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From Schottky to Bell

e Classical Shot Noise
W. Schottky, Ann. Phys. (Leipzig) 57, 541 (1918).
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e Quantum Shot Noise
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e Entangled States
J. Bell, Physics 1, 195 (1964).



Steps towards experimental realization

e Orbital entanglement.
P. Samuelsson, E.V. Sukhorukov and M. Biittiker, Phys. Rev. Lett. 91, 157002 (2003).

e Zero-frequency measurement (Bell Inequality).

X. Mattre, W. D. Oliver, Y. Yamamoto, Physica E 6, 301 (2000).
N.M. Chtchelkatchev etal., Phys. Rev. B 66, 161320 (2002).

P. Samuelsson, E.V. Sukhorukov and M. Biittiker, Phys. Rev. Lett. 91, 157002 (2003).

e Normal conductor, basic components.

C.W.J. Beenakker etal, Phys. Rev. Lett. 91, 147901 (2003).

P. Samuelsson, E.V. Sukhorukov and M. Biittiker, cond-mat/0307473 (PRL in press).
C.W.J. Beenakker et al, cond-mat/0310199.

e Controllable geometry.
P. Samuelsson, E.V. Sukhorukov and M. Biittiker, cond-mat/0307473 (PRL in press).



Conductance and Shot Noise: Two terminal Conductors

e Scattering theory of electrical conduction.
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Eigenchannels: tit hermitian = T,.

e Conductance is a function of transmission probabilities in every basis.
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e Shot noise is a function of transmission probabilities ONLY in the eigen-

channel basis. o2 02
S = 26F|6V|Tr(rTrtTt) = 2€F|€V| > Tn(l—Ty)
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Correlations of shot noise: Multiterminal Conductors
M. Biittiker, Physica B 175, 199 (1991): Phys. Rev. B 46, 12485 (1992)
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e Quantum partition noise, M = 1.
e Two particle Aharonov-Bohm effect, M > 2.
e Entanglement, M > 2.



Hanbury Brown Twiss Effect
Hanbury Brown and Twiss, Nature 177, 27 (1956)

e Hanbury Brown Twiss: classical
wave explanation.

e Purcell: quantum mechanical
explanation Purcell, Nature 178, 1449
(1956).

Indistinguishable particles =
i) Statistics,
ii) Exchange amplitudes.
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Two-source HBT-interferometer.

Samuelsson, Sukhorukov, Biittiker, condmat/0307473 (Phys. Rev. Lett, in press)
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S5 = Tfll/QeiqslTCl«/Q = Ggp = _%TATC

All elements of conductance matrix independent of &.



Two-particle AB-effect.
Samuelsson, Sukhorukov, Biittiker, condmat/0307473 (Phys. Rev. Lett, in press)
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Fourth-order interference

y
(&
Ssg = _QF/dELSEQSSQ + st3s831°(f — fo0)°
With TAZTBZTCZTD=1/2=>

2 P
Ssg = —Z—h|€V| [1 + cos <¢1 + ¢ — 3 — P4 + 27T<?0>]



Correlations of properties of distant particles.

Einstein, Podolsky and Rosen, Phys. Rev. 47, 777 (1935); Bell, Physics 1, 195 (1964)
Spin entangled state
Spin S = 0 state (singlet), A,B detectors

1

W= 7 [\UT(A)\I@(B) - \Ui(A)\UT(B)}
Spin S = 1 state (triplet),
1
W= 7 [\UT(A)\UT(B) + \lfi(A)\lfi(B)}

Orbitally entangled state

v = % (W1 (A)W1(B) + Wo(A)Wn(B)]

P. Samuelsson, E.V. Sukhorukov and M. Bittiker, Phys. Rev. Lett. 91, 157002 (2003).



Reformulation of vacuum state

Electron picture of tunneling Electron-hole picture
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Beenakker et al, Phys. Rev. Lett. 91,
147901 (2003)

Superconducting-normal hybrid structures

. . Pair-tunneling picture
Bogoliubov-de Gennes picture
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Samuelsson, Sukhorukov and Biuttiker,
Phys. Rev. Lett. 91, 157002 (2003)




Entanglement in the two-source HBT-setup.

Samuelsson, Sukhorukov, Biittiker, condmat/0307473 (Phys. Rev. Lett, in press)
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Tunnel limit Re=Tp=R<K 1, ¢ =h/eV, 7T~ h/eVR

W)= [] d@E(E)0) =
O<E<eV

eV
W) = |0) + \/E/ dE [chC3A — ¢l eaal |0)
0

Orbitally entangled electron-hole state



Entanglement test: Violation of Bell Inequality.

