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Persistent currents in multiwalled carbon nanotubes(MWNT’s), driven by the magnetic field parallel to the
tube axis are studied. The geometrical structure and possibility of the existence of MWNT’s with shells in
various chiral configurations are explored. The currents are calculated considering a possible Fermi energy
shift by hole doping. The influence of self-inductance of different shells is taken into account. The optimal
chiralities for the maximal current are found to be the armchair-only configuration(A) without doping and the
zig-zag-chiral-chiral-zig-zag configuration((B) and(C)) doped toEF=−g (g=3.033 eV is the hopping integral
between graphene sites). The hole doped(B) configurations are shown to exhibit spontaneous currents in
Kelvin temperatures. In the optimal diamagnetic configuration(C) a Meissner-type effect, i.e., partial flux
expulsion, occurs.
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I. INTRODUCTION

Carbon nanotubes(henceforth referred to as CN’s) can
play a major role in the design of the next-generation nano-
electronic and nanoelectromechanical devices due to their
novel mechanical and electronic properties. Among many
other fascinating features,1 carbon nanotubes have a topol-
ogy which makes them particularly fit to investigate the phe-
nomenon of persistent currents in the presence of static mag-
netic field. In one of our earlier papers we studied persistent
currents in pure and hole-doped single-wall nanotubes
(SWNT’s).2 We have shown that the shape of the Fermi sur-
face changes with the doping, which influences the ampli-
tude and form of the persistent currents, and that the ampli-
tudes of the currents and their associated magnetic moments
were small. However, we know from the study of mesos-
copic systems that they might increase with increasing num-
ber of transverse channels. In this paper we investigate per-
sistent currents in MWNTs, driven by an external magnetic
field parallel to the tube axis. These currents are a superpo-
sition of currents from different shells. Thus, the overall cur-
rent can be significantly enhanced in those MWNTs where
the currents from different shells add constructively, i.e.,
when they display the same paramagnetic or diamagnetic
behaviour. However, different shells in MWNTs have in gen-
eral different chiralities and the question arises whether we
can find such favourable tube configurations.

We have performed model calculations for several pos-
sible configurations among which we found some which in-
deed yielded large currents. We can then assume that the
magnetic flux is the sum of the external flux and the flux
coming from the currents themselves. We arrive at the self-
consistent equation for the flux which can have spontaneous
solutions,3 i.e., a current running in the absence of the exter-
nal field. Such spontaneous solutions appear when the cur-
rents are paramagnetic. If the currents from different shells
are diamagnetic, the MWNT can exhibit at least a partial flux
expulsion.5

The influence of self-inductance of individual layers on
the currents flowing in the remaining ones is also taken into

account in our calculations. Both the effects of mutual and
self-inductance on persistent currents have been studied, in
mesoscopic rings and cylinders, by the authors of Refs. 3 and
4. In this paper we apply these ideas to multiwall CN’s, in
order to find out whether collective phenomena are possible
in these systems. We are going to investigate both pure and
hole-doped(where the Fermi level is shifted below its neu-
tral position) MWNTs. Depending on the method of doping
used there are at least two distinct cases to consider: one,
where only the outer shell is doped, and the other, where the
Fermi surface of every shell is lowered. We study mainly the
nanotubes doped by the electrochemical method, as it allows
us to achieve largest shifts of the Fermi level.6 Since this
method involves immersing a nanotube in the electrolyte, we
assume that all shells are in contact with this medium, and
that the Fermi level is shifted to the same value in all shells
of the multiwall nanotube.

This paper is organized as follows: We start from consid-
ering the geometry of a multiwall nanotube. For some
chiralities the currents should be greatly enhanced, for oth-
ers, dampened.2 In Sec. II we investigate the possible chirali-
ties of the shells of a MWNT. We take into account theD6
invariance of the honeycomb lattice and the restrictions
stemming from the existence of an optimal distance between
nanotube shells. We also indicate the configurations which
would yield the most stable and enhanced persistent currents.

In Sec. III the details of the calculation of persistent cur-
rents in CNs are presented. In Sec. IV we consider the pos-
sible effects of the flux induced by the current in each tube
on the persistent currents flowing in the remaining ones.
Analytical expressions for these self-inductance contribu-
tions to the flux are provided, and numerical simulations per-
formed for a few chirality configurations.

