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Transmission probability
in the n-th channel;
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Conductance: Landauer formula
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Reflection probability
in the n-th channel:

L =1
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Shot noise: Khlus et al. formula:

(J01]%) = e

VIGNBN, Oy =
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Coherent scatterer
G:I II:J) bZev, dl
PRL'O1: Rdv =1-8f(V\T)
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Levy Yeati et al. —
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dli/dv, MQ

Interaction
correction

)

Granular metals

(Krupenin et al., APL'02)

Fitting parameters:
R=25 kQ
a=0.0354
V,=0.608 mV
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Carbon nanotubes
(Paalanen et al., PRB'04)
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Interaction Shot noise = s\l
correction ” (Fano factor)

Experiments on break junctions: Altimiras et al. PRL'07
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Interaction Shot
correction “ '

\/

Electron charge
discreteness
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Andreev reflection
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Andreev reflection
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NS conductance: Blonder, Tinkham, Klapwijk

(2¢)°
GA — h, Z 7;‘1-}

Andreev transmission:
T.=T,/(2-T,)"
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Shot noise: de Jong-Beenakker

Zn 7;2(1 T 7:1,)
Zn 7;1-

(|61]%) = 2e

VIGaBa, Pa=

et = e
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Diffusive conductor QAT
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Gy =Ga, [Bn=pa=1/3
Ji 2> — QQ‘V‘GN/S
Shot noise doubling in diffusive NS systems
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letters to nature (2000)

Detection of doubled shot noise S, = 2
in short normal-metal/ 3
superconductor junctions
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Observation of Photon-Assisted Noise in a Diffusive Normal Metal - Superconductor Junction

A.A. Kozhevnikov, R. J. Schoelkopf, and D. E. Prober

Departments of Physics and Applied Physics, Yale University, New Haven, Connecticut 06520-8284
(Received 12 November 1999)

thir_1 Au
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Tn = qer|VI]/(6kp) = (2e) [V]/(6kp)

FIG. 1. SEM picture of the device and device schematic.
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Bollinger, Rogachev, Bezryadin, EPL (2006) ﬂ(".
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Bollinger, Rogachev, Bezryadin, EPL (2006) ﬂ(".
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(V)= Vo~ —

Tm wxp(1+%)—m; 1+%

here w = w4+ 0. u = gEq/72krT. v = eV/7krT. and U(x) is the dicamma function.
JLC BL. B1L . 5
(a) 138 o (b) 102 133 e
. | SC-Leads q_ =1.70e
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2132 = 99 1261
> e
2 126 = o6 1191
o o

120 . ] &5 . i 7 N-Leads "G = 1.05e
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Fig. 3 — (a) The dI /dV ws. V curves for sample B at T' = 0.28 K. Comparisons to the GZ theory are
shown with g.yr = e (dashed line), geyr = 1.29¢ (solid line), and gey; = 2e (dotted line). (b) The
dI/dV ws. V curves for sample E at T' = 0.3 (deepest dip), 0.5, 0.75, 1.0, and 1.5 K (shallowest dip).
gess = 1.53e. (c) The dI/dV ws. V' curves for sample D at two different magnetic fields. At B = 0
the leads are superconducting and g.5s = 1.70e whereas at high field (B = 9T) the leads are driven
normal and g.ss drops to 1.05e. Solid lines are fits to the GZ theory.
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Shot noise: N m S

<‘(gf> — (1 — Ba)w coth ——

21

6A w £ 2eV
I 2 h
> Z(w eV') cot T

B » De Jong-Beenakker94 at T=0
Reduces t0: « Nagaev-Bittiker02 in diffusive limit
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Interaction correction ﬁ("

for g4 > 1 or max(T,eV) > FEc = e?/2C we get

I =G4V —2e841Tm [’wlll (1 + %) — W (1 -+ %)]

where W(z) is the digamma function, w = ga FEc /7T +iv
and v =2eV/nT.
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The interaction correction 0G' = dI /dV —G' n for short
diffusive conductors at T" = G /27C. The upper and lower
curves correspond to normal and NS structures respectively.
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Diffusive NS structures:

k

e" = Qo = 2€

I I

Effective charge Effective charge
measured from measured from
shot noise e-e interactions
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Diffusive NS structures:

e-e interaction _ 4 X e-e interaction
correction in NS ~— correction in NN

!

