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Outline

Electrical resistance of a quantum wire in the
absence of correlations

Interaction effects: scattering of electron waves off a
Friedel oscillation

An alternative view-— the flow of electron fluid

Dealing with many modes: spin-charge separation,
drag effect, etc

1D superconductors and magnets, guantum dots,
and other applications



Resistance, Conductance, Conductivity

Ohm’s law: V=IR

Conductance: G =1/R=0-S5/L
Metals-high conductivity [Cu: o ~ 10% (2 -m)~! ]

Drude conductivity:
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Ballistic Electron Conductance

Conductance: G o< S/L Does it always hold ?

Ballistic channel - same thing

Point contact (Sharvin,1965) "\ L V4
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Quantum Ballistic Electron Conductance

Conductance: G < S

Quantum point contact
(van Wees et al,1988)

Does it always hold ?
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R 2= \p is crucial for the conductance
quantization
(L.G.,Lesovik, Khmelnitskii,Shekhter 1988)
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Conductance of a 1D channel, free electrons
W(Vy)

| |deal, adiabatic channel:
I guantized conductance

with
Baiiistic conductance (ﬁ% scatterers) Is less than

e’ per mode per spin
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Conductance of a 1D channel, free electrons

V stri _
1 evstie f\ I =% [To(E)dE
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Current = sum of partial currents at different energy “slices”

To(E) - transmission
coefficient of the barrier

Lead R

For cach “slice” [E, E+dE], the partial current depends
on Ty at the same energy E only.

The linear conductance
2
N &
G = QWHTO(EF)
(Landauer formula).



Friedel oscillation (Friedel, 1952)

Reflection at the barrier changes all electron states, including
those with energy E<E.
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Friedel osclillation: Hartree potential

Hartree potential
Vp(z) = [dz1V(z — z1)0n(x1)
oscillates with the period A /2; at |z| > d

Vir (@) ~ [rolV (2kp) >

V(Qkp) OOdZBBQikmSin(Qk’Fa;‘)
hvgp Jd x

Exchange contribution — similar



Transmission modified by the Friedel oscillation

Transmission coefficient of a “composite” barrier:
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First-order interaction correction to the
transmission coefficient

Transmission coefficient becomes energy-dependent :

D
5T (¢) = —2aTp(1 — Tp)In ‘—0‘
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suppression enhancement
of the transmission
1D wire
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at kpd > 1

The first-order correction
diverges at low energies:
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Cure: the leading—Ilogarithm approximation
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Real-space RG

Split the important interval [d, 1/|k — kp|] on smaller
pieces, so that Ip—1,_1 > d , but « fln_l der/x < 1
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Transmission in the leading-log. approximation

RG equation:

Solution of the RG equation:
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After the divergency is cured

mn
Sum up the most divergent terms, «’ {In ‘%QH , of the
perturbation theory

Use Renormalization Group (RG) technique for book-keeping

- 20 The leading-log result
- 10 | 5g does not diverge
(€)= e |2 t T(e)
Ro + To ||
RO =1— TO

Matveev, Yue, L.G. 1993




Conductance in the leading-log. approximation

scattering remains elastic == Landauer formula works

d
G(kpT) = [ds ( fF) T(e)
Wh de
Within log-accuracy: 2 Ty ‘kBT 2a
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Effects of interaction — Friedel osclillation picture
dI

1. Tunneling across a barrier is modified —| o (eV)?%®
— X Vend (&) ToVend(€) o< Tp-e™ - %] —ey ox (eV)

dV

\ ll / “Edge” tunneling density of

states: venq(e) o e

2. No barrier @ no Friedel oscillation; properties of an
ideal 1D channel are not modified ?

“Bulk” tunneling density of

=] Two-terminal conductance remains
I =GV I 2
|_/ ] ~]  quantized o_
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1D electron liguid: phenomenology

Dynamical variable:
displacement of a unit 1D volume u(x,t)

Lagrangian:

1 ou 10 o (Ou
0L = oK —oU = Znom (815) on" O(ax)

Kin. energy  Potential energy

External field: 0Uext = engE(x,t)u

Wave equation:



Conductivity & charge waves
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From conductivity to the conductance

Ideal (homogeneous) wire

T 0 field is applied only here L

I(z,w) V:/L

I(z,w) = [ §164°0(q,w) | dore A TLE (21, 0)
w— 0= qg=w/v — 0 |pole in o(q,w)]

lim I(x,w) = I independent of x
w—

2
I a_ € g: g = ZE (CL Kane, MP.A Fisher, 1992)
V 2mh v

Conductance G@& ¢ @=emission of plasmon waves of wavelength

"mA



Conductance of a finite channel

Dissipative conductance=emission of plasmons of wavelength ~V/w.
Finite-length channel: g(x) slowly varies in space v

k / g(zr) = (@)

g=1 o<l g=1
[ A

02

G(w) = —g(fcfv’v/w)
: 2

Outside e

g — £o0) - 1= Gy = ——
the channel: dc > h

regardless the interaction strength within the channel
(Matveev, L.G. 1993; D.Maslov, M.Stone; 1.Safi, H.Schulz; D.Ponomarenko, 1995)



