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Low-temperature magnetoresistance of individual single-walled carbon nanotubes:
A numerical study
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The low-temperature magnetoresistance induced by an axial magnetic field in individual single-walled
carbon nanotubes~SWNTs! is studied numerically based on Boltzmann transport equation andp electronic
energy dispersion relations for individual SWNTs as well as taking one-dimensional weak localization~WL!
into account. It is shown that the Altshuler-Aronov-Spivak effect related to WL is much weaker in individual
SWNTs than in individual multiwalled carbon nanotubes, whereas the Aharonov-Bohm~AB! effect related to
tubular energy band structure is stronger in individual SWNTs when the conducting electrons occupy lower
energy levels, but this effect weakens rapidly as conducting electron energy increases. This suggests that only
the AB effect can be observed remarkably in the states of the conducting electrons with lower energy.
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I. INTRODUCTION

Recently, the research of the carbon nanotubes~CNs!,
narrow seamless graphene cylinders with nanometer-siz
ameter and micrometer-size length as constituents of na
cale material and structure, has attracted much atten
They are expected to have unprecedented potential prac
applications in nanoelectronics for developing nanoel
tronic devices. Individual single-walled carbon nanotub
~SWNTs! can be applied as conducting quantum wires1,2

field-effect transistors,3 single-electron tunneling
transistors,1,2 and spin-electronic devices.4 Combination of
nanotubes can be used as rectifiers5 or more complex multi-
terminal devices.6 However, for rational design of these d
vices, a fundamental understanding of the electrical
magnetic properties of CNs and how they depend on t
structural parameters such as the diameter, number of
centric shells, and chirality of tubes, etc., is required.

An important method to describe the electronic transp
behaviors involves directly measuring the magnetoresista
of CNs defined asDr/r(0)@Dr5r(B)2r(0)#. Recently,
an advanced technique for magnetoresistance measurem
in CNs has already been used to investigate the trans
mechanism.7–12 The transverse magnetoresistance~when the
applied magnetic field is perpendicular to the tubular ax!
has been measured for graphite nanotube bundles,7 multi-
walled CNs~MWNTs!,8 an oriented CN film,9 an entangled
SWNT network10 and a ring of SWNTs~Ref. 11! ~strictly
speaking, a ring consisting of a SWNT bundle!, and an in-
tercalated CN bundle.12 The measured negative magneto
sistance has been described consistently within the fra
work of the weak localization~WL! theory.13 WL originates
0163-1829/2002/66~8!/085405~6!/$20.00 66 0854
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from the quantum-mechanical treatment of the backscatte
partial electron waves traveling back to the original po
along the time-reversed path, which contains an interfere
term adding up constructively. Enhanced backscatter
thereby, causes a resistance increasing and it is larger
the classical Drude one, while the interference term is c
celed in a magnetic field of sufficient strength, hence a ne
tive magnetoresistance is observed. When the applied m
netic field is parallel to the tube axis, periodic oscillations
magnetoresistance with periodF0/2 or F0 ~where F0
[h/e is the magnetic flux quantum! have been observed an
reported for individual MWNTs, Bachtoldet al.14 ascribed
the phenomenon having period of magnetic fluxF5F0/2 to
the Altshuler-Aronov-Spivak~AAS! effect.15 Fujiwara and
Tomiyama16 attributed the phenomenon of period takingF
5F0 to the Aharonov-Bohm~AB! effect.17 Here, the AAS
effect originates from the quantum interference between p
tial electronic waves encircling a tube and traveling back
the original point in opposite direction,14 whereas the AB
effect arises from the dependence of the electron wave fu
tion on the vector potential17 causing the phase shift of th
electron wave function and hence strongly affecting the b
structure of SWNTs.18–20

As we know, up to now, the experimental data or theor
ical calculations for magnetoresistance properties of in
vidual SWNTs have not been reported. Considerable diffic
ties are encountered in experimentally measuring
magnetoresistance of individual SWNTs. Generally spe
ing, individual SWNTs are less rigid in the direction perpe
dicular to the tubular axis so that they are susceptible
spontaneous deformation. Furthermore, SWNTs are ea
bent by the tip of atomic force microscope or crossing o
©2002 The American Physical Society05-1
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electrodes induce a radial deformation that flattens
tubes21,22 and influences their electronic properties. The
fore, it is significant to calculate the magnetoresistance
individual SWNTs in order to predict the measurement
sults in the ideal case.

