Magnetic properties of nested carbon nanostructures studied by electron
spin resonance and magnetic susceptibility measurements

Shunji Bandow
Instrument Center, Institute for Molecular Science, Myodaiji, Okazaki 444, Japan

(Received 1 May 1995; accepted for publication 11 April 1996

Nested carbon nanostructures, e.g., nanotubes and nanoballs, are separated from the coexisting
materials of carbon flakes and needle-like fragments by sonication, centrifugalization and
low-temperature combustion. Content of nanotubes at the final stage separation is in excess of 85%
by weight. The nested carbon nanostructuf285 wt % tubuleg are studied by electron spin
resonancéESR and magnetic susceptibility measurements. The temperature dependence of the
conduction-ESR intensity for the nested carbons is similar to that for graphite. On the other hand,
theg value is almost constaiig = 2.0096+ 0.0004 at room temperatyrbetween 40 and 300 K, in
contrast to that of graphite. These ESR features are discussed in terms of the electronic structure of
carbon nanotubes predicted by theoretical calculation. The magnetic field dependence of differential
magnetic susceptibilityxyi) indicates a logarithmic divergence in the magnetic flekd2 kG and

the xqi IS @ positive value aH~0.8 kG, which is qualitatively consistent with the magnetic
properties of metallic carbon nanotube enunciated by Ajiki and Ando1986 American Institute

