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Abstract

The concept of macroscopic quantum coherence has beemveevigy an
investigation into the theoretical work on the subject.eAfbchrédinger’s philo-
sophical pondering with the “cat paradox”, the topic hasnbiden into more
practical consideration in recent decades. The main pmohbias been how to
distinguish between proper quantum superpositions anidtgtal mixtures. To
analyze this, A. J. Leggett and others have developed neWwadeisuch as the
concept of disconnectivity. Another important theme ispheblem of decoher-
ence, which is responsible for the practical difficultiegttaining macroscopic
quantum superpositions.

In addition, the relevant laboratory work based on this tagcal construc-
tion has been examined. In those experiments, a supercimgllmop inter-
rupted by Josephson junctions is used to create a doublet@bigell of a single
macroscopic variablé, the magnetic flux trapped by the loop. The two bound
states can form coherent superpositions by tunneling lestwee wells. An en-
ergy difference observed between the even and odd supgopgsidicates that
a statistical mixture is not an adequate model for the system

Hence, the 'paradox’ has finally been lifted. The superpmsiof macro-
scopic states has been shown to be a practically observhbleomenon: The
two states in the superconducting loop differ by a currenomfer 1 A, an
essentially macroscopic quantity. Such loops will play @t role in the devel-
opment of quantum computers, massively parallel caladatievices originally
proposed by Feynman.



1 Introduction

Successful as quantum mechanics (QM) has been in expldinimgn physical phe-
nomena, and predicting new ones to a spectacular precisitas since its beginning
been riddled with philosophical dilemmae. Probably the nfiasious discussion on
the non-intuitiveness of QM was the paper by Schrédingewfigre the infamous cat
was introduced, and the rivalry between different inteigdtiens of the wavefunction
has yet to end.

One of the main concerns for people interpreting QM has bebether there is
something intrinsically absurd about a QM superpositiomatroscopic states. For
a long time the problem has been out of the reach of experatigist because of de-
coherence effects. However, techniques have improvedadlrin recent years, and
it has finally become possible to test the question in pradi¢ 3]. But despite the
technological advances, a lot of effort has been put intasimg the right types of
experiment. A significant part of this paper will be devotedhe theoretical construc-
tions leading from the early philosophical problems to {oslanicrofabricated devices
in cryogenic laboratories.

The main question of the present paper is whether QM, inquaati the linear
Schrédinger equation, can be extrapolated to apply to reacpic systems. For this is
it crucial to define what is mean by “macroscopic” in the see$svant to the question;
simply a system being large and tangible is not sufficientyiide seen.

2 Theoretical background

2.1 Interpretation of the wavefunction

In his 1935 paper [1] Schrédinger discussed in detail theningaof the wavefunction
1 of a QM system. One of its disturbing features is its abruginge when a mea-
surement is made: it changes into an eigenstate of the op@&@tresponding to the
measured quantity. However, Schrodinger emphasizes #ie bastulate of QM that
1) describes the maximal knowledge any observer can possiMg bf the system.
What happens in the “more real” level is out of our reach, amahges in) simply
infer a change in our knowledge.

The significance of the above to our present problem is thahdbsophical wor-
ries can be left aside. The question is merely on the wavéimcSuperpositions like
(]0) £11))/+/2 where|0) and|1) are macroscopically distinct may seem strange from
the wavefunction perspective, but the ultimate reality rhaysomething simpler. Of
course, this does not directly solve the “cat paradox” wheead” and “alive” are not
unique quantum states, and the situation is immensely noonplex.

2.2 Meaning of “macroscopic”

The concept of “macroscopic” is not in general clearly agrea among physicists.
For the purpose of this subject - the extrapolation of the&tihger equation - a spe-
cial definition has been proposed by Leggett [4]. To begitwitis instructive to look

at established phenomena which rely on QM and manifest #lgatsin macroscopic



effects. One example is superconductivity in metals asritest by the Bardeen-
Cooper-Schieffer (BCS) theory [5]: Electrons in superaandrs travel in pairs (the
so-called Cooper pairs) which behave like bosons. In athjiglimplified form, a
BCS wavefunction is a product of two-particle wavefunctipone for each pair of
electrons. Thus the Schrddinger equation can be treatetiebgeparation of vari-
ables, which leads to separate Schrédinger equations éor@aoper pair. Therefore,
even though the supercurrent is a macroscopically obserpiienomenon (involving
a macroscopic number of electrons) the relevant Schrodieggations only apply in
a microscopic level.