(effective charge)x(shot noise power)

. .
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Crossed Andreev reflection AT
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T=0, lowest order in transmission:

e=A
€=6V1 (1)
O e =l
D
@ [0
Nl S N2

- - Falci, Feinberg,
G12 - Gm' G(z)'o chékkier:g'Oirg
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Kalenkov, A.D.Z.’07: ﬂ("'

Ballistic NSN structures:
NO contribution of CAR
to non-local conductance
at full transmissions
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Non-local shot noise in NSN heterostructures ﬂ(".
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Theory, tunneling limit (Bignon, Houset, Pistolesi, Hekking'04):

V V
SAB - SCAR . SEC — 2(‘3GQ [( VA + VB)COth (M)AC}\R

2ks T
EVA—E‘VB EC
— (V,—V, thf —— |A
(Va B)CO ( T )

Experiment
(Wel, Chandrasekhar"10):

i (pA)
(1-ZHzA s1-0D 'S

Ia (pA)
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N S

H=Hy+ H . + Hi g 5
where

by [0 0] -2 (7= 2 4) — )|, 00,

2m

b=

H, = f d'r f d'r' g, (N0 () [=38(N0(r = )3, .+ €v(r =Y, (M), (),

H_ = f d3r8—17~r(h-—kx)'2. BICS | I _ Coulomb

v(r)=1/|r|
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Real time dynamics: = ==*%
Keldysh contour

Effective action

//dr(vvl)z — (VV2)2.

¢
S = 2Trin Gt '/dt
‘ v _I_ZO 8
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Keldysh phases:

p1o(t) = eVio

J — /Dgpﬂ)gpg exp(Se|p] + 1St p])
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Charging term: SKIT
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t t
C ( C .
0 0
pr = (1 +92)/2 Y- = 1 — P2

Electron transfer between N- and S-terminals:

To /i o -
Silp] = ——ZTrln 1+I({G’N,G3}—2)

A.D.Z.'94, Snyman-Nazarov'08
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Non-local shot noise ﬁ("
and e-e corrections

supercondutor

l

—

C, 5( G.. C, - X G.,

normal
metal
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Model and key assumptions \“(IT

e 1 = T2/(2—T,)

6. transmissions are the same for all barrier channels

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

e | arge dimensionless conductances
gr = 21(GP + G,p) /€2 > 1
e Low energy limit T eV, < ‘A‘

o GQNTTng/ﬂ' < 1
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Final effective action ﬂ(".
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iSTz iSH + 1.522 + {.Sl?_‘
where

G NOSINGE
;'S”:-f%f dr¢,<p;—fdrdr' —

€

G oT(NSho5(1")
1815 = 1%‘[ dt(@,¢; + ¢rp;) — f drdt’ — ]5 —y

()

and the term iS,, 1s obtained by interchanging the indices
| <=2

—_—
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The functions §,; read QQ(IT
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«'-S-.,|I| - G”M(f— f’)(l —B] o Bl COS[2(’DT’]) + 2G]_7_M(f—' f’)
X(ay— 7 COS[z(Prlff]) +(Ga/2)M(t - 1) (i} cos[ ]
+ @ 1+ u cos[ell — @' D),

o-h..r

==GpM(t—1")(1 =B+ B cos[2¢; “N-GM(r—1')(1
= Bo+ By cos[2¢8 1) + (G o/ 2)M (1 = ')y, cos g
+ ¢ ]- v cos[gl — ¢ ]).
Here we denoted ¢ —qo,(r)—cpr(r')

T
sinh?(7T7)

dw ;

wl W
0 coth7— = —
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The functions §,; read gg(lT
" Karlsruhe Institute of Technology

«S.,|I| - G“M(T— f’)(l —Bl o Bl COS[2QDT’]) + zcle(f—' f’)
X (a; = 7y cos[2¢] 1)+ (G1/2)M (e = ') (k] cos[g]’

+ ¢ 1+ k7 cose] — 4 ]).

St ==GpM(t—1')(1 =By + By cos[2¢" 1) = G,M(t—t')(1
- B+ B COSD‘P?]) + (G 2)M(t =1 )y, COS[‘PIII’

+ o 1= y_cos[@ — 1 ]).

