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A Maxwell's demon is a device that gets information and trades it in for thermodynamic advantage, in
apparentbut 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
guantum Maxwell’s demons, explicates their thermodynamics, and shows how the information produced by
guantum measurement and by decoherence acts as a source of thermodynamic inefficiency.
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INTRODUCTION counting of the heat taken in and work done by the particle
as the piston expanded. Zurek’s picture is semiclassical in
In 1871, Maxwell noted that a being that could measurethat only the particle itself is taken to be quantum mechani-

the velocities of individual molecules in a gas could shuntcal, while the remainder of the engine is classical; the semi-
fast molecules into one container and slow molecules intglassical nature of this treatment does not allow Landauer’s
another, thereby creating a difference in temperature betwed}inciple and the thermodynamics of the erasure process to
the two containers, in apparent violation of the second law oP€ investigated in a quantum context. _ _
thermodynamics[1]. Kelvin called this being a “de- This paper makes the following advances in treating Max-
mon:” by getting information and being clever how it uses well's demons.

it, such a demon can in principle perform useful work. Max- (1) It uses well-established physics of the quantum elec-

well's demon has been the subject of considerable discussi&ﬁOdynam'CS of spin and optical resonance to present a fully

over the past centurj2]. The contemporary view of the quantum-mechan?cal mpdel of a Maxwell's demon that un-
q led out i tH td is that a d like previous semiclassical models allows the thermodynam-

emon, spefied out In the pas ecd6y is that a €MON ics of the demon’s entire cycle of operation—heat absorp-
could indeed perform useful workgT In2 for each bit ob-

8 : tion, measurement and decoherence, work generation, and
tained, but must increase entropy by at ldegn2 for each ¢ 55,re 1o be treated within a unified quantum framework.

bit erased(a result known as “Landauer’s principle[4]). (2) Unlike other models of demons, the model presented
As a result, a demon that operates in cyclic fashion, erasingere provides a detailed mechanism for erasing information
bits after it exploits them, cannot violate the second law ofand so allows Landauer’s principle to be investigated in a
thermodynamics. realistic quantum context. In the proposed device, “waste”

Up to now, Maxwell's demon has functioned primarily as information is rejected by putting the spin that makes up the
a thought experiment that allows the exploration of theoretdemon’s quantum memory in contact with a low temperature
ical issues. This paper, in contrast, proposes a model of mode of the electromagnetic field. Instead of violating the
Maxwell's demon that could be realized experimentally us-second law of thermodynamics, the demon operates as a
ing magnetic or optical resonance techniques. Any experiguantum heat engine, doing work while pumping heat from
mentally realizable model of a “demon,” like the molecules hot modes to cold modes.
of Maxwell's original example, must be intrinsically quan-  (3) The paper demonstrates the truth of Haus’s conjecture
tum mechanical. The classic reference on quantum demons|ig] that processes such as quantum measurement and deco-
Zurek’s treatment of the quantum Szilard endiBg(see also  herence, by introducing information, effectively increase en-
Refs.[6,7]). Zurek investigated a gedanken experiment contropy and reduce the thermodynamic efficiency of the de-
sisting of a single quantum particle sitting in a classical cyl-mon. As a result, guantum demons and quantum heat engines
inder, acted upon by a classical piston, and measured byia general suffer from peculiarly quantum sources of ineffi-
classical measuring device. The quantum nature of the patiency: each bit of information introduced by measurement
ticle allowed Zurek to give an accurate thermodynamic acor decoherence increases entropykiain2.

