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Antiferromagnetic behavior in single-wall carbon nanotubes
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The electronic properties of single-wall carbon nanotubes (SWNTSs) have been studied using dc magnetiza-
tion and electron spin resonance (ESR). The dc magnetization displays a weak diamagnetic susceptibility of
~1077 emu/g. ESR measurements reveal a narrow resonance line of low intensity and metallic line shape. The
spin susceptibility shows a major Pauli contribution at high temperatures (7> 150 K) and an appreciable Curie
component at lower temperatures. A marked drop of the spin susceptibility is observed at 7<< 14 K, pointing to
the opening of a spin gap at low temperatures. The underlying mechanism is discussed in terms of an electronic
instability of the SWNTs or the occurrence of defect-mediated spin magnetism.
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I. INTRODUCTION

Carbon nanotubes (CNs) have emerged as a unique class
of low dimensional materials with exceptional electronic
properties and tunability that hold promise for the develop-
ment of nanoelectronics.! Single-wall carbon nanotubes
(SWNTs) represent a close realization of one-dimensional
(ID) conductors with strong electron-electron interactions
providing access to the low-energy properties of strongly
correlated mesoscopic systems, the most notable aspect be-
ing the Luttinger-liquid (LL) state driven by the Coulomb
repulsion of 1D electrons,? evidenced in electrical trans-
port>* and photoemission>® measurements. Experimental ob-
servations of superconductivity in SWNT ropes’ and ultra-
thin SWNTs (Ref. 8) have generated further interest in the
interplay of the long-range Coulomb interactions with elec-
tron-phonon coupling and the electrostatic screening due to
intertube coupling that may account for the growth of super-
conducting correlations or a charge density wave instability.’
Recently, nuclear magnetic resonance (NMR) experiments
on *C enriched double-wall CNs revealed the formation of a
gap in the spin excitation spectrum below 20 K,'° pointing
out the rich variety of electronic instabilities that may arise
in the 1D CN structure.

In spite of the high perfection and robustness of the
SWNT’s structure, the presence of low amounts of disorder
due to defects and imperfections has been found to modify
substantially electronic transport in nanotube devices.'!
Moreover, theoretical studies have shown that structural de-
fects such as vacancies and adatoms may acquire spin polar-
ization depending on the tube radius and chirality,'? while
the formation of localized edge states in heterostructured
C/BN nanotubes'® and finite length CNs with noncompen-
sated zigzag open ends'# has also been predicted to promote
magnetism. Electron spin resonance (ESR) is a suitable
probe of spin dynamics in low dimensional metallic systems.
Its sensitivity on both localized and itinerant spins has been
exploited to study the variation of the electronic properties of
multiwall CNs (MWNTs) caused by the confined CN geom-
etry and the acceptor action of structural defects in pristine
materials,”~!® chemical doping that leads to Fermi level
shifts and quasibound localized states,'®?° and electron
irradiation.”!
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However, the use of ESR in SWNTs has been severely
obstructed by the presence of residual ferromagnetic catalyst
particles, practically absent in MWNTs grown by the non-
catalytic arc-discharge method. In particular, ESR has been
observed in high quality crystalline ropes of SWNTs soon
after the implementation of their high-yield synthesis by the
laser vaporization technique, providing evidence for intrinsi-
cally metallic behavior.?>?3 Despite the long spin relaxation
time anticipated in the 1D tube structure that would lead to a
rather narrow conduction electron spin resonance (CESR), as
well as theoretical predictions of a fine structure in the CESR
spectrum related to the spin-charge separation of the LL
state,’* subsequent studies of SWNTs systematically noted
the absence of CESR*~?7 which, however, was restored upon
electrochemical K doping.?® These diverse observations can
be reconciled with an excessive increase of the spin relax-
ation rate in undoped SWNTSs by the strong spin-flip scatter-
ing of conduction electrons on metallic impurities because of
their long spin diffusion length that renders ESR unde-
tectable.?® More recently, a weak ESR line has been reported
in pristine SWNTs with no Pauli contribution in the spin
susceptibility, which intensified upon electron irradiation and
followed a thermally deactivated behavior, associated with
localized states in semiconducting SWNTs interacting with
metallic impurities.?®

In this work, we report on the observation of a narrow
ESR line of weak intensity and metallic line shape in pristine
samples consisting of SWNT bundles, whose dc magnetiza-
tion shows a weak diamagnetic susceptibility superimposed
on the strong ferromagnetic response of residual catalyst par-
ticles. The spin susceptibility of the narrow ESR line varies
slowly down to low temperatures, following the exchange
coupling model of conduction electrons and localized spins.
However, a sharp drop of the spin susceptibility is observed
at T<14 K. This indicates the opening of a spin gap at low
temperatures, which is discussed in terms of an electronic
instability of the SWNTs or the presence of defect-mediated
spin magnetism.

