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Electronic transport in carbon nanotubes using the transfer-matrix method
Toshihito Umegaki,a) Matsuto Ogawa, Yasuyuki Makino, and Tanroku Miyoshi
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(Received 15 March 2004; accepted 23 August 2004)

We have studied the basic conductive characteristics in carbon nanotubes(CNTs) for the purpose of
application to a high-frequency device. In the analysis, the current flow in the CNTs is viewed as the
quantum transport of electronic waves. First, we analyzed the dispersion relations of electronic
waves in the CNTs based on the linear combination of atomic orbitals expansion method. In
addition, we investigated the current-density distributions around the circumference of the CNTs
and the current-voltage characteristics by using the transfer-matrix method. As a result, the current
distributions were found to be significantly controlled by both the chirality of the CNTs and the
position of the current sources around the circumference. Based on these results, we propose herein
a ferrite device that acts as a filter in the terahertz frequency domain. In this device, the
high-frequency current flowing on the CNTs may excite and receive directly the spin waves in the
ferrite film beneath them, and the operating wavelength may be controlled by means of the chirality
via the current-density distributions on the CNTs. In addition, we found that the performance of the
device can be improved by using thep-type CNTs as the excitation electrodes rather than the
intrinsic CNTs. ©2004 American Institute of Physics. [DOI: 10.1063/1.1806550]
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I. INTRODUCTION

Since the discovery of carbon nanotubes(CNTs),1 the
properties of CNTs have attracted a great deal of interes
to their unique structures and promising properties. Fo
ample, CNTs have an ample mechanical strength a
higher conductivity than the conventional materials suc
iron and silicon. It has been quite difficult to fabricate e
trodes of less than 100 nm in conventional semicondu
devices such as integrated circuits. However, the diam
of CNTs can be easily controlled at sizes as small as se
nanometers. In addition, the great advantage of CNTs
the conventional materials is that a diameter control ca
achieved by means of self-organization and ballistic con
tivities. One of the main considerations in applying s
CNTs to electronic devices, however, is controlling the c
ductivity and the current-density distributions on the CN
by means of their chirality.

In this paper, we study the basic conductive charact
tics in CNTs to apply to a high-frequency device. The cur
in the CNTs is rigorously treated within the framework
quantum mechanics. In the next section, the models of C
are described and the band structures of CNTs are ana
based on the linear combination of atomic orbitals(LCAO)
expansion method. In particular, the difference in the b
structures of the CNTs depending on the chirality is
cussed. In Sec. III, the calculation method for the analys
the electron-transport properties in the CNTs by the tran
matrix (TM) method is presented. The results of the ca
lated I-V characteristics are also discussed in this sectio
Sec. IV based on the obtained results, we propose a f
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device that will work as a bandpass filter in the terah
frequency domain. The relationships between the pe
mance of the device and the position of the Fermi level in
CNTs are discussed. Such devices may cultivate a fie
application for the CNTs. And in the final section, the c
clusions are summarized.

II. BAND STRUCTURES OF CNTS WITH ARBITRARY
CHIRALITY

Figure 1 shows a schematic model of a CNT unde
applied bias voltageV0. The left and right graphite unit ce
(GUCs) in Fig. 1 correspond to thezigzag and armchair
CNTs, respectively. The graphite sheet consists of GUC
shown in the lowest figure, where “m” or “ .” stands for a
carbon atom on theA site orB site, respectively, in the ho
eycomb lattice. Since the CNT is comprised of coaxi

i-FIG. 1. Schematic models of CNTs viewed as the coaxially rolled gra
sheets under a biased condition: the left and right GUCs correspond

zigzagandarmchair CNTs, respectively.

© 2004 American Institute of Physics
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rolled two-dimensional(2D) graphite sheet, each CNT u
cell (CUC) consists of GUCs and the entire CNT is co
prised of CUCs, as shown in the middle figure. The circ
ferential vector of the tubeC is called the chiral vector and
generally expressed asC=n1a+n2b, wherea and b are the
primitive translational vectors in the honeycomb lattice. U
ally, a CNT with this chiral vector is called ansn1,n2d or a
chiral nanotube. In particular, ansn,0d nanotube is called
zigzagnanotube and ansn,nd nanotube is called anarmchair
nanotube. The uppermost figures show the potential dist
tion under a biased condition. The potential in each CU
assumed to be constant, for simplicity.

