Are Double Wall Nanotubes Luttinger Liquids?
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Introduction

* Electronic structures of graphene sheets and single wall nanotubes
* Tomonaga-Luttinger model
* Single wall nanotubes as Luttinger liquids

Electronic structures of double wall nanotubes
Double wall nanotubes as Luttinger liquids
Transport properties of double wall nanotubes

Summary and outlook
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Electronic structure of graphene sheets
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Low energy theory

Expand around the Fermi point —k =aKy+q, o=+,
3 3 30
) 1« .d. 0] .
N S
=1 =1
The Hamiltonian becomes
HO — ’U’(plk (Oéquo'as + any) wak

with

v = 3toap/2, wak = (CAk7 CTBk) qy = PG

04,0, Pauli Matrices
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Structure of nanotubes (n,m) |

Semiconducter 1 -0t

Chiral (wrapping) vector for a tube (n,m)
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Structure of nanotubes (n,m) Il

Unit lattice vectors (ag = 1.42 A)

a; = V3ap(1/2,V3/2), as=V3ap(—1/2,v3/2)

Chiral (wrapping) vector

h = na; +mas, |h| =V3aoL, L= +v/n?+m2+nm

The unit vector T along the tube axis
T = ((2n + m)a; — (2m + n)as) /dg, T = 3a9gL/dRr
dg is the greatest common divisor of (2n + m) and (2m + n).

T = V/3ag, armchair (m,n), T = 3ay zigzag (0, m)
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Structure of nanotubes (n,m) Il

Number of hexagons in the nanotube unit cell

2(n® +m? +nm)  2L7

N = ==
dr dr

N =2m armchair (m,m), N =2m zigzag (0, m)
Discrete unit wave vector along h:

2n +m)by 4+ (2m + n)bs 27

G ="
NdR ) | 1| h

Gy =

Unit reciprocal lattice vector along T

. (mb1 — nbg) . 2T
G2 — N ’ ‘G2| — T
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Structure of double wall nanotubes (DWNT)

(9,0)@(18,0) (up) and (9,0)@(10,10) (down)

*S. Roche et al., Phys. Lett. A 285, 94 (2001)
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Electronic structure of single wall nanotube |

Eu(k) — E2D(k)

k = kG’Q/GQ + /LGl

—n/T <k <7/T,
n=12...,N

N Number of subbands

(5,5) nanotube
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Electronic structure of single wall nanotube I

Condition for metallic tubes

G - Ky/G1 = Integer
G1 'KO n—m

Gl 3
Gi-Ki 2m-+n

I
Gi-K1  2n+m

T

Armchair nanotubes (m,m) are always
metallic!
Coulomb interaction, electronic structure?
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Why is 1D system special

Fermi liquid

* Quasi particles
* Fermi surface

Luttinger liquid

* No quasi particles
* No Fermi surface
* Tomonaga-Luttinger model

19 Mai 2004 10



Tomonaga-Luttinger(TL) model

It only describes low energy excitation near the Fermi energy Er,

hkp
m

The dispersion relation becomes linearized

E(k) :hvp(k—kp), ?}F:hk—F

m

Right- and left-movers

Ck — C—{—,k‘@(k) —|_ C—,k@(_k)

It is exactly solvable by bosonization technique!
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Single wall nanotubes as Luttinger liquids |

The basis (o = +) S E. S
1 oK \v/ ____________ \/EF
e x, — e >
ool ) = A A .

¢pa(x7 y)¢—po/(x7 y) =0

The Fermi field operator

Vo (z,y) = Z Ppa(T; Y)Ypao(T),

1 /1 —i I /1 1
wrom — ﬁ (1 i ) ¢poza A zppoza — ﬁ <’L —’L> wrom'
H — —thp/dx w;aaﬁww—paa = H — —Zh’UZ’I“/dZE wiaaaxwrozo

poo raoc
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Single wall nanotubes as Luttinger liquids ||

The Coulomb interaction

H; = %Z / drdr’\Ifi(r)\PL(r’)U(r — 1)U (x)W,(r).

