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Modification of multiwall carbon nanotubes by electron irradiation: An ESR study
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Département de Physique, E´ cole Polytechnique Fe´dérale de Lausanne, 1015 Lausanne, Switzerland

~Received 30 July 1998!

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

Carbon nanotubes are a new mesoscopic form of grap
Their small diameter is expected to induce interesting de
tions from the two-dimensional band structure of graph
Depending on the warping geometry, a nanotube can be
ther a metal, or a small or large gap semiconductor.1–3 Every
phenomenon that involves electrons of the Fermi surf
should thus be sensitive to the geometrical properties
these nanostructures. For example, the density of states a
Fermi level, as well as the magnetic susceptibility,4,5 are pre-
dicted to differ from those of graphite. Although the mo
spectacular effects are expected in singlewall nanotu
nested multiwall nanotubes~MWNT! should also exhibit
mesoscopic phenomena, since each layer is weakly cou
to its neighbors, and hence, conserves its quasi o
dimensional character.6,7 One method to study these effec
is electron spin resonance~ESR!, which has proven to be
very useful in macroscopic graphite compounds since
probes the conduction electrons. In doped polymers,
other kind of mesoscopic conjugated carbons, spin dynam
reveals the specificity of charge transport.8,9 The study of
carbon nanotubes by ESR should thus give useful indicat
of the behavior of conduction electrons.

Previous ESR measurements on MWNT are not entir
consistent with each other.10–14 It appears that the result
strongly depend both on the degree of purity of the samp
and on the method of preparation. An interesting study
Kosakaet al. suggests that the as-grown nanotubes are
in defects that can be annealed at high temperature to ob
an ESR behavior very different from graphite.10 In this pa-
per, we address the inverse problem, i.e., we studied
influence of irradiation-induced defects on the ESR prop
ties of pristine purified MWNT. These defects are expec
to modify the local Fermi surface and vary the density
states at the Fermi level, as well as theg factor and the spin
dynamics.

II. EXPERIMENTAL

Multiwall carbon nanotubes were produced by the a
discharge method using pure graphite electrodes. A liqu
PRB 590163-1829/99/59~8!/5945~5!/$15.00
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phase separation method was used to purify the
powder.15 The mean outer diameter of MWNT as determin
from TEM images is 12 nm with a mean inner diameter o
nm ~the average number of shells is approximately 15!. For
irradiation experiments typically 1 mg of nanotube powd
was wrapped in a 10-mm-thick copper foil. This copper bag
was used as a sample holder transparent to the elec
beam. The irradiations were performed with a Van de Gra
electron accelerator operating at 2.5 MeV, with a typical fl
of 30 m A/cm2. For heat exchange reasons irradiations w
performed in liquid hydrogen~21 K!, and the samples wer
rewarmed to room temperature just after the irradiation. F
electron fluences were applied: 0.51, 1.07, 2.79, and 5
C/cm2. A fifth sample was irradiated at room temperature
the g-ray flux, originating from the interaction of the elec
tron beam with a copper target. The purpose of this l
irradiation was to assess the sensitivity of MWNT to radio
sis.

After irradiation the samples were wrapped with Tefl
tape on a quartz rod and introduced into the continuous-fl
helium cryostat of a Bruker ER 200D electron paramagne
resonance~EPR! spectrometer operating in theX band,
whereg factors were measured using an NMR gaussme
The measurements were performed in the 4.2–300-K ra

III. RESULTS AND ANALYSIS

A. Irradiation effects

The energy losses of charged particles in matter are
vided in two contributions: excitations and ionizations of t
electrons on one side and direct knock-on collisions w
nuclei on the other.16 In metals electronic excitations ar
diluted by conduction electrons and no damage results f
this process, i.e., only atomic displacements can create
fects. In organic compounds, which are usually insulato
the excitations are localized and free radicals can be cre
in large quantities. As a result, stable paramagnetic def
can be present for a long time after irradiation, usua
trapped on aromatic structures.17,18 In graphitic materials,
which have a low-carrier density, irradiation-effects may
5945 ©1999 The American Physical Society
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slightly different as compared to normal metals with a lar
carrier density. In the case of nanotubes electronic ene
losses may have an influence on the creation of defects s
part of the ensemble of nanotubes are large gap semicon
tors.

