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Electron spin resonance and microwave resistivity of single-wall carbon nanotubes
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We compare the thermal variations of ESR, dc, and microwave resistivity of unoriented bulk single wall
carbon nanotube samples. We conclude that the ‘‘metallic’’ high-T behavior (dr/dT. 0! is an intrinsic
property of the bulk material, and that the system remains metallic even at low temperature wheredr/dT, 0.
The spin susceptibility is also independent ofT, and a long mean free path implies transport predominantly
along the tube axes in bulk material.@S0163-1829~97!08440-3#
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Nonchiral single-wall carbon nanotubes~SWNT! with an
armchair wrapping1 @N,N# are attracting great interest, a
they are predicted by band theory to be intrinsica
metallic.2,3 Laser ablation of graphite targets doped with C
and Ni produces samples in which@10,10# SWNT are
predominant.4 In this process, the SWNT self-organize in
crystalline ropes consisting of tubes close-packed on a t
dimensional~2D! triangular lattice.1 The conducting behav
ior of both unoriented bulk material and oriented single rop
has been experimentally confirmed.1,5,6 An explanation for
the linear resistivityr versusT behavior observed at hig
temperature has been proposed, in which the dominant
cess is electron backscattering by low-energy twists of
tube.6 Measurements of the temperature dependence or
agree qualitatively with this prediction down to a samp
dependent crossover temperatureT* below whichdr/dT be-
comes negative.

Here we report experiments performed on unoriented b
material using electron spin resonance, microwave and
resistivity measurements. In the high-temperature regime
our results are consistent with the reported metallic behav
and establish that the observed resistivity is intrinsic to
bulk material. By estimating transport parameters from
ESR data and comparing withr(T), we also show that the
system remains metallic belowT* despite the sign change i
dr/dT, ruling out a metal-insulator transition.7 ESR spectra
are also characteristic of a metal at all temperatures; the
tegrated ESR intensity is independent of temperature, con
tent with the ~small! constant Pauli spin susceptibility ex
pected for intrinsically metallic carbon nanotubes.2,3

Experiments were performed on samples containing 7
90% SWNT with a narrow diameter distribution,1,8 vacuum
annealed at 1000 °C to remove fullerenes. We used a Br
ESP 300 ESR spectrometer equipped with an NMR ga
meter and an HP 9000 computer for data handling facilit
Microwave resistivityrac was measured using a home-bu
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apparatus based on the resonant cavity perturbation me
at 10 GHz.9 Differences in the passbandD and resonant
frequency shift S of the TE~011! cavity ~quality factor
22000!, determined with and without the sample in place
an electric field antinode, allow the determination ofrac for a
long cylindrical sample~length@ radius!.9 Absolute values
of rac were obtained by determining the depolarization fac
n, controlled by the geometry of the sample10, and the filling
factora5Vs /Va , the ratio of sample to cavity volumes. Fo
a metal, the magnitude ofS should be close toa/n. We
tested this relation for samples of different lengths~1 to 2
mm!, cut in thin sheets about 0.1 mm thick. For all samp
the calculated ratioa/n lies in the range 1/2 to 1/3 the ex
perimentally measured frequency shift, indicating that
unoriented bulk material is metallic. If the skin depth
larger than the smallest sample dimension thenrac}D.11

