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Outline

Part I

• The demon-haunted world.

• Landauer, the priest. The holy information!

Part II

• Into the quantum world.

• An experiment with spins.



Maxwell’s Demon Paradox



A problem with the second law!



Remembering the second law!
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The second law of thermody-
namics tells us that this adia-
batic process is possible if and
only if

S(Y ) ≥ S(X)

S is the unique entropy function



Reversibility versus irreversibility

How to carry out a process so that we may obtain the maximum possible useful work?



Reversibility versus irreversibility

We certainly can do better...



Reversibility versus irreversibility

But wait, there is and end...



Reversibility versus irreversibility

By performing the process in smaller and smaller steps, we can extract more useful
work from the system.

The limit of vanishingly step size provides the maximum possible work. This imaginary
process is called reversible.

Reversible processes represents the limit of what is possible in the real world!

In thermodynamics we have to choose to do calculations for reversible processes or to
do no calculations at all.



The birth of a demon1

1871

Maxwell introduced his demon in order to study the limitations of the second law of
thermodynamics.

1J. C. Maxwell Theory of heat (Longmans, 1871); Rev. Mod. Phys. 81, 1 (2009).



Maxwell’s demon

f(v) =

(
βm

2π

)3/2

4πv2e−β
mv2

2



Szilárd engine2

�

2Z. Phys. 53, 840 (1929).



Szilárd engine

The work done in raising a weight is

W =

∫
~F · d~s ~F is the external force

In equilibrium, the forces that cause changes in the system are almost exactly in balance,
implying F = PA. Remembering that the change of the volume of the gas is dV = Ads
and PV = nβ−1 (n = 1 for the Szilárd case) we have

W =

∫
PdV = nβ−1 ln

Vf
Vi

= β−1 ln 2.

This is a true violation of the second law!



The holy information

It from bit



Information is physical3

What allows the demon to extract work from the environment? The answer is
information.

Szilárd engine is not running cyclically. The memory of the demon must be erased!

R. Landauer, 1961

Information must be codified in a physical system. Erasure is a logically irreversible
process and so, must be associated with a physical irreversible process, which requires
heat generation.

3IMB J. Res. Develop. 5, 148 (1961).



Logical Irreversibility

Reversível IrreversívelReversible Irreversible

Input states Output states



The exorcism

N bits of information in an (unknown) arbitrary state ⇒ 2N distinct states for
information to distribute.

S = ln 2N = N ln 2

RESTORE TO ZERO operation ⇒ All bits will be in the ZERO state, whose entropy
is 0.

∆S = ln 2 per bit restored.

This entropy must appear elsewhere, as heat, supplying

β−1 ln 2

per restored bit to the surrounds. This is Landauer’s bound.



Landauer’s bound

In terms of the decrease in the entropy ∆S = Si − Sf

Heat generated to erasure system X

βQ ≥ ∆S(X)

The final priest

Landauer’s bound is Maxwell’s
demon exorcism.



A Quantum Proof of Landauer’s Bound



An improved (quantum) bound4

Let us consider the following setup:

• System X interacting with a
reservoir R.

• R is initially in thermal
equilibrium.

• X and R are initially not
correlated.

• The total evolution is unitary.

4New J. Phys. 16, 103011 (2014).



A proof of Landauer’s bound

Landauer’s bound relates the change in system’s entropy with the generated heat into
the environment

βQ ≥ ∆S

Change in system’s entropy

∆S = S (X0)− S (X1)

The definition of heat

Q = Tr
[
HRρ

1
R

]
− Tr

[
HRρ

0
R

]



A proof of Landauer’s bound

∆S + I(X1 : R1) = S (X0)− S (X1) + [S (X1) + S (R1)− S (XR1)]

= S (X0) + S (R1)− S (XR0)

= S (R1)− S (R0)

= S (R1) + Tr

[
ρ0R ln

exp[−βHR]

ZR

]
= S (R1) + Tr

[
ρ0R ln

exp[−βHR]

ZR

]
+ βTr

[
HRρ

1
R

]
− βTr

[
HRρ

1
R

]
= βQ−D (R1||R0)



Sharpened bound

Finite size corrections to Landauer’s bound

βQ = ∆S(X) + I (X1 : R1) +D (R1||R0)

Since
I (X1 : R1) ≥ 0 D (R1||R0) ≥ 0

We directly obtain the usual Landauer’s bound.



A classical experiment5

Colloidal particle
trapped in a double-well
potential (original
Landauer’s idea) by
means of suitable
tailored laser beans.

Fmax (Methods). The second cycle in Fig. 2a corresponds to the reversed
protocol, which brings the particle from state 1 to state 0 (Methods).

We use a fast camera to record the successive positions of the bead
during the erasure process. A typical measured trajectory of the particle
for a transition 0 R 1 during a cycle is shown in Fig. 2c. A trajectory for
the transition 1 R 1 is depicted in Fig. 2d. In this case there is an
instantaneous jump to the other well induced by thermal noise, but
the final state is 1.