In this paper, we assume the applied magnetic field to
parallel to the tube axis of individual SWNTs, and both AA
and AB magnetic quantum effects, which are related to W
and band structure, respectively, are considered togethe
theoretical model is proposed for calculating the magneto
sistance of individual SWNTs within the framework of di
persion relations ofp electronic energy for individua
SWNTs in magnetic field and Boltzmann transport equat
and WL theory.

II. THEORETICAL MODEL

First, we consider the magnetoresistance induced b
parallel magnetic field and influenced by the effect of W
The contribution of WL to magnetoresistance can be
cribed to change of the phase-coherence lengthLw in mag-
netic field. This is because one-dimension~1D! WL correc-
tion DG to the conductanceG can be expressed a
20.62e2Lw /\L,23 where L is the length of the tube. The
inclusion of magnetic field parallel to the axis of the tu
results in the phase-coherence lengthLw becoming field
dependent,23,24

1

Lw
2~B!

5
1

Lw
2~0!

1
w2

3l m
4 , ~1!

wherew is the wall thickness of cylindrical system andl m is
the magnetic length defined byl m

2 5\/eB. We have noted
thatLw(0) and) l m

2 /w, for MWNTs and rings of SWNTs in
weak magnetic flux, are of the same order of magnitude~;1
nm!.11,23As for the ideal case of a long SWNT, itsLw(0) is
roughly of the same order of magnitude as that of MWN
and the ring of SWNTs,11,23,25,26but its wall thicknessw is of
the same order of magnitude as the diameter of a car
atom and much less than the wall thicknesses of b
MWNTs and the ring of SWNTs. In general, 3l m

4 /w2 is two
orders higher thanLw

2(0) ~for given l m!. It implies that the
AAS effect related to WL in a SWNT is much weaker than
a MWNT or in a ring of CNs. Therefore, for simplicity, w
will not directly take the AAS effect into account in th
following numerical calculation and only take it as a com
parative reference to the AB effect.

A uniform magnetic fieldB applied along the axis of a
SWNT leads to vector potentialA having the circumferentia
direction19 and constant magnitude ofA5B•R/2 on the sur-
face of the cylinder. When an electron travels along the
cumference, the additional phase shift of the electron w
function due to deviatingx from origin pointO is27

g5
e

\ E
0

x

A•dL5
F

F0R
x. ~2!

Using the periodic boundary conditionC(r1Cx)
5C(r), where C(r) is the electron’s Bloch function,Cx
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5ma11na2 is a chiral vector withuCxu52pR, a1 anda2 are
the primitive lattice vectors of the graphite sheet28 with ua1u
5ua2u5a52.46 Å, the obtained transverse wave vector i

kx52p~p1F/F0!/aA~n21m21nm! ~p51,2,...,N!,

where29

N5
2~n21m21nm!

d
if n2m is not a multiple of 3d

5
2~n21m21nm!