Here we denoted cpf '=¢r(r)—gor(r’) By =1—1,,
kX = (A —3)+ 1/ (r=1,2),

v+ = 1+ (1 — 211 — 219 + —17'17'2)/1./7'17'2
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Our non-local action is equivalent AT
to the following Langevin equations:

Civ+ (Gﬁll+ Gi1)v) = Gva =GV, + 6+ &,

Cyly+(Gy' + G)vy =G oo =Gy Vo + &'+ &,

which describe the current balance in our system. Here &"
are stochastic variables with pair correlators

(&N (1) =G M(1 1),

describing Gaussian current noise in the shunt resistors while

the variables &, with the correlators Superoprater
N L
! —- ~Hr C‘ ‘L>< Gn Cz —|__>< G22
(ér(r) g/(r )) N - | normal
metal
) . . * sh sh
describe shot noise in NS barriers. % G, G;
V, T T V,
p— p—
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Non-local shot noise: AT
S1o(t,t') = (L1 (t) [o(t') + Is(t) 1 (t'))

Sl‘_-’ (f..u‘) = —QCI-)(‘) = IJ'I_'}I = ._'))E)Ir(u.f.. U)
—2G1251W (w, 2V1) — 2G 1282 W (w, 2V5)
-+ Glg"}-'+l'{" (w, Ll —+ V}) b Glg":r'_I'I"T(Lu‘._ "’rl — V;_:)

L Positive cross-correlations

where due to CAR!
w+eV
Z (w £ eV)coth 5T
: 2
..'3. — 1 - TT .

h‘f = 4 —3)+1/y/ime (r=1,2
AN :t1+(1—271—272 —!——lTT)/\/ng
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Full transmissions, zero frequency limit: ﬂ(IT

e(V1 + V3)

S12(0) = —8T Gz + 2¢Gr2(V1 + V2) coth =

only positive cross-correlations
due to CAR at T=0!
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Electron-electron interactions QAT
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@ 0I,/0Vy =Gy — (4G 1181 — 8G1am ) F(2Vy) /g1
_6G F(Vy + Vi) — 6G_F(Vy — Va),

1 = 27-(1 — Tr-)/\/ 172,

® 0l /0Va = —Gi2[l — (432/92) F(2V2))]

G F (Vi + Vo) +0G_F(V, = V3),
‘i“— Co Iorpb anti-blockade due to CAR

where 6G+ = G12 (kT /g1 +7

F(z) = Re[¥(1+k+iazx)+ (k +iax)¥V' (1 + k + iax)
— U(1 + iax) — iax¥'(1 + iazx)],

U(x) is the digamma function, a = e/27T
and £k = 1/27T71gc.
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Interaction corrections: tunneling limit

—NV=0 W
------ V.=5
——— =10
——- NS

V, (V)

di/dV, @s)

B888e

X
<

(b)

T,
—— V=10

i ——- V=15

AT
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Interaction corrections: full transmissions

999.60 -
999.55
T
%ﬁ 999.45 _ 4 — V=0 W
= e AT
92.40 {1 "\ "/ \ == V=10
999.35
-20

—V =0 W

...... V=5 W
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Preliminary comparison ﬂ(IT

With B eCkm ann 'S expe ri men ts Karlsruhe Institute of Technology

0,8+
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; 00 e —
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Preliminary comparison
with Beckmann's experiments

——V, =-4524V
" ——V, =-63.48V
Al ——V, =-81.6%V

AT

Karlsruhe Institute of Technology

fitto Eq. (7)

0,06 0,08
——fitto Eq. (7)
1 ——V, = 90.65V
0,04 ——\, = 72.70 0,06+
| \ ——V, = 4546V ]
i\ 0,04+
%) \ )
:f; i‘; 0,02
= =
= = 0,00
I I
2 2
> 1 o -0,02-
-0,04 4
. Vi -0,04-]
-0,06
T T T T T T T T T 'U‘OG T T
-100 -50 0 50 100 -100
vV, W)
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Summary AT
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« Fundamental relation between shot noise and Coulomb
effects in NS (local transport) and NSN (non-local transport)

* NSN structures: positive cross-correlations of shot noise due to
CAR, dominate at large transmissions

* Non-local transport in NSN structures in the tunneling regime:
(a) no effect in the linear in voltage regime and (b) S-shaped
non-local conductance beyond linear regime

* Non-local transport in NSN structures with high transmissions:
Coulomb anti-blockade due to CAR '

e Good agreement with recent experiments
Thank yev-
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