The measured room-temperature resistivities range f
10 to 40 mV cm for different samples, consistent with pr
viously reported values.5,6 More importantly, for a given
samplerac5rdc to within experimental error. The therma
variations are also the same. Figure 1 shows the ther
behavior of normalized~directionally averaged! resistivity
measured at dc with 2 contacts and at 10 GHz~contactless!
on the same sample. These results show that the meas
resistivity is intrinsic to the bulk material, the equality ofrac
andrdc indicating that there is no effect of random electr
hopping between conducting grains.12 This in turn suggests a
large diffusion-limited mean free path. From the absolu
value of rac we estimate the skin depth of the unorient
bulk material d5c/(2pvs)1//2;50 mm. Similar experi-
ments were performed on pressed pellets; resistivities w
comparable~about 10 mV cm! and we found similarly good
agreement between dc and microwave results.13 Skin effects
were observed with a sample thickness of 0.2 mm but not
0.1 or 0.05 mm, consistent with the skin depth estima
above.14
9275 © 1997 The American Physical Society
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Residual Co and Ni catalyst particles are responsible f
very broad ESR line nearg52, which obscures the expecte
conduction electron response from the SWNT. A very we
and narrow signal is observed within the main broad li
Approximating the catalyst-derived signal as a cubic base
and subtracting it out reveals a narrow, strongly asymme
SWNT line with a Lande´ factor g52.00260.001 and line-
width ;25 G. To confirm that this narrow line is associat
with SWNT, we vacuum-annealed a sample at 1500 °C
remove the remaining Co and Ni. The x-ray peaks charac
istic of Co and Ni disappeared after this treatment,1 as did
the broad ESR component, leaving only the narrow asy
metric line withDH526 G. This is characteristic of a meta
for which d is smaller than the conducting particles.15 The
1500 °C anneal also reduces the intensities of the 2D la
reflections, suggesting either that the ropes are separa
into isolated SWNT or that tubes are being destroyed. In
event we limit further discussion to the samples anneale
the lowerT.

The narrow ESR component~Fig. 2! remains Dysonian a
all temperatures in the range 4–300 K. The amplitude as

FIG. 1. Thermal variation of the normalized resistivity of th
bulk material measured by direct current~open circles! and at 10
GHz ~1111111!.

FIG. 2. ESR spectrum of as-grown bulk~low density! SWNT
recorded at 100 K.
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metry of the absorption derivativeA/B (;4 at 100 K! is
related to the ratioTD /T2 , where TD is the time for an
electron to diffuse through the skin depth andT251/gDH is
the spin relaxation time~5T1 for metals!. In the framework
of Feher and Kip,16 knowledge ofA/B, DH, and the density
of conduction electronsN in the metal allows the determina
tion of transport properties. Unfortunately we do not have
good estimate ofN since as many as 50% of the SWNT ma
be chiral and nonmetallic.4 On the other hand, knowingA/B
and DH provides values forTD and T2 . Assuming that all
the conduction electrons have the same velocityv and that
the mean free pathL is small compared to the~classical!
skin depth, then16 TD5(3/2)(d2/vL). Writing L and d as
functions of the resistivity, L5m* v/Ne2r and
d25c2r/2pv, we obtain

TD5
3Ne2c2r2

2pvm* v2
. ~1!

The temperature dependence ofTD is shown in Fig. 3 and
compared to the square of the dc resistivity in the same t
perature range. The very good agreement shows that
and resistivity are probing the same electrons. The fact
the ESR line remains Dysonian down to low temperat
indicates that the upturn in the resistivity is not due to
metal-insulator transition. The room temperature value
TD;1029 sec, combined withd;50 mm and an estimated
Fermi velocity 83107 cm/sec,3 leads to a mean free pat
L;5 mm, in good agreement with the 3mm estimate from
dc measurements on an isolated SWNT.18 While crude, this
estimate suggests that conduction occurs mainly along
tube axes in the bulk material, at least at high temperat
consistent with the twiston model.6

The as-grown bulk material is very porous, consisting
long entangled ropes and as much as 90% free volume. U
pressing the sample into a dense pellet, the ESR line sh
remains Dysonian but with asymmetry reduced at 300
from 8 to 1.6, as shown in Fig. 4. This indicates that press
has reduced the size of conducting particles to a value c
parable tod. As a consequence the apparentDH approaches

FIG. 3. Temperature dependence of the diffusion time~open
circles! andrdc

2 ~1111111!, both normalized at 10 K.
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the value that would obtain in the limit of a symmetr
Lorentzian17 ~particle size,d). To test this effect, we re
duced the size further by mechanical grinding and observ
nearly symmetric line withA/B51.09 ~Fig. 4! and the same
peak-to-peak width as the pressed sample. The full width
the first integral of this ‘‘symmetrized’’ line is 22 G, whenc
T255.231029 sec. For the as-grown materialDH525 G
andA/B58 – 9, thusT252.731029 sec. This small discrep
ancy is likely due to small differences inr induced by the
grinding process. In general the results are fully consis
with Dyson’s theory;15,16 although the intensity and line
shape are affected by diffusion through the skin depth,
observed width of a Dysonian line remains close to 1/gT2 .