To calculate the band structures of the CNTs withou
applied bias voltage, we adopt a simple tight-binding m
in which an on-site energye0 on a carbon atom and
hopping-energyg between the nearest neighbors are
sumed. We use the following values throughout this pa
e0=−2.18 eV andg=2.31 eV.2

The Bloch functions at sitesA andB can be expressed
terms of a linear combination of atomic orbitals as

fAksr d =ÎL + 2

NM
o
r A

CUC

eik·r AFsr − r Ad,

s1d

fBksr d =ÎL + 2

NM
o
r B

CUC

eik·r BFsr − r Bd,

wherek is the wave vector,F is the p atomic orbital of a
carbon atom,N is the number of GUCs around the circu
ference of the CUC, which is equal ton for thezigzagtypes
andarmchairnanotubes,M is the number of GUCs along t
CNT, L is the number of CUCs along the CNT, andr A and
r B are the positions of the sitesA and B, respectively. Th
wave-functionCksr d can be expanded by a linear combi
tion of the Bloch functionsfAksr d andfBksr d, that is

Cksr d = CAfAksr d + CBfBksr d. s2d

Substituting Eq.(2) into the Schrödinger equation, w
can easily obtain theE-k dispersion relations of the graph
sheet as

Eskd = e0 ± g

3Î1 + 4 cos2Skxa

2
D + 4 cosSkxa

2
DcosSÎ3kya

2
D , s3d

wherea is the lattice constant and the minus sign(2) and
plus sign (1) denote the bonding and antibonding ene
bands, respectively. The obtained results exactly coin
with the dispersion relation of the graphite sheet.2 Figure 2
shows the equipotential contour plot of the dispersion
tion in the graphite sheet. The1 branch and2 branch ener
gies become degenerateds=e0d at point K, e0±g along the
line MM, ande0±3g at pointG,3 respectively. As stated b
fore, because a CNT consists of a coaxially rolled 2D gr
ite sheet, CNT dispersion curves can be obtained by sl
the contour along an appropriate line determined by its c
vector. Analytically, the dispersion relation of a CNT w
the sn,md chirality can be obtained by imposing the perio

boundary conditions in the circumferential direction,

Downloaded 22 Jun 2009 to 133.30.51.104. Redistribution subject to AIP
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Cksr + Cd = Cksr dexpsik ·Cd = Cksr d. s4d

From this boundary condition, we obtain thequantizedwave
vectors in thex direction as

kx =
2pix

În2 + nm+ m2a
, six = 0, ± 1, ± 2,¯ d. s5d

From Eqs.(3) and(5), we obtain the eigenvalue equation
the chiral nanotube as

se0 − Ed2 − g2f1 + 8 cosskxx1 + kyy1d

3cosskxx2 + kyy2dcosskxx3 + kyy3dg = 0, s6d

where

x1 =
sn − mda

4În2 + nm+ m2
, y1 =

− Î3sn + mda
4În2 + nm+ m2

,

x2 =
s2n + mda

4În2 + nm+ m2
, y2 =

− Î3ma

4În2 + nm+ m2
, s7d

x3 =
sn + 2mda

4În2 + nm+ m2
, y3 =

Î3na

4În2 + nm+ m2
.

We can evaluate the dispersion curves of the CNT
the arbitrary chirality from Eq.(6). For the clarity of under

FIG. 2. Equipotential plot of the energy bands in a graphite sheet:(a) anti-
bonding energy band(1 branch) and (b) bonding energy band(2 branch).
standing, however, we confine ourselves to the analysis of
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the zigzagandarmchair CNTs in this paper.
The dispersion relation of thezigzagCNTs can be ob

tained by simply settingm=0 in Eqs.(5) and (6). Figure 3
shows the band structures of thezigzagCNTs with n=sad3,
(b)4, (c)5, and(d)6, respectively. We have plotted only t
branches with the positive group velocities. This is becau
is convenient to classify the branches according to the
tive or negative group velocity when calculating the e
tronic current propagating in the CNTs. The branches ha
the negative group velocities can be obtained by simply
ing the mirror reflection of the positive branches at the ce
of the Brillouin zone due to the symmetric properties of
graphite sheet band structure. It should be noted tha
dispersion curves always cross for the casen=3N, with N
being an integer. In other words, the energy gap disap
and thezigzagtubes become metallic. Among the four CN
shown in Fig. 3, the(3, 0) and (6, 0) CNTs are metallic.

On the other hand, the dispersion relations of thearm-
chair CNTs are obtained by settingm=n in Eqs.(5) and(6).
Figure 4 shows the band structures of thearmchair CNTs.
Again, the energy gap always vanishes for thearmchair
CNTs, i.e., they are always metallic. Due to the grap
sheet band structure, theix given in Eq. (6) is restricted
within −sn−1d, −sn−2d , . . . ,0 ,1 ,2, . . . ,n for both thezigzag
and armchair CNTs. We plotted only the branches withix

=1,2, . . . ,n, because it is convenient to classify the branc
according to the circumferential direction when we calcu
the electronic current propagating in the CNTs.

