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Lecture Topics

Noise of quantum coherent conductors

I Noise of quantum coherent conductors: Introduction

IT Noise of quantum coherent conductors: correlations
III Noise of quantum coherent conductors: current topics

Three one-hour lectures



Fundamental sources of noise

Buttiker, PRB 46, 12485 (1992
1. 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

2. Quantum partition noise: kT =0 ,
occupation numbers:

S — |—7 g ny : incident beam
| np . transmitted beam
np : reflected beam

averages: (np) =1, {(np)=1T,; (nRr) = R,;

Each particle can only be either transmitted or reflected:

(npng) =0, =

((AnT)?) = ((Ang)?) = —(AnpAng) = TR =T(1-T)




Lecture Topics
Noise of quantum coherent conductors

I. Conductance from Transmission

1.Single channel conductors
2. Two-probe multichannel conductors

3. Multiprobe conductors

II. Current noise in mesoscopic conductors

1. Basics

2. Equilibrium noise

3. Shot noise: two probe conductors
4. Shot noise: Correlations

III. Current noise: frequency dependence

1. Frequency depedent noise
2. Quantum noise
3. Charge relaxation
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Conductance from Transmission

1. Single channel conductors



Conductance from transmission

eV —

R

I

dI /d e’ R—dV/dI—hl
conductance quantum resistance quantum
e? h
— — ~ 24 kOhm
h e?

dissipation and irreversibility

W=IV=GV? boundary conditions



Transmission probability and conductance °

Fermi energy right contact K,
eV R*—H w——" I

applied voltage €V ,

transmission probability 1’ ,

reflection probability R ,

incident current Lin = evpQp
density Ap = (dp/dE) eV
density of states dp/dE = (dp/dk) (dk/dE) = (1/27) (1/hvp)
— I;, = (e/h)eV independent of material !!
I = (e/h)TeV —/—

2
G=dl/dV = %T « Landauer formula »



Scattering matrix

scattering state

— 1k
0 > = ez ac _ . — t —
W > = re ke
\U >t7~a} — teZkLB

scattering matrix

()=(r o) (o)

current conservation = S s a unitray matrix
In the absence of a magnetic field S 1s an orthogonal matrix

t' =t

10



Magnetic field symmetry I

(n)=(to)(a) (5)=o(z)

B-invariant if momenta and magnetic field are reversed

a’ by a1 \ _ xs b1
(aé)—s( B)( 2) :(az)—s( B)(bz)

—>s*(—=B)s(B) =1 = s'(B) =s(-B) =
s'(B) = s(—B)

t'(B) = t(—B) — T'(B) = T(—B)

but T(B)—T(B) — T(B) = T(—B)

G =dI/dV = ZT is an even function of magnetic field



Conductance from Transmission

2. Two-probe multi-channel conductors

12



Multi-channel conductance: leads =
W .
-‘ | : &/&

g ; >
)

/

——— e
X

asymptotic perfect translation invariant potential
Viz,y) =V(y) —=

seprable wave function
=+ _ _Tikp(E
o (T, E) = ™" n(B)z Xon(Y)

energy of transverse motion [y, channel threshold

energy for transverse and longitudnial motion

E =E, + 7212 /2m <> scattering channel



14
| ead: wave function

i \E/&;
Pas
E

Example: hard wall; N channel lead

AN~ A AN

n=N
1 . »
WG B) = 3 —lane b I i (y)
o, (@) = ()Y2sin ™Y
_ Rk 4 hQ(m 5

2m 2m  w

transverse wave function

wave vector in channel n E

particle flux towards scatterer an2

particle flux moving away from scatterer |b,|?



