ISSP International Summer School for Young Researchers on

“Quantum Transport in Mesoscopic Scale & Low Dimensions”
Aug. 13 - 21, 2003. (My talk is given at 16 Aug. 2003.)

Electrical Conduction in Carbon Nanotubes

T. Nakanishi (AIST)

. What is Carbon Nanotubes?
Quasi-one dimensional system

. Effective-Mass Scheme
Electronic properties of carbon nanotubes

. Impurity Scattering
Ballistic transport
(Absence of back-scattering for Slowly varying potential)

. Point defects 4 Collaborators h
5. Topological defect Tsuneya Ando (TIT)
_Conclusion Masatsura Igami (NISTEP)
Riichiro Saito (Tohoku Univ.)
J

.




Copyright (©T. Nakanishi (http://staff.aist.go.jp/t.nakanishi/index-e.html)

[ Carbon Nanotubes j
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Electron micrographs of CN ,
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S. Iijima, Nature 354, 56 (1991) 1D level spacing ~ 0.8 eV
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Diameter 2 ~ 30nm o Graphene with periodic

boundary condition
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[ Graphite sheet (Graphene) }
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[ Graphite and Chiral Vector
K Aky’
N
K’ I<Armch§r (N=TU6)
N\ kX
K ,,,,, n»kx,
Zigzag (n=0)

Chiral Vector:L = n,a + nyb = (n,, ny),
L=|L| = ayng? + ny — nany.

(ng,ny) = (2,1)m :  armchair CN

(ng,np) = (1,0)m :  zigzag CN

-

ng+ny,=3N +v
vy = 0 metallic CN
v = 1 semiconducting CN
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[ Metallic and Semiconducting CN (Zigzag CN)
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[ Effective-mass scheme

K=(2r/a)(1/3,1/V/3), K'=(27/a)(2/3,0)
{ Ya(Ra) = exp(iK-R4)F{(Ry) + e exp(iK’-RA)Ff/(RA),
Vp(Rp) = —we exp(iK-Rp)FE (Rp) + exp(iK'-Rp) FX (Rp),

F ff é(/(R 4.5): Envelope Functions
w=exp(2mi/3)

- tight—binding model ~

- é V(R4 — 7)) = epa(Ra),

—Y l§331 Va(Rp+7) = evp(Rp).

\_ J
/ . / . a p
FEM(Ry—7) = Fp' (Ra) — 71 - a—mFg’K (Ra)
/ . / . a p
YR —7) = FYN (Rp) -7 a—meK (Rp)

k-p approximation

D



Copyright (©T. Nakanishi (http://staff.aist.go.jp/t.nakanishi/index-e.html)

:

Effective—Mass Equation

k-p Hamiltonian

K point

-

\

|

0 %%—%Q(Fﬁyﬁ«
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Fig
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J

Y(ooky + 0k, Fi(r) = eF g (r)
Weyl’s equation for neutrinos

Band Parameter: v = v/3av,/2
Transfer Integral: v, ~ 2.6[eV]

~ - e
k=—iV+—A
7 -I—Ch

Envelope Function: F(r)

|

AN AN

Y(ooky — Uyky>F/[(<T> = 5F,K<T>

|

Periodic Boundary
Condition in 2 direction
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[ Electronic States of CN’s

Wave functions

y ) exp [ir, (n)z + ikyy]

) exp |tk—p(n)x + ik,y]

ng+ny =3N + v

_ 1 by(n, k )
Frr) = /| 1
_ L (by(n, ky)*
FK/(T) = ﬁ :|:1
with
\//iy 24 /-cz

Energy levels
ex(n) = £y /k(n

Discritized wave number in
circumference direction
2T
n—1uv/3
o w3

Ajiki and Ando, J. Phys. Soc. Jpn.,62,1255 (1993)

)2+ k2

k. = Kky(n) =

vy=0 metallic CN

Linear dispersion

€0 <O> i’W“ |

v ==+1 semiconducting CN
Band gap
A
By = 29|k (0)] = 7

3L

0]
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Band Gap
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M. S. Dresselhaus, G. Dresselhaus and R. Saito, Sol. State Com., 84, 201 (1992).
H. Ajiki and T. Ando, J. Phys. Soc. Jpn.,62,1255 (1993).
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Effective—Potential

T. Ando and T. Nakanishi, J. Phys. Soc. Jpn. 67,1704 (1998)

- Effective-Mass Equation N
= \/5&2 -
(HO + V)f eF UL 5 RZ UA(RA)7
A
0 y(k,—ik 0 0 F¥ V3a®
) _ﬂ( iky) ,}1((1“) un > ap(Rp),
” v(ky+ik,) 0 0 0 F Fg(r) 2 Ry
0 — 2 .7 ) — /
! ; Y ﬂ(kﬁ%ky) Ffl;(r) v visa’ 3 e/ ® K Rag  (Ry)
0 0 v(kz—ik,) 0 Fi (r) A 2 Ry, 7
uA(r) 0 ey (r) 0 V3 KRy
Vo 0 up(r) 0 —w e M/, (1) U5 2 [%Z; c ip(Rp),
e My (r)* 0 uy(r 0
OA< ) e (r)* AO( ) up(r) v/3a%/2: Area of a Unit Cell
\ J — Slowly-varying Potential —