III. CURRENT IN CNTS

In this section, a quantum-mechanical method is

FIG. 3. Dispersion curves of thezigzagCNTs: chirality=sn,0d; n=sad 3, (b)
4, (c) 5, and(d) 6, respectively.
scribed for the calculation of the current in CNTs. We use the

Downloaded 22 Jun 2009 to 133.30.51.104. Redistribution subject to AIP
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TM method4 to analyze the propagation of electron wave
the CNTs. The TM method will be described in detail,
cause we are interested in not only the quantum conduc
but also in the current distribution in the CNTs for a pract
application, as will be described in Sec. IV.

A. Boundary conditions at the interface of CUCs

As shown in Fig. 1, when an external biasV0 is applied
to the CNT, there is a potential difference between the ne
boring two CUCs, because we have assumed the poten
be constant in each CUC for a simplicity. For a more pre
determination of the voltage drop in the CNT, the poten
should be determined by the Poisson equation.5 In order to
conserve the probability density flow as well as the prob
ity density, the existing electron waves must be conne
appropriately at the interface of the neighboring CUCs,
betweenJ and J+1. Let FJ be the amplitude vector com
prised of a set of amplitudes expressed in terms of the B
functions in theJth CUC. Then, the average probability c

rent flow J̄J is expressed as follows using the Hellma
Feynman theorem6 (see Appendix):

J̄J = F1

"

]E

]kyG
J
uFJu2. s8d

To conserve the average probability current flow and p
ability density, we impose boundary conditions equivalen

7,8

FIG. 4. Dispersion curves of thearmchair CNTs: chirality=sn,nd; n
=sad 3, (b) 4, (c) 5, and(d) 6, respectively.
those in the effective-mass theory
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5 FJ is continuous at the interface,

1

"

]E

]kyFJ is continuous at the interface.6 s9d

B. Transfer matrices of CNTs

The amplitude in theKth GUC is expressed as

FJ,Ksx,yd = hAJ,K expfikxsx − xJ,K
C dg

+ CJ,K expf− ikxsx − xJ,K
C dgjexpfikJ

ysy − yJ,K
C dg

+ hBJ,K expfikxsx − xJ,K
C dg + DJ,K

3expf− ikxsx − xJ,K
C dgjexpf− ikJ

ysy − yJ,K
C dg,

s10d

where the coordinatesx and y run within the GUC. The
amplitudeFJ,Ksx,yd can be expressed in terms of the pro
gating waves toward the right(1) and the left(2) as

FJ,K
y+ sx,yd = hAJ,K expfikxsx − xJ,K

C dg + CJ,K

3expf− ikxsx − xJ,K
C dgjexpfikJ

ysy − yJ,K
C dg,

s11ad

FJ,K
y− sx,yd = hBJ,K expfikxsx − xJ,K

C dg + DJ,K

3expf− ikxsx − xJ,K
C dgjexpf− ikJ

ysy − yJ,K
C dg.

s11bd

Applying the continuity conditions in Eq.(9), we obtain
the following conditions at the interfacey=syJ,K

C +yJ+1,K
C d /2:

FJ+1,K
y+ + FJ+1,K

y− = FJ,K
y+ + FJ,K

y− , s12ad

]E

]kJ+1
y FJ+1,K

y+ −
]E

]kJ+1
y FJ+1,K

y− =
]E

]kJ
yFJ,K

y+ −
]E

]kJ
yFJ,K

y− . s12bd

Equations(12a) and (12b) are expressed in a mat
equation using the transfer-matrixMJ as

SAJ+1,K + CJ+1,K

BJ+1,K + DJ+1,K
D = MJSAJ,K + CJ,K

BJ,K + DJ,K
D , s13ad

where

MJ = S a+
sJdPsJd a−

sJdQsJd

a−
sJd/QsJd a+

sJd/PsJd D . s13bd

The matrix elements of the transfer matrix are

a±
sJd =

1

2
S1 ±

]E/]kJ
y

]E/]kJ+1
y D , s14ad

PsJd = expFiskJ+1
y + kJ

yd
yJ+1

C − yJ
C

2
G , s14bd

QsJd = expFiskJ+1
y − kJ

yd
yJ+1

C − yJ
C

2
G . s14cd

The entire transfer-matrixMtot is obtained from Eq
(13b) by multiplying each transfer-matrixMJ from J=1 to

M −1 as

Downloaded 22 Jun 2009 to 133.30.51.104. Redistribution subject to AIP
Mtot = MM−1¯ MJ ¯ M1. s15d

