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Current magnification effect in mesoscopic systems at equilibrium
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We study the current magnification effect and associated circulating currents in mesoscopic systems at
equilibrium. Earlier studies have revealed that in the presence of transport dmweerguilibrium situatiop
circulating currents can flow in a ring even in the absence of magnetic field. This was attributed to current
magnification that is quantum mechanical in origin. We have shown that the same effect can be obtained in
equilibrium systems, however, in the presence of magnetic flux. For this we have considered an one-
dimensional open mesoscopic ring connected to a bubble, and the system is in contact with a single reservoir.
We have considered a special case where bubble does not enclose magnetic flux, yet circulating currents can
flow in it due to current magnification.
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Mesoscopic physics deals with the realm that is in bedinterpret that the negative current flowing in one arm contin-
tween the microscopitatomic or molecularscale and mac- ues to flow as a circulating current in the lo8p2? Our
roscopic one. In these systems quantum phase coherenpeocedure of assigning a circulating current is exactly the
length L, exceeds the sample site These systems have same as the procedure well known in classlc@R ac net-
provided several, often counterintuitive new results explorwork analysis. When a parallel resonant cirdgiapacitance
ing truly quantum effects beyond the atomic redlfiThese  C connected in parallel with a combination of inductarce
systems are expected to reveal the crossover between quaind resistanc®) is driven by external electromotive force
tum and the macroscopic classical regimes, which is of funfgeneratoy, circulating currents arise in the circuit at reso-
damental interest. The notion of intrinsic decoherence andant frequency® The magnitude of the negative current in
dephasing of a particle interacting with its environment arepne of the arms flowing against the direction of the applied
being actively pursued and experimentally analyzé@he  current is taken to be that of the circulating current. When
decoherence mechanism signals the limit beyond which theéhe negative current flows in the upper arm, the circulating
system dynamics approaches the classical behavior. One 6firrent direction is taken to be counterclockwise nega-
the prominent mesoscopic effect is that of observation otive) and when it flows in the lower arm, the circulating
persistent currents in metallic rings enclosing magnetic fluxcurrent direction is taken to be clockwiger pos,itive.lo‘13
Blttiker, Imry, and Landauer predicttdhe existence of It should be noted that these circulating currents arise in
equilibrium persistent current in an ideal one-dimensionathe absence of magnetic flux and in presence of transport
metallic ring in the presence of magnetic flux, with a periodcurrents(i.e., in a nonequilibrium systemlt has also been
of ¢g, ¢ being the elementary flux quanitac/e. The exis-  shown that impurities affect current magnification in a non-
tence of persistent currents have been verifiedrivial way. In fact, impurities can enhance current magnifi-
experimentally. Persistent currents occur in both open andcation as opposed to the conventional wisdom that impurities
isolated closed systemis™ Since then circulating currents would degrade current magnificatiéh'2 Studies on circu-
have been predicted in open systems in presence of a tranating currents in mesoscopic open rings have been extended
port current. This phenomenon is associated with currenfo thermal current§ and to spin currents in the presence of
magnification effect in mesoscopic ring&.*? For this we  Aharonov-Casher fluX® Recently this effect has been stud-
consider a metallic loop connected to two reservoirs by twded in presence of spin-flip scattering that causes dephasing
ideal leads. Transport curremtflows through the system of electronic motiort2:1
when the two reservoirs are kept at different chemical poten- In the present paper we are interested in the basic ques-
tials, sayu, andu,, respectively. The upper and lower arms tion, whether current magnification can occur in equilibrium
of the ring are of different lengths and currehfsandl, flow  systems. For this we consider the system as depicted in Fig.
in these such thdt #I,. The basic law of current conserva- 1. The static localized flux piercing the loop is necessary to
tion, namely, Kirchoff's law demands that&1,+1,. In the  break the time reversal symmetry and induce a persistent
classical case both andl, are positive and flow along the current in the system. The geometry we consider is a one-
direction of the applied chemical potential. However, whendimensional ring coupled to a bubble. The system is con-
guantum mechanically currents are calculated dependingected to a reservoir at chemical potential The reservoir
upon the length parameters it is found that for particularacts as an inelastic scatterer and as a source of energy
values of Fermi energy, (or 1,) can be much larger than  dissipation’ We would like to emphasize that the magnetic
Current conservation thus dictatbs (or I,) to be negative flux is localized in a finite region. The loogd4J2aJ3J1 and
such thatl =1,+1,. The property that current in one of the J1J2bJ3J1 enclose the localized flux). However, the
arms is larger than the transport current is referred to abubbleJ2aJ3bJ2 does not enclose the fluk. The special
current magnificationeffect. This quantum effect has no situation we have considered is to answer the question of
classical analog in equilibrium. In such a situation one carexistence of circulating currents in equilibrium systems. We
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Here oy, ay, a3 and a, are phases picked up by the wave
functions in the segment¥lJ2, J2bJ3, J2aJ3, andJ3J1,
respectively, and we have,+ a,+ a,=2m7d/ pg, and a,