Scattering matrix

) »

=~

—

leads a=1,2,... with No channels

laan|? particle flux towards scatterer in lead o

ban|? particle flux moving away from scatterer in lead o

Scattering matrix s

bgm = DD Safmndan
8 n

s ozﬁmfn,| Probability that a carrier incident in leadex 1n
channel n leaves the conductor in lead 8 1n channel m

15
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Scattering matrix: properties

Scattering matrix s
bgm = D_ 2 Sapmn don
a n

Particle flux (current conservation) implies that s 1s unitary:
sls =1

Microreversibility 1n presence of a magnetic field B:
s(B) = s (=B)

Saﬁmn(B) — Sﬁanm(_B)

Probability to scatter from lead ¢ 1n channel n
into lead B 1n channel m in a magentic field B 1s the same

as th probability to scatter from lead 8 in channel m

into lead , 1n channel n in a magentic field - B



Eigen channels Y

1= Z T,Goz,mn — Z |3,6a,mn|2 — TT[SL@SQQ] — T’r‘[tth]
mn

mn

T4 hermitian matrix; real eigenvalues T3,

rT hermitian matrix; real eigenvalues Rn

T ="1'r [tTt] = Z Th T, are the genetic code of
02 n mesoscopic conductors !!
G=—) Ty
h 5
)+
— =3 =

Many single channel conductors in parallel.
All the properties we discussed for single-channel two-probe conductors apply
equally to many-channel multi-probe conductors: in particular

G(B) = G(—B)
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Quantum Point Contact

van Wees et al., PRL 60, 848 (1988)
Wharam et al, J. Phys. C 21, L209 (1988)

gate

v Ut

2D-electron gas

X
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Chaotic cavity

e2
G=—> 1Ty
h 5
P(T)}
0 T 1
a) b)
1 1
p(T) — — for symmetric cavity with Ni=No=N/2>1
T\ JT(1—T)
—
2
e N
G) = ——
& h 4
asmmetric cavity including weak localization:
e? [NoNy (2 — B)NoNy

+ O(1/N3)

(G) = T [ N BN?2 Baranger and Mello, 1994



Diffusive wire

\ e/
FRE
r . N
le 1
p(T) = 2LT\/(1—T)
e2 le
=%z

Dorokhov-Mello-Pereyra-Kumar

Universal conductance fluctuations

2_262
(a6 =15

Stone and Lee, Altschuler

P(T)

N
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Conductance from Transmission

3. Multi-probe conductors

21
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Multi-probe conductors

e
Iy, = E [((Na — Raa) pa — Z Taﬁ Nfﬁ]

, —
Conductance matrix BFa
62 62
Gaa - dIQ;/dVQ — F (Na — Raa) e F Z TO&)@
2 BF«
Gaﬁ - dfa/dV6 — —F o3

IQZZGaﬁVB; ZGaﬁ=0; ZGaﬁZO
8 o 3
Four-probe resistance

= V=V Gra G(gﬁ — G'yBG(Sa
aB,yo — i T D

Gives the time-averaged currents: disspative! Fluctuations!!




Current Noise in Mesoscopic
Conductors

1. Basics

23
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Fundamental sources of noise

Buttiker, PRB 46, 12485 (1992
1. 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

2. Quantum partition noise: kT =0 ,
occupation numbers:

S — |—7 g ny : incident beam
| np . transmitted beam
np : reflected beam

averages: (np) =1, {(np)=1T,; (nRr) = R,;

Each particle can only be either transmitted or reflected:

(npng) =0, =

((AnT)?) = ((Ang)?) = —(AnpAng) = TR =T(1-T)
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Occupation numbers and current amplitudes

Buttiker, PRB 46, 12485 (1992)

Incident current at KT =0
I, = (e/h)eV

C\" R ;.

Incident current at KT > 0

dliy, = (e/h) f(E) dE
Occupation number

flE) = (n(E))

—,,T

I

<> = statistical average

Creation and annihilation operators
(a'(E)a(E')) = f(E)S(E — E')

«Incident current » « Current amplitude »

a(F)

I;n(t) = (e/h) /dE /dE’ al(B) a(E') /E—EN/T

Tin(t) = (e/h) [ dE A(E, t)



Fermi field *

i \E/ﬂ
s

Example: hard wall; N channel lead
n=N

W(r,t) = / JE 2_31 hvl(E)

) 2 .
transverse wave function xn(y) = (a)l/ 2 sin
k2 R? nm

2
2m +2m(w)

annihilation operator (in-moving particle at energy E) an(E)
annihilation operator (out-moving particle at energy E) 8.(E)