Note that we have labeled the indices fromM (input) to
1 (output) in Eq. (15). The transmission coefficie
DsM,K8d→s1,Kd is defined as the ratio of the input and out
probability currents, which are obtained from the(1, 1) ele-
ment of the matrixMtot as

DsM,K8d→s1,Kd =
]E/]k1

yuA1,K + C1,Ku2

]E/]kM
y uAM,K8 + CM,K8u

2

=
1

uMtot
1,1u

2

]E/]k1
yuA1,K + C1,Ku2

]E/]kM
y uA1,K8 + C1,K8u

2 . s16d

Similarly, applying the boundary conditions to thex di-
rection, we can obtain the transmission coefficient as

DsM,K8d→s1,Kd = cos2fkxsxK8
C − xK

Cdg
1

uMtot
1,1u

2

]E/]k1
y

]E/]kM
y . s17d

The current densityJsM,K8d→s1,Kd is expressed as

JsM,K8d→s1,Kd = ncqvy, s18d

where nc is the carrier concentration,q is the electroni
charge(absolute value), and vy is the group velocity. Pe
forming a simple calculation, we finally obtain

JsM,K8d→s1,Kd =
2q

nxGh
o
ix,iy

E ffMsEd − f1sEdg

3DsM,K8d→s1,KddE, s19d

wherexG is a andÎ3a is for thezigzagandarmchair types
respectively, andfM and f1 are the Fermi-Dirac distributio
functions at the left and right electrodes, respectively, de
by

fMsEd − f1sEd =
1

2
Ftan hSE − E1

2kBT
D − tan hSE − EM

2kBT
DG ,

s20d

where the Fermi level is assumed to be zero and

E1 = e0 andEM = e0 + V0. s21d

The effect of the position of the Fermi level will be discus
later.

Since the properties of the contacts between the
and the metal electrodes attached to it have not been cla
either experimentally or theoretically, we consider the t
specific cases of the excitation position of the electr
waves at the input terminalJ=M in the following:

(1) the electronic waves are excited around the entire
cumference of the CNT,

(2) the electronic waves are injected into the unit cellK8
=1 of the CNT, and

(3) the electronic waves are excited uniformly around
entire circumference of the CNT and are received a
average at each unit cell of the CNT.
In case 1, the current densityJK is
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JK = o
K8=1

n

JsM,K8d→s1,Kd s22d

and the total currentI flowing from left to right is calculated
integratingJK around the CNT as

I =
2q

nh
o

K,K8=1

n

o
ix,iy

E ffMsEd − f1sEdgDsM,K8d→s1,KddE,

szigzag or armchaird. s23d

In case 2, since the summation overK8 should be don
only for K8=1, the current densityJK is given by

JK = JsM,1d→s1,Kd s24d

and the total currentI is calculated integratingJK around the
CNT as

I =
2q

nh
o
K=1

n

o
ix,iy

E ffMsEd − f1sEdgDsM,1d→s1,KddE, s25d

szigzag or armchaird.

In case 3, rather than using Eq.(16), the transmissio
coefficientDK is defined as the ratio of the input and out
probability currents as

DK =
oK-=1

n
J̄1,K,K-

y

1

NoK8,K9=1

n
J̄M,K8,K9

y

, s26ad

J̄1,K,K8
y =

]E

]k1,K
y uA1,K + C1,Ku2, s26bd

J̄M,K,K8
y =

]E

]kM,K
y uMK

tot
1,1sAM,K + CM,Kdu2. s26cd

In Eq. (26), the input probability current is averag
over the input CUC, whereK8 runs from 1 ton. The input
and output probability currents flow by the electronic wa
excited at each input GUC and summed over
sM ,K9d-th andsM ,K-d-th GUCs, whereK9 andK- run from
1 to n. We then obtainDK from the (1,1) element of the
matrix MK

tot. Similarly, applying the boundary conditions
thex direction(see Appendix II), we obtain the transmissio
coefficient as

DK =
oK-=1

n
]E/]k1,K

y u2csK,K-,kxdu2

1

n
oK8,K9=1

n
]E/]kM,K8

y uMK8
tot

1,1u
2u2csK8,K9,kxdu2

s27ad

csK,K8,kxd ; cosfsK − K8dkxxGg. s27bd
The current densityJK is expressed as

Downloaded 22 Jun 2009 to 133.30.51.104. Redistribution subject to AIP
JK =E
rCNT

rCNT+dz

ncqvy dz, s28d

where nc is the carrier concentration,q is the electroni
charge(absolute value), vy is the group velocity,rCNT is the
radius of the CNT, anddz is the thickness of the graphi
Performing a simple calculation(see Appendix III), we fi-
nally obtain

JK =
2q

nxGh
o
ix,iy
E

−`

`

ffMsEd − f1sEdgDKdE, s29d

szigzagor armchaird.

