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Quantum-mechanical Maxwell’s demon
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A Maxwell’s demon is a device that gets information and trades it in for thermodynamic advantage, in
apparent~but not actual! contradiction to the second law of thermodynamics. Quantum-mechanical versions of
Maxwell’s demon exhibit features that classical versions do not: in particular, a device that gets information
about a quantum system disturbs it in the process. This paper proposes experimentally realizable models of
quantum Maxwell’s demons, explicates their thermodynamics, and shows how the information produced by
quantum measurement and by decoherence acts as a source of thermodynamic inefficiency.
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PACS number~s!: 03.65.Bz, 32.80.Pj, 33.80.Ps, 33.25.1k
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INTRODUCTION

In 1871, Maxwell noted that a being that could meas
the velocities of individual molecules in a gas could shu
fast molecules into one container and slow molecules
another, thereby creating a difference in temperature betw
the two containers, in apparent violation of the second law
thermodynamics@1#. Kelvin called this being a ‘‘de-
mon:’’ by getting information and being clever how it us
it, such a demon can in principle perform useful work. Ma
well’s demon has been the subject of considerable discus
over the past century@2#. The contemporary view of the
demon, spelled out in the past decade@3#, is that a demon
could indeed perform useful workkBT ln2 for each bit ob-
tained, but must increase entropy by at leastkBln2 for each
bit erased~a result known as ‘‘Landauer’s principle’’@4#!.
As a result, a demon that operates in cyclic fashion, era
bits after it exploits them, cannot violate the second law
thermodynamics.

Up to now, Maxwell’s demon has functioned primarily a
a thought experiment that allows the exploration of theo
ical issues. This paper, in contrast, proposes a model
Maxwell’s demon that could be realized experimentally u
ing magnetic or optical resonance techniques. Any exp
mentally realizable model of a ‘‘demon,’’ like the molecule
of Maxwell’s original example, must be intrinsically quan
tum mechanical. The classic reference on quantum demo
Zurek’s treatment of the quantum Szilard engine@5# ~see also
Refs.@6,7#!. Zurek investigated a gedanken experiment c
sisting of a single quantum particle sitting in a classical c
inder, acted upon by a classical piston, and measured
classical measuring device. The quantum nature of the
ticle allowed Zurek to give an accurate thermodynamic
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counting of the heat taken in and work done by the parti
as the piston expanded. Zurek’s picture is semiclassica
that only the particle itself is taken to be quantum mecha
cal, while the remainder of the engine is classical; the se
classical nature of this treatment does not allow Landau
principle and the thermodynamics of the erasure proces
be investigated in a quantum context.

This paper makes the following advances in treating M
well’s demons.

~1! It uses well-established physics of the quantum el
trodynamics of spin and optical resonance to present a f
quantum-mechanical model of a Maxwell’s demon that u
like previous semiclassical models allows the thermodyna
ics of the demon’s entire cycle of operation—heat abso
tion, measurement and decoherence, work generation,
erasure—to be treated within a unified quantum framewo

~2! Unlike other models of demons, the model presen
here provides a detailed mechanism for erasing informa
and so allows Landauer’s principle to be investigated in
realistic quantum context. In the proposed device, ‘‘wast
information is rejected by putting the spin that makes up
demon’s quantum memory in contact with a low temperat
mode of the electromagnetic field. Instead of violating t
second law of thermodynamics, the demon operates a
quantum heat engine, doing work while pumping heat fro
hot modes to cold modes.

~3! The paper demonstrates the truth of Haus’s conjec
@8# that processes such as quantum measurement and
herence, by introducing information, effectively increase e
tropy and reduce the thermodynamic efficiency of the
mon. As a result, quantum demons and quantum heat eng
in general suffer from peculiarly quantum sources of ine
ciency: each bit of information introduced by measurem
or decoherence increases entropy bykBln2.

~4! Finally, the paper proposes experiments for realiz
quantum demons using nuclear magnetic resonance on
ecules.
3374 © 1997 The American Physical Society
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56 3375QUANTUM-MECHANICAL MAXWELL’S DEMON
The outline of the paper is as follows. Section I expla
how a nuclear or electronic spin can function as the ‘‘wo
ing fluid’’ for a quantum demon, and shows how Landaue
principle prevents the demon from violating the second l
of thermodynamics. Section II shows how quantum meas
ment and decoherence make the demon less thermodyn
cally efficient and provides formulas that quantify the resu
ing reduction in efficiency: not only does the operation
the quantum demon fail to violate the second law, it m
actually increase entropy beyond what is required classica
In Sec. III a nuclear magnetic resonance~NMR! model of a
demon is presented. The model can be realized by a va
of NMR techniques on a variety of molecules. Section
provides a detailed analysis of the thermodynamics
quantum statistical mechanics of the NMR model, and g
through the cyclic operation of the demon step by step, id
tifying the thermodynamic costs of information gatheri
and erasure. The mechanisms by which information is
tained, exploited, and erased are explored in detail. Land
er’s principle is confirmed: such a device cannot violate
second law of thermodynamics, but if supplied with he
reservoirs at different temperatures it can undergo a c
analogous to the Carnot cycle and function as a heat eng
Section V analyzes the effects of decoherence on the N
demon and shows that each bit of information introduced
quantum measurement and decoherence functions as an
kB ln 2 of entropy, decreasing the engine’s efficiency.
quantum-mechanical engine that processes informatio
limited not by the Carnot efficiency, but by the potentia
lower quantum efficiencyeQ defined in Sec. II. Section V
discusses a variety of potential experimental realization
addition to NMR. Finally, Sec. VII concludes and discuss
future work.

