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Even if you're not burning books,
destroying information generates heat.
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Main Laws of Thermodynamics I

The First Law of Thermodynamics 1s a version
of the Law of Conservation of Energy

Clausi1us

Clausisus statement of the First Law

In a thermodynamic process, the increment in the internal energy
of a system is equal to the difference between the heat exchanged
by the system with the heat bath and the increment of work done
on it.

AUpsp=Wap—Q
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Main Laws of Thermodynamics 11

The Second Law 1s a statement about 1irreversibility.
It 1s usually stated in physical terms of impossible processes.

Sadi Carnot was the first to give a formulation of this principle

/

[Lord Kelvin Statement of the Second Law Lord Kelvin

No process is possible in which the sole result is the absorption
of heat from a reservoir and its complete conversion into work.
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Main Laws of Thermodynamics 111

The Second Law of Thermodynamics 1s related to the concept of Entropy

AS = —= ASiot > 0
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Main Laws of Thermodynamics 111

The Second Law of Thermodynamics 1s related to the concept of Entropy

AS = « ASior 2> 0

In statistical mechanics, Entropy is
related to the probability of

the microstates, correponding to

a particular macrostate:

Gibbs Boltzmann
S = —kpXip; logp;
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Main Laws of Thermodynamics 111

The Second Law of Thermodynamics 1s related to the concept of Entropy

AS = « ASior 2> 0

In statistical mechanics, Entropy is
related to the probability of

the microstates, correponding to

a particular macrostate:

Gibbs Boltzmann
S = —kpXip; logp;

Similar to Shannon entropy

Question : 1s Thermodynamic entropy the same that information entropy ?
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Main Laws of Thermodynamics 11

The Second Law 1s a statement about 1irreversibility.
It 1s usually stated in physical terms of impossible processes.

Sadi Carnot was the first to give a formulation of this principle
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The first explanation came 1n
1929 by Leo Szilard, and
later by Leon Brillouin

® slow molecules

® fast molecules
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The Landauer’s principle (1)

Any logically irreversible transformation of classical information
1s necessarily accompanied
by the dissipation of at least kgT:In 2 of heat per lost bit
(about 3-10-?! Joules at room temperature)

Typical examples of logically 1rreversible transformations are
Boolean functions such as AND, NAND, OR and NOR

They map several input states onto the same output state

The erasure of information, the RESET TO ONE operation,
1s logically 1rreversible and leads
to an entropy production of kg:In 2 per erased bit
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Landauer’s principle 11

Landauer’s principle 1s a central result which exorcises the Maxwell’s demon

It has been criticised and never tested 1n a real experiment
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Landauer’s principle 11

Landauer’s principle 1s a central result which exorcises the Maxwell’s demon
It has been criticised and never tested 1n a real experiment

Questions
e (Can the Landauer’s limit be reached in any experiment ?

e Does any experimentally feasable procedure allow us to reach the limit ?
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Landauer’s principle 11

Landauer’s principle 1s a central result which exorcises the Maxwell’s demon
It has been criticised and never tested 1n a real experiment

Questions
e (Can the Landauer’s limit be reached in any experiment ?

e Does any experimentally feasable procedure allow us to reach the limit ?

Following Bennett we use in our experiment the RESET to ONE operation

Bennett, C. H. The thermodynamics of computation, a review. Int. J. Theor. Phys. 21, 905-940 (1982).
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The Bennett’s erasure procedure
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Initial state 1s 0 or 1 with
equal probability 1/2

Si= kg'ln 2
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The Bennett’s erasure procedure
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Final state 1s 1 with probability 1

Sr= 0

Thus ASnin=-kpln 2
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Quasi Static : -TAS=Q)
Energy variation : AU=0
First principle : AU=-0Q+W

J

In average : <W>=<Q>=-T AS > ksTIn(2)

Numerical result :
Memory Erasure in Small Systems,
R. Dillenschneiderand E. Lutz, Phys. Rev. Lett. 102, 210601 (2009)
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—— =  Experimental set-up Optical trap
. LS < BS
P [ l ’ ARP 2=980nm
Condenser |
Xy‘ T Y Cell V( ( AR/
A
Objective 63x 20HM
N.A. 1.3
Nano-Max
Pizo-stage -
P A
= .
Camera rapide - .
2.=633nm

LS white light source
DM dichroic mirror

M mirror

IRF infrared filter

IF  interference filter

P  polarizer

A analyzer

QD quadrant photo diode
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==  Experimental set-up Optical trap
- >, <X
' silica bead
laser beam :
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Camera rapide -~ -
A=633nm

LS white light source
DM dichroic mirror

M mirror
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=== === Brownian particle trapped by two laser beams
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U(x))
kpT

Trapping potential 1s constructed using
the Boltzmann factor

P(x) o exp(
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=== === Brownian particle trapped by two laser beams
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=== === Brownian particle trapped by two laser beams

