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Magnetic anisotropies of aligned carbon nanotubes
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Angle-dependent conduction-electron spin resonance and static magnetic-susceptibility measurements of
bulk, aligned, and partially purified carbon nanotube films show anisotropies reflecting the anisotropic char-
acter of the tubes. The Pauli susceptibility (above 40 K) of the tubes corresponds to about 10'® spins/cm?,
consistent with a semimetal. The g factors and their anisotropies are temperature dependent. The intrinsic tube
resistivity is approximately an order of magnitude lower than the dc resistivity of the films. Qualitative changes
below 40 K in the resistivity, the spin susceptibility, the g factors, and their anisotropies give evidence for

charge-carrier localization.

The physicochemistry of carbon has recently seen a vig-
orous revival with the discovery of fullerenes, nanotubes,
and onions. Like graphite, these mesoscopic systems are es-
sentially sp? bonded; however, the curvature and special
symmetries cause important modifications when compared
with planar graphite. For example, single sheet nanotubes are
predicted to be either semiconductors or metals, with anoma-
lous anisotropic magnetic properties.! However, few of these
remarkable predictions have been experimentally tested.
Here we present static susceptibilities and rnagnetlc Ieso-
nance measurements of aligned carbon nanotubes.?

The production of aligned nanotube films is described in
Ref. 4. Briefly, nanotube-containing material, produced by
Ebbesen and Ajayan’s method,? is ultrasonically dispersed in
ethanol, centrifuged to separate the tubes, and to remove
larger carbon particles. To produce nanotube films, the tube
suspension is drawn through a 0.2 um pore ceramic filter
leaving a uniform black deposit on the filter. The deposited
material is transferred on a thin Teflon sheet by pressing the
tube coated side of the filter on the plastic. The filter is lifted
off thus exposing the surface which was facing the filter.
Scanning electron microscopy reveals that the tubes are
highly aligned perpendicular to the Teflon surface. In these
studies we examined nanotubes with diameters d=10*5 nm
(corresponding to about 10—20 concentric, cyhndrlcal gra-
phitic sheets) and lengths on the order of 1 um.*

The static-magnetic susceptibilities were measured from
T=4-300 K using a SQUID magnetometer. Susceptibility
measurements were made with the tubes aligned parallel
and perpendicular x, to the field (Fig. 1). The nanotubes are
diamagnetic and anisotropic. The magnitudes of the suscep-
tibilities increase with decreasing temperature. Our measure-
ments of, nonaligned samples, after sonification and cen-
grifugation (now shown), agree with the orientational
average (2, + x|)/3 of the aligned sample. In contrast, sus-
ceptibilities of unprocessed nanotube-containing samples

(see also Ref. 5) are considerably larger than those of the:

treated samples (Fig. 1 and also Ref. 6), indicating that the
diamagnetism is dominated by larger (including nontubular
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and network) structures. In particular, we suspect that large
loops composed of sintered nanotubes are carriers of large
diamagnetic currents,’ with a strikingly different temperature
behavior compared with the ultrasonically separated tubes.

- For planar graphite at temperature 7=300 K, the suscep-
tibility along the ¢ axis (perpendicular to the planes) is
Xc=22%X10"°% emu/g (due to induced diamagnetic currents
circulating around the graphitic hexagons®), and is much
larger than along the a b axes (parallel to the planes);
Xap=0.5X10"¢ emu/g.2 We constructed a simple nanotube
model consisting of planar graphite rolled in a tube. In this
model X moder=(Xc+ Xab)/2, and X|lmodel = Xab In striking
contrast with observatlons | X1 model =1 X||m0del[ however, the
orientational average (2xapt Xc)/3~ x/3 is rather close to
the experimental (2x, + xj)/3. The large | x| may be caused
by ring currents around the tube axis,” and the reduced val-
ues of |x, | compared with |x,;| are likely due to curvature
effects and differences in intercalation distances compared
with planar graphite.’
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FIG. 1. Static magnetic susceptibility vs temperature. Nanotubes
with the magnetic field perpendicular to the tubes (+); nanotubes
with the field parallel to the tubes (O); unprocessed nanotube con-
taining material (X); planar graphite, from Ref. 5 (- -).
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FIG. 2. Spin susceptibility of the carbon nanotubes vs tempera-
ture for 6=0°(@) and 90°(O). For T>40 K, Pauli behavior is
observed from an estimated 10'® carriers/cm® consistent with a
semimetal. The low-temperature (<40 K) Curie tail (- —) repre-
sents 1.3X 108 localized spins/cm®.