I. A MAGNETIC RESONANCE MODEL
OF A QUANTUM ‘‘DEMON’’

To see how a device that gets information about a qu
tum system can use that information to perform useful wo
consider a spin in a magnetic field. If the spin points in t
same direction as the field it has energy2mB, wherem is
the spin’s magnetic dipole moment, andB is the field
strength. If it points in the opposite direction it has ener
1mB. The state of the spin can be controlled by conve
tional magnetic resonance techniques: for example,
spin can be flipped from one energy state to the other
applying ap pulse at the spin’s Larmor precession frequen
v52mB/\ @9,10#.

When the spin flips, it exchanges energy with the osci
tory field. If the spin flips from the lower energy state to t
higher energy state it coherently absorbs one photon w
energy\v from the field; if it flips from the higher energy
state to the lower, it coherently emits one photon with ene
\v to the field. Either the field does work on the spin, or t
spin does work on the field.

When the quantum nature of the electromagnetic field
taken into account, one might worry that the interaction t
exchanges energy between spin and field also induce
exchange of information that effectively entangles the qu
tum state of the spin with the state of the field. A detail
quantum electrodynamic treatment of this interaction@11#
s
-
s

e-
mi-
-
f
y
y.

ty

d
s

n-

-
u-
e
t
le
e.
R
y
xtra

is

in
s

n-
,

e

y
-
e
y

y

-

th

y

is
t
an
-

shows that this worry is indeed justified when the field is
a nonclassical state such as a highly squeezed state. W
the field is in a coherent state, however, as is the case
fields normally produced by lasers, masers, or rf coils,
energy exchange involves no information exchange, entr
increase, or loss of quantum coherence@11#. As a result,
even though the oscillatory field that flips the spin is in fa
quantum mechanical, it may be treated as if it were class
for the purpose of the experiments described below.

It is clear how a device that acquires information abo
such a spin could use the information to make the spin
work. Suppose that some device can measure whether
spin is in the low-energy quantum stateu↓& that points in the
same direction as the field, or in the high-energy quant
stateu↑& that points in the opposite direction to the field, a
if the spin is in the high-energy state, send in ap pulse to
extract its energy. The device can then wait for the spin
come to equilibrium at temperatureT1@2mB/kB and repeat
the operation. Each time it does so, it converts an averag
mB of heat into work. The device gets information and us
that information to convert heat into work. The amount
work done by such a device operating on a single spin
negligible; but many such devices operating in parallel co
function as a ‘‘demon’’ maser, coherently amplifying th
pulse that flips the spins.

Landauer’s principle prevents such a device from viol
ing the second law of thermodynamics. To operate in a
clic fashion, the device must erase the information that it
gained about the state of the spin. When this information
erased, entropySout>kBln2 is pumped into the device’s en
vironment, compensating for the entropySin'kBln2 of en-
tropy in the spin originally. If the environment is a heat ba
at temperatureT2 , which may be different from the tempera
tureT1 of the spins’ heat bath, heatkBT2ln2 flows to the bath
along with the entropy, decreasing the energy available
convert into work. The detailed mechanism by which t
‘‘waste’’ information is converted to heat is described in Se
IV below.

The overall accounting of energy and entropy in t
course of the cycle is as follows: heat inQin5T1Sin , heat
out Qout5T2Sout, work outWout5Qin2Qout, efficiency

e5Wout/Qin512T2Sout/T1Sin<12T2/T1[eC ,
~1.1!

whereeC is the Carnot efficiency. SinceSout>Sin , Wout can
be greater than zero only ifT1.T2 . That is, Landauer’s
principle implies that instead of violating the second law
thermodynamics, the device operates as a heat engine, p
ing heat from a high-temperature reservoir to a lo
temperature reservoir and doing work in the process.

II. MEASUREMENT AND DECOHERENCE MAKE
THE DEMON LESS EFFICIENT

Why quantum measurement introduces added inefficie
into the operation of such a device can be readily understo
Suppose that the spin is originally in the stateu→&
51/&(u↑&1u↓&). One way to extract energy from such
spin is to apply ap/2 pulse to rotate the spin to the stateu↓&,
extracting workmB in the process. A second way to extra
energy is to repeat the process described above: mea
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3376 56SETH LLOYD
the spin to see if it is in the stateu↑&, and if it is, apply ap
pulse to extract work 2mB. Half the time the measuremen
will find the spin in the stateu↑& and half the time in the stat
u↓&; as a result, this process also generates workmB on av-
erage, but in addition generates a ‘‘waste’’ bit of informati
that costs energykBT2ln2 to erase. Quantum measureme
introduces added inefficiency to the process of getting in
mation about a quantum system and exploiting that inform
tion to perform work.

