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Motivated by,
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Free-standing
Carbon Nanotube

Under-etching Growth “bridge” in CVD
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J. Nygard et al.: S. Sapmaz et al. (TU Delft), unpublished.
Appl. Phys. Lett. 79, 4216 (2001)

N. Franklin et al.:
Appl. Phys. Lett. 81,913(2002)
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Transport through
- Carbon Nanotubes

# chirality: metal or semiconductor
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single-particle guantum mechanics

# Electron correlation effect




Electron correlation in hanotube 1.

Similer effect to quantum dot:
Electron Correlation In
1-Dim “Quantum Dot”
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N4 changes one by one; reflecting strong U




Electron correlation in nanotube I1.
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Electron Correlation in “One-Dimension Conductor”

Tomonaga-Luttinger liguid:
- power-law of G: G~@*-end, G~@p*-buk
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M. Bockrath et al.: Nature 397, 598 (1999)

Coulomb blockade, Kondo effect, TL Liquid
- Importance of Electron Correlation in CNT
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Free-standing Nanotubes

Under-etching Growth “bridge” in CVD
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J. Nygard et al.: S. Sapmaz et al. (TU Delft), unpublished.
Appl. Phys. Lett. 79, 4216 (2001)

N. Franklin et al.:
Appl. Phys. Lett. 81,913(2002)




Free-standing Carbon Nanotube
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@ Suppression of disorder: without substrate

# “Beam” fixed at its ends
= Bending:

+ Change the capacitance
m Sapmaz et al. PRB 67, 235414 (2003)

s Vibration:
+ induce phonon excitation in NT Sapmaz et al. Unpublished.
— Purpose —
How the mechanical motion affects the electrons?
|

This talk: “ 1-dim. corr. electrons + el.-phonon coupling’ in CNT
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Model of FSNT

# Hamiltonian of the systems

Carbon Nanotube

Left lead (BHEEEEHEEEHEEEE|RIght lead

0 L X

- metallic Single-Walled NT
- Finite length, L, of CNT



Electronic structure of SWNT

- Single-Walled Carbon Nanotube

-wrapped graphite sheet
-wrapping vector: na,+ma,:=(n,m)

OBy
L 8.8000 808669

a,, a,: graphite primitive lattice vectors

- n-m=3l: metal, 2 bands at E;
-1D conductor with 2 linear bands in low energy
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TL model for electrons in CNT

- 1-dim. correlated electrons: TL liquid
- 2 bands in CNT - 4 sectors (total charge, total spin, relative charge,
relative spin; j=p+, o+, p—, 0-)
- Long-range Coulomb interaction:
-only forward scattering: interaction parameters g,,<1, g, =9¢,,=9¢, =1
- Finite length:
- open boundary condition
- discreteness of the excitations
- charging energy

1-dim. bosonized Hamiltonian: 2 &t e sos coory - e B3 281 (19%9)
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Phonons in CNT

stretching mode twisting mode breathing mode
- o

-

http://www-g.eng.cam.ac.uk/edm/research/

h___;} ramanlab/raman_CNTs.html
phonon dispersion relation
- Phonon modes iIn CNT / Q] Q Q
-Stretching mode:

- breathlng mode

<->LA phonon in 1-dim.
-Twisting mode:

doesn’t couple to electrons
-Breathing mode:

finite energy oy at k=0,

negligible in low energy properties

o{g)wog

- twisting mode
oo L ' '
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Phonon in CNT
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LA phonon in 1-dim. (<-> stretching mode)
continuum model

Phonon Hamiltonian: Longitudinal wave (u,#0)

H'S lon _J‘ dX{—P (X)+ - ( u (X )) } p : Density of mass

E : Young’s modulus
S: Cross-section

=Y Ag, n(ahan+ j Aga:FE
nx>1 Yo L

u,: displacement
P: conjugate momentum

B h

2 .
- |£ K , _ +
lJIX(X) L ;g n( nX)ux,n uX,FI ZP&):)” (aﬂ + an)

