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Self-inductance of chiral conducting nanotubes
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Chiral conductivity in nanotubes has recently been predicted theoretically. The realization and application of
chiral conducting nanotubes can be of great interest from both fundamental and technological viewpoints.
These chiral currents, if they are realized, can be detected by measuring the self-inductance. We have treated
Maxwell's equations for chiral conducting nanotubi@snocoil$ and find that the self-inductance and the
resistivity of nanocoils should depend on the frequency of the alternating current even when the capacitance of
the nanocoils is not taken into account. This is in contrast to elementary treatment of ordinary coils. This fact
is useful to distinguish nanocoils by electrical measuremé¢s@&163-18209)00843-7

[. INTRODUCTION of chiral nanotubes, some of which differ slightly from the
arm-chair shap&’ These nanotubes can be used to check the
Carbon nanotubes can be viewed as cylindrical forms opredicted chirality under stretching. Hereafter, nanotubes
rolled graphene sheétand most of them have chiral atomic with chiral conductivities are called nanocoils.
arrangement$.Theoretical studi€s® predict that these car- A question can be raised as to how chiral currents in
bon nanotubes are either metallic or semiconducting depenaanocoils would be measured experimentally. One possible
ing on their diameters and geometrical chiralities. These theapproach is to observe the selfinductance of nanocoils. When
oretical predictions triggered extensive research in thalternating currentAC) flows in nanocoils, the circular com-
conducting properties of nanotubes. Experiment has showponent of the current generates an alternating magnetic field
that conductances of individual nanotubes can Yasug-  that induces an electric field along the tubule circumference.
gesting that tubule conductivities depend on their geom- Since the nanocoils have very small diameters, one can
etries. imagine that quantum behavior in electron transgooher-
New classes of nanotubes consisting of the graphiticlikeent electronic transportoccurs. However, the lengths of
compounds, BN, Bg and BGN have been investigated nanocoils would be in the order of microns, same as nano-
theoretically?~'° and synthesis of BNRefs. 11-1B and  tubes. This order of the lengths is far beyond the typical
ByCyN, (Refs. 14 and 1pnanotubes has been realized. Thecoherent lengths of electrons at room temperature because of
geometrical structures of some of these compound nanotubesnsiderable electron-phonon scatterings and of impurity
are not settled as yet. In the case of BIC nanotubes doped scatterings. The coherent transport should be realized in per-
with carriers should have unique conducting properties, thatect nanotubes only under extremely low temperatures. Al-
is chiral conductanc¥ This is because the anisotropic con- though the regime of the quantum transport is an interesting
ductivity of the BGN sheets results in chiral trajectories for subject, hereafter, we rather focus our attention on ordinary
the current density in the nanotubes. On the other hand, punditions of semiclassical transport which will be mostly
carbon nanotubes are not expected to be significant chirakalized in typical experimental situations.
conductors even when they have structural chirality. The gra- Here, we present a classical treatment of Maxwell’'s equa-
phitic walls of pure carbon nanotubes have nearly isotropitions for nanocoils. In this simple treatment, we assume the
in-plane conductivities, which inhibits chiral curreffsMe-  classical electron transport instead of quantum-mechanical
chanical stretching has been proposed as a method for indutreatment of electron hopping$This assumption enables us
ing chiral conductivity in these carbon nanotubes wherto evaluate the current-induced magnetic field easily. The
doped!’ The essence of chiral conduction is symmetryselfinductance of the nanocoil is found to be frequency de-
breaking on tubule walls upon mechanical stretching. Thigpendent even when there is no capacitance in the nanocoil
induced current chirality is most likely for geometrically chi- itself. This result is contrary to the case of ordinary coils. In
ral nanotube having helical pitches close to those of armthe limit of low frequencies §—0), the effective induc-
chair tubules. The arm-chair nanotubes appear to be one tdnce of a nanocoil is found to be a function«f. The basic
the main constituents in the single-walled carbon ropes obphysics behind this phenomenon is that in a nanocoil the
served in Ref. 18. Recently, atomically resolved scanninghiral angle of the current i® dependent whereas in a clas-
tunneling microscope measurements revealed the existens&al coil this is fixed by the pitch of the winding of the wires
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Q) We here distinguiske,,, from o,,: €,, comes from re-
sponses of localized electrons and ionic cores whilg,
R comes from responses of delocalized electrons near the
Fermi level.

