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Magnetoresistance of an entangled single-wall carbon-nanotube network
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The resistivityr(T) and magnetoresistance~MR! (Dr/r) of an entangled single-wall carbon-nanotube
network are investigated. The temperature dependence of the resistivity shows a negativedr/dT from T
54.3–300 K with no resistivity minimum, which is fitted well to the two-dimensional variable-range-hopping
~VRH! „r(T)5r0exp@(T0 /T)1/3#… formula with T05259.2 K. The MR shows a negativeH2 behavior at low
magnetic field. AtT<3.8 K and high magnetic field, the negative MR becomes positive. The positive MR
tends to be saturated forH.10 T. The negative MR with a positive upturn can be decomposed into a positive
contribution from the two-dimensional spin-dependent VRH and a negative contribution from the two-
dimensional weak localization, with some contribution of the Ni impurities in the sample found with the
transmission electron microscope and by energy dispersive spectrometer analysis.@S0163-1829~98!07848-5#
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I. INTRODUCTION

Since Iijima1 discovered the carbon nanotube, many th
oretical and experimental works have been done on
noble structure.2–29 The geometric structure of a carbo
nanotube is known to determine the electronic structure
metals, semimetals, and semiconductors, depending on
diameter, number of concentric shells, and chirality.2 Among
the various kinds of carbon nanotubes, the single-wall car
nanotube~SWCN! is the most simplified structure, and esp

cially the ~10,10! structure is believed to be metallic.13,17,24,26

The temperature dependence of the susceptibility4–6 shows
the Pauli paramagnetic susceptibility of conduction electr
at high temperature, and the gyromagnetic ratio in
electron-spin resonance11 was reported to be 2.0022, close
that of the free electron. Thermoelectric power measurem
also shows a metallic temperature dependence without
gap opening at low temperature.23 However, the resistivity
increases upon cooling for most of the carbon nanot
samples. Recently, Fischeret al.17 reported the metallic lin-
ear temperature dependence of the resistivity for the SW
The resistivity decreases approximately 5% from room te
perature down toT535 K, and then increases forT
,35 K.

At extremly low temperatures, Langer and co-workers3,10

reported an abnormal temperature dependence of the r
tivity, showing two resistance maxima with a saturation b
havior ofT→0. The temperature dependence of the resis
ity changes very sensitively with different sampl
depending on the preparation methods such as the
treatment.23,24,26To understand the absence of metallic res
tivity at low temperature, the authors of Ref. 20 propose
heterogeneous model composed of energy barriers and
tallic islands. Recent studies by scanning tunnel
spectroscopy28,29 showed the existence of various ener
gaps in the SWCN of different chirality on the surface of t
bundle, and, even in the same tube, various energy gaps
found depending on the position. These may correspon
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the energy barriers in the heterogenous model. In the lo
ization picture, structural defects and impurities might cau
weak or strong localizations depending on the degree of
order. There were many reports based on the we
localization~WL! picture, suggesting that the conduction
mainly that of a two-dimensional conductor at lo
temperature.7,12 Lee, Kim and Tamanek27 argued theoreti-
cally about the role of nickel particles in forming the SWCN
The Ni catalyst is essential for synthesis of SWCN. The
istence of Ni impurities in the SWCN can lead to an arg
ment similar to the Kondo effect, because of their magne
properties. In fact, the susceptibility data of a carbon na
tube show a Curie-type contribution of the localized mom
larger than that of conduction electron itself at lo
temperature,4–6 even after a cautious heat treatment to
move the transition metal impurities. Kosakaet al.11 reported
the double electron-spin-resonance~ESR! lines composed of
the conduction electron and the localized moment, and
change of the ESR line of a localized moment, by annea
the sample at high temperature, indicating the existence
magnetic moment of the impurities. Therefore, we can in
that there remain some transition-metal impurities even a
the cautious purification. It is not clear how large the effe
of transition-metal impurities is in the low-dimensional co
ductor, but we were first motivated by the existence of the
impurities.31–40 We have attempted quantitative analysis
the temperature dependence of the zero-field resistivity
well as the magnetoresistance~MR! with the localization
pictures,9,10,12,41–46with an additional contribution from the
magnetic impurity Ni. The results are rather consistent w
the two-dimensional variable-range-hopping~VRH! model,
with the two-dimensional WL under a magnetic field. Th
Kondo-effect-like analysis indicates that the magnetic imp
rity Ni may also play a significant role in the observed M