(4) Finally, the paper proposes experiments for realizing
gquantum demons using nuclear magnetic resonance on mol-
*Electronic address: slloyd@mit.edu ecules.
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The outline of the paper is as follows. Section | explainsshows that this worry is indeed justified when the field is in
how a nuclear or electronic spin can function as the “work-a nonclassical state such as a highly squeezed state. When
ing fluid” for a quantum demon, and shows how Landauer’'sthe field is in a coherent state, however, as is the case for
principle prevents the demon from violating the second lawfields normally produced by lasers, masers, or rf coils, the
of thermodynamics. Section Il shows how quantum measuresnergy exchange involves no information exchange, entropy
ment and decoherence make the demon less thermodynanmicrease, or loss of quantum cohereridd]. As a result,
cally efficient and provides formulas that quantify the result-even though the oscillatory field that flips the spin is in fact
ing reduction in efficiency: not only does the operation ofquantum mechanical, it may be treated as if it were classical
the quantum demon fail to violate the second law, it mayfor the purpose of the experiments described below.
actually increase entropy beyond what is required classically. It is clear how a device that acquires information about
In Sec. Il a nuclear magnetic resonarl®MR) model of a  such a spin could use the information to make the spin do
demon is presented. The model can be realized by a varietyork. Suppose that some device can measure whether the
of NMR techniques on a variety of molecules. Section IV spin is in the low-energy quantum state that points in the
provides a detailed analysis of the thermodynamics andame direction as the field, or in the high-energy quantum
quantum statistical mechanics of the NMR model, and goestate|1) that points in the opposite direction to the field, and
through the cyclic operation of the demon step by step, ideni the spin is in the high-energy state, send inrgulse to
tifying the thermodynamic costs of information gathering extract its energy. The device can then wait for the spin to
and erasure. The mechanisms by which information is obeome to equilibrium at temperatufig > 2 uB/kg and repeat
tained, exploited, and erased are explored in detail. Landauhe operation. Each time it does so, it converts an average of
er’s principle is confirmed: such a device cannot violate theuB of heat into work. The device gets information and uses
second law of thermodynamics, but if supplied with heatthat information to convert heat into work. The amount of
reservoirs at different temperatures it can undergo a cyclevork done by such a device operating on a single spin is
analogous to the Carnot cycle and function as a heat enginaegligible; but many such devices operating in parallel could
Section V analyzes the effects of decoherence on the NMRunction as a “demon” maser, coherently amplifying the
demon and shows that each bit of information introduced bypulse that flips the spins.
guantum measurement and decoherence functions as an extraLandauer’s principle prevents such a device from violat-
kg In 2 of entropy, decreasing the engine’s efficiency. Aing the second law of thermodynamics. To operate in a cy-
guantum-mechanical engine that processes information iglic fashion, the device must erase the information that it has
limited not by the Carnot efficiency, but by the potentially gained about the state of the spin. When this information is
lower quantum efficiency, defined in Sec. Il. Section VI erased, entrop$,,=kgIn2 is pumped into the device’s en-
discusses a variety of potential experimental realizations ivironment, compensating for the entrofy,~kgIn2 of en-
addition to NMR. Finally, Sec. VII concludes and discussestropy in the spin originally. If the environment is a heat bath
future work. at temperaturd,, which may be different from the tempera-
ture T, of the spins’ heat bath, hekgT,In2 flows to the bath
along with the entropy, decreasing the energy available to
convert into work. The detailed mechanism by which the
“waste” information is converted to heat is described in Sec.

To see how a device that gets information about a quan.V below. _ _
tum system can use that information to perform useful work, 1he overall accounting of energy and entropy in the
consider a spin in a magnetic field. If the spin points in thecourse of the cycle is as follows: heat@,=T,S;,, heat
same direction as the field it has energy:B, whereyu is  OUt Qou= T2Sout, WOrk 0UutWoy= Qin— Qout, efficiency
the spin’s magnetic dipole moment, ar®l is the field _ 4 B _
strength. If it points in the opposite direction it has energy €= Wou/ Qin=1=ToSou/ T1Sp=1-To/T1=ec, (1.1)
+uB. The state of the spin can be controlled by conven- '
tional magnetic resonance techniques: for example, th@heree. is the Carnot efficiency. Sinc®, =S, W,y can
spin can be flipped from one energy state to the other bye greater than zero only if;>T,. That is, Landauer's
applying am pulse at the spin’s Larmor precession frequencyprinciple implies that instead of violating the second law of
w=2uB/f [9,10]. thermodynamics, the device operates as a heat engine, pump-
When the spin flips, it exchanges energy with the oscillaing heat from a high-temperature reservoir to a low-

tory field. If the spin flips from the lower energy state to the temperature reservoir and doing work in the process.
higher energy state it coherently absorbs one photon with

I. A MAGNETIC RESONANCE MODEL
OF A QUANTUM “DEMON”

energyfw from the field; if it flips from the higher energy Il. MEASUREMENT AND DECOHERENCE MAKE

state to the lower, it coherently emits one photon with energy THE DEMON LESS EEFICIENT

fw to the field. Either the field does work on the spin, or the

spin does work on the field. Why quantum measurement introduces added inefficiency

When the quantum nature of the electromagnetic field ignto the operation of such a device can be readily understood.
taken into account, one might worry that the interaction thaSuppose that the spin is originally in the stafes)
exchanges energy between spin and field also induces anl~V2(|1)+]|])). One way to extract energy from such a
exchange of information that effectively entangles the quanspin is to apply ar/2 pulse to rotate the spin to the staig
tum state of the spin with the state of the field. A detailedextracting workuB in the process. A second way to extract
guantum electrodynamic treatment of this interactjdd] energy is to repeat the process described above: measure
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the spin to see if it is in the staté), and if it is, apply a=  applying a pulse at the resonant frequency between the levels
pulse to extract work 2B. Half the time the measurement with integrated intensityt /2D, whereD is the dipole mo-
will find the spin in the stat¢) and half the time in the state ment between the levels. The amount by which the popula-
|1); as a result, this process also generates wdskon av-  tion of the higher level exceeds that of the lower level is
erage, but in addition generates a “waste” bit of information proportional to co8, so that when the inversion has been
that costs energkgT,In2 to erase. Quantum measurementtipped by /2, there is no longer an effective inversion be-
introduces added inefficiency to the process of getting infortween the levels and further light will not be amplified. The
mation about a quantum system and exploiting that informamaser analog of this effect is discussed in greater detail in
tion to perform work. Sec. V below.

