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Electrical engineering circuit

Macro versus Meso
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The sign of current-current correlations

Brief review of scattering theory

Proof of negative correlations in a normal conductor

The 2000 beam splitter experiment of Oberholzer et al.

Positive correlations in normal conductors
The 2006 beam splitter experiment of Oberholzer et al.
Transition from microscopic to macroscopic noise division

Additional experiments and theories

tomorrow

The two-particle Aharonov-Bohm effect



Fundamental sources of noise 2

~ 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* = fF(1—f) = —kT df /dE
—> Nyquist-Johnson noise

Quantum partition noise: KT =0 _
occupation numbers:

S P B e “ ny . incident beam
ny . transmitted beam
np . reflected beam

averages: (ny) =1, (np)="1T, (nr) = R,
Each particle can only be either transmitted or reflected:
(nrnp) =0, =
((Anr)?) = ((Anp)?) = —(AnpAng) = TR=T(1-T)
Blanter and Buttiker, Phys. Rep. 336, 1 (2000)



Occupation operators

Buttiker, PRB 46, 12485 (1992)

ba =) _ 50303
B
Occuption of iIncoming — outgoing channels

Ta(t) = %/ dE [ng! (B, t) — ng (B, )]
nit(B,t) = [ dE al(B') aa(E) -2/
Ta(t) = 7 [ dE'dBla},(B'Yaa(B) b} (B Yba(B))e!E =T

Io(t) = Z/ dE’dEZaTﬁ(E’)AM(a;E”E)GW(E)ei(E’—E)t/ﬁ
By )
Aﬁfy(aj _E',7 E) = 1@60565@/-}; — Sc'xﬁ(El)Saf}/(E)

Quantum-statistical expectation values
(@b (E")agn(E)) = 8(E' — E) 8o mn f(E)

(ab (B Yany(E")aly, (B aon(E)) =

12




Noise spectral density g

Spectral density S (noise power)

(1/2)(Ta(w)T5(w")+15(w") 1o (w)) = 27S,5(w)d(w+w’)
Use

To(t) = /dE dEﬂZ 3B Ag, (a, B, B (B)el(E'—EN/T
g
quantum statistical average of four creation and annihilation op.

zero-frequency spectrum (white noise limit)
Sap =25 Z / dET?"[Afy@(a)Aafy(B)]ffy(E)(l—fa(E))

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



Shot noise correlations

Sap =2 Z [ AETT[A5(0) Asy (D)) £ (E) (1~ f5(E))

Proof that correlatlons S a,Br & # (3 arenegative:

g 5= _I_ St’m’ns
a,pb —

Soh = —= / AE (Tapfa(1—£5)+Tgafa(1—f2)] <0 ;

2
strans — —Q%Z/dETr[BLBBaﬁ] <0

M

Bag = Z Siwsﬁfy(f’}/ — o). fo arbitrary reference distribution
7=1

Compare with Bose statistics!
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Beam splitter with noisy input state

Oberholzer et al. Physica E6, 314 (2000)

Bias configuration: ©1 = ug +e€eV, uo> = u3z = g
2
> Soo = 2%|8V| kT(1 — kT)

e
S23 = =2V k°TR !

S33 = 2%|8V| xR(1 — kR)



Experiment of Oberholzer et al.
Oberholzer et al, Physica E6, 314 (2000)
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See also: Henny, et al., Science 284, 296 (1999); Oliver et al. Science 284, 299 (1999)



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

Single channel, no effect

— V QPC1 QPC3 A\ 2

2 Quasi-elastic and inelastic inter-edge
Al scattering: effect on conductance and
I\ noise




Elastic versus inelastic scattering

e
T, T,=0 [
=1 /A sl
I, A % B /'DJ\ % 1 } - 4 3
-V 233 3 A f/\\_
A, QPC1
NRRY W AN

I4(t) =0,; =
Va(t) = (Va) + 6Va(t)
Aly = GuaoVy + 01y
2
_ c 2 e2
S23 = —2—-|eV]e(1 — €)1 S23 = +—-[eV|T1 Ry /2

negative positive !!



guasielastic versus inelastic scattering

Texier and Buttiker, PRB 62, 7454 (2000)

\Z2

A N\
1\ X
QPC1 QPC3
2
inelastic
fluctuations of potential

2
e
S23 = +—-|eV|T1R1 /2

de Jong and Beenakker

quasi-elastic scatt Inelastic scattering
fa )\ quasi-elastic f, A inelastic
1 _____ 1 T 1
| | I
' E l B
0 ' = 0 ' 11
Ko 251 Ko Wy M1

la= [ dEja(E): ja(B)=0;
fa=Q/2)[((L+T1)f1+ (@1 —T1)f2];

quasi-elastic
fluctuations of distribution

.2
Spz = —F|€V| R%/4



Experiment of Oberholzer et al.

Theory: Texier and Buttiker, PRB 62, 7454 (2000).
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Question:

Very special geometry (edge states,...)
Can this be generalized?

Is it possible to observe positive correlations in zero magnetic field?



