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Electronic transport in carbon nanotubes using the transfer-matrix method
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(Received 15 March 2004; accepted 23 August 2004

We have studied the basic conductive characteristics in carbon nan¢@N&s 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 CNTSs. In addition, we found that the performance of the
device can be improved by using tipetype CNTs as the excitation electrodes rather than the
intrinsic CNTs. ©2004 American Institute of Physid®Ol: 10.1063/1.1806550

I. INTRODUCTION device that will work as a bandpass filter in the terahertz
frequency domain. The relationships between the perfor-

Since the discovery of carbon nanotub@NTs),! the  mance of the device and the position of the Fermi level in the

properties of CNTs have attracted a great deal of interest dueNTs are discussed. Such devices may cultivate a field of

to their unique structures and promising properties. For exapplication for the CNTs. And in the final section, the con-

ample, CNTs have an ample mechanical strength and elusions are summarized.

higher conductivity than the conventional materials such as

iron and silicon. It has been gwte dIffICL!|t to fabrpate eIec—”_ BAND STRUCTURES OF CNTS WITH ARBITRARY

trodes of less than 100 nm in conventional semiconductofraLITY

devices such as integrated circuits. However, the diameters

of CNTs can be easily controlled at sizes as small as several Figure 1 shows a schematic model of a CNT under an

nanometers. In addition, the great advantage of CNTs ovetpplied bias voltag¥,. The left and right graphite unit cells

the conventional materials is that a diameter control can béGUCS in Fig. 1 correspond to thgigzagand armchair

achieved by means of self-organization and ballistic conducCNTSs, respectively. The graphite sheet consists of GUCs, as

tivities. One of the main considerations in applying suchshown in the lowest figure, whereh™ or “ ¥” stands for a

CNTs to electronic devices, however, is controlling the con-carbon atom on thé site orB site, respectively, in the hon-

ductivity and the current-density distributions on the CNTseycomb lattice. Since the CNT is comprised of coaxially

by means of their chirality.

In this paper, we study the basic conductive characteris- ’—m Vo
tics in CNTs to apply to a high-frequency device. The current y
in the CNTs is rigorously treated within the framework of CNT
guantum mechanics. In the next section, the models of CNTs I=0¥1.1, .\,
are described and the band structures of CNTs are analyzed e m_1 ;“:
based on the linear combination of atomic orbitdl€AO)
expansion method. In particular, the difference in the band K=1 yC’ cuc
structures of the CNTs depending on the chirality is dis- K=N 7
cussed. In Sec. lll, the calculation method for the analysis of % X
the electron-transport properties in the CNTs by the transfer- 4
matrix (TM) method is presented. The results of the calcu- ‘(\Fi K IGUC
lated |-V characteristics are also discussed in this section. In ~y ]

Sec. IV based on the obtained results, we propose a ferrite ﬁ J J+1T

Ipresent address: Graduate School of Science and Technology, Kobe UfiG. 1. Schematic models of CNTs viewed as the coaxially rolled graphite
versity, 1-1 Rokkodai, Nada-ward, Kobe City, 657-8501, Japan; electronisheets under a biased condition: the left and right GUCs correspond to the
mail: 993d914n@y01.kobe-u.ac.jp zigzagand armchair CNTs, respectively.
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rolled two-dimensiona(2D) graphite sheet, each CNT unit
cell (CUC) consists of GUCs and the entire CNT is com-
prised of CUCs, as shown in the middle figure. The circum-
ferential vector of the tub€ is called the chiral vector and is
generally expressed &=n,a+n,b, wherea andb are the
primitive translational vectors in the honeycomb lattice. Usu-
ally, a CNT with this chiral vector is called am4,n,) or a
chiral nanotube. In particular, afn,0) nanotube is called a
zigzagnanotube and afn,n) nanotube is called aarmchair
nanotube. The uppermost figures show the potential distribu-
tion under a biased condition. The potential in each CUC is
assumed to be constant, for simplicity.

To calculate the band structures of the CNTs without an
applied bias voltage, we adopt a simple tight-binding model
in which an on-site energy, on a carbon atom and a
hopping-energyy between the nearest neighbors are as-
sumed. We use the following values throughout this paper:
€=-2.18 eV andy=2.31 eV?

