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From Schottky to Bell

Classical shot noise:

W. Schottky, Ann. Phys. (Leipzig) 57, 541 (1918) | vacuurm tube
((AD)?), = 2¢(I) () @
+ grid]

Quantum shot noise:
Khlus (1987), Lesovik (1989), Yurke and Kochanski (1989),
Buttiker (1990)

W >ine= eikza:
V> = retke r L

—
(Anp)?) =T(1-T) = ((AD?), =2e(I)(1-T)

Entangled States
J. Bell, Physics 1, 195 (1964)



[ ectures

Lecture 1:

Scattering Theory of Thermal and Shot Noise

Lecture 2:

Frequency-dependent noise: charge fluctuations

Single particle interferometers

Lecture 3:

Two-particle interferometers: entanglement



Warning

This is an attempt at a tutorial lecture on shot noise
It 1s not an overview of the literature on shot noise

It 1s not even an overview of my own work or that of my group



Scattering Theory of Shot Noise



Fundamental sources of noise

‘Buttiker, PRB 46, 12485 (1992)
Thermal fluctuations of occupation numbers in the contacts

An(E) =n(E) — (n(E)); f(E) = (n(E))

((An)?) = (n?)—(n)? = f—f* = f(1—f) = —kT df /dE
—> Nyquist-Johnson noise

Quantum partition noise: kT =0 _
occupation numbers:

f ny . incident beam

n7 : transmitted beam
L MR -
np . reflected beam

averages: (ny) = 1; (np) =T = [t|%; (ng) = R = |r|?%;
Each particle can only be either transmitted or reflected:
(npnp) =0, =

((An7)?) = ((Anp)?) = —(AnpAng) = TR=T(1-T)



Conductance from scattering theory 7

Heuristic discussion Fermi energy left contact 1 + eV

Fermi energy right contact W .
eV — |—7 Sy

e —— 1

applied voltage eV,

transmission probability 1°

reflection probability R ,

incident current Iy, = evpAp

density Ap = (dp/dE) eV

density of states dp/dE = (dp/dk) (dk/dFE) = (1/27) (1/hvp)
— I;;, = (e/h)eV independent of material !!

I = (e/h)TeV 2:>
G =dIl/dV = e—T Landauer
h



Multi-channel conductance: leads
Buttiker,‘ Imry, Landauer, Pinhas, PRB 31, 6207 (1983)
y

3 g &/:

J—

X
asymptotic pertect translation invariant potential

Viz,y) =V(y) —=

seprable wave function
+ Tikn (L
ban(r, E) = e Ty (y)

energy of transverse motion Fy, channel threshold

energy for transverse and longitudnial motion

E=F, -+ ﬁ2 kz / 2m &S scattering channel
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Multi-channel conductance: scattering state

channel dispersion

En(k) = En + B°k%/2m
on(k) = A dEp (k) /dk  ——

scattering state:
incident + reflected wave in channel n in contact

1 . iy
Cbom(ra E) — [emn(E)m‘l‘Sozoz,nne anm] Xom(y)
Van
reflected waves in channel m 1in contact &

1 L
@om,(r, E) — Saa,mn € thm Xam(y)

Vam
transmitted wave in channel m in contact

ban(r, E) = SBa,mn € Xﬁm(y)
vﬁm

. I
| =———=

F1TrTrrrrrri
-

I I I I |
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Multi-channel conductor: scattering matrix \

Saa,nn s  Saa,mn D

8,805,7’7’7,’)’1, — 8,605

_(rt _ [ T11 t12 .
s = ( " T,) S — ( to1  Too unitary

reflection probabilities transmission probabilities

F1TrTrrrrrri
-

I I I I |

— 2 2
Rozoz,’n/m — |Sozoz,’n/m| 9 Tﬁa,mn — |Sﬁa,mn| 9

Multi-channel conductance, kT = 0, two terminal 5
e

I = (e/h)eVn%TRL’mn = (e?/W)VT = G = ;T



11
Eigen channels

1= Z T30,mn = Z |Sﬁoz,mn|2 — TT[SLQSOﬁﬁ] — TT[tTt]
mn

mmn

¢ hermitian matrix; real eigenvalues Ip,

rTr hermitian matrix; real eigenvalues Ry,

T="Tr[tt] =Y T
n

e2
G:—ZTn
h 5

1y are the genetic code of
mesoscopic conductors !!



