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7 Full-counting statistics and fluctuation theorem

This is the lecture note on Jun. 3, 2024 focusing on the application of the Full-counting statistics of the
transferred electrons. For large time limit, we can obtain an explicit expression of the cumulant generation
function and the noise behaviors for large and low bias limits are derived. Finally, it is shown that the
cumulant generation function has special symmetry, which reduces to the Fluctuation theorem.

7.1 Summary of the last lecture

We are discussing the system of a single electron level coupled to two leads obeying following master
equation
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We had introduced a modified transition matrix with a counting field x, M (x). With this, we can define
a characteristic function

Z.(x) = (0]eM 7w (0)) (2)

where 7 is the measurement time. This provides a cumulant generating function of the transferred electrons,

F(y) = lim ~1n Z,(x). (3)
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Using this cumulant generating function, we can evaluate the average current and the current noise,
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Exercise V: Calculate the average current I and zero-frequency current noise S of a highly-biased

quantum point contact and calculate its Fano factor. The detail of the assignment is uploaded in manaba.
Report deadline is June 17, 13:00 to manaba.
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7.2 Large 7 behavior

We are interested in the probability distribution of the net transferred electron number n for large time 7.
The eigen-equation of M(x), (k=0,1) is

M(x) [9r(x)) = Ae00) [ () - (5)

= 0, which provides

The eigenvalues are determined by the relation ’M (x) = Ao
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Choosing Ag(x) > RA1(x) (note that both of which are negative) being satisfied for |x| < 1,
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Clearly, lim, o Ag(x) = 0. For the left and right eigenfunctions, we require the orthonormality condition

(W (X)|g(x)) = dkq and completeness condition Zk:o,l [r(x)) (Wr(x)| = I.
Using the completeness relation, we expand the initial state |W(0)) with the right eigenvectors |tk (X)),

W(0) = > ar(x) [¥e(x), (8)
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where ax(x) (= (¥r(x)|W(0))) are the expansion coefficients. Then we note that

1= ([W(0) = > arx) Ol¢x(x)), (9)
k=0,1
and
)1(13% (Ol (x)) = dro, )1(13% ao(x) = 1. (10)

Using this expansion, the characteristic function is

Z-(x) = <0 MO S gy (x) wj(x)> = > ar(x) (01eM [y (x))

k=0,1 k=0,1
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where we noticed that the factor e’ ()7 decays much faster than e* )7 for 7 — oo. Hence, for large 7

In Z; (x) ~ In{ao(x) (0[to(x))} + 7Ao(x) ~ TAo(X), (12)

where the first term is progressively less dominant for large 7.
Using the results, we have

F(x) = lim 1 InZ-(x) ~ Ao(x)- (13)
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Assuming local detail balance conditions for left and right leads, we defined following factors for v = L/R:

')/1/ = ’YV—Q— + ’Yy—y (14)
Yot =W fuleo) =wfifs (15)
Yv— = 'Yu(l - fV(EO)) =M 1/_7 (16)

where we defined the Fermi distribution function of the lead v,

1
fV(GO) = 7@61/(607“41/) T 1 (17)
With these, we have the expression of cumulant generation function:
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where we defined u = 4y.vr/ (7L + Yr)%



Using this result, the average current is
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where we set A = 1 — w{f} fr(1—eX)+ f; ff (1 —e™)}. This expression is consistent with that
obtained in the lecture note on May 13, Eq. (38).
Similarly, the current noise is
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We would like to inspect in detail the properties of the average current and current noise. In the
following arguments, we assume the temperatures of two leads are the same, 8, = Bgr = 8 =1/(kgT). We
also define the bias, eV = u; — pgr, which is set to positive, hence the electron flows in average from the
left to the right and the average current flows oppositely.

