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Outline
e Introduction:

experimental motivation, why 1D is special

« Simplest model of the tunneling junction:
point contact, tunneling Hamiltonian

* Infinitesimally weak tunneling coupling:
suppression of tunneling density of states
(conventional zero bias anomaly)

 Coupling is not infinitesimally weak = new

physics: non-trivial zero bias anomaly, intermediate-
coupling fixed point =» suppression vs enhancement

* Fermionic S-matrix RG: renormalization of the
generic contact



Single-channel quantum wires (aka Nanowires)

Carbon nanotubes
Semiconductor quantum wires
Quantum Hall edges

Polymer nanofibers

Metallic nanowires

From Purewal et al., PRL 07



Single-channel quantum wires (aka Nanowires)

Carbon nanotubes
Semiconductor quantum wires
Quantum Hall edges

Polymer nanofibers

Metallic nanowires

(leaved edge overgrowth
Yacoby, Stormer, Pfeiffer, West

dopam\s,
GaAs
AlGaAs 1

7 2deg

quantum

2deg wire

Atomic-precision “cleaved-edge”
single-channel GaAs wires

at the intersection of two
quantum wells

From Auslaender et al., Spin-charge separation
and localization in one dimension, Science 05

V-groove
nanowire

Semiconductor nanowires :
Mean free path [ ~ 10 ym

From Levy et al., Luttinger-liquid behavior
in weakly disordered quantum wires, PRL ’06



Single-channel quantum wires (aka Nanowires)

¢ Carbon nanotubes
1 2 ¢ Semiconductor quantum wires
- e Quantum Hall edges
O 5 ¢ Polymer nanofibers
S Y b ¥ e Metallic nanowires
- .
AN
3 4

Quantum-Hall line junctions :
longest (L ~ 1 cm) single-channel
GaAs quantum wires

backscattering disorder = random interedge tunneling

1D barrier in 2D : Kang et al., Nature '00; Yang et al., PRL '04
L-shaped quantum wells : Grayson et al., APL '05, PRB '07



Scaling of the tunneling conductance
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Interacting electrons in 1D =» Luttinger liquid
exact excitations: plasmons (+spinons)

Fermionic description:

Hp =Y, [d (ivpl0uthy + 2nun_y)

u=(+,-) right/left movers, : 5 n“ — w:wu
linear dispersion relation, short-range interaction V,, spinless

dimensionless - W 1 Luttinger 5 _ 1—g 1/2
interaction g = oy < oarameter =\13,
strength

Bosonic description:
U

Hp =3 / dx [%(é‘wqb)ﬁf((awef]

Electron ¢:|: — 6Z(9i¢) 0,0 = 7ll, [¢(z), H(SL’,)] = i0(z — 33')

operators: u = vp/K -plasmon velocity



Dzyaloshinskii& Larkin (1973)
Luther & Peschel; Luther & Emery (1974)
Kane & Fisher (1992)

1 — K)?
ap . _ | 2K)

Zero bias anomaly

“bulk” tunneling

oS p(€) o< |e

Scaling of the tunneling conductance

usual assumption:

(84 . .
|to|2 (%) ° , foreV>T tunneling matrix
G, element 1o
t is infinitesimally

[to]? (%)ab , foreV <T. smalllll

tunneling into the end 1— K
of a semi-infinite wire &b 7 Qe Qe = e

gk 1: abzgz/Q L QeRg



Setup

tunnel electrode: noninteracting, single channel
bout =

A tout r
J
time reversal

L,

“zz'n

guantum wire:
single channel, spinless, ballistic,
Interaction is described by LL model



Contact: 3x3 scattering matrix

1

g

X tout ¥

V U . r tout tout

l, S — t tb tin

:> ~ { t tin (AR
2 3

’ltin

for finite Symmetry: 1) time-reversal
tunneling ¢, # 0 !!! 2) 2 e 3

Most general parametrization

t = tous = e X P02, /2y (cosp — ),

tin = € (e =), r= etXx=28=¢) (27 — e7*P),

—m/2<p <72, 0<7y<cosyp, —2m<fx<2m.
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Hamiltonian

H = Hw He Htuna

H, = >, [dx (—wmb Oxthy + 2 Vonn_,)

H _ive ZMUI_OOdy wlaywu

Simplest model of the tunneling contact

Hiyn = toW(y — —O)¢($ — 0) + h.c.

point-like contact described by the tunneling Hamiltonian
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Tunneling Hamiltonian:
noninteracting case