More generally, suppose the spin is initially described
a density matrixr. Let the spin interact with a measurin
device or other system that decoheres the spin by destro
off-diagonal terms in the density matrix. The new dens
matrix is then

r85(
i

PirPi , ~2.1!

wherePi are projection operators onto the eigenspaces of
operator corresponding to the measurement or onto the
ferred subspaces of the decohering process@12#. The extra
information generated by quantum measurement or deco
ence is

DI Q5DSQ /kBln252trr8log2r82~2trr log2r!>0.
~2.2!

The efficiency of the device in converting heat to work
limited not by the Carnot efficiencyeC but by the quantum
efficiency

eQ512T2~Sin1DSQ!/T1Sin5eC2T2DSQ /T1Sin .
~2.3!

Equation~2.3! quantifies the inefficiency due to any proces
such as decoherence, that destroys off-diagonal terms o
density matrixr @12–14#.

The degree to which the quantum efficiency differs fro
the Carnot efficiency depends on the amount of extra entr
DSQ or informationDI Q introduced by measurement or d
coherence. Ifr is already diagonal with respect to the pr
jectionsPi or diagonal in the preferred basis of the decoh
ing process then no new information is introduced andeQ
5eC . At the other extreme, the measurement or decohe
process can completely randomize the system, giving

r85I /2, Sin1DSQ5kBln2, ~2.4!

eQ512T2kBln2/T1Sin . ~2.5!

Note thateQ can be negative, corresponding either to a p
cess that generates heat but does no net work, or~as dis-
cussed in Secs. IV–VI below! to a refrigerator that pump
heat from a cold reservoir to a hot reservoir.

Equation~2.3! applies not only to ‘‘demon’’-like heat en
gines that operate by obtaining information about a quan
systems, thereby decohering them, it also applies to m
conventional quantum heat engines such as lasers tha
dergo decoherence through interactions with their envir
ment. For example, the reduction in quantum efficiency
scribed by Eq.~2.3! could be observed by taking a laser
which a population inversion has been established betw
two levels, and ‘‘tipping’’ that inversion by an angleu by
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applying a pulse at the resonant frequency between the le
with integrated intensity\u/2D, whereD is the dipole mo-
ment between the levels. The amount by which the popu
tion of the higher level exceeds that of the lower level
proportional to cosu, so that when the inversion has bee
tipped byp/2, there is no longer an effective inversion b
tween the levels and further light will not be amplified. Th
maser analog of this effect is discussed in greater deta
Sec. V below.

III. A QUANTUM DEMON CAN BE REALIZED USING
NUCLEAR MAGNETIC RESONANCE

To investigate more thoroughly how quantum measu
ment and decoherence introduce thermodynamic inefficie
in a quantum information-processing ‘‘demon’’ requires
more detailed model of how such a device gets and gets
of information. One of the simplest quantum systems t
can function as a measuring device is another spin. Magn
resonance affords a variety of techniques, called sp
coherence double resonance, whereby one spin can co
ently acquire information about another spin with which
interacts@9,10#. The basic idea is to apply a sequence
pulses that makes spin 2 flip if and only if spin 1 is in th
excited stateu↑&1 , while leaving spin 1 unchanged. If spin
is originally in the ground stateu↓&2 , then after the condi-
tional spin-flipping operation, the two spins will either be
the stateu↑&1u↑&2 if spin 1 was originally in the stateu↑&1 , or
in the stateu↓&1u↓&2 if spin 1 was originally in the stateu↓&1 .
Spin 2 has acquired information about spin 1. A variety
spin coherence double resonance techniques~going under
acronyms such as INEPT and INADEQUATE! can be used
to perform this conditional flipping operation@9,10#, which
can be thought of as an experimentally realizable version
Zurek’s treatment of the measurement process in Ref.@5#.
Readers familiar with quantum computation will recogni
the conditional spin flip as the quantum logic operati
‘‘controlled-NOT’’ @15–17#.

How can this information be used to extract energy fro
spin 1? Simply apply a second pulse sequence to flip sp
if and only if spin 2 is in the stateu↑&2 , while leaving spin 2
unchanged. The energy transfer from spins to field is as
lows. If spin 1 was originally in the stateu↓&1 , then spin 1
and spin 2 remain in the stateu↓& through both pulse se
quences and no energy is transferred to the field. If spi
was originally in the stateu↑&, first spin 2 flips, then spin 1
yielding a transfer of energy from spins to field of\(v1
2v2)52(m12m2)B, which is.0 as long asm1.m2 . The
average energy extracted is half this value. As long as
conditional spin flips are performed coherently, the amo
of energy extracted depends only on overall conservation
energy, and is independent of the particular double resona
technique used. Note that the entire process maintains q
tum coherence and can be reversed simply by repeating
conditional spin flips in reverse order.