of Physics[S0021-89706)04514-9

I. INTRODUCTION large enough to separate the individual layers into an elec-
tronically isolated layer, a theoretical calculation for a con-
The nested carbon nanostructures, e.g., nanotubes agdntric graphene double-wall tube showed that the electronic
nanoballs, were discovered as the by-products at the synthéeatures of individual layers basically did not change even
sis of fullerenes. The fullerenes themselves were obtained itaking into account the interlayer interactioiig\ccording to
soot generated by a dc arc discharge between the carbon rodés theoretical calculation, the conductivity of concentric
mounted on the ends of positive and negative electrodes in@rbon nanotube normally reflects the electronic feature of
depressurized He gaOn the other hand, the nested carbonsthe outer layer tubule due to smaller energy gap than that of
were found in a carbonaceous deposit grown at the tip of théne inner layer one. If Langet al** only measured the large
cathode carbon rotiwhich was composed of bundles of fi- diameter tubules, the semiconducting feature was hardly de-
brous carbonginner pari and a hard shellouter part. The tected due to the small energy gaps for such large tubules.
nested carbons only existed at the inner part of the carbon- Recently, a high yield synthesis condition for nested car-
aceous deposit with carbon allotropes such as micron graptbons was found? and the electronic and vibrational features
ite flakes andsp? carbon nanospheres. for carbon nanotubes were calculated by taking into account
The structure of nested carbons, especially for carbothe cyclic boundary condition around the tube wall1>-1’
nanotube, can be visualized by rolling up a graphene sheet tdowever, the experimental studies for purified carbon nano-
form seamless tubul@r by the shape of faceted multihedron tubes have not yet been refined well in respect of the
for nanobal). Graphene itself is a zero-gap semiconductor. separation-purificatioff*® the  electronié %2 and
However, when the flat sheet is rolled up and formed seamvibrational”?'~?3features due to sample quality and quan-
less tubule, it presents either semiconducting or metallic featity. As described previously, the micron graphite flakes and
ture depending on the cyclic boundary condition around thesp? carbon nanospheres coexist with the nested carbons. To
tube wall or, simply, on the tube diamefer.The energy gap separate the nested carbons from those impurity carbon allo-
of the semiconducting tubule decreases with the decreasirtgopes, a newly developed method combined with sonication,
tube diameter in order to match with that of a flatfinite  centrifugalization, and combustion is introduced in this
tube diametergraphene sheet. The direct observation of thestudy. The magnetic properties of the separation-purified
electrical transportation properties of the carbon nanotubesested carbons are studied by electron spin reson&&®
was carried out by Zhang and LieBeSeshadriet al.® and ~ and static magnetic susceptibility measurements.
Nakayamaet al1° They detected the thermal activation type
electric conduction due to the energy gaps ranging from 0.0
to 0.26 eV for various diameter tubules. However, Langerﬁ' EXPERIMENT
et al!! could not observe any semiconducting features for  The nested carbons were synthesized by a conventional
carbon nanotubes. The reason of the above contradiction dc carbon arc discharge methotf5 mm in diameter carbon
not clear, but may depend on the sample quality. rods were burnt by an arc current of 50 A under a static He
The interlayer spacing of concentric carbon nanotuberessure of 400 Torr with a constant spark gap~df mm.
was slightly greatef1%—2%%2 than that of graphite, and the The inner part(crude inner deposits or bundles of fibrous
individual layers were considered to be coupled by the varcarbong of the carbonaceous deposit grown at the tip of the
der Waals interaction. Though the interlayer spacing was natathode carbon rod was carefully scraped from the outer part
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of the carbonaceous deposit. These crude inner deposits The powder x-ray diffraction pattern for NfFig. 2(a)]
separated into the nested carbons and graphite flakes by uadicated usual graphitic structure but lack of cléal re-
ing sonication, centrifugalization, and combustion. flections, which suggests the existence of stacking mismatch
The weight loss due to combustion for carbon materialsbetween the interlayer planésirbostratic natune Combin-
was recorded by a Dupont 951 thermogravimetric analyzeling the results of HRSEMFig. 1(d)] and x-ray diffraction,
The sample for combustion was placed in a platinum parwe can conclude that the sample NP is turbostratic graphite.
hanged on electrobalance and heated up to 350 °C in a flowhe lattice parameters of NP were found to de 0.2455
of dry air. For the electron microscope observation, varioust 0.0004 nm(from 10, 11, and 20 reflectionandc=0.6847
samples were ultrasonically dispersed in ethanol, and one 0.0006 nm(from 002 and 004 reflectioislt is worth to
drop of this solution was placed onto the sample plate fonote that the sample NP is an assembly of turbostratic graph-
high-resolution scanning electron microscofyRSEM) or  ite, and the small fiberér crude carbon nanotubestay in
onto the carbon microgrid for transmission electron microsthe suspension liquid.
copy (TEM). A HITACHI S-900 (HRSEM and a Philips After driving off the solution of the suspension by a
EMA400(TEM), whose acceleration voltages were selected atotary evaporator at 60 °C, the small fibé&-1) remained
5 and 120 kV, respectively, were used for taking micro-were dispersed into distilled water with 0.1% of cationic sur-
graphs. The powder x-ray diffraction was measured by dactant(benzalkonium chloride, Kanto Chemical Gavhich
MAC Science MXP3VA at room temperature. A copper allowed them to stay suspending as a colloid. Anionic sur-
x-ray tube was used as an x-ray source and the diffractiomactant(Aerosol OT) was also used to check up the dispers-
signal was monochromatized by a graphite crystal placed i@bility for S-1, but it gave much poorer result. The colloidal
front of the x-ray counter. The ESR spectra were recorded b¥uspension of S-1 was then placed in a centrifuge cell and
both a Varian E112 and a Bruker ESP300E spectrometerspun at 5000 rpm for 30 min to remove graphite or carbon
operated aK band(9.480 GHz with a magnetic field modu- flakes as a precipitate. The suspension liquid above the pre-
lation frequency of 100 kHz. The microwave frequency andcipitate was decanted and the solution was evaporated by the
magnetic field were measured by a Hewlett Packard 5352Bzme way stated above. The solitB-2 remained were
microwave frequency counter and a Bruker ERO35M NMRyashed by methanol to remove excess surfactant and dried
gaussmeter, respectively. An Oxford ESR-900 liquid Hepy 3 rotary evaporator. Finally, S-2 was heated at 350 °C for
flow cryostat was used for temperature variation, and DPPH p, in dry air(S-3). About 10% loss in weight was observed
(1,1-diphenyl-2-picrylhydrazylwas used to determine the at this final process. This weight loss may be due to gasifi-
spin concentration. The static magnetic susceptibility wasation of carbon impurities, since the burning of tubules
measured by a high sensitivity Faraday balafmein design  gtarted at the tip paft?*and the TEM imagéFig. 3 showed
from an Oxford Instrumentin the temperature range from 2 the tips of carbon nanotubes even after the above heat treat-
to 260 K, and the magnetization was recorded against thgent; there is no fact of initiating the burning of tubules. A
magnetic field up to 55 kG. The sample was placed in &ymmary of separation process is shown in Fig. 4 with the
quartz cell and fixed by a paraffin liquid. The contribution of sample identification(ID) codes of NP, S-1, S-2, and S-3,
blank materialdquartz cell and paraffin liquidto the mag-  \yhich refer to as “needle precipitation’{for needle-like