[al (E) ,am(E)] = 6umd(E — E'Y = [BL(E),bm(E")] = 6nmd(E — E')

AN~ A AN
m
N

[an(E) eikn(E)w‘an(E)e_ikn(E)m] xn(y)

nwy

wave vector in channeln E =
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Current operator

Buttiker, PRL 65, 2901 (1990)
Current in contact cx single channel result
Io(t) = 7 [ dB [fig,in(B. ) = fiaout(E. D]
current amplitude: g, (E) (iIncoming) o(E) (outgoing)
T (t) = % / AE'dE[a} (Eaa(E)—bl (E')ba(E)]E'—EM/R

L . X R
N\
L R
UL IJR
J f)L f)R \

Currentem contact &¢ mylti-channel channel result o
Io(t) = Y [ dE'AEaf, (B Yaan(E) =B, (B Yban(E)]e! '~ /T
n

sample
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Current operator: scattering matrix

A Buttiker, PRB 46, 12485 (1992)
b = ) 50303
3

Elimination of out-going annihilation operators

Io(t) = % / dE'dE[a} (E)an(E)—bl. (E')ba(E)]E"~E/T

L) =+ [ dE’dEgj d(E) Ag, (a, B, B)as (B)e! N/
Y
Ag, (@, B, E) = Ladagday = sh5(E")say(E)
Average currents

Quantume-statistical expectation values
(alm(ENagn(E)) = 6(E' — E) 845 8mn f(E)
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Review: Conductance (finite temperature)

=~ (& _t . : !

Ia(t) = © f dE’dEﬁZa'ﬁ(E’)Aﬁ,y(oz,E’,E)a,Y(E)eZ(E E)t/T
Y

Ag (a, E',E) = 1a6a30ay — sjw(E’)sm(E)

quantum statistical average

(alL(E)ay(E')) = 65, 0(E — E') f3(E)

I = %/dE [(Na — Raa)fa — Toaﬁfﬁ’]

B
ROAQ{ — TT(S&QSQ{@) TOJ,@ = TT(SLQSQ/@)
foz(lioz) — f(MO) — (df/dE)eVa + .. —
—— G p= G5 =
Io = 3 %:Goﬁv/@ ; o % B

62 . 62
Gaa = z/dE(_df/dE)(Na — Raa) ; Go:ﬁ — _;/dE(_df/dE)Taﬁ



Normal and exchange pairing

(af(B")ay(E")al, (B)aan(E)) =

Normal pairing
=~ k=1, 8=a, m=n, E' =E", E'—E

= 35, 041 030 Omn O(E" —E") §(E'~E) f5(E) fa(E")

—> product of average currents

Exchange pairing
S=a, k=n, 8=+, m=1, E =E, E' =E"

= 850 0kn 08 Ot (B —E) 6(E'—E") fo(E)(1—f3(E"))

m—

30
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Noise spectral density

Spectral density S (noise power)
(1/2)(Ta() I5(" )+ I5(") [a(w)) = 278, 5(w)d(w )

quantum statistical average of four creation and annihilation op. :>

zero-frequency spectrum (white noise limit)

o2
Sop =23 [ ABTrA5(0) Asy (B f5(B)(1—f5(E))
07

Apy(a, B) = LaSapday — s},5(E)say(E)

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

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



Current Noise in Mesoscopic
Conductors

2. Equilibrium Noise

32



33

Thermal current fluctuations
Use

o2
Sap =23 [ AETrA5(0) Asy (D)1 5 (B)(1—f5(E))
¥

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

auto-correlation (7 5 Vv

2
Sna = 2kTGan = 2kT%/dE(—df/dE)(Na—Raa) ;

cross-correlation (Iadg)v ,
Sap = KT [Gop+Gpal = KT~ [ dE(=df JdE) Tos+T0)

, 2
QHE-plateau N: o ~_ 5 kT% N

62
Sa—|—3,a — _kT;N;

Sa+2,oz — Pa+l,a — 0
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Thermal voltage fluctuations

inﬁmte impedance external circuit Io =0

Io = ZGaﬁvg + dI,, J
dl, Lfngevm sources with |

Soa = 2MTGaa = KT, [ABC-df/AE) NoFac):  *

Sap = kT|Gop+Gpal = —kT%/dE(_df/dE)[Taﬁ_l_Tﬁa]