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

L+220°
dpk(r) = W% eXTAd(r —1p),
cucC (1)
= JER2 S gkragr - [ —
Ppi(r) = NM rEBEI BO(r —rp), -10 5 [eV]

(b)

wherek is the wave vectorp is the 7= atomic orbital of a
carbon atomN is the nu.mb.er of GUCs arounq the circum- FIG. 2. Equipotential plot of the energy bands in a graphite skieeanti-
ference of t_he CUC, WhICh is equal tofor the zigzagtypes bonding energy ban¢t branch and(b) bonding energy ban¢— branch.
andarmchairnanotubesM is the number of GUCs along the

CNT, L is the number of CUCs along the CNT, and and

rg are the positions of the sites and B, respectively. The Wi (r +C) =Wy (r)explik - C) =Wy (r). 4
wave-function¥,(r) can be expanded by a linear combina- grom this boundary condition, we obtain theantizedvave
tion of the Bloch functionsp,,(r) and ¢g(r), that is vectors in thex direction as
Wy (r) = Cacpa(r) + Caeppy(r). (2 2%
- . - . K==, (i"=0,21,£2,-). (5)
Substituting Eq.(2) into the Schrédinger equation, we Vn?+ nm+ mfa
can easily obtain th&-k dispersion relations of the graphite ) ) )
sheet as From Eqgs.(3) and(5), we obtain the eigenvalue equation of
the chiral nanotube as
Ek) =€ty
(€= E)” = 1 + 8 cogk™y + K'yy)
k.a k.a \Ek::a
X \/1+4cod -t 4 co 5 )Y T ) (3) X cogK%, + KYy,)cogkx; + KYy3)] = 0, (6)

: . . : h
wherea is the lattice constant and the minus sign) and where

plus sign(+) denote the bonding and antibonding energy (n-ma - /§(n+m)a

) . 9 X = ——— =
b:?mds, re§pectlyely. Thg obtained resu]ts exacFIy coincide 1 A2+ nm+ e Y1 2+ nm+ m2
with the dispersion relation of the graphite Sh%Engure 2

shows the equipotential contour plot of the dispersion rela-

tion in the graphite sheet. The branch and- branch ener- Xy = M1 Yy = ﬂ, )
gies become degeneratéde,) at point K, e,y along the 4\n? + nm+ m? 4\n? + nm+ m?

line MM, and e;+ 3y at pointI‘,3 respectively. As stated be-

fore, because a CNT consists of a coaxially rolled 2D graph- (n+2m)a V3na

H H H H i~ Xy = —F/——, e
ite sheet, CNT dispersion curves can be objcamed b_y shqng 3 4\m Y3 4\m
the contour along an appropriate line determined by its chiral

vector. Analytically, the dispersion relation of a CNT with We can evaluate the dispersion curves of the CNT with
the (n,m) chirality can be obtained by imposing the periodic the arbitrary chirality from Eq(6). For the clarity of under-
boundary conditions in the circumferential direction, standing, however, we confine ourselves to the analysis of
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FIG. 4. Dispersion curves of tharmchair CNTs: chirality=(n,n); n
=(a) 3, (b) 4, (c) 5, and(d) 6, respectively.
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FIG. 3. Dispersion curves of ttegzagCNTs: chirality=n, 0); n=(a) 3, (b)
4, (c) 5, and(d) 6, respectively.

the zigzagand armchair CNTs in this paper.

The dispersion relation of theigzagCNTs can be ob- TM method to analyze the propagation of electron waves in
tained by simply settingn=0 in Egs.(5) and (6). Figure 3 the CNTs. The TM method will be described in detail, be-
shows the band structures of thigzagCNTs withn=(a)3,  cause we are interested in not only the quantum conductance
(b)4, (c)5, and(d)6, respectively. We have plotted only the but also in the current distribution in the CNTs for a practical
branches with the positive group velocities. This is because @pplication, as will be described in Sec. IV.
is convenient to classify the branches according to the posi-
tive or negative group velocity when calculating the elec-
tronic current propagating in the CNTs. The branches having
the negative group velocities can be obtained by simply tak-
ing the mirror reflection of the positive branches at the centefA- Boundary conditions at the interface of CUCs
of the.BriIIouin zone due to the symmetric properties of the  Ag shown in Fig. 1, when an external bids is applied
graphite sheet band structure. It should be noted that thg, the CNT, there is a potential difference between the neigh-
dispersion curves always cross for the case8N, with N p5ring two CUCS, because we have assumed the potential to
being an integer. In other words, t_he energy gap disappeags, constant in each CUC for a simplicity. For a more precise
and thezigzagtubes become metallic. Among the four CNTS getermination of the voltage drop in the CNT, the potential

shown in Fig. 3, the3, 0) and(6, 0) CNTs are metallic. should be determined by the Poisson equatitm.order to
On the other hand, the d'SPerS_'O”_ relations of &@- ., nserve the probability density flow as well as the probabil-
chair CNTs are obtained by settimg=n in Egs.(5) and(6). ity density, the existing electron waves must be connected