FIG. 1. One-dimensional mesoscopic ring coupled to a bubblet a3+ a,= 2@/ Pg, such thate,= a3 as required by defi-
with a lead connected to a reservoir at chemical potentialThe  nition. Using Eq.(2) we have solved all the unknown coef-
localized flux¢ penetrates the ring. ficients in Eq.(1).

In the lead connecting the reservoir to our circuit there is
show that circulating currentglue to current magnification no current flow agr|?=1. Throughout the discussion the
arise in a bubble that does not enclose a magnetic flux. Wrngths are scaled with respect to the total length of the
would like to mention here that the current magnificationpubblel =1,+15. The wave vectok is identified in a dimen-
effect and the associated circulating currents arise even whejfjonless formk=Kkl. The probability current density is de-
the magnetic field extends over the entire sample. Howevefined asJ= (efi/2mi)(y* V— 4V ¢*). For the circuit seg-
for this the treatment is involved as one has to study sepanentJ1J2 of Fig. 1, when we derive the probability current
rately persistent as well as circulating currents in the bUbb"%iensity we get)=(erk/m)(|al2—|b|?). Now the current
as they have different symmetry properties. This has beefensities(l) in their dimensionless form are given by divid-
studied in a simple loop in the presence of both transporfyg j py ef k/m. This approach is widely used in literature to
currents and magnetic flux. define the current densities, see Refs. 7,11. The current den-

In the local coordinate system, the wave functions in thejties in the small-intervatik around the Fermi enerdyin
various regions of the ring in absence of magnetic flux argnhe various segments of the circuit are given by
given as follows

L.l

o= e+ re=ikxo, I;=al>~|b?,
J=ae+be ik, I,=[c|>~|d|?,
= ce et deikxe, I3=el>~|f?,
Y= edat fo ik, 1,=1g?=|h|%. (©)]

” » Just to mention again thét, |,, 15, andl, are the persistent
Pa=ge e +he e, (1) current densities in the segmertsJ2, J2bJ3, J2aJ3, and

Here x. i=0 4 arecoordinates along the connecting J3J1, respectively. The persistent current densities in vari-
lead ! to  the  reservoir and the  segmentsOUS parts of the circuit show cyclic variation with flux and

J1J2, J2bJ3,J2aJ3, and J3J1, respectively. The Fermi ¢o periodicity, anq oscillate between positive and negative
wave vector is defined as=\2mE/42. To solve for the Y2lUes as a function of energy or the wave vedtas ex-
unknown coefficients in Eq1) we use Griffith” boundary pected. Since the analyncal expressions for tht_ase currents are
condition at the junctions1, J2, andJ3. These boundary too lengthy, we confine ourselves to a graphical interpreta-

conditions are due to the single-valuedness of wave functioﬁon of the results. It should be noted that in all these currents
and current conservatigiKirchoff’s law). In the presence of ux enters only throug_h the comblnatloanr “2.+ a4_and_
magnetic flux in the system we can choose a gauge for th 1+ a3t ay, the magnitude of these combinations is given
vector potential in which the field does not appear explicitlybybszd’/dz’%?; ?;pected.fFor us Ithe curtrent dens_m?i_m the
in the Hamiltonian. The boundary conditions do not change, ubble o 358 ) are of special Importance as in tis re-
however, the electron propagating from one junction to andion there is a possibility of current magmf_lcatlon that will
other picks up an additional phase, which is positive forbed%nﬂézed below.l The cgr[en$h|nduced in segrdedrl]l
clockwise motion and negative for counterclockwise motion, &M< - are equal, "e'll_.“' ese currents may have
but of same maghnitude. For further details see Refs. 10,180Sitive (clockwise or negative(counterclockwisg values
Naturally, different segments pick up different phases. Usmﬁepend!ng on the fluxp and va]ue of Fermi wave v_e_ctdxr
the above-mentioned boundary conditions, we get or a fixedk this current oscillates between positive and
negative values as a function ¢fwith a period¢, and are

