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Electron spin resonance investigations on carbon nanotubes-epoxy composites containing 1%, 2%, and 3% multivalled
nanotubes with a length of 10 um are reported. The observed resonance spectrum is dominated by a strong line with a
peak to peak width of about 14 Gauss, located at g=2.023, and characterized by a negligible asymmetry. It was found that
the resonance line position (g factor), resonance line width, and double integral of the resonance line are essentially
temperature independent in the range 150 K — 250 K. This resonance line was assigned to uncoupled electronic spins

delocalized over carbon nanotubes.

(Received January 23, 2006; accepted March 23, 2006)

Keywords: Electron spin resonance (ESR), Carbon nanotubes, Composites, Line width, g factor, Susceptibility, Temperature dependence

1. Introduction

Typicaly, graphiteis aquas semimetal characterized
by alow number of charge carriers and a low density of
states at the Fermi level [1,2]. Experimental datareveaed
that the quasi one-dimensiona structure of nanotubes
shows a significant departure from the physical properties
of the graphene sheet. The outstanding features of
nanotubes such as huge Y oung modulus (of the order of
1 TPa), electric conducting or semiconducting capabilities
(depending on the chirality of the tube), high thermal
conductivity, and excellent emission capabilities triggered
alot of theoretical and experimental studies [1-23].

Electron spin resonance (ESR) consists in the resonant
absorption of energy from an incident eectromagnetic
rediation of frequency v by an ensemble of dectronic spins
placed in an external magnetic field. The double integral
of the ESR spectrum, S, is proportional to the static spin
susceptibility of the sample. For symmetric Lorentzian or
Gaussian lines, there is a simple relationship between S
and the resonance line parameters [24];

S=KIH3 /mA ®

Where K is the line shape factor (constant for
Lorentzian or Gaussian line), | is the resonance line
intensity (or amplitude), Hep is the peak-to-peak resonance
line width, m is the mass of the sample and A is the
spectrometer’s gain. Non-interacting electronic spins are
responsible for Gaussian like resonance shapes. The
exchange interactions between electronic spins or the
motional effects distort the resonance line towards a
Lorentzian one [24]. A particular Situation appears in

conducting materials (such as carbon nanotubes) dueto the
skin effect. If the length of the sample adong the
propagation direction of microwavesislarger than the skin
depth, then the microwave field is damped within the
sample. Hence, the resonance line shape becomes
asymmetric. The distortion of the resonance line due to the
skin effect is characterized by the asymmetry factor,
defined as the ratio between the amplitude of the positive
and of the negative lobe (14/15) [24]. For Dysonian lines
thisratioislarger than 2.5 (see Fig. 1) [24].
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Fig. 1. A Typica symmetrical resonance line
(Lorentzian). B. Typical Dysonian line. D isthe length of
the conducting domain and d the skin depth.

ESR spectroscopy is a powerful technique in the
investigation of carbon-based materials. Resonance spectra
located close to the free electron g-value (g,=2.0023) were
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reported in graphite, amorphous carbon films, diamond
nanoparticles, carbon onions, fullerenes, and carbon
nanotubes [3-22]. Some of these materids exhibit
conducting features.

Carbon nanotubes are either metallic or semimetallic
[1,2,6]. There is a debate regarding the shape of the ESR
lines of nanotubes. Some authors reported [9,13-15,17-20]
symmetric line shapes (mostly Lorentzian) while others
reported [6-8,10-12] asymmetric Dysonian line shapes.
Some authors reported [4] that the resonance line shape is
almost Lorentzian above 40 K and becomes asymmetric if
the sample temperature is lowered below 40 K. The shape
of the ESR spectra of carbon nanotubes is explained by the
small diameter of nanotubes [1-2]. For a random
distribution of nanotubes, the number of nanotubes lying
aong a given direction (actualy aong the externd
magnetic field direction) is significantly smaller than the
number of nanotubes lying in a plane normal to this
direction. Hence the ESR spectrum will be governed by
the perpendicular component. As the diameter of single
wall or multiwalled nanotubes is of the order of
nanometers the resonance spectrum of isolated nanotubes
will present a symmetrical Lorentzian or Gaussian shape.
Carbon nanotubes ropes and agglomerated nanotubes are
characterized by interconnected conducting domains of the
order of 1 to 100 microns [1-2]. Such structures are
characterized by resonance spectra presenting a Dysonian
like shape. In composite materias, if the dispersion of
nanotubes is good, the resonance line will present a
symmetrica shape below the percolation threshold. Above
the percolation threshold the composite becomes
conducting and a Dysonian-like resonance shape is
expected.