netic susceptibility was carefully corrected. fragmenty, “stage-1,” “stage-2,” and “stage-3,” respec-
tively.
IIl. RESULTS AND DISCUSSION According to the HRSEM and TEM studies, the final

stage sample S-3 was a mixture of multiwall carbon nano-
tubes and nested carbon nanoballs. Therefore, S-3 can be
The HRSEM images of crude inner depoghsindles of called the nested carbon nanostructures. The sizes of multi-
fibrous carbonsare shown in Fig. (8) (low magnification ~ wall carbon nanotubes frequently ranged from 10 to 15 nm
and Xb) (high magnificatioh In Fig. 1(a), two fibrous car- in outer diameter with several microns in length and 10 to 20
bons are partially seen. The size of these carbons mostfigr the number of graphitic carbon layers, and of nested
ranged from 50 to 6um in diameter and from 3 to 5 mm in nanoballs frequently ranged from 15 to 30 nm in outer diam-
length. The high magnification imadé&ig. 1(b)] indicated eter and 20 to 30 for the number of graphitic carbon layers.
the existence of very small fibers attaching on the surface. To To estimate the content of multiwall carbon nanotubes
suspend these small fibers into a solut{60% of methanol by weight in S-3, the following procedure was carried out:
diluted by distilled wate;, an ultrasonic agitation was used. First, the number of tubules and of balls in an af@&x<0.5
After 1 h sonication, the fibrous carbons separated into twum?) of TEM image were counted. According to the count-
parts: one was the needle-like fragme(i#®) by ~70 wt %  ing at several different areas, 30%—-40% tubules were ob-
as a precipitate and the other was the suspended particlegined for S-3. Next, to calculate the volumes of tubule and
(S-1) by ~30 wt% in a liquid above the precipitate. The ball, the dimensions of them were selected to be the median
HRSEM images of NP are shown in Figicl (low magnifi-  size (from TEM): 13 nm in diameter, 0.7um in length(re-
cation and 1d) (high magnificatiofy the shape and length stricted by a width of sampling argaand 3 nm in diameter
were almost the same as that of fibrous carbdtig. 1(a)] of cylindrical hollow for tubule, and 23 nm in diameter and 6
but the diameter reduced 10%-15% as shown in Fig. 1 nm in diameter of spherical hollow for ball. Assuming the
The high magnification imagéFig. 1(d)] indicated flaky same density for tubule and ball, we finally obtained the
structure instead of small fibers. tubule content in excess of 85% by weight. Therefore, we

A. Sample separation and structural characterization
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FIG. 1. Scanning electron microscopy images for cathode dep@itsnd(b) were taken from the bundle of fibrous carbdoride inner depositobtained
from an inner part of cathode depodit) and(d) were from the sonication-separated needle-like fragm@i®s. The low magnification image®) and(c)
show a part of the fibrous carbons and of NP, respectively. The high magnification itbagesl (d) present different surface information: small fibers can
be seen for the crude inner deposits, but micron flakes for NP.