Specific choice of the S-matrix

t=Tout = _7:\/2’7(1 —)
r=1-—2vy

ty = —7,

tm=1—7

tunneling transparency
of the contact

— 0,

t~to, ty ~ta = |t < It

to — o0 ’}’—>1, Gt—>0
t~1/to, ty — 1

f

o
u 5
> tin
23
v = 0 <€—single
VU, + 2t(2) parameter

tunnel conductance
G = 2Jt|* = 4y(1 - v)

tunnel contact
1 | decouples
from the wire

2 m—3

1 all three
channels
decouple

2 m— w3
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Tunneling Hamiltonian (point contact): small ¥

g1, tg—0, v=23/vv. < 1

Lowest-order processes leading to the renormalization
‘1' of the reflection amplitude

t() tO
tO —>— GFinthe
t wire
0 —>—GFinth

T - eIecIProdee
to

0 53 0 54

4 242 '
gto —g tO ;)ipg[?]osne

B(y) = gv* —g°v/2, <1
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RG in the weak-tunneling limit

day 0 gz,y ")/ tunneling transparency

of the contact

dLl —/gv 2 L=In(A/|e])

non-trivial geometry, junction y\renormalization of the bulk
of 3 wires tunneling density of states

Das, Rao, Sen 02, '04

Y0
A B2
ydv/dL 2079+ (L 210/) (A7
stable unstable
point point renormalization

/ \ 0 < 9/2 of the density of
—> states dominates
g/2 ,Y Yo > g/2 enhancement

of the tunneling

Physics behind: scattering off Friedel oscillations vs. bulk ZBA
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Friedel oscillations in 1D

1 -
-— t?,’n, z <0: ¢(x):eikx+tb€_ikm
2;
ton |t|
| On = sin(2k
n ozl sin(2kp|x| + ¢p)
AR |
| > Ap ty = |ty

Hartree potential Vg (z) = fd:clV(:c — z1)0n(z1) oscillates with
the period Ap/2

at r — OO
Oty o< [dze 2% Vy(x) o< gL =g In(A/|e)
EZE—EF

Exchange contribution — similar .



Leading-log summation:
sums up the most divergent terms, [gIn(A/|e])]™, of the perturbation theory
Split the important interval,[vrp /A, vr/|e||, on smaller pieces,
sothat I,,.1/l, =const > 1 but gln(ly41/ly) <1

| I I I I >
0 vp/A = I It 1 v up/lel = 1/[k — kgl

Single impurity: fermionic RG for the backscattering and transmission

6ty =ty —t5 = gty (1= [t1*) In(lnt1/ln)

— gtp(1 —

B-function in the first order in g

ity =0 [ts] :}
@ > f

two fixed points

Fermionic RG: explicit connection Bosonic RG: exact exponents at

between fixed points for weak fixed points for arbitrary interaction,
interaction, Matveev, Yue, Glazman '93 Kane , Fisher '92 16



Single impurity
dty/dL = gtp(1 — |tb|2) = O(ts) = gtp, |ts]| K1

Tunneling contact ~ av2 — g%~ /9 < 1
gl B =9v" —977/2,
2 Key difference:
gtb gtb absent

Phase of the Friedel osc's is important

Weak impurity: ¢b — 7'('/2
Point tunnel contact: ¢b — O

17



Renormalization of backscattering

. tin T
E>+ 2N : t¥
tin < |tb

Weak impurity: op =7/2 wmy (g/2)(tp — ti';) = gty
Point tunnel contact: ¢p =0 = (9/2)(t, —tf) =0
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Generic tunnel contact

fermionic S-matrix RG: exact in S-matrix and perturbative in g

(a)

(b) g % (c)
M W thick lines: exact

noninteracting
GF (fully dressed

NN

One-loop skeletons (a),(b) contribute to the exact-in-y
B—function, diagrams (c)-(e) do not

For tunneling problem the quadratic in
( ; \ g terms has to be included into ffunction
b

tin

t
\ 7 — [9B1(A) + 8?2 (A) IL
8A/8£ — 6(A) S-matrix of the tunnel contact is

renormalizable to order g2

. 0A=[gF1(Ag) + 92F2(Ag) 1L + 1g%7(A) L2
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Four (two)-parameter scaling for the tunnel contact

Equations for t, and t;, are closed == two “leading equations”

ty = —ePy,  t=tou =eXTPFO/2 [y (cosp — ),
bin = eiﬁ (eicp o 7) ) r= ei(x—2ﬁ—<p) (27 o e—icp),

Point tunnel contact: 3, =0, four RG
equations “collapse” onto a single one

dy/dL=p(1), ¢=F=0, x=-m y



Tunneling Hamiltonian (point contact): arbitrary ¥

tb=—y, tin=1—7v, r=1-2 Fx - 7
Yy
t = tow = —iv/27(1 = 7), Gy = 4y(1 — ) U

L,

9
2t t,— amplitude ~ D

VVe + Zt(z) ar;triring tunn. :

N =

P(W) B(v) = gy(1 —7) [ — %(1 —27)(1 —~ 72)]

1) unstable point: = ¥

2) stable points: =0, y=1,
Gi=4y(1-v)=0

y=0 y=1
o=
Phase transition ) — 3 D e —3
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But! In fact, ¥=0is not a stable point,
it is a saddle point = no phase transition!!