The ESR gpectra of purified but not annealed
nanotubes a room temperature consist of up to three
overlapping lines (Fig. 2) [2-19]:

1. A wide symmetric resonance line with a width
ranging from 10” to 10° Gauss (10,000 Gauss = 1 T). The
line was assigned to cata yst residues [17-19]. The line is
located at lower resonance fidds because the uncoupled
electronic spin is subjected to the combined action of the
external magnetic field (Hg) and of the loca (molecular)
fidd, Hy [25];

hv=gB(Hg +Hy) 2

Wide line: Ferromagnetic impurities

Y

Broad asymmetric
line: Conduction
electrons of
nanotubes
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paramagnetic
impurities
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resonance
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annealed)

Fig. 2. Thetypical ESR spectrum of not annealed
nanotubes. The wide line disappears by annealing.

2. A broad line, frequently reported to be asymmetric
(Dysonian). This line is not located exactly a the
theoretical g factor vaue (gn =2.0023) as the angular
momentum is not compl etely quenched. The deviation of
the resonance line position is controlled by the spin orbit
coupling, &, and by the energy difference, AE, between the
corresponding electronic levels belonging to the same
wave vector [24];
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The calculated value of the spin orbit splitting for carbon
nanotubes is ranging from 0.05 eV [19] to 0.2 eV [23].
Most authors [6-18] reported that the double integral of
this resonance line, S, is amost temperature independent
in the temperature range 100 K to 300 K. This confirms
that this line is originating from the conducting €lectrons
residing on nanotubes (the temperature dependence of the
susceptibility for metalic conductors is essentialy
temperature i ndependent [12,25]).

3. A narrow line, located at higher resonance fields or
lower g values than the broad line, assigned to
paramagnetic impurities or defects. Frequently this line
was associated with the presence of amorphous graphite.
Typically, theintensity of this line decreases as the sample
temperature is decreased [3,24]. The simultaneous
presence of the broad and narrow resonances is considered
as an indication of the heterogeneous nature of nanotubes
[4].

In most cases there is a strong interaction between
itinerant (conducting) and localized electrons. This
corresponds to the bottleneck regime; in this case the
temperature dependence of the g-factor of eectrons
delocdized over nanotubesis [4, 5];

_9iC+axiT

g C+xT

(4)

Where the subscripts | and i identifies the localized and
itinerant electrons, y is the corresponding susceptibility
and C isthe Curie constant. The temperature independence
of the g factor was considered [8,9] as a proof of the weak
interaction between graphene sheets[17].

The temperature dependence of the resonance line
width, Hpp, is described by [25]:

Hee(T) = Hgp +a T ®)

where Hpp’ and ay are constants and m=-1/2 (conduction
electrons scattered by an interaction through the spin-orbit
coupling of impurity atoms [9]), O (non-interacting
grapheme sheets [9]), or 3/2 (conduction electrons
scattered by the lattice vibrations below the Debye
temperature [9]).

At fairly low temperatures (below 40 K), the double
integral starts to increase as the temperature is lowered, as
the Curie like term becomes dominant (over the Pauli
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one). Refined calculations show the possibility of a weak
temperature dependence of the spin susceptibility [8];

A C
X:a{KBTIn{hexp KBTJ_A}L? (6)

The square term reflects a Pauli like susceptibility
where A is the gap into the linear density of states (equal
to 0.05 eV), and the last term collects the Curie like
contribution to the spin susceptibility.

This paper concentrates on the ESR study of carbon
nanotubes dispersed within a polymeric matrix. The effect
of nanotubes agglomeration on the ESR lines is analyzed
in connection to the possibility of electronic jumps from
one nanotube to the neighboring one.

2. Experimental

Electron spin resonance measurements on multiwalled
nanotubes with a length of 10 pm dispersed in epoxy
resins are reported. Composites containing 1%, 2%, and
3% nanotubes were investigated. The ESR spectra were
recorded by using a Bruker ESP 300 spectrometer,
operating in X band ((® GHz) equipped with a variable
temperature accessory. The external magnetic field was
measured and controlled with an accuracy better than
0.1 Gauss by a NMR based magnetometer. In order to
prevent resonance line saturation or distortion the
microwave power was kept 1 mW and the modulation
amplitude a 4 Gauss. The samples were prepared by
dispersing multiwalled carbon nanotubes in epoxy resin.
Details on sample preparation and characterization
(mechanical and electrical) are avalable in [21,22]. The
temperature dependence (in the range 150 K to 250 K) of
the resonance line position (g factor), line width, and
double integral was studied.