The right panel of Fig. 1 depicts an equivalent circuit for
o ) ) _our nanocoil system. We assume here a good Ohmic contact
_ FIG. 1. Schematlc_d_lagram of a nanotube with chiral conductlv-between the nanocoil and the electrodeandR in the right
ity. The currents densitiel; andJ, are decomposed components of pane| of Fig. 1 are inductance and resistance of a coil, re-
the chiral _current density a}lon_g the tubule axiand circumference spectively, in the classical sense. As far as we know, the
¢, respectively. The electric fields, andE. are also shown. The = 555;med good Ohmic contact has not been achieved experi-
classical equwaler_lt circuit of the entire system with nanocoil is alsomentally, instead there are effective capacitance due to ill
drawn for comparison. contacts which give rise to single-electron transport through

nanotubeg! A discussion of current-induced magnetic field
in forming the coil. In the latter part of this paper, we showin quantum transport would require the framework of quan-
the derivation of this conclusion. In Sec. II, we formulate thetum electrodynamics, which is beyond the scope of the
classical Maxwell’s equation for alternative currents in nano-present paper. Recent experimental works have achieved the
coils. In Sec. lll, we derive the? dependency of the self- remarkable reduction of the contact resistance between nano-
inductance of the nanocoils and we summarize the presefiibe and electrodés. Very recently, the achieved contact
results in Sec. IV. has been within a resistance of 23 Kilo-Ohm between the
outer shell of the multiwall natube and metal electrotfes.
Indeed, there is a lot of work nowadays to reduce even fur-
Il. ELECTRODYNAMICAL TREATMENT OF NANOCOILS ther the contact resistance. In fact, Ter&bffave proposed
that the momentum conservation in the electron transport

We model the nanocoil as a continuous conducting cylinfrom the metal electrode to nanotube may play a key role in
der with diameter, lengthl, and an effective thickneskfor  reducing the resistivity. Even if the interactions between the
current flow. For convenience, we use the two principal axesianotube and electrode are only the Van der Waals type,
z andc in the directions of tubule axis and circumference,there should be significant orbital interactions as an analogy
respectively. The chiral current densily which has the di- of the graphite interlayer cag® So the difference between
mensions of(chargex velocity)/(volume, can be decom- the original density of states at the Fermi levels in nantubes
posed intaz andc components), andJ,.. An electric fieldE and electrodes will be compensated reducing the contact re-
can also be decomposed intcand ¢ componentsk, and _sistapce. We thUS ex.pect t.hat in near quure a Iovygr resistiv-
E., and we can relatd to E as following: ity will be achieved in which the capacitance arising from

the electrical contact can be ignoréd.
In this paper, we shall restrict ourselves to normal classi-
cal conductivity of nanocoils and show that inductance of
J, 0, O\ [ E; nanocoils differ from ordinary classical coils even in this
1=l & o E | (1) regime. Note tha_t a nanocoil itself has no capacitance in the
¢ cz Tee ¢ present model since we assume continuous surface current
density. From a practical viewpoint, we can consider an ef-
fective capacitanc& coming from the electric wires con-
nected to the nanocoil for the current measurement. How-
ever, there is a standard scheme in measuringliminating

Here, the tensow,, is the conductivity tensor for a nano-
tube, which can be obtained within the framework of Boltz-

mann's transport eqll71atio_n solved by using the relaxatiofye effect ofC from the wires?’ by constructing an entire
time approximatiotf*”or, in general, obtainable within the ;e it including a reference, to which a relative inductance

Kubo-Greenwood formalism depending on frequency. Thi§" s measured. For the general purpose of nanocoil’s induc-
local approximation is derived assuming that, at any timeance it is, then, not necessary to include capacitance effect
the same force acts on each electron. This is not the casej{ our present discussion.

the field varies in space. However, this approximation is  From now on we take each component®fD, andJ in
valid whenever the wavelength of the field is long compared=gs. (1) and(2) to be homogeneous on the tubule wall. If the
to the electronic mean-free path. When this is not the caseubule length is extremely long compared to its radiuand

we need to resort to nonlocal theories of greater complexitythicknessd for the current flow, we can assume that the
However, here we tak&, as the applied external electric magnetic fieldB, generated by a chiral current, is constant
field and assume that it is constant over the nanotube lengihside the nanocoil. All quantum effects related to the quan-
and that the local approximation for the current is valid. Thetization ~of the magnetic flux ¢=ch/2e=2.07

left panel in Fig. 1 shows the geometrical situation for theX 107 Gauss crf) are neglected in the present description.