II. EXPERIMENTAL DETAILS

Experiments were performed on SWNT samples prepared
by the laser oven vaporization technique in Rice Univer-
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FIG. 1. Magnetization loops of SWNTs at different tempera-
tures. The upper inset shows the temperature dependence of the dc
magnetization at 500 and 1000 Oe. The lower inset shows the field
dependence of the differential susceptibility dM/JH at 10 K.

sity.?? Characterization by x-ray diffraction and transmission
electron microscopy confirmed the aggregated morphology
of the specimens consisting of self-assembled bundles or
ropes of SWNTs, with small amounts of catalyst (Ni, Co)
particles. The ropes are several micrometers long, with diam-
eter varying between 10 and 85 nm, and form a two-
dimensional triangular lattice with a lattice constant of
1.7 nm. To characterize the dc magnetic response, magneti-
zation measurements were carried out using a Quantum De-
sign MPMS superconducting quantum interference device
magnetometer on specimens obtained after filtration of a
SWNT suspension in toluene, where the pristine specimens
were stored. ESR measurements were performed on a con-
ventional X-band spectrometer (v=9.42 GHz) with a con-
tinuous flow cryostat for temperature-dependent measure-
ments (4-300 K). The magnetic field was scaled with a
NMR gaussmeter, while the g factor and ESR intensity were
measured with respect to standard calibration samples.

III. RESULTS AND DISCUSSION

Figure 1 summarizes the dc magnetic measurements of
the SWNT bundles. The dc magnetic response is determined
by the contribution of ferromagnetic (Ni, Co) catalyst resi-
dues causing the appearance of hysteresis loops with coer-
cive field varying between 560 and 370 Oe as temperature
increases from 2 to 200 K. The temperature dependence of
the dc magnetization M(T) in the zero-field cooled (ZFC)
and field cooled (FC) modes shows significant irreversibility
and a broad maximum at low magnetic fields (upper inset of
Fig. 1), characteristic of a large size distribution of ferromag-
netic nanoparticles with an average blocking temperature of
190 K at H=500 Oe, while the increase of both M,p- and
M branches at T<<10 K indicates the presence of a small
fraction of unblocked nanoparticles. The field derivative of
the isothermal M(H) up to 50 kOe reveals a rather
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FIG. 2. (Color online) ESR spectra of the SWNTSs at various
temperatures and magnetic field scans. Arrows in the larger field
scans (left panels) point out the narrow ESR line superimposed on
the FMR of the catalyst particles. Thin dashed lines in the small
scan spectra (right panels) show the best fit metallic line shapes at 5
and 14 K after subtraction of the ferromagnetic background.

small field-independent contribution of the order of
—-2X% 1077 emu/g, which is much lower than that of pristine
MWNTs (Refs. 18 and 29) and comparable to that of
B-doped MWNTs, 20 where the Fermi level shift of ~0.2 eV
causes the suppression of the pronounced orbital diamagne-
tism of graphite.3%3! Recent magnetic-field-dependent photo-
luminescence experiments on surfactant isolated SWNTs
revealed a diamagnetic anisotropy of the order of
—1 X 107® emu/g for semiconducting CNs,>33 in agreement
with theoretical predictions.*33 The small diamagnetic sus-
ceptibility observed in the SWNT bundles may then be asso-
ciated with the contribution of metallic CNs, which are pre-
dicted to be paramagnetic along the tube axis, and most
likely with the presence of defects leading to the effective
doping of the CN structure, where slight shifts of the Fermi
level may drastically reduce the diamagnetic suscepti-
bility.?+-36