The steps just described have been realized experim
tally in a variety of systems. One of the first realizations
such a double resonance experiment is the Pou
Overhauser effect@9# in which spin 1 is a proton and spin
is an electron. Here the amount of energy required to flip
electron is three orders of magnitude higher than the amo
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56 3377QUANTUM-MECHANICAL MAXWELL’S DEMON
of energy gained by flipping the proton: instead of oper
ing as an engine the double resonance process functions
refrigerator, pumping heat from the proton to the electron

IV. THERMODYNAMICS OF THE NMR DEMON

In the previous section it was shown how spins can
information about each other and put that information to
to do work. The spins are fulfilling their role as demon
extracting work without generating waste heat. They are
yet violating the second law of thermodynamics, howev
which states that it is not possible for an engine to turn h
into work with no waste heatwhile operating in a cyclic
fashion. To complete the cycle, the spins must be restore
their original state without generating waste heat. As w
now be seen, this cannot happen.

To give a full treatment of the thermodynamics of th
device and to understand the role of decoherence and q
tum measurement in its functioning, we must investig
how the ‘‘demon’’ interacts with its thermal environment
take in heat and erase information. This section will sh
that a quantum device that interacts with a thermal envir
ment can indeed get information and ‘‘cash it in’’ to d
useful work, but not by violating the second law of therm
dynamics: a detailed model of the erasure process confi
Landauer’s principle~one bit of information ‘‘costs’’ entropy
kBln2!. As a result, instead of functioning as a perpet
motion machine, the device operates as a heat engine
undergoes a cycle analogous to a Carnot cycle.

The environment for our spins will be taken to consist
two sets of modes of the electromagnetic field, the first a
of modes at temperatureT1 with average frequencyv1 and
with frequency spread greater than the coupling constanuku
between the spins but less thanv12v2 , and the second a se
of modes at temperatureT2 with average frequencyv1 and
the same frequency spread. Such an environment can b
tained, for example, by bathing the spins in incoherent ra
tion with the given frequencies and temperatures. The p
pose of such an environment is to provide effective
separate heat reservoirs for spin 1 and spin 2: spin 1 in
acts strongly with the on-resonance radiation at freque
v1 , and weakly with the off-resonance radiation at fr
quencyv2 and vice versa for spin 2. Over short times, to
good approximation spin 1 can be regarded as interac
only with mode 1, and spin 2 as interacting only with mo
2. A spin can be put in and out of ‘‘contact’’ with its rese
voir by isentropically altering the frequency of the reserv
mode to put the spin in and out of resonance.

With this approximation, the initial probabilities for th
state of thej th spin are~ignoring for the moment the cou
pling between the spins!

pj~↑ !5e2m jB/kBTj /Zj , pj~↓ !5em jB/kBTj /Zj , ~4.1!

yielding energy

Ej52m jB tanh~m jB/kBTj !, ~4.2!

and entropy

Sj52kB (
i 5↑,↓

pj~ i !lnpj~ i !5Ej /Tj1kBlnZj , ~4.3!
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where Zj5e2m jB/kBTj1em jB/kBTj52 cosh(mjB/kBTj). Even
though it does not start out in a definite state, spin 2 can
acquire information about spin 1, and this information can
exploited to do electromagnetic work. The spins can funct
as a heat engine by going through the following cycle.

~1! Using spin coherence double resonance, flip spin
spin 1 is in the stateu↑&1 . This causes spin 2 to gain infor
mation (S̃22S2)/kBln2 about spin 1 at the expense of wo
W15p1(↑)2m2B tanh(m2B/kBT2) supplied by the oscillating
field. Here S̃252kB( i 5↑,↓p̃2( i )ln p̃2(i), where p̃2(↑)
5p1(↑)p2(↓)1p1(↓)p2(↑) and p̃2(↓)5p1(↓)p2(↓)
1p1(↑)p2(↑) are the probabilities for the states of spin
after the conditional spin flip.

~2! Flip spin 1 if spin 2 is in the stateu↑&1 . This step
allows spin 2 to ‘‘cash in’’ (S22S1)/kBln2 of the informa-
tion it has acquired, thereby performing wor
2m1B@ tanh(m1B/kBT1)2tanh(m2B/kBT2)# on the field.

~3! Spin 2 still possesses information (S̃22S1)/kB ln 2
about spin 1, which can be converted into work by flippi
spin 2 if spin 1 is in the stateu↑&1 , thereby performing work
p2(↑)2m2B tanh(m1B/kBT2) on the field.

It is straightforward to verify that after these three con
tional spin flips, spin 1 has probabilitiesp18( i )5p2( i ) while
spin 2 has probabilitiesp28( i )5p1( i ). That is, the sequenc
of pulses has ‘‘swapped’’ the information in spin 1 with th
information in spin 2. As a result,S185S2 , S285S1 , and the
new energies of the spins areE1852m1B tanh(m2B/kBT2)
and E2852m2B tanh(m1B/kBT1). The total amount of work
done by the spins on the electromagnetic field is

W52~E181E282E12E2!52~m12m2!B@ tanh~m1B/kBT1!