In Sec. V we study the behavior of multiwall CNs with
and without a hole doping. We calculate the persistent cur-
rents flowing in MWNTs with optimal chirality configura-
tions and investigate the possible appearance of spontaneous
current and of partial flux expulsion.
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II. GEOMETRICAL STRUCTURE OF A
MULTIWALL NANOTUBE

The carbon nanotubes inherit many properties of graphite,
their generic material. Among those is the optimal distance
between nanotube shells, which is close to the distance be-
tween graphene sheets in turbostratic graphite, i.e.,
.3.44 Å.7 The curvature of the tube introduces a deviation
from this optimum distance, and in small nanotubes shell
separation can differ quite significantly from its value in
graphite. However in this paper we are working on wide
nanotubes, where these effects are negligible,1 and we can
safely assume that the neighbouring shells of the tube ared
=3.44 Å±Dd apart, whereDd is a small deviation of the
distance between shells. This restriction imposes some con-
ditions on the chiralities of the shells.

Let us consider a MWNT whose shells are defined by the
circumference vectorsL i =miT1+niT2, whereT1, T2 are the
generators of the graphene’s honeycomb lattice,2 the length
of L i is Li =aC–CÎ3smi

2+mini +ni
2d, andaC–C=1.42 Å is the

length of a C–C bond. Let us assume that the first shell has
circumferenceL1. The condition for the circumferences of
the outer shells is

uLi − sL1 + si − 1dddu ø Dd. s1d

The resulting formula for the parameters of such a tube is

ni +
mi

2
±ÎSL1 + si − 1d2pd

Î3aCC
D2

−
3mi

2

4
ø

Dd

aCC
. s2d

It gives all possible combinations ofmi and ni parameters.
However, because of the symmetry of the honeycomb lattice,
each pairsmi ,nid is geometrically equivalent to five others.
The equivalence relation in question is the rotation of the
graphene plane byp /3, identifying the points with coordi-
nates:

smi,nid → s− ni,mi + nid → s− mi − ni,mid → s− mi,− nid

→ sni,− mi − nid → smi + ni,− mid. s3d

The plot of possible pairssmi ,nid (marked by open dots in
Fig. 1) for three shells of a multiwall nanotube grown around
a central sm1,n1d=s12,0d sR1=4.7 Åd or sm1,n1d
=s7,7d sR1=4.75 Åd one is shown in Fig. 1. We assume that
Dd=0.1 Å.

While studying SWNTs sometimes only those wherem
ùn are taken into account, since a singlesn,md nanotube is
the inverse image of asm,nd one and has the same properties
as asm,nd nanotube but with the direction of the flux re-
versed. In multiwall nanotubes however the inverse shells
produce inverse currentssI sm,ndsfd=−I sn,mdsfdd which change
the total current.

In Fig. 1 are marked thesmi ,nid pairs which belong to the
unique 1/6th of the total number of possible parameters. The
armchair shells lie on theni =mi line (dashed line in Fig. 1),
while those on themi axis represent tubes with zig-zag
chiralities. The stars denote the chiralities of the shells in an
arbitrary configuration whose inner and outer shells are zig-
zag nanotubes of the same parity and the black dots—the
chiralities in a MWNT with armchair shells only. Note that

for the third shell there is no suitable zig-zag nanotube, while
allowed armchair configurations exist for all shells.

Our aim is to obtain the maximum enhancement of the
persistent current in MWNT, coming from the supersposition
of currents from different shells. Therefore we shall consider
the suitable chirality configurations. From earlier work2 we
know that zig-zag SWNTs doped to theEF=−g (where g
=3.033 eV is the hopping integral between two graphene
sites) display strongly enhanced currents. Undoped armchair
nanotubes exhibit smaller, but still considerable currents.
Due to the structure of the Brillouin zone, the persistent cur-
rents in doped zig-zag nanotubes are either diamagnetic
(whenm is odd) or paramagnetic(whenm is even). There-
fore we choose configurations which contain zig-zag shells
of the same parity. In Table I, examples of such chirality
configurations with corresponding mean distances between
shells are shown.