3. Results and discussion

The pristine epoxy resin showed no ESR line. In
Fig. 3 it is shown a typical line of carbon nanotubes
dispersed in epoxy resin a room temperature. A narrow,
symmetricd, and intense line is observed. A detailed
analysis reveaed the possibility of a very weak and broad
line in the wings of the main resonance. As the parameters
of the broad line cannot be accurately estimated, the
subsequent anaysis will concentrate on the analysis of the
narrow and intense line. All resonance spectra have the
same shape (for al concentrations of nanotubes and
temperatures). The percolation threshold for these
composites is reached for a loading of the polymer matrix
with about 4% wt nanotubes [21-22]. Hence, the measured
samples were not loaded with a sufficient amount of
nanotubes to observe Dysonian like resonance line shapes.
The electron spin resonance spectra of carbon nanotubes
dispersed in epoxy resin were fitted with an acceptable
accuracy by a Lorentzian line shape [24]:
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Fig. 3. The ESR spectrum of 1% (wt) multiwalled
nanotubes with a length of 10 mm, dispersed in
epoxy resin, at room temperature.

where |y is the amplitude of the resonance line and Hg is
the resonance field. In Fig. 3 the black line represents the
best fit obtained by using equation (7). It is observed that
the agreement between the recorded spectrum and the
theoreticall shape is good. The same temperature
dependence was observed for all samples (containing 1%,
2%, and 3% nanotubes).
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Fig. 4. The temperature dependence of the g factor in

composites obtained by dispersing nanotubes within

epoxy resin. The symbol size indicates the experimental
errors.
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The Lorentzian shape of the resonance spectra proved
the good dispersion of nanctubes within the epoxy matrix.

The resonance line of carbon nanotubes dispersed in
epoxy resin is located near the theoretical vaue of the g-
factor (2=2.0023 [24]). The smdl shift in the g-factor at
room temperature (of about 0.02-see Fig. 4) leads to AE
=10 eV (assuming A =0.2 eV [23]). The expected value of
AE for nanotubes should be of the order of eVs|[1, 2, 23].
This discrepancy reflects that the recorded resonance
spectrum is an average over al individud lines,
corresponding to all nanotube orientation weighted by the
nanotube population for the considered orientation. It is
important to mention that the theoretical estimate of the
spin-orbit coupling of nanotubes has large errors [23]. The
temperature dependence of the g factor is shown in Fig. 4.
It is observed that in the temperature range 150 K to
250 K, the g factor is essentially temperature independent.
The same temperature dependence was observed for al
samples (containing 1%, 2%, and 3% nanotubes).
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Fig. 5. The temperature dependence of the resonance line

width in composites obtained by dispersing nanotubes

within epoxy resin. The symbol size indicates the
experimental errors.

This result rules out the effect of paramagnetic or
magnetic impurities [24,25]. In the case eectronic spins
delocalized over paramagnetic impurities, the bottleneck
would impose a temperature dependence of the g factor, as
defined by eg. 4. For magnetic impurities, the decrease of
the temperaure is associated with an increase of the
magnetization at saturation and hence of the local
molecular field, Hy. Because the frequency of the exciting
microwave field, v, is constant, a decrease of the external
magnetic field at which the resonance lineis observed [25]
(see eg. 2) is expected. In conclusion, this line originates
from uncoupled electronic spins del ocalized over carbon
nanotubes. The temperature dependence of the resonance
line width is extremely wesk (Fig. 5). The same
temperature dependence was observed for dl samples
(containing 1%, 2%, and 3% nanotubes). The experi mental
data are well described by the expression (5) for m=0.
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Fig. 6. The temperature dependence of the double
integral of theresonanceline, S in composites obtained
by dispersing nanotubes within epoxy resin.

This indicates that the concentration of paramagnetic
and magnetic impuritiesis negligible. Asitisobservedin
Fig. 6, the double integral of the resonance spectrum is
amost temperature independent. The same temperature
dependence was observed for all samples (containing 1%,
2%, and 3% nanotubes). This indicates a Pauli like spin
susceptibility and confirms the assignment of the
resonance line to conduction electrons [24,25].

3. Conclusions

ESR data on multiwalled nanotubes dispersed into
epoxy resin were reported. The resonance line shape of
multiwalled nanotubes-epoxy resin compaosites is well
fitted by a symmetric Lorentzian line for al composites
investigated (all were below the percolation threshold for
conductivity). It was observed that below the percolation
threshold for conductivity the g-factor, the resonance
linewidth, and the double integral of the resonance line are
temperature i ndependent in the temperature range 150 K to
250 K. These featuresindicate that the resonance spectrum
originates from the uncoupled eectronic spins delocalized
over carbon nanotubes.

Acknowledgements
This work has been supported by US Army STTR
grant #A2-1299.
References
[1] L. C. Venema, V. Meunier, Ph. Lambin, C. Dekker,

Phys. Rev. B 61(4), 2991 (2000).
[2] T. Belin, F. Epron, Mat. Sci. Eng. B 119, 105 (2005).