2tanh~m2B/kBT2!#. ~4.4!

At temperaturesTi@m iB/kB , Eq. ~4.4! reduces to

W52~m12m2!~m1 /T12m2 /T2!B2/kB . ~4.5!

These formulas for the work done depend only on conse
tion of energy and do not depend on the specific set of
herent pulses that are used to ‘‘swap’’ the spins. Equati
~4.4! and ~4.5! shows thatW.0 if either m1.m2 , m1 /T1
,m2 /T2 or m1,m2 , m1 /T1.m2 /T2 . If T15T2 , W is zero
or negative: no work can be extracted from the spins
equilibrium. The device cannot function as aperpetuum mo-
bile of the second kind. The cycle can be completed by
ting the spins reequilibrate with their respective reservo
Each time steps~1!–~3! are repeated, heatQin5E12E18
flows from reservoir 1 to spin 1 and heatQout5E282E2

flows from spin 2 into reservoir 2. The efficiency of th
cycle is W/Qin512m2 /m1,12T2 /T15eC : the effi-
ciency is less than the Carnot efficiency because when
spins equilibrate with their respective reservoirs, heat flo
but no work is done.

The following steps can be added to the cycle to allow
spins to reequilibrate isentropically.

~5! Return spin 1 to its original state:~i! Take the spin
out of ‘‘contact’’ with its reservoir by varying the frequenc
of the reservoir modes as above.~ii ! Alter the quasistatic
field from B→B15BT1 /T2 adiabatically, with no heat flow-
ing between spin and reservoir.~iii ! Gradually change the
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3378 56SETH LLOYD
field from B1→B keeping the spin in ‘‘contact’’ with the
reservoir at temperatureT1 so that heat flows isentropicall
between the spin and the reservoir. During this process,
tropy S22S1 flows from the spin to the reservoir, while th
spin does workE12E182T1(S22S1) on the field.

~6! Return spin 2 to its original state by the analogous
of steps.

The total work done by the spins on the electromagn
field throughout the cycle is

WC5~T12T2!~S12S2!. ~4.6!

With the added steps~5! and ~6! the demon undergoes
cycle analogous to the Carnot cycle and in principle opera
at the Carnot efficiency 12T2 /T1 . In practice, of course, the
steps that go into operation of such an engine will be neit
adiabatic nor isentropic, leading to an actual efficiency be
the Carnot efficiency.

To attain the Carnot efficiency, it is important the dem
‘‘know’’ the temperaturesT1 and T2 . If the demon has in-
correct values for these temperatures then after step@~5!~ii !#
above spin 1 will be out of equilibrium with its reservoir an
heat will flow with no work being done. An ordinary, mac
roscopic Carnot engine has a completely analogous sourc
inefficiency: altering the quasistatic field adiabatically f
the spin is analogous to the adiabatic expansion-contrac
stages for a Carnot engine. If the adiabatic expansion of
working fluid in a Carnot engine goes too far or not f
enough, then the fluid will be at a temperature different fro
that of the low temperature reservoir, and when the fluid
put in contact with that reservoir the heat flow will not b
isentropic but will increase entropy instead.

Equation ~4.4! implies that whenm1.m2 and m1 /T1
.m2 /T2 the net work performed over the cycle is negativ
In this case, the demon functions as a refrigerator, pump
net heat and entropy from the reservoir at temperatureT2 to
the reservoir at temperatureT1 ~note thatT1 need no longer
be greater thanT2 : indeed,T1 andT2 could now be equal!.
The efficiency of the refrigerator can be measured by
ratio between heat pumped and work done; for the ideali
model given above this is equal toT2 /(T12T2), which is
just the usual Carnot coefficient of refrigerator performan
Naturally, any experimental realization of such a refrigera
will operate at an efficiency lower than the Carnot coe
cient.

Such ‘‘demon refrigerators’’ have in fact been in oper
tion since the 1950s. In the Pound-Overhauser effect@9#,
double resonance is used to ‘‘swap’’ information between
electron and a nucleon, thereby pumping entropy and en
from the nucleon to the electron. The Pound-Overhauser
fect can be implemented by performing steps~1!–~3! above
on an electron~spin 1! and a nucleon~spin 2!. Swapping
information between electron and nucleon interchanges t
Boltzmann factors, reducing the effective temperature of
nucleon by a factorge /gn wherege ,gn are the gyromagnetic
ratios of the electron and nucleon, respectively. In
Pound-Overhauser effect, entropyS22S1 is pumped from
nucleon to electron at a cost in microscopic work given
Eq. ~4.4!. This entropy transfer is highly efficient: the wor
put into the transfer can be reextracted by swapping the
formation between the spins again. The only inefficien
n-
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arises from inaccuracies in the conditional spin flips.~At
the macroscopic scale, of course, dissipation in the coils u
to supply the pulses to flip the spins dwarfs the entropy tra
fers between spins.! Even at the microscopic level, whe
operated cyclically the Pound-Overhauser effect does not
proach the Carnot coefficient of refrigerator performance
the transfers of heat from lattice to nuclei and from electro
to electromagnetic field are not isentropic. Further examp
of ‘‘demon’’ refrigerators will be discussed in Sec. VI.