The first two configurations containing zig-zag nanotubes
do not meet our requirements, since their zig-zag shells ei-
ther have different parities or the intershell distance differs
too much fromd. The third zig-zag configuration[of the type
sm1,0dsm1+26,0d] both maintains the graphite distance be-
tween nanotube shells and contains zig-zag shells of the
same parity. It contains two chiral nanotubes between each
pair of zig-zag shells. As regards the armchair configuration,
we are in the best possible situation, since from the geometri-
cal point of view it is possible to obtain a multiwall nanotube
containing only armchair shells. Pure armchair nanotubes al-
ways exhibit paramagnetic current, regardless of their parity.
In the following we shall consider in detail these two cases:
armchair(undoped) and zig-zag(doped toEF=−g) tubes.

III. PERSISTENT CURRENTS IN NARROW
MWNT’S

In our model, atT=0 the persistent current in a single,ith
shell of the MWNT is given by the formula

FIG. 1. The plot ofmi vs ni for four shells of a nanotube, whose
inner shell has the radiusR1=4.7±0.1 Å, corresponding toL1

=29.5 Å, where we assumeDd=0.1 Å.
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I isfid = o
k i occupied

I isk i,fid = o
k i occupied

−
]Esk id

]fi
, s4d

where k i is the momentum of an individual electron state,
Esk id is the dispersion relation of a graphene lattice in theith
shell, andfi is the flux in the tube. The sum runs over all
occupied momentum states in the Brillouin zone, and de-
pends on the level of doping achieved in the nanotube. In
nonzero temperature, the total current being a sum of indi-
vidual shell currents is calculated from the minimum of the
free energy,3

I tsft,Td = o
i

o
k i

− 1

1 + efsEsk id−msfidd/kTg
]Esk id

]fi
, s5d

whereft is the total flux through the nanotube, equal to the
flux in the outermost shell. Since the shells of the nanotube
are close enough to exchange electrons,8 the chemical poten-
tial msfid is common for all of them. It can be calculated
from the condition

o
i

o
k i

1

1 + exphsEsk id − msfidd/kTj
= Ne, s6d

whereNe is the total number of electrons in all the shells of
the nanotube, which we assume to be constant.

Depending on the chirality of the shell, its persistent cur-
rent may be paramagnetic, or diamagnetic. We found that in
most configurations the currents in the shells are small or add
destructively, resulting in a very small net current. Neverthe-
less, it is possible to find such configurations that the currents
both are large and add coherently, leading to interesting re-
sults like possible spontaneous current and partial flux expul-
sion. The two configurations found in the previous section,
doped zig-zag and pure armchair MWNTs, show a large en-
hancement of the current.

Figures 2 and 3 represent the persistent currents running
in each shell of two nanotube configurations—an armchair-
only configuration without doping(Fig. 2) and one with two
zig-zag walls of the same parity, hole-doped toEF=−g (Fig.
3). So far there are reports about experimentally obtained

doping to −1 eV<−1/3g),9 but further lowering of the
Fermi level could also be achieved—such situation has al-
ready been considered.10

The flux on thef1/f0 axis is the one in the innermost
nanotube. The flux felt by theith shell isf1·si /s1, hence the
periods of currents from individual shells, shown in Figs. 2
and 3 are different.

In an armchair-only configuration(A) all shells give con-
tributions of the same kind(here, paramagnetic), scaling
only with the inverse radius of the shell.

TABLE I. Chirality configurations with corresponding mean distances between shells.

Inner
shell

Configuration
type

Outer zig-zag or
armchair parameters

intershell
distance

zig-zagsm1,0d zig-zag-zig-zag sm1+8,0d 3.13 Å

sm1+9,0d 3.52 Å

zig-zag-chiral-zig-zag sm1+17,0d 3.32 Å

sm1+18,0 3.62 Å

zig-zag-chiral-chiral-zig-zag sm1+26,0d 3.39 Å

sm1+27,0d 3.73 Å

armchairsm1,m1d armchair, armchair sm1+5,m1+5d 3.39 Å

FIG. 2. The case of an armchair-only(A) configuration(black
dots in Fig. 1). EF=0, T=1 K. The length of the nanotube is
0.1 mm, the number of electrons in the whole CNNe=Nhalf-filling