(Vo — V5)D)) = 25T Rong o —

(Vo = V) (Vo — Vi) = KT (Rapg s + Reys,as)

QHE plateau:

(Vo = V3)(Vy = V5)) = 2KT' Ry, for longitudinal resistance
(Vo = Vg)(Vy = V5)) =0 for Hall resistance



Current Noise in Mesoscopic
Conductors

3. Shot Noise: Two-probe conductors
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Shot-Noise: Two-terminal

o2
Sap =23 [ AETrA5(0) Asy (8)]1 £ (B)(1—f5(E))
Yo

Consider kT =0, V>0, and a two-terminal conductor:
S =511 = —S12 = —521 = S22,
Quantum partition noise

2 2
S = 2%\6V| Tr[ttTrrt] = 2%|6V| > Tn(1—1Tx)
n

Ifal Th<<l —>

2
S = 26(% > Tp)|V| =2e|I|  Shottky (Poisson)
n

Fano factor Khlus (1987)
S T.(1 =T, Lesovik (1989)
= = 2nTn n) Buttiker (1990)

SP Zn TTL
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Shot-Noise: Quantum Point Contact

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

i g Y. Jin, B. Etienne, PRL 76, 2778 (1996)
J EF
g M. 1. Reznikov, M. Heiblum, H. Shtrikman,
. D. Mahalu, PRL 75, 3340 (1996)
a) b)
62
S=2—eV| > Tn(l —Tx)
h n
a 1
= 2
> 5
2 = g
; -
: 2 8 2

=3

0246810‘9

Gate Voltage, Vc vl

Ideally only one channel contributes



Shot-Noise: Metallic diffusive wire

Beenakker and Buttiker, PRB 46, 1889 (1992), [K. Nagaev, Phys. Lett. A 169, 103 (1992).]

38

G=— ZTn P(T)
S = 2—|eV| ZTn(l —Th)
[Stembach Martmls Devoret, PRI (1996)]. k i
Henny et al. PRB 59, 2871 (1999) J
o e A e e e ../...c.) ...... -a “ - . .l
/
‘ 2L 7,/(1 - T)
B All 4 (G) — f l_e
REg=510 ¢ RRg=3¥0 {1 h )
I O (S) = 12(3”‘
[[uA] 3
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Crossover from thermal to shot noise

2
5 =253 [dBInA (1) +Tnfo(1=f2) HTnBn(f1=£2)?]

tunnel junction In <<1

2 1% 1%
S =25Y Ty leV| coth (e—) — 2e|I| coth (e—)
h % 2T 2T

(nA)

5
%e

H. Birk et al., PRL 75, 1610 (1995)
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Current Noise in Mesoscopic
Conductors

4. Shot Noise: Correlations
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Shot noise: correlations

Sap =25 Z [ AETr[A5(0) Ay (B £ (E) (L £5(E))

Consider multi-terminal conductor at kT = 0,

M source contacts with distribution f voltage
All other contacts grounded at fp voltage

Correlation measured bewteen two grounded contacts:

Saﬁ — —2 Z]dETT[B 046] Baﬁ — Z S1L 857(]0 — fo)

M =1, partltlon noise
M =2, exchange effects,
two paricle Aharonov-Bohm effect,
orbital entanglement, violation of Bell inequality



Beam splitter with noisy imput state

Oberholzer et al. Physica E6, 314 (2000)

N —p—\ I
g
3 beam splittar
‘B /, - ,
CR R .
vo ¢l
D e t=1/2

Al
Here p = K, t =T

Bias configuration: t1 = po + eV, up = u3z = ug
2

e
.2 Sop = 2z|eV| kT(1 —kT)
Soz = —2F|6V| k°TR 5
S33 = 2%|6V| kR(1 — kR)

42
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Experiment of Oberholzer et al.
Oberholzer et al, Physica E6, 314 (2000)

beam splitter

2

== Al

.

