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« General introduction:
v Definition of entropy. Fluctuation relations



Stochastic thermodynamics

Gibbs-Shanon system entropy Heat and microscopic reversibility
(Iocal detailed balance)
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G. Crooks PRE 60, 2721(1999); C. Jarzynski J.Stat.Phys. 96,
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Fluctuation theorem

U. Seifert, Rep. Prog. Phys. B
— ¢25/ks 75,126001 (2012) (e=A5/FBY = 1

G. Bochkov, Yu. Kuzovlev, JETP 1977, Physica A 1981

Electric circuits: Experiment on a double quantum dot
Y. Utsumi et al. PRB 81, 125331 (2010),
B. Kung et al. PRX 2, 011001 (2012)
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v Coulomb blockade and thermodynamics
v' Jarzynski and Crooks relations in single-electron circuits



Dissipation in circuit transport
through a barrier - tunneling

TUNNEL ad
JUNCTION ~—

Dissipation generated by a
tunneling event in a junction
biased at voltage V

AQ = (u-E)H(E-pp) = ny-pp = eV

Uy

AQ = TAS is first quickly distributed among the electron
system, then - to the lattice by electron-phonon scattering

For average current I through the junction,
total average power dissipated is naturally
Joule heating power

= (lle)AQ = IV



Thermodynamics and dissipation in
ser: single-electron transitions

.
------

Heat generated in a tunneling event /.

Q; =+2Ec(ng; —1/2)
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Total heat generated in a process:

ENERGY

Q=) Q

Work in a process:

V(t)

0.0}

05 00 05 10 15

ng =CyVy/e W:Q_I_AU
| 2 " |- charge stat
H = EC (72.- — n‘g) Change in internal | - charge state n
(charging) energy | - gate voltage n,

D. Averin and J.Pekola EPL 96, 67004 (2011); U =H(n(t),n,(t)) — H(n(0),n,(0))
J. Pekola and O.-P. Saira JLTP 169, 70 (2012).



Experiment on a single-electron box

O.-P. Saira et al., PRL 109, 180601 (2012); J.V. Koski et al., Nat. Phys. 9, 644 (2013).
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v" Realization of Maxwell’s Demons



Maxwell’s demon for single electrons

Entropy of the charge states: S = —kp Z p(2) In[p
(a) (b) -ﬁ‘i{‘ )\@*

@;{ @l AS = kg In(2)
o \/\/“ -
Measurement ~ ®/ Quasi-static drive

Fast drive after the
decision

In the full cycle (ideally): Q= =—-k,TIn2<0

Sys sys

J. V. Koski et al., PNAS 111, 13786 (2014); PRL 113, 030601 (2014).



Potential (kT)

Erasure of information

R. Landauer, IBM J. Res. Dev. 1961

Landauer principle: erasure
of a single bit costs energy
of at least kgT In(2)

Experiment on a colloidal particle:
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A colloidal particle
in electrlc fleld

== Dimeric particle

Elliptically rotating
electric fields

romium

30 pm

S. Toyabe et al., Nature Physics 2010

A (nm) Force (pN)

8
17
16
15

DNA molecule

M. Ribezzi-Crivellari
"%__ etal,, in preparation

K. Chida et al,
Nat. Comm. 2017

Examples of Maxwell’s demon

A colloidal particle in laser tweezers

x (nm)

Time (s)

E. Roldan et al.,Nature Phys. 2014
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Photonic MD
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T M. D Vldrlghln et aI PRL 2016

Quantum MD

N. Cottet et al,
PNAS 2017
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Maxwell’s demon with SEB

Ig?tj 6\491 dW|dth — Slow operdtion
mfor ation about th d ssmated wo%'k eat

extﬁ‘ct%m&:n\ﬁe/ﬂaces but not mea |

Ng = Cng/e

need to construct fast (=on-chip)
Maxwell’s demon

l//_w/

tlme

uasi-static ram Measurement ’ )
Q P \In2)  w/kT

| - charge stat

J. V. Koski et al.,

and decision

e |- gate voltage Efficiency (~3000 repetitions):