The total currentI flowing from left to right is calcu
lated, integratingJK around the CNT as

I =E
0

nxGUC

JKdx= xGUCo
K=1

n

JK, s30d

szigzagor armchaird.

where xGUC is the circumferential dimension of the GU
Substituting Eqs.(27) and (29) into Eq. (30), we obtain

I2q

h
oix

1st−BZE
−`

`

hfMsEd − f1sEdj

3
oK,K-=1

n
]E/]k1,K

y c2sK,K-,kxd

oK8,K9=1

n
]E/]kM,K8

y uMK8
tot

1,1u
2c2sK8,K9,kxd

dE. s31d

C. Current density around the CNTs and I–V
characteristics

It is important to analyze not only theI –V characteris
tics but also the current-density distributions around the
cumference of thezigzagCNTs in order to apply them
electronic devices. Figure 5 shows the current-density d
butions around the CNTs for the biasV0=10 mV. Figures
5(a)–5(d) show the results forn=3, 4, 5, and 6, respective
The points indicated by the symbolsP, h, andm are those
for cases 1, 2, and 3, respectively. In cases 1 and 3
current-density distribution around the circumference of
CNTs is uniform for any metallic chirality. In contrast,
case 2, the current-density distribution is nonuniform in
zigzagCNTs because the dispersion curve in Fig. 3 is m
lic only when ix=n/3 or 2n/3, wheren=3,6,9, . . ..

On the other hand, Fig. 6 shows the current-density
tributions around thearmchairCNTs for the same bias. Fi
ures 6(a)–6(d) also show the results forn=3, 4, 5, and 6
respectively. In contrast to Fig. 5, the distributions around
circumference are always uniform in thearmchairCNTs be-
cause the dispersion curve in Fig. 4 is always metallic,
the argument of cos in Eq.(17) becomes 2psK−K8d, when
ix=n. It should be emphasized that the current distribut
around the CNTs are found to be controlled by both
chirality and the position of the excitation position of
electronic waves. Figures 7 and 8 show theI –V characteris

tics of the CNTs of thezigzagand armchair types, respec-
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tively. Figures 7 and 8(a)–8(d) show the results forn=3, 4,
5, and 6, respectively. The points indicated by the sym
P, h, and m are those for cases 1, 2, and 3, respectiv
Table I shows the differential conductance of the met
CNTs evaluated from theI –V characteristics in each exci

FIG. 5. Current-density distributions around the CNTs at thezigzagCNTs:
L=20; n=sad 3, (b) 4, (c) 5, and(d) 6; P: case 1,h: case 2, andm: case 3
the horizontal axis corresponds to thex axis in Fig. 1.

FIG. 6. Current-density distributions around the CNTs in thearmchair
CNTs:L=20; n=sad 3, (b) 4, (c) 5, and(d) 6; P: case 1,h: case 2, andm:

case 3.

Downloaded 22 Jun 2009 to 133.30.51.104. Redistribution subject to AIP
tion scheme. The conductance depends both on the exc
cases and the structures of the CNTs.

For case 1, the conductance of the CNTs with met
zigzagand armchair structures arenG0 and 2nG0, respec
tively, whereG0;2q2/h is the quantum conductance. Sin
in every case,fM − f1 is constant under a small bias condit
and the numbers of the propagation modes are always
difference in the conductance can be understood by inv
gating the transmission coefficientD for each case. For ca
1, the prefactor in Eq.(23) is 2q/ snhd and the transmissio
coefficients D become n2/2 and n2, respectively, whe
summed overK and K8, because the current densities h
sinusoidal and uniform distributions for each type. Th
fore, the conductances becomenG0 and 2nG0, respectively

For case 2, the conductance of the CNTs with met
zigzagandarmchairstructures areG0 and 2G0, respectively
This is also shown by Eq.(25). The prefactor is 2q/ snhd and
the transmission coefficientsD summed overK aren/2 and
n, respectively, because the current densities also have
soidal and uniform distributions for each type. Therefore
conductances areG0 and 2G0, respectively.

For case 3, the conductance of the CNTs with both
tallic zigzagandarmchair structures is 2G0. This is becaus
the prefactor is 2q/h and the transmission coefficientD is in
unity in Eq. (31).