can say that most of the contents in S-3 are the multiwalsmaller number of graphene sheets for S-3 than that for NP.
carbon nanotubes. To increase the content of tubules, furthéccording to the x-ray diffraction, the intra- and interlayer
combustion at high temperatu(g00 °C for 60 min, and 70 local structure for NP and S-3 were similar to each other.
wt % los9 was also carried out. However, the tubule contentHowever, they have different form of graphene sheets: for
did not show any significant difference before and afterNP, the form is basically the same as that of micron graphite
above treatment. flakes; on the other hand, for S-3, the form can be visualized
The powder x-ray diffraction pattern of S-3 also showedby rolling up the layered graphene sheets to form concentric
the turbostratic naturgFig. 2(b)]. The lattice parameters for cylinder or sphere.
S-3 were found to ba=0.2450+ 0.0004 nm(from 10, 11,
and 20 reflectionsand ¢c=0.6802+-0.0006 nm(from 002
and 004 reflections which are almost the same with those
for NP. The diffraction patterns for NP and S-3 were essen- The ESR spectra for S-1, S-2, and S-3 are shown in Fig.
tially identical in shape, but the linewidth of 002 for S-3 was 5. Two spectral componentsarrow and broad ESR lings
about twice broader than that for NP, which is due to thecan be clearly seen for S-2 and S-3. For the narrow compo-

B. ESR for nested carbon nanostructures
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FIG. 4. Flow chart of separation precess. Sample ID is the identification
code for various stages of sample: NP, S-1, S-2, and S-3 refer to “needle
precipitation” (for sonication-separated needle-like fragmgntstage-1,”
“stage-2,” and “stage-3,” respectively. NP was turbostratic graphite, S-1 a

FIG. 2. Charts of powder x-ray diffraction(a) the sonication-separated ] .
" mixture of the nested carbon nanostructutebules and ballsand graphite
needle-like fragment&NP) and (b) the nested carbon nanostructuf€s3. flakes, S-2 the nested carbon nanostructures, and S-3 the impurity-free

The reflection indexes are indicated around peak maxima. The source of X ; .
ray is CuK a P nested carbon nanostructures including tubules concentrated over 85% by

weight.

2 theta (degree)

nent (@=2.0026+0.0002), the ESR intensity decreased bybecause theg shift from the free-electron value
an order of magnitude after the heat treatment. Furthermor?Ag —g—g.) is proportional to\/AE for semiconductor&®
regardiess of the heat treatment, the temperature depgndeqﬁﬁe?ege is teheg value of free electrof2.0023, \ the spin’-
of th!s narrow f:omponent behaved as Curie-like, reminiscent p:: coupling constant, andE the energy separation to the
of a impurity signal. Therefore, we conclude that the NAIToW, o4 rest band being mixed by spin-orbit coupling. For ex-
component associates with an extrinsic origin, and will notample N=3.7 meV andAE= 17 meV were used to evaluate
pursue this component, g, for a three-dimensionaBD) graphite(real graphite with

A g value of S-1(2.0137-0.0002 was comparable t0 o interlayer interaction resulting in Ag,~0.2%> The
that of polycrystalline graphite(2.0182 estimated by |56 ¢ value for S-1(2.0137 probably indicates the exist-
(9,+29,)/3, whereg, (2.0493 andg, (2.0026 are theg  once of polycrystalline or flakes of graphite at this separation
values at room temperature with the magnetic fields appllegtage For S-2, however, thg value of broad component
parallel and perpendicular to tieaxis, respectively” The reduced to 2.00950.0002 and this value did not change

electronic structure of a two-dimensiori@D) graphiteNe- inin the experimental error even after the heat treatment
glecting an interlayer interaction between graphene shisets (g=2.0096+0.0004 for S-3 The change ofj value from
characterized by zero energy gap and zero density of state ag ' ’

the Fermi levelzero-gap semiconductot Furthermore, the
large g, for graphite originates in such electronic features,