Figure 4 shows the band structures of #menchair CNTS. 555 0priately at the interface of the neighboring CUCs, i.e.,
Again, the energy gap always vanishes for menchair  penyeenJ and J+1. Let F, be the amplitude vector com-
CNTs, i.e., they are alvx{ays_ metglllc. Due to the graphlteprised of a set of amplitudes expressed in terms of the Bloch
sheet band structure, the given in Eq.(6) is restricted  f,nctions in thedth CUC. Then, the average probability cur-

within -(n-1), -(n-2),...,0,1,2,...n for both thezigzag . )
. N rent flow J; is expressed as follows using the Hellmann-
and armchair CNTs. We plotted only the branches with .
SFeynman theoreMm(see Appendix

=1,2,...n, because it is convenient to classify the branche

according to the circumferential direction when we calculate  — _ | 1 JE £ 12 8
the electronic current propagating in the CNTs. I 4 ok J| i (8
IIl. CURRENT IN CNTS To conserve the average probability current flow and prob-

In this section, a quantum-mechanical method is deability density, we impose boundary conditions equivalent to
scribed for the calculation of the current in CNTs. We use thdhose in the effective-mass the&ﬁ/

Downloaded 22 Jun 2009 to 133.30.51.104. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



6672 J. Appl. Phys., Vol. 96, No. 11, 1 December 2004

F; is continuous at the interface,

10E 9
Z kyFJ is continuous at the interface.

B. Transfer matrices of CNTs
The amplitude in th&th GUC is expressed as
Fa(xy) = {Ay exdik(x = x5)]
+ Cy expl = i Ox =G Trexiiki(y — y5i)]
+{B,x explik“(x = x5, )1+ Dk
xexp = ik(x = x50 Trexd - ik¥(y - y5i)1,
(10)

where the coordinatex and y run within the GUC. The

amplitudeF, (x,y) can be expressed in terms of the propa-

gating waves toward the riglit-) and the left(—) as
FgTK(va) ={A;k exdik*(x - X.(]:,K)] +Cyk
xexpl = ik =G Trexeliki(y = 5],
(113

Fg,_K(X.Y) ={B;x explik(x - XSZ‘K)] +Djk
xexf - ikx - x5 ) Texpd - iKY (y - y§i) 1.
(11b)

Applying the continuity conditions in Eq9), we obtain
the following conditions at the interfage= (y5+y5,1 x)/2:

Pkt Pk =Fik+ Flk (129

JE

E .
S

_Epp E
(9k3+1 J+1K

y-
Equations(12g and (12b) are expressed in a matrix
equation using the transfer-matiA; as

A +C A;x+C
( J+1 K J+1,K> — MJ( J,K J,K) (136)
Byi1k + Darik Bk +Dyk
where
I p@) DA
[P at’Q
M,= (a(_J)/Q(J) af)/ P(J)) (13D
The matrix elements of the transfer matrix are
1 JEIIKY
a&J):—<1i J ), (143
2 IEI kY, 4
c _.C
PO = exp{ (I, + kﬁ)%} , (14b)
c _.C
QU= exp{i(kg+1 - kg)%] . (140

The entire transfer-matrixM™t is obtained from Eqg.
(13b) by multiplying each transfer-matrii; from J=1 to
M-1 as

Umegaki et al.

MtOt:MM_l"'MJ"'Ml. (15)

Note that we have labeled the indices frdvin(input) to
1 (outpu) in Eg. (15. The transmission coefficient
Dk is defined as the ratio of the input and output
probability currents, which are obtained from tfie 1) ele-
ment of the matrixM'™ as

IEI K| ALk + C1,K|2
IEI K| Ay k + Cr |2

D kn—ak =

1 JEIKY ALk + Cy k|
|Mt0t A IEL A + Crpr

(16)

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

1 /K

———1 1
M, 4|2 9E/9KY, (7

C
D(M,K’)H(l,K) = CO§[kX(XK, - XE)]

The current density/ k1) IS expressed as

Tmk) -1k =N, (18)

where n. is the carrier concentratiorg is the electronic
charge(absolute valug andvY is the group velocity. Per-
forming a simple calculation, we finally obtain

2qE

||y

Jmkn—ak = f [fm(E) - f2(B)]