Thermodynamic quantities are stochastic variables at the micro-
scopic level of our experiment, because thermal fluctuations cannot
be neglected. The dissipated heat along a given trajectory, x(t), is given

by the integral29 Q~{

ðtcycle

0
dt _x(t)LU(x,t)=Lx. According to the laws

of thermodynamics, the mean dissipated heat obtained by averaging
over many trajectories is always larger than the entropy difference:

ÆQæ $ 2TDS 5 kTln(2) 5 ÆQæLandauer. In practice, we average over
situations in which the memory is either initially already in state 1
or is switched from state 0 to state 1. We typically average over more
than 600 cycles. It is inconvenient to select randomly the initial con-
figuration during two erasure cycles, so we treat the two cases indepen-
dently. When the state of the memory is changed, we use a series of
double cycles (Fig. 2a), which bring the bead from one well to the other,
and back. In the opposite case, when the state of the memory is un-
modified, we apply a series of double cycles containing a reinitialization
phase (Fig. 2b). This series is useless in the erasure process itself, but is
necessary to restart the measurement by keeping the bead in the initial
well (Methods). We determine the dissipated heat during one erasure
cycle as follows. We first note that the bead necessarily ends up in the
initial state after completion of both double cycles. Because the modu-
lation of the height of the barrier occurs on times much slower than the
relaxation of the bead, it is quasi-reversible and does not contribute to
the dissipated heat. We therefore only retain the contribution stemming
from the external tilt, averaged over the cycles corresponding to the
change of state and over the cycles in which the memory is unchanged.

A key characteristic of the erasure process is its success rate, that is, the
relative number of cycles bringing the bead in the expected well. Figure 3a
shows the dependence of the erasure rate on the tilt amplitude, Fmax. For
definiteness, we have kept the product Fmaxt constant. We observe that
the erasure rate drops sharply at low amplitudes when the tilt force is too
weak to push the bead over the barrier, as expected. For large values of
Fmax, the erasure rate saturates at around 95%. This saturation reflects the
finite size of the barrier and the possible occurrence of spontaneous
thermal activation into the wrong well. An example of a distribution of
the dissipated heat for the transition 0 R 1 is displayed in Fig. 3b. Owing
to thermal fluctuations, the dissipated heat may be negative and
maximum erasure below the Landauer limit may be achieved for
individual realizations, but not on average16.

Figure 3c shows the average dissipated heat, ÆQæ, over a large number
of erasure protocols as a function of the duration of the cycle, for
various success rates. For each cycle duration, t, we have set the
amplitude, Fmax, of the tilt such that the erasure rate remains constant
to a good approximation. For large durations, the mean dissipated
heat does saturate at the Landauer limit. We observe, moreover,
that incomplete erasure leads to less dissipated heat. For a success
rate of r, the Landauer bound can be generalized to hQirLandauer~
kT½ln (2)zr ln (r)z(1{r) ln (1{r)". Thus, no heat needs to be pro-
duced for r 5 0.5. In that case, the state of the memory is left unchanged
by the protocol and the transformation is quasi-reversible. For ideal
quasi-static erasure processes (t R ‘), the dissipated heat is equal to
the Landauer value. For large but finite t, we can quantify the asymptotic
approach to the Landauer limit by noting, following ref. 30, that
ÆQæ 5 ÆQæLandauer 1 B/t, where B is a positive constant (Methods). For
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Figure 2 | Erasure cycles and typical trajectories.
a, Protocol used for the erasure cycles bringing the
bead from the left-hand well (state 0) to the right-
hand well (state 1), and vice versa. b, Protocol used
to measure the heat for the cycles in which the bead
does not change wells. The reinitialization is
needed to restart the measurement, but is not a part
of the erasure protocol (Methods). c, Example of a
measured bead trajectory for the transition 0 R 1.
d, Example of a measured bead trajectory for the
transition 1 R 1.
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Figure 1 | The erasure protocol used in the experiment. One bit of
information stored in a bistable potential is erased by first lowering the central
barrier and then applying a tilting force. In the figures, we represent the
transition from the initial state, 0 (left-hand well), to the final state, 1 (right-hand
well). We do not show the obvious 1 R 1 transition. Indeed the procedure is such
that irrespective of the initial state, the final state of the particle is always 1. The
potential curves shown are those measured in our experiment (Methods).
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A classical experiment

In the limit of long erasure cycles the mean heat dissipation saturates Landauer’s
bound.

shorter durations, we find excellent agreement with an exponential
relaxation, ÆQæ 5 ÆQæLandauer 1 [Aexp(2t/tK) 1 1]B/t, with a relaxation
time given by the Kramers time, tK, for the low barrier (Methods). Our
experimental results indicate that the thermodynamic limit to informa-
tion erasure, the Landauer bound, can be approached in the quasi-static
regime but not exceeded. They hence demonstrate one of the fun-
damental physical limitations of irreversible computation. Owing to
the universality of thermodynamics, this limit is independent of the actual
device, circuit or material used to implement the irreversible operation.