The ESR signals were measured at 9 GHz at temperatures
from 4-300 K.!® A wealth of information is obtained from
the intensity, position, and shapes of the resonance lines. The
sample can be rotated in the cavity to obtain orientational
information. The ESR spectrum of the aligned carbon nano-
tubes (for a given angle 6 of the tube axis with respect to the
magnetic field B) consists of a single line over the entire
temperature range. The line shape is Lorentzian above 40 K;
below 40 K it becomes progressively asymmetric.'! Besides
the nanotube signal, a weak, narrow, isotropic Teflon signal
(g=2.0023) is observed, whose position is temperature in-
dependent. This substrate signal serves as a marker and also
allows monitoring of changes in the Q factor of the ESR
cavity.

The spin susceptibility x, is derived from the ESR signal
strength by numerical integration. Above 40 K (Fig. 2), we
find a temperature-independent (Pauli) susceptibility
Xs=7x%10"° emu/g. In comparison, for powdered graphite
we find y,=2X10"8 emu/g, consistent with reported values
between 1 and 4 X 1078 emu/g.'>'® Pauli behavior indicates
that the aligned nanotubes are metallic or semimetallic. For
free electrons the Pauli susceptibility is given by
X=u5N(EF), where up is the Bohr magneton and N(Ej) is
the density of states at the Fermi level. For our samples we
find N(Ep)=2.5x10"3 states/eV/atom. This density of
states is comparable to that of graphite.!* Estimating the car-
rier concentration n given by n=N(Ep)*Er and taking for
the Fermi energy Ey that of graphite (200 K) gives
n~4x10" cm™3. This estimate is very crude; however, it is
consistent with Hall measurements of the sample!® which
give an upper limit for n=10' cm™3. This low density in-
dicates that the nanotubes are semimetallic.!® The low-
temperature upturn of x, closely follows a Curie law (solid
line, Fig. 2) and is thus a signature of localized spins arising
either from localization of the carriers or from impurities. In
either case the Curie tail corresponds to 1.3X 107> spins/C
atom (1.3X 108 localized spins/cm?), close to our estimate
of the number of carriers in the semimetallic phase.

Figure 3(b) (inset) shows the g-factor dependence on 6
(T=300 K). The g factor varies between g)=2.0137, ie,
when the tubes are parallel to the field g, =2.0103 when
they are perpendicular and accurately follows'’
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g=(g|cos8)>+ (g, sinf)>~g+ (g, —g|)sin*8
=2.0137—0.0034sin?6.

It is instructive to compare the nanotube data with planar
graphite. From the rolled graphite nanotube model intro-
duced above, using 7=300 K and planar graphite g factors,
we find

8=8ap+ 2(gc— 8ap)sin?#=2.0026+0.0230 sin’#,

where g.=2.050 and g,;,=2.0026,'% the factor 1/2 arising
from cylindrical geometry. We assumed that the spin diffu-
sion length £ (the range over which the g factor is averaged)
is much larger than the tube diameter, consistent with mea-
surements on polycrystalline graphites.'> Comparing the
model with the tubes we note that whereas in graphite
8ab<8c, in the tubes gy>g, . This inversion is similar to
the one observed in the static susceptibilities and, as for
graphite, probably has the same origin.'*

The orientationally averaged g factor for the nanotubes,
ie., gave=2.012, is close to the graphitic average g...
=(g.+28,5)/3=2.018, and hence similar to the g factor of
polycrystalline graphites for which the crystallite sizes are
much smaller than £é~1 um.'® Consequently, compared with
planar graphite the main effect of the tube geometry on the g
factors is to reduce the anisotropy; however, the average is
not greatly affected. This is related to the graphitic property
where the g factor of the carriers is sensitive to the field
direction due to band anisotropies,'* suggesting that the cur-
vature enhances the overlap of the wave functions of neigh-
boring cylindrical sheets.