/
\
L

t=1/2

X R
-

L

0.20 el e ey e——y
a p=0.12 T
2 p=0.16 o ]‘_-§
015 F « ¢ pn046 | -
s e p=100 oA ¢ iT
o 0.10 <\(Alt) bt
=S 3
g 0.05
e)
s
Tt 0.00
Q
=
-
O -0.05
0.10 : 4 A
00 02 04 06 08 1.0

Current | (nA)

See also: Henny, et al., Science 284, 296 (1999); Oliver et al. Science 284, 299 (1999)
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Hanbury Brown Twiss

Hanbury Brown and Twiss, Mandel,
Nature 177, 27 (1956) Phys. Rev. A 28, 929 (1983)

EY exp(iz, ) E) exp(ix, )

L,(1) I5(t+7)
| |

¢ Interference of independent photons:

R. Kaltenbach et al. (Zeilinger), PRL 96, 240502 (2006) (synchronization)
M. Halder, et al. (Gisin) Nature Physics 3, 692 (2007) (down conversion)
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Exchange interference

Mesoscopic conductor with N contacts

S31 S32 S33

. Sit S12 S13 - S|y At kT = O,
Sa1 S22 823 ) 2
S=

N : ’ S
SNI NN

Sap =2 [ dH{AT() AT5(0))
AtkT =0, M contacts fy = f, N-M contacts at f5 = fq

fy_
M > 1, relative phase of scattering matrix elements becomes

important
exchange interference effects: Buttiker, PRL 68, 843 (1992)
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Two-particle interferometer

Samuelsson, Sukhorukov, Buttiker, PRL 92, 026805 (2004)

Yurke and Stoler, PRA 46, 2229 (1992)

2
. €

All elements of the conductance matrix are independent of AB-flux
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Two-particle Aharonov-Bohm effect

Samuelsson, Sukhorukov, Buttiker, PRL 92, 026805 (2004)

°

Spin polarized

Snp =2 f dt{AT.(0) ATg(t))

Ssg = _2%/dE|3'32382 + s&3s83°(f — f0)?

For TA=(253=TO=TD:1/2; o
Ssg = —4—h|€V| [1 + cos (451 + ¢2— ¢3 — s+ QWCTO)]
[N >2 : Sim and Sukhorukov, PRL 96, 020407 (2006)]
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Two-particle Aharonov-Bohm effect

I. Neder, N. Ofek, Y. Chung, M. Heiblum, D. Mahalu and V. Umansky,
Nature 448, 333 (2007)

1

a D2 8 p D2 s1
N T l ¢ N T Lo

DIVt Di+g+———

+

S, R4 Fs, R |

MZ1 |

B o D:—_ﬂjd

M2

B |

/8 °a 4 o D\J

-286—>03  JEF————%—+D3

v =08MH=z
Av = 60kHz
AV = 8uV
kT'= 10mK

1=>5 x 10%m?/Vsec
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Two-particle Aharonov-Bohm effect

|. Neder, N. Ofek, Y. Chung, M. Heiblum, D. Mahalu and V. Umansky,
Nature 448, 333 (2007).
Shot noise correlation

S1 S1
a DT2 l b D2 l &
N e N 2
D1 +—Vg—— - o’ Dieg———°
g
Sc A% R Pl |
Mz1 | §_ -
by P2 D::;::*K] gf_ 205
: ez | ¥
3 D B o_ | & T
L' \\“ &' ‘J g = 14
¢ —+%—>03 JE———%—+>03 =}
4 [ P l S 4 T g o <16 1
s2 D4 s2 D4

530 voitage, Vyg (M) L]
3 3 8
& o » o D o

b
: 19 c
x e B REE
S H -
g i 15 -u-g-n-éo-u‘gl + Vo
ins §. E : .
" - .
W7 o 12 AR o s - -
NRE.
. 2 : s s
8 08 -n-%ul—"?l-"-
i 04 - p !ﬁu-;?gilijuz-

O%O 04 08 12 186
paradicty (2xhour)
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Two-particle orbital entanglement