Figure 2 shows representative ESR spectra of the SWNT
specimens at different temperatures and successively smaller
magnetic field scan ranges. A broad resonance signal at
g=2.15 due to the ferromagnetic catalyst particles dominates
the ESR spectra, which varies weakly with temperature in
agreement with the dc magnetic response. However, a nar-
row ESR line superimposed on the broad ferromagnetic sig-
nal, a small trace of it can be hardly discerned in the large
field scan, is successively resolved upon zooming in the
g=2.0 region. After subtraction of the ferromagnetic back-
ground, which, in the small field scan of 150 G, can be ac-
curately fitted by a polynomial base line, the narrow ESR
signal exhibits an asymmetric line shape (right panels of Fig.
2). This line shape is typical of conducting samples when the
sample thickness is comparable to the skin depth, where the
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FIG. 3. Temperature dependence of the spin susceptibility x;
and y, 7T for the SWNTs. Solid and dashed lines depict the decom-
position of x,(7) to a constant Pauli term y, and a Curie yo=C/T

contribution. The inset shows in detail the low-temperature varia-
tion of x,(7).

skin effect drives electric and magnetic components of the rf
field out of phase leading to the admixture of dispersion (')
into the absorption (x”) spectra.’” The ESR line has been
accordingly fitted to the line shape3®

d_X_<cos¢)—2y+(l—y2)tan¢ (1)
dH \ AH? (1+y%)? ’

where y=(H-H,)/AH, with H, being the resonance field
and AH the half-width at half-height, while tan ¢=« is the
ratio of dispersion to absorption (y=x"cos ¢+)’ sin ¢).
The asymmetry parameter varies between the values a=0
(¢=0) that gives a symmetric Lorentzian line and a=1
(¢p=r/4) that produces an asymmetric resonance line with
absorption and dispersion at equal weight, corresponding to
the classical asymmetry ratio A/B=2.55 of the CESR line
shape for a thick metallic sample.” The narrow ESR line can
be well fitted to this single metallic line shape, as shown by
the dashed lines in the right panels of Fig. 2.

Figure 3 shows the temperature dependence of the spin
susceptibility x,(7) and the corresponding product y, T for
the narrow ESR line. To account for the temperature varia-
tion of the skin depth, y, was determined from the area under
the integrated absorption component (dx”/dH) of the ESR
spectra derived from fitting to Eq. (1), after being corrected
for the inhomogeneous phase of the microwave field through
the cos ¢ factor. The spin susceptibility is nearly constant
down to 150 K, followed by a moderate increase at lower
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FIG. 4. Temperature dependence of the linewidth AH, g factor,
and the asymmetry parameter « for the narrow ESR line of the
SWNTs.

temperatures. This temperature variation complies with the
strong exchange coupling of conduction electrons and local-
ized spins that leads to a single ESR line. In this case, the
spin susceptibility becomes y,=xo+ xc stemming from the
superposition of a temperature-independent (Pauli) term
that is dominant at high temperatures and a Curie contribu-
tion x=C/T arising from the susceptibility of localized
spins that causes the gradual upturn of x,(7) at lower tem-
peratures. Such a behavior can be more conveniently identi-
fied in the temperature dependence of , T that varies over a
broad temperature range according to y,7+C, as shown in
the lower panel of Fig. 3. An effective description of x,(7) is
thus derived down to 15 K with x,=1.06(3) X 10~ emu/g
and C=4.7(1) X 1078 emu K/g corresponding to a density of
localized spins of 7.5X10'¢ spins/g. The value of y,
is considerably lower than that of MWNTs, where
Xo=7%107 emu/g,'®!® implying that only a fraction of
tubes contributes to the ESR signal, whereas the concentra-
tion of localized spins is of comparable magnitude to that of
pristine paramagnetic defects in MWNTSs. 1820 Most impor-
tantly, the spin susceptibility decreases rapidly below 14 K,
decaying exponentially down to about 7 K below which a
slight upturn of y; is observed (inset of Fig. 3). This steep
drop of x,(7) is reminiscent of the thermally activated spin
susceptibility of 1D systems with a spin gap of the order of
the y, maximum temperature.>**° However, in the present
case, x, does not tend to zero at lower temperatures but
nearly saturates at a value exceeding considerably the high-
temperature susceptibility without showing any pronounced
paramagnetic Curie tail.

