Resonant Tunneling,
Quantum Brownian Motion,
and Multichannel Kondo Problem
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Outline

@ Introduction: Resonant tunneling

® Technique: Bosonization of 1D Electron Gas
© Mapping |: quantum Brownian motion

® Mapping Il: multichannel Kondo model

©® Summary



Resonant Tenneling

@ Multilead Quantum Dot

@ Coulomb blockade — conducting near resonance

@ Strongly interacting — difficult to solve!!

— bosonization, CFT, RG, Bethe ansatz, MC, ---



Resonant Tenneling

@ Quantum Point Contact

Single transverse mode (transmission probability T < 1) — 1DEG!



Bosonization of 1DEG

[J. von Delft and H. Schoeller, Am. J. Phys. 64, 1968 (1996), cond-mat/9805275]

o Linear dispersion near Fermi points
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Single electron energy:
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@ Hamiltonian of a spinless 1IDEG (h = 1)
H= v / o (o, —ylow )

/ dx : {gmw by + 2 (w+w+w+w++w* Pl )}



Bosonization of 1DEG

@ Hamiltonian (continued)

Fourier transform: 14 (x E ey (
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Bosonization of 1DEG

@ Hamiltonian (continued)

p+(q) = /dx el (x)e(x): = Z : [ci(k - q)ci(k)} :
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[pi(q),pl(q’)} = iéqq/gv {M(Q),pi(q’)} =0

b 27erL+ 2 > [ (@)ps(—q) + p—(—)p—(q)] :
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Bosonization of 1DEG

8x¢i

o Charge density wave: pi = >
T

¢+ (x) = 2w x spatial displacement of electron at position x

= CDW phase
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[6+(x), O+ (x)] = £2m0(x — x')

Y4 (x) ox Fre™®=() ... kink annihilation operator

(vertex operator in CFT)



Bosonization of 1DEG

@ Hamiltonian in terms of CDW
0=¢y+¢d_ = CDW phase, ¢ = ¢4 — ¢_ = Josephson phase
0x0 . Ox @

o = charge density, —— = current density
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[0(x"), (x)] = idmd(x — xX') = My =

— conjugation relation between number and phase!



Bosonization of 1DEG

@ Bosonized action

00 = i[9, H] = 4mvgl
Euclidean action: S = ﬁ / drdx [(&9)2 + (vOeh)?

@ Dual theory: [¢(x), x0(x)] = idnd(x — x') = My = ?
71'

2
H:27rv/dx [1ﬂ§>+g<ax¢) ]
g 47

s=25 [drdx [(aT¢)2 + (vaxgzﬂ

- 8mv



Mapping |: Quantum Brownian Motion

@ Multilead quantum dot action

S5=5+S5,+ 5S¢

N
So = ; 87r1v,:: /dex {(8703)2 + (VFaxea)z}

S, = /—vcos[ZWQa ], (Qa:/ooodxaﬁ(x):_g(xzo))

e? N :
Sc = f/dT l—; Qa(T) — "o]




Mapping |: Quantum Brownian Motion

o Effective action: Caldeira-Legget model of QBM in a periodic
potention

Stal{Qu] = {/ o QU — v [ cos2rr)}

T < €%/C = Total charge in the dot (3", Q,) freezes out.

—— Coulomb blockade unless ng = half integer



Mapping |: Quantum Brownian Motion

@ Lattice models

@ (b)



Mapping |: Quantum Brownian Motion

@ Lattice models (continued)

d
/dw |w|e|w\'rc / T Z l27rGr

(G = reciprocal lattice vector)

1 d7 ;
_ - |w|Te 2 o i2R-k(7)
= 2/dw |wle k(w)| / - ER tre

(R = direct lattice vector, G- R = integer)

@ Perturbative RG flow equations (small vg or tg)

dVG
dr

dtr .

=(1-1GP) vs¢ + O (v?), T

= (1-|RP) tr + O (t?)



