssurroundinghevacang andcon-
tributing to the tunnelingcurrent. In Fig. 4(b) we plot the
IV curve calculatedat a distancefrom the vacang, and
this coincideswith thel  V curve for a defect-freeNT. As
it is evident from the gures, the vacang resultsin a sharp
increasen LDOS nearEr onatomsnearesthevacang. This
increasestemsfrom the statescloseto the Er spatiallylocal-
izedonatomsnearthevacang, which maybealsointerpreted
asdanglingbonds. Sinceit is speci cally thesestateswhich
STM probesat small bias voltages,a vacang is imagedas
a protrusion. A similar effect hasbeenreportedfor surface
vacanciesn graphite seeRefs.20, 29 andreferencesherein.

Along with a hillock-lik e feature,it canalsobe seenfrom
Fig. 3(d) thatthe STM imageof the NT in thevicinity of the
vacang is differentfrom thatobsenedfor thedefect-freecase
(givenin Fig. 3 (f)). A network of dark spotscorresponding
to the centersof hexagons(typical for defect-freeNTs) is no
longerevident, whereagnodulationsn h alongthe NT axis
arepresentHowever, it is seenthatthe network of darkspots
is graduallyrestoredat the endsof theimages.
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Sincewe did not nd ary re-arrangemerdf NT atomsdis-
tancedfrom the defectafterthe geometryoptimization,these
modulationspr superstructuresyith a periodcommensurate
with (but larger than)that of the underlyinggraphendattice
alsostemfrom electroniceffects: periodicmodulationsn the
LDOS on carbonatomsin the vicinity of the vacang. Our
simulationcon rm prediction$* on the anisotroly of STM
imagesnearpoint defectson NT walls andspecifythe shape
of superstructuresesulting from irradiation-inducedsmall-
scaledefects.

We alsocalculatedSTM imagesnearotherdefects.As ex-
pected,D3 defectson the external side of the NT walls ap-
pearasvery sharpprotrusionsdueto the geometryof these
defects. However, experimentallyobservingthemis hardly
possiblesinceD3 defectsarelik ely to be pickedup andtrans-
posedby the STM tip. D3 defectson theinternal side of the
NT walls could be detectedby STM. Within our model,they
look like smallhillocks dueto thelocalincreasen the LDOS.
However, the heightof D3-inducedhillocksis muchlessthan
the heightof thoseinducedby vacancies.

IV. CONCLUSIONS AND OUTLOOK

In this paper we simulatedthe irradiationof NTs with 50
- 3000 eV Ar ions using empirical potential moleculardy-
namicsto study the structureand formation probabilitiesof
atomic-scalelefectproducedy low-doserradiationof NTs.
In orderto juxtaposeour resultsto possibleexperimentakig-
naturesof suchdefectsin NTs, we alsoemployed the tight-
binding Greens functiontechniqueto calculateSTM images
of irradiatedNTs.

We shaved that low-doseirradiationresultsin the forma-
tion of variousatom-scaladefectson NT walls andthat the
maximumdamageproductionoccursfor a bombardingion
enegy of roughly 600 eV. The most commondefectspro-
ducedat all enegiesare vacanciesand at low temperatures
isolatedvacanciesire metastablebut long-lived defects. At
the sametime, annealingthe NTs at high temperaturesnd
irradiating them with high dosesprobablyleadsto vacany
mendingvia danglingbondsaturation.



Irradiation-induceddefectsmay be detectedby STM and
isolatedvacanciesnay appearas bright spotsin atomically-
resohed STM imagesof irradiatedNTs analogougo experi-
mentalSTM imagesof graphitesurfaceswith vacancies™®
Electronicsuperstructuresimilar to thosé® in graphitenear
pointdefectsareevidentin our theoreticalSTM images.

Sincevacanciesn NTs, unlike vacanciesn graphite seem
to be metastablereal-timeatomic-resolutiors TM probingof
irradiatedNTs may enableoneto obsene the temporalevol-
ution of suchirradiation-induceddefectsat varioustemper
aturesandcompareexperimentalifetimesto thosepredicted
theoretically Thus,experimentonirradiatingNTs with inert
gasionsandsubsequenSTM probingmay not only contrib-
uteto understandinghe mechanismsef defectformation,but
may alsosene asa testfor the validity of TB andempirical
potentialmoleculardynamicamodels.
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