More generally, suppose the spin is initially described by
a density matrixp. Let the spin interact with a measuring
device or other system that decoheres the spin by destroying
off-diagonal terms in the density matrix. The new density

matrix is then To investigate more thoroughly how quantum measure-
ment and decoherence introduce thermodynamic inefficiency

p'=2> PipP:, (2.1  in a quantum information-processing “demon” requires a
i more detailed model of how such a device gets and gets rid

L _ of information. One of the simplest quantum systems that
whereP; are projection operators onto the eigenspaces of theap, fynction as a measuring device is another spin. Magnetic

operator corresponding to the measurement or onto the preagonance affords a variety of techniques, called spin-
ferred subspaces of the decohering prodd€d. The extra  c,herence double resonance, whereby one spin can coher-
information generated by quantum measurement or decohepyy acquire information about another spin with which it
ence Is interacts[9,10]. The basic idea is to apply a sequence of
— — ! " pulses that makes spin 2 flip if and only if spin 1 is in the
Alo=ASqlkeln2=—trp’logp” —(~trp IOgZP);O('Z p  excited staté])s, while leaving spin 1 unchanged. If spin 2
' is originally in the ground statg|),, then after the condi-

The efficiency of the device in converting heat to work istional spin-flipping operation, the two spins will either be in
limited not by the Carnot efficiencyc but by the quantum the statg1)4|7), if spin 1 was originally in the statd ), or

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

efficiency in the statd | ),||), if spin 1 was originally in the statf ), .
Spin 2 has acquired information about spin 1. A variety of
€0=1-Ta(Sp+ASQ)/T1Sh=€c—T2ASq/T1S. spin coherence double resonance technigigesng under

(2.3 acronyms such as INEPT and INADEQUAYEan be used
to perform this conditional flipping operatid®,10], which
n be thought of as an experimentally realizable version of
urek’s treatment of the measurement process in FHf.
Readers familiar with quantum computation will recognize
he conditional spin flip as the quantum logic operation
controlled-NoT” [15-17.

Equation(2.3) quantifies the inefficiency due to any process,
such as decoherence, that destroys off-diagonal terms of t
density matrixp [12-14.

The degree to which the quantum efficiency differs from
the Carnot efficiency depends on the amount of extra entrop

ASq or informationAl g introduced by measurement or de- How can this information be used to extract energy from

coherence. Ifp is already diagonal with respect to the pro- <pin 12 Simolv aoolv a second pulse sequence to flio spin 1
jectionsP; or diagonal in the preferred basis of the decoher- P ) NP1y apply P N X PSP
q if and only if spin 2 is in the statf),, while leaving spin 2

ing process then no new information is introduced ag unchanged. The energy transfer from spins to field is as fol-

=ec . At the other extreme, the measurement or _d(_acoherin%ws If spin 1 was originally in the staté );, then spin 1
process can completely randomize the system, giving and spin 2 remain in the state) through both pulse se-

p' =112, Sp+ASq=kgn2, (2.4) quences and no energy is transferred to the field. If spin 1
was originally in the statéf ), first spin 2 flips, then spin 1,
€0=1-TokgIN2/T;S;,. (2.5  Vielding a transfer of energy from spins to field 6{w;

—wy)=2(u1— u2)B, which is>0 as long agt;>u,. The

Note thateg can be negative, corresponding either to a pro-average energy extracted is half this value. As long as the
cess that generates heat but does no net worka®rdis- conditional spin flips are performed coherently, the amount
cussed in Secs. IV-VI belowto a refrigerator that pumps of energy extracted depends only on overall conservation of
heat from a cold reservoir to a hot reservoir. energy, and is independent of the particular double resonance

Equation(2.3) applies not only to “demon’-like heat en- technique used. Note that the entire process maintains quan-
gines that operate by obtaining information about a quantuntum coherence and can be reversed simply by repeating the
systems, thereby decohering them, it also applies to moreonditional spin flips in reverse order.
conventional quantum heat engines such as lasers that un- The steps just described have been realized experimen-
dergo decoherence through interactions with their environtally in a variety of systems. One of the first realizations of
ment. For example, the reduction in quantum efficiency desuch a double resonance experiment is the Pound-
scribed by Eq(2.3) could be observed by taking a laser in Overhauser effedt9] in which spin 1 is a proton and spin 2
which a population inversion has been established between an electron. Here the amount of energy required to flip the
two levels, and “tipping” that inversion by an angléby  electron is three orders of magnitude higher than the amount
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of energy gained by flipping the proton: instead of operatwhere Z;=e™#i®*sTi+ e#iB%sTi=2 coshf;B/ksT;). Even
ing as an engine the double resonance process functions ash@ugh it does not start out in a definite state, spin 2 can still
refrigerator, pumping heat from the proton to the electron. acquire information about spin 1, and this information can be
exploited to do electromagnetic work. The spins can function
IV. THERMODYNAMICS OF THE NMR DEMON as a heat engine by going through the following cycle.
. o . (1) Using spin coherence double resonance, flip spin 2 if
~In th? previous section it was shown h.OW Spins can getpin 1 is in the stat]);. This causes spin 2 to gain infor-
information about each other and put that information to USe ation S,— S,)/kgIn2 about spin 1 at the expense of work

