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Modification of multiwall carbon nanotubes by electron irradiation: An ESR study
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Multiwall carbon nanotubes were irradiated by 2.5-MeV electrons with different fluences. Nanotubes appear
to be very resistant to radiation, without radiolysis effects. The radiation-induced defects, which were nearly
exclusively point defects, were found to significantly modify the electronic properties of the tubes near the
Fermi level, as assessed by electron spin resonance. Pristine nanotubes appeared nearly free of paramagnetic
defects, the density of which increased with the fluence. Furthermore, the position of the Fermi level as
monitored by theg factor was very sensitive to the presence of defects in the rolled graphene plane.
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I. INTRODUCTION phase separation method was used to purify the raw
powder® The mean outer diameter of MWNT as determined
Carbon nanotubes are a new mesoscopic form of graphitécom TEM images is 12 nm with a mean inner diameter of 2
Their small diameter is expected to induce interesting deviaam (the average number of shells is approximately. For
tions from the two-dimensional band structure of graphiteirradiation experiments typically 1 mg of nanotube powder
Depending on the warping geometry, a nanotube can be ejvas wrapped in a 1@-m-thick copper foil. This copper bag
ther a metal, or a small or large gap semicondut®™Every  was used as a sample holder transparent to the electron
phenomenon that involves electrons of the Fermi surfac®eam. The irradiations were performed with a Van de Graaff
should thus be sensitive to the geometrical properties Ofjectron accelerator operating at 2.5 MeV, with a typical flux
these_ nanostructures. For example_z, the dens_lty_of states at thegg w Alcm?. For heat exchange reasons irradiations were
Fermi level, as well as the magnetic ;uscepﬂbﬂﬁ;are Pre-  performed in liquid hydrogeii21 K), and the samples were
g'céifaézlgr'ﬁ;[fég;n ;Tgsgxoggtre%pr}ge's iﬁltlhc\)/t/ngT ;hi r?ot;st rewarmed to room temperature just after the irradiation. Four
P b giewall nanotubegye 1ron fluences were applied: 0.51, 1.07, 2.79, and 5.01

nested multiwall nanotube6MWNT) should also exhibit en?. A fifth sample was irradiated at room temperature b
mesoscopic phenomena, since each layer is weakly coupleﬁ : npie W . . P y
he y-ray flux, originating from the interaction of the elec-

to its neighbors, and hence, conserves its quasi on ! ;
dimensional characté” One method to study these effects /0N beam with a copper target. The purpose of this last

is electron spin resonand&SR), which has proven to be iradiation was to assess the sensitivity of MWNT to radioly-

very useful in macroscopic graphite compounds since if!S- o _

probes the conduction electrons. In doped polymers, and After irradiation the samples were wrapped with Teflon

other kind of mesoscopic conjugated carbons, spin dynamid&pe on a quartz rod and introduced into the continuous-flow

reveals the specificity of charge transpbttThe study of  helium cryostat of a Bruker ER 200D electron paramagnetic

carbon nanotubes by ESR should thus give useful indicationgesonance(EPR spectrometer operating in th¥ band,

of the behavior of conduction electrons. whereg factors were measured using an NMR gaussmeter.
Previous ESR measurements on MWNT are not entirelyThe measurements were performed in the 4.2—300-K range.

consistent with each oth&?-'* It appears that the results

strongly depend both on the degree of purity of the samples IIl. RESULTS AND ANALYSIS
and on the method of preparation. An interesting study by
Kosakaet al. suggests that the as-grown nanotubes are rich A. Irradiation effects

in defects that can be annealed at high temperature to obtain
an ESR behavior very different from graphjrféln this pa- vided in two contributions: excitations and ionizations of the

per, we add.ress.the inverse problem, i.e., we studied thglectrons on one side and direct knock-on collisions with
influence of irradiation-induced defects on the ESR proper- uclei on the othet In metals electronic excitations are