1+r=a+be a=geklatiasy heikla asymmetric in¢. Similarly for fixed value of¢ currents
oscillate as one varigds The magnitude of current shows a
1-r—a+be fa+gdklatiaa_pe k=, maximum or minimum near the corresponding eigenstates of
the system. We have calculated these eigenstates for two dif-
agkitiart pekli=c+dev2=e+fe 3, ferent cases. For open system as depicted in Fig. 1 one can
calculate the energie®@r wave vector of these states by
aeklitiai_pe iki_cqdeie2e—e+fe ?3=0, looking at the poles of th& matrix. These states correspond
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FIG. 2. Persistent current densities are shown as a function ofity | ¢ is plotted as a function dfl. The parameters are the same as
kl. The lengths aré, /1=1,/1=0.25, |,/1=0.45, 1;/I=0.55, and use_d in Fig. 2. The inset shows the behaviord pfand 1, around
flux ¢=0.1. In the inset we have shown the current densitiesheir zero values.
around the value wherein goes to zero.

flows in the armJ2bJ3 of the bubble. Thus, wheh, is
directly to resonances. In our caSenatrix is simply a com-  positive circulating current flows in the counterclockwise di-
plex reflection amplitude. We have also analyzed the eigen- rection in the bubble. In the range whdrgis negative, i.e,
states of a closed systeithout coupling lead to reservoir  input current into the bubble is in counterclockwise direc-
by wave-function matching in various segments by using thdion, then positive current flows in ard2aJ3. According, to
waveguide theory. The eigenvalues are obtained by solvingur convention as mentioned earlier, circulating current

the following equation, resulting from the waveguide theory,flows in the counterclockwise direction. The magnitude of
this circulating current densitly, is taken to be the value of

1 current in one of the arms of the bubble moving against the
cos{a)zm cosk(ly+14) input current into the bubble as explained in detail in the
N introduction.
1 sin(klq)sin(kl,)sin(kls3) In Fig. 3 we have plotted the persistent current density
4 sin(kl ;) ' (4) I,=14 and the circulating current density in the bubble for
the same parameters as used in Fig. 2. It should be noted that
where,a=2m¢/pg, | . =(l,+13)/2, andl - = (I,—13)/2. if we interchange the values 6§ andl; keeping other pa-