II. EXPERIMENTS

SWCN’s were synthesized by the arc-plasma method
the presence of a Ni-Y catalyst.19 Mats of entangled
16 064 ©1998 The American Physical Society



g
e
h

tu
tin
r-
nt
w
ur
e
im
th
ro
a
e

et

t
p
o
s

b
ic

om
s
n

th
e
s
e
nm
es

th
et
N

ld
n
it

s
by
’s

ay

A

t
i

y
ws

ty

d
ra-
ted
to
t is
ects

ter-

el
the

de-

PRB 58 16 065MAGNETORESISTANCE OF AN ENTANGLED SINGLE- . . .
SWCN’s were obtained. These mats were cut into rectan
lar bars, 23130.1 mm3 in size. Platinum wire pressur
contacts were applied in a four-probe configuration. T
temperature dependence of the resistivity betweenT54.3
and 300 K was measured by an Oxford variable tempera
cryogenic system equipped with a 12-T superconduc
magnet. Two EG&G 5210 Lockin Amplifiers with a refe
ence frequencyf r513.7 Hz were used for the measureme
We measured the MR by sweeping the magnetic field slo
to avoid electromotive induction and self-heating. The c
rent we applied was 1mA. To obtain a stable temperatur
in MR measurement, we waited a reasonable amount of t
while monitoring the zero-field resistance after setting
optimum helium vapor pressure for the temperature cont
After the temperature became stable, we applied the m
netic field. To confirm the stability of the temperature, w
checked the zero-field resistance again after the magn
field sweeping. At high temperature,T5225 K, we con-
trolled the heating power applied to the sample holder
stabilize the temperature. To characterize the SWCN sam
some mats were sonicated in the presence of a sodium d
cylsulfate in an aqueous environment.21 The suspension wa
deposited on silicon oxide substrate and investigated
scanning force microscopy. These studies revealed typ
tube sizes of 1.2mm in length and 1.1 nm in height.22 Thick
objects were interpreted as ropes, not completely dec
posed into individual tubes during sonication. From the
studies, we concluded that our sample was an entangled
work, predominantly of ropes of SWCN’s.

III. RESULTS AND DISCUSSION

The transmission electron microscope picture of
SWCN network sample is shown in Fig. 1. The finest tub
of diameter.1.5 nm shown in Fig. 1 can be identified a
the SWCN’s. One may notice that the majority of the tub
are in bundle forms whose diameters are larger than 5
This indicates that the individual SWCN’s form the rop
where the intertubular interaction could be significant.24,25

In addition, dark spots are observed near the stem of
bundles. Independently, energy dispersive spectrom
~EDS! data for the sample show clear peaks identified as
impurities, as in the inset of Fig. 1. The Ni impurities cou
originate from the catalyst in synthesizing the SWCN, a
are located in the dark-spots area, forming a mixture w
carbon particles.

The MR’s are plotted in Fig. 2 for different temperature
The overall MR’s are negative, similar to what was found
others.7,8,18 At T51.5, 2.33, 2.92, 3.8, and 6.7 K, the MR
show upturns toward positive values. In the case ofT
51.5 K, there is a reduction of positive slope which m
indicate the saturation forH.10 T. The negative minimum
of the MR moves to a higher field as temperature rises.
T5225 K, the MR remains negative up to H510 T, which
is different from Songet al.’s result,7 showing the positive
H2 dependence at high temperature. We must emphasize
the MR generally becomes significant at low temperature
most of the samples.

The temperature dependence of the zero-field resistivit
plotted in the inset of Fig. 2. The zero-field resistivity sho
a negativedr/dT without a resistivity minimum betweenT
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54.3 and 300 K,14 and the room-temperature conductivi
was sRT.400 (S/cm). By heating the sample toT
5370 K, the positivedr/dT begins to appear at aroun
T* 5320 K. Thus the shallow resistance minimum tempe
tureT* is shifted to a higher temperature than those repor
by Fischeret al.17 The highT* can be understood as due
the high intertubular couplings in the present sample. I
consistent with the recent studies on the pressure eff
of transport of SWCN’s by Fisheret al.,24 who revealed the
importance of the intertube ordering and attributed the in

FIG. 1. TEM image of the SWCN bundles which contain nick
impurities. Inset: EDS show the sharp peaks originated from
nickel particles.