XD k- xdE, (19)

wherexg is a and V3ais for the zigzagand armchair types,
respectively, andy, and f; are the Fermi-Dirac distribution
functions at the left and right electrodes, respectively, defined

by

1 E-E! E-EM
fM(E) - fl(E) = E|:tan .‘( 2kBT ) - tan .'( 2kBT >:|1

(20)

where the Fermi level is assumed to be zero and

El=e andEM = ¢+ V. (21)

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

Since the properties of the contacts between the CNT
and the metal electrodes attached to it have not been clarified
either experimentally or theoretically, we consider the three
specific cases of the excitation position of the electronic
waves at the input termindl=M in the following:

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

the electronic waves are injected into the unit dell

=1 of the CNT, and

the electronic waves are excited uniformly around the
entire circumference of the CNT and are received as an
average at each unit cell of the CNT.

2
©)

In case 1, the current density is

Downloaded 22 Jun 2009 to 133.30.51.104. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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n renT+oz
Je=2 TMK)—(1K) (22) JK=f n.quY dz, (29)
K'=1 FenT
where n. is the carrier concentratiorg is the electronic
charge(absolute valug v¥ is the group velocityrcyt is the
radius of the CNT, andz is the thickness of the graphite.

and the total currerif flowing from left to right is calculated,
integrating 7x around the CNT as

2 n Performing a simple calculatio(see Appendix II}, we fi-
= h > > | [fu® - f1(E) 1D k- dE, nally obtain
K,K'= 1'x'y 2 o0
Te= S | ()= H(ENDE (29
(zigzag or armchair. (23) Y
In case 2, since the summation oWer should be done (zigzagor armchair).

only for K’'=1, the current density is given b . . .
Y Vic1s g y The total currentZ flowing from left to right is calcu-

Tk = TM.1—1K) (24) lated, integrating7x around the CNT as
nXg
and the total curreri is calculated integratingy around the sz o Tkdx=Xeue Tk (30)
CNT as 0 K=1

2q (zigzagor armchair).
hE > f[fM(E)_fl(E)]D(M,l)—»(l,K)dEa (25)

K=1iyiy where Xgyc is the circumferential dimension of the GUC.
Substituting Eqs(27) and(29) into Eqg. (30), we obtain

2 1stBz [
T3 J {fu(E) - 1y(E)}

(zigzag or armchair.

In case 3, rather than using E@.6), the transmission
coefficientDy is defined as the ratio of the input and output

probability currents as EK g TEIIKY ( CP(K, K™, K9) a1
X dE. 31
En 3, En . (9E/(9k),\/,| K,||\/|}2}111|2C2(K/,K",kx)
K!/I_l 1 K KIH
Dy = , (269
_EK KH M K! K!I i
C. Current density around the CNTs and -V
characteristics
‘]X’K’K’ = ky |A1K Ciil2 (26b) It is important to analyze not only thie-V characteris-
1K

tics but also the current-density distributions around the cir-
cumference of theigzagCNTs in order to apply them to
_ electronic devices. Figure 5 shows the current-density distri-
Mk = K, |M}2t1,1(AM,K+CM,K)|2- (260  Dputions around the CNTs for the bidg=10 mV. Figures
J 5(a)-5(d) show the results fon=3, 4, 5, and 6, respectively.

In Eq. (26), the input probability current is averaged The points indicated by the symbo®s, [], and A are those
over the input CUC, wher&’ runs from 1 ton. The input  for cases 1, 2, and 3, respectively. In cases 1 and 3, the
and output probability currents flow by the electronic wavescurrent-density distribution around the circumference of the
excited at each input GUC and summed over theCNTs is uniform for any metallic chirality. In contrast, in
(M, K")-th and(M,K")-th GUCs, wher&k” andK” run from  case 2, the current-density distribution is nonuniform in the
1 to n. We then obtainDy from the (1,1) element of the zigzagCNTs because the dispersion curve in Fig. 3 is metal-
matrix Mi". Similarly, applying the boundary conditions to lic only wheni*=n/3 or /3, wheren=3,6,9,....

