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Current Distribution and Resolution
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How the resolution affects the current and noise?



Johnson Noise

Johnson-Nyquist (J-N) relation Apparent Deviation from the expected
value of Johnson noise at very low T.
= 2kgTG

Sy = 2kgTR

Left: Current/Voltage Noise in equilibrium
Right: Temperature x Conductance/Resistance
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Fluctuatioin-Dissipation Theorem Deviations appear below 200 mK



Deviations at Early 1970’s

R. A. Webb, R. P. Giffard, and J. C. Wheatley, J. Low. Temp. Phys. 13, 383 (1973).

cerium magnesium nitrate 1. J-N relation
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Deviations appear below 5.5 mK

= r / One of these conditions is not satisfied!
6 0 . . .
st 7 1 A possible explanation is a Heat Leak.
Q T S ] Second condition is not satisfied.
[ P | 71 Simple! But it has not been directly confirmed.
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Motivation

Johnson-Nyquist relation

intrinsic intrinsic “Intrinsic Noise” and “Intrinsic Current”
SO — QkB TG() of the target system.
\H\ ! ? \H\ But, we obtain the information about the current and
S G noise with measurement devices which may affect
outputs.
measured measured
Can we obtain the intrinsic values by actual measurement
devices, in principle? This problem is not clear!

“Resolution” has a close relation to the fact that we always have a
smallest detectable change in every measurements.



Our Main Results

Limited Resolution does not affects the measured Current
but, increases the measured Noise! do notalways satisfy the J-N relation

Resonant level model (Slngle channel QPC with perfect transmission)
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Limited resolution becomes a possible explanation of deviations



Resonant Level Model

Spinless Electrons

Reservoir Reservoir
A e ’ — B

7:[@) = Hy + V(t)

Hy=Hy+Hs+Hs  Density matrix at t=0
Zfi éTéx e—ﬂ(ﬁA—MANA) e—ﬁ(ﬁB—MBNB)

x 15 0) = R - X - - ®ﬁs O)
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= ehele,

rxeB
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HS = €OCZTCZ
V(t) = Va(t) + Va(2)
Vx(t) =) (tx0(t)d'é, + Hee.) for X = A, B,

r=X



Model of Current Measurement:

Two-point measurement model

/N -particles

Reservoir
A > <> B

T measurement time

A particle measurement
resolution

I =¢ dN N is the particle number change of reservoir A during T.
dT  The probability that N = k/\ isgiven by

kis a integer

P(k; T, A) =Te[» M (T, A) M (T, A)p(0)]

My (T, A) = Py (D)U(T,0)P(A)

Time evolution operator Projection Operator




Projection Operator

Projection Operator
of a particle number measurement in reservoir A

R Xk—l-% N
PL(A) = / dxd(x — Na)
A
Xk— 3
Outcome /\ means the smallest detectable

change in the particle number

Xk = XO _|_ kA measurement.

zero point deviation

k=1,A=3 Outcome is 3. A =1 xo=0
k=1 M. Esposito, U. Harbola, and S.
| | | | | | | > Mukamel, Rev. Mod. Phys. 81,

| | | | | | | 1665 (2009).
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Eigen values of Na arXiv:1307.7535



Cumulant Generating Function

>

P(k; T, A) = Te[M (T, A) My (T, A)p(0)]

g

CAT,A)=071n [Z eFAP(k; T A)} Cumulant Generating Function

Distribution

Noise: S
A

| .
Current: I Current ata time

T 1 k I' = 27|t|%oy
sin(A+2Tm) 0 A+ 2mm
~ Orln [Z )\+27T2m exp[zz27rm + T Co( A )]}
m 2

Co(A) isaLevitov-Lesovik type CGF obtained from Full Counting Statistics.
L. S. Levitov and G. B. Lesovik,JETP Lett. 58, 230 (1993); arXiv cond-mat/9401004 (1994).

0 = Nﬂ — Xo mod A  Degrees of Freedom of the initial density matrix

Initial particle within the resolution
number of

reservoir A arXiv:1307.7535



Cumulant Generating Function

— nyO , T , ,
0 =N, — xo mod A We cannot obtain the initial information practically

‘ Random averaging (analogy of quenched random systemes).

2 ds
(e )e = /O A
sin (220 ) A+ 2mm
CO:T,A) = dr(In [Z A(Hgm ) expli2mm + TCo(—— )]} s
m 2
A =1 wecan distinguish electrons, one by one.

C(A\;T,1) =Co(A)  Full Counting Statistics

Our quantum measurement scheme is an extension of FCS.

arXiv:1307.7535



Current and Noise

Measured current I — IO Intrinsic €= Full counting statistics

independent of TA
Measured noise S = S() + <AS>5

Intrinsic Excess noise

SO|V:O — 2kBTGO J-N relation is satisfied!

<AS>5 > () Always positive Go = ‘}iing 0o /OV
G = lim I/0V = Gq

Johnson-Nyquist relation is not satisfied between S and G

(AS)s >0 Slv=o > 2kpTG




Temperature Dependence
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<AS> § ¥ Strong enhancement at very low temperatures
v Cannot be calibrated by usual empirical methods!



Deviation from J-N relation

Deviation from J-N relation between Sand G

S 1 = < A S> 5 / SO Measurable in experiment

2 ]{j B TG Directly indicates the deviation

Ratio of Noises
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Delta Dependence
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Excess noises are increased by increasing Delta.



T Dependence
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Limitation of Frequency band of measurement device improves
detectability of S|,



Single-parameter Scaling of Deviation
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Summary

Resolution effects on Current Statistics
arXiv:1307.7535

— 041
v' Noise enhancement by limited resolution & g, | "o )
R ntrinsic 0 —h—
o 2 006 |
v" Deviation from Jonson-Nyquist relation 8 osl
Z
v" Scaling behavior of deviation N
0 20 40 60 80 100
Deviation From the Johnson-Nyquist Relation S/ 2k, TG -1 100 T
Al kg = 1K
~ ] ~ () go | /AT =0
r=1
ISn(;,L?:: (F){foot | Exponent:al Decay g 60 | Zzigg
| [ ) 5 40 ¢
0.1/A? 0.01 1 0=5,/S,=2k, TG/S, 20 |
v Consistent with experimental results "0 20 40 60 80 100

T (mK)