FIG. 2. MR of the SWCN network atT51.5, 2.33, 2.92, 3.8,
6.7, 11.75, 21.01, 37.71, 67.80 and 225 K. Inset: Temperature
pendence of the zero-field resistivity betweenT54.3 and 300 K.
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actions between the nanotubes to the crossover temper
T* .

In view of the strong localization picture, we consider
VRH-type conduction at first. The model fits our temperatu
dependence of the zero-field conductivity data very well
shown in Fig. 3. In Mott and Davis’s VRH model,41

the conductivity follows the formula s(T)5
s0exp@2(T0 /T)1/(d11)# (d is the dimension of the system!.
We have obtained the dimensional constantd51.92 by fit-
ting ln @2ln (s/1000)# versus lnT as in the inset of Fig. 3
indicating that the two-dimensional VRH is dominant, a
obtainedT05259.2 K. One might try to fit the observe
negative MR data to the VRH theory of Fukuyama a
Yoshida. Although theH2 dependence of MR at low field
(H,1 T) can be explained under this scheme, the fitt
results according to the theory of Ref. 42 of negative M
show the dimensionality parameterd50.70 which is not
consistent with the result (d51.92) of the zero-field resistiv
ity data fitting. One might argue that the reduction of dime
sionality could occur due to the shrinkage of the wave fu

FIG. 4. Temperature dependence of the zero-field resistivit
low temperature fitted to the two-dimensional WL theory. Insetp
value fitting according to the two-dimensional WL (p50.828).

FIG. 3. Temperature dependence of the zero-field resistivity
ted to the two-dimensional variable range hopping formula.s(T)
51003.9 exp@2(259.2/T)1/3#. Inset: the slope gives the dimension
exponentd51.922, indicating the two-dimensional VRH.
ure

e
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tion under a magnetic field. However, since the fitting regi
of the H2 dependence of MR is limited to the low magnet
field (H,1 T), the effect of the wave-function shrinkage
expected to be small. Therefore the negative MR can
originate due to the strong localization effect~VRH!.

Second, we tried to fit the zero-field conductivity with th
WL theory at low temperatures (4.3 K,T,10 K) to see
its suitability for our system.45 In the WL theory, the char-
acteristic length scale is the Thouless lengthLTh.aT2p/2.
The value ofp is determined by the temperature depende
of the scattering rate (t21}Tp) from the dominant dephas
ing mechanism. We have tried to fit the data with the on
and two-dimensional WL formulas, as well as the thre
dimensional WL formula. However, the one- and thre
dimensional WL formulas do not fit both the zero-field res
tance and the MR result together by the appropriatep values
consistent with the theory. On the other hand, the tw
dimensional WL formula@Eq. ~1!# can fit the data reasonabl
well, as shown in Fig. 4:

s~T!5s~T0!1
e2

2\p2Fap1S 12
3

4
F̃sD G lnF T

T0
G . ~1!

For an orbitally nondegenerate free-electron gas,a51,
andp/2 is the temperature index of the Thouless lengthLTh .
The Coulomb term is (12 3

4 F̃s), where the size of the Har
tree partF̃s depends on the screening length. The inset
Fig. 4 shows the fitting of the negative MR using the tw
dimensional WL model of Eq.~2!. The p value obtained by
the fitting wasp50.828.1, which is consistent with the
predicted value by the two-dimensional WL theory. Thisp
value is similar to that of Songet al.,7

Ds~H,T!5
e2

2p2\
FcF1

2
1

1

xG1 ln ~x!G
}T2pHS x5LTh

2 4eH

\c
!1, LTh}T2~p/2!D ,

~2!

at

FIG. 5. Temperature dependence of the zero-field resistivity
ted to the Kondo equation. The left inset denotes the linear reg
between2T2DR/H2 and lnT below T,10 K.
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wherec is the digamma function. The general behaviors
both the zero-field resistivity and the MR are indicative
those of the two-dimensional WL, although the estimatep
value is slightly smaller than expected.