=47144. All shells contribute to the total current.
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In the second case(B) the paramagnetic(m is even) con-
tributions from the zig-zag shells are dominant(we call them
active shells) and from the others negligible. The strong en-
hancement of the currents in zig-zag shells atEF=−g doping
is due to the structure of the Fermi surface(FS) and momen-
tum spectrum.2 The FS is reduced to a smaller hexagone,
whose vertices lie at the centers of the edges of the first
Brillouin zone. The alignment of the allowed momentum
states is now parallel to the edges of the FS, and the jumps in
persistent current at integerf /f0 values occur now for a
whole line of momentum states. The resulting current, as
could be seen in the Fig. 3, resembles closely that in a me-
soscopic metallic ring.11 The shape of the current in a meso-
scopic ring with odd or even number of electrons is the same
as that of a current in −g-doped zig-zag defined by, respec-
tively, odd or evenm parameter.

In the case(B) the currents from active shells add coher-
ently and the total current, being the superposition of cur-
rents from all shells, is therefore significantly enhanced.
Similar situation occurs in a nanotube with zig-zag walls
defined by oddm parameter[configuration(C)], but the cur-
rents in this case are diamagnetic. This configuration will be
considered in more detail in Sec. V.

IV. THE EFFECT OF SELF-INDUCTANCE
OF MWNT SHELLS

In a uniform magnetic field every shell of a MWNT is
affected by a slightly different flux. This is due mostly to the
fact that every component tube has a different cross section.
Moreover, the currents in each shell induce additional flux,
felt by all other shells. This flux is proportional to the self-
inductance of the shell,Li, which we take to be that of a
cylinder

Li = m0
pRi

2

Li
, s7d

whereRi is the radius of theith nanotube, andLi is its length.
For a nanotube composed of n shells, the formulas for the
value of the magnetic flux in each shell are the following:

f1 = Bs1 + L1I1sf1d +
s1

s2
L2I2sf2d + ¯ +

s1

sn
LnInsfnd,

f2 = Bs2 + L1I1sf1d + L2I2sf2d + ¯ +
s2

sn
LnInsfnd,

¯

fn = Bsn + L1I1sf1d + L2I2sf2d + ¯ + LnInsfnd, s8d

where B is the external magnetic field,fi is the magnetic
flux in the ith shell, counting from the innermost one,fn
=ft is the total flux in the MWNT,si is the cross section of
the ith shell, andI i its persistent current. It follows from Eq.
(8) that the flux in any shell can be expressed as a sum of
contributions from inner shells, therefore the flux through in
the ith shell of the nanotube is given by

fi =
si

si−1
fi−1 −

si − si−1

si−1
o
j=1

j=i−1

L jI jsf jd, s9d

In order to estimate the magnitude of the self-inductance
contribution of the nanotube shells we have first calculated
numerically the flux in the outer shell without considering
the self-inductance effects, and then with those effects taken
into account. In Figs. 4 and 5 we show the self-inductance
contribution to the total flux in an armchair-only MWNT.

The oscillatory behavior of the total flux in Fig. 4 and the
ratio of the total flux with effects of self-inductance to the
total flux without them in Fig. 5 is due to the large number of
shells which contribute to the total flux. In small external
fields the induced currents are substantial enough for the sec-
ond term in Eq.(10) to be greater than the first term. There-
fore some shells can feel reverse flux. Depending on how
many of them are in this diamagnetic regime, the total flux
can also be reversed. This fact hints at some self-consistent
equations for the magnetic flux in the nanotube, with pos-
sible spontaneous solutions. This behavior occurs only for
very small flux. As the external field increases, the contribu-
tion from self-inductance, compared to the external flux be-
comes negligible and the flux ratio in Fig. 5 converges to 1.

We have performed our estimate of the self-inductance
contributions for nanotubes of approx. 44 nm in diameter.