Multiprobe Conductors 12

Buttiker, PRL 57, 1761 (1986); IBM J. Res. Developm. 32, 317 (1988)

2
(& (&
Gaa — dIa/dVa — Z (Na — Raa) — E TO&,@

P p#a
Gap = dla/dVs = ——Tag

Ia:%GaﬁVB; %:Gaﬁzo; %:Gaﬁ:



Multi-probe conductors: scattering matrix 13
Buttiker, PRL 57, 1761 (1986); IBM J. Res. Developm. 32, 317 (1988)

[ $11 S12 813 S14 )
s21 822 $23 24
$31 $32 S$33 $34
\ 541 sS4z 543 Sas )

Tﬁoz — ﬂZL;Tﬁa,mn — Z |Sﬁoz,mn|2 — TT[ST@QSﬁOz:

mn
— — 2 _ '
Raa = Z Raa,mn = Z |Saa,mn|® = T”“[Sjyoésozoz-
mn mn

magnetic field symmetry $8a,mn(B) = $a8nm(—B)
Top3(B) =1T3,(—B); Raa(B) = Raa(—B)
Gog(B) = Ggo(—B); Gaal(B) = Gaa(—B)



Occupation number and current amplitudes
Buttiker, PRB 46, 12485 (1992)

Incident current at KT =0
I’L'n — (6 / I’L)GV

Incident current at kKT > 0

dl;y, = (e/h) f(E) dE
Occupation number
f(E) =(n(F)) <> = gtatistical average
Creation and annihilation operators
(a'(B)a(E")) = f(E)S(E — E')
«Incident current »  « Current amplitude » a(E)

I;n(t) = (e/h) [dE de’ al(B) a(E) e (E—EDt/T
Tin(t) = (e/h) / dE 7(E, 1)

14

I



Current operator 15

Buttiker, PRL 65, 2901 (1990)
Current in contact & single channel result

-~ c - —~
Io(t) = 7 [ dB [fia,in(B.t) = o out(E: D]
current amplitude: @q(E) (incoming) b,(E) (outgoing)

L)=1 [ dE’dE[@(E’)%(E)—Bg(qua(E)]ez‘(E’—E)t/ﬁ

N
a

. ﬁ
T'— sample
H
J .

E E
bR I

Current 1 1n contact <& multi-channel channel result
fo(t) = © / AE'dE[a},,(Eaan(E) b, (B )banw)]e@@ I/
T



Current operator 16
Buttiker, PRL 65,2901 (1990)

ao(E) ;Boz(E) . Ng component vectors
To(t) = & [ dB'dE [k, (B')ia (1) ~B,(B)ba (1)) =)0/

L ) ) R
T sample Tr bOé — Z Sozﬁaﬁ

M U IV,
— T T

In(t) = %/dE’dEZaZg(E’)Am(a, E, E)a(E)eE'—E)/h
By

Agy (0o, B/, E) = 108,300y — 85 5(E ) sar (B)

quantum statistical average
average current,

<a5(E)a’Y(E/) ) =03y 0(E — E") fs(E) = conductance



Noise spectral density L7

Spectral density S (noise power)

(1/2)(a(@) I5()H15(w ) a(w)) = 218 ,5(w)8(w+w)
Use

T,(t) = /dE dE Y. al(E") Agy (o, B, B)ay(B)! (P = PUT

By
quantum statistical average of four creation and annihilation op. —>

Zero- frequency spectrum (white noise limit)