3d
if n2m is a multiple of 3d, ~3!

whered denotes the highest common divisor of integersm
andn. For simplicity, we consider only thep subbands and
neglect the effects caused by the finite tube curvature suc
the mixture ofs andp bands and the interaction betweenpz
orbitals, and any Peierls distortions and the spin-B interac-
tion ~discussed below! are neglected too. The energy dispe
sion relations for a SWNT can be obtained within the fram
work of tight-binding calculation19,30

E~p!~kyF!56y0H 114 cosF)a

2
~ky cosu1kx sinu!G

3cosFa

2
~ky sinu2kx cosu!G

14cos2Fa

2
~kysinu2kxcosu!G J 1/2

, ~4!

where g052.66 eV is the transfer integral for the neare
neighbor interaction, cosu5(2m1n)/2Am21n21mn, sinu
5)n/2An21m21nm, and chiral angleu is the angle in-
cluded between the vectorsCx and the ‘‘zigzag’’ edge with
values 0°<u<30°. Obviously, the energy dispersion rel
tions in Eq.~4! is periodic because ofF with periodF0 due
to the AB effect.

The Boltzmann transport equation has been applied s
cessfully to study the electronic transport properties
SWNTs.25,26,31–33 In our previous work,26 evaluated low-
temperature resistance of individual SWNTs based on
Boltzmann transport equation are in good agreement with
experimental data. For a homogeneous medium with unifo
temperature, lying in an uniform magnetic fieldB and elec-
tric field «, the Boltzmann equation under relaxation timet
approximation can be expressed as

f 5 f 01
et

\
~«1u3B!•“kf , ~5!

wheref is the electronic distribution function of nonequilib
rium configuration,f 0 is the Fermi distribution function, and
u5(1/\)“kE is the band velocity, assuming

f 5 f 01
] f 0

]E
w, ~6!

wherew is defined as a small quantity. Substituting Eq.~6!
into Eq. ~5! under high-order approximation, we obtain
5-2
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w5H et

\
«•“kE1

e2t2

\m* ~B3«!•“kE

1
e3t3

\m* 2 B3~B3«!•“kEJ , ~7!

thus, Eq.~6! can be rewritten as

f 5 f 01
] f 0

]E H et

\
«•“kE1

e2t2

\m* ~B3«!•“kE

1
e3t3

\m* 2 B3~B3«!•“kEJ . ~8!

As mentioned above, magnetic fieldB is parallel to the axis
of a SWNT. When voltageV is applied to two ends of a
SWNT, we take«5V/L and neglect the chiral effects, base
on the assumption that the directions of electric field«, the
band velocityu, and the currentI are all along the tube axi
in the same direction as that of the magnetic fieldB. For
1D-SWNTs, the magnetoconductanceG(F) can be derived
from Eq. ~8! as follows:

G~F!5
e2

p\2L (
p51

M E
FBZ

tU]E~p!~ky ,F!

]ky
U2

3S 2
] f 0

]E~p!~ky ,F! Ddky , ~9!

whereE(p)(ky ,F) is the dispersion relation ofp electronic
energy for a SWNT, FBZ represents the first Brillouin zon
and M is the number of channels for electronic transpo
Assuming the temperature to be low enough so t
@2] f 0 /]E(p)(ky ,F)# can be replaced byd„E(p)(ky ,F)
2EF…, we let t5t(EF) ~EF is the Fermi level! which is
independent of the temperature and the energy levels.

According to the rigid-band model,19 the Fermi level
EF(0) withoutB field is determined by the free-carrier num
ber per unit length, thus the doped SWNTs~or SWNTs with
impurities! causeEF(0) shifting. WhenF varies, the free
carriers will redistribute themselves among the different c
duction subbands according to the variation of energy dis
sions withF. The Fermi level also varies withF to keep the
number of particles constant, butEF(F)/EF(0);119. kF is
the Fermi wave vector dependent onF. Similar to the afore-
mentioned result, we may take approximatelykF(F)
'kF(0)54p(a12a2)/3a2.34