Potential Range d < Circumference L=|L|

ua(r) = uad(r—ryp),

uy(r) = wyd(r—ry),

ro : Impurity Position

Potential Range d > a
uA(r) = up(r)
) = ) = 0
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[ Right- and left-going channels

1 N
1 23 0 23 ka/:n (OSolutions for V =0, |e| < e(1) = Q—E’Z

(K’) (K)

//\\ //\\ FEE = %(((;): \/;ITL(?)@XP(%Z/),

Metallic CN / .
y etallic FK/i _ Fﬁ(/ <I‘) _ 1 ( +1 ) exp(iky)
F5 (r) V2AL\ 1 .

< N KArmchair (N=1U6)
—O A: Length of Nanotube

Energy: ¢(k)=+vk
Group Velocity: v==+v/h

L Right—going FA+ FE'+
Left—going Fi- FE-

(ng,np) = (2, 1)m
armchair CN
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12

[ Lowest Born Approximation

(O Inter-valley Scattering

Viessrrs — QAL/dr(j:z 1)(62'%54(1.) I )(i)

wte Myl (1)

= i ] dr (T (r) — e ()

1 o

N 2AL($uf4@”7—w e "up) = Vi,

(O Intra-valley Scattering

VKiKJr:QAL/dI'(:l:Zl)( o<r) y )(‘1’)

up(r)
_ QAL/dr{:I:uA( r) +up(r)}
_ zle(:I:uAJruB) Vicrekrs

Absence of back-scattering for slowly varying potential
VK—K’—I—:V[?’_K_F:Op VK—K+:VK’—K’+ O(UB—UA:O
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[ Gaussian Potential j
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[ Magnetic Field

Solutions for V = O le| < e(1)

Gauge: A = (0, 2% sin 27%) le ﬁ

k _ (Fi())_ 1 [ —is(k/|k])F(z) -

w5 = (rho )= vml R e

o (FE@Y L (s E)Fu))

Fak = F%’@))m( F-(z) ) pliky) V

1 2TX

\/76}{19 +— ozcosT ’
A A

2 ()" Magnetic Field
l—\/ch/eH Magnetic Length

No

Iy(z) : Modified Bessel function of the
first kind a v
df K

Iy(z) = [, — exp(z cos b))
m T. Ando and T. Seri, J. Phys. Soc.

s = +1 conduction band Jpn. 66,3558 (1997)

s = —1 valence band
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:

Back scatterings in magnetic field

[

Energy

e(k)=sy|k|Io(a)™!

(g, np) = (2,1)m : armchair CN

Dashed lines:
Solid lines:

1
Vikigy = 54

Viirgs =

Lowest Born Approximation

H=0
H+0

(O Inter-valley Scattering
(Fulge" —w ™ e i) ' (w0) F-(0) = Viiragey

(O Intra-valley Scattering

1
ﬂ(:lzuAF_(xo)QJruBFJr(xo)Q) = Viragrs
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Dependence on the Magnetic Field
Huge Positive Magnetoresistance

Amplitude: AL|V| (units of u)
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- M
Absence of Back Scattering(d > a)
o
; .
Tr=V+V V+V ! |4 ! V+
N 8—7'(() 8—7'(() 8—7'(()
o /
L il es(—k)=¢,k
Ho— | - 0 ha—iky (—k) = es(k)
ky+ik, 0 | 1
. Foc = expligs(k)] R™[0(k)] |s),
—— Long range Potential —— kx+iky:7j|k|ew(k>
V() 0 Spin-rotation operator
V=" Vo) /
N R(0) = exp (iQUZ)
1 .
Fsk r — eXp ik-r Fsk; k — exp(—l—z@/Q) U
() VLA (k) ( 0 exp(—16/2)
es(k) = sv|k], 6k)
s = +1 conduction band ¢ ky 1 [ —is
s = —1 valence band Vx $) = \/i( 1 )
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|

Absence of Back Scattering(d > a)

T. Ando and T. Nakanishi, J. Phys. Soc. Jpn. 67,1704 (1998)

(s, —k|T"Y|s, +k)

-

time-reversal terms

cancel out

(s1,k1) = (sp, —kp),
(82, k2) — (Sp-1, —hkp-1), - - -
R[0] = —R[0 + 27]