2.3 Coherence: Pure states and statistical mixtures

As is the case with optics, coherence effects are those vitenghases of interacting
wavefunctions have definite relations. A simple way of mgftihis, due to Albrecht
[6], for wavefunctions of the type

) = aili), Dol =1 (1)
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is that coherence effects are such that depend on the plibpabiplitudese; rather
than only the probabilities:; |2.

When the basis vectots) of the so-called pure state (eq. 1) are the eigenstates
of an operator corresponding to an observallgith eigenvalues:;, standard QM
predicts that a measurement fyields the result; with the probability|c;|?. Hence
it might be interpreted that the system is already in one®#thteg:) with the named
probability, and the act of measurement simply removes agemainty [4]. This is
the case of a statistical or incoherent mixture of statedoan key problem is whether
it can be distinguished from a coherent one. A differencadgséd seen in the density
matrices of the two states:

pij = €¢j (pure/coherent)
pij = lei|*0;; (stat.mixture)

(2)

Hence the two states must be physically distinguishable [7]

In another treatment by Leggett and Garg [8], it is shown byethwd analogous to
Bell inequalities [9] that in an idealized quantum cohesgtuation, the predictions of
QM differ from those obtainable from macrorealistic modgks. statistical mixtures).
Suitable experiments are also discussed.

2.4 Disconnectivity

Section 2.2 has been provided to exemplify the fact that hehacroscopically ob-
servable quantum phenomena require the extrapolationeoStrédinger equation
into the macroscopic realm. However, in order to find systetnish could test the va-
lidity of a macroscopic Schrddinger equation, a more rigerapproach is necessatry.
This is essentially where Leggett [4] introduces the cohoégisconnectivity.

This idea begins with a fairly standard QM theorem that, feystem of N par-
ticles, “no measurement of any correlation between legs Maparticles will distin-
guish the pure state from a mixture” [4], despite the physlifference implied by the
density matrices (eq. 2).



Consider a system alV’ identical bosons (to escape slight complications with
fermions or distinguishable particles). For aly< N’ a “reduced entropy” is defined
as

Sy = =Tr(pn Inpy)

wherepy is the reduced density matrix in which only théparticles are considered.
The new quantity
~ mingy (Sy + Sv-wm)

is defined, so thafy is unity when both the numerator and the denominator are zero
andd; = 0; then the disconnectivity) is defined to be the largest integ¥rfor which
oy is smaller than some given fractian

For simple system it is easy to show [4] thatis large when there are many-
particle correlations quantum rather than statisticalature. Furthermore, macro-
scopic quantum coherence (MQC) effects requlireo be a macroscopic number [4].

2.5 Decoherence

In an abstract level, the most promising system to exhibitGA@ould be a double
potential well of one macroscopic degree of freedpf#]. Tunneling between the two
bound states would, in principle, allow for coherent supsitons of the two states.
However, the practical reason why, even more generallyrosaopic quantum phe-
nomena have so far not been observed, is the phenomenaom datleherence. It takes
place in systems that are coupled to their environment byaaseopic number of de-
grees of freedom. Each coupling effectively represents arfddsurement whereby
the original wavefunction “collapses” to an eigenstatehaf televant operator. When
coherent states are created, they will quickly decohecestattistical mixtures.

Moreover, the same dissipation that is responsible for lilg@mce, also reduces
the tunneling probability [10]: For a linear dissipatiorefficientr, the tunneling rate
is multiplied byexp{—An(Aq)?/h} whereAq is the tunneling distance antla factor
of order unity. In most practical situations, these two @feensure that the system is
found in a bound state in either well.

3 Experiments

In recent years, the double-well system of the kind mentaigove has been realized
in practice in the form of a superconducting loop with one arenJosephson junc-
tions. As analyzed by Tian et al. [11], it has been possibkttain a sufficiently low
level of decoherence by a microfabricated solid state loibp #imensions of order 1
pm.