It is possible to give a theoretical estimate of the ma
mum number of point defects created by 2.5-MeV electro
in a carbon target by collisions. We use the procedure
scribed by Oen19 to estimate the cross section for point d
fect creation. Taking 20 eV as a rough estimate for the d
placement threshold energy, such a calculation gives a c
section of 40 barns; for a fluence of 1 C/cm2, one achieves a
maximum concentration of 2.531024 dpa~displacement per
carbon atom!. For the sample irradiated at a fluence of 2.
C/cm2, we obtain 6.931024, that is, 1 defect for 1450 car
bon atoms. In graphite most of the irradiation defects
paramagnetic and their density can therefore be measure
ESR.

Different kinds of metastable defects can be created
irradiation. Interstitial-vacancy pairs are well-known par
magnetic defects of neutron-irradiated graphite. Trapping
electrons by vacancies can create extrinsic holes in thp
band. Coalescence of vacancies can also occur and form
tended defects. Neutral bond rotation defects may also
present.20 In this case, two carbon atoms are rotated with
angle of p/2, which produces two pairs of pentagons a
heptagons in the hexagonal network. Such defects are
paramagnetic, but they are expected to modify the local d
sity of states.21

Nanotube samples were examined before and after
diation with a high-resolution transmission electron mic
scope~TEM!. We did not detect any kind of damage to th
tube walls, extended defects or collapsed tubes. Lat
fringes remained unchanged even for the most irradia
sample. On the other hand, the contrast under identica
calization conditions was not affected by the irradiatio
which indicates that the density of irradiation defects was
large enough to affect visibly the crystalline structure. This
in contrast with the work of Crespiet al.,22 where nanotubes
were found to be irreversibly damaged after already 100
irradiation with 800-keV electrons in a TEM. This was du
to the high electron flux in a TEM, which leads in the case
Ref. 22 to fluences at least two orders of magnitude hig
than in the present study. Actually, the displacement cro
section drops very rapidly below electron energies of ab
100 keV. This explains, for example, why the 20 keV ele
tron beam of a scanning electron microscope can be use
‘‘solder’’ nanotubes to gold electrodes without causing da
age at low fluences.23

B. ESR analysis

We found that theg-irradiated sample gave the same ES
signal as pristine nanotubes on the whole temperature ra
No radiolysis occurs, in good agreement with the se
metallic character of the MWNT,11 i.e., low-energy excita-
tions are not efficient in producing damage in these con
gated carbon structures.

In contrast, the ESR signal of the four-electron-irradia
samples was strongly modified: a narrower and more inte
e
gy
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line was detected, with a quasilorentzian shape. The s
susceptibility, deduced from the double integration of
Lorentzian fit of the signal, was found to vary linearly wit
the inverse of the temperature, as exemplified in Fig. 1~a!.
Hence it can be written as

x5x11x25c/T1x2 , ~1!

where two contributions are pointed out: a Curie-type te
x1 varying as the inverse of the temperature, and a Pauli-
term x2 independent ofT. The mass of all samples bein
comparable, it follows that the Pauli term depends o
slightly on the irradiation fluence, whereas the Curie te
strongly increases. In order to get a more quantitative ins
into this point, we plot the variation of the parameterc/x2 ,
which describes the ratio of the Curie contribution to t
Pauli term versusT @Fig. 1~b!#. The fact that this coefficien
is nearly proportional to the electron fluence indicates t
irradiation created mainly localized defects, but only sligh
modified, if at all, the metallic density of states. For pristi
nanotubesc/x2'2 K with x25731029 emu/g. Note that
the density of localized unpaired defects is very low in pr
tine nanotubes~about 231016/g). From the EPR intensity
data for the 2.79 C/cm2 sample, we determined the numb
of Curie spins to be 1.1431024 spins/carbon. This repre

FIG. 1. ~a! Paramagnetic susceptibility of the four irradiate
samples versus the inverse temperature. Diamonds, 0.51 C/2;
crosses, 1.07 C/cm2; full dots, 2.79 C/cm2; squares, 5.01 C/cm2.
~b! Variation with electron fluence of the coefficientc/x2 , which
describes the ratio of the Curie to Pauli contributions in the data
~a!. The main effect of electron irradiation is to introduce localiz
paramagnetic defects in the graphitic network of MWNT’s. No
that pristine nanotubes are nearly free of such defects (c/x2

52 K).
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sents 17% of the theoretical estimate of irradiation-indu
displacements given above. Electron irradiation of graph
gave comparable defect density for the same electron flue
as in carbon nanotubes.24 It is probable that defect recomb
nations arise at room temperature. Moreover, some def
may be spinless.