the x direction(see Appendix Ij, we obtain the transmission On the other hand, Fig. 6 shows the current-density dis-
coefficient as tributions around th@rmchair CNTs for the same bias. Fig-
ures §a)—6(d) also show the results fan=3, 4, 5, and 6,
E K= I/ K], |2c(K, K™, K¥)[2 respectively. In contrast to Fig. 5, the distributions around the
Dk = circumference are always uniform in taemchair CNTs be-
12 iy 5E/‘7k)n//| K/|Mt+?f1,12|20(K’1K"1kx)|2 cause the dispersion curve in Fig. 4 is always metallic, and

the argument of cos in Eq17) becomes Z(K-K’), when
(273 i*=n. It should be emphasized that the current distributions
around the CNTs are found to be controlled by both the
chirality and the position of the excitation position of the
electronic waves. Figures 7 and 8 show th&/ characteris-
The current density/k is expressed as tics of the CNTs of thezigzagand armchair types, respec-

c(K,K’",K) = cod (K = K")K**s]. (27b)
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OneofthﬁGUCs partition of GUCs Oneofthe GUCs  partition of GUCs
4— 4=
é 3.. ) g 3
T ol A -A =9
i K\ 7
R
0 o-a——un—'=u 1
0 xnisofc) 1t 0 x [units of C]
(a) (b)
Oneofthe GUCs partition of GUCs Oneolthe GUCs _Pation o GUCs
4 N 4/ —
gg g 3L —4——t—0—0
£, 2,
> N
1 1,..11\ et gl ik
Ly, ST Bl V.. )
0 X [units of C] 0 X funits of C}
(c) (d)

FIG. 5. Current-density distributions around the CNTs atZiggagCNTs:
L=20;n=(a) 3, (b) 4, (c) 5, and(d) 6; ®: case 1[1: case 2, and: case 3;
the horizontal axis corresponds to thexis in Fig. 1.

tively. Figures 7 and @)—8(d) show the results fon=3, 4,

Umegaki et al.

10 1)
8 8
l—6 —
3 3P
=~ 4 had 4. : R H
2 Qb )
ol =
024y, e[m'ws "o
(a) (b)
1 10
8 8
~ 4 ~ 4 . /
2 ) // —
Rl Rl Ml Bl R 004152%2:-5:;@—- _10
Vo “lmv] Vo Svf
(c) (d)

FIG. 7. 1=V characteristics at theigzagCNTs:L=20;n=(a) 3, (b) 4, (c) 5,
and(d) 6; @: case 1[1: case 2, andh: case 3.

tion scheme. The conductance depends both on the excitation
cases and the structures of the CNTSs.

For case 1, the conductance of the CNTs with metallic
zigzagand armchair structures areGy and hG,, respec-

5, and 6, respectively. The points indicated by the symboldively, whereG,=2g?/h is the quantum conductance. Since
@, [, and A are those for cases 1, 2, and 3, respectivelyin every casefy —f; is constant under a small bias condition
Table | shows the differential conductance of the metallicand the numbers of the propagation modes are always 2, the
CNTs evaluated from the-V characteristics in each excita- difference in the conductance can be understood by investi-

Oneifthe GUCs  partition of GUCs One of the GUGs  Partilion of GUCs
f———— T g
) )
| & 1} g |
0 1 0 1
0 X [units of C] 0 X [units of C]
(a) (b)
Oneofthe GUCs  Partiion of GUCs One ofthe GUCs  Partition of GUCs
4 —’r\ = = R 4/‘/‘\—\ - = ~ = =
2, £,
) )
1
L s e 1 -2
0 0
0 xfunisofc}  t 0 x [unitsof C) !
(c) (d)

FIG. 6. Current-density distributions around the CNTs in #renchair
CNTs:L=20;n=(a) 3, (b) 4, (c) 5, and(d) 6; @: case 1[1: case 2, andh:
case 3.

gating the transmission coefficief for each case. For case
1, the prefactor in Eq(23) is 2q/(nh) and the transmission
coefficients D becomen?/2 and n?, respectively, when
summed oveK andK’, because the current densities have
sinusoidal and uniform distributions for each type. There-
fore, the conductances becom&, and G, respectively.

For case 2, the conductance of the CNTs with metallic
zigzagandarmchair structures ar&, and 25, respectively.
This is also shown by Eq25). The prefactor is @/ (nh) and
the transmission coefficienf8 summed oveK aren/2 and
n, respectively, because the current densities also have sinu-
soidal and uniform distributions for each type. Therefore, the
conductances arg, and X5, respectively.

For case 3, the conductance of the CNTs with both me-
tallic zigzagandarmchair structures is &,. This is because
the prefactor is 8/h and the transmission coefficiebtis in
unity in Eq.(31).