ENS DE LYON

-y o2 6

i 5
Lo NN

> << | um =0.9 0 0.5

X (Hm)
The Kramers time - Uy(z) = a b a? & oda
| T = T, exp[kB—T]
with 7, = 1 s
Trapping potential 1s constructed using U(x )
P(z) o< exp( )

the Boltzmann factor kgl
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=== === Brownian particle trapped by two laser beams
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the Boltzmann factor kgl
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—  — The cell for the bead
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0,15mm  ~80um ZL

= v " ye X

TD | § | ﬂ't-— 1 mm
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e = The Erasure Procedure
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The Erasure Procedure

Initial state

0 )N ‘\j
-05 0 05

X (Lm)

10

-0.5

0
X (Lm)

0.5

reduction

| of the barrier

lundi 18 juin 2012



e . The Erasure Procedure
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Initial state
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e . The Erasure Procedure

ENS DE LYON ..
Initial state
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0 1 0 1
a b\
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Increasing of
| the barrier

Final state
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— ' — Potential external control as ;
== b o o :
ENS DE LYON a function of time %
power (mW) N a . .
" 1 waiting The laser intensity
N - [\ / controls the barrier height
i omae ’
lowering
cxlcma} force | | time The potential tilt iS

Finax —//\ produceed by a linearly
0 \’— increasing external force F,

' >

| | applied on the time T.
) cycle 1 T cycle 2 fime | Teycle =T +2 g

=K

max |

The force F is created by displacing the cell with respect to the laser, thus
F=—-vv with v =06mRu
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= — Potential external control as CIFS l
I Ny ° ° 3
ENS DE LYON a function of time
power (mW) N d | . .
I i waiting The laser intensity
| - [\ / controls the barrier height
5 fucocauli .
lowering |
e T8 ] ™ The potential tilt is
s _/‘ produceed by a linearly
0 \,— increasing external force F,
“Fnax | | . applied on the time T.
< cycle 1 B cycle 2 fime | Teycle =T +2 g

The force F is created by displacing the cell with respect to the laser, thus
F=—-vv with v =06mRu

Two control parameters: Tt the time of application of F
Fmax the maximum applied force
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Bead trajectories

position (um)

0 to 1 transition

0 10 20

time (s)
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Bead trajectories
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0 to 1 transition
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S — The work on the erasure cycle s
ENS DE LYON §
. U, (x,t)
Ui = - F(t
A () + 1

multiplying by x and integrating for a time 7 we get :

AU, =W_. —(Q, Stochastic thermodynamics
AU, = — Yo i at WT:/F:i:dt
o Ox 0

QT:/ Wi dt—/ nt dt
0 0

Sekimoto K, Progress of Theoretical Phys. supplement (130), 17 (1998).
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— The work on the erasure cycle
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The two erasure cycles have been considered

0 0
S and ~
0
1= 1=
Tcycle Tcycle t
Wr = —/ v u(t)T dt = / Fo..—T dt
0 0 T

LL (.15 { Landauer’s limit |l
, o
Tcycle UO |
AU = — / T dt § 0.1 |
0 ox T |
= |
0 L— : I : e
=2 0 2 4

w (KT units)
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— The work on the erasure cycle
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The two erasure cycles have been considered
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ammn §— Results of the erasure procedure
ENS DE LYON

number of successful cycles

Success rate r =
Total number of cycle

Qualitative observations :
e Atconstantt : W and rincrease with Fmax
* At constant Fmax: W decreases and r increases for increasing t

100

success rate (%)
©
=
<Q> (KT units)
N W ERN
i
_|._.
<
-
V
-
o0
DN

| o
80 l | a 1___— __I__/{\__'I"_*_\L_“
0 2 4 6 8 0 1
F (10 14 N) Q 10 20 30 40
max T (s)

Landauer’s limit
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S s Landauer’s limit
ENS DE LYON
4 r ,
:@ : + r>0.9 C _
= 3 1
S p X r>0.85
|_
< Z 23
A +
0

0 10 20 30 40
Landauer’s limit as a function of r

< Q >Tandaver= kT In24+rInr+ (1 —7)In(1 —r)]
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S s Landauer’s limit
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4 r .
;‘2\ 3| + r>0.9 C )
% ;1 X r>0.85
|_
< Z .2
A +
1 r ==
g 1 1 X s
0

0 10 20 30 40
T4

Landauer’s Iimit as a function of r

< Q >Tandaver= kT In24+rInr+ (1 —7)In(1 —r)]

Indeed the Erasure Procedure

— r —
Atr=0.5 < & >Landaver= 0 left the 1nitial state unchanged

lundi 18 juin 2012



CIrS,

e Landauer’s limit _
ENS DE LYON i
o o| AF=AU-TAS
v
o= 3 + 1r>02 1 Asymptotic behaviour
S ; X r>0.85
T — OO
= 2 .
= + Sekimoto -Sasa J. Phys.
A -+ Soc. Jpn. 66, 3326 (1997).
7 o
[ - Y < W>~AF+ B/T
0

