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What is the Full Counting Statistics

e Counting

pt()‘) = exp|— Z Py(n) e

P, (n) probability of n. particles are passed in the time ¢
St (A) Cumulant Generating Function (CGF)

Poissonian distribution P, (k) = nfe ™™ /k!, n = (I)t
k
» —n (neM) n(exp[iA]—
A = e Y T rtenion
k
Binomial distribution P;(k)ny = C% p* (¢)V=F, C% = (N_Lk'),k,

ZCN pe™) ()" = (pe” +q)"
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What is the Full Counting Statistics

o Full B,()\) = e 5t = S Pi(n) e™

1. moments

. k At
(n*) = 32, n*Pi(n) = (=) o5

|)\:O

2. central moments
_ —\k
e = ((n —m)")
3. cumulant (irreducible correlators)
. AEOFIn[P(N)] . : kakst(x)|
K = (—1 — —(—1
( ) OFX A=0 ( ) O"X | =0

Gaussian S,, & 1ATL — 02)\2/2 = K| =M, ke = 02, Ki>3 =0
Poissonian S = (e — 1) = K> =7

Binomial Sy = N In[pe™ + q] = k1 = pN, Ky = pgN, ...
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What is the Full Counting Statistics

e Statistics
X and Y independent= Sx.,y = Sx + Sy

Px(NPr(A) = Yy P(a)P(y)elT T9A = Py (2)

e { measurement time fixed
K1 = [l1 =70 mean R(n) v/\‘li4
Ko = g = (n?

= uz = 21 — 3n(n?) + (n>) skewness

—7T?) variance e/ =My

M3
= 114 — 3(ju2)? sharpness or kurtosis >
n
m:ﬁzlkﬁ’tﬁ
_ _ L // /" _
= ((n — = -5 f fo dt 5[( N, 5[(t )]Q t>>>7-ctSI

12 (t/ —t”)
Belzig (cm/0210125)
Levitov (cm/0210284)
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® The skewness
Ky = oo [y dt’ [ dt" [ dt"([SI(t'),ST(t"), ST(t")] L)
=t [Tt [T at" ([§1("),51(t'),61(0)])

t>>7¢

CI3 (t/‘;//—t/)
Amplification stage H,, = A for w € (Wmin, Wmaz)

1. Noise
Sout |H |QSzn 5[2 f deO“t A2 (Wmax wmin)S}n
2. Skewness
out _ff+oo dew ’L(W (t+t)+w't )HwHw/H—w—w’ I3 (w W )
<5[3> AS Wmaz — 2wmzn)

472 I3
3. Experiment: Reulet (cm/0302084)

e The sharpness and successive moments

Hard to measure nowadays, experimental problems (?)
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How to calculate the FCS

e Spin 1/2 Galvanometer: Levitov (cm/9607137)
Model vector potential A(r) = &azve(f( ) — fo)

1 .
H, = - /dST] A= &le
C 2e

A fictitious coupling constant Nazarov (cm/9908143)

Passive charge detector... after generalized by Kindermann&Nazarov (cm/0107133)
ps(t) = Tr [em"ht p ] pi = e ® ps

0)  P_ypy (0 ) | |
ps(t) = | Pir(0) »o1l0) Py = Tr [e "t o, etH-at]

- Poopin(0) 0 py(0)

Let's introduce the matrix for rotations around z-axis by angle 6
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How to calculate the FCS/2

Let's suppose we know P;(n), define the precession angle § = nA

p(t) = 2, Rp(nA)Fi(n)p(0)

—10 —in\
pr1 €y PN >y Bi(n)e™py,
R,(0) = ps(t) =

e“pir pu > Bn)e™py pLL

A ~

P,(\) = P()\) = (et-at =ity

Ex. Single channel

Z,(?\I!(((;;:,t) = <% [—z% — %5(@] + U(az)) U(z,t)