Tunneling across a barrier

A barrier reveals the discreteness of the fermions: the
Hamiltonian must be invariant only under the discrete shifts

.

u(—oo0) =uf(oo) =1/ng

Each particle changed state — zero overlap of the old and new
ground states (Orthogonality Catastrophe, Anderson 1967)

“— barrier




Tunneling amplitude

Energy deficit:
o (8 2

E(t) oc/ (_u) S
fu|t| ox vt

t
WKB tunneling action: S(t) ~ dTE(’T) ~ z; In L ‘
0

L1

Tunneling amplitude: A(e) /dte_iet exp [1S(t)] x |g|9

Tunneling rate: T(g) ‘8‘ ( _1)

. g=uvp/v
Weak interaction: E — 1 — o fits perturbation theory
o — V(O)/QW]TUF



Tunneling density of states

New particle = a finite shift of the liquid

+ © 00 0)0l00@ @ @ (0(0(}0 —u(—o0) =u(oc0)=1/2ng

1_ 3(9+3-2)
Vend X \8‘[9 H Vpulk X [€]2™7 79
+ ;

g =vp/v<1

C.L. Kane, M.P.A. Fisher (1992)

/
Earlier related work: Vpulk(€) = —%ImGR(CU, z, )
Luther & Peschel,;
Luther & Emery (1974)
G (z.8) = — 1 F — vpt + “‘]7 Dzyaloshinskii &
T 2nx —vpt + 10 L * — vt 4 A Larkin (1973)

—y t>0; v=(g—1)%/8g

X {(m — vt + iA)(x + vt — i)\)/)\Q:



Many modes — many fluids

Example: spin&charge

U1,l = Up A

rigidity: Fermi+Coulomb

U
P ettt b=t

’Up>’UF

C Ug

rigidity: Fermi only

R N SR K UK K K K

Ug — UV

Tunneling density of states

Inserting electron: finite shift Au = 1/n0
Many (N>>1) modes: Au = Z Aui

v(e) x e[ a o< S (Au;)?x 1/V/N

LG, Matveev 93




Carbon nanotubes — tunneling experiments
Single-wall nanotubes — 4-mode (incl. spin) Luttinger liquids

tunneling density of states:
A 4

—— A — = + data scaling
Vend O |g|end Vpulk o< || “bulk al — yoy ( )
1.1 1
@endzz[_—l] Oébulk=§[9+——2]
g g
apylk ~ 0.3 E I
a - 10°
T Bockrath et al 1999 oF
1 : 7S — m:tr“ 107 Im' "w”m’ 10°
T(K) T(K) eVikT



Carbon nanotubes — tunneling experiments

dl -0 T T A
T —1| /|
corroborating av Yao et al 1999 " X
experiment g 7 ~ :
X 50 K
102f <& 100K = -
: O 150K ]
P02 YRR,
100 e SR . el . —
1071 100 101
GV/ICBT

Qend N 20pulk
correspondsto g &~ 0.22 caution...



Carbon nanotubes — tunneling experiments

In a multi-wall nanotube dl/dV

IS also a power-law...

vl L unl Ll [ IIIIIOII 1 Illlllul
107! 1 10t 10? 10
eV/kgT

FIG. 2. (a) G(V,T = const) = dI/dV of a second MWNT
for T = 0.35,..., 20 K. (b) The linear conductance G(0,7)
in a double logarithmic plot demonstrating power-law scaling.

(¢) G(V,T)T % versus eV /kgT. Similar to the T dependence,
G x V* for eV > kgT with power a = 0.36.

[Bachtold et al (2001)]

Easy to confuse with ...

...Instead of a different
function (incl. disorder):

v(e,T)ocexp{— E?F( :T)}

1.5

F(x)

FIG. 1. The scaling function F(x) and its asymptotics:
F(x) = 1.07 — x/2 for x < 1 (dotted line), and F(x) ~ 1/x
for x > 1 (dashed line).