FIG. 3. The case of an optimal zig-zag configuration(B) (stars
in Fig. 1). EF=−g, T=1K. The length of the nanotube is 0.1mm, the
number of electrons in the whole CNNe=3/4Nhalf-filling =35114.
The only significant currents are produced by the zig-zag shells, as
we expected. Currents from the two chiral shells overlap with the
f1/f0 axis.
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This contribution,LIsfd, is linear in nanotube radius, there-
fore its effect is less pronounced in smaller tubes but larger
in wider ones.

V. POSSIBLE COLLECTIVE EFFECTS IN MWNTS

In this section we consider the optimal chirality configu-
rations[(A), (B), and(C)] found in Sec. III and show that the
enhanced current can lead to interesting effects. According to
Eq. (8) the total flux in the system is

ft = fe + o
i

LiI isfid, s10d

wherefe=Bsn is the external magnetic flux. Let us consider
first the MWNT in which the current given by Eq.(5) is
paramagnetic[cases(A) and(B)]. The Equation(10) can be
written as

ft = fe + LI tsftd, s11d

where I tsftd=oiI isfid and soiLiI isfidd / I tsftd is approxi-
mated by a constantL. Equations(5) and(11) form a set of
two self-consistent equations for the current.

If Eqs. (5) and(11) have stable, nonvanishing solutions at
fe=0, they correspond to a spontaneous current appearing in
the nanotube, determined by the nonzero intersection of
these two functions3 (black dots in Figs. 6 and 7).

The first configuration,(A) is the one containing undoped
armchair nanotubes only. They all produce currents of the
same, paramagnetic, character and significant amplitude,
which add constructively(see Fig. 6). Although the separate
currents are all sinusoidal, their superposition has the saw-
tooth shape which favours the appearance of spontaneous
currents. The straight line given by Eq.(11) in the absence of
the magnetic flux and the persistent current given by Eq.(5)

FIG. 4. The flux in the outer shell vs flux in the innermost shell,
in a nanotube in(A) configuration, with inner radiusR1=15 Å, and
outer radiusR2=221 Å. T=0.01 K.

FIG. 5. The ratio of magnetic flux in the outer shell of the
multiwall from Fig. 4, with and without self-inductance effects con-
sidered.T=0.01 K.

FIG. 6. The total persistent current in an undoped MWNT in
configuration(A), for several values ofT. Inner radiusR1=15 Å,
outer radiusR2=90 Å, lengthL=219 Å. The MWNT contains 22
armchair shells. The straight line corresponds to Eq.(11) at fe=0.

FIG. 7. The currents in a MWNT in configuration(B) with 18
active shells(and 34 inactive chiral ones), for several values ofT,
with inner radiusR1=16 Å, outer radiusR2=199 Å, and lengthL
=426 Å, atEF=−g doping. Black dots denote stable solutions.
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have nonzero intersections belowT=0.2 K, corresponding to
a spontaneous currentI t.2.8·10−4 A.

In cases(B) and(C) we calculate the persistent currents in
nanotubes where electron density is less than one electron
per atom, i.e., which have been hole-doped. The configura-
tion (B) contains zig-zag nanotubes of the same, even, parity,
all doped toEF=−g level (Fig. 7). Because of the inactive
shells the nanotube is larger than the one in(A) configura-
tion, its outer shells have greater self-inductance. Since the
length of this nanotube is twice the length of the previous
one, the amplitude of the currents is doubled. Moreover, the
effect of the flat Fermi surface is so large that the amplitude
of the currents is in total<20 times larger than in the previ-
ous case, although there are fewer active sheets. Here the
spontaneous current in the nanotube can appear already at
T&1 K. At T=0.01 K it is of the order 5.5·10−3 A.

We are now in a position to compare our model calcula-
tions for the configurations(A) and(B). From Figs. 6 and 7
we see that the zig-zag case, because of the larger amplitude
of I tsftd, is more likely to allow some nontrivial solutions
with spontaneous current than the armchair case. Since the
amplitude of the current in one shell of the MWNT is in-
versely proportional to its radius, the largest contribution to
the overall current comes from the innermost shell. In the
case(A) its amplitude is 7.12·10−5 A and the currents from
the remaining shells enhance the overall current by a factor
of 4. For zig-zag configuration the amplitude of the current
in the innermost shell is about 1.3·10−3 A, so an enhance-
ment by a factor of<4 is achieved as well, but the current
has a larger amplitude. This case is the most favourable for
the appearance of a spontaneous current at low temperatures.