824 M. Chipara, F. lacomi, J. M. Zaleski, J. B. Bai

[3] D. Arcon, R. Dominko, A. Mrzel, M. Remskar,
A. Zorko, P. Cevc, M. Gaberscek, D. Mihailovic,
CP633, Structural and Electronic Properties of
Molecular Nanostructures, edited by H. Kuzmany et
a. © 2002 American Ingtitute of Physics, 218-222.
[4] O. Chauvet, G. Baumgartner, M. Carrard, W. Bacsa,
D. Ugarte, Wdt A. deHeer, L. Forro, Phys. Rev. B
53(21), 13996 (1996).
[5] Y. Chen, J. Chen, H. Hu, M. A. Hamon, M. E. Itkis,
R. C. Haddon, Chem. Phys. Lett. 299, 532 (1999).
[6] A. Thess, R. Lee, P. Nikolaev, H. Dai, P. Ptit,
J. Robert, C. Xu, Y. H. Leg, S. G. Kim, A. G. Rinzler,
D. T. Colbert, G. E. Scuserig, D. Tomanek,
J. E. Fisher, R. E. Smdlley, Science 273, 483 (1996).
[7] S Gara, L. Thien-Nga, R. Gadl, L. Forro,
K. Takahashi, F. Koka, M. Yudasaka, S. lijima,
Physica Review B 62(24), 17115 (2000).
[8] S. Garal, R. Gaal, J. M. Bonard, L. Thien-Nga,
L. Forro, K. Takahashi, F. Kokai, M. Y udasaka,
S. lijima, Electronic Properties of Nanohorns,
Electronic Properties of Molecular Nanostructures,
edited by H. Kuzmany et a. American Institute of
Physics Conference Proceedings 591 409 (2001).
[9] H. Yokomichi, Vacuum 74(3-4), 677 (2004);
S. Bandow, J. Appl. Phys. 80(2), 1020 (1996)
[10] L. Duclaux, J. P. Sdlvetat, P. Lauginie,
T. Cacciaguera, A. M. Faugere, C. Goze-Bac,
P. Bernier, J. Phys. Chem. Solids 64, 571 (2003)
[11] C. Goze-Bec, S. Latil, P. Lauginie, V. Jourdain,
J. Conard, L. Duclaux, A. Rubio, P. Bernier,
Carbon 40, 1825 (2002).
[12] S. Ishii, K. Miyamoto, N. Oguri, K. Horiuchi,
T. Sasaki, N. Aoki, Y. Ochiai, Physica
E 19, 149 (2003).

[13] M. Kosaka, T. W. Ebbesen, H. Hiura, Katsumi
Tanigaki, Chemica Physics Letters 233, 47 (1995).

[14] Y. Ochiai, R. Enomoto, S. Ishii, K. Miyamoto,

Y. Matsunaga, N. Aoki, PhysicaB 323, 256 (2002).

[15] H. Zhang, S. Liu, A. Wd, Y. He, X. Tang, X. Xue,
L. Liang, C. Wu, J. Phys. Chem. Solids
61, 1123 (2000).

[16] J. Giraudet, M. Dubois, D. Claves, J. P. Pinheiro,
M. C. Schouler, P. Gaddle, A. Hamwi, Chem. Phys.
Lett. 381, 306 (2003).

[17] J. N. Coleman, D. F. O’ Brien, B. Dalton, McCarthy,
B. Lahr, R. C. Barklie, J. Blau, J. Chem. Phys.
113(21), 9788 (2000).

[18] S. Seelan, D. W. Hwang, L.-P. Hwang, A. K. Sinha,
Vacuum 75, 2, 12, 105 (2004).

[19] P. Petit, E. Jouguelet, J. E. Fischer, A. G. Rinzler,
R. E. Smdlley, Phys. Rev. B 56(15), 9275 (1997)

[20] S. L. Di Vittorio, T. Enoki, M. S. Dresselhaus,

M. Endo, T. Nakajima, Phys. Rev. B 46(19),
12723 (1992).

[21] Allaoui, S. Bai, H. M. Cheng, J. B. Bai, Comp. Sci.
Technal. 62, 1993-1998 (2002).

[22] J. B. Bai, A. Allaoui, Composites A 34, 689 (2003).

[23] L. Chico, M. P. Lépez-Sancho, M. C. Mufioz, Phys.
Rev. Lett. 93, 176402 (2004).

[24] C. Pode, H. A. Farach Handbook of Electron Spin
Resonance, Vol 2, Springer Verlag, 1999.

[25] A. H. Morrish, The Physica Principles of Magnetism,
John Wiley & Sons, New Y ork, 2001.

" Corresponding author: chipara@yahoo.com