Figure 4 shows the temperature dependence of the ESR
linewidth AH, g factor, and the asymmetry parameter a of
the ESR line. The g factor remains approximately constant at
2.0035 as a function of temperature. Likewise, AH(T) and
a(T), the latter being an increasing function of the electrical
conductivity, do not vary appreciably with temperature down
to 20 K. According to Elliott’s mechanism, a dominant con-
tribution to the spin-lattice relaxation rate arises from spin-
orbit scattering on phonons, which, being proportional to the
momentum relaxation rate, leads to a linear AH(T) variation
that scales with the electrical resistivity.*! Moreover, spin-
lattice relaxation can be significantly impeded in 1D metals
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by the limitation in momentum space into which electrons
can scatter and relax efficiently.*> The absence of a linear
AH(T) dependence in the SWNT bundles may then be
brought up by the weak electron-phonon scattering reflected
in the suppressed variation of a(T), and the strong coupling
of conduction electrons to localized spins, characterized by a
temperature-independent relaxation rate. However, a small
anomaly of AH(T) is traced below 20 K, while a decrease of
the asymmetry parameter « is resolved at the same tempera-
ture range, indicative of a reduction of the sample’s conduc-
tivity that correlates with the low-temperature peak of x,(7).

This behavior resembles to some extent ESR in quasi-1D
organic conductors, where a steep drop of x,(7) and an
anomalous variation of AH(T) are typical features of spin
density or charge density wave instabilities that lead to an
insulating antiferromagnetic ground state.**3 In addition,
the anomalous behavior of x,(7T) occurs at the same energy
scale (T<20K), where the formation of a spin gap
(2A=40 K) was derived from the suppression of the '*C
NMR relaxation rate in double-wall CNs.!® An electronic
instability of the SWNT’s ground state causing the opening
of a gap in the spin excitation spectrum may be accordingly
suggested to explain the sharp decrease of y, below 14 K, in
accordance with theoretical predictions for the effects of
electron-electron interactions in SWNTs.2 On the other
hand, despite the bulklike reduction of the conductivity in-
ferred from the decrease of a(T), the persistence of consid-
erable spin density below the peak of x,(7) as well as the
small kink of AH(T), which is expected to diverge at the
antiferromagnetic transition temperature, do not definitely
determine the presence of magnetic ordering.

Relying on the relatively high contribution of localized
spins to the total spin susceptibility at 7<30 K (Fig. 3), a
defect-driven mechanism may be alternatively invoked to ac-
count for the low-temperature peak of x,(7). In particular,
the presence of antiferromagnetic exchange coupling be-
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tween the localized spin moments, as indicated by the down-
turn of y, T at low temperatures (Fig. 3), might also explain
the low-temperature anomaly of the spin susceptibility. How-
ever, the low spin concentration of paramagnetic defects de-
duced from the Curie component of y, precludes ordinary
localized spin magnetism. In this case, the exchange interac-
tions between the localized spins should be mediated by the
conduction electrons, as recently suggested for activated
carbon fibers consisting of a disordered network of
nanographites** and carbon nanohorns,* where the spin sus-
ceptibility exhibits similar cusps in the temperature regime
of 4—17 K. Furthermore, recent theoretical work has pre-
dicted substantial magnetic interactions between spin polar-
ized edge states in graphitic fragments,*® and most impor-
tantly that localized states induced by vacancies in graphene
may spread over many lattice sites in the presence of a finite
impurity concentration.*’ The latter might then provide a
possible mechanism for the coupling of localized and itiner-
ant spins in some defective SWNTs causing the low-
temperature anomaly in the spin susceptibility.

IV. CONCLUSIONS

In conclusion, ESR measurements on bundles of SWNTs
allow to single out a narrow resonance line of weak intensity
and metallic line shape, superimposed on the strong ferro-
magnetic resonance (FMR) of the residual catalyst particles.
The temperature dependence of the spin susceptibility is
compatible with the exchange coupling of conduction elec-
trons and localized spins, with a major metallic Pauli contri-
bution at 7> 150 K. Most notably, a drastic reduction of the
spin susceptibility is observed at 7<<14 K, accompanied by
a decrease of the electrical conductivity. This behavior sug-
gests the opening of a spin gap, which is discussed in terms
of an electronic instability toward an antiferromagnetic insu-
lating ground state due to electron-electron interactions or a
defect-driven magnetic effect due to the antiferromagnetic
coupling of localized spins mediated by the conduction car-
riers.
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