p/alo_/ . . plo/o_l p/(_a)o./ . . p/O[OJ
paoc g paoc paoc > p(—a)o
aoFS aBS
H(O) . 1 Aol v / / :
aFS ~ 5 zdx' p(x)Vo(z —x')p(x’) Forward scattering

*R. Egger and A. O. Gogolin, Eur. Phys. J. B 3, 281 (1998)
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Single wall nanotubes as Luttinger liquids IlI

The density operators

p(ﬂ?) — Zwiaa(x)wraa(x) — ZIOTO’U(:C)

roao roao

The Fermi field operator

T]’I"OZO' . . 5
rao (L) = exp(takpx +1rqrx + 1Qras (T

with 7, — Klein factor, a — cutoff, and

76
Prac = %(rgbc—k + ?“Ongc_ =+ T0¢3+ + T()éO'g/53_ =+ @c—l— =+ a@c— + U@s+ —+ 040-@8—)

Hamiltonian with interactions can be easily diagonalized by these Bosonic
operators!
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Single wall nanotubes as Luttinger liquids IV

New boson operators

1 1
L= oo s Oppr = —— raos total charge
1 1 :
o = m % TOPrao, O.. = m ; APrao relative charge
1 1 :
Ps+ = m ; roPrac; O = m ; OPrac total spin

1 1 : :
Qs = m Z TOOVrao O, = m Z AT Dr oo relative spin

Troo roo

The commutators of them are

[Pjs(xz), ©s(z")] = zgé(a} — z')sgn(z — ")d5 05
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Single wall nanotubes as Luttinger liquids V

Kinetic Hamiltonian
ﬁ?}](; 2 2
t =375 [ o 150:0(0)" + g (Ors(@)’),
is

with j = ¢, s, 0 = &, v?(;:vzvp and K;-)(;:l.

Interaction Hamiltonian (only affect ¢+ mode)

2
Hé%)s = /dmdw p(x)V(z —x")p(x))
dk2K2V (k) _... Forward scattering
= [ et (k)6 ()

with p() = L0y ey
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Single wall nanotubes as Luttinger liquid VI

The total Hamiltonian

0 aF'S Jjo ]5() ]5( ) ' 35( ) ]5( ) ’
| 2 | 5r g (Kiellia()IL &, P8¢

with

N 4V (k) N 1
vet(k) = v\/l T Kot = \/1 + 4V (k) /mv’

Vjs =, Kis =1 others
The Hamiltonian can be diagonalized by Bogliugov transformation. The energy
spectrum of each mode is

Ejs(k) = hv;sk
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Interlayer coupling in DWNTs |

Tunneling Hamiltonian

d;
y d
v A 3 d2
Ho= ) D R
P
ab kgky a1 ¢ as
u
' 1(kprp—kqg- ra) T
Lai,bje CinakaCinpks + H.c,, 0 b >
a,b — indices for atoms, i, 7 — indices for two walls, V., N, — numbers of unit

cell.

The position of a lattice site r; = R + p + nT, where R — lattice vector.

ZG_ZGR 6(R) = ) = / dré(R) = Z / Jpe—iGR

(G — reciprocal lattice vector, A..y — area of an unit cell

cell cell

19 Mai 2004 18



Interlayer coupling in DWNTs |l

Expand around Fermi points k = aKy + q, the Hamiltonian becomes

= > ) Yl T (Qaaas MbAb) Vayay

Ag Oy MNaTlp da

with ¢ = (c IAk, CzTBk)' n = + — indices for sublattices.

taq

2 : e Ka(PatnaTa) —iKy-(Pp+m7s) ¢

KaKb

T(aanaqa, abanb) — Qa+KaaQb+Kb

and
dradrbez(kb'rb_k“'r“)tm,bj

lko X, = /
cell V
*A. A. Maarouf et al., PRB 61, 11156 (2000)
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Interlayer coupling in DWNTs Il

The tunneling matrix elements

tij = toe” %9/%,
A= (R,co8v,/Ry, Rysinv, /Ry, ug),
B = (Rb COS Ub/Rb, Rb sin Ub/Rb, ub)

with a; ~ 0.5 A (ag = 1.421A)

(o o Vp
2R, 2R,
RBRy (va ) L (4o = w)®
2A \R, Ry 2A

dij = \/(Ra — Ry)?2 + 4R, Ry, sin” ( ) + (ug — up)?