present assumptions. Now let us solve Maxwell's equations for the nanocoil
Based on similar assumptions as before, we can expresgnless otherwise stated, we use CGS Units
the electric displacemerid of the nanocoil by using the V.D(r)=4mp(r), 3)

frequency-dependent dielectric function of the nanoegj
within a local approximation V-B(r)=0, (4)
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By considering Stoke’s theorem with respect to another
cross sectionrr?, perpendicular to the tubule axis, E@)
can be rewritten as,

ot 4 mr? 9B,
r —_————
e T Tt

€)

Since we consider no charge accumulation on the nanqjsing Eqgs.(7) to (9) and adopting the definitions of E¢4)

coils, the right-hand side of Eq3) is zero. Using Stoke's
theorem considering a cross sectidrparallel to tubule axis,
Egs.(5) and(6) can be rewritten as

B, B\ (47 14D,
| —=— =|—J.+ = Id, 7)
TN (o c Jt
1B
_pEexty_ _ —”"C
I(E,— ES Sl (8)

The magnetic fieldB is also decomposed intband c com-
ponents.E,, B,, u, andESX, BEX', u® are the electric
field, magnetic field, and magnetic permeability inside an
outside the nanocoil, respectively. Here the lenigth ex-
tremely long compared td, so we can ignore the magnetic
field outside the nanocoilBS™"), the contribution, which is

restricted only at the edge of the nanocoil. Furthermore, the

left-hand side of Eq(8) is zero if we consider the continuity

and(2), we finally obtain an equation of motion for the elec-
tric field component&, andE, as,

rd (47 O9E, 4w  JE. €., d°E
op,+ |4, e AT e, 2 lF

c c ot c ot C g2

€.. I°E

e 0

Here, we assumkE, is the applied external field,cos(wt),

and then solve for the induced fiel. by assuming that
dEcz E.cos(wt) +Esin(wt). By taking the cosgt) and
sin(wt) terms separately, and defining a material dependent
constantT = urd/c?, we obtain

|

2—Twzecc(w)

—A4rTwo(w)

E:
E!

ArTwoy(w)

2—Twzecc(w)

of the tangential electric field going from inside to outside

the nanocoil. For the case of extremely thin tubulés-Q)
the continuity of the time derivatives in Egé/) and (8)
makes their contribution zero when multiplied HyIn this
limit, we have non zero contribution for Eqg) and(8) only

Tow?e(0)E,

ArTwo(w)E, 11

when we have the surface density current and the magnetighich can be solved taking into account thelependence of

field, which is proportional to this surface density curréas
is known for classical coils

{2— Twzecc(w)}wecz(w) - (477)2Tw0'cc(w)0'cz(w)
=Tw

€,, ando,, . The final result for the induced circular electric
field is

Ee

{2— Twzecc(w)}2+{47TTw0'CC(w)}2

(12

v

Twzo'cc(w)fcz(w) +{2_ Twzecc(w)}o'cz(w)

Eg=47TT(,u

For the experimental determination of the selfinductance,

{2-Tw?e.(w)}?+ {477Tw0‘cc(w)}2

(13

z-

we must mejssirece the other component of the currdpt

along tubule circumference, is not extractable. Then expressiagJ,cos(wt) +J;sin(wt), we finally obtain

{2-Tw?ec(w)} e (@)= (4T)2°Toe(w)oe )

‘]é =0, 0)E;+ 0, w) E(,:: o w)+ U'zc(w)Twz

E,, (14)

{2— Twzecc(w)}z-l- {47TTwUCC(w)}2

Twza'cc(w) Ecfw)+{2— Twzfcc( w)}oc o)

V=0, w)El=41Two,(w)

{2— T(uzecc((1))}24—{477'Ta)(rcc((1))}2

(15
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For an applied voltag®/, and nanocoil length, E, in the
previous equations corresponds\Mg/l. We stress that this
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Y(O)=Toccec0+(2=TOecc) 0y, (24

is an approximation that stems from our model description of f(0)={0,,0(0)+ 0, TOB(O)N 2+ {4nTo,.7(0)}20,

the nanocoil current. Considering a practical experimental

situation, the possible range ab is limited to a low-
frequency regime in which bothr,, and €, are well ap-
proximated as their values at=0. On the other hand, in the
classical case of a resistanReand a inductance in series-
(see the right panel in Fig.) the total current is given as