We analyze the case of a bubble with unequal lengths, ofameters unchanged, circulating current will flow in a clock-
its two arms, i.e., the length af2bJ3+#J2aJ3. This asym- wise direction. This is obvious from the geometry of the
metry implies that current densities in the two arms of theproblem.
bubblel,#13. In Fig. 2, we plot the persistent current den- We generally observe current magnification at those
sities in various parts of the circuit. It should be noted thatFermi-energy wave-vector intervals around the eigenenergies
absolute value of the persistent current densltieandl; are  of the systent®!! However, there are some exceptions. In
individually much larger than the input current density  Fig. 4, we plot one of those exceptions. The new physical
into the bubble and thus the current magnification effect igparameters are mentioned in the figure caption. In Fig. 4 we
evident(without violating the basic Kirchoff’s layv The in-  show that current magnification does not occur at places that
put current arises due to the presence of furs it breaks are eigenvalues of the aforesaid system. Here the real part of
the time reversal symmetry. The physical parameters useithe eigen-wave-vectdkl corresponds to 10.184or closed
for this figure are mentioned in the figure caption. In thesystem it is at 10.171). One can readily notice that the mag-
interval 5.5<kl<6.9 the current, changes from positive to nitude of persistent currerfte., input current ;) shows ex-
negative and exhibits extremum around the real part of thé&rema around this value. Around this region both the currents
poles of theS matrix (6.278 and 6.328 For the closed sys- in the bubblel, andl; are individually smaller thah; and
tem the eigenvalues are at 5.93 and 6.68. The differencehey flow in the same direction as the input current. Hence
between eigenvalues for closed and open systémasi- we do not observe current magnification effect around this
bound statgsarise from the additional scattering from the quasibound state of the open system. We also observe that
junctionJ1 coupled to the reservoir. Moreover, eigenvaluescurrent magnification does occur at some places that are not
for open systems are complex, as electron has a finite liferear the eigenvalues of the system.
time in the ring system before entering into the reservoir. All these figures establish the fact that the current magni-
Whenl , is positive, negative current density of magnituge fication effect(and associated circulating currenthat are
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current is given by integrating the current densities up to the
Fermi energy(at temperaturél =0). If the system exhibits
current magnification effect, one should be able to detect it
experimentally by observing the enhanced response of the
magnetic moment by appropriate tuning of Fermi energies.
We expect systems comprising several metallic loops inter-
woven together to exhibit a new feature in the magnetic re-
sponse due to current magnification. It should be noted that if
the whole system is embedded in a magnetic field then we
have both persistent currents as well as circulating currents
that can be separated by their symmetry properties under flux
reversaf! Just for the sake of simplicity and to show the
existence of current magnification in equilibrium, we have
taken a system in which bubble does not enclose a magnetic
flux, which may not be an ideal system. However, it clarifies
our contention.

FIG. 4. Persistent current densities are plotted as a function of |n conclusion, we have shown that current magnification

kl. The lengths aré, /I =1,/1=0.25, 1,/1=0.15, |5/l =0.85. Flux

$=0.1.

effect can occur in equilibrium mesoscopic systems in the
presence of magnetic flux. Earlier, it was shown to occur in a
nonequilibrium staté® This quantum effect is extremely sen-

guantum mechanical in origin are extremely sensitive to thesitive to system parameters. Our system also exhibits break-
system parameters. The exact conditions for current magndown of parity effects[using Eq.(4)].° This, along with

fication cannot be readily predicted priori. The orbital

analysis of current magnification in the presence of magnetic

magnetic moment of the system is given by the line integraflux, encompassing the entire sample will be reported else-
of the total current taken across the entire system. The totalhere.

*Electronic address: colin@iopb.res.in

Electronic address: jayan@iopb.res.in

LY. Imry, Introduction to Mesoscopic Physi¢®xford University,
New York, 1997.

2p.S. Deo and A.M. Jayannavar, Pramana, J. P5§2139(2001).

3D. Sprinzaket al, Phys. Rev. Lett84, 5820(2000.

4M. Blttiker, Y. Imry, and R. Landauer, Phys. Le@6A, 365
(1983.

SL.P. Levyet al, Phys. Rev. Lett64, 2074(1990.

SH.F. Cheung and E.K. Riedel, Phys. Rev4B, 9498(1989.

M. Blttiker, Phys. Rev. B32, 1846(1985.

8T.P. Pareek and A.M. Jayannavar, Phys. Re%4B6376(1996.

°P.S. Deo and A.M. Jayannavar, Mod. Phys. Lett.7B1045
(1993.

10A M. Jayannavar and P.S. Deo, Phys. Rev® 13 685(1994;

T.P. Pareek, P.S. Deo, and A.M. Jayannaiad. 52, 14 657
(1995.

1IA.M. Jayannavar, P.S. Deo, and T.P. Pareek, PhysigdB216
(1995.

12C. Benjaminet al, Mod. Phys. Lett. BL5, 19 (2001).

13D.F. Shaw,An Introduction to Electronigs2nd ed.(Longman,
London, 1970, p. 51.

¥M.V. Moskalets, Europhys. Let#i1, 189 (1998.

15T, Choi, C.M. Ryu, and A.M. Jayannavar, Int. J. Mod. Phyd. B
2091 (1998.

165 K. Joshi, D. Sahoo, and A.M. Jayannavar, Phys. Re%4B
075320(2003).

173-B. Xia, Phys. Rev. BI5, 3593(1992.

18y Gefen, Y. Imry, and M.Ya. Azbel, Phys. Rev. Lef2, 129
(1984).

233406-4