Mischenko, Andreev, L.G.
(2001)



Zero-bias anomaly
(aka “dynamic Coulomb blockade”)

ov(e, rp) 0 dw

X — Im/ Brd3r'p(ro, r, U (r, v, w)p(r, ro, w)
178 e/h Th

Altshuler, Aronov 1979

Two-point impedance:

e22(rg, 1, w) = ] &Brp(ro, r,w)U(r, 1, w)

meaning: z(ro, ', w) = V', w)/1(rg, ®)

p(?“, T'o, t)
fd3fr z(rp, r’, w)p(?"', r,w) Propagation probability

[ d3rp(ro, r,w)

Zefr(ro, w) =

1/iw



Zero-bias anomaly
(aka “dynamic Coulomb blockade”)

5 2¢2 oo d
v(e,ro) _ 2e° Y ReZesr (10, )
0 h Je/h w

A ref.: Pierre et al, PRL2001

experiment exp. & theory

Low o : real and constant Z

0G/G, (%)

In many cases, exponentiation is possible 0 100200 300

: -3
-0.2 -01 0.0 0 1 0.2
V (mV)

- Zend — 9 Zbulk -

Dangerous resemblance to a Luttinger liquid behavior

D Qend=20p




More tunneling experiments

resonant tunneling

o Dekker 2001
1.8 T.Gmax - ,-.1 A 90
1.6 ke &_@Q&aﬂ Tﬂ.zz 7 3— m
Lal ﬁg-%‘@" O g0s % _ 40 (
12} & E -
1F/ o p
0.8 , Peal%?rz- . O , 0
0.6 -."' AGate voltage (mV)
S A /no
0.2 S
e Theory
YaCOb 2000 — 1. T > I_O - widthoc Tj T-Gmax T%end
y yes (Furusaki 1998)
21?7 2. 'K I (CL Kane, MPA Fisher 1992)

3. Weak interaction: full lineshape, any T; (Nazarov,LG 2003;
Gornyi,Polvakov 2003)




Current noise

Charge discreteness leads to shot noise In current

Vacuum diode Rare tunneling events
current
cococoobeoo0e@
“— barrier
K
t current Relation between noise power

‘ ‘ ‘ and current:  Sp(w = 0) = e(I)

time




Current noise

+ current Rare events of backscattering

max
000000000000

current

time

“— barrier

Backscattered current:  Ip o = Imaz — 1

Current noise power:  S; o< (pgek * Ipgek )

Average “backscattered current” (Ipger) = Imaz — (I).
Relation between noise power and current:

Si(w = 0) = (ge) Ipqck)

[C.L. Kane, M.P.A. Fisher (1994)]



Edge states — experiments: Current noise

1. Phenomenology: States at the edges of 2D electron \/
system In the conditions of the fractional (v<1)
quantum Hall effect are chiral Luttinger liquids with /\

charge e*=ve and interaction parameter g=v.

1.1. Noise must reveal
fractional charge

St = (ve) Ipgck)
v=1/3

Current noise, 5, (10729 AZ Hz'1)

R. De-Picciotto et al (1997) 2 -

4] 200 400

Backscattered current, /y (pA)



Edge states — experiments

Corroborating observation of the
noise power vs. current ratio:
[L. Saminadayar et al (1997)]

Vo (V)

1
I(V)xVy
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Current Noise S | (10 “°A”/Hz)

.............

500 1000

L
Lad

=0 100 200 300 400 500 600 700

Backscattering Current I (pA)

| 1.2. Tunneling into an edge state is characterized
1 by I(V)~Vv for a discrete set of v.

Confirmed by Chang et al
In 1996 for v=1/3

but...
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Edge states — experiments

w1 T 1 |

I e sl 4 - There is no predicted qualitative difference

. / between the compressible and

10" ;" Incompressible states; continuous evolution
‘_;’ T of current-voltage characteristics with v.

"’ " [M. Grayson et al (1998)]
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Tunneling with the momentum conservation
Y%

| B2 @ : !
(courtesy of Auslender&Yacoby)

d
dl
WOCA(k’E) *x A(k, €) T

A(k,e) =ImG(k,¢)




Spectral density of a Luttinger liquid

A(q,w) =ImG(kp + g, ep + w)

1000

Voit 1994
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Double-peak structure — spin&charge modes for the linearized spectrum



Comparison With the Non-Interacting

Dispersion
Spin
VG ~ F
- 45
% Charge
H
E ?;_'_;,__ Vc ~ V_F
A
2nd mode
0
af ender&Yacoby)

Observe 30% deviations



this is a charge mode
(data: courtesy of Auslender&Yacoby) of a Luttinger |iQUid

A(q,w) =ImG(kr + q,€ep

In the presence of _ g
interactions, the spectral F e 0k

dens_lty s known only for What is this
the linearized spectrum bright line?