In the model considerations presented in Figs. 6 and 7 we
set the length of the nanotube to be rather small in order to
reduce the time of computer calculations. However, from
these results we can estimate the results for longer tubes.
Real nanotubes can be two orders of magnitude longer re-
sulting in proportional increase of the persistent currents.
Since the self-inductance is inversely proportional to the
nanotube length, the spontaneous currents will also increase
by two orders of magnitude, i.e., in case ofL<1 mm they
can be of the order of 10−1 A.

The possibility of spontaneous currents in carbon nanotori
has been studied by Sasaki and Kawazoe.12 However, the
origin of these currents is different than in our case. The
spontaneous currents in Ref. 12 are of geometrical origin and
appear only in twisted tori. The spontaneous current investi-
gated in the present paper is a result of the interaction be-
tween currents from individual shells of the MWNT, and can
be strongly enhanced by doping.

When the currents from subsequent shells are diamag-
netic, they shield the external magnetic field and we may
obtain at least a partial flux expulsion. The possibility of field
and flux expulsion and flux trapping in mesoscopic cylinders
consisting of a set of conductive sheets has been investigated
in Ref. 5, for the systems in which the Fermi surface has
large flat parts, like in(B) and (C) nanotubes. The results
obtained in that paper can be used to discuss the field expul-
sion in MWNT’s.

The configuration(C) is the one in which all active zig-
zag shells display currents of diamagnetic character. Using

the technique developed in Ref. 5 we performed the calcula-
tion of the magnetic fieldBsrd inside the MWNT whose
inner radius isR1=15 Å for different values of the outer
radius R2, i.e., for different numbers of active shells. We
assumed that the distance between active shellsb=3·3.4 Å
=10.2 Å, and the lattice constant in the shell is 1.42 Å. The
results of these calculations, showing a decrease of the mag-
netic field inside the CN are presented in Fig. 8.

The curves in Fig. 8 represent the field expulsion for
MWNT’s with inner radius R1=15 Å, and outer R2
=117,168,250,301,515 Å, respectively. The field expelled
from the thinnest nanotube is of the order of 1% of the ex-
ternal field, while for the thickest MWNT(with the greatest
number of active shells) it reaches 15%.

VI. CONCLUSIONS

Persistent currents in MWNT’s are a superposition of cur-
rents from the component shells. We investigated tubes in
different chirality configurations and found that in many of
them currents in the shells are small and/or add destructively,
resulting in a very small net current. However we have
shown that there also exist some configurations in which the
currents both are large and add coherently, resulting in en-
hanced effective currents.

The total magnetic field is then the sum of the external
field and the one induced by the currents. It raises the possi-
bility of investigating collective phenomena such as sponta-
neous currents and flux expulsion. We found three optimal
configurations[labeled as(A), (B), and (C)] for which the
currents were largest.

In cases(A) and (B) we found a small spontaneous cur-
rent, due to the sawtooth shape of theIsfd characteristics.

The MWNT’s of type (C) exhibit some flux expulsion.
This effect increases with the thickness of the sample—in the
thickest considered sample we obtained a 15% reduction of
the field due to a Meissner-type effect.

FIG. 8. The field expulsion in the MWNT as a function of the
distance from the nanotube axis, for several numbers of active
sheets.
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To our knowledge the largest MWNT’s fabricated nowa-
days have the diameter of the order of 240 nm(thickness of
the order of 100 nm),13 however, they are very dirty. That is
why we have not included them into our considerations.
Nevertheless, in light of the tremendous progress in the syn-
thesis of carbon materials there is a possibility that relatively
clean nanotubes of that thickness may become available and
we estimate that in those the field expulsion may reach 50%.

Due to their curious magnetic properties the MWNTs may
find many applications in magnetoelectronics, e.g., as mag-
netic sensors or nanotransistors. The effect presented in this
paper, if confirmed experimentally, may open a way for vari-

ous applications of MWNTS connected with nanoelectron-
ics, like logical circuits or memory storage devices.
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