Mapping |: Quantum Brownian Motion

@ Linear response and mobility

uniform external force F — S = — / drF -r(7)
i 2o
Hi = gl OF;

=5 |w|/dwww Yg(—))



Mapping |: Quantum Brownian Motion

@ 1D lattice (2 leads with or without a quantum dot)
€Y




Mapping |: Quantum Brownian Motion

@ 1D lattice (continued)
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Fixed point mobility: u* = {
1



Mapping |: Quantum Brownian Motion

@ 2D triangular lattice (3 leads, off resonance)

Simplification: symmetric contacts tg = t, for all R

1 V3R 431G,
]V [ 7’
S

Unstable intermediate fixed point for 1 < |Gg|* < 4/3!

0 if |Go|? < 1,
Fixed point mobility: " = ¢ 0or1 if1<|Gol? < 4/3,
1 if [Go[2 > 4/3.



Mapping |: Quantum Brownian Motion

e D-D “hypertriangular” lattice (D + 1 leads, off resonance)
(eg: 4 leads — D =3 — tetrahedron)

1 2D/(D+1) IG,f
: 1

T l[ i

n

2D/(D+1) 1R
0 if |Go|? < 1,
Fixed point mobility: ©* =4 0or1 if 1< |Go|?2<2D/(D + 1),

1 if Go[2 > 2D/(D +1).



Mapping |: Quantum Brownian Motion

@ 2D honeycomb lattice (3 leads, on resonance)

@

nonsymmorphic lattice!



Mapping |: Quantum Brownian Motion

@ 2D honeycomb lattice (continued)
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Mapping |: Quantum Brownian Motion

@ 2D honeycomb lattice (continued)

1 2/3 419 |R0|2
Stable intermediate fixed point!
p* =0 if |Go|? < 4/9,

Fixed point mobility: 0<u*<1 ifd/9<|Gol? <1,
w =1 if |Go|> > 1.



Mapping |: Quantum Brownian Motion

@ D-D "hyperhoneycomb” lattice (D + 1 leads, on resonance)
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Mapping |: Quantum Brownian Motion

@ D-D "hyperhoneycomb” lattice (continued)
Fixed point mobility:

=0 if |Go|? < D?/(D + 1)?,
0<pu*<1 if D?/(D +1)? < |Go|*> < 1,
O<pu*<lorp =1 ifl<|Go?<¢,

=1 if |Go|? > €.



Mapping Il: Multichannel Kondo Problem

@ Hamiltonian

H=Hy+ H,

Ho = ive Z / dx wisaxwas

ZTI'V[:Z{J SZpsZ(0) + JJ_ S;;p s, (0 )—&—H.C.}}



Mapping Il: Multichannel Kondo Problem

@ Boson Hamiltonian

N—-1
H = o= | o [(axqfff + Z(@dﬁﬂ

J N

1

= St

+ o aEZI ( imp €XP {

+ H.c.)

N
@ Generalized Toulouse limit: 1 — EJZ =0 — ¢° is decoupled.
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Mapping Il: Multichannel Kondo Problem

@ Euclidean action

N
1
Stonto = g3 [ drlel Y Io5)P
i=1

Ji [dr & =

L . —1 s

+ > | = Z {Si',;p exp [—/ Z Oailgb,-f(T)
€ a=1 i=1

+ c.c.}

— mapped to quantum Brownian motion and on-resonance tunneling!



Mapping Il: Multichannel Kondo Problem

o RG flow
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Mapping Il: Multichannel Kondo Problem

@ Fixed point mobility of on-resonance tunneling

From spin current correlation functions obtained from CFT,

[A.W.W. Ludwig and |. Affleck, NPB 428, 545 (1994); PRB 48, 7297 (1993)]
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@ On-resonance conductance: G = —
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Summary

@ Mappings between resonant tunneling, QBM, and multichannel
Kondo problem are explicitly shown. (Same universality class is
shared by seemingly different models.)

@ Nonperturbative results of one model may be obtained from known
properties of another model.

o It helps to get familiar with many different physical models and
systems!