Essence

a) Macroscopic

|

. |
Gg G_q

Go G
Sp3 =25 51 20

2

Fluctuating voltage U(t) (at probe) node needed to conserve current
Generates a cooperative response



Correlations of a chaotic cavity

Rychkov and Buttiker, PRL 96, 166806 (2006)
Quasi-classical theory (energy conserving transport )
Ya. M. Blanter and E. V. Sukhorukov, Phys. Rev. Lett. 84, 1280 (2000)

P. Samuelsson and M. Buttiker, Phys. Rev. B 66, 201306 (2002)

b) Mesoscopic

GLL

Gs
G r
f,)\  quasi-elastic
1 _____
: E
0 ' —
Ho K1

Isotropic scattering in cavity

L(E) = Gi(fi(BE) — f(B))  G;=(e?/h) . T} =

f(B) = Gi1f1(E) + (g)i-l— G3)fo(E)

noise at contact i
D = QG@/dE[fc(l — fe) + Fi(fi — fe)?]
Fo=YTH1-T)/Y T

total noise at contact i
AL(E,t) = i(E,t) — Gife(E,t), Y AIL(B,t)=0 =

5fe = (i1 + ip +13)/Gx “
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Correlations of a chaotic cavity

b) Mesoscopic Quasi-elastic

G, L S,y = F203P1 ~ G3(G1 +G3)p2 — Ga(G1L +G2) p3 _

e =0

N Contact 1 contributes posmvely but negative dominant

G Must reduce effective temperature
T _
kpTepp = /dEfc(l — fe) fa inelastic

Effect of inelastic scattering 1 ; N
Assume  GoF, =0, GaF3 = 0. | | -
Voltage probe: I, = G) /dE(fp(E) — fe(E)) =0 0 Lllo L, Th

fC(E)ZGlfl(E)+GOfO(E)+Gpr(E) ’ Go=Go+ G

Gy + Gp
Alp(E,t) = ip(E,t) + Gp(6fp(E,t) — 6 fe(E, 1))
—QG G G1F
So3= g2 [ ABI( (1= "5 (1))

G1GoG3GE
lees Soz = 2eV Fy 1 233 0 >0

Gp — oo ; 2




Correlations of a chaotic cavity

b) Mesoscopic

GIL

P 'G_m
FI F,
p ® G,
-0.2 v [3':2 NF':]S H"‘E__E 'S o 2 r
__S<clL.N =4 !
P ,
_ S-cl. NP:IS

Current-current correlation < S23 > as afunction of [
G1 = (e?/hR)IN, Go =G3 = (e’/h)N, N =2 symmetry (3

Full lines are semi-classical results, symbols are from RMT



Correlations of a chaotic cavity

RMT
C. W. J. Beenakker, Rev. Mod. Phys. 69, 731 (1997)
In the presence of %voltaqe Dgobe:
&0 G2ps3p G3p82p GQpGSpSSp
523 = Sp3 — — + 5
Gpp GPP Gpp
SS,. S5, Sy, current corrleations of a conductor with  S3,, §9,, S

Distribution function P(S53) as a function of S23

| ! | ' | !
I =r=o ||I.III ] Np = Np = N3 =2
40F 2 1203 -
- |- =08 | '|
"% 30F R
= | L
= 200 F
- AT Due to quantum fluctuations
10F L I} \ 5] we can measure negative or
{}- ey s positive correlations on
-0.2 01 p, 0 0.1 nominally identical samples
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Chen and Webb

Yuanzhen Chen and Richard A. Webb, Phys. Rev. Lett. 97, 066604 (2006)
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‘ factor in the absence of a beam splitter:

positive.
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McClure et al., Zhang et al. Marcus lab

Double Quantum Dot: McClure, DiCarlo, Zhang, Engel, Marcus,
Hanson, and Gossard, Phys. Rev. Lett. 98, 056801 (2007)
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Three Lead Dot: Zhang, DiCarlo, McClure, Yamamoto, Tarucha, Marcus, Hanson,
Gossard, Phys. Rev. Lett. 99, 036603 (2007)

Vi

l_l._—l 0.3 K
—

512 [ G-ESAEI. Hz] -2 -1 0 1 2

42 K| (@) I EXP. i - @
H F ra
tn 0.5
oo+ B s
“%ﬁ“\*s Eoo
Analyze b '.J?
Sq 0.5

-1.51 -1.50 -1.4% -1.48
b


http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRBMDO&possible1=McClure%2C+D.+T.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRBMDO&possible1=McClure%2C+D.+T.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRBMDO&possible1=DiCarlo%2C+L.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRBMDO&possible1=DiCarlo%2C+L.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRBMDO&possible1=Zhang%2C+Y.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRBMDO&possible1=Engel%2C+H.-A.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRBMDO&possible1=Marcus%2C+C.+M.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRBMDO&possible1=Marcus%2C+C.+M.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRBMDO&possible1=Hanson%2C+M.+P.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRBMDO&possible1=Hanson%2C+M.+P.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRBMDO&possible1=Gossard%2C+A.+C.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRBMDO&possible1=Gossard%2C+A.+C.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRBMDO&possible1=Zhang%2C+Yiming&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRBMDO&possible1=Yamamoto%2C+M.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=PRBMDO&possible1=Tarucha%2C+S.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true

Summary

For mesoscopic phase coherent or just energy conserving transport
embedded in a zero-impedance external circuit current-current correlations
are negative (Pauli exclusion statistics).

In a macroscopic conductor current fluctuations are a co-operative effect:
current-current fluctuations are positive.

The change of sign of the current-current correlation is a signature of a
crossover from mesoscopic energy conserving transport to macroscopic
inelastic transport.
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