2¢ . n Sa)'°”
Hx(x>=\Ezsn(knx>nx,n, m,, =i =", ~a,)
nx1




Electron-phonon interaction
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Deformation potential:
- OCaxux(x)
- Interact with total charge density: couple only to H, term

Electron-phonon interaction:
H ™o = Gion | Xy * (7 (X)0,1,(%)

:c,on.:dx{\/l% => k,cos(k,X)@,, ., + Pq_ OH => k, cos(k, X)an}

n>1 n>1

=) A'n(b,, " +b,, ,)(a," +a&,)

n>1

ng,,
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Diagonalization of the Hamiltonian

A
Y

H

H L+

—ZAE

n>1

p.total

lon lon
H L+ HG oh

b

+ZA5

n>1

Total Hamiltonian: Bi-linear, diagonalized exactly

fund

l Bogoliubov transformation
=Y AE,nB! B+ > AE na;a, +Const.

n>1

where,

n>1

+> Aln(b,, " +

n>1

b, )@ +a,)

cf.

Engelsberg et al. PR 6A, A1582 (1964),

Kleinert et al. Phys. Stat. Sol. (b) 199, 435 (1997
etc...
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Current through CNT

# Current formula

@ Effect of deformation potential
- Infinite length: L> oo
- finite length: L#* oo




Current through CNT

N

Left lead oo CNT 2
0 ~kei(<<L)

><V

Current:
-high enough barrier: lowest order of tunneling
-tunneling occurs only at the edge (—k-1<L) region

Differential conductance:

di 1

= o =M Gy (%, X) = 0, Vi) = g (Vo)

bias

DOS of end of NT




Infinite length limit (L-> o)
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Infinite length limit; high temperature (T>AE~1/L)

spinless, single-band, for simplicity.

AE
(g)* = fgﬂsn2<o+A—ﬂcos2<o g
P+

~ 1_a(AI Ion)2 g—l

1
pend @ Oc|a)|g —)‘a)‘g o

tan2¢ = —

Al'on: electron-phonon interaction (>0),
a: constant (>0)

7

For Carbon Nanotube:

L +3 -1 1 —— 1311
—_ — — — + —
pend (0 OC|a)|4 9y 9‘&)‘4 gp+'

4A1"" [Ag, A,

2 2
Ag,”—Acg,,



Finite length CNT (L # 0)

Density of states at the end of CNT: L# oo, TKAE
- pea(@)=YC, .C,.C, 5(0—(E, + PAE, + GAE, +1As,))

£.a"y.r
p7q7r
+3'C, .C,.C, 8@+ (E, + pAE, + GAE, +TAs,)) 11AE
p.q.r a=za A sin“ ¢ :phonon
C,: intensity of peaks c,,=Cl7+ae=""(CT2, +C1 2, - 2CT) 5 11 AE, ot -charge
E.: charging energy  cro_Ll@+p)g 49 As,
. a,p
AE;: discreteness P () },=§ : neutral modes
4
 spinless, single-band s st tan o
pend (6()) o
0.6 // 0.015

04} / 0.01
/
/
0.2 / 0.005




Compare with experiment

P. Jarillo-Herrero et a/ (TU Delft), unpublished.
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Gaks (@)

- measure for L=1200nm metallic FS-SWNT, @T=300mK
- excitation peaks outside of Coulomb diamonds:

+ almost same period: AE, ~0.1 to 0.2meV

Estimated values; (for L=1um)
d,,—~0.25~0.3, Agy=hvn/L=0.7meV, Ae,=0.06meV, Al'o"'=0.01meV

—>AE,=0.06meV, AE;=2.8meV

AE.. —~2AE . 0.15A¢,, 0.1AE,: come from phonon?




Summary & Future
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@ phonon effect in CNT
= changing of power
= phonon excitation peaks
= compare with exp. (phonon peaks?)

# Other Interests

= Qate voltage effect
+ Coulomb blockade
+ Int. between el. and TA phonon

i