Luttinger liquid vs Tomonaga-Luttinger model

D>1:

Fermi gas (exactly solvable) = Fermi liquid (low-energy theory)

% x CONst == ; ~x const + V2T non-analytic correction

D=1:

Tomonaga-Luttinger model _, Luttinger liquid
(exactly solvable) (low-energy theory)
crucial simplification: AR€O'(C<J, Q) f RGO'(QJ, Q)

2 E

2
/ =>||xq e 4, 2
\ D O(w — vq) 5 q /w

e(p) = vp(lp|—kF) W | \l e

vq

vq
Tomonaga (1950);

Luttinger (1963) Pustilnik,LG 2003+current




Corrections to Luttinger liquid theory are
Important if particle-hole asymmetry plays role

e Thermopower — no experiments
« Coulomb drag effect — inconclusive experiments

4mme-long wires; Tarucha group 2001
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Drag between quantum wires

Drag between identical wires
at low temperature,

T < epexp(—4vkpd)
IS dominated by 2k. processes.

(Nazarov&Averin, 1998,
Klesse&Stern, 2000)

Drag at higher temperatures, or
drag between non-identical wires,

ke — k2| #£0

Is controlled by small-momentum transfer,

Ap < kg




Drag between quantum wires

In 1D system, even weak short-range interaction results in a singular
perturbation (Fermi liquid ,Luttinger liquid).

2 (passive)
1 (active)

—_—

_ |
v,=1I/en h

Derivation of the drag resistivity:
1. Weak interaction between wires — perturbation theory in U,,(q).
2. No disorder — Galilean invariance of charge fluctuations,

Structure factor: Si(x,t) =S, (x=v,t,t)

1 %, 7 Reo, (q,)Reo,(q,0)
d d 2U2 1 2
e nlnz-([ w! 4.9°V:(a) T sinh? (/2T )

Reo, =—Imy, :%(1—e‘“’/T)S.

DT accounts fully for the intra-wire interaction



Interacting electrons: beyond RPA
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Drag between non-identical wires

Im 7, (9,@)Im z,(q, ®)

roc_([da)dq[---] sinh® (/2T )

4

Free-electron and the Calogero-Sutherland models:

—1 —1
r o< lg” exp(—kpév/T) + leF exp(—vdkp/T)
Generic electron-electron interaction:
A
41k o
& F’ F ’U’

r oy | lz_le exp(—vdkp/T)

In an experiment, v o< dkp ~ [n1 — nol.



1D AF-magnets: spin liquid

S. Nagler (ORNL) 2004 S(q,w)
. s . ' 5 A S w
KCUF:J,* - = W ( )
80 beyond
N Luttinger
q>

0.5

-05
Wavevector g along chain {units of 2x)



Superconductor-insulator transition in nanowires

MoGe nanowire [Bezryadin, Bockrath,
Markovic, Lau, Tinkam (2000, 2001)]

R/L { £ nm)

a
SiN

100 nm L
¥ nanowire =4 *—nanotube

MoGe
Si0»

0.2 0.3 4 0.5 .6 0.7 .8 0.9
T"ITc. film

One gapless mode — phase ( ) — Luttinger liquid

2
L= ) +core energy

F2n (8@)2 1 (890
2m \Ox e2In(D/R) \OT



Superconductor-insulator transition in nanowires

2
Wires with cross-sections S 5 So = /\% (iﬁ) a
100 n

SiN

m L
¥ nanowire =4 *—nanotube

are insulating, but localization length is huge
MoGe

o
S0
In [&-loc] X £?C>> 1 =
loc Tinkham group 2000

Where is the proximity effect in experiments?



Other applications: Charge of a quantum dot

How one electron is split between two quantum dots?

Fluctuations of the charge “liquid”
can be mapped onto a
Tomonaga-Luttinger model
(Flensberg 93, Matveev 95)

Aq

rinl
5

N[

related problems for G/;—; — 1

mesoscopic fluctuations: 1

theory Aleiner & LG 1998;
experiment: Marcus group 1999;
Kondo effect:

theory LG,Hekking,Larkin 1999

Matveev, LG, Baranger;
Golden&Halperin, 1996



Scattering off Friedel osclillation in D=2

Interference
of waves A&B

Origin of Altshuler-Aronov corrections

Rudin, Aleiner, LG, 1997 — correction to the DOS

Zala, Narozhny, Aleiner, 2001 — correction to conductivity

-------------------
(a) n =8.58:10" cm’?

8.80 dp/dT sign change near Stoner instability; possibly

10" | 9.02 ]
! explains the 2D metal-insulator “transition”
\__\__

p (hE’)

10° |

10-1 ! 1 1
0 0.5 1 1.5 2
T (K)

Kravchenko et al 1990s



Conclusions

e Several complementary tools exist for treating
Interactions in 1D electron systems, a number of
specific predictions are made, some attractive
problems remain open

« A consistent set of experimental manifestations
of the Luttinger liguid behavior perhaps is still to
come
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