The area under a Lorentzian is proportional to the prod
of peak height and~width! 2, which for a symmetric ESR line
becomes proportional to the spin susceptibility. Assum
that the line shape does not vary withT, we show in Fig. 5
that the ESR intensity is quite independent ofT and thusN is
constant. This again allows us to rule out a metal-insula
transition ~e.g., localization! as the origin of the change i
r(T) slope from positive to negative at lowT, and further

FIG. 4. 300 K ESR spectra for the same material as in Fig
after pressing into a pellet~solid curve! and grinding into a fine
powder~dashed curve!.

FIG. 5. Normalized temperature dependence of the ESR in
sity ~proportional to the spin susceptibility! for a ground sample.
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confirms our observation that the as-grown material rema
metallic in the bulk, even at lowT.

From the present experiments, and particularly the
GHz resistivity measurements, unoriented bulk SWNT m
terial behaves as a homogeneous system. This means
despite the finite length of rope segments, there must
pathways for conduction electrons to diffuse over mac
scopic distances. High-resolution electron microscope lat
images reveal several kinds of defects—ropes that split
recombine, rotational ‘‘twins,’’ etc.1,19—while rope ends are
generally not observed. Evidently the perfect segments
sufficiently long ~and the effects of interparticle resistan
sufficiently benign! that the physics of single-rope~1D!
transport aboveT* ~e.g., intratube backscatteringvia twist-
ons! is preserved in unoriented bulk material.

The mechanism governing the low-T upturn in resistivity
has yet to be identified. Several possibilities may be con
ered:~1! incipient condensation to a SDW or CDW groun
state,7,20 ~2! onset of strong backscattering from quench
disorder~e.g., twists, fluctuations in intertube hopping!, and
~3! coherent effects of intertube hopping leading to a s
pression ofN(EF) and the opening of a pseugogap.21 The
results presented here indicate that the upturn inr is more
likely associated with an increased scattering rate rather
a reduction in carrier density; this we believe allows us
rule out mechanism 1, an intrinsically 1D effect. On t
other hand, there are indications that intertube and/or in
particle coupling may be implicated in the negativedr/dT
behavior below T* . Light mechanical force shiftsT*
slightly to higher temperature,5 as if the prefactor weighting
the low-T process were growing with respect to the high-T
one.7 Pressing into a dense pellet shiftsT* to well above 300
K,13 completely suppressing the high-T intratube scattering.
Intercalation has the opposite effect;22 dr/dT remains posi-
tive down to the 7-K experimental limit in a potassium
doped bulk sample whiler overall is reduced by about
factor of 40 due to charge transfer.23 This reduces the pref
actor of the high-T resistivity, whichper sewould causeT*
to increase. Here it seems more likely that intercalation
lates the rope lattice, reducing the intertube coupling a
suppressing the low-T mechanism. Pressure-dependent m
surements should help to clarify the origin of the excess lo
T resistivity.

The above results are distinctly different from observ
tions on multiwall carbon nanotubes.24,25 The observation of
Dysonian lines at all temperatures shows that the system
mains highly metallic down to low temperatures, the me
sured resistivity being intrinsic to the bulk material. Ther
fore the sign change indr/dT at T* cannot be assigned to
metal-insulator transition, ruling out the few mechanisms
voked to explain a hypothetical low-temperature insulat
state. It indicates more probably an increase of the contr
tion of interrope resistivity.
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