Bell Inequality:
Comparison of a classical, local theory with a quantum mechanical
two-particle state. Here: Entanglement test.

With ¢1 + ¢2 — ¢3 — ¢pa + 27D /Py = 27 and

g _ ([ cosbyp —sinbyp

A/B= \ sin@ap COSO4/p
Noise correlators
Ssg = Se7 = —SoP+4, Ss7 = Ses = —SoP4_
So = —(4€®/h)|eV|R, Pag= (14 aBcos[2(64 — 65)])/4
Zero frequency noise correlator < “Two particle joint detection probability”
E(04,08) = Pyy+P _—Py_—P_,

Clauser etal, Phys. Rev. Lett, 23, 880 (1969)



Electron-electron entanglement through postselection.

Symmetric interferometer TR~ 1/2

e Electron-hole picture not appropriate. e Two-particle effects nevertheless persists.
e Incident electron state is a product e A Bell Inequality can be violated.
state = no intrinsic entanglement.

Explanation: Entanglement through “postselection” (measurement).
Glauber: Joint detection probability
Pag o {ch(£)cl(t)ca(t)cs(t)) o Sap + 270 Ials

Is = Is = (e°/R)TV, I =Ig= (e’/h)RV
e Bell parameter (Bell Inequality: |Sg| < 2)

S5 = 2/1 4 cos? go, do = 1 + b2 — b3 — ba + 21D /Do

e Dephasing, 0 <~y <1 = Smar = 2,/1 4+ ~2 cos? ¢
~ =visibility of two-particle AB-effect.




Epilogue: Thermal Photon versus thermal Electron sources

Joint detection probability = (narrow band filters)

Pag o {ch(£)ch(t)ca(t)cs(t)) o Sap + 27cIals

SEY = (2/3)\/1 + cos? ¢

No violation of Bell Inequality
Difference: In a time interval 7¢ = h/eV the electron source emits only one electron



Summary

e Edge states and QPC's (or gates) permit to generate electrical analogs of optical
geometries: controllable geometry

e Two-particle Aharonov-Bohm-(exchange)-effects.

e Asymmetric interferometer: Violation of a Bell Inequality connected to orbitally entan-
gled electron-hole states.

e Symmetric interferometer: Violation of a Bell Inequality due to postselected orbital
electron-electron entanglement.




Current correlations, Oberholzer experiment.
Oberholzer etal, Physica E, 6, 314 (2000)

Bias configuration

p1=potelV|, p2=puz=uo

e Current correlators

2 2
(ALAIL) = —2%|eV|m2TR, (ALL)?) = 2%|6V|/<,T(1 — wT)

(AI3)?) = z%eva(l — kR)



Optical and electrical Mach-Zender interferometer.

Ji etal, Nature, 422, 415 (2003)
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Second order interference & One particle Aharonov-Bohm effect

531 = T [ei@i—x) 4 ei(d)A—Xz)}

2

2
Gs1 = ;_h [1 + cos(du — ¢ — 21D/ Do)]

where X1 — X2 = 27‘('(1)/(]90, Py = h/e.



Joint detection probability, timescales and statistics.
Joint detection probability
Pag o (ch(£)el(t + T)ea(t + T)es(t))
HBT-geometry, thermal sources (wo — Aw/2 < w < wo + Aw/2)
P.g o< |s2al?|s2s]? [1 £ g(7)] + |s3al?|s35]° [1 £ g(7)]
4+ [s2al%[535]° + I53al°|525|% £ g(7) [$5,535523530 + 52053355553,
with
g(t) = Sir12(A<,u7')/(A<,u'r)2

and —(4) corresponding to electrons (photons), Aw = eV/2h for electrons.

Short timescales, 7 < 1/w
e Photons bunch, electrons antibunch.
e Interference term depend on statistics.



Short time observables.

Time-dependence of current cross-correlators

62 . —ENT
(AL AT +7) = 5 / / ABdE < (B-E)7/T

X Y shsas8hsspy [F1(E) — fo(E)] [fs(E") — fo(E")]
~,0
for no scattering between o and S,

Saf — 0
This is the case for the HBT-geometry.

Integrals restricted to energies around Er = Only low-frequency observables for arbitrary
T.

Proportional to joint detection probability =
(ch@®)el,(t + T)ealt + T)es(t)) o (Ta(£)I5(t + 7))