~

(p+1)th order term

1 1 1
T LA IAon LA

V(-k—-k,) - V(ke—k;)V(k;—k)

e— Esp<kp>] le—es(k)lle =€ (k)]
x e 9 (s|RIO(~ k)|~ [0(k,)llsp)
X (SzIR[9<k) “O(k)]|s1)

x (51| R[O(k)IR™B(k)]|s)e' ™)
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! Berry’s Phase |
and Absence of Back Scattering
L T. Ando, T. Nakanishi, and R. Saito, J. Phys. Soc. Jpn. 67,2857 (1998) )
1 —18
009 = 75 oty
: Vs(k) — s(k) exp(—ip)
| \ - Berry’s Phase N
K i K \1 d
: o= i (ko) vulk@)) ==
Y Kif, ’
; R[0 — 27| = —R[0]
v R[-7] = —R|n]
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[ Experiments J

0 Voltage Drop

Good Contact 2G( = 4e*/h
Almost perfect transmission

LI LA L L L L L L N A L L L L L ) L L L

2.0 :_ .................................................................................... -
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D b
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Ju—
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TR U VIS T 0 SN TN OO0 W 0 I SV O B AN T A RN A A Y A A N AN A AN AN AN I A IO
-14 -12 -10 -8 -0
V, (V)

J. Kong et al. (Stanford) PRL 87 (2001) 106801
Bachtold et al. (Basel) PRL 84 (2000) 6082
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{ Experiments }

Coulomb oscillations

Metallic CN Semiconducting CN
(Leg ~ 8pm) (Lep ~ 100nm)
' R ] Lo~ 100mm
0,200 " - DW
21T K
= tso E {l.{HH-L"-"l'J""'u"'H‘H'n'-"'-"'"I' 'HW'W‘M-L.J
s o 22K My 8.4 -8.0 -7.6
Th. 1008 = b | .\.Ilr'l.'.llnll_‘lrl"'l''\'r-."‘-""'-"'.""lr-IIL\"'l'I.."I .L
]“.; & i T v,V
i II||'.'|||.-’IL ur IIIrI M 1@*’{7«-~—~ A~ .--::HI
.}"5,:,_“' I| ||II|||f|I IIII.I“"|I|I|IJ“|I'IIII|II.II.I.“IlI"I'II"”'I”'I |I1| 'Ii H,I\II{ ur'1'\-.|":'“-'|F\',I'U-":II_.-"~,~'III"_a-.'I ]
] e 4 | "'a'nl'-.l"-. F A .
|« — L., S|.l|l'|. > s 73 l‘:."\__.--"'l._':- |5 ra1I'-H::;:__:.ll_‘_-_..l‘ll:‘_ll__-_'-..-r ".\-_h:r"!
- o ) ¥
ados :u::r I , : , _ : -5 0 5 1
73 1.1 &5 A1 055
Ve (V) “v’g{\"]
Single dot Dots in series

P. L. McEuen et al. (Berkeley) PRL 83 (1999) 5098
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Impurity Potential in Carbon Nanotubes J

1. Metallic CN and Semiconducting CN
Linear dispersion

2. Absence of Back Scattering rf:,’:}f:ﬁ
(Long-Range Potential)
Ballistic transport, Huge Conductivity
Berry’s Phase, Huge Positive Magnetoresistance

K'— kx ok
ok v K —> &k Kk

I:1,+0K — K

What is impurity?
Long-Range: Nano Particle, Metallic Particle, etc.,
Short-Range: Lattice Defects

- /
- Tight-Binding Model ~
T. Nakanishi, and T. Ando, J. Phys. Soc. Jpn. 68,561 (1999)

) 262 2

(OLandauer’s Formular G = - > |tmnl,
tmn © Transmission Coefficients {m,n} = {K, K}, {K' K},
rmn : Reflection Coefficients {K,.K'}, {K' K’}

Recursive Green’s Function Technique T. Ando: PRB42, 5626 (1990).
J
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Short Range Potential (d/a — 0)

T. Ando, T. Nakanishi, and R. Saito, Microelectronic Engineering, 47 (1999) 421

Reflection and Transmission Coefficients

Potential: Vg (units of yp) Potential: Vg (units of yp)
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Lattice Vacancy and Conductance Quantization at ¢ = 0
M. Igami, T. Nakanishi, and T. Ando, J. Phys. Soc. Jpn. 68,716 (1999)

(a) Vacancy | (b) Vacancy |V (C) Vacancy ||

G —2¢e*/mh oc 1/ L7

< o0t (@ < 5ol —

< 2.0 (@) EZO(b) € 20

NG.) Nq_) N(D

o L/i3a ] p LH3a | G L/(3a

‘s 100 = 100 £ 100, 60

=10 60 =10 60 EAN 40

o) 8 o 30

= 40 S 40 e 20

S 30 3 30 g 10

E 20 g S -

3 Vacancy | Q Vacancy |V 10 S (c) Vvacancyll

© 0.0 - - - 10 O 00 - . . . O 0.0 , , , ,
0.0 1.0 0.0 1.0 0.0 1.0

Fermi energy (units of £(1)) Fermi energy (units of £(1)) Fermi energy (units of &(1)) '
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Wave Functions at € =0