~ A\ +

with A = |R, — Ry| ~ 3.4 A
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Interlayer coupling in DWNTs IV

Then the tunneling matrix element

bt ex _é_i_RaRb Ua_vb 2_|_(ua_ub)2
at,bj — 0 b a¢ QACLt Ra Rb QACLt .

In k-space

AT 2 day 2
SRQRb( + kupRp) )GXP< — | K|

<_Aaft(kua + kub)z
- eXP 3

th,ky = g exp (

) 5(kvaRa, — kvab)é(kua, — kub)

with ; ;
tg = Cexp (——) exp ( at|K0\2> ~ 0.1eV d=3.4A

a¢
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Electronic structure of DWNTs

Two ¢ functions
(S(kvaRa — kvab)a(k‘ua — kub)
and

kvaRa — ﬁa, kvab — fb,

DWNTs with two armchair walls

b =10, =0

Other DWNTs
ga 7£ Kb

— k’uaRa — kvab — 07

l,, Uy = Integer

= tkz’akj 75 0

=

k’U,CL

_kub:O
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Electronic structure of DWNTs with two armchair walls

1.5

T T T
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p,=T7/2and p,=—7/2 p,=T7/2and p,=7/8 —T7/2
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DWNTs as Luttinger liquid |

16 new Bosonic operators (i index for two walls )

1 1
ch—l—i — m Z TOraocis @c—i—i — m Z Pracis

ToXo

1 1
Cbc—i — m Z raPraci, @c—i — m Z APracoi;

TXo

1 1
gbs—l—i — m Z roQPracis @s—i—i — m Z O@Lracis

TXo roo

1 1
gbs—i — m Z ra0 Praocis @s—i — m Z Q0 Praoci

ToXo roo

The field operator

_Vr

Praci = 5 (r¢eritrade—i+rogsyi+racps_i+0.ri+aO._;+00441;+acO;_;)
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DWNTs as Luttinger liquids ||

Coulomb interaction is

Hy = %Z/drdr’qfi(r)\lli,(r’)lf(r — 1)U (x)W,(r).

Forward scattering in a wall

1
s = 305 [ deds’ piaVite =)o (e,

Forward scattering between walls

1
H =5 [ dzde’ pi(a)Via( — o' )pul).
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DWNTs as Luttinger liquids Il

The Hamiltonian is

) s
Ho + Hys + Hoph = Z/zw 5 ( jsi(k)jsi(—k) + k2¢j6¢(k)¢j&(—k)>

3 /5 IV g () 6era(—h)

Coulomb interaction only affect (¢ + +) modes.

hl Kl h Wb,y ho 1+2(V1+v2)i 2(Vi — Va) 2+ AV2\?
2 272K, 2 Ao Ao harv

Uise = W, Kisi =1, Other modes
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Tunneling density of states

Tunneling density of states (TDOS) is

pler) = ordt e, 1, 0)

p(e) ~ (KT)* cosh (%%) 'F (%(1 to)+ i27r€kT>

pend<€) ~ Eaenda pbulk<€) ~ g bulk 1'—0

The current is given as

dl

7o / dep(Opale) = o x p()pa(o
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Tunneling density of state of DWNT

The exponents of a DWNT — only out wall is connected to leads

1 1 1 1
e ety = 1 —sin §<Ké++ — 1) + ZCOS §(Ké+_ — 1),
1 1 1 1
Obulk,out — 3 = sin f( c+ + = K,++ — 2) + gCOS f( c+— + K/+ — 2),

For examples

Qlend,out = 1.033, hulk,out = 0.429 (5,5)@(10, 10)
aend,out = 1.254, abulk,out = 0.523 (10, 10)
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Summary and outlook

No interlayer coupling in DWNTs except those with two armchair walls

Most DWNTs can be described as two Luttinger liquids coupled by Coulomb
Interaction

The conductance has power law dependence on applied voltage. Exponents
decrease in DWNTs.

To be continued

DWNTs with interlayer tunneling, disorder, . . .
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