On the other hand, we have considered the effect of nic
impurities by fitting the data to the Kondo-effect formula
shown in Fig. 5. Kondo35 suggested the contribution of extr
s-d exchange interaction to the temperature dependenc
zero-field resistivity as following Eq.~3! for T.TK :

Dr5
3c

pe2vF
2\

V

NH sin2h22p2J2r1
2S~S11!cos4hsin2h

1p2J2r1
2S~S11!

cos4 h cos 2h

@122J̃r1ln~T/De!#
2J . ~3!

h is the phase shift due to the potential scattering given
tanh52pVr1 , where r1 is the carrier concentration pe
one spin degree of freedom near the Fermi energy, andV the
magnitude of the potential energy.V is the volume of the
host metal,S the effective spin angular moment of unpair
spin in the existing magnetic impurities,De the cutoff energy
which corresponds to the Fermi energy, andJ̃ the effective
exchange interaction integral given asJ̃5J cos2h. The nega-
tive ~positive! J value corresponds to the antiferromagne
~ferromagnetic! s-d exchange coupling between the condu
tion electrons and the localized moments. Because of
complexity of the equation, the fitting is not simple. Th
Origin 3.78 made by Microcal Software, Inc. was used
plot the data. The data fitting is done by the user-defin
function program in the menu of the Origin 3.78. By repe
ing the numerical fitting in the menu with proper initial va
ues, the errors between the fitted curve and the data cou
reduced. The resultant fitting parameters are given in Tab
At extremely low temperature, there may be screen
around the localized magnetic moment, which reduces
effective magnetic moment, reaching zero atT50. The small
magnetic moment (S50.140) may come from the screenin
around the nickel impurities. By a complete screening of
magnetic moment, the resistivity change will be gradua
reduced as the temperature is lowered below the Kondo t
perature (T,TK), following the Nagaoka’s equation.34 The
Kondo temperature we have obtained isTK51.03 K, which
is lower than the range of our measurement. Thus the co
tion T.TK to use Eq.~3! is satisfied.

Negative magnetoresistance could originate due to the
pression of the spin-flip scattering in the Kondo effect, wh
can be fitted to Eq.~4! ~Ref. 36! at low magnetic field:

TABLE I. Fitting parameters of the temperature dependence
the resistivity obtained by the Kondo formula.

h J r1 S De (meV)a TK ~K!

p/19.6 20.618b 0.140 0.2 1.030c

aCutoff energy corresponding to the Fermi energy.
bThe negative value refers to the antiferromagnetic coupling.
cKondo temperature is given asTK5(D/kE)exp(21/2uJur1).
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e2\

cv0

9 S gmBH

kBT D 2

J2S~S11!

3F114S~S11!1
3zJ

eF
H @114S~S11!# ln

kBT

2eF

16.27S~S11!11.11J G S a5
gmBH

kBT
!1D , ~4!

wherev0 is the atomic volume of the host metal,c the im-
purity concentration, andz the number of conduction elec
trons per atom.

If 2T2 is multiplied by Eq.~4!, we can inferJ3S ln T
dependence of2T2Dr/H2(2T2Dr/H2}J3Sln T). At each
temperature, we have fitted theH2 dependence of the low
field MR data to Eq.~4!, and plotted2T2Dr/H2 versus lnT
in the inset of Fig. 5. The negative slope atT,10 K versus
ln T indicates that the exchange coupling is antiferromagn
(J,0), which is consistent with the zero-field result. R
garding the Kondo effect, Gurgenishvili, Kharadze, a
Nersesian calculated the MR in the case of large phase s
which showed negative at low field and positive MR sa
rated at high field.39 Although we tried to fit our MR data to
this scheme, the phase shift turns out to be 2p/7 which is
larger thanp/4. Since the Kondo formula@Eqs.~3! and ~4!#
used to fit our data are based on the small phase shifth
!p/4), the large phase shift and its sensitive change w
the variation of parameters are difficult to understand. The
fore, the positive upturn of MR cannot be understood reas
ably with the Kondo effect only.

FIG. 6. ~a! Calculated positive MR obtained by fitting the MR
data ofH.7 T to a Kamimura-type positive MR formula in two
dimensions.a50.220, b50.145, andT05259.2 K. ~b! The nega-
tive MR obtained by subtracting the calculated positive MR~a!
from the experimental raw MR data.
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To understand the positive upturn of MR at low tempe
ture, we made the following two assumptions.9,44 ~i! The MR
data are the sum of the positive and negative contributio
(Dr/r)5(Dr/r)p1(Dr/r)n . ~ii ! At high magnetic field,
the positive contribution dominates the negative MR com
nent which is saturated at this field. For the positive M
contribution, we use the magnetoconductanceDG/G of a
Kamimura-type spin-dependent VRH contribution in two d
mensions, as follows@Eq. ~5!#:9,43,44

DG

G
52AKK

H2

HKK
2 1H2

, mBHKK5akBTS T0

T D 1/3

,

~5!