7.3 Large bias limit

Let us first discuss the large bias limit (pur — €, €0 — pg > kpT), then fr(eo) ~ 1 and fr(ep) ~ 0. The
average current becomes

I = _6M7 (21)
YR+ L
and the current noise becomes
2
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Hence, the Fano factor is
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which is the same result as the field emission (Poisson process) discussed in the lecture on May 20. In fact,
cumulant generation function in this limit is

F(x) ~ () ~ =5 (H”) + 1t <1+7L> \/1—(4”/7’*2(1—8&)
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which is the cumulant generation function for the Poisson process as shown in the Appendix 1 of the last
lecture note, May 27. Similar result is obtained for vy, > g, but in this case

F(x) ~ —yr(1 —e™). (26)

In contrast, when vy = yg =, I ~ —evy/2, and the Fano factor becomes
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The cumulant generation function is
42 ; i
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which is similar to the case v, < g but the exponential function with x is different by a factor 1/2
and this cannot be assumed as a Poisson process. One should not interpret the result Eq. (27) as the
elementary charge being half of the charge quantum since this is not a Poisson process. But this represents
the “correlation effect” of the electron on the way through the quantum dots.

To see this correlation effect, let us calculate the number probability distribution function, P(n, ),
using the relation

P(n,7) = % /Tr dxZ,(x)e ™", (29)
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whose derivation is given in Appendix A. Since we are focusing on the large bias limit, the contribution of
n < 0 can be neglected. With using the long-time (y7 > 1) form of the characteristic function

Z:(x) ~e™F0, (30)

we have

1 " —’YT(l—Ei%)—an
P(n,7) ~ Py dxe . (31)
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We evaluate Eq. (31) in a saddle point approximation and we have

P(n,7) ~ EG_F 7 , (32)

for the derivation, see Appendix B. ' From this distribution, we have
1
W, =5 o=, - @ =3 (%) (34)

If we apply the saddle point approximation to the case v, < g, where the cumulant generation function is given by
Eq. (25), we have the approximated number distribution function,

1 — L —n)?
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which gives (7). =y 7 and 02 = v T obeying the characteristics of the Poisson distribution.




which has clearly narrower distribution than the that of the Poisson distribution, which should show
(R), = o2. We numerically evaluate P(n, 1) for a fixed y7 (= 40) as shown in Fig. 1. As a comparison, we
also plot Poissonian distribution with a parameter y7/2 which has the same average (7). Obviously, the
distribution of Eq. (31) to the left is narrower than that of the Poisson distribution shown to the right. Such
a narrower distribution is called “sub-Poissonian” distribution, which means that the successive arrivals of
the electrons are not completely random, but somewhat regularized compared with that of the Poisson case.
In other words, the probability of the arrival of two successive electrons with very short separation is small,
which is called as anti-bunching effect. This is reflected to the suppression of the current noise. Physically,
this phenomena can be understood by the property of Fermi statistics (Pauli exclusion principle) such that
no more than one electron can occupy the central quantum dot at the same time. Hence, the incoming
electron from the left lead should wait until another electron occupying the quantum dot escapes to the
right lead.
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Figure 1: Left: Real part of the probability distribution function P(n,7) (Eq. (31) in blue for y7 = 40
as a function of electron number n. Since the expression of (31) is an approximation, finite imaginary
part (red solid line) remains. Right: Poissonian probability distribution function Ppeisson (1, 7) for y7 = 20
(corresponding to the same average (n) with the left figure) as a function of n.

7.4 Low bias limit

Then, we consider the opposite limit, where eV <« kgT'. In the limit of low bias, we have

fr(eo) — fr(eo) = fleo — L) — f(eo — pr)

~ = 81(;(;) e (L — pr)
= —f/(eo — ,U,())e‘/, (35)

where we have introduced f(¢) = (e + 1)71, f'(e) = df(¢)/(de) and po = (ur, + pr)/2. Therefore, the

average current is

I~ e U (e — o)}V = =GV, (36)
where we defined the linear conductance
G = (= feo — o)} (37)
The current noise is
§ v de? T fleo = pio) {1 = fleo = o)} +0(V?). (38)
Using the relation,
P10 =~ s =~ (1~ J(@), (39



the zero-bias noise is
YLYR 1
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which is called the Johnson-Nyquist noise. Low bias noise has no physical significance more than the linear
conductance.