3.1 Principle

In a plain superconducting loop, the magnetic fluthrough the loop is quantized [5]:
As the electron pair wavefunction must be single-valuedplitase can only change in
integral multiples o2 over a closed path. Hengﬁ%opj - dl wherej is the particle



flux, is quantized and it follows via Stokes’ theorem thatrsulting magnetic flux
is a multiple of®y = h/2e.

The “external flux"®,, is defined as the product of the applied magnetic field and
the loop area. In other words, itis the flux that would be tlifethes loop were removed.
Becauseb, can have a continuous range of values, it is not generallgléqd. The
result is a multitude of crossing energy levels as shown in fig Each parabola
represents a unique bound state in a potential minimum,avitked supercurrent.
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Figure 1: Energy levels of a plain superconducting loop ireaernal magnetic flux
d,. whered is the flux quantum.

The introduction of a Josephson junction enables tunnddgtgeen these bound
states. As shown by Josephson [12], the Cooper pairs of@tesctan tunnel through
an insulating layer called the Josephson junction, evenowtita potential difference,
provided there is a change in the phase of the Cooper paifwastéoon. In the energy
level diagram, the tunneling is manifested in an anticragsif levels (fig. 2) [13].
The double well we have been looking for, has the fluthrough the loop as its main
degree of freedom. Thab need not be a multiple ob, is essentially due to the
additional phase change over the Josephson junction. Thatj@ energy is depicted
in fig. 3 and given by

B 1/27(® — &,)\? 2nd
U—U0{2< By > Br cos By

wherelUy = ®3/4r%L andp;, = 2rLIc/®,, L being the inductance of the loop and
I the Josephson critical current of the junction [13]. Thessqd part is the energy for

a plain superconducting loop (as described in fig. 1 wideigan integral multiple of
®() and the cosine term is due to the Josephson junction. THissriamore obvious
that the Josephson junction is necessary to enable tugnelin

The bound statel®) and|1) correspond to macroscopically distinct supercurrents,

possibly flowing in opposite directions. When the dissipat{coupling to environ-
ment) is weak, a bound state can tunnel into the other wehl litile energy loss.
Consequently, the state can tunnel back and forth betweewdis. In the limit of
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Figure 2: Anticrossing of energy levelg0) and |1) are bound states of different
currents. Dashed lines indicate ‘classical’ levels withtaoneling. (Adapted from
[13])
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Figure 3: Double potential well of the fluk through the superconducting loop with a
Josephson junction. (adapted from [15])



very weak dissipation, the phenomenon is called resonamieting which results in
superpositions of the forrj0) + |1))/+/2. The odd combination has a higher energy,
which is partly due to the higher kinetic energy when thera isode in the wave-
function. This brings us back to the meaning of coherenadi(se2.3): in a statistical
mixture with no definite phase relationship betw¢®rand|1), the odd and even com-
binations would be indistinguishable. But if an energyetifince is observed, it can be
concluded that the state is in fact a coherent quantum sogiggm.

3.2 Practical realizations

The above arrangement of microfabricated supercondutdiogs has been used by
both Friedman et al. at the State University of New York, $tBnook, NY [13] and
Mooij et al. at the Delft Institute, The Netherlands [14, 18, 17] to observe the
desired anticrossing of energy levels. The loop has beepledio a SQUID for the
measurement ob,; this obviously has an effect of increased decoherenceit st
sufficiently small not to disturb the basic operation.

The loop is first prepared in one of the bound states, by kgepim external mag-
netic field on while the loop is cooled to a superconductinglead'hen the system is
irradiated with microwaves of a range of frequencies; agamenergy of these is kept
low in order to minimize decoherence. From the intensityafismitted waves, an ab-
sorption spectrum is constructed. The energies of transitbetween the even and odd
states are observed as absorption peaks, wWhilbas been measured by the SQUID.
Varying ®,, graphs of the type in fig. 2 are constructed, from which thes@nce or
absence of anticrossing can be deduced.

The main difference between the experiments of the StonglBand Delft groups
is in the precise form of the double well and its energy levélse Delft group tuned
the system to havé very close to%% in order to make the potential symmetric (fig.
3). Then there could be coherent oscillations between thengk states in each well.
On the other hand, the Stony Brook group used excited statdseiwells: then a
matching pair of energy levels could be found even for a figamtly non-symmetric
potential (fig. 4).