to do work. The spins are fulfilling their role as demon by,,, _ 2 1B tanh-B/k.T lied by th illati
extracting work without generating waste heat. They are noﬁell d plge)reﬂg' _a_nk(uzz- kB_?) (is)ulﬁPJ?i) ywhgrgsg ?Tl)n g
yet violating the second law of thermodynamics, however, ~ S=—kgZi—y, P2 P2ll), P2

which states that it is not possible for an engine to turn heat P2{1)P2(})*Pi(1)p(T) ~ and Py(1)= P1(L)p2(1)

into work with no waste Fr)1eastvhile operating in a cyclic +Pu(1)P(1) are the p_rob_abllltles for the states of spin 2

fashion To complete the cycle, the spins must be restored t@fte; ﬂ::el. conqlmolnil spin g'p' in the stat This st

their original state without generating waste heat. As will (2) b spin “' spin . Is in the statef); . nis step

now be seen, this cannot happen. allows sp|nh2 to “cash |nd §2—hSl)/kaIn2 offthe informa- )
: ' : tion it as acquired, thereby performing wor

To give a full treatment of the thermodynamics of this i

device and to understand the role of decoherence and quaﬁ-'““lB[ta.nh(“ﬂB/!(BTl)_tanh("“ZB_’/kBTZ)] qnlhe field.

tum measurement in its functioning, we must investigate (3) Spin 2 still possesses informatiors(—S,)/kg In 2

how the “demon” interacts with its thermal environment to @Pout spin 1, which can be converted into work by flipping

take in heat and erase information. This section will showsPin 2 if spin 1 is in the statki),, thereby performing work

that a quantum device that interacts with a thermal environP2(1)2u,B tanh(u,B/ksT;) on the field. _

ment can indeed get information and “cash it in” to do It is straightforward to verify that after these three condi-

useful work, but not by violating the second law of thermo- tional spin flips, spin 1 has probabilitigx (i) = p,(i) while

dynamics: a detailed model of the erasure process confirm&pin 2 has probabilitiep,(i)=p;(i). That is, the sequence

Landauer’s principléone bit of information “costs” entropy  of pulses has “swapped” the information in spin 1 with the

kgln2). As a result, instead of functioning as a perpetualinformation in spin 2. As a resul§;=S,, S;=S;, and the

motion machine, the device operates as a heat engine thaéw energies of the spins afe;=— u,B tanhu,B/kgT,)

undergoes a cycle analogous to a Carnot cycle. and E,= — u,B tanh(u,B/ksT,). The total amount of work

The environment for our spins will be taken to consist of done by the spins on the electromagnetic field is

two sets of modes of the electromagnetic field, the first a set

of_ modes at temperaturg; with average frequ_ency)l and W=—(Ej+E;—E;—E;)=— (1~ uo)B[tanh u,B/kgTy)

with frequency spread greater than the coupling congtant

between the spins but less thap— w,, and the second a set —tanh(u2B/kgTo)]. 4.4

of modes at temperaturg, with average frequency, and

the same frequency spread. Such an environment can be 0'6! temperatured’;> u;B/kg, Eq.(4.4) reduces to

tained, for example, by bathing the spins in incoherent radia- e _ 2

tion with the given frequencies and temperatures. The pur- W= (1= p2) ([ Ta= 2 [To)B kg (4.9

pose of such an environment is to provide effectivelythege formulas for the work done depend only on conserva-
separate heat reservoirs for spin 1 and spin 2:  spin 1 intefjon of energy and do not depend on the specific set of co-
acts strongly with the on-resonance radiation at frequencyarent pulses that are used to “swap” the spins. Equations
w1, and weakly with the off-resonance radiation at fre-(4_4) and (4.5 shows thatW>0 if either u;> up, w1/Ty
guencyw, and vice versa for spin 2. Over short times, to A< 10Ty OF 1 <pn, g lTy>polTo. If Ti=T,, Wis zero
good approximation spin 1 can be regarded as interacting, negative: no work can be extracted from the spins at
only with mode 1, and spin 2 as interacting only with modegqyijibrium. The device cannot function aperpetuum mo-
2. A spin can be put in and out of “contact” with its reser- pje of the second kind. The cycle can be completed by let-
VOIrdbyt 'Sen:fglp'ca”)/ z_:llterlr:jg thte ffrequency of the resernvoiriing the spins reequilibrate with their respective reservoirs.
mode to put the spin in and out of resonance. - ~ e e
With this approximation, the initial probabilities for the 5 :V(\:/Z Rg‘; f(tazgsr(vlgir(i) t?)respri(ralpia;endd E:;D '":E}_El
state of thejth spin a_re(ignoring for the moment the cou- flows from spin 2 into reservoir 2. The effioc;litenc; of 2this
pling between the spins cycle is WIQu=1—pplp,<1-T,/Ti=ec: the effi-
pi(1)=e #iBkeTi/Z,, p,(|)=emB*eTiiz;, (4.1) ciency is less than the Carnot efficiency because when the
spins equilibrate with their respective reservoirs, heat flows