0 10 20 30 40
As < AU >=0 then | AF=-TAS and <Q>=<W >~EkTIn2+ B/t

< Q >=< Q >Landaver T|Aexp(—t/7x) +1]B/T
AU

k—T] is the Kramers time
B

TK = T, €XP|
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PR e The success rate r
100 | |
o i n Why in the experiment r< 1 ?
% 907 [s this result produced by 3D
g effects of the trap ?
S s | a o
e , | [s the finite height of the initial
0 2 4 6 8  barrier responsible of r<1 ?

lundi 18 juin 2012



— . — The Erasure Procedure

.
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10— r | | 10—
Initial state 0 ] 0 ]
O - 51
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Y= - - 0
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Final state
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ENS DE LYON The success rate r

CIrS,

;
:

100

e N i Why 1n the experiment r< 1 ?

Is this result produced by 3D
effects of the trap ?

o2
O
Qo

success rate (%)
S

Is the finite height of the 1nitial

0 2 4 6 Tegte barrier responsible of r<1 ?
F (107" N)

max

Numerical test

We use all the experimental parameters and procedure

with two different initial barriers 8kgT and 15kgT
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ENS DE LYON The success rate r

CIrS,

;
:

100

e S 4 Why 1n the experiment r<1 ?

Is this result produced by 3D
effects of the trap ?

success rate (%)
S

30 / )

i , | [s the finite height of the initial

0 2 4 6 8, barrier responsible of r<1 ?
-14 Texte
F (107"N)
max
, oU (x, 1)
Numerical test VL = 91 FF(t) +n

We use all the experimental parameters and procedure

with two different initial barriers 8kgT and 15kgT
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R PO The success rate r
= 10 | 5 | Why in the experiment r< 1 ?
S e R e
2 9 // _ Is this result produced by 3D
g / ettects of the trap ?
3 80 + ) [s the finite height of the initial
0 > A 5 3 barrier responsible of r<1 ?
F__(107“N) O (2.1
, x
: Ve = ’ -7
Numerical test Or
100 — — 100
T/“

i 4’ —_ — e e

% o |" i’ 0T ,x'//

’g :' initial barrier g j.f" initial barrier

% il .,' 15kgT g ol || SkgT

7} :I v ':

70 "' ' - ' 70 LL
0 2 4 6 8 0 2 4 6
Fray (1074 N) Frax (1074 N)
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e Our experimental results indicate that the thermodynamic limit to
information erasure, the Landauer bound, can be approached in the
guasistatic regime, but not exceeded.

* The asymptotic limit is reached in 1/T for > 3 T«

* The fact that r<1 is due to the finite height of the initial barrier

e Thermal fluctuations play an important role to reach the limit
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e Our experimental results indicate that the thermodynamic limit to
information erasure, the Landauer bound, can be approached in the
guasistatic regime, but not exceeded.

* The asymptotic limit is reached in 1/T for > 3 T«

* The fact that r<1 is due to the finite height of the initial barrier

e Thermal fluctuations play an important role to reach the limit

Question : Does any procedure allows us to reach the Landauer’s limit ?

Answer : NO. The barrier reduction and tilt must be two separate process

See recent paper on optimisation : E. Aurell, K. Gawedzki
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— Other procedure (I)
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Relative change of
! ! — the laser intensity

30 -------------- R RS DR dc50% |- -
P ‘ ; de 49%
; N § dc 47%
' ' | de 45%

U(x) (kgT)

The ramping time of the laser intensity has been changed from 1s to 50s
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e Other procedure (II)
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Fixed intensity ratio
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The work is mainly due to the jump of the particle
The Landauer limit can never be reached
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I N Numerical results
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Memory Erasure in Small Systems,
R. Dillenschneiderand E. Lutz, Phys. Rev. Lett. 102, 210601 (2009)

0 I . | S5, W 1.,.4
Potential : Viz,t) = —59(t)z” + 32
External force : Af(t)
1.9
= 0.
S 0 ., ,.
-O-? tO T t0+tf
0 0.25 0.5 0.75 1 129 1.5
UT
1.5
1 _— |
— 05 + _-__,.---""——--_ '.‘ 1
— 0 = \ .
-0.5
_1 % o+t
0 0.25 0.5 0.75 1 1.25 1.5
t/T
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e el Non-dimensional
HADEDON numbers and the success rate
T ey : :
F_ P0s31b111.ty of jumping

T the barrier without force

_ 0 Fopo The maximum external work

I = AU overcomes the barrier
AU

TK = To €XP| is the Kramers time with7, ~ 1s

kBT]

0x is the distance of the potential minima,

One can think that the success rate 1s : 1 1

r = 5[1 + exp( 7__F)]
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S & Non-dimensional
HODEHE numbers and the success rate

1 a
Experimentally r = 5 [1 T eXp( = 12 )]
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