(W)= -0.75 kT In2
PNAS 111, 13786 (2014); PRL 113, 030601 (2014).  *



Autonomous Maxwell’s demon.
Operation principle

Events + measurement Feedback 1. or 3. Demon detects that
/ electron enters or leaves SET
island (Event + measurement)
T M— &T W 2. or 4. Feedback:

e -Enter: trap with + charge
l'ﬂ:;uﬂai JF:;ﬂ -Leave: block with - charge

—_— Electrons tunnel through

the system more slowly

and ‘cool’ down
J.V. Koski et al PRL 115, 260602 (2015) 15




AT, AT, AT, (mK), I (pA)

J.V. Koski et al PRL 115, 260602 (2015)
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v Quantum calorimetry and heat transport



Calorimetry for measuring MW photons

Requirements for calorimetry on single microwave quantum
level. Photons from relaxation of a superconducting qubit.

photon source
“artificial atom”

TEMPERATURE

absorber
E
‘%) T(t)
A

temperature
readout
electronics

V(t)

TIME

Typical parameters:

Operating temperature
I,=0.1K
E/kg = 1K, C=300...1000kg

AT ~1-3mK,t~0.01-1ms

Tyer = 10 uK/(HZ)"2 is
sufficient for single photon
detection

OE = Tyer (C Gy,)V2

J. Pekola, P. Solinas, A. Shnirman, D. V. Averin.,
NJP 15, 115006 (2013).



Fast NIS thermometry on electrons

Read-out at 600 MHz of a NIS junction, _
10 MHz bandwidth O.-P. Saira et al. PRAppl. 6, 024005 (2016)

M. Zgirski et al. arXiv:1704.04762,
L. Wang et al., arXiv: 1710.10082
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S. Gasparinetti et al., Phys. Rev. Applied 3, 014007 (2015); C
K. L. Viisanen et al., New J. Phys. 17, 055014 (2015). ok
Proof of the concept: Schmidt et al., 2003;




Quantum Otto refrigerator
0.05=

00 18—20 30x10°
00
-1.0x105 ||

1-2.0

LI L L
0.0 0 0.1

|. Nearly adiabatic regime
ll. Ideal Otto cycle
lll. Coherent oscillations at

Niskanen, Nakamura, Pekola, PRB 76, 174523 (2007) high frequencies
B. Karimi and Pekola, Phys. Rev. B 94, 184503 (2016).
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Quantum Heat Valve

b experiment NH model

~ 350

L 300
L 250
L 200 o

'—

~ 150

~ 100

power (aW)

Tunable photonic heat
transport (both cooling and
heating) between QED

resonators via a qubit

A. Ronzani, B. Karimi, J. Senior, Y.-C. Chang, J. T. Peltonen, C. D.
Chen, J. P. Pekola arXiv:1801.09312 accepted to Nat. Phys. (2018) 21
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* Nonequilibrium steady state
v"  Negative entropy events
v Statistics of finite-time minima of entropy production



Negative entropy production events
in feedback controlled systems

REANErAy

time (s)
Quasi-static ramp Measurement
and decision
| - charge state | - gate voltage

- In(2)

Efficiency (~3000 repetitions):
(W)= -0.75 kT In2

J. V. Koski et al., PNAS (2014); PRL (2014); PRL (2015)

. 1

X

1

W/k,T

23



Negative entropy production events in NESS

P.(AS)

U. Seifert, Rep. Prog. Phys. B
75, 126001 (2012) (e AS/kB) =1

G. Bochkov, Yu. Kuzovlev, JETP 1977, Physica A 1981

Electric circuits: Experiment on a double quantum dot
Y. Utsumi et al. PRB 81, 125331 (2010),
B. Kung et al. PRX 2, 011001 (2012)