yielding energy but no work is done.
The following steps can be added to the cycle to allow the
Ej= — u;B tani(u;B/kgT;), 4.2 spins to reequiliprate isgntropi_cally. ' '
(5) Return spin 1 to its original state:(i) Take the spin
and entropy out of “contact” with its reservoir by varying the frequency

of the reservoir modes as abov@,) Alter the quasistatic

_ ; N field fromB—B;=BT,/T, adiabatically, with no heat flow-
S=-k (DHInp;(i)=E;IT;+kgIlnZ;, (4.3 . 1 1772 ’

! Bizzm Pi(hinp;()=E;/Tj +kelnZ, (4.3 ing between spin and reservoiiii) Gradually change the
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field from B;— B keeping the spin in “contact” with the arises from inaccuracies in the conditional spin flipgAt
reservoir at temperaturg; so that heat flows isentropically the macroscopic scale, of course, dissipation in the coils used
between the spin and the reservoir. During this process, erte supply the pulses to flip the spins dwarfs the entropy trans-
tropy S,— S; flows from the spin to the reservoir, while the fers between spins.Even at the microscopic level, when

spin does workeE; —E;—T41(S,—S;) on the field. operated cyclically the Pound-Overhauser effect does not ap-
(6) Return spin 2 to its original state by the analogous seproach the Carnot coefficient of refrigerator performance, as
of steps. the transfers of heat from lattice to nuclei and from electrons
The total work done by the spins on the electromagnetid¢o electromagnetic field are not isentropic. Further examples
field throughout the cycle is of “demon” refrigerators will be discussed in Sec. VI.
We=(T1—T)(S—Sy). (4.6 V. THERMODYNAMIC COST OF QUANTUM

MEASUREMENT AND DECOHERENCE

With the added step$s) and (6) the demon undergoes a

cycle analogous to the Carnot cycle and in principle operate(s)f SS;&Er?}“g%i%grtﬁssde?;:tggsgquen;;:ﬂgﬁjemtg': dtheu;\’;’jm
at the Carnot efficiency £ T, /T, . In practice, of course, the q - d d

: . ; X . _information have not entered in any fundamental way. Now
steps that go into operation Qf such an engine \.N'." be ne'the{hat the thermodynamics of the derxon have been eluycidated
adiabatic nor isentropic, leading to an actual efficiency belo '

the Camot effciency. e el e et ot
To attain the Carnot efficiency, it is important the demon q

“know” the temperaturesT, andT,. If the demon has in- tion on the demon’s thermodynamic efficiency. The simple

correct values for these temperatures then after [§&@fi)] quantum |_nf0rrr_1at!on-processmg engine of the previou.s.sec-
; . o o : tion can in principle be operated at the Carnot efficien-
above spin 1 will be out of equilibrium with its reservoir and cy: as will now be shown, when the engine introduces in-
heat will flow with no work being done. An ordinary, mac- f r'mation by a Drocess of,m rement or decoheren it
roscopic Carnot engine has a completely analogous source ) yap casurement or deconerence,

inefficiency: altering the quasistatic field adiabatically for;zg\n/gttﬁg Icc))f/)ve;rateﬂaen\gspn |2ﬁ|iacri|2ﬁ|rileéfallzone(2|ré)practlc)e
the spin is analogous to the adiabatic expansion-contraction . ' d € 9. (2.9). ,
To isolate the effects of quantum information, let us first

stages for a Carnot engine. If the adiabatic expansion of th%ok more closely at the simple model of Sec. | above, in
working fluid in a Carnot engine goes too far or not far " ) A . ' '
which spin 1 is initially in the state

enough, then the fluid will be at a temperature different from

that of the low temperature reservoir, and when the fluid is 102 + 51
put in contact with that reservoir the heat flow will not be =h (IDat1D0- ®.3
isentropic but will increase entropy instead. This state has nonminimum free energy which is available

Equation (4.4) implies that whenu,>pu, and u1/T1  for immediate conversion into work: simply apply 72

>,L,L2/T2 the net work performed over the CyCIe is negative.pu|se to rotate Spin 1 into the Stak$>1’ add|ng energy

In this case, the demon functions as a refrigerator, pumpinng/zz u1B to the oscillating field in the process. Suppose,
net heat and entropy from the reservoir at temperalyr®®  however, that instead of extracting this energy directly, the
the reservoir at temperatufig (note thatT, need no longer  demon operates in information-gathering mode as above, us-
be greater thafi,: indeed,T; andT, could now be equal  ing magnetic resonance techniques to correlate the state of
The efficiency of the refrigerator can be measured by thepin 2 with the state of spin (cf. Ref.[5]). Suppose spin 2
ratio between heat pumped and work done; for the idealizeg initially in the state] | ),. In this case, coherently flipping

model given above this is equal ©,/(T,—T,), which is  spin 2 if spin 1 is in the statf ), results in the state
just the usual Carnot coefficient of refrigerator performance.