2 VO 1 (16)

7

herel’ andl” are the cost) and sinwt) components of,
respectively. Then, we can reld®andL with I’ andl” as,

_ 1"Vq (18)
|/2+|//2’

_[c?) 1"V 1

- ; |/2+|//2' ( )

Similarly, we can derive an effective inductance of the nano
coil (L) and a resistanceR) as follows,

JzVo

R= , (20
(3.2+37%)(27rd)
- [c? J'V
L:<_) 12 //ZZ - ' (21)
o /(3,24 32%)(2mrd)
r+d/2

Here, the factor of Zrd(=[;Zy227r dr’) corresponds to
the cross section for current densifly according to the

(25

9(0)=a(0)y(0).

Combining Egs(14), (15), and(21) with above Eqs(22)—
(26), one can obtain

In the low-frequency limit, the autoinductantehas a finite
value of 2’7TC2T|O'ZCO'CZ/(27Trd0'§Z) becausel}(w)/w is
nonzero wherw— 0. However, what matters for the imped-
ance of the system isL and this is zero, in agreement with
the fact that in static fields there are no contribution of in-
ductive effects. By performing a Taylor expansion Iof
around®=0 (w=0), we get thew? dependence at low-
frequency limit. Our current interest is in the sign of the first
derivative ofL with respect to®, which determins whether
L increases or decreases with increasing frequency. The sign
of the first derivative corresponds to that of the sign of the
function S with

(26)

(0) (47 To,dc?

2ard

(27)

S=g(0)f(0)—f(0)g(0)

(0,2)2a(0)%a(0)y(0)+ (0,,)2a(0)%y(0)

—20,,0,Ta(0)28(0)¥(0)— (47T a,0)?a(0) ¥(0)3,
(28)

where dots mean the first derivative with respec®toFrom
the definitions(22) to (24), we know

present geometrical assumption, see left panel of Fig. 1. By

plugging Eqgs(14) and (15) into Egs.(20) and(21), bothR
andL are found to bes dependent even though all elements

of o,, ande,, are set to be constant. This fact is in a sharp

contrast to the cases of classical coils. Furthermore, Both

andL are found to be functions ab? from the functional
form of Egs.(14) and(15) and those of Eq920) and (21).

Ill. @ DEPENDENCE OF THE SELF-INDUCTANCE

OF NANOCOILS

With use of above equations, we now focus on hbow
behaves at lows regime. First, let us defin®=w? and
introduce the following definitions

a(0)=(2-TOe€. )2+ (4nTo)?0, (22

B(®)E(2_TEcc)fcz_(477)2T0'cca'c21 (23

a(0)=4, (29

a(0)=(47Toe)?—4Teg, (30)

B(O):chz_(477)2-ro'cc0'czv (31)

v(0)=20,, (32

:Y(O):T( Occ€cr™ Oczec), (33
and they can be used to rewrite E88) as
S=-—- 7722(4)41-20'02{ 0= (0¢r) 2}2

+ 43T0'22[ 020 cz€cct {Uzzo'cc_ 2( Ucz)z} €zl
(34

For simplicity, we now consider a thin nanocoil having only
one energy band crossing its Fermi level. Applying the Bolt-
zmann'’s transport equation within constant relaxation time
approximation, the conductivity tensat, , is proportional to
vV, wherev, andv, are the averaged Fermi veloci-
ties of electrons. Thus we can equatg.o,,=(0.,)? and
Eqg. (34) can be rewritten as
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S= 43T0'220'cz( O 2€cc™ Ocz€cy)- (39 IV. SUMMARY

We have obtained an expression for the autoinductance
. . in terms of the microscopic quantities of the nano¢odn-
Then the sign ofSis found to be dependent on. the p"’}r""m'ductivity and ionic dielegtricqtenso)'smd derived the |-V
elersoc;, 07z, €cc, andec,. So the sign of the first deriva- yg|ation for nanocoils. We conclude that the selfinductance
tive of the inductance with respect & is a material depen- and resistance of nanocoils should depend on the square of
dent quantity. If a nanocoil has very high conductivity alongthe frequency, which can be tested experimentally and will
tubule circumference compared to those along tubule axibe used as fingerprints of nanocoils.
(resulting in a high chiral pitch of the AC curreno €.,
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