S-1
i x4 S-2
‘{:" x100
I S-3
,, 1 1 t ) 1
J 3200 3300 3400 3500 3600

H (G)

FIG. 5. ESR spectra for various separation stages. The spectra were taken at
room temperature with a microwave frequency of 9.480 GHz. Two spectral
componentgnarrow and broad ESR lingsan be seen for S-2 and S-3, and
one broad component for S-1. Thevalues for the broad component of S-1,
S-2, and S-3 were 2.0130.0002, 2.009%0.0002, and 2.00960.0004,

FIG. 3. Transmission electron microscopy image for nested carbon nanaespectively, and that for the narrow one was 2.602®002. The inte-
structures. The sample was heated at 350 °C5fd in dry air. Tips of grated ESR intensities of broad component for S-2 and S-3 were in the same
tubules are clearly seen. order of magnitude, 1¢ emu/g.
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gap semiconducting featutdegenerate band-edge strucjure

= 100 (a) for 2D graphite; the thermal excitation of electrons to the

g 8or { o o oI i °e° upper energy level can easily occur and modify the ground
2 60  °9, &o o %'o ° § state of electrons. This modification of ground-state proper-
g 40k ** .’ ties may cause the large temperature dependenc&gof

5 * S-2 since theg value is sensitive to the circumstances of the
~2or o 83 electrons. For such a reason, the weaker temperature depen-

Ok ' L ' ! L ' dence ofAg for S-2 or S-3 probably originates from the
0 50 100 150 200 250 300

different band-edge structure for carbon nanotube: according
to the theoretical calculatich,” the carbon nanotube can be

8x10° F either semiconductor or metal depending on the cyclic
- (b) boundary conditions around tube wall, allowing a fink&
4r JES 1 for semiconducting tubule or a finite density of state at the
b . BRY: °° 5 0, s ® = go Fermi level for metallic tubule unlike 2D graphite. The dif-
= 0

ference in electronic structure between carbon nanotube and
graphite would suppress the thermal excitation effect for car-
! L L L L ! ! bon nanotubes, resulting in the present temperature depen-
0 50 100 150 200 250 300 dences ofAg for S-2 and S-3.

According to the relation Ag.><MAE for
semiconductoré® small Ag, can be expected for semicon-

601 (¢) }o-s ducting tubules due to finitAE. Moreover,Ag, for metals
50 b g LT was qualitatively explained by Yafét using a relation

6 PO DD O § «T i ¢ ‘

2 . Ag.x\, which results in a smalAg, for metallic tubules

g 40r s o T\ due to small\ for the carbon. Therefore, smallg, can be
a0k [ N S expected for both semiconducting and metallic tubules. The

present experiments indicated relatively smgd, for both

20k : . . . . . S-2 (0.0072=2.0095-g,) and S-3 (0.00732.0096-g,),

0 50 100 150 200 250 300

unlike large Ag, for graphite (0.01582.0182-g,). This
Temperature (K)

result does not contradict with above expectationXaor, .
FIG. 6. Temperature dependences(af integrated ESR intensityl of Kosakaet al.*® observed almost temp(_erature indepen-
broad component(b) g shift (Ag) from room-temperature value aridy ~ dentAg for carbon nanotubes after annealing at 2850rfC
linewidth (AH) of broad component for nested carbon nanostructuresvacuoas well as for our S-8or S-2. However, theig value
Closed and open _circles are for S-2 and S3 respect?vely. Dotted Iir@e)s in was different from our observation; they observed the ESR
represent® and T~ Y2 dependences. Vertical bars indicate the experimental_. _
error. signals atg=2.012 and 2.0022 for carbon nanotubes before
and after the annealing, respectively. Quralue (2.0096
for S-3 (or 2.0095 for S-2was comparably close to their