Sop = 25 Z [ AETTIA5(0) As (D) £ (E) (1~ f5(E))

equilibrium —> fluctuation-dissipation theorem
non-equilibrium ——> shot-noise

Buttiker, PRL 65, 2901 (1990); PRB 46, 12485 (1992)



ey - : 18
Equilibrium current fluctuations

Use

o2
Sap =23 [ ABTrA5(0) Asy (D)1 £ (E)(1—f5(E))
07

with  fo(E) = f(E) forall «a=1,2,3,... —>

auto-correlation (I 5 Vv

2
v = 2T Gon = QkT%/dE(—df/dE)(Na—Raa) ;

cross-correlation (Iafﬁ)u R
Sap = KT[Gag+Gpal = —kT=— [ dB(=df /dE)[Tos+Ta]

4 2
i € .
! QHE-plateau N:  Soo = 2kT— N ;
N JJ g ************* N 62
g? Fﬁ ———————————— J< 3 Sa+3’a — _kTZ N 1
‘Lv Soz—I—Q,oz — Pa+la — 0




Shot-noise: two-terminal

o2
Sapp = 2% [ ABTTIA,5(0) Agy (D11 (B) (1~ 5(E))
Yo

Consider kT =0, V>0, and a two-terminal conductor:

S =511 = —512 = =521 = 5292,

Quantum partition noise
e2 e2
S =2V Tr[ttrrl] = 2V N T (1 —Th)
n

Ifall Tn<1l T
2

e
S = 26(; ZTn)|V\ = 2e|l| Shottky (Poisson)
T
Fano factor Khlus (1987)
S B S Tn(l _ Tn) Lesovik (1989)

F="
SP ZnTn

Buttiker (1990)



Shot-noise: Qunatum point contact 20

i A. Kumar, L. Saminadayar, D. C. Glattli,

\*’/ Y. Jin, B. Etienne, PRL 76, 2778 (1996)
4\ :

Sl ) M. I. Reznikov, M. Heiblum, H. Shtrikman,
« D.Mahalu, PRL 75, 3340 (1996)

E1Y] 2 i}
S =2"|eV| Y Tn(1 — Tp)
h n

3 1 .
% —
; 5

2 %'. i
; .

1 2 E 3

-

DEiEElD(;

Gate Voltage, ‘FG vl

Ideally only one channel contributes



Shot-noise: Metallic diffusive wire 21
Beenakker and Buttiker, PRB 46, 1889 (1992)

2
G = —ZTn P(T)
h 5
2
S = 2Z|€V| ZTn(l — T’I’L)
T
RB 59, 2871 (1999) k J
: |i 0 T 1
| | { lo 1
p(T) =
A 2L /(1 - 1)
I 4 2
H € le
RBg=d1t | y (G) = ZNE
T T R R O <5):l26m
3

ua)



22

Shot-noise: Chaotic cavity
Jalabert, Pichard and Beenakker, Europhys. Lett. 27, 255 (1994)

I
1 1
p(T) = J \/T(l 7
—>
62
©=5%3
(5) =, 2el1]

Oberholzer et al., PRL 86, 2114 (2001)

62
h 5
62
n

for symmetric cavity with N1 = No > 1




Connection with Schottky

Schoenenberger et al. cond-mat

(b)

Izg;/dETn(fl — f2)

2
5 =223 [dEUn(1=f1) +Tnf2(1=F2) +TnFn(f1-12)°]

f1(E) x exp[—(E — Ep)/kT] ; ff~0,;fo=0 =
S = 2el

Schottky noise = thermionic emission noise

23



Is shot noise quantum or classical?

metallic diffusive wire

1 e2 1,
(S) = §2€|I| - () =GV,  (G) N—

— 3L

Scattering approach: Beenakker and Buttiker, PRB 46, 1889 (1992)
Langevin approach: Nagaev, Phys. Lett. A 169, 103 (1992)

Drude conductance < N
Quantum corrections to Drude conductance ~ 1
(weak localization, UCF)

Shot noise spectrum < N
Quantum correction to shot noise x 1

Fano factor for metallic diffusive wire or for chaotic (many) channel cavity
give no information on long range coherence but short range coherence,
quantum diffraction 1s necessary