IV. POSSIBLE APPLICATION

Based on the obtained transport characteristics, we
pose a ferrite device, which may work as a high-freque
filter (HFF),9,10 as shown in Fig. 9. The operation schem
this device is as follows: the high-frequency current flow
on one CNT may excite directly the spin waves in a fe
film beneath it, and these are received by the other C

FIG. 7. I –V characteristics at thezigzagCNTs:L=20; n=sad 3, (b) 4, (c) 5,
and (d) 6; P: case 1,h: case 2, andm: case 3.
Since in this device, the operating wavelength may be con-
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trolled by means of the chirality via the current-density
tributions on the CNTs, as investigated in the previous
tions, this device will work as a HFF. Although this sche
is similar to that of the conventional ferrite-based microw
filters, it has been difficult in such devices to control
dimensions of the metal electrodes to within 100 nm wh
is desired to extend the operating frequency up to the
hertz region. On the other hand, the diameters of the C
can be fabricated to scales as small as several nanomet
that the operating frequency of the proposed device ca
easily tuned to the terahertz region.

Conversely, this device may also work as a C
chirality-discriminating device because the current distr
tions are significantly controlled not only by the chirality
the CNTs but also by the excitation position of the electr
waves at the input terminal.

The insertion loss(IL) of the device is basically define
as the ratio of the input power to the output power and i
indication of the efficiency of the device. We can impro
both the IL and the impedance matching between th
source and the device by increasing the CNT’s conduct
as much as possible, since theIL decreases as the cond
tance increases. As shown in §3, the conductance is a
2G0 for the intrinsic CNTs, with a metallic chirality biased
a small voltage in the excitation of case 3. In order to
crease the conductance, we evaluate the characteristics
p-type CNTs rather than those of the intrinsic CNTs

TABLE I. Conductance of the metallic CNTs.

Excitation Zigzag Armchair

Case 1 nG0 2nG0

Case 2 G0 2G0

Case 3 2G0 2G0

FIG. 8. I –V characteristics at thearmchairCNTs:L=20;n=sad 3, (b) 4, (c)
5, and(d) 6; P: case 1,h: case 2, andm: case 3.
Downloaded 22 Jun 2009 to 133.30.51.104. Redistribution subject to AIP
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changing the position of the Fermi-levelEf, that is, by
changing the hole concentration in the CNTs. For the ev
ation, we used the Fermi-Dirac distribution function at
left and right electrodes, respectively, as defined by Eq.(20),
where, rather than using Eq.(21),

E1 = e0 + Ef and EM = e0 + Ef + V0 s32d

are assumed. Since it has been reported that the Ferm
ergy,Ef, is approximately −0.4 eV for thep-type CNTs,12 we
vary theEf from 0 to −0.4 eV in our analysis.

On the other hand, the thinner the diameter of the C
the higher the operating frequency of this device and
larger theIL. In this device, the diameters of the CNTs
n=18, 72, and 205 correspond to the operating wavele
of the spinwaves having frequencies of 5 THz, 1 THz,
0.1 THz, respectively.11 Figures 10(a)–10(d) show theI –V
characteristics of thep-type CNTs witharmchair structures
Figures 10(a)–10(d) show the results forn=3, 18, 72, an
205, respectively. The points indicated by the symbolsP, h,
m, L, and . are those forEf =0, −0.1, −0.2, −0.3, an

FIG. 9. The device CNTs that excite and receive directly the spin wav
a ferrite film.

FIG. 10. I –V characteristics at various Fermi levels:L=20;n=sad 3, (b) 18,
(c) 72, and(d) 205; P: Ef =0 eV, h: Ef =−0.1 eV, m: Ef =−0.2 eV, L:

Ef =−0.3 eV, and.: Ef =−0.4 eV.
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−0.4 eV, respectively. Figures 11(a)–11(d) show theG–V
characteristics for the same conditions as those of Fig
whereG is the differential conductance]I /]V.

We can improve the impedance matching between t
source and the device by increasing theEf, which is achieve
by increasingG at a small-biased voltage. When theEf is
0 eV, the I –V characteristic is linear andG is 2G0. The
reason is stated in the previous section. In contrast, wheuEfu
is larger than 0 eV, theI –V characteristic is nonlinear andG
is found to be larger than 2G0 because the numbers of t
propagation modes become larger. TheG for uEfuÞ0 eV in-
creases asn becomes larger because the numbers of
propagation modes increase, as seen in Figs. 3 and 4. W
controlG by means of theEf, andEf is controlled by chang
ing the hole or impurity concentrations in the CNTs. Fr
these results, we can improve the high-frequency po
matching of the ferrite device by controllingG by means o
Ef andn.