IV. POSSIBLE APPLICATION

Based on the obtained transport characteristics, we pro-
pose a ferrite device, which may work as a high-frequency
filter (HFH,Q’10 as shown in Fig. 9. The operation scheme of
this device is as follows: the high-frequency current flowing
on one CNT may excite directly the spin waves in a ferrite
film beneath it, and these are received by the other CNT.
Since in this device, the operating wavelength may be con-
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CNTs current

ferrite
wavelength \ spin

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

changing the position of the Fermi-levé;, that is, by
changing the hole concentration in the CNTs. For the evalu-
ation, we used the Fermi-Dirac distribution function at the
left and right electrodes, respectively, as defined by(EQ),
where, rather than using ER1),

& o U e

el e
072 Ay G0 02 4,68 10 El=e+E and EM = gy + E +V, (32)

[
(c) () are assumed. Since it has been reported that the Fermi en-
ergy, Ey, is approximately —0.4 eV for the-type CNTs'? we
vary theE; from O to —-0.4 eV in our analysis.

On the other hand, the thinner the diameter of the CNTs,
trolled by means of the chirality via the current-density dis-the higher the operating frequen_cy of this device and the
tributions on the CNTs, as investigated in the previous secarger thell.. In this device, the diameters of .the CNTs for
tions, this device will work as a HFF. Although this schemen:18’ 72.’ and 205 cgrrespond to.the operating wavelength
is similar to that of the conventional ferrite-based microwaveOf the spinwaves havmg frequencies of 5 THz, 1 THz, and
filters, it has been difficult in such devices to control the0-1 THZ, .re.spect|vel§/? Figures 1()a?—1((d) Sh_OW thel -V
dimensions of the metal electrodes to within 100 nm when i haracterlstlcs of the-type CNTs witharmchair structures.
is desired to extend the operating frequency up to the terg-'gures 10a)_—1((d) show_the_res_ults fon=3, 18, 72, and
hertz region. On the other hand, the diameters of the CNT§05’ respectively. The points indicated by the symidb/s],
can be fabricated to scales as small as several nanometers,@o ¢, andV are those for&=0, -0.1, 0.2, -0.3, and
that the operating frequency of the proposed device can be

<

FIG. 8. 1-V characteristics at thermchairCNTs:L=20;n=(a) 3, (b) 4, (c)
5, and(d) 6; @: case 1[1: case 2, andA: case 3.

easily tuned to the terahertz region. 100 : - 100 :
Conversely, this device may also work as a CNT 0 tube(i}, 3 : o 80. mw(1?,1s)
chirality-discriminating device because the current distribu-  Eed4e _
tions are significantly controlled not only by the chirality of <60} G <§60-
the CNTs but also by the excitation position of the electronic <41 . ﬁfix L N
waves at the input terminal. eV
The insertion losglL) of the device is basically defined 20/ / . : a0 /
as the ratio of the input power to the output power and isan 5 V00-1 M0.15 52 0 0% v0°'1 M0'15 )

indication of the efficiency of the device. We can improve

both thelL and the impedance matching between the rf b
source and the device by increasing the CNT’s conductance (2) (b)
as much as possible, since the decreases as the conduc- 10— 7 10—y
tance increases. As shown in §3, the conductance is always gy g4y .~ 80 A |
2G, for the intrinsic CNTs, with a metallic chirality biased at ~ _ Pl y .-";"'/,f/mev g
a small voltage in the excitation of case 3. In order to in- <80r 5" f.zﬂ"'— 1 2160 i pazey g -
crease the conductance, we evaluate the characteristics of the< 4gi... <s’ ‘,/" Gtev—4 ~40 ;/ }/41 tov /
. .. e - i
p-type CNTs rather than those of the intrinsic CNTs by 2 ;, s r//‘igm‘ 2 51,/ - »ﬁ‘
TABLE I. Conduct f the metallic CNT: 0= } Zt L L
. Conductance o e metallic S. 005 v001 M015 02 0- 005 V001 M015 02
Excitation Zigzag Armchair (C) (d)

Case 1 nGy 2nGy

Case 2 Gy 2G, FIG. 10.1-V characteristics at various Fermi levels: 20; n=(a) 3, (b) 18,

Case 3 5, 2G, (c) 72, and(d) 205; @: E;=0eV, [I: E;=-0.1 eV, A: E;=-0.2 eV, O:

E;=-0.3 eV, andV: E;=-0.4 eV.
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—_
=]
—

found to be controlled by the excitation position of the elec-
tronic waves at the input terminal. We have considered the
following three specific cases of the excitation position of the
electronic waves at the input terminal:

0
| tube(3,3) . f lube{18, 18)

(1) the electronic waves are excited around the entire cir-
cumference of the CNT,
: ' . (2) the electronic waves are injected into the unit dell
0.05 V00.1 M0.15 0.2 =1 of the CNT, and
(3) the electronic waves are excited uniformly around the
(b) entire circumference of the CNT and are received as an
average at each unit cell of the CNT.