2.0137(for S-1) to 2.0095(for S-2) should be due to a re- value (2.012 for carbon nanotubes before the annealing,
moval of the polycrystalline or flakes of graphite from the while their g value (2.012 indicated large temperature de-
sample by centrifugal separation. pendence in contrast to the temperature behaviak gffor

The temperature dependences of integrated ESR inter$-3 (or S-2. In terms of theg value, the ESR features seem
sity (1), g shift (Ag) from room-temperature value and line- to have a contradiction between S¢8r S-2 and their
width (AH) for S-2 or S-3 are shown in Figs(a#, 6(b), and  samples. However, after analyzing the temperature behavior
6(c), respectively. The decreased 20%—30% upon decreas-of AH, the ESR features for our samples can be explained as
ing the temperature from+280 to 40 K for both S-2 and S-3 indicates below.
[Fig. 6(@)], which is compatible with the temperature behav- In the observation by Kosaket al,?®> AH at 4 K was
ior of the Pauli paramagnetism of graphite evaluated frombroader than that at 296 K regardless of the annealing con-
the band parameters by McCIui®?’ The magnitude of spin  dition of the sample, i.eAH increased with decreasing tem-
magnetic susceptibility associated with the broad componergerature. In our casdH increased with decreasing tempera-
was estimated to be of the order of foemu/g, indicating ture for S-2, however,AH decreased with decreasing
the same order as that of grapHiteTherefore, we conclude temperature for S-3. The curve-fitting results foH indi-
that the broad ESR signal stems from conduction electronscated T~ 2 and T® dependences for S-2 and S-3, respec-

The Ag (<0.002 for S-2 or S-3 showed weaker tem- tively, as shown in Fig. @) by the dotted lines, where€ is
perature dependend€ig. 6b)], by an order of magnitude, the temperature. It is known that the relatidm =T~ 2 s
than that for graphite. In graphite, the main term of the tem+ypical for the conduction electrons being scattered by an
perature dependence Afj is from g, (g value for the intra- interaction through the spin-orbit coupling of impurity
layer conduction in graphene shgewhich varies 0.0775 atoms?® Therefore, for S-2, it is reasonable to consider
between room temperature and 77¥Although the origin  that the scattering of conduction electrons mainly takes place
of the temperature dependence &f for graphite has not at the impurity sites existing in the sample. For S-3, as stated
been analyzed theoretically, it probably depends on the zer@bove, the temperature dependence bff is represented by
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T3. The T2 dependence akH was calculated by Elliotf for
semiconductors and metals under the assumptions that the
conduction electrons were scattered by the lattice vibrations
and the temperature was lower than the Debye temperature.
As described previously, the Curie-like component decreased
by an order of magnitude before and after the heat treatment
(see S-2 and S-3 in Fig.) 5which suggests that the impuri-
ties or defects existing initially in the nested carbons have

-50
-100
-150

-200

NP 21 kG
(a)

X (cgs ppm per mole of carbon)

been removed by the heat treatment. Therefore, the scattering -250
of conduction electrons came to be dominated by the lattice -300k I 1 L L L 1
vibrations instead of the impurities, resulting A « T2 for 0 50 100 150 200 250 300
S-3. In other words, the sample S-3 is almost impurity or Temperature (K)
defect free.
C. Magnetic susceptibility for nested carbon o ' HOPG' . ) E
nanostructures 4 o o 11 1
. o Al nssssumusee e 0 000 d th EE:‘:EIEDD ]

Magnetic susceptibility,y=M/H (M stands for the o s "\ E‘n%_
magnetization andi for the magnetic fielJ was measured 3 10 F  gempmeeee 3
for NP and S-3. NP was ground by agate mortar to avoid 5§ ¢ % & 5° 2™
orientational effect due to the needle shape. On the other 4 2 o o ° 1
hand, S-3 was used without further grind because of the ran- ' 4% | ~ HOPG yx, L0 3
domness in orientation of tubules. The temperature depen- j 4 % s s 4aa2 3
dences ofy were measured at two magnetic fields, 21 kG - ae 1
(for NP and S-3and 2 kG(for S-3), and are shown in Fig. 2: z i'é'é;'o 7 4 'é'é'(')o ra ilé;écl);)o