Nonequilibrium steady state

(a) b 4
(©) os6 | | | | <0 \@'ﬂ- G2
S 08 l““’ _ II' »
S 064} Negative entropy production
0 AS<0

due to thermal fluctuations

PlAS=—s)zl-e " lictailed balance
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PT(_n)

- —

— eneVDQD/kBT
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NESS. Negative events of entropy

40 [ #1  _P(AS) o1 <e—AS> _1
30| P 1 P.(-AS)
520 - 1
o e PUn(E)
| D I — . P ({n(z - t)})
0 5 4 5 : Single bath
Time t(s) TAS =W - AF

2nd Jaw of thermodynamics Y .
0 Finite-time entropy minimum

<AS> > () /.
Nonequilibrium steady state O;é
dAS n
<—>(t) =0 =const >0 : ,
dt Time ¢ (s) 1
K. Sekimoto, Prog.Theor.Phys.Suppl.130, 17 (1998); .

U. Seifert, Phys. Rev. Lett. 95, 040602 (2005).



NESS. Negative records of entropy

P(\n(t
. re o PUnED
o7 - P.({n(x - )}
=% Y _ e~ is a martingale variable
O;éZO (J. L. Doob, Stochastic Processes, 1953)
1of ' < AS(t) | g=asit). e—AS(tN)> _ e s(ty)
o T . cee)

0 2 4 6 8 10~

Time £(s)  Finite-time entropy minimum

P(ASz-s)z1-e” _AS =minAS(t)<0

’ min - <t<r s

Doob’s Maximal inequality Infimum law
(cumulative distribution function)

Average minimum entropy
production is above -1

P(AS__ =-s)=1-e"" (AS,,)= -1

|. Neri, E. Roldan, F. Julicher, PRX 7, 011019 (2017)
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« Experimental verification of theoretical results
v" Double-dot structure as a minimal physical model
v" Boundaries for entropy production records
v" Relation with the heat absorbtion

« Summary and outlook



Single-electron transistor

SET detector, e
92 |

........................................

8 10

Forward i

v, tunneling

- g 1

2-level system (SET) .

e Backward i

Insensitive to a tunneling |

direction of current P SUTiv. SR U :

iy PR '

s ‘ | Back and forth i

R _____ tunneling |

R,~ 54 MQ Qp " e e e ]

E,~ 138 meV 0 1

t(s)

Ry~ 12.5 MQ
Ey~ 137 meV

Singh, Peltonen, IMK, Koski, Flindt, Pekola, PRB, 94, 241407 (2016)



Multi-island structure

SET detector

Forward
0Ff ]

Backward
tunneling |

Direction of mesoscopic currents
characterizes entropy production

P(in(t)})

P.({n(r - 1)})
S. Singh, E. Roldan, 1. Neri, . M. Khaymovich, D. S. Golubey,
V. F. Maisi, J. T. Peltonen, F. Julicher, J. P. Pekola, arXiv:1712.01693 (2017)

AS(t) =In
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Classical 4-level system

SET detector
100 }
= 50
(o))
= 0 . ! _ -
| " n=(n,ng)
© (10) ( Ly R) |
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(0,0 ) - ) .
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1t o) 4______1_5--——17 1,1)

0 05 1 15
lr
S. Singh, E. Roldan, 1. Neri, . M. Khaymovich, D. S. Golubey,
V. F. Maisi, J. T. Peltonen, F. Julicher, J. P. Pekola, arXiv:1712.01693 (2017)
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Markovian 4-level system

SET 4 Exponential waiting Thermal tunneling rates =
stector time distributions = Quasiequilibrium regime

Markovian dynamics

Probability density

L 1 1 L 1 1 1 1 1 1 1 1
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P.(n) — steady state |stnbut|m51 N+ numer of jumps on the

trajectory; I'(n->m) — tunneling rdfes between states n and m.