Naturally, any experimental realization of such a refrigerator V2Tl 1Yo+ 1)l L)2), (5.2
will operate at an efficiency lower than the Carnot coeffi-
cient. a quantum “entangled” state in which the state of spin 2 is

Such “demon refrigerators” have in fact been in opera-perfectly correlated with the state of spin 1. Continuing the
tion since the 1950s. In the Pound-Overhauser efféft  energy extraction process by flipping spin 1 if spin 2 is in the
double resonance is used to “swap” information between arstate| ), as before allows on average an amount of energy
electron and a nucleon, thereby pumping entropy and energyw;— u,) B to be extracted from the spin. The resulting state
from the nucleon to the electron. The Pound-Overhauser ef the spins is 32| ),|(|1)2+]1)2) =1V2|[)1|—),. Up
fect can be implemented by performing stéfps—(3) above  until this point, no extra thermodynamic cost has been in-
on an electronspin 1) and a nucleor(spin 2. Swapping curred. Indeed, since the conditional spin flipping occurs co-
information between electron and nucleon interchanges theherently, the process can be reversed by repeating the steps
Boltzmann factors, reducing the effective temperature of thén reverse order to return to the original state);, with a
nucleon by a factog./g, whereg.,g, are the gyromagnetic net energy and entropy change of zero.
ratios of the electron and nucleon, respectively. In the When is the cost of quantum measurement realized?
Pound-Overhauser effect, entro@g—S; is pumped from When decoherence occurs. In the original cycle, decoherence
nucleon to electron at a cost in microscopic work given bytakes place when spin 2 is put in contact with the reservoir to
Eqg. (4.4). This entropy transfer is highly efficient: the work “erase” it [13—14: the exchange of energy between the
put into the transfer can be reextracted by swapping the inspin and the reservoir is an incoherent process during which
formation between the spins again. The only inefficiencythe pure state
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|—)2=1WM2(|T)2+]1)2) (5.3 to which the density matrix has off-diagonal terms. As a
result, the measurement introduces information agdis
goes to the mixed state described by the density matrix  strictly less tharec.
The steps are as above: three conditional flips swap the
(2) ([T T+ 1) L] (5.4  states of spin 1 and spin 2, so that spin 1 is in the gtatnd
spin 2 is in the statg,=p; . The interaction with the heat

The time scale for this process of decoherence is equal fRaseryoir then decoheres spin 2, destroying the off-diagonal
spin 2’s dephasing tim&; and is typically much faster than terms in the density matrix so that

the time scale for the transfer of enefdy]. In effect, inter-

action with the reservoir turns the process by which spin 2 pa—PT (DITWT+pT (D], (5.10

coherently acquires quantum information about spin 1 into a

decoherent process of measurement, during which a bit dFith entropy

information is created. This bit corresponds to an increase in

entropykgIn2. During the process of erasure as in Sec. IV St=—kg >, pr(i)inp*(i), (5.11)

above, this entropy is transferred from spin 2 to the low- i=1,0

temperature reservoir, in accordance with Landauer’s prin-

ciple. ASo=(S{—S;), Alg=(S{—S))/kgIn2 (5.12
By decohering spin 2 and effectively measuring spin 1,

the demon has increased entropy and introduced thermodfe the “extra” entropy and information introduced by de-

namic inefficiency. The amount of inefficiency can be quan-coherence. The entrof®f —S,=ASy+ S, that flows out to

tified precisely by going to the Carnot cycle model of thereservoir 2 is greater than the entrof${—S,=S;, that

demon above. In general, the state of spin 1 is describefiowed in from reservoir 1. The total amount of work done is

initially by a density matrix .
Ti(S1=S) —TaS) ~ ) +W*, (5.13

PRI RN B L o e work Tue T (i S+ W+

where|1') and||’) are spin states along an axis at Somedon.e by simply undoing the tipping _pulse and operating the
angled from thez axis. Without loss of generalityi; andB ~ €ngine as before. The overall efficiency with decoherence

can be taken to be such that and measurement included is
p(1)=e #BkeTyz,  py(|")=e*BkeTyz, | €q=1-To(S] —S)IT1(S;— ) =1-Tx(S;, +AS)/ T, Sy
(5.6 <ec, (5.14

This state is not at equilibrium, and possesses free ener
that can be extracted by applying a tipping pulse that rotat
the spin by # and takes|1’)—|1) and ||’)—]|l). The
amount of work extracted is