V. THERMODYNAMIC COST OF QUANTUM
MEASUREMENT AND DECOHERENCE

So far, although the demon has functioned within the la
of quantum mechanics, quantum measurement and quan
information have not entered in any fundamental way. N
that the thermodynamics of the demon have been elucida
however, it is possible to quantify precisely the effects bo
of measurement and of the introduction of quantum inform
tion on the demon’s thermodynamic efficiency. The simp
quantum information-processing engine of the previous s
tion can in principle be operated at the Carnot efficie
cy: as will now be shown, when the engine introduces
formation by a process of measurement or decoherenc
cannot be operated even in principle~let alone in practice!
above the lower, quantum efficiencyeQ of Eq. ~2.3!.

To isolate the effects of quantum information, let us fi
look more closely at the simple model of Sec. I above,
which spin 1 is initially in the state

u→&151/&~ u↑&11u↓&1). ~5.1!

This state has nonminimum free energy which is availa
for immediate conversion into work: simply apply ap/2
pulse to rotate spin 1 into the stateu↓&1 , adding energy
\v2/25m1B to the oscillating field in the process. Suppos
however, that instead of extracting this energy directly,
demon operates in information-gathering mode as above
ing magnetic resonance techniques to correlate the sta
spin 2 with the state of spin 1~cf. Ref. @5#!. Suppose spin 2
is initially in the stateu↓&2 . In this case, coherently flipping
spin 2 if spin 1 is in the stateu↑&1 results in the state

1/&~ u↑&1u↑&21u↓&1u↓&2), ~5.2!

a quantum ‘‘entangled’’ state in which the state of spin 2
perfectly correlated with the state of spin 1. Continuing t
energy extraction process by flipping spin 1 if spin 2 is in t
stateu↑&2 as before allows on average an amount of ene
(m12m2)B to be extracted from the spin. The resulting sta
of the spins is 1/&u↓&1u(u↑&21u↓&2)51/&u↓&1u→&2 . Up
until this point, no extra thermodynamic cost has been
curred. Indeed, since the conditional spin flipping occurs
herently, the process can be reversed by repeating the s
in reverse order to return to the original stateu→&1 , with a
net energy and entropy change of zero.

When is the cost of quantum measurement realiz
When decoherence occurs. In the original cycle, decohere
takes place when spin 2 is put in contact with the reservoi
‘‘erase’’ it @13–14#: the exchange of energy between t
spin and the reservoir is an incoherent process during wh
the pure state
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u→&251/&~ u↑&21u↓&2) ~5.3!

goes to the mixed state described by the density matrix

~1/2!~ u↑&2^↑u1u↓&2^↓u!. ~5.4!

The time scale for this process of decoherence is equa
spin 2’s dephasing timeT2* and is typically much faster tha
the time scale for the transfer of energy@14#. In effect, inter-
action with the reservoir turns the process by which spi
coherently acquires quantum information about spin 1 int
decoherent process of measurement, during which a b
information is created. This bit corresponds to an increas
entropykBln2. During the process of erasure as in Sec.
above, this entropy is transferred from spin 2 to the lo
temperature reservoir, in accordance with Landauer’s p
ciple.

By decohering spin 2 and effectively measuring spin
the demon has increased entropy and introduced therm
namic inefficiency. The amount of inefficiency can be qua
tified precisely by going to the Carnot cycle model of t
demon above. In general, the state of spin 1 is descr
initially by a density matrix

r185p1~↑8!u↑8&1^↑8u1p1~↓8!u↓8&1^↓8u, ~5.5!

where u↑8& and u↓8& are spin states along an axis at som
angleu from thez axis. Without loss of generality,T1 andB
can be taken to be such that

p1~↑8!5e2m1B/kBT1/Z1 , p1~↓8!5em1B/kBT1/Z1 .
~5.6!

This state is not at equilibrium, and possesses free en
that can be extracted by applying a tipping pulse that rota
the spin by u and takesu↑8&→u↑& and u↓8&→u↓&. The
amount of work extracted is

W* 5E1* 2E1 , ~5.7!

where

E15m1B@p1~↑ !2p1~↓ !#, E1* 5m1B@p1* ~↑ !2p1* ~↓ !#
~5.8!

and

p1* ~↑ !5p1~↑ !cos2u1p1~↓ !sin2u,

p1* ~↓ !5p1~↓ !cos2u1p1~↑ !sin2u. ~5.9!

Running the engine through a Carnot cycle by steps~1!–~5!
above then extracts work (T12T2)(S12S2). This process
extracts the free energy of the spin isentropically, witho
increasing entropy.