III. NUMERICAL CALCULATION
RESULTS AND DISCUSSION

In order to obtain relations of magnetoresistance vs m
netic flux F, the determination of the number of conductio
channels~subbands! M is the key for the numerical calcula
tion of magnetoresistance. Conducting electrons with dif
ent energyE caused by the varying electric field strength«
and heat excitation enter different channels~i.e., occupy dif-
ferent subbands!, while the subbands continuously shift p
sition in k space with changed magnetic fluxF. It is clear
that the number of conduction channelsM is the function of
08540
,
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electron energyE and magnetic fluxF, i.e., M5M (E,F).
We can deduce that SWNTs with 2m1n533 integer (Þ3
3 integer) are metals~semiconductors! while F50 From
Eq. ~4!. We take SWNT~15,0!, ~14,0!, ~9,9!, and~12,6! hav-
ing nearly the same radii as examples and using Eq.~9! to
perform numerical calculation to obtain relations of magn
toresistance vsF at various conducting electron energyE.
The energy of the spin-B interaction is E(s,F)
5\2gsF/m* R2F0 , whereg factor is taken to be the sam
as that~'2! of the pure graphite,s56 1

2 is the electron spin
andm* is the bare electron mass. In the case of our selec
tubes (R;1 nm), we haveE(s);1022F/F0 (eV), there-
fore, in the range of weak magnetic flux (F;F0), the Zee-
man splitting could be neglected as compared with the s
band level interval~;0.5 eV!.

~1! Conducting electrons in weaker electric field~i.e.,
with lower energy!. Figure 1 shows the calculated results f
magnetoresistance vsF for SWNT ~15,0!, ~14,0!, and ~9,9!
in the states of electronic transport with maximum ene
EM50.55 eV, which is near to the Fermi level, thus the ele
trons occupy lowest conduction subband, all of their mag
toresistances have the same oscillation periodF0 . For me-
tallic SWNT ~15,0! and ~9,9!, positive magnetoresistance
increase monotonically with increase in the magnetic fieldB,
and reach their maximum values atF5(integer11/2)F0 ,
then they decrease gradually and become zero atF
5 integer3F0 , whereas the semiconducting SWNT~14,0!
always shows negative magnetoresistance, the minimum
ues of magnetoresistance occur atF5(integer11/3)F0 .

The above results originate from the lowest unoccup

FIG. 1. The calculation results of low-temperature magneto
sistance for SWNT~15,0!, ~9,9!, and ~14,0! vs F in the states of
conducting electrons with maximum energyEM50.55 eV. All re-
sults show that the dependence of magnetoresistance onF is con-
sistent with energy gapEg(F) dependent onF.
5-3
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FIG. 2. The calculation results of low-temperature magnetoresistances of three SWNTs vsF: ~A! for metallic armchair SWNT~9,9!, ~B!
for zigzag SWNT~15,0!, ~C! for chiral SWNT~12,6!, the curves of~a!, ~b!, and~c! correspond to the conducting electrons with differe
maximum energyEM51.1, 2.1, and 3.1 eV, respectively. All results show that the magnetoresistances decreases rapidly with increa
energy of conducting electrons.
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molecular orbital and the highest occupied molecular orb
in the proximity of Fermi level which is touched or untouc
able by these subbands dependent onF with period F0 .
Generally speaking, if radiiR of SWNTs are large enough
)a sinu/2R anda cosu/2R might be neglected. Thus from
Eq. ~4!, we can deduce the energy gap expressions define
Eg(F)52 min$uE(J,kyF)u%.

For chiral metallic SWNTs, theF-dependent energy ga
Eg(F) is given as follows:

Eg~F!5H )g0a cosu

R

F

F0
S 0<F<

F0

2 D
)g0a cosu

R U12
F

F0
U S F0

2
<F<F0D .

~10!

For chiral semiconducting SWNTs, theF-dependent energy
gapEg(F) is given as
08540
l

as

Eg~F!5H )g0a cosu

R U132
F

F0
U S 0<F<

F0

2 D
)g0a cosu

R U232
F

F0
U S F0

2
<F<F0D ,

~11!

the cosu and R in Eg(F) expressions in Eq.~10! and Eq.
~11! show that the chirality effect and the tubular radial si
influence the energy gap. Obviously, the oscillations of c
culated magnetoresistances in Fig. 1 are in good agreem
with that of energy gapEg(F) expressed in Eq.~10! and Eq.
~11!. Here, we would like to point out that cosu'1 because
u takes the values in the range as stated above, it sugg
that Eg(F) varies only withF and geometric parameterR,
which is consistent with the result of Ref. 20.

