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Persistent currents controlled
by non-classical electromagnetic fields
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Mesoscopic systems and non-classical electromagnetic fields are of central importance to quantum
information processing. Our aim is to present the significant influence of non-classical radiation on the
properties of persistent currents. We study mesoscopic rings subject to both classical and non-classical
electromagnetic fields. Our discussion is limited to one- and two-mode fields prepared in a given quan-
tum state. We show that non-classical fields with a definite phase can induce persistent currents even in
the absence of classical driving. There are two qualitatively distinct classes of two-mode electromagnetic
fields: separable and entangled. This is reflected in the properties of the current, which becomes time-
dependent for fields in an entangled state. We extend our earlier work and investigate the effect of entan-
glement for a family of various states with various amounts of entanglement: from separable states to Bell
states quantified by concurrence.
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Mesoscopic devices operating at temperatures 0.1-1 K exhibit interesting quantum
phenomena. Most work involves the interaction of these devices with classical mi-
crowaves and static magnetic fields. In our recent papers [1, 2], we have investigated
the properties of persistent currents [3] in mesoscopic normal metal rings or cylinders
subject to both classical and non-classical electromagnetic fields prepared in a given
quantum state. The emphasis in these studies is on the properties arising from the
quantum nature of the electromagnetic field and cannot be understood classically. The
present work shows how one- and two-mode electromagnetic fields prepared in some
special quantum states influence persistent currents. Persistent currents in mesoscopic
metallic and semiconducting rings at low temperature are a signature of electron
phase coherence [3]. They can be induced by a static magnetic flux ¢, at 7 < T,
where T = A/(2n%) and A is the quantum size energy gap. The formula for the persis-
tent current is (A=c=kz=1) [4]:
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where @y = 2n/e is the flux quantum, /; is the current amplitude, and 4 is the Fermi
wave vector. The currents are periodic functions of @./¢@, and depend on certain pa-
rameters (e.g. radius of the ring). They can be paramagnetic or diamagnetic at small
@.. The following discussion is limited to the case of paramagnetic currents flowing in
quasi 1D rings with an even number of coherent electrons. The result for diamagnetic
currents can be obtained if one replaces @, by ¢, + @y/2 [1]. For quantum electromag-
netic fields, the electric and magnetic fields are the well-known dual quantum vari-
ables [6]. One can also associate them, by simple integration around the circumfer-
ence of the ring, with variables representing electromotive force and the magnetic
flux. The operator of magnetic flux evolves in the Heisenberg picture, and after suit-
able renormalization, in the following way (for details see [5]):

o) = f [exp(la)t)a +h.c. ]

In further considerations, we assume that the energy scales 7' < @ < A are well
separated in order to satisfy “adiabatic” conditions [1] and avoid various non-linear
effects. Since the coherent current depends on the ratio of the flux and flux quantum
@, rather than the flux itself, we introduce the re-scaled flux operator

x=Lei P 2 jax, Q)

2 ¢0
where A is the classical magnetic flux (c-number) and x, is the operator of the non-
classical flux (both in ¢, units). As a result of the presence of non-classical fields, the
current itself is no longer a ¢-number, but becomes a quantum mechanical operator.

This current operator, rescaled with respect to the current unit /y, reads after rear-
rangement (for details see Ref. [1]):

I = ZAW (T exp(i2mnx) = ZAn (T)exp(i2nnl)exp(i2mnx, )
/‘1;] n=1 (3)
= ZAH(T Yexp(i2nnd)D(née™)
n=1
where D(4):= exp(da’ — A'a) is the displacement operator [6], £ = J2n/ ®,, and p is

the density operator of the electromagnetic field. The observable quantity is the
imaginary part of the expectation value of the current operator:
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n=1

and the calculation of the expectation value of the current reduces to the calculation
of the Weyl function W({,) = Tr(pD(nEexp(iax))), with &, = néexp(ior). We see that
persistent currents calculated from Eq. (4) are influenced by the features of non-clas-
sical radiation contained in the Weyl function.

The most popular “object” of quantum computing is the qubit described by:

1 eié‘
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where the phase § € (0, 2n) reflects the different superpositions of the two lowest
number eigenstates of the non-classical field. The qubit is a quantum mechanical ana-
logue of the bit and is subject to intensive research itself. In our case, it is the most
general state of the electromagnetic field, involving only the two lowest energy eigen-
states. In the state described by Eq. (5), the number of photons is not definite and
therefore the state has a definite phase (the phase and the number of photons are dual
variables [7]). We have already found [1] that the persistent current calculated in a
state with a phase is time dependent.

In order to take into account the noise present in every real experiment, we assume
that the qubit, before reaching the ring, is transmitted via the depolarizing channel [8]:

p=Tl(p) =24 +(1- pp ©)

where 1,/2 (given by the identity matrix /, [8]) is the maximally mixed state of the
two-state system, and p describes a classical probability.

The behaviour of the current calculated with p given by Eq. (5) is plotted in Figs.
1 and 2, for which two important effects can be seen. The first is the lowering of the
overall amplitude of the current with increasing p. It is shown in Fig. 1, where the
current, being a function of the classical flux 4, is plotted for several values of p for
o0=0 and 7 = 0. This effect does not kill the current even for p = 1.

The second effect is connected to the phase J. We find that a choice of the phase
leads to a finite value of the current, even in the absence of the classical flux (4 = 0).
This is shown in Fig. 2, where, in the main graph, the current /(1 = 0) vs. J is plotted
at = 0. We see that non-classical electromagnetic fields with different values of o can
produce, in contrast to the classical flux, both diamagnetic and paramagnetic currents.
Note that for the state with p = 1, the current /(4 = 0) = 0. The inset in Fig. 2 shows
the time dependence of the current /(4 = 0) for two values of . A similar effect has
already been discovered for coherent states in Ref. [1].