7(a) (normal coordinatgsand {b) (logarithmic coordinates

Previously, we concluded that the sample NP was the assem-

bly of micron flakes of turbostratic graphite, but not of tu- . - .

bules. However. the maanitude and temperature de endenFIG' 7. Temperature dependence of magnetic susceptibifjty(a) is rep-
ules. ! g p p f&ented by molar unit, an@b) by gram unit with logarithmic scale. Open

of x for NP were almost the same as the data for carboircles and open diamonds are for S-3 taken at the magnetic fields of 21 and

nanotubes reported by Heremarisal 3! and Ramirezt al32 2 kG, respectively. Closed circles are for S-2 at 21 kG. khe(closed

; g ; ; iamonds is the y for orientationally averaged HOP@ighly oriented py-
The reason of this contradiction is possibly due to the samplrgOlytiC graphits measured by Ramirezt al. The y (open squarésand.y.

quality; their samples included a number of needle-like frag-gpen trianglesare they for HOPG with the magnetic field applied parallel
ments NP. and perpendicular to the axis, respectively, measured by Heremansl.

According to the studies by Ganguli and Krishftaand ~ and by Ganguli and Krishnan.
also by Poquett al,>* the y for HOPG (highly oriented
pyrolytic graphit¢ indicated large anisotropy betwegpand
X, ,» Wherey; andy, are they with the magnetic field applied Since the observed values were of the order of%1emu/g
parallel and perpendicular to the axis, respectively. The [Fig. 7(b)], the first or second term contribution is very small
decrease of; was observed fof =100 K as shown in Fig. (order of 10°® emu/g. In another word, thg obtained in the
7(b). Such temperature dependence and anisotropy fof  present experiments are mainly associated with the third
HOPG were analyzed theoretically by Sharetal® by us-  term (orbital diamagnetisin
ing the energy band parameters of perfectly pure graphite. For S-3, small magnitude of diamagnetic susceptibilities
They also calculated several temperature dependencgs ofand weak temperature dependenceyafan be seen in Fig.
by changing the band parameters. For NP, the temperatui#a). Furthermore, the magnitude gfdepends o, which
behavior of y was essentially identical with thdjy,) for stems from an anomaly ol [see Fig. &) for S-3] observed
HOPG, which can be confirmed by arbitrarily shifting the for H<2 kG, becauseg was simply defined by/H. Such
temperature axis in Fig.(8). According to the calculation by anomaly ofM sometimes originates from ferromagnetic im-
Sharmaet al,*® the temperature behavior of was sensi- purities. However, we can exclude such an extrinsic effect by
tively affected by the band parameters, which are sensitive tthe following reasons(l) the sample NP did not show any
a change in lattice parameters and a defect content. Since Nlhomaly of M at low H as shown in Fig. 8(2) If the
was the assembly of micron flakes of turbostratic graphiteanomaly stems from the ferromagnetic impurities such as Fe,
the temperature dependenceydfor NP may be obtained by Co, and Ni, the impurity content is estimated to be 70-80
changing the energy band parameters of HOPG. ppm. However, the ferromagnetic impuritiése and Nj in-

Here we discuss the leading term gf In the present cluded in the original carbon rod are less than 1 ppm, which
case,y can be divided into three termél) the Pauli para- is far below the estimated valué) No ESR signal due to
magnetic contribution due to the conduction electrti®®  ferromagnetic materials was observed, which usually give
emu/g from ESR (2) the diamagnetism of the € ion  very board ESR spectrutdH of several hundreds gayss
(—1.2x10® emu/9,*® and (3) the orbital diamagnetism of Therefore, we conclude that the anomalyMbfobserved for
conduction electrons due to a change in the band energid=<2 kG is an intrinsic feature for S-3.