~2! Conducting electrons in stronger electric field~i.e.,
with higher energy!. Figures 2~A!, 2~B!, and 2~C!, respec-
tively, show the calculated magnetoresistance for SWN
5-4
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~9,9!, ~15,0!, and~12,6!. The curves of~a!, ~b!, and~c! cor-
respond to the conducting electrons with different maxim
energyEM51.1, 2.1, and 3.1 eV, respectively, which are f
from the Fermi level with different distances. Electrons o
cupy more conduction subbands including one subband n
est to the Fermi level in the case of Fig. 1. Consequen
there are more complicated cases contributing to total m
netoresistance because of the involved channels having
ferent band velocityn and transport capability. The period
of the oscillations of magnetoresistance are stillF0 , but the
values of magnetoresistance are not dominated solely by
subband nearest to Fermi level so that the changing pro
ties of energy gapEg(F) @expressed in Eqs.~10! and ~11!#
are covered. The more interesting results as shown in F
2~A!, 2~B!, and 2~C! are that magnetoresistance decrea
rapidly with increase in the energy of conducting electrons
implies that the AB effect almost vanishes when the condu
ing electrons occupy higher energy levels.

The magnetoresistance for individual SWNTs is the
perposition of two components: the AB effect and the AA
effect ~always having negative magnetoresistance! contribu-
tion. When the results in this section are compared with
weak AAS effect stated in Sec. II, we can draw a reasona
conclusion that for low-energy electron transport, the A
effect is the dominant factor resulting in the weak AAS effe
being covered so that the AB effect can be observed rem
ably, and for conducting electrons with higher energy,
AAS effect becomes dominant although its magnitude is s
small, but the AB effect is still much weaker and almo
vanishes.

If the above analysis is extended to MWNTs, the inco
sistent experimental results observed by Fujiwar16

and Bathtold,14 respectively, can be explained natural
The AAS effect is stronger in MWNTs than in SWNTs
therefore, the AB effect~the AAS effect! corresponds to the
conducting electrons with lower~higher! energy so that both
effects can be observed under the different conditions. I
in
0
s

J

.

y

.
.

y
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reasonable to conclude that the conducting electrons occ
ing different levels leads to different effect~AB effect or
AAS effect! being observed in different experiments f
MWNTs.

IV. CONCLUSION

We present the calculated results for magnetoresista
induced by an axial magnetic field in individual SWNTs u
ing the Boltzmann transport equation, in combination w
the dispersion relations ofp electronic energy and the theor
of weak localization. The conditions of exhibiting the AA
effect on the AB effect are found out. The AAS effect
individual SWNTs is much weaker than that in individu
MWNTs and the AB effect is much stronger in individu
SWNTs as long as the conducting electrons occupy lo
energy levels, therefore the AB effect is predicted to be s
nificant in individual SWNTs. On the other hand, when t
conducting electrons occupy higher energy levels in in
vidual SWNTs, the AB effect almost vanishes and the AA
effect becomes dominant although its magnitude is s
small. In other words, the exhibition of the AB effect or th
very weak AAS effect should be associated with the ene
of conducting electrons in individual SWNTs.

The obtained theoretical results for individual SWNTs c
qualitatively be extended to explain the experimental facts
magnetoresistance for MWNTs. But some unusual and in
esting theoretical predictions, for example, that the exhib
AB effect is related to low-energy conducting electrons, a
that the AAS effect is of a very small magnitude and diffic
to observe, etc., remain to be verified through experime
measurements.
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