The temperature dependence of g and g, is plotted in
Fig. 3(a). Their values increase with decreasing temperature
down to 40 K. Since the g shift from the free-electron
(g.=2.0023) value is roughly given by Ag~\/A where \ is
the spin-orbit coupling energy and A the energy separation
of the spin-orbit coupled states, the T' dependence of the g
shift reflects the 7 dependence of A.'* For planar graphite a
similar increase is observed. However, the decrease in the g
shifts and especially the increase in the anisotropy
(g)—gy) for T<<40 K [Fig. 3(b)] are not expected.

In conventional metals, the conduction-electron spin-
resonance (CESR) linewidth (7 ') is determined by the El-
liott mechanism'® (spin relaxation due to lattice scattering),
and T, is related to the resistive scattering time 7z by
7r=T1Ag?*/a, where a is a constant in the range 0.1-1.0."°
Aplot of (T;Ag?) ™'~ 1z as a function of temperature (Fig.
4) shows that 7y is of the order of ~ 10~ 13 s consistent with
typical (graphite) lattice scattering times. The Pauli suscep-
tibility of the nanotubes together with the metallic tempera-
ture dependence of 75 ! suggests that the Elliott mechanism
is applicable for this system. From 75 the intrinsic tube re-
sistivity is estimated: p j,,=m/ne?rg~10"3 Q cm at room
temperature, where n is the carrier density above and m is
the carrier mass, assuming a free-electron mass and a=1.
(Note that taking the electron mass of graphite m™*=m/40,
the intrinsic resistivity of the tubes is even lower.) This value
is about an order of magnitude lower than the dc resistivities
pac of these films® (see also Ref. 20), consistent with the
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FIG. 3. Nanotube g factors vs temperature, (a) for parallel,
6=0°(®) and perpendicular, 90°(O) orientations. (b) The anisot-
ropy g|—g. Vs temperature. (inset) Angular dependence of the g
factor of the nanotubes at T=300 K. The fit shown by the solid line
corresponds to g=2.0137-0.0034 sin?4.

interpretation that p4. is dominated by the intertube contact
resistances.5 Note, however, that py. shows an upturn below
40 K (Fig. 4).

We next demonstrate that the changes which occur below
40 K are consistent with carrier localization effects. Summa-
rizing, the existence of a Curie tail indicates the presence of
localized spins. The tail is inconsistent with a narrow-gap
semiconductor since it would have a signature of a thermally
activated process, i.e., a vanishing of y, at low temperatures.
Also, since the low-temperature signal does not saturate, it is
not likely to be due to dangling bonds (for example, at the
tube tips or elsewhere) for which the relaxation times are
expected to be long.

The consistency of the number of spins which give rise to

tures. The fact that g-factor anisotropy not only persists, but
even increases below 40 K demonstrates that the spins re-
sponsible for the Curie tail must be associated with the nano-
tubes.

Assuming that the anomalous low-temperature effects are
indeed caused by localization, there are several possible lo-
calization mechanisms that are consistent with the observa-
tions. There may be localized structural defects on the cylin-
drical sheets,?! or perhaps specific intercalated impurities
which serve as trapping sites for the conduction electrons.
Finally, it may be that at low temperatures, the cylindrical
sheets of the tubes are no longer exactly coaxial, causing
one-dimensional lines of closest distance between neighbor-
ing sheets. Nonuniform spacings are indeed observed in sev-
eral cases?? (however, see also Ref. 23). Since in graphite the
semimetallic properties are quite sensitive to the interlayer
spacings (and to the registration of the atoms from one layer
to the next), these lines could serve as charge carrier local-
ization sites.
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