By operating in this fashion—by only making measur
ments with respect to which the density matrix is diagona
the demon reaches the upper limit of eq.~2.3! in which eQ
5eC . Inefficiency due to measurement arises when inst
of first applying the tipping pulse to extract spin 1’s fre
energy, one simply operates the engine cyclically as bef
In this case, the demon is making measurements with res
to
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to which the density matrix has off-diagonal terms. As
result, the measurement introduces information andeQ is
strictly less thaneC .

The steps are as above: three conditional flips swap
states of spin 1 and spin 2, so that spin 1 is in the stater2 and
spin 2 is in the stater285r18 . The interaction with the hea
reservoir then decoheres spin 2, destroying the off-diago
terms in the density matrix so that

r28→p1* ~↑ !u↑&^↑u1p1* ~↓ !u↓&^↓u, ~5.10!

with entropy

S1* 52kB (
i 5↑,↓

p1* ~ i !lnp1* ~ i !, ~5.11!

DSQ5~S1* 2S1!, DI Q5~S1* 2S1!/kBln2 ~5.12!

are the ‘‘extra’’ entropy and information introduced by d
coherence. The entropyS1* 2S25DSQ1Sin that flows out to
reservoir 2 is greater than the entropyS12S25Sin that
flowed in from reservoir 1. The total amount of work done

T1~S12S2!2T2~S1* 2S2!1W* , ~5.13!

T2(S1* 2S1) less than the work (T12T2)(S12S2)1W*
done by simply undoing the tipping pulse and operating
engine as before. The overall efficiency with decohere
and measurement included is

eQ512T2~S1* 2S2!/T1~S12S2!512T2~Sin1DSQ!/T1Sin

<eC , ~5.14!

in accordance with Eq.~2.3! above. The extra information
introduced by quantum measurement and decoherence
decreased the efficiency of the demon. The quantum e
ciency eQ rather than the Carnot efficiencyeC provides the
upper limit to the maximum efficiency of such an engine.

Decoherence also decreases efficiency when the quan
demon is operated as a refrigerator. If the demon is use
pump heat from a reservoir at a low temperatureT2 to a
reservoir at a high temperatureT1 in the presence of deco
herence as above, then the upper limit to the coefficien
performance for the refrigerator is no longer given by t
Carnot coefficientgC5T2 /(T12T2) but by the quantum co-
efficient of performance

gQ5T2 /@~11DSQ /Sin!T12T2#, ~5.15!

whereSin is the net entropy pumped out of the low tempe
ture reservoir, andDSQ is the increase in entropy due t
decoherence.

VI. EXPERIMENTAL REALIZATIONS

This paper has proposed several effects that could be
alized experimentally.

First, Secs. I–IV showed how a quantum system such
spin that gets information about another spin can function
a Maxwell’s demon, ‘‘cashing in’’ that information to do
useful work. Nucleon-nucleon double resonance method
the sort described in Sec. III could be used to construc
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‘‘demon maser’’ that performs a net amplification of th
pulses that flip the spins. Equations~4.4! and~4.5! imply that
for the maser to provide a net amplification the two differe
species of nucleons must start the cycle at significantly
ferent temperatures, which could be accomplished by pre
ing one of the species in a low temperature state us
electron-nucleon double resonance as in the Pou
Overhauser effect, or by optical pumping as in sideba
cooling @18#.

Such a maser, though unlikely to set any power reco
could be used to verify Landauer’s principle directly. Bolt
mann factors for the different spin species can be verifie
each stage of the cycle by looking at the induction signal
the different species. In addition, it may be possible to m
sure directly the heating of the lattice caused by the tran
of ‘‘waste’’ information from spins to lattice.

Although the detailed model given above treated
quantum demon in terms of interacting spins, exactly
same thermodynamics applies to any interacting two-le
quantum systems. At bottom, a quantum ‘‘demon’’ consi
of nothing more than an interaction between two quant
systems that allows the controlled transfer of informat
from one to the other. In particular, any system that c
provide the coherent quantum logic operation controlled-NOT

that flips one quantum bit conditioned on the state of ano
could form the basis for an information-processing quant
heat engine@18,19#. In Wineland’s ion-trap quantum logic
gate, for example, one of the quantum bits consists of
hyperfine states of a trapped ion, while the other bit cons
of the lowest two vibrational states of the ion in the tra
Optical pumping techniques can be used to flip one of
bits conditioned on the state of the other.

A quantum demon can also be used as a refrigerato
pump heat from a low temperature reservoir to a high te
perature reservoir, using up work in the process. As no
above, a ‘‘demon’’ refrigerator was realized as long ago
the 1950s in the Pound-Overhauser effect@9#. Wineland’s
sideband cooling technique@18# gives a second example o
such a ‘‘Maxwell’s refrigerator’’ @20#: in this technique,
the same types of laser pulses used to perform the co
tional quantum logic operations described in the previo
paragraph are used to pump entropy from the vibratio
mode of the ion to an internal electronic state which radia
heat to the environment via spontaneous emission. Bot
these demons operate using microscopic, quantum degre
freedom as the effective measuring apparatus whereby
demon gets information about the state of a quantum sys
and acts on that information to obtain work or to pump he
It is also possible for the measuring apparatus to be ma
scopic, as in Ref.@21#. Without a detailed model of the mi
croscopic dynamics of the measurement apparatus an
interaction with the environment, however, it is not possi
to verify Landauer’s principle or the decrease in efficien
due to decoherence.