Tube axis

(b) Vacancy IV . tueads (C) Vacancy |l

— = Tube axis

(a) vacancy |

1. Vacancy I: three sublattice Kekulé pattern

point)

Standing Wave (K and K’

2. Vacancy IV: Large amplitude at B sites

no component on A sites (left-hand side)

3. Vacancy 1I: not disturbed by the vacancy
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Quantization Rule at ¢ =0

M. Igami, T. Nakanishi, and T. Ando, J. Phys. Soc. Jpn. 68 (1999) 3146
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Examples for N

Tube Axis

A ..“‘..‘.“...“..“““
P b B
C o€ <)
¢ < < <)

I OO A
e e oo ancae
aetesesecelesesale

N—7_

and B sublattice sites

N4, Ng: number of removed A
The Others (> 2)

1.6 x10° different CN’s with a

vacancy

~ 2¢? [mh

e’ /mh

N4 — Np|
Conductance
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:

Magnetic Field

N
o

H Vacancy

=
o

Conductance (units of e?/ TTh)

1V

Ox/(1/2) = 0.0 |

L//3a= 100

o
o
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H
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_____________
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Magnetic Field (L /2Tt I)

Solid Line: Conductance vs. H cosfy

M. Igami, T. Nakanishi, and T. Ando,

J. Phys. Soc. Jpn. 68,716 (1999)
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Defects in Carbon Nanotubes
H. J. Choi, et al. PRL 84, 2917 (2000)

ab initio study on transport in CN with B and N
Point vacancy

@6 | e Boron: Acceptor Nitrogen: Donor
5 : : ! ! Y : ' " ——
= B B 6 r
NB 4 5 hi _ar =
N3 NE 4 ..T rE_E 4
Q2 &1 2 [| perfect tube ﬂg - perfect tube | ]
= o L hesasases B T P E LIt -
! a Nwithboron_________ J with nitrogen
O 1 1 1 ﬂ
-0.5 0 0.5 0 ‘“\ .
o
(]
Double vacancy a J&/l\ -
(b)s [ = 1 &l
—_ 5 = odd componant of channal 1 E
c Z = - e | o K I £
~ 4 Lo : et evan componeant g
) a : evan component of % af Ellarlllel :
9\l 3 % i Channﬂl E o ﬂ I N T i T Tiasasnn "- -
~ 0 - ik = - f |"| r'!u"| |E
O 2 'E. 5 ::-dd ccsmp-unenm cha e
1 05 0 0.5 -0.5 0 |:|_5
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[ Topological Defects

R. Tamura, et al. PRB 56 (1997) 1404; 49 (1994) 7697
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Carbon Nanotube Junction
S. lijima, T. Ichihashi and Y. Ando, Nature (London), 356, 776 (1992).

=y

Y T 5.
=-1 012 3 4

R5 (A): five-membered ring R7 (B): seven-membered ring
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Conductance of CN Junctions (H = 0)

R. Tamura and M. Tsukada, PRB55, 4991 (1997).
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L e Armchair CN(2<L7//3a<Ls//3a<98)
- m Zigzag CN(3<L/a<Lg/a<129)

Conductance exhibits a universal
1 power-law dependence on L;/L;
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Two-Mode Approx.
8L53L73/(Ls3+L73)2

— G x <L7/L5>3 for L5 > L7.

8(L7/Ls)® \

1 Effective-Mass Theory
Wave function decay linearly
1 H. Matsumura and T. Ando, J. Phy. Soc. Jpn., 67,
3542 (1998).
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CN Junction with Magnetic Field

T. Nakanishi and T. Ando, J. Phys. Soc. Jpn., 66, 2973 (1997)

Conductance (units of e2/rih)
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[ Conclusion j
[ Interesting Electronic Properties of Carbon nanotubes ]

1. Long quasi-one dimensional system /Collaborators

2. Metallic CN and Semiconducting CN | Tsuneya Ando (ISSP—TIT)
Masatsura Igami (NISTEP)

Riichiro Saito (Tohoku Univ.)
.

3. Linear dispersion

v

4. Neutrinos on cylinder surface

[ Quantum transport in Carbon Nanotubes ]

1. Absence of Back Scattering for Long-Range Potential
Ballistic transport, Huge conductivity, Quantized conductance,
Berry’s phase,
Huge positive magnetoresistance

2. Lattice Vacancy
Conductance quantization, Donor and accepter

3. Carbon Nanotube Junctions