Temperature (K)
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g" g" FIG. 9. Magnetic field dependence of differential magnetic susceptibility
<] (xairt) represented by semilogarithmic scale. Data are for S-3 at 265 K. The
E 2 Xqir Was linearly proportional to log{) in the magnetic field i) lower
2 & than~2 kG and came to be a positive valueH=0.8 kG.
= =
dence ofyy; taken at 265 K was plotted against Iét) as
shown in Fig. 9. For the magnetic field lower that2 kG, a
logarithmic increase ofy« with decreasindd can be seen in
I ! . ! L d.30x10° this figure, as predicted by the theoretical calculation for me-
0 10 20 30 40 50 tallic tubules. Therefore, we conclude that the anomalilof
H kG) observed for S-3 stems from the metallic character of carbon
nanotubes included in the sample by a majofiy85 wt %).
FIG. 8. Magnetic field dependences of magnetizatibt) (and differential So far, no theoretical calculation related to the electronic

magnetic susceptibilityygi). (&) was taken at 265 K with the magnetic field feature has been carried out for nested carbon nanoball. Pro-
(H) up to 11 kG, andb) at 4.5 K up to 55 kG. Closed and open circles are

for S-2 and S-3, respectively. They(=dM/dH) were calculated by av- vided that some nanoballs ha_ive metallic feature_, the itinerant
eraging over three points fét <11 kG and over two points fad>11 kG. electrons move along quantized cyclotron orbitsHp and
Dotted lines are for the eye guide. this cyclotron motion is restricted by a finite cage size of
nanoball, i.e., the largest diameter of cyclotron motion is the
same as the diameter of nanoball. The radius of the quantized
Since theM was not linearly proportional tél at low  cyclotron motion with the lowest energy is represented by
magnetic fields, the differential magnetic susceptibilitiesy7c/eH, wheret: is the Planck’s constant divided byr2c
(xqir=dM/dH) were calculated for NP and S-3, and arethe velocity of light, ance the electron charge. Therefore, for
shown in Figs. 8) and 8b) (data taken at 4.5 K are rather the metallic nanoball with a diameter of several tens nm, the
scattered than those at 265 K due to the unavoidable convecerrespondingH is estimated to be of the order of 10 kG.
tion current of He heat exchange gas filled in the sampl&VhenH is lower than this value, the energy spectrum for the
spacg. For T=265 K, the x4 for NP did not indicate any finite system cannot be quantized any longer unlike bulk one,
anomaly within the experimental error at low magneticwhich also results in an anomaly of the orbital magnetism at
fields; in contrast to NP, an abrupt increasexgf for H<2 low magnetic fields. This anomaly & was observed in the
kG was observed for S-3, and thg reached to a positive ultrafine Mg particles with an average diameter of 20 nm by
value atH~0.8 kG for T=265 K. According to the calcu- Ida and Kimura® We think that theM anomaly probably
lation by Ajiki and Ando?’ the xqi (xgir With H applied  exists for metallic carbon nanoballs, not only for metallic
parallel to the tubule axjSor metallic tubule diverges loga- carbon nanotubes. However, since the nanoball content in
rithmically at low magnetic fields and becomes positive in-S-3 was less than 15 wt %, a contributionNb of metallic
finite, while the x4 for semiconducting one does not di- nanoballs is much smaller than that of metallic tuble85
verge at low magnetic fields. Thei, (vgie With H applied  wt % tubules.
perpendicular to the tubule axigor both semiconducting It was calculated that one third of single-wall tubules
and metallic tubules do not indicate any singular point but(graphene tubuecould be metalothers were semiconduc-
indicate diamagnetic susceptibilities larger by an order otor) by varying tube diametéY.” For double-wall tubules,
magnitude thanygi, . In order to compare thgy for S-3  the electronic features of individual layers of concentric tu-
and the theoretical predictiod$the magnetic field depen- bule remained even after the interlayer interaction was
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