Although the macroscopic propagation loss of the
wave was obtained as the value proportional to the linew
of YIG,13 the microscopic propagation loss should be
tained by an analysis using a model that made the CNT
a ferrite film live together in an atomic scale. The analys
the atomic scale is one of our future subjects.

V. CONCLUSION

We have studied the transport properties of the CNT
coaxially rolled 2D graphite sheets based on both the LC
and the TM methods. We have evaluated the current-de
distributions around the circumference of the CNTs and
I –V curves in thezigzagand armchair CNTs. The curren
distributions are significantly controlled by the chirality

FIG. 11. G–V characteristics at various Fermi levels:G=]I /]V, and L
=20; n=sad 3, (b) 18, (c) 72, and(d) 205;P: Ef =0 eV,h: Ef =−0.1 eV,m:
Ef =−0.2 eV,L: Ef =−0.3 eV, and.: Ef =−0.4 eV.
the CNTs. More importantly, the current distributions are

Downloaded 22 Jun 2009 to 133.30.51.104. Redistribution subject to AIP
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found to be controlled by the excitation position of the e
tronic waves at the input terminal. We have considered
following three specific cases of the excitation position of
electronic waves at the input terminal:

(1) the electronic waves are excited around the entire
cumference of the CNT,

(2) the electronic waves are injected into the unit cellK8
=1 of the CNT, and

(3) the electronic waves are excited uniformly around
entire circumference of the CNT and are received a
average at each unit cell of the CNT.

In cases 1 and 3, the current-density distribution aro
the circumference of the CNTs is uniform for any meta
chirality. In contrast, in case 2, the electric current distr
tions around the circumference of the CNTs are found t
nonuniform in thezigzagCNTs, whereas they are uniform
the armchair CNTs.

Based on these findings, we have proposed a ferrit
vice, which will work as a high-frequency bandpass filter
well as a chirality discrimination device. The high-freque
current flowing in the CNTs may excite and receive dire
the spin waves in a ferrite film, where the operating wa
length may be controlled by means of the chirality via
current-density distributions on the CNTs and the excita
position of the electronic waves at the input terminal.
improve the performance of the ferrite device, we have
posed the increasing of the conductance of the electrod
adopting thep-type CNTs rather than the intrinsic CNTs. W
were able to improve the matching condition by mean
both theEf andn.

In the future, we will analyze the transport characte
tics of thechiral CNTs and the interaction between the
ternal electromagnetic field and CNTs in order to eval
more precisely the performance of the proposed device

APPENDIX A: DERIVATION OF THE AVERAGE
PROBABILITY CURRENT FLOW

The wave functionCksr d can be expressed as follows11

Cksr d = Fsr dexpsik · r duksr d, sA1d

whereFsr d is the amplitude and expsik·r duksr d is the Bloch
function. In a CNT, althoughFsr d is generally a vector com
prised of a set of amplitudes on each carbon atom, we tr
as a scalar for simplicity. The average probability curren
the Jth CUC flowing in they direction can be defined
follows:

J̄J =E
CUCsJd

Ck
* sr d

p̂y

m0
Cksr ddr , sA2d

where m0 is the electron mass. Since the amplitudeFsr d
varies slowly compared to the Bloch functions, we can
tain the following equation:

p̂y

Cksr d < FJ
expsik · r d

sp̂y + "kyduksr d,

m0 m0
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sin the Jth CUCd. sA3d

From this equation, the average probability current flow
be expressed as follows:

Applying operatorp̂y to Eq.(A3), we have the following
equation:

p̂y2Cksr d = FJ expsik · r dsp̂y + "kyd2uksr d. sA5d

Substituting Eq.(A5) into the Schrödinger equation, w
obtain

Hskduksr d = Euksr d, sA6ad

Hskd =
sp̂y + "kyd2

2m0
+ Vsr d. sA6bd

From Eqs.(A4) and (A6) and applying the Hellmann
Feynman theorem,7 we finally obtain Eq.(8) as

J̄J =
1

"
uFJu2E

CUCsJd
uk

* sr d
]Hskd

]ky uksr ddr ,

=uFJu2E
CUCsJd

uk
* sr d

1

"

]Eskd
]ky uksr ddr ,

=
1

"

]Eskd
]ky uFJu2. sA7d

APPENDIX B: APPLYING THE BOUNDARY
CONDITIONS TO THE X DIRECTION

The probability current flow toward thex direction J̄J,K
x

is expressed as

J̄J,K
x =

1

"

]E

]kJ,K
x uFJ,Ku2. sB1d

To conserve the average probability current flow and
probability density, we can impose boundary conditio
such that the current is flowing toward they direction as

5 FJ,K is continuous at the interface,

1

"