G [units of 2Go]

oo N A‘ vO’{ G)

G [units of 2Go}

E=odev : In cases 1 and 3, the current-density distribution around
"""""" the circumference of the CNTs is uniform for any metallic
_ chirality. In contrast, in case 2, the electric current distribu-
42 ’v\< """" . tions around the circumference of the CNTs are found to be
m}\; ~~~~~ ?‘\‘ nonuniform in thezigzagCNTSs, whereas they are uniform in
v ‘ T the armchair CNTs.
005 01 045 02 0 005,01,..015 02 Based on these findings, we have proposed a ferrite de
Voo WM vice, which will work as a high-frequency bandpass filter, as
(c) (d) well as a chirality discrimination device. The high-frequency
current flowing in the CNTs may excite and receive directly
FIG. 11. G-V characteristics at various Fermi levels=4l/4V, and L the Spin waves in a ferrite f||m, where the Operating wave-
Ez_o;_gzz(a) 3,(b) 18,(c) 72, and(d) 205, ®: E;=0 eV,[: E=-01eV.A: 10004 may be controlled by means of the chirality via the
=—0.2eV,0: E;=-0.3 eV, andV¥: E;=-0.4 eV. . S A
current-density distributions on the CNTs and the excitation
position of the electronic waves at the input terminal. To
improve the performance of the ferrite device, we have pro-
osed the increasing of the conductance of the electrodes by
?dopting thep-type CNTs rather than the intrinsic CNTs. We
"vere able to improve the matching condition by means of
both theE; andn.

In the future, we will analyze the transport characteris-
tics of thechiral CNTs and the interaction between the ex-
ternal electromagnetic field and CNTs in order to evaluate
more precisely the performance of the proposed device.

G [units of 2Go]

o N b o ™

G [units of 2Go]

S oI FIVRS

-0.4 eV, respectively. Figures &-11(d) show theG-V
characteristics for the same conditions as those of Fig. 1
whereG is the differential conductancé/JV.

We can improve the impedance matching between the
source and the device by increasing Ehewhich is achieved
by increasingG at a small-biased voltage. When tkg is
0 eV, the |-V characteristic is linear an® is 2G,. The
reason is stated in the previous section. In contrast, WEgn
is larger than O eV, the-V characteristic is nonlinear argl
is found to be larger than@&, because the numbers of the
propagation modes become larger. Théor |E;|#0 eV in-
creases as becomes larger because the numbers of the
propagation modes increase, as seen in Figs. 3 and 4. We cAfPENDIX A: DERIVATION OF THE AVERAGE
control G by means of th&;, andE; is controlled by chang- PROBABILITY CURRENT FLOW
ing the hole or impurity concentrations in the CNTs. From
these results, we can improve the high-frequency power
matching of the ferrite device by controlling by means of W, (r) = F(r)explik - r)ug(r), (A1)

E; andn.

Although the macroscopic propagation loss of the spirwvhereF(r) is the amplitude and exik-r)u,(r) is the Bloch
wave was obtained as the value proportional to the linewidtunction. In a CNT, althouglfr(r) is generally a vector com-
of YIG,*® the microscopic propagation loss should be ob-prised of a set of amplitudes on each carbon atom, we treat it
tained by an analysis using a model that made the CNTs an@s a scalar for simplicity. The average probability current in
a ferrite film live together in an atomic scale. The analysis inthe Jth CUC flowing in they direction can be defined as
the atomic scale is one of our future subjects. follows:

The wave function?,(r) can be expressed as follows:

_ Ay
V. CONCLUSION J;= f qf’;(r)p—qfk(r)dr, (A2)
cuc) My

We have studied the transport properties of the CNTs as
coaxially rolled 2D graphite sheets based on both the LCAGvhere m, is the electron mass. Since the amplitue )
and the TM methods. We have evaluated the current-densityaries slowly compared to the Bloch functions, we can ob-
distributions around the circumference of the CNTs and theain the following equation:
|-V curves in thezigzagand armchair CNTs. The current ) )
distributions are significantly controlled by the chirality of P_yq, (r)~F explik 'r)('*y_‘_ﬁky)u ()
the CNTs. More importantly, the current distributions are mg k J P K
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(in the Jth CUC). (A3)

From this equation, the average probability current flow can

be expressed as follows:

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

P2, (r) = Fyexplik - r) (DY +AKY)2u(r). (A5)

Substituting Eq(A5) into the Schrodinger equation, we
obtain

H(K)uy(r) = Eu(r), (A6a)

H(k) = +V(r).