The second significant theoretical claim of this paper
that measurement and decoherence necessarily introduc
efficiency in the operation of a quantum heat engine or qu
tum refrigerator as described by Eqs.~2.3!, ~5.14!, and
~5.15!. This inefficiency due to decoherence could be m
sured in a variety of ways. In any of the systems describe
the previous paragraphs, decoherence can be introduce
t
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described in Secs. II and V by introducing an extra pulse
‘‘tip’’ the state of one of the systems before it interacts i
coherently with its environment. In the case of the Poun
Overhauser experiment, for example, tipping the elect
then performing the conditional spin-flipping pulse sequen
results in an effective temperature for the nucleon tha
higher than the effective temperatureT1gn /ge that results
from performing the experiment without decoherence. T
increase in the effective temperature could be measured
performing the cooling, waiting for a time greater than t
decoherence time of the nucleon but less than its decay t
then tipping the nucleon and monitoring the strength of
nuclear induction signal: the strength of the induction s
nal is determined by the relative size of the Boltzmann f
tors in Eq.~4.1! and can be used to gauge the effective te
perature of the nucleon. In the case of sideband cooling,
rate at which the vibrational mode is cooled will be dimi
ished if the electronic state of the ion is tipped before
sideband pulse is administered: this diminished cool
rate could be verified by using the ion to monitor the effe
tive temperature of the vibrational mode as the cool
progresses. In all cases, decoherence implies an addit
dissipationTDS when the extra entropyDS created by de-
coherence is pumped into a reservoir at temperatureT. For
systems that would otherwise operate at the Carnot e
ciency, this decrease in efficiency is quantified by Eq.~5.14!
for a quantum heat engine and by Eq.~5.15! for a quantum
refrigerator.

The decrease in efficiency due to measurement and d
herence is not confined to ‘‘demon’’ heat engines that op
ate by processing information. A variety of quantum he
engines exist@22#: the best-known examples are lasers a
masers. These heat engines should not be considered
mons’’ because they do not operate by acquiring informat
and then acting on it.~All heat engines operate by transfe
ring entropy from one degree of freedom to another. T
appellation ‘‘demon’’ should be reserved for systems th
acquire information and then perform an action condition
on the value of that information.! Nonetheless, even in th
absence of measurement, decoherence can be a sour
inefficiency in a conventional quantum heat engine such a
laser, or in an ‘‘inverse laser’’ that uses anti-Stokes em
sions to perform refrigeration@23,24#. As noted in Sec. II, if
a tipping pulse is applied to such a system before the stag
its cycle in which it interacts incoherently with its environ
ment then the efficiency of the device is decreased in ac
dance with Eqs.~2.3!, ~5.14!, and~5.15!.

The use of a tipping pulse is an experimental convenie
to put one of the quantum systems that make up the de
in a state in which its density matrix has off-diagonal term
and is susceptible to decoherence. In fact, the operatio
demon heat engines and refrigerators necessarily puts
demon in an off-diagonal state at some point during its
eration. Any decoherence that occurs during this time w
also increase entropy and reduce the demon’s efficiency

CONCLUSION

This paper investigated Maxwell’s demon in the conte
of realistic quantum models. As usual, such demons fai
violate the second law of thermodynamics. However, wh
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operated between heat reservoirs at different temperatu
the demon can function either as a heat engine that pu
heat from a hot reservoir to a cold reservoir while doi
work on the electromagnetic field, or as a refrigerator t
pumps heat from a cold reservoir to a hot reservoir wh
absorbing work from the electromagnetic field. The pa
derived general formulas that show how quantum meas
ment and decoherence decrease the efficiency of such
engines.

The systems discussed here have several advantages
Zurek’s quantum Szilard engine gedanken experiment@5#.
First, the systems can be realized experimentally. Second
aspects of the systems can be treated consistently with
unified quantum framework. The use of magnetic resona
techniques to describe a quantum Maxwell’s demon was
the sake of convenience of exposition and potential exp
mental realizability: many other quantum systems could
suitable for performing the heat–information–energy co
version described above. Essentially any quantum sys
that can obtain information about another quantum sys
can form the basis for a quantum demon.

The work presented here suggests a variety of prac
questions. First, we intend to investigate the circumstan
under which a collection of many demons of the sort d
J,
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scribed could be used to pump macroscopic amounts of
and do macroscopic amounts of work. In addition, we w
examine the limitations to the thermodynamic efficiency
actual quantum devices that operate by getting and u
information. Finally, having identified decoherence as
source of thermodynamic inefficiency in quantum devic
we can estimate the degree to which decoherence is res
sible for low efficiency in existing quantum devices such
lasers, masers, and quantum cooling systems.
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