]E

]kJ,K
x FJ,K is continuous at the interface.6 sB2d

The amplitude in theKth GUC is expressed as

FJ,Ksx,yd = hAJ,K expfikxsx − xJ,K
C dg + CJ,K

3expf− ikxsx − xJ,K
C dgjexpfikJ

ysy − yJ,K
C dg

+ hBJ,K expfikxsx − xJ,K
C dg + DJ,K

3expf− ikxsx − xJ,K
C dgjexpf− ikJ

ysy − yJ,K
C dg,

sB3d

where the coordinatesx andy run within the GUC and we le
kx;kJ,K

x , because it is independent ofJ andK. The amplitude
FJ,Ksx,yd can be expressed in terms of the propagating w
toward the circumferential directions of clockwise(1) and

counterclockwise(2) as

Downloaded 22 Jun 2009 to 133.30.51.104. Redistribution subject to AIP
s

FJ,K
x+ sx,yd = hAJ,K expfikJ,K

y sy − yJ
Cdg + BJ,K

3expf− ikJ,K
y sy − yJ

Cdgjexpfikxsx − xK
Cdg,

sB4ad

FJ,K
x− sx,yd = hCJ,K expfikJ,K

y sy − yJ
Cdg + DJ,K

3expf− ikJ,K
y sy − yJ

Cdgjexpf− ikxsx − xK
Cdg.

sB4bd

Applying the continuity conditions in Eq.(B2), we ob-
tain the following conditions at the interfacex=sxK

C

+xK+1
C d /2, syJ−1

C +yJ
Cd /2,yø syJ

C+yJ+1
C d /2:

FJ,K
x+ + FJ,K

x− = FJ,K+1
x+ + FJ,K+1

x− , sB5ad

]E

]kJ,K
x FJ,K

x+ −
]E

]kJ,K
x FJ,K

x− =
]E

]kJ,K
x FJ,K+1

x+ −
]E

]kJ,K
x FJ,K+1

x− . sB5bd

Equations(B5a) and (B5b) are expressed as

AJ,K+1 + BJ,K+1 = RsAJ,K + BJ,Kd, sB6ad

CJ,K+1 + DJ,K+1 =
1

R
sCJ,K + DJ,Kd, sB6bd

where

R= expfikxsxK+1
C − xK

Cdg = expsikxxGd, sB7ad

xG = xK+1
C − xK

C. sB7bd

Because there is no reflection at the output terminJ
=1, we have

B1,K = D1,K = 0, K = 1,2, . . . ,N. sB8d

Because the propagating waves toward the circumf
tial directions of clockwise(1) and counterclockwise(2)
have the reciprocity, the absolute values of the amplit
A1,K and C1,K are equal andA1,K and C1,K can be equal a
K=K8 as

A1,K8 = C1,K8. sB9d

From Eqs.(B6)–(B9), we obtain the following relatio
for the amplitudes as:

A1,K + C1,K = 2 cosfsK − K8dkxxGgA1,1. sB10d

APPENDIX C: CALCULATION OF THE CURRENT
DENSITY

The current densityJK is expressed as

JK =E
rCNT

rCNT+dz

ncqvydz, sC1d

where,

nc =
1

s2pd3 E d3k 3 2hfMsEdf1 − f1sEdg
− f1sEdf1 − fMsEdgjDK, sC2ad
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vy =
1

"

]E

]ky =
1

"

dE

dky . sC2bd

Equation (C1), where d3k=dkxdkydkz, 0,kxø2p /a,
0,kyø4p /Î3a, and 0,kzø2p /dz for the zigzagtypes, is
expressed as

JK =E
rCNT

rCNT+dz

dz
1

s2pd3E
0

2p/a

dkxE
0

4p/Î3a

dkyE
0

2p/dz

dkz

2hfMsEd − f1sEdj
q

"

dE

dkyDK. sC3d

In Eq. (C3),

E
rCNT

rCNT+dz

dz= fzgrCNT

rCNT+dz = dz, sC4d

usingkx=2pix/NxG,

E
0

2p/a

dkx =
2p

NxG
E dix =

2p

NxG
o
ix

1st−BZ

, sC5d

E
0

4p/Î3a

dky dE

dky =E
−`

`

dE, sC6d

E
0

2p/dz

dkz = fkzg0
2p/dz =

2p

dz
. sC7d
Downloaded 22 Jun 2009 to 133.30.51.104. Redistribution subject to AIP
From Eqs.(C4)–(C7), we obtain the following curren
density as:

JK =
q

p"

1

NxG
o
ix

1st−BZE
−`

`

dEhfMsEd − f1sEdjDK. sC8d
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