~ 2
—(py; i) (ABb)

From EQgs.(A4) and (A6) and applying the Hellmann-
Feynman theorerhwe finally obtain Eq(8) as

— 1
JJ=%|FJ|2f Uy (r ) calls )Uk( )dr,
cucw)
JE(K)
=|F,? . Uy (r )ﬁ P uy(r)dr,
1EK, ,
= a0 |Fyf*. (A7)

APPENDIX B: APPLYING THE BOUNDARY
CONDITIONS TO THE X DIRECTION

The probability current flow toward the directionJ_’j’K
is expressed as

— 1 E

= F, 2. B1
JK ™ hak§K| J,K| ( )

To conserve the average probability current flow and the
probability density, we can impose boundary conditions,

such that the current is flowing toward tledirection as

Fik is continuous at the interface,
1 JE

h Ky k

(B2)

—Fjk is continuous at the interface.

The amplitude in thé&th GUC is expressed as
Fax(.y) = {Asx exdik“(x = x§,)] + Cyx
xexi - ik(x = x50 Trexiliki(y - ySi)]
+{B;x exfik*(x— XJC,K)] +Djx
xexi - ik(x = x50 Trexil - ikY(y - y50],
(B3)

where the coordinatesandy run within the GUC and we let
K=K}, because it is independentdandK. The amplitude

F,k(x,y) can be expressed in terms of the propagating waves

toward the circumferential directions of clockwigse) and
counterclockwisg—) as

Umegaki et al. 6677

F>J(,+K(X,y) ={Ajk exﬂ:ikg,l((y - y?)] + Bk
xexp -~ kY (y = y5) Trexdik*(x - xg) 1,
(B4a)

F>J<_K(X y) ={Cyk exdlkJ kly - YJ)] +Dyk
xexpl = ik «(y = YD) Trexp = ik(x = x) .
(B4b)

Applying the continuity conditions in EqB2), we ob-
tain the foIIowing conditions at the interface=(xg
+XE+1)/2 (yJ 1+yJ)/2<y<(yJ +yJ+1)/2

Fik+ Fik = Fiker * Figers (B53)
E ., E , E ., E __

- —F% = —F B5b
akﬁ'K JK l?kﬁvK JK aki](’K J,K+l O'Jki]( K JK+1- ( )
Equations(B5a) and (B5b) are expressed as
Ajks1+ By =RAjx + Byk), (B6a)

1
Cik+1+ Dyks1= E(CJ,K +D;x), (B6b)
where
R= exdik (xg, 1 — x<)] = explikg), (B7a)
X = Xgar = X- (B7b)

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

Bix=D;xk=0,K=1,2,...N. (B8)

Because the propagating waves toward the circumferen-
tial directions of clockwisg(+) and counterclockwisé—)
have the reciprocity, the absolute values of the amplitudes
A and C; i are equal andh;  and C, ¢ can be equal at
K=K’ as

Al,K’ = Cvir . (Bg)

From Eqgs.(B6)—«B9), we obtain the following relation
for the amplitudes as:

Al,K + Cl,K = 2 CO$(K - K’)kXXG]Al,l' (BlO)

APPENDIX C: CALCULATION OF THE CURRENT
DENSITY

The current density/x is expressed as

renT+oz
Jk = f n.guYdz,
r

CNT

(Cy
where,

f d*k X 2{f(E)[1 - f1(E)]

= 2m?

- (B[ - fuBE Dk, (C2a
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y- 19E _1dE
TR hdR
Equation (C1), where d*k=dk‘dkdi?, 0<k*<2m/a,

0<K<=4mn/\3a, and 0< k< 27/ 5z for the zigzagtypes, is
expressed as

reNTt oz 1 2mla 47/\3a 2l 6z
N/ =f dz—J dkxf dkyf dk
“ r (2m)® 0 0 0

(C2b)

CNT
dE
2(f(E) - (B, Pr (c3)
In Eq. (C3),
reNT* oz
f dz= [z]:gm"&z 5z, (C4)
fenT
using K*=271*/Nxg,
omla 1st-BZ
2 2
f de==" | gir= =2 S (C5)
0 NXG NXG iX
47/\3a dE o
dW—= dE, Co6
o awe=] 9
2l 6z
2
f ke = [KF292 = 5 (C7)
O &

Umegaki et al.

From Egs.(C4)—(C7), we obtain the following current
density as:

1st-BZ

) )
jK:%WGE f_xdE{fM(E)—fl(E)}DK- (c8)
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