Diffraction can be switched off in chaotic cavities m LR
Ehrenfest time {(S) = 0




Shot-noise: correlations 24

o2
Sapp = 2% [ ABTTIA,5(0) Agy (D11 (B) (1~ 5(E))
Yo

Consider multi-terminal conductor at kT = 0,
M source contacts with distribution f at voltage eV
All other contacts grounded with distribution JQ

Correlation measured bewteen two grounded contacts:
M

2
e
Sng = —zhz(;deTr[BLﬁBaﬁ] - Bog = Zl Shs 3 (F — fo)
g 7=
M =1, partition noise
M =2, exchange effects,
two paricle Aharonov-Bohm effect,

orbital entanglement, violation of Bell inequality



Current correlations, Oberholzer

experiment
Oberholzer et al. Physica E6, 314 (2000)

Bias configuration: p1 = pg + €V, uo = uz = ug
2
> Soo = 2%|€V| kT (1 —rT)

— _~»% 2
Sogz = 2h|€V|/ﬁ3 TR 5

Sag = 2%|6V| kR(1 — kR)



o
-
o

0.05

0.00

Current noise (pA’s)

-0.05

-0.10

26

Oberholzer et al. Experiment
Oberholzer et al, Physica E6, 314 (2000)

i "_IE—JI'-"-':'I"== T LTI

EE $_E_£1

=3

Current | (uA)

2

Soo = 2%|€V| kT (1 —rT)
62

S33 = 27|6V| kR(1 — kR)

62 2
Sogz = —2;|6V| K“TR

- -050f . 10.50
Q T
od o
HE
7T .25} 10.25
ﬂ'-
2
0.00} 10.00
10 05 0.0

Transmission p

((81)?) 1 2el



Inelastic and quasi-elastic scattering
Texier and Buttiker, PRB 62, 7454 (2000)

Single channel, no effect

S S
= =

Mo

5 Vi St Quasi-elastic and inelastic inter-edge

N

noise

1 L/
14 NN @ ’\\ scattering: effect on conductance and
QPC 1




Inelastic scattering

N

Mo

=
=

lju/ B V{ :

[ A R &® AN

v QPC 1 QPC 3 W U1=Ho/+% <
N Mo
A, Voltage probe 4:

AN\ Maintains zero-net current

Consider 13 = O; lo = %: Gaﬁ VB )
Ip =0, =

pa = (1/2)[(1 4+ T1)p1 + Ripo];

. 2 Q4T —a4T) 0
Gzez((“}lﬂ) S 01) G=(—<1/2><1+T1> 2 - (1/2) i) —1)
h

_q 0 . M\ -2 +T) (/21 -T1) 1



Shot noise correlation: elastic versus
inelastic scattering

1,
T, T4=0
] A | ~ _ O
JENA__@s D/\% %A /AN
-V 2 I3 A Hi=Ho+eV 27
M Ho
R
N AR
I4(t) =0, =
pa(t) = (pa) + pa(t)
5 2

e
So3z = —2%|6V| e(1 — €)R? 523 = —|—z|eV\ T1Ry/2

Positive !!



Shot noise correlation: quasielastic

versus inelastic scattering
Texier and Buttiker, PRB 62, 7454 (2000)

=

inelastic

fluctuations of potential
2

(&
523 = +—|eV|T1 11 /2

Mo

de Jong and Beenakker
quasi-elastic scatt inelastic scattering
f4\ quasi-elastic £ inelastic
1 _____ 1 T )
| I |
' E l rE
0 I — 0 I B I
Mo M1 Mo 4 H1

fa=Q1/2)[(L+T1)f1+ (1 -T1)f2];

quasi-elastic

fluctuations of distribution
2

e
Sp3z = —I\GV\ R%/4



Review on Shot Noise

« Shot Noise 1n Mesoscopic Conductors »
Ya. M. Blanter and M. Buttiker,
Phys. Rep. 336, 1 (2000)

Conference Proceedings

« Quantum Noise 1n Mesoscopic Physics »

Y.V. Nazarov, (Proceedings of NATO ARW,
Delft, The Netherlands, June 2-4, 2002), Springer
ISBN 1-4020-1
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