9¥ accordance with Eq(2.3) above. The extra information
€Mtroduced by quantum measurement and decoherence has
decreased the efficiency of the demon. The quantum effi-
ciency eq rather than the Carnot efficieney provides the
upper limit to the maximum efficiency of such an engine.
Decoherence also decreases efficiency when the quantum
demon is operated as a refrigerator. If the demon is used to
pump heat from a reservoir at a low temperatliteto a
_ _ * _ e reservoir at a high temperatufig in the presence of deco-
E1=maBIpa(D) = pa(D] B =paBlpa (1) pl(l()5] g  herence as above, then the upper limit to the coefficient of
' performance for the refrigerator is no longer given by the

W* =E¥ —E,, (5.7

where

and Carnot coefficientyc=T,/(T,—T,) but by the quantum co-
efficient of performance
M= cogh+ Sireé,
PT(1)=p1(1)cos o+ py(1)sire. (5.9  whereS, is the net entropy pumped out of the low tempera-

) . ture reservoir, and\S; is the increase in entropy due to
Running the engine through a Carnot cycle by st@ps(5)  decoherence.

above then extracts workT(—T,)(S;—S,). This process
extracts the free energy of the spin isentropically, without
increasing entropy.

By operating in this fashion—by only making measure- This paper has proposed several effects that could be re-
ments with respect to which the density matrix is diagonal—alized experimentally.
the demon reaches the upper limit of €B.3) in which eq First, Secs. I-1V showed how a quantum system such as a
=ec. Inefficiency due to measurement arises when insteadpin that gets information about another spin can function as
of first applying the tipping pulse to extract spin 1's free a Maxwell's demon, “cashing in” that information to do
energy, one simply operates the engine cyclically as beforaiseful work. Nucleon-nucleon double resonance methods of
In this case, the demon is making measurements with respettie sort described in Sec. Ill could be used to construct a

VI. EXPERIMENTAL REALIZATIONS
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“demon maser” that performs a net amplification of the described in Secs. Il and V by introducing an extra pulse to
pulses that flip the spins. Equatiof@s4) and(4.5 imply that ~ “tip” the state of one of the systems before it interacts in-
for the maser to provide a net amplification the two differentcoherently with its environment. In the case of the Pound-
species of nucleons must start the cycle at significantly difOverhauser experiment, for example, tipping the electron
ferent temperatures, which could be accomplished by prepathen performing the conditional spin-flipping pulse sequence
ing one of the species in a low temperature state usin sults in an effective temperature for the nucleon that is
electron-nucleon double resonance as in the Poungeigher than the effective temperatufgg,/ge that results

Overhauser effect, or by optical pumping as in sidebandrom performing the experiment without decoherence. This
cooling[18]. increase in the effective temperature could be measured by

Such a maser, though unlikely to set any power reCOrdd?erforming the cooling, waiting for a time greater than the

could be used to verify Landauer’s principle directly. Boltz- decoherence time of the nucleon but less than its decay time,

mann factors for the different spin species can be verified at[hen tipping the nucleon and monitoring the strength of the

each stage of the cycle by looking at the induction signal fOInucI'ear |nduqt|on signal: the. S”e.”gth of the induction sig-
the different species. In addition, it may be possible to mea'al iS determined by the relative size of the Boltzmann fac-
i rs in Eqg.(4.1) and can be used to gauge the effective tem-

sure directly the heating of the lattice caused by the transfett0 ; .
of “waste” )i/nformation ?rom spins to lattice y perature of the nucleon. In the case of sideband cooling, the

Although the detailed model given above treated therate at_ which the viprational mode i;s cqolgd will be dimin-
guantum demon in terms of interacting spins, exactly thésfhEd if the elect_romc state of the lon 1S _t|p'p(_ed before ;he
same thermodynamics applies to any interacting two—leve?'deband pulse IS adm|n|§tered: .th's d|m|n!shed cooling
guantum systems. At bottom, a quantum “demon” consist ate could be verified by using Fhe ion to monitor the Eff?C'
of nothing more than an interaction between two quantun%'ve temperature of the vibrational mo_de as the coql!ng
systems that allows the controlled transfer of informationP09'€SSes. In all cases, decoherence implies an additional
from one to the other. In particular, any system that carfj'ss'p‘"‘t'orﬂ-AS when the extra entropyS created by de-

provide the coherent quantum logic operation controlied- coherence is pumped into a reservoir at temperafurgor
that flips one quantum bit conditioned on the state of anothefyStems that would otherwise operate at the Carnot effi-
could form the basis for an information-processing quantu iency, this decrease in .eff|C|ency is quantified by €&q14

heat engind18,19. In Wineland’s ion-trap quantum logic or a quantum heat engine and by E§.19 for a quantum
gate, for example, one of the quantum bits consists of tw(gefngerator. . -

hyperfine states of a trapped ion, while the other bit consistﬁ The decrease in .eff|C|enEy due tf? measurement and deco-
of the lowest two vibrational states of the ion in the trap. erence Is not (;onf[ned to ldemon hgat engines that oper-
Optical pumping techniques can be used to flip one of théte .by processing information. A variety of quantum heat
bits conditioned on the state of the other. engines exisf22]: the best-known examples are lasers and