772

0.2

0.1

J. DAIKA, E. ZIPPER

Fig. 1. Persistent current vs. classical flux in the presence
of a depolarised qubit for three values of p and 5=¢=0

-, -
- -
e

!

p=0

=,
- -
- e,

1

6

Fig. 2. Current in the presence of a depolarised qubit vs. the phase J in the absence

of classical flux A= 0 for different values of p and = 0 (main graph).
The inset shows the time dependence of the current /(A = 0) for two values of dand p =0
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Entangled states of photons are of central interest in quantum communication and
quantum information. Their “classically unusual” properties allow one to expect that
the current in the presence of such states will also become “unusual”. The expectation
value of the complex current in the mesoscopic ring in the presence of two-mode
fields with frequencies @, and @, is given by [1]

(L) =Y 4, (T)exp(2mnAW (c,.c) )

n=1

where the two-mode Weyl function is
W (51,562,) = Tr( oD, (né exp(iet)) D, (né exp(ivt) )

with ¢, = nEexp(io).
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Fig. 3. Persistent currents in the presence of two-mode fields with different amounts
of entanglement at # = 0. Inset 1 (bottom): time dependence of the current for 4 = 0.
Inset 2 (top): amplitude of the current as a function of concurrence C

In the following, we investigate the properties of the currents in the presence of
the following family of states

1

)= \E(a(g) 100) +b(£)| 01) +c(£)[10) + d(£) [11) ®)
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with

a(s):x/i—g(l—x/i), d(¢)=c¢,
b(e)=A2—d*(e)+d*(¢) and c(e)=0 for 0<e<I

The amount of entanglement in this family of states increases with ¢ and can be
measured by the concurrence C = lab | [9]. The problem of time-dependence has al-
ready been discussed in Ref. [2]. Here, we focus on the amplitude of the current. The
plot of the resulting current vs. A for @, ® @, is given in Fig. 3. Notice that both the
overall amplitude (main graph) and the current in the absence of classical flux (1= 0)
approach their maxima for non-extremum values of & namely £~ 0.5 (the upper inset
in Fig. 3). Furthermore, the presence of entangled light also changes the period of the
time dependence of the current (the lower inset in Fig. 3).

It is well known that persistent currents can be driven by static magnetic fluxes
[3]. In this paper, we show that they can also be induced by non-classical electromag-
netic fields. The purpose of these considerations is to present some interdisciplinary
research that exploits the quantum nature of the non-classical fields, which are studied
in optics in order to control the behaviour of mesoscopic quantum devices. Persistent
currents flowing in mesoscopic rings or cylinders are placed on the border of the clas-
sical and quantum worlds. Hence, as expected, they can be controlled by both classi-
cal and quantum parameters. In this paper, we have investigated the possibility of
quantum-like control. We have shown that one obtains the time-dependence of the
current, provided that the non-classical field is in a state with a well-defined phase
(indefinite number of photons). Such a field can produce a current even in the absence
of classical driving. Further, the effect of entanglement in a two-mode electromag-
netic field was considered. We have studied fields with different amounts of entan-
glement as measured by concurrence, and found that a moderate (non-extremum)
amount of entanglement can enhance the current amplitude relative to the case of
separable (g =0) fields. The work belongs to the general context of studying fully
quantum mechanical devices comprising mesoscopic devices and non-classical elec-
tromagnetic fields. Such devices are potentially useful for quantum technologies and
quantum information processing. The presented results show that persistent currents
can serve as detectors of non-classical properties of radiation or as efficient tools in
quantum-driving mesoscopic systems.

Acknowledgements

J. D. acknowledges the support of the Foundation for Polish Science under Grant No. SN-302-934/2005 and
of the Polish State Committee for Scientific Research (KBN) via grant PBZ-MIN 008/P03/2003. The
authors acknowledge the joint support of the Ministry of Scientific Research and Information Technology
of Poland and the British Council under the British-Polish Research Partnership Programme
WAR/341/256.



Persistent currents controlled by non-classical electromagnetic fields 775

References

[1] DAIKA J., SZOPA M., VOURDAS A., ZIPPER E., Phys. Rev. B, 69 (2004), 045305.

[2] DAIKA J., SZOPA M., VOURDAS A., ZIPPER E., Phys. Stat. Sol. (b), 242 (2005), 296.

[3] BUTTIKER M., IMRY Y., LANDAUER R., Phys. Lett. A, 96 (1983), 365; ECKERN U., SCHWAB P., J. Low
Temp. Phys., 126 (2002), 1291.

[4] CHEUNG H.F., GEFEN Y., RIEDEL E.K., SHIH W.H., Phys. Rev. B, 37 (1988), 6050.

[5] VOURDAS A., Phys. Rev. B, 49 (1994), 12040.

[6] LUISELL W.H., Quantum Statistical Properties of Radiation, Wiley, New York, 1973.

[7] PERINA J., HRADIL Z., JURCO B., Quantum Optics and Fundamentals of Physics, Kluwer, Dortrecht, 1994.

[8] NIELSEN M.A., CHUANG L.L., Quantum Computation and Quantum Information, Cambridge Univer-
sity Press, Cambridge, 2000.

[9] WOOTERS W K., Phys. Rev. Lett., 78 (1998), 5022; LEVAY P., quant-ph/0306115v1 (2003).

Received 1 June 2005
Revised 10 October 2005