Electron irradiation also strongly modifies theg factor and
the linewidth of MWNT as shown in Fig. 2. With increasin
fluence, both parameters decrease at high temperature
are nearly fluence-independent at low temperatures. In
to compare the conduction electron paramagnetism of irr
ated MWNT’s with those of pristine samples over the ent
temperature scale, the paramagnetic contribution of local
defects must be separated from that of the conduction c
ers. Since the two spin systems are supposed to under
strong exchange interaction, viap orbitals, we used the cel
ebrated exchange coupling model.25–28 This model suppose
that the bottleneck regime is achieved, i.e., one of the
spin systems dominates the overall behavior when its co
bution to the susceptibility is dominant. In this way, condu
tion electron spins dominate at high temperatures when
calized spins dominate at low temperatures. In su
circumstances, theg factor is given by

FIG. 2. Theg factor ~a! and the ESR linewidth—half-width o
the absorption spectrum—~b! are strongly modified by electron ir
radiation over the entire temperature range. At low temperat
localized defects dominate the overall ESR behavior due to a bo
neck effect with conduction electrons.~A single ESR line is de-
tected since the two spin systems are strongly exchange coup!
The symbols are the same as in Fig. 1. Theg factor and linewidth of
pristine nanotubes are also plotted~1!. Note the absence of a dro
of the linewidth at low temperatures, in contrast to irradiat
samples.
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g5
g1x11g2x2

x11x2
5

g1c/x21g2T

c/x21T
, ~2!

where g1 and g2 are theg value for localized spins and
conduction electrons, respectively. The linewidth is given

DH5
DH1x11DH2x2

x11x2
5

DH1c/x21DH2T

c/x21T
, ~3!

whereDH1 and DH2 are the linewidths for localized spin
and conduction electrons, respectively. According to t
model the low temperature limit ofg andDH ~respectively,
g1 and DH1) are the localized defect values. It is wor
mentioning here thatg1 is close to the 2.0029 value pre
dicted by Ishii et al. for dangling bonds in amorphou
carbon.29 Our results are also in agreement with those
Müller,30 who reportsg'2.0023 and a linewidth of 1.3
gauss for neutron irradiated graphite at high fluences (DH1
varies here from 1.3 to 2.6 G!.

Using the bottleneck approximation, it is thus possible
extractg1 andDH1 from the low temperature part of Fig.
and to calculate separatelyg2 and DH2 for the conduction
electrons. Supposing that the temperature dependence og1
andDH1 is low, as is often the case forsp2 defects in con-
jugated carbons, we extract the temperature dependenc
g2 and DH2 for the conduction carriers~Fig. 3!. It is clear
that the presence of irradiation defects influences stron
the conduction electron ESR behavior, which is rather s
prising considering the low quantity of these defects p
atom ~about 1 per 1000!.

To understand what happens in nanotubes, it is worth
calling the magnetic properties of planar graphite. In graph
both theg shift (g factor minus the free electron value! and
the linewidth are strongly anisotropic. When the magne
field is parallel to the graphene planes theg-factor has a
minimum value and is slightly higher~2.0026! than the free-
electron value due to the small spin-orbit coupling with c
bon atoms. A strongg shift is measured when the field i
perpendicular to the planes (g'52.05 at room temperature!,
and it increases at low temperature.31 Due to motional aver-
aging, one measures ag value of 2.018 at room temperatur
in polycrystalline graphite.32 This is a special property o
graphite due to the position of the Fermi level near thep
bands crossing atK points of the hexagonal Brillouin zone
although no theory describes what happens in detail.33 When
a magnetic field is applied perpendicular to the plane, e
trons condense on theN50 Landau level, which induces thi
unusual anisotropic behavior.34 When the field is parallel to
the planes, no closed orbits are accessible and the effect
appears. The same argument applies also to the diamag
susceptibility and the magnetoresistance, which are a
minimum when the field is parallel to the planes. For a g
phitic nanotube the cylindrical warping modifies this pictu
especially when the tube radius is small compared to
cyclotron radius (r c) since closed orbits cannot form. In cas
of MWNT’s of '10 nm diameter and at moderate fields,
used inX-band EPR~0.33 T!, r c is larger than the tube radiu
and some difference should be observed compared to m
roscopic graphite. Indeed the averageg value of nanotubes is
different from graphite~2.0012 instead of 2.0018!. We can
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5948 PRB 59F. BEUNEUet al.
expect that theg shift decreases with the tube diameter sin
it becomes more and more difficult to form Landau level