:les of dprlstt;]nelpurl;‘lid MWNTf' These ddefect?harea exp_i-zctef iluted by conduction electrons and no damage results from
(: ;no Iftyth eF oca | errlm sur ali:e an éav.;:lry gthenSI_y Olthis process, i.e., only atomic displacements can create de-
states at the Fermi level, as well as théactor and the spin  ¢o 45 1 organic compounds, which are usually insulators,

dynamics. the excitations are localized and free radicals can be created
in large quantities. As a result, stable paramagnetic defects
can be present for a long time after irradiation, usually
Multiwall carbon nanotubes were produced by the arctrapped on aromatic structur&st® In graphitic materials,
discharge method using pure graphite electrodes. A liquidwhich have a low-carrier density, irradiation-effects may be

The energy losses of charged particles in matter are di-

Il. EXPERIMENTAL
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slightly different as compared to normal metals with a large S T T g T
carrier density. In the case of nanotubes electronic energy o .

losses may have an influence on the creation of defects since = o'

part of the ensemble of nanotubes are large gap semiconduc- o L 0 o° 1

tors.

It is possible to give a theoretical estimate of the maxi-
mum number of point defects created by 2.5-MeV electrons
in a carbon target by collisions. We use the procedure de-
scribed by Oef? to estimate the cross section for point de-
fect creation. Taking 20 eV as a rough estimate for the dis-
placement threshold energy, such a calculation gives a cross ol vy v v e
section of 40 barns; for a fluence of 1 C&nene achieves a 0 0005 0.01 0015 002 0.025
maximum concentration of 22610 * dpa(displacement per VT
carbon atom For the sample irradiated at a fluence of 2.79 y T T T T
Clcr?, we obtain 6. 10 4, that is, 1 defect for 1450 car- 300
bon atoms. In graphite most of the irradiation defects are
paramagnetic and their density can therefore be measured by
ESR.

Different kinds of metastable defects can be created by
irradiation. Interstitial-vacancy pairs are well-known para-
magnetic defects of neutron-irradiated graphite. Trapping of 100 |-
electrons by vacancies can create extrinsic holes insthe
band. Coalescence of vacancies can also occur and form ex-
tended defects. Neutral bond rotation defects may also be 0 . L - L .
present?’ In this case, two carbon atoms are rotated with an 0 2 4 6
angle of /2, which produces two pairs of pentagons and ®) fluence (C/em’)
heptagons in the hexagonal network. Such defects are not g 1. (a) Paramagnetic susceptibility of the four irradiated

p_aramagnetlcl, but they are expected to modify the local densamples versus the inverse temperature. Diamonds, 0.512C/cm

sity of states: crosses, 1.07 C/cim full dots, 2.79 Clcrf; squares, 5.01 C/ch
Nanotube samples were examined before and after irrap) variation with electron fluence of the coefficieaty,, which

diation with a high-resolution transmission electron micro-describes the ratio of the Curie to Pauli contributions in the data of

scope(TEM). We did not detect any kind of damage to the (a). The main effect of electron irradiation is to introduce localized

tube walls, extended defects or collapsed tubes. Latticearamagnetic defects in the graphitic network of MWNT’s. Note

fringes remained unchanged even for the most irradiatethat pristine nanotubes are nearly free of such defecty,(

sample. On the other hand, the contrast under identical fo=2 K).