Samuelsson, Sukhorukov, Buttiker, PRL 92, 026805 &2004)

Electron-hole picture

u+eVv ()

Hole i | Electron
side

Beenakker, Emary, Kindermann, van
Velsen, PRL 91, 147901 (2003)

R =Tp = R<K1 ;7¢ =h/eV ;7 ~ h/eVR , tunneling limit

Wiy = ] CE(E)CE(ENO) incident state
O<E<eV

W) = [0)+VR / dE | C3BCSA+CQBC2A} 0)+O(R)  orbitally entangled e-h-state
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Current noise: frequency dependence

1. Frequency dependent noise
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Frequency dependent noise spectrum

I(t) = % / dE’dEﬁZ ay(E') Ag,(a, E', B)ay(E)! (P ~P/T
n/
Agy (0, B, E) = La0ag0ay — 5\ 5(E)s0r(E)
Spectral density S (noise power)
(1/2)(Ia(w)Ig(w)+Ig(w)Ia(w)) = 278, 5(w)d(w+w’)
62
Sap(w) = QZZdeTr[Aw(a)(E,E—I—Tzw)Acg,y(ﬁ)(E—l—TLw,E)]F,Y(S(E,E—I—ﬁw)
Ag (0, B, B+ Tw) = 1adagdary—s, 5(E)sary (E+Hw)
Fos(E, E+hw) = fv(E)(1—fs(E+hw))+ f5(E+hw)(1-f(E))

Quantum noise: detector 1s important: non-symmetrized spectra

Non-interacting theory: does not provide current conservation

Buttiker, PRB 45, 12485 (1992)
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Current noise: frequency dependence

2. Quantum noise
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Absorption and Emission Noise

G.B. Lesovik and R. Loosen, JETP Lett. 65, 295 (1997)
R. Aguado and L. P. Kouwenhoven.PRL 84, 1986 (2000)

Non-symetrized noise
Saa(w) = /d’T e T (10(0)Ia(7))
62
= 2% [ dBTr[A5(0) (B, B+Tw) As, (0) (B+Tuw, Bl (B) (1~ f5(E+Tw)
Yo

w > 0 emission noise
Example: QPC at voltage V, kT = 0, no energy dependence,
—

Emission noise sof T, 0] v&
A
S(w) = 0, eV < hw ol B O---J--eVS,S
2 g2 I
S(w) = TZTn (1-Tn) (eV—-hw), 0< hw <eV _10-3:; /f
- - = V (uV)
Absorpt102n noise o "
2
S@) = = [ Tn (elV]=hw) =Y T2 eV [+ Hw)], —elV] < o < 0
4 e?

S(w) = TZTn hw, hw < —e|V|

R. Deblock, E. Onac, L. Gurevich, L.P. Kouwenhoven, Science 301, pp 203-206 (2003)
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Current noise: frequency dependence

3. Charge relaxation
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Noise spectrum: single lead conductor

2
Sap(w) = 2%ZdeTr[A75(a)(E,E+ﬁw)A57(5)(E+TLw,E)]ny(s(E,EJrﬁw)
Ap(a, B, E4+Fw) = Ladapday—s)5(E) san(E+Fw)
Fos(E, E4+hw) = fy(E)(1—fs(E+hw))+ fs(E+hw)(1—f1(E))
New energy scale: modulation quantum #Aw. Compare to
ET . k’BT , eV

Most of the literature assumed energy independet transmission
and refelction probabilities: %, kT eV << Er

Here
kBT,eV << ET ~ hw

Simplest case:
A « one » lead conductor

N
s
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Noise spectrum: single lead conductor

S —matrix: reflection
Only one reservoir with Fermi distribution
2
S(w) = 2% / AETr[2—st (B)s(E4+Rw)—s' (B4 Rw)s(E)]F(E, E4Fw)

f(E) — f(E+ hw)
hw

F(E,E+hw) = 2 e(hw, kT)

Linear response
f(E) — f(E+ hw)
hw

M. Biittiker, A. Prétre, and H. Thomas, PRL 70, 4114 (1993)

62
Gw) = = / dE Tr[1—s' (E)s(E4+Fhw)]
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Self-consistent response

Buttiker, Thomas, Prétre, Phys. Lett. A 180, 364 (1993)