When the Fermi level is shifted from its original positio
~at theK points! into a band, theg shift perpendicular to the
planes decreases toward the free-electron value. For this
son one observes an averageg value higher than 2.010 only
in well-graphitized carbons. In glassy graphite, theg value is
isotropic and about 2.0027 due to the high density of loc
ized states at the Fermi level. Anisotropy is also suppres
when extrinsic carriers are introduced for example by bo
doping,35 or by intercalation.36 The modification of theg
factor in graphitic materials is then particularly significa
since it is sensitive to the band structure details at the Fe
level. Theg factor is not sensitive to the spin dynamics,
contrast to the linewidth. In graphite electron irradiation c
ates vacancies, which trap electrons and shift the Fermi l
in the valence band ~as evidenced by Hall-effec
measurements!.24 Consequently ag factor lowering is de-
tected by ESR. We expect the same effect happens
MWNT.

FIG. 3. After correction of the bottleneck effect, the ESR ch
acteristics of the conduction electrons can be extracted from
data represented in Fig. 2. The decrease of theg factor with irra-
diation ~a! reflects the Fermi-level displacement into the valen
band~hole doping!. The decrease of the linewidth~b! is due to the
decrease of theg factor anisotropy and to an increase of motion
averaging on the Fermi surface by defect-induced scattering.
explains why the linewidth is nearly temperature independent
the most irradiated samples.
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In normal metals the ESR linewidth is determined
spin-lattice relaxation through lattice scattering and sp
orbit coupling.37 However, Elliott’s mechanism does no
seem to apply directly to graphite due to its anisotro
nature.32 In fact, the graphite linewidth is governed by
subtle motional narrowing of theg-value distribution over
the Fermi surface, and thus depends on the spin diffus
rate. In most cases, it decreases with theg-value anisotropy,
for example, when extrinsic carriers are introduced in
system.38 As for theg factor, a complete theoretical descrip
tion of the linewidth is still lacking for graphite.

We can now propose a consistent explanation to w
happens in irradiated MWNT’s. Due to the low vacancy co
centration introduced by irradiation, the Fermi-level d
placement in the valence band is small, and the resul
variation of the density of states cannot be directly evalua
by the spin susceptibility with the precision of ESR. How
ever, the decrease of theg factor ~Fig. 3! proves that the
presence of a few extra carriers~in this case holes! modified
the electronic properties by shifting the Fermi level aw
from the K points inside a band. The decrease of the lin
width with irradiation is due to the decrease of theg value
anisotropy and to an increase of motional averaging
defect-induced scattering. This explains why the linewidth
nearly temperature independent in the most irradiated sam
@Fig. 3~b!#. Note that a direct impurity relaxation mechanis
cannot explain our results, since it is expected to broaden
line when there is an increase in the defect concentratio

All these results suggest that pristine nanotubes are
semimetals and nearly free of defects. If their electro
properties were determined by defects, the few added
irradiation would have no significant effects. It appears t
the results of Kosakaet al.10 are not compatible with the
present study. In fact, we also performed high tempera
annealing~at 2800 °C) of purified nanotubes and no signi
cant difference was observed in the EPR behavior with
spect to pristine tubes, contrary to the conclusions of Ref.

IV. CONCLUSION

We have shown that electron irradiation creates param
netic point defects in multiwalled carbon nanotubes, but t
their resistance to radiation is at least as good as bulk gra
ite. No radiolysis was observed in agreement with the se
metallic character of the nanotubes. Despite the low de
concentration introduced by irradiation, a significant mod
cation of the electronic properties was measured by EPR
appears that the Fermi level position is very sensitive to
presence of defects in the rolled graphene plane. Elec
irradiation is hence a powerful tool to modify the electron
structure of carbon nanotubes.
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