AKK512expF2bS T0

T D 1/3G .
(HKK is the characteristic field for spin alignment,AKK the
saturation value of the magnetoconductance, anda andb are
constants depending on the system.! Under assumption~ii !,
we fitted the data to Eq.~5! in the high-field regime (H
.7 T). By fitting, we obtaineda50.220 andb50.145. The
fitting curve for the positive MR is plotted in Fig. 6~a!. Sub-
tracting the positive contribution in Fig. 6~a! from the raw
MR data shown in Fig. 2, the pure negative MR could
extracted as in Fig. 6~b!. The overall behavior is monotonou
without crosses and/or abrupt changes. With these sche
we can explain the positive upturn in MR data by adding~a!
and ~b! of Fig. 6. The positive MR may come from th
two-dimensional spin-dependent VRH among the defects
the surface of tubes, and the negative MR might origin
from the WL contribution. The negative contribution to th
MR from the WL might be deformed by the extra spin e
change coupling with Ni particles.30 It is not clear how large
a-

ns,

o-
R

i-

e
s
mes

on
te
e
-

the effect of Ni is. Interestingly, there were reports that W
may have difficulties in thin metal films containing magne
impurities.30 To understand the effect of magnetic impurit
and the intrinsic conduction mechanism clearly, further
perimental studies are ongoing.

IV. SUMMARY

We have measured the MR of a SWCN’s network up
H510 T as a function of temperature. The zero-field res
tivity follows a two-dimensional VRH behavior well into th
measured tempearture range. The negative MR data ca
fitted by the two-dimensional WL theory. The positive u
turn of MR at low temperature seems to originate fro
Kamimura-type two-dimensional spin-dependent VRH. T
inter tubular coupling could be important in our mat-ty
samples, leading to the high crossover temperatureT* , and
the possible contribution from the magnetic impurity~Ni!
introduced in synthesizing the SWCNs has been discuss
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29J. W. G. Wildöer, L. C. Venema, A. G. Rinzler, R. E. Smalle
and C. Dekker, Nature~London! 391, 59 ~1998!.

30G. Li, M. Chen, G. Liu, M. Wang, S. Wang, and S. Yan, Phy
Rev. B57, 2683~1998!.

31C. A. Domenicali and E. L. Christenson, J. Appl. Phys.32, 2450
~1961!.

32G. J. Van der Berg, inProgress in Low Temperature Physic,
edited by C. J. Gorter~North-Holland, Amsterdam, 1964!, Vol.
IV, p. 194.
,

,

.

.

33J. Kondo, Prog. Theor. Phys.34, 204 ~1965!.
34Y. Nagaoka, Phys. Rev.138, A1112 ~1965!.
35J. Kondo, Phys. Rev.169, 437 ~1968!.
36M.-T. Beal-Monod and R. A. Weiner, Phys. Rev.170, 552

~1968!.
37M. D. Daybell and W. A. Steyert, Rev. Mod. Phys.40, 380

~1968!.
38R. More and H. Suhl, Phys. Rev. Lett.20, 500 ~1968!.
39G. E. Gurgenishvili, G. A. Kharadze, and A. A. Nersesian, J. L

Temp. Phys.1, 633 ~1969!.
40R. G. Sharma and M. S. R. Chari, J. Low Temp. Phys.13, 553

~1973!.
41N. F. Mott and E. A. Davis,Electronic Processes in Non

Crystalline Materials, 2nd ed.~Clarendon, Oxford, 1979!, p. 30.
42H. Fukuyama and K. Yoshida, J. Phys. Soc. Jpn.46, 102 ~1979!.
43A. Kurobe and H. Kamimura, J. Phys. Soc. Jpn.51, 1904~1982!.
44H. Kamimura, A. Kurobe, and T. Takemori, Physica B&

117&118, 652 ~1983!.
45P. A. Lee and T. V. Ramakrishnan, Rev. Mod. Phys.57, 287

~1985!.
46V. Bayot, L. Piraux, J.-P. Michenaud, and J.-P. Issi, Phys. Rev

40, 3514~1989!.