"}/ —true stable point:
“ y= 1, Q= 0

three wires are

disconnected from

each other

dashed line:
— Impurity in the
Isolated wire

L P

i

ST

oy

vertical line;

point contact, saddle point

tunneling | | 2
hamiltonian ty=—ePy, = tour =X P 02/2y (cosp — ),
tin = R (ezso _ ’}’) o= ! (X—26—¢) (2y — e~%),
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Conductances p 1y

|

i = 2.5 Gijhty v — P —
time reversal and 2<= 3 symmetries = 2 independent conductances:

Gy =2tl2, Gy = [tul? + [t2/2
i f

tunneling current in the wire if
conductance no current flows in
the tunnel electrode

I, = GV, - .
I, =-GVi/2 - G,V vz (b2 + )/
I, = —G\V,/2 + G,V — Ha = K2
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RG flows for Gy =2[t]*, Gw = |tin]* + [t]?/2

1

Ideal
contact
5"
before the turn: true
G 1—Gy o ‘6‘92/2 . e ungtable 1 fixed
: " point point
after tth/Qturn. \ -
Gt XX ‘E‘g 3 0 -~ . I
1 -G,y o |e|™% 0 | :
w o fe saddle 1-G, A
LGy Go/d _ (Go\F  POIN Giw o |€]?
1-Gwo—Gw/4— \ Gy ?
K~2(2—g)/g Limiting curves:

1) Gy = 4G (1 — Gy )- point tunnel contact,
Fixed points =» bosonic RG

Kane, Fisher’92 2) G¢ = 0-impurity in the isolated wire a



Scaling of the tunneling conductance

1) Point_contact In (A/|€|)

InGy |-ocomo o

Ideal contact

bulk ZBA
enhanced ZBA

€

In Gt I Gr x (K)g
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2) Generic contact

generic tunnel
contact ¢ # 0

point tunnel
contact @ =0

— T AN ln A/| | /’T‘T
ideal ' | |
contact T Eiticality retards,

\ G| ZBA |
~ \
= \ 0.2 \
~ ~ - \
N 10 T3
A\ T 0 5 10
InG; I I1 I IV In (A/|€|)

| - enhancement of ZBA
I1,IllI- interaction first make
the tunneling contact more

transparent
V- conventional (bulk) ZBA
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Summary

* Tunneling into a Luttinger liquid is described
by RG flow of 3x3 S-matrix

« Conventional fixed point has a finite basin
of attraction only in the point contact model

* Bulk ZBA generically unstable
to the breakup of the liquid into two parts

* Interaction-induced enhancement of tunneling

* Nonmonotonic behavior of the tunneling
current with temperature or bias voltage
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Stability analysis:
point-contact fixed point ¥= 0,9 = 0 is a saddle pointin (¥, @) space
RG equations for small ¥

O 2
% ~ gy cosp — g2”y - gysin® @
6—S0 ~ (g/2) sin 2¢ =) instability
oL

Compare to dry 92 92’7

point contact E = 97 9

(tunneling ham.) =0

Linearin gy term g Re(tp, — t1t2) o g7 sin? o + O(?)

no exact cancelation at order O(g) of the contributions to fBfunction
from the Friedel osc's that screen the junctionatx <0Oand x>0



Impurity in the isolated wire

tin = ew (ei‘P — ’y) : r = e’i(X—2,3—<P)(2,Y . e—iw)’

Y = COS = t:O,Gt:O, tb:—eiﬂc()sgp, tin:ieiﬂSingp

dB3/dL =0 RG equations
do/dL = —(g/2)sin2¢ [1 + (g/2) cos 2¢]

s
dy/dL = gy(1 —~°) [1 4 (9/2)(2v* - 1)]
~ gy(L =7 | bevond

Matveeyv, Yue, Glazman '93



RG equations for the conductances

Gy = 2[t|*, Gw = [tin]” + [t|*/2

0G:/0L = gGi(f1 + gf2)
OGw /0L = g(f3 + gf4)

fi=-1+G:/2+ Gy
fo=-1/24+G¢(3—G)/8+ Gw(1 — Gy)
f3=Gi(14+ Gy)/4 —2Gw(1 — Gy)
fa=(1-2Gw)|Gt(4+ Gt)/32 — G (1 — Gy) |



Tunneling DOS at the site of a weak impurity
1

Gt w o |€]|?

V)
0 ' | ' .

0 1
1-G

w

Y

Linearizing the RG equations in G;around the stable fixed point
tunneling DOS p(&) at £—0 for an arbitrary bare strength of impurity U,

p(e) ¢ ‘€|ae ae=g+g°/2+...