7.5 Fluctuation theorm

The cumulant generation function derived in Eq. (18) satisfies following relation
F(x) = F(=x +i4), (41)

where A = (ur — pr) is called as an affinity, which characterizes the driving force of the non-equilibrium
situation. This relation can be checked by noting

FEFRU =™ )+ ffE(L =) = fE g — e X f fre ™ + L — XL fie!
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where we used the relation f, /i = (o),
As shown in Eq. (29), the probability of n electrons transferred in a period T is
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By using the relation Eq. (41),
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where we changed the integration variable from x to x’ = —x+4A. For the bias condition uy, > pgr (4 > 0)
and for n > 0, this relation shows that the probability of transferring electrons in the reverse direction to
the bias n < 0 is exponentially smaller than that of transferring in the forward direction. Defining the
entropy production by transferring n electrons as n8(ur, — ur) = o, this relation is rewritten as

Po)
P(-o) (45)

which is called the Fluctuation Theorem.
We can also obtain the relation

n

(e79) = Z e mBL—1r) P(n, 1)

= Z P(—n,7) =1, (46)

which is called the Jarzynski equation. For a convex function, f”(x) > 0 and probability distribution p,,,
following Jensen’s relation holds:

Using this relation, we have
we arrive the relation

which is the 2nd-law of the thermodynamics.



7.6 Conclusion

We have studied the full-counting statistics of an electron transport through a quantum dot determined by
a Markovian master equation. When the tunneling rates are highly asymmetric, the distribution function
of the transferred electron numbers in a time 7 becomes a Poissonian for the large time limit. While for
symmetric rates, the distribution is deviated from the Poissonian, and in fact becomes sub-Poissonian. For
low bias, the zero-bias noise is the Johnson-Nyquist noise. Finally, the cumulant generation function is
shown to obey the Fluctuation theorem and the entropy production satisfies the Jarzynski equation.

A Relation between P(n,7) and Z,(x)

As shown in the footnote in page 3 of the lecture note of May 27, the expectation value of a function of
transferred numbers 7 of electrons in a time period 7, O(n), is given by

(O(), = P(n,m)0(n), (50)

n=0

where P(n, ) is the probability distribution function. If we choose a function O(f) = 84, with some integer
£, we have

oo

(One), = Z P(n,7)0ne = P(¢, 7). (51)

n=0
The electron number generating function, Z,(x), provides m-th moment by

O Z(x)

S| = (A, (52)

x=0

This relation suggests following series expansion of Z, (),

2000 = 1 (), (00) + 7 (2), (0% + 5 (3%), (00 + -+

= <eixﬁ>7 = Z P(n,T)ean. (53)
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This relation can be interpreted as a (discrete) Fourier transform of the function P(n,7). Then, let us
evaluate an inverse Fourier transform of Z,(x) with some integer ¢,
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where we had used the relation valid for an integer ¢, % ffﬁ dyeXt = 6.

B Saddle point approximation

Here, we evaluate the integral

[N
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P(TL,T)N% / dye 1= Z)—ixn (55)
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under the long-time condition y7 > 1. The real part of the exponent of the integration kernel, —y7(1 —

cos %), is zero at x = 0 and has very large negative values for other values of x. Since y7 >> 1, the integral



is dominated by the values of xy ~ 0. Hence, by expanding the exponent around x = 0 and neglecting the
terms more than the second order, we have
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where in the last equation, we completed the square of x. By extending the integration region of Eq. (55)
to [—00, 00] and executing the Gaussian integral over x, we have the expression

P(n,7) ~ 4 /7%7_6_%(%_")2. (57)

This probability distribution has a proper normalization,

[e’e) 9 [e’s) . 5
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where in the last part we changed the variable x = &+ —n and modified the sum into an integral.

References

(1] BReEr]. DIRFEEEESR | WX RICE T 25 BHGEt 2 2N O B GiFE, — 1) 1. WIS
92, 345-376 (2009).

[2] MR, TET Ky MCBU 25825 800GET BRI 41, 909 (2006).