calization conditions was not affected by the irradiation,

which indicates that the density of irradiation defects was notine was detected, with a quasilorentzian shape. The spin

large enough to affect visibly the crystalline structure. This issusceptibility, deduced from the double integration of a

in contrast with the work of Crespgit al,? where nanotubes Lorentzian fit of the signal, was found to vary linearly with

were found to be irreversibly damaged after already 100 s othe inverse of the temperature, as exemplified in Fig).1

irradiation with 800-keV electrons in a TEM. This was due Hence it can be written as

to the high electron flux in a TEM, which leads in the case of

Ref. 22 to fluences at least two orders of magnitude higher X=x1+x2=CIT+ x>, (1)

than in the present study. Actually, the displacement crossyhere two contributions are pointed out: a Curie-type term
section drops very rapidly below electron energies of abou{,; varying as the inverse of the temperature, and a Pauli-like
100 keV. This explams, for example_, why the 20 keV elec-tgrm x independent ofl. The mass of all samples being
tron beam of a scanning electron microscope can be used tmparable, it follows that the Pauli term depends only
“solder” nanotubes to gold electrodes without causing dam-gjightly on the irradiation fluence, whereas the Curie term
age at low fluence®’ strongly increases. In order to get a more quantitative insight
into this point, we plot the variation of the paramet2y.,
) which describes the ratio of the Curie contribution to the
B. ESR analysis Pauli term versud [Fig. 1(b)]. The fact that this coefficient
We found that they-irradiated sample gave the same ESRIs nearly proportional to the electron fluence indicates that
signal as pristine nanotubes on the whole temperature ranggradiation created mainly localized defects, but only slightly
No radiolysis occurs, in good agreement with the semismodified, if at all, the metallic density of states. For pristine
metallic character of the MWNT i.e., low-energy excita- nanotubex/y,~2 K with x,=7x 10" ° emu/g. Note that
tions are not efficient in producing damage in these conjuthe density of localized unpaired defects is very low in pris-
gated carbon structures. tine nanotubegabout 2< 10'%g). From the EPR intensity
In contrast, the ESR signal of the four-electron-irradiateddata for the 2.79 C/cfnsample, we determined the number
samples was strongly modified: a narrower and more intensef Curie spins to be 1.2410 * spins/carbon. This repre-

ESR susceptibilty (arb. units)
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L+ i where g, and g, are theg value for localized spins and
5 2010} 000 90 90000000000, . conduction electrons, respectively. The linewidth is given by
8 o°° xxxxxxwxwwmm
o 2008 F  ° ¥ ]
HEPSER-o - AH x;+AH AH;c/x,+AH,T
2.006 [ & ] AH= 1))§1+X Xz _ 1C/§2+T 2 3)
I °>2?< 4 1T X2 2
2.004 poooooh
pooenett o : :
2.002 &ﬁ%ﬁgﬂm? . . 1 whereAH,; and AH, are the linewidths for localized spins
0 50 100 150 200 250 300 and conduction electrons, res_pectively. According to this
(@ T(K) model the low temperature limit af andAH (respectively,
: , : : : g, and AH,) are the localized defect values. It is worth
. mentioning here thag, is close to the 2.0029 value pre-
30 ., . dicted by Ishii etal. for dangling bonds in amorphous
7 [ | carbon?® Our results are also in agreement with those of
E: Mdiller,®® who reportsg~2.0023 and a linewidth of 1.3
2 20F oot gauss for neutron irradiated graphite at high fluences {
S oooo<><>°°°°°°: N %3000 varies here from 1.3 to 2.6)G
o0 OO PO . . . L .
H &° xxxxxxx Using the bottleneck approximation, it is thus possible to
£ 10} <>°°° >2<><><><><x N extractg, andAH; from the low temperature part of Fig. 2
| & oseet R Doonoonog and to calculate s_eparategg and AH, for the conduction
ooooo electrons. Supposing that the temperature dependenge of
0 y : : 2(‘)0 2;)0 300 andAH, is low, as is often the case fep? defects in con-
(b) 0 50 100 }(5,8 jugated carbons, we extract the temperature dependence of

