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Mean square fluctuations

- The noise is characterized by the mean square fluctuations:

6P = ((1-0)*)
Or in an alternate form:

2N _ /72 2
017 =I7) = D)
Where ,1” stands for the instant value of the current, ,<I>" is the average value and ,,<1>>" for
the current square average value.
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Different types of noise

- Thermal noise

o - Exists even in equilibrium
o - Caused by the fluctuations in the occupation number

o - This kind of noise is absent at zero temperature

- Shot noise
o - Arises only in non-equilibrium
o - Caused by the probabilistic propagation of electrons
o - Exists even at zero temprature

o - If the scattering is deterministic (T=1 or R=1), this kind of noise is absent
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Detailed discussion: Thermal noise

- Simplified model:
o - The sample connects two reservoirs

o - Electron with E energy propagate ballistically (T,,(E) = T,,(E) = 1)
o - Electrons with E” # E do not propagate (T,,(E’) = T,,(E’) = 0)
o - Directions:

o - Right: from 1. reservoir to 2. reservoir

o - Left: from 2. reservoir to 1. reservoir
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Calculating the thermal noise

- Current:

o - We can calculate the current: (/) =1, P_,

° - f[} = {?V/L
- ,,&” -electron charge

- V" - electron velocity

o

-, LY - electron density

- »P_, " — probability of the occupation of the corresponding state

° The probability equals to the Fermi-function

P_ = fi(E)
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Calculating the thermal noise

The probability can be defined as the ratio of the time when the state is occupied and the total

(observation) time. AL
P_j, = jlﬂl] ?

The mean current can be calculated:

T
) 1 . fg&f_,
@y = fim 5 [ arLo = Jim 25 =l

| l
T
5 . DAt
(I%) = lim 1 /drf;(r) = lim = !

T— o j-+ T—oo ‘:r
0

= I;P_,
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Calculating the thermal noise

From these two equations we get:  (6I%,) = ;P (1 - P_,)
If P_=0or P_=1, then thereis no thermal noise.

If 0 <P_ <1, then the thermal noise exists with maximum at P— =0.5

Using the Fermi-function’s property: f£(E)(1 - fi(E)) = (_ﬁfl(E)) kpTy

OF

I (E
(fﬂi) = IS (_({;é )) kpTy
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Calculating the thermal noise

Now calculating with both direction:
(D) =(L) =) =L { A(E) - H(E)}
Assuming, that the electrons from the two reservoirs are uncorrelated:
OF) = (G + 012 = I | AE)1 - LB} + AE{1 - HE)}]

If the two reservoirs have the same Fermi-function and temperature, we get:

H=0

S dfo(E
(0l2,) = 21% (— {;}é )) kpTy
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Detailed discussion: Shot noise

-Simplified model:

o - The sample connects two reservoirs

o - The transmission factor in both directions are equal 712(E) = T»1(£)

o - A bias is applied to the system, so the electrons can come only from the first reservoir
fh+el, <E<u+ely= filE)=1, HL(E)=0

o - We use the ballistic model

Jr[} = E’V/L

. A1
l Tgl = lim ?

':r—} oo

() = Iy T21(E)

(6F) = LD {1 - Tu(E)}
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Detailed discussion: Mixed noise

Now we consider a case when both noises are present.

- Our model:
o - The scatterer is connected to two reservoirs

o - The reservoirs have different temperature
o - The reservoirs have different potentials

- The current:
o -In this case the current depends on 2 things:

o -The occupation probability of the corresponding state
o -The transmission probability of the sample

P. = T1»(E) f(E) P_, = T5(E) fi(E)
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Calculating the mixed noise

The current flowing through the system:
() = 1o Tia(E) { Au(E) = fo(E) }

The noise is not easy to calculate, because the currents in different directions are correlated.
Two electrons can’t occupy the same state, because of the Pauli exclusion principle.

1

If one state is occupied, the electron coming from a different reservoir can not occupy the same
state.

2 2 2
The fluctuations in the current become correlated. =—>» (51 ) * <(51_,,> + ((5]<_>
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Calculating the mixed noise

-We have to describe the electrons quantum-mechanically.

o - We use second-quantization formalis

o - Creation /annihilation operators:

° -Incident from 1,2 reservoir: Ez:@/aa

o -Scattered into 1,2 reservoirs: Bi/&r

- We use the already known scattering matrix and the operator’s other form:

2
_ Zsﬂﬁaﬁ, stﬁ"g
B=1
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Calculating the mixed noise

We calculate the current on the left side of the scatterer, and choose the positive direction from
the scatterer to the reservoir. In this case the current operator:

jl — 10(51-51 — &J{&l)

We also use the particle number density operator:

Ny = d Ay

After statistical averaging of the density operatoroperator, we get the Fermi function, and
considering, that the electrons in different reservoirs are uncorrelated, we get:

AF A 1
<ﬂlﬂﬁ> - 5{1’,[)7.]; s .ﬁ}' = E—uq ° o = la 2
| + e*sla
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Calculating the mixed noise

First we calculate the current:

(1) = Io(biby — ajan) = Io Zslﬁ iy > S1ya, — aja
y=1

-2

Mm

:]D<

2
ZSlﬁS]}:<ATAy> (@ay)y p = 1o |S1ﬁ|Jfﬁ N
=1y

“ /

And the anticommutation relations: & aﬁ + aﬁaT — 5,@
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Calculating the mixed noise

Using the unitarity of the scattering matrix, and using the transmission probabilities:

() = ITi(fa — f1)

Now we calculate the mean square current fluctuations:
o - First we write the current operator in terms of incident electrons:

by =S1a1 +S1ar, bl =8%al+8h,a

F\

I/1y = a; = ( ral +S12&’}) (S 1101 + S12G2) — ala; =

~ ~ ~ ~ F ~ ~ ® ATA
= Tlg(agaz — alfal) + SHSlgaWiag + 512511a2a1 .
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Calculating the mixed noise

We expand the square of current operator:

[2/[“ = (Tlg(azag —a al)-l-S“Slza ag -I-Sl:;.S“ g 1)

2

=T%, (azagazaa + a,aa

Ata A ats
+T12S12S11( a,aod, 1+a2a1a2a2—a1a1a2a1—a2a1 1a 1)
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Calculating the mixed noise

Using the anticommutation relations, and calculating part by part:

<ﬁTa{ra aﬂ*) = ( (1 — a a{}’)aﬂ’) = ( a’ﬂf) - (A:Ef Eaaa&} = fuf -0 = fuf )

(@lagajag) = ala.}asag) = fofss @ # B,
(lapifaa) = (al (1 - afag)au) = (@faa) - (@]ajdga,) =
= fo — (alanajag) = f, - <""f:y>< Lagy = fol = fp), a #B.

The last three lines on the square current operator give zero, because of different number of
creation and annihilation operator with the same indices.
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Calculating the mixed noise

This way we get the square current value:

D = TH(H+ i = 204) + RuTn{ i = A) + (1= )}

And the mean square fluctuations:

O/ 13 = I}y /13 — (I))*/ 13

=Th(f+h —21f)+ Rllle{fl(l - )+ (1 —fl)} - Th(fH - 1)
=TH{A0 =)+ A0 =) +RuTp{ A - A) + A1 - )}




Understanding the mixed noise
The first term: T%g{flt _ fl) + f2(1 _ fz)}

o - This part originates from averaging those pairs of operators wich contribute to current.

o - Here the transmission reduces the electron flow and this way the noise, too.
o - This flcutuation is present only at non-zero temperature

1

We can consider this part as the thermal noise, but the dependence from the transmission
probability is not the same as in the ballistic calculation.

1

We have to examine other parts of the mean square fluctuation, too.
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Understanding the mixed noise
The next part is: R11T12{f1(1—f2)+ﬁ(1—ﬁ)}

o - This part vanishes at zero temperature

o - This part originates from averaging those pairs of operators wich do not contribute to current.

o - They correspond to two-particle processes. 1

We introduce the holes in the place of not occupied electrons.

> - An incoming electron/hole is reflected from the scatterer and another incoming hole/electron is
transmitted.

As the fluctuations in the reservoirs, and the fluctuations caused by the scattering are
independent, we can simply add them.
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Understanding the mixed noise

Using these results one can rearrange our result:

G/ = TH{ A = f) + A - /)

+RuT{ il = fi+ i= )+ (= fo+ o= f1)} =

= (I, +RuTn){/ il - )+ A1 - f)}

Thermal noise Shot noise

\Mﬂz{fl(ﬁ—fzﬂﬁ(ﬁ—fl)}/

= T{ il = )+ (1 = )} + RuTia(fa - 1)
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Current correlator

The connection beetwen different physical values is usually calculated in the form of correlation
functions.

The current correlation function is defined this way:

| . . . .
Pos(t, 1) = 5 (AL (1) ALg(12) + Alg(12)AL (1))

Where M{? — jﬂ’ o <j{?>
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Current correlator in frequency domain

To calculate the spectral contents we need to go to the frequency representation:

o0 o0

dw, . dw, .
P{Pﬁ(rla IZ) — / zﬂl P! / 2}5 e—rwzﬁpﬂﬁ(wh wZ)
P{};B(fi)la wz) = / dt oeih / dt> chuzfzpﬂﬁ(rh Ig)

1 In stationary case instead of (t;,t,) the t;-t, is enough
Pop(wy, wy) =21 6(wy + wa) Pop(wr)
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The spectral noise power

The spectral noise power is defined as:

o) | Dodw -
Pop(w) = / dt e Poy(1) Pop(t) = / 7€ P op(w)

If we measure the flcutuations in a frequency window:
Aw/2

61 = [ 2Pl

—Aw)/2

(013)

= j)mr (0)
If the scattering

depends only a
little from energy
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Summary

- Definitions:

o - Mean square fluctuations

o - Thermal / Shot noise

- Detailed discussion:
o - Thremal / Shot noise

o - Mixed noise

- Introduction to correlation functions
o - Correlation functions in time / freqency space

° - Low energy-dependence case
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Thank you for your attention!
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