V(]p + egdE/0t) = 0.
I

Gt (w) = % [ aTri—st (s noy B = LB T)

External + internal response = charging permitted by Coulomb
I1(w) = G“Yw) dV1 +iw N(w) dU = —iw C (dU—dV>)

In(w) = —iw C (dVo — dU)

Invariance under arbitrary potential shift =  wll = —@Gert
GHw) = (-iwO) T+ (G (W)
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Capacitance and charge relaxation resistance

Buttiker, Thomas, Prétre, Phys. Lett. A180, 364 (1993)

charge relaxation resistance

electrochemical capacitance h Tr[NTN]
Gt =C7h+ (TrIND) M= 52 (N2
Eigen channels of s; exp(i¢n) ;n=1,2,, —>
1 d don
v(E) =Tr[N] = TT""[ST —] = Z dq; N Wigner-Smith matrix
T_izgg__zwn
TrIN'Nl = ()Tl ool = (5 ) Z(

_ h ¥,(dén/dE)> R .
q_QeQ(anqbn/dE)Q Forn =1: f1g — o2 Universal !
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Equilibrium noise of a mesoscopic capacitor

Linear response
G(w) = —iwCyu + w?Ci Ry + ..
Current fluctuations: fluctuation-dissipation theorem
< (AD? >=2w?C{ RgkT + ..
Charge fluctuations
< (AQ)? >=2C72 Ry kT + ..
Internal potential fluctuations

< (AU)? >=2 (%)QRQ KT + ..
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Mesoscopic capacitor: experiments

Quantized charge relaxation resistance:
J. Gabelli, G. Féve, J.-M. Berroir, B. Placais, A. Cavanna, B. Etienne, Y. Jin, D.C. Glattli,
SCIENCE 313, 499 (2006)

Single charge emitter:
G. Féve, A. Mahé, J.-M. Berroir, T. Kottos, B. Plagais, D. C. Glattli, A. Cavanna,

B. Etienne, Y. Jin, SCIENCE 316, 1169 (2007)

Noise of a single charge emitter :
A. Mahé, F. D. Parmentier, E. Bocquillon, J. —-M. Berroir, D. C. Glattli, T. Kontos, B. Placais,
G. Féve, A. Cavanna, Y. Jin, Phys. Rev. B 82, 201309 (2010).



62
Capacaitor: edge state model

Gabelli et al, Science 313, 499 (2006)
Pretre, et al., Phys. Rev. B 54, 8130 (1996).
Single spin polarized edge state

ve

sa r —t a @-l—re_w
(b) :(t r)(exp(iqb)b) :3(6)=—e¢1_rew

density of states
_ 1 gds _ 1 ydsd _ 1dg 1—r?

Y omi de 2w  do de  2mwdel — 2rcos(d) + r2
assumption 1: uniform level spacing
¢ = 2me/ A
assumption 2: voltaae dependence of transmission through QPC
t*> =1/ (1 + exp(—(Vorc — Vo) /AW))




Mesoscopic capacitor: experiment

Gabelli, Feve, Berroir, Placais, Cavanna, Etienne, Jin, Glattli, Science 313, 499 (2006).

v =1.2GHz

Conductance G (€/ h)

o
N

o
o

.'O
N

o
)

o
o

-0,2

kT < hw < E. < A

L/
v

a) -

* _M?’ééfé)t}\ M I frann

T

SampIeA ; 'l

/

c)

| \ﬁf e

'0,86 VG(V) ‘0,84

Im(G) (e2/ h)

o
(N

o
o

o
N

Sample A

0,0
0,0

Re(G) (e’ h)

0,2
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T =100mK C =4fF C,=1fF B=13T
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Outlook

Single particle emitter at GHz-frequency

G.Feve, A. Mahé, J.-M.Berroir, T. Kottos, B.Placais, D. C., Glattli, A. Cavanna,
B.Etienne, Y.Jin, SCIENCE 316, 1169 (2007)
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