g, and AH, for the conduction carrieréig. 3). It is clear

FIG. 2. Theg factor (a) and the ESR linewidth—half-width of that the presence of irradiation defects influences strongly
the absorption spectrumgs) are strongly modified by electron ir- the conduction electron ESR behavior, which is rather sur-
radiation over the entire temperature range. At low temperatureprising considering the low quantity of these defects per
localized defects dominate the overall ESR behavior due to a bottleatom (about 1 per 1000
neck effect with conduction electronA single ESR line is de- To understand what happens in nanotubes, it is worth re-
tected since the two spin systems are strongly exchange couple¢a|ling the magnetic properties of planar graphite. In graphite
The symbols are the same as in Fig. 1. GHactor and linewidth of  p5ih theg shift (g factor minus the free electron valuand
pristine nanotubes are also plotted). Note the absence of a drop he |inewidth are strongly anisotropic. When the magnetic
of the linewidth at low temperatures, in contrast to |rrad|atedﬁe|d is parallel to the graphene planes thdactor has a
samples. minimum value and is slightly highé€.0026 than the free-

electron value due to the small spin-orbit coupling with car-

sents 17% of the theoretical estimate of irradiation-inducedon atoms. A strong shift is measured when the field is
displacements given above. Electron irradiation of graphitegperpendicular to the planeg (=2.05 at room temperature
gave comparable defect density for the same electron fluen@nd it increases at low temperatdteDue to motional aver-
as in carbon nanotub&$lt is probable that defect recombi- aging, one measuresgavalue of 2.018 at room temperature
nations arise at room temperature. Moreover, some defects polycrystalline graphité? This is a special property of
may be spinless. graphite due to the position of the Fermi level near the

Electron irradiation also strongly modifies théactor and  bands crossing & points of the hexagonal Brillouin zone,
the linewidth of MWNT as shown in Fig. 2. With increasing although no theory describes what happens in d&talithen
fluence, both parameters decrease at high temperatures umagnetic field is applied perpendicular to the plane, elec-
are nearly fluence-independent at low temperatures. In factions condense on tiié=0 Landau level, which induces this
to compare the conduction electron paramagnetism of irradiunusual anisotropic behavidt.When the field is parallel to
ated MWNT's with those of pristine samples over the entirethe planes, no closed orbits are accessible and the effect dis-
temperature scale, the paramagnetic contribution of localizedppears. The same argument applies also to the diamagnetic
defects must be separated from that of the conduction carrsusceptibility and the magnetoresistance, which are at a
ers. Since the two spin systems are supposed to undergonm@nimum when the field is parallel to the planes. For a gra-
strong exchange interaction, viaorbitals, we used the cel- phitic nanotube the cylindrical warping modifies this picture
ebrated exchange coupling mod&t?® This model supposes especially when the tube radius is small compared to the
that the bottleneck regime is achieved, i.e., one of the twayclotron radiusX,) since closed orbits cannot form. In case
spin systems dominates the overall behavior when its contrief MWNT’s of ~10 nm diameter and at moderate fields, as
bution to the susceptibility is dominant. In this way, conduc-used inX-band EPR0.33 T), r.. is larger than the tube radius
tion electron spins dominate at high temperatures when locand some difference should be observed compared to mac-
calized spins dominate at low temperatures. In suchoscopic graphite. Indeed the averapealue of nanotubes is
circumstances, thg factor is given by different from graphitg2.0012 instead of 2.0018We can
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2.015 T T T T T In normal metals the ESR linewidth is determined by
- 1 spin-lattice relaxation through lattice scattering and spin-
orbit coupling®” However, Elliot's mechanism does not
00 1 seem to apply directly to graphite due to its anisotropic
xxxmxxxxxxwm"’“:::o 000 nature® Inpfgc):/t, the g);aphi'?e I?newidth is governed by pa
poio K xxXXXxxzf(i subtle motional narrowing of thg-value distribution over
| the Fermi surface, and thus depends on the spin diffusion
rate. In most cases, it decreases with ghealue anisotropy,
| for example, when extrinsic carriers are introduced in the
E'DDD a DDDDDDDDDDDDDDDDE] systent® As for theg factor, a complete theoretical descrip-
.0 DE‘?DD‘:‘ ' . . tion of the linewidth is still Iacking. for graphite. _
2-0050 50 100 150 200 250 300 We can now propose a consistent explanation to what
(a) T(K) happens in irradiated MWNT’s. Due to the low vacancy con-
centration introduced by irradiation, the Fermi-level dis-
22 [ oo'<><><><>°<><5°"°°°"<5°oo<>%'% . T ] plapement in the valence band is small, a_nd the resulting
20k ¢ X Mgé variation qf the densytypf stgtes cannot_b_e directly evaluated
- © xxx>22<x X 1 by the spin susceptibility with the precision of ESR. How-
18 | € 000000 7 ever, the decrease of thgfactor (Fig. 3) proves that the
16 L ] presence of a few extra carrigiia this case holesmodified
1 the electronic properties by shifting the Fermi level away
14§ 1 from the K points inside a band. The decrease of the line-
12 ] width with irradiation is due to the decrease of thealue
| " | anisotropy and to an increase of motional averaging by
10 pp#f500000000000o0ooononEEREE defect-induced scattering. This explains why the linewidth is
8 [ \ \ ) . . 1 nearly temperature independent in the most irradiated sample
0 50 100 150 200 250 300 [Fig. 3(b)]. Note that a direct impurity relaxation mechanism
(b) T(K) cannot explain our results, since it is expected to broaden the
line when there is an increase in the defect concentration.
FIG. 3. After correction of the bottleneck eﬁect, the ESR char- A" these results Suggest that pnstlne nanotubes are true
acteristics of the conduction electrons can be extracted from thgemimetals and nearly free of defects. If their electronic
data represented in Fig. 2. The decrease ofgffector with irra- properties were determined by defects, the few added by
diation (a) reflects the Fermi-level displacement into the valenceil,radiation would have no significant effects. It appears that
band(hole doping. The de_crease of the Iinew.id(b) is due to tr_\e the results of Kosakat all° are not compatible with the
decrea_se of the factor anisotropy and fo an increase of m_otlonal .gresent study. In fact, we also performed high temperature
averaging on the Fermi surface by defect-induced scattering. Thi . o o s
explains why the linewidth is nearly temperature independent foranneal_lng(at 2800°C) of purlflgd hanotubes and _no S|gn|f|-
the most irradiated samples. cant dlffergnpe was observed in the EPR be_hawor with re-
spect to pristine tubes, contrary to the conclusions of Ref. 10.