A quantum demon can also be used as a refrigerator grasers. These heat engines should not be considered “de-

pump heat from a low temperature reservoir to a high temmMmons” becaqse they do not operate by acquiring information
nd then acting on itAll heat engines operate by transfer-

perature reservoir, using up work in the process. As noted ; d t freed h h
above, a “demon” refrigerator was realized as long ago as'9 ent.ropy“ rom ope egree of freedom to another. The
the 1950s in the Pound-Overhauser effi@t Wineland's appellation “demon” should be reserved for systems that

sideband cooling techniqUas] gives a second example of acquire information and then perform an action conditioned
such a “Maxwell's refrigerator’[20]: in this technique on the value of that informationNonetheless, even in the

d.ja_bsence of measurement, decoherence can be a source of

tional quantum logic operations described in the previou nefﬂuenqy n afonventlonal quantum heat engine such asa
@ser, or in an “inverse laser” that uses anti-Stokes emis-

paragraph are used to pump entropy from the vibrational® . : . .
mode of the ion to an internal electronic state which radiateé'o_ns_to perform refr|geratlo[23,24]. As noted in Sec. Il, if .
heat to the environment via spontaneous emission. Both dt tipping _pulse_ls a_pphed to Su.Ch a system b(_efor_e the s_tage n
these demons operate using microscopic, quantum degrees'b? cycle in Wh'Ch. It interacts mcohgrently with its environ-
freedom as the effective measuring apparatus whereby t ent the_n the efficiency of the device is decreased in accor-
demon gets information about the state of a quantum syste nce with Eqs(.2.3)', (5.14, and(5.15). . .

and acts on that information to obtain work or to pump heat, The use of a tipping pulse is an experimental convenience
It is also possible for the measuring apparatus to be macr&g put one of th_e ql_*a”t“m _system; that make_ up the demon
scopic, as in Ref[21]. Without a detailed model of the mi- In a state in which its density matrix has off-diagonal terms
croscopic dynamics of the measurement apparatus and i dis susceptlblg to decoher(_ance. In fact, the operation of
interaction with the environment, however, it is not possible emon heat engines and refrigerators necessarily puts the

to verify Landauer’s principle or the decrease in e1‘ficiencydem_On in an off-diagonal state at some point du_rlng Its op-
due to decoherence. eration. Any decoherence that occurs during this time will

The second significant theoretical claim of this paper is?!SC Increase entropy and reduce the demon’s efficiency.

that measurement and decoherence necessarily introduce in-
efficiency in the operation of a quantum heat engine or quan-

f . CONCLUSION
tum refrigerator as described by Eg&.3), (5.14), and
(5.15. This inefficiency due to decoherence could be mea- This paper investigated Maxwell’'s demon in the context
sured in a variety of ways. In any of the systems described if realistic quantum models. As usual, such demons fail to
the previous paragraphs, decoherence can be introduced wslate the second law of thermodynamics. However, when
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operated between heat reservoirs at different temperatures;ribed could be used to pump macroscopic amounts of heat
the demon can function either as a heat engine that pumpmnd do macroscopic amounts of work. In addition, we will
heat from a hot reservoir to a cold reservoir while doingexamine the limitations to the thermodynamic efficiency of
work on the electromagnetic field, or as a refrigerator thatctual quantum devices that operate by getting and using
pumps heat from a cold reservoir to a hot reservoir whileinformation. Finally, having identified decoherence as a
absorbing work from the electromagnetic field. The papeisource of thermodynamic inefficiency in quantum devices,
derived general formulas that show how quantum measureve can estimate the degree to which decoherence is respon-
ment and decoherence decrease the efficiency of such hesble for low efficiency in existing quantum devices such as
engines. lasers, masers, and quantum cooling systems.

The systems discussed here have several advantages over
Zurek’s quantum Szilard engine gedanken experini&t
First, the systems can be realized experimentally. Second, all
aspects of the systems can be treated consistently within a This paper originated in a series of discussions with Her-
unified quantum framework. The use of magnetic resonancmann Haus, who supplied the crucial insight that Landauer’s
techniques to describe a quantum Maxwell’'s demon was foprinciple implies that quantum demons suffered from addi-
the sake of convenience of exposition and potential experitional sources of inefficiency. Without these discussions, and
mental realizability: many other quantum systems could bavithout Professor Haus’s insistence that the author present a
suitable for performing the heat—information—energy con-<formal treatment of a quantum demon, this paper would not
version described above. Essentially any quantum systefmave been written. This work was supported in part by Grant
that can obtain information about another quantum systerilo. N00014-95-1-0975 from the Office of Naval Research,
can form the basis for a quantum demon. by ARO and DARPA under Grant No. DAAHO04-96-1-0386

The work presented here suggests a variety of practicab QUIC, the Quantum Information and Computation initia-
guestions. First, we intend to investigate the circumstancesve, and by DARPA under a grant to NMRQC, the Nuclear
under which a collection of many demons of the sort de-Magnetic Resonance Quantum Computing program.
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