METHODS SUMMARY
We use a custom-built vertical optical tweezer made of an oil immersion objec-
tive (363; numerical aperture, 1.4) that focuses a laser beam (wavelength,
l 5 1,064 nm) to the diffraction limit for trapping glass beads27,28 (2mm in
diameter). The beads are dispersed in bidistilled water at a very low concentration.
The suspension is introduced in a disk-shaped cell (18 mm in diameter, 1 mm in
depth), and a single bead is then trapped and moved away from the others. The
position of the bead is tracked using a fast camera with a resolution of 108 nm per
pixel, which after treatment gives the position with a precision greater than 10 nm.
The trajectories of the bead are sampled at 502 Hz. The double-well potential is
obtained by switching the laser at a rate of 10 kHz between two points separated by
a distance df 5 1.45mm, which is kept fixed. The distance between the two minima
of the double-well potential is 0.9mm. The height of the barrier is modulated by
varying the power of the laser from IL 5 48 mW (barrier height, .8kT) to
IL 5 15 mW (barrier height, 2.2kT). The external tilt is created by displacing the
cell with respect to the laser with a piezoelectric motor, thus inducing a viscous
flow. The viscous force is simply F 5 2cv, where c 5 1.89 3 10210 N s m21 is the
coefficient of friction and v is the velocity of the cell. In the erasure protocol, the

amplitude of the viscous force is increased linearly during time t: F(t) 5 6Fmaxt/t.
The heat dissipated by the tilt is

Q~{

ðtcycle

0

dt F(t) _x(t)~+
ðt

0

dt Fmax(t=t) _x(t)

The velocity is computed using the discretization _x(tzDt=2)<½x(tzDt){
x(t)"=Dt.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 3 | Erasure rate and approach to the Landauer limit. a, Success rate of
the erasure cycle as a function of the maximum tilt amplitude, Fmax, for
constant Fmaxt. b, Heat distribution P(Q) for transition 0 R 1 with t 5 25 s and
Fmax 5 1.89 3 10214 N. The solid vertical line indicates the mean dissipated
heat, ÆQæ, and the dashed vertical line marks the Landauer limit, ÆQæLandauer.
c, Mean dissipated heat for an erasure cycle as a function of protocol duration, t,
measured for three different success rates, r: plus signs, r $ 0.90; crosses,
r $ 0.85; circles, r $ 0.75. The horizontal dashed line is the Landauer limit. The
continuous line is the fit with the function [Aexp(2t/tK) 1 1]B/t, where tK is
the Kramers time for the low barrier (Methods). Error bars, 1 s.d.
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Thermodynamics of small systems



The heat distribution

Heat is described by a probability distribution respecting a fluctuation relation, which
are a promising route to understand the behaviour of small systems operating under
non-equilibrium conditions.

Remembering...

• Initial uncorrelated state of the global system (X and R)

• Initial thermal distribution for the reservoir R

• Global unitary operation Û performed in the interval t ∈ [0, 1] (without changing
the Hamiltonian of the reservoir)

Q = Tr
[
HRρ

1
R

]
− Tr

[
HRρ

0
R

]



The heat distribution

Quantum and classical fluctuations become very important in these scales. Heat is a
stochastic variable defined by the first moment of the probability density

P (Q) =
∑
m,n

pm0 p
n|m
1 δ [Q− (εn1 − εm0 )]

• Before the process, R is projected onto its energy eigenbasis. εm0 results with
probability is pm0 .

• A second measure, in the final energy eigenbasis, is them performed, resulting in
εn1 with probability

p
n|m
1 = Tr

[
Û |rm〉〈rm| ⊗ ρX Û †|rn〉〈rn|

]
We want to reconstruct P (Q) from the experimental data.



The characteristic function

It is easier to measure the Fourier transform of the heat distribution

Θ(t) =

∫
dQe−itQP (Q) = Tr

[
ÛρRV̂

†ρX Û
†V̂
]

where
V̂ = e−itHR

The idea is to employ Ramsey interferometry to map the information about the
characteristic function into an ancillary system!



Quantum circuit



Interferometry

Considering the ancillary system initially in a pure state

ρA = TrXRρARX

=
1 + Re(Θ)σx + Im(Θ)σy

2

The heat distribution can then be obtained by measuring the magnetization of the
ancillary system

Θ(t) = 〈σx〉(t)− i〈σy〉(t)



The system

A nucleus with magnetic
moment ~I under the action of
the fields ~B0 e ~B(~r, t)

• ~B0 — Static field
(quantization axis)

• ~B(t) — Controlled pulses
(perpendicular to ~B0)



The system

I2|I,m〉 = I (I + 1) |I,m〉

Iz|I,m〉 = m|I,m〉



The thee qubit system6

H =

3∑
i=1

ωiσ
i
z +

3∑
i,j=1

Ji,j~σi ⊗ ~σj +HP (t)

6Rev. Mod. Phys. 76, 1037 (2005).



Experimental heat distribution7

7Proc. R. Soc. A 472, 20150813 (2016).



Landauer’s principle



Irreversible entropy production



Final Comments

Summary

• A violation of the second law.

• The physical character of information

• The quantum nature of information.

What comes next?

• An informational measure of dissipation.

• Complexity, chaos and thermodynamics.



Thank you for your attention!

www.quantum.chibebe.org
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