g factor

linewidth (gauss)

expect that theg shift decreases with the tube diameter since IV. CONCLUSION
it becomes more and more difficult to form Landau levels.

When the Fermi level is shifted from its original position
(at theK pointg into a band, they shift perpendicular to the
planes decreases toward the free-electron value. For this r
son one observes an averagealue higher than 2.010 only
in well-graphitized carbons. In glassy graphite, thealue is

We have shown that electron irradiation creates paramag-
netic point defects in multiwalled carbon nanotubes, but that
eg[eir resistance to radiation is at least as good as bulk graph-
ite. No radiolysis was observed in agreement with the semi-
metallic character of the nanotubes. Despite the low defect

isotropic and about 2.0027 due to the high density of |oca|_concentration introduped by irradiation, a significant modifi-
ized states at the Fermi level. Anisotropy is also suppresse tion of the eIectronlc_ properties was measured .b.y EPR. It
when extrinsic carriers are introduced for example by bororfPPEars that the Fe”‘.“' level position is very sensitive to the
doping® or by intercalation® The modification of theg ~ Presence of defects in the rolled graphene plane. Electron
factor in graphitic materials is then particularly significant '"adiation is hence a powerful tool to modify the electronic
since it is sensitive to the band structure details at the Fernfit'UCture of carbon nanotubes.

level. Theg factor is not sensitive to the spin dynamics, in ACKNOWLEDGMENTS
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