S. Singh, E. Roldan, 1. Neri, . M. Khaymovich, D. S. Golubey, 31
V. F. Maisi, J. T. Peltonen, F. Julicher, J. P. Pekola, arXiv:1712.01693 (2017)




Stochastic entropy on trajectory

SET detector

State trajectory unambiguously determines
finite-time stochastic entropy production

(1’1) T T T T

2 (1,0 U

S (0.4)]

5 e U
04} -
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0 002 004 006
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P(in(t
AS() =In ({n(t)})

P.({n(z -t)})
P.n) & Tln—n)
=In——"—+ M In

Pst (nN(r)) J=1 1—‘(nj — nj—l)
P.(n) — steady state distribution; N — number of jumps on the
trajectory; ['(n->m) — tunneling rates between states n and m.

S. Singh, E. Roldan, 1. Neri, . M. Khaymovich, D. S. Golubey, 37
V. F. Maisi, J. T. Peltonen, F. Julicher, J. P. Pekola, arXiv:1712.01693 (2017)




Stochastic entropy on trajectory. Mean

-50 0 50 100
Bias Voltage (1.V)

(AS(z))=IV [T & V°

Average entropy production is mostly due
to Joule heating

Time t(s) N@)  T(n. . —=n.
AS(7) =In——_ P 1o) + M In 7. )

, P. =~ I'(n.—n.
S. Singh, E. Roldan, I. Neri, I. M. Khaymovich, D. S. Golubey, ) T, 313-1)

V. F. Maisi, J. T. Peltonen, F. Julicher, J. P. Pekola, arXiv:1712.01693 (2017)



Stochastic entropy on trajectory. CDF
AS,_. =minAS(t)

O<t<t

o O
o

Doob’s Maximal

Cumulative distribution
(@]
N

02 inequality
0= = > (cumulative distribution
Y e function)
- )
| < 1 P(AS =-s)=1-e
0 2 4 6 g 1030 '
206 Cumulative distribution
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‘—éo , | time minimal entropy
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Time £ (s) ~Sine (?) NE) T
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, et [(n. —n.
S. Singh, E. Roldan, I. Neri, I. M. Khaymovich, D. S. Golubey, N(T)) =1 ( J 3{1)

V. F. Maisi, J. T. Peltonen, F. Julicher, J. P. Pekola, arXiv:1712.01693 (2017)



Stochastic entropy on trajectory. <AS . >

AS_.=minAS(t)

O<t<t

Infimum law

Average
min.entropy
production is
ettt above -1
3402 4n0-1 0 1 2 3
1010107 10° 10" 10° 10
time (s
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1 —
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. z , . . P ( N(T)) j=1
S. Singh, E. Roldan, I. Neri, I. M. Khaymovich, D. S. Golubev,
V. F. Maisi, J. T. Peltonen, F. Julicher, J. P. Pekola, arXiv:1712.01693 (2017)
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Stochastlc entropy on trajectory. <Q
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—8—-90uV
50uVv
0 —m 250V
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S. Singh, E. Roldan, I. Neri, I. M. Khaymovich, D. S. Golubey, ) AT, 316-1)
V. F. Maisi, J. T. Peltonen, F. Julicher, J. P. Pekola, arXiv:1712.01693 (2017)



Summary

Realization of a Coulomb blockaded device with single-electron
counting sensitive to the direction of the current.

First experimental study of extreme-value statistics of stochastic
entropy production in nonequilibrium steady states.

Statistics of ~10° records of negative entropy production in an
electronic double dot is in agreement with the universal bounds.

The bound for the average maximal amount of absorbed heat is
derived theoretically and verified experimentally.



Outlook

Relations between first passage time
distributions

Stopping time distributions

Moments and cumulants of minimal
entropy production. Relation with full-
counting statistics

A ST

Entropy production

Two absorbing boundaries

Stot (t)

A Tf)
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