Both groups have observed the anticrossing of the energislewhich is substan-
tial support for a quantum coherent model. In addition, kbgrtbups report that the
states|0) and|1) have a difference in the circulating current in the order afroam-
peres, a macroscopically measurable value.

4 Discussion

4.1 General remarks

The experimental evidence clearly speaks for the notiondblaerent quantum super-
positions are not limited to the atomic scale. While theuietfrom these observations
may not be complete —i.e. perhaps there is something morplwated than a simple
superposition — the macrorealistic, statistical intetigiien is definitely ruled out.

A superconducting loop with two Josephson junctions usegdoy precise measurements of mag-
netic flux. See e.g. Feynman [5] for details (although he dm¢sise the name SQUID).
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Figure 4: The double potential well by the Stony Brook gro{gulapted from [13])

It is interesting to note that previously there has beentantial debate whether
MQC effects are possible even in principle. The debate hastlynooncerned philo-
sophical considerations and ‘paradoxes’ such as Schréxdéngat [1]. However, a
proper QM analysis in the wavefunction level has shown nagaumplications against
MQC [2, 3].

Whether the above discussed effects are truly macroscapjaemain debatable.
The Stony Brook group reports that the difference measuseglden the two quantum
states corresponds to a current of 2u/8with a collective motion of abotit0? Cooper
pairs, while the total magnetic moment of the loop changesbloyt10'° 3. However,
the usual requirement for “macroscopic” is a number of pasi of the ordet023. Of
course this is only relevant in the human scale, as thereotéera universal definition.
Nevertheless, the guestion remains whether QM can be ektad into arbitrarily
large values of the quantities involved.

4.2 Potential application: Quantum computing

The idea of quantum computation was first proposed by Feyrjti@&rand has since
been subject to considerable research, particularly ierntegears. While the bits in
a conventional digital computer have strictly either of talmwed values (0 and 1),
guantum bits or qubits have superpositions of the two. Imqipie, this allows multiple
calculations to be carried out in parallel. For example, atbit system can be in a
superposition of the four stat¢®0), |11), |10) and|01), hence being capable of four
operations in parallel. By similar reasoning, Arbit computer has a parallelism of
2NV As has been pointed out e.g. by Albrecht [6], a quantum caemman perform
no calculations that cannot also be done on a conventiomapater (since one can,
in principle, model a full QM environment on the latter). Thmin advantage of a
guantum computer is that in certain kinds of calculatiorait be enormously faster.
Incidentally, the experimental efforts of the Delft grou arimarily directed to-
wards the production of a quantum computer. A significanpprtion of their recent
work has concerned connecting qubits to each other [14, TNk naturally requires



further experimental advances, for the flatrapped in the loop must be measured (as
opposed to the external flux), without introducing an exwesdegree of decoherence.
Apparently this remains a problem as suggested by the itusine results in the latest
paper [14].

5 Conclusion

The concept of macroscopic quantum coherence has beeweelvlgy an investiga-
tion into theoretical and even slightly philosophical warknging from Schrddinger’s
famous ‘cat paradox’ paper to fairly recent ones, most nptiimse by A. J. Leggett.
The central themes in the more recent works have been (&)ebeytof distinguishing
between coherent superpositions and statistical mixtmes(b) the problems due to
decoherence in achieving superposition states in practice

The relevant experimental work based on this theoretieah&work has also been
examined. There a superconducting loop interrupted byphssa junctions is used
to create a double potential well of a single macroscopicaisée ®, the magnetic
flux trapped by the loop. The two bound states can form cohetgrerpositions by
tunneling between the wells. An energy difference obsehwttveen the even and
odd superpositions indicates that a statistical mixtureotsan adequate model for the
system.

It is a general conclusion that, despite some philosoplEgg@iments, a coherent
guantum superposition of macroscopic states is a realpads@henomenon: the two
bound states in the superconducting loop are different byriet of order 1A, a
fairly macroscopic quantity. However, the question is en whether such effects
can be extrapolated into arbitrarily large values. Newdess, this is promising news
for the development of quantum computers, which by expigithe parallelism of
several quantum states can drastically outperform coimreitcomputers in certain
applications.
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