AL 61')\/2 BR

U (z) — eM@2y () Sy = |
BL e—zA/QAR
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Single Tunneling Barrier

e Leads (r = R, L)
HS = Z Erij,kCrk
r.k

e Tunneling Hamiltonian H' = I} g + Igx_L,

I g = ([AR—>L)T = Zt CJ]r:gkCLk’
k,k/
e FCS
P(\) = Tx| > e—z‘fg dt'" Hi(t') et T< ot JEdr HY | (t) ]

Hi(t) = H'—i) (]AL—>R_[AR—>L) AN et Mgt e M Ipy = H;,
U —eiN/2J

A

PO\ =T [Tk e o d™ B 51 A@#) = 7 A
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Single Tunneling Barrier/2

Perturbative expansion

Fi(A) =

/dﬁ/dTg /dTn [Tk H, (n)H( 2) .. Hy(T0) pst]

7

nl

n=

Irreducible self-energy

B = /dﬁ/de /dTm T Hy(m1) Hy(72) - Hy(Tw) st

In first order in I = 27|t|* N (FE)

\

N /
. - 4 ~ s
eh \ + e'h + + —~
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Single Tunneling Barrier/3

Forn = qimq + gomeo + ... + q;m;

An Z Hcml"h’m%%, mz‘,qz'(z(ml))(h (Z(mQ))qQ ..... (Z(mi))%

n — n!
where le,cn SM2,q25--5Masqi — qrl(ma!)2ga!(ma!)92...q;!(m;!) %
) 1 . 1 T s (i
A= 3 e e = [ = e ZE?]
2. .
q1,492,.. =1 =1

Using the Wick theorem, from the contractions {c!.(t')c,(t))

/dtlf dtQ tl — tg)

Let's calculate the first order contribution
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Single Tunneling Barrier/4

Si(A) = (6 — 1) Nr_r(t) + (e — 1) Ng_1.(¢)

Bidirectional Poisson distribution!!!

Nz ( / dit, / dts ( ) I (ts) )

The charge transferred is n(t) = f dti(t) = —ie f(f dt(I1,_r(t) — In_r(t))

Using the Kubo theorem we can write

/dt1/dt2 ]R—>L (1), ]L—>R(t2)] ) = Np_gr(t) — Np_(?)

where obviously N, :(t) = ', ;¢ Ny r/Nr_r =T1.2/Ty 1 = expleV/kpT]

St ke LTho+T9 eV
— = = coth
2el R1 oo — 1y

F: _— =
2kgT

Levitov-Reznikov(cm/0111057)
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Toward the SET

e Electron island (U Coulomb energy)

H((i)ot = Z Eo-di.do' + Unlm

g

e Double tunneling barrier Hamiltonian -+ barrier counting fields (X = (AL, AR))

=3 (6 ™02 e dy +hc )

r.k,o

e FCSin SET

B = lim Te[ Ty e Jxrn ™ H5e @ 5

T——o0

Now we have the reservoirs (leads) and the dot degrees of freedom!

The initial density matrix p for the full system. With ergodic hypothesis

dr H. (1)

P(X) = Tr[ Ty e e T 0D po 0 py ]
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Toward the SET/2

Pi(X) = (eT|TIA(¢,0) | pst)

_. I
Dot density matrix time propagator ITy (¢, 0) = Trjeqqs| Tk | € o, 47 HA(T) |ps]

with (e*| = (1,...,1) | ps¢) dot stationary probability

e A\ = (0 Normal diagrammatic rules

0 0 0 0 d
=
\ R//I,IR L L\\\\‘
\\L /,I — §‘\
\\ /Il // A Rk \
- — ¢ = ¢ - - ~—
o Oopg o O 0 o d
T t

Dyson equation for IT) (¢, 0), self energy diagrams W
t to
IT,(t,0) =1 +/ dtQ/ dt1 W (ta, t1) - II\(t1, 1)
0 0

Normalization ~ P,(0) = €T - TIy(¢,0) - py = 1
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Perspective

e full perturbative approach in the tunneling coupling
e compact and unified derivation of all transport properties
e increase the flexibility of the diagrammatic approach

e cotunneling effects
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