
'Fermllab L1brwy I 
< /JJ.;.~.;f.j: 

y \-r!eC2i/ q3-4~7 ..... 
~~.~'-'-~ ... nv.'~ - I l'I'Pb~I"'Pa.~~n~1 :~~-&B5(- l'J - z: .~; I 

\.. & ....~~ OD . 
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PERSISTENT CURRENTS AND 
much attention in the light or sC\Tral novel experimental observations [l-·lJ. In meso

scopic systems typically or nm sizes, the crfecti\'e distance the electrons travel between 

CONDUCTANCE OF A fvIETAL LOOP 
inelastic collisions at·low temperatures (typically millikclvin) can exceed the sample di

tnension. In such a situation electron maintains the coherence or single particle wave 

CONNECTED TO ELECTRON RESERVOIRS runction across the entire sample. l\lcsoscopic systems t.hns can he modeled a.c; phase co

herent elastic scatterers. For systems or size larger than the inelastic mean rree path, in-

A. IvI. Jayauuuvar l aud P. Singha Dco ~~ elastic collisions disrupt the phase eol!crence or ('lectron wan' evolnt.ion. This crfectively 
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break the system into different uncorrclated regions. These phase breaking scattering 
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processes can be included via averaging argllelllents. In thesc mesoscopic systems, novel 

qnantnlll inlr.rfereuce plll~nOlm'na[I-!j1 o!>sPrv"d and pn'dickd illclude t.he norlllill state 

Abstrncl 
AhararlOv- Bollin resistatlce oseillal iOlls and lH'rsiskl1t. cnl'l'('11I s ill 111I'lallk 1001'S pincl'r! 

by a magnetic field, lIni\"ersall'lllldndaIlCl' fllIl'I 11.\1 iOlls, !'a III pll' spl'dlic lIollseir aVl.'l'agillg 

We have calculated the persistent current and tit ... conductance or'a normal 

metal loop cOltnected to two c1f'rtrotl re'sermirs in the pn'sellee or lIlagnetic nux. 

The geometry comidcred here r"cilitates sillluitaneolls nH'aSllrelt1ent or the persis

tent current and the conductance'. We show lhat in ge'ncntl the m"gnitnde of the 

persistent current in a loop depends on the direction or the direct current flow 

from one reservoir to another, a reature that (an be experimentally verified. 

nuctuations in conductance as the magnet ic field or chemical polclltial is varied, nonlocal 

current voltage relations, violations of Onsagcl' relationships, Coulomb blockade eITect 

in micl'otuttttcl junctions and se\"eral other effects. Tlie guiding themc ror mesoscopic 

systems is quantum coherence along the whole s<lmplc. 

Persistent currents in mcsoscopic normall1lctal rings have recently recieved much at-

PACS NO :72.1O.-d, 0.5.60.+w, 72.l0.lJg, fi7.57.Hi 
tcntion in the light or the experimental ohsl'I"\"ations or this phenotl1cna[()-8J. There have 

been continued several theoretical a!.tempts to ('xplain thc discrepancy between mea.sured 

current amplitnd<: a.ttd the results hased on tl\(' non-interacting electron models[l,9-14J. 
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work suggested the existence of persistent current in an ordered one-dimensional ring 

threaded by a magnetic lIux. I'er~istent current hns lUI I\mplitude of evd L ()vhere VI is 

the Fermi velocity and I is the circumference of the ring) and is periodic in' magnetic flux. 

General quantum mechanical principles require that the wave functions, eigenvalues and 

hence all observables be periodic with a flux <p threaued by the loop with a period <Po, 

~o = hc/e, being the elementary flux quantum. This current is an equilibrium property 

of the ring and is giveu by the flux dcrivativ(' of the total ('nergy of the ring. These 

currents can also be attributed to the sensitivity of the cigeustates to the boundary con

ditions along the ring (the magnetic field tuncs the boundary coudition). Tlie magnetic 

field destroys the time reversal symmetry and as a conseq.u'nce the dcgeucracy of thc 

states, carrying current clockwise aud auticlockwise, is lifted. Depcnuing on the position 

of the Fermi level, uncolnpensated cnrrcnt flo\\'~ in either of 1.11<' directiolls. For .~n idenl 

isolated ring without impnrities and at ZPIO tenllH'rature the natnre of th(~ persist(!nt 

current depenus on the total nlllnlwr N of the e1eelrons and t.Iw 1"'lsi"tent cllrrent ex
'I 

hibils a saw tooth type behavior as a fnndion of the magnetic flux ¢. 1"01 N even, ther 

I 
jump discontinutics occur from the value -('l.n'J! L) to (2cvd L) at <P = 0, ±<Po, ±'l.¢o 

etc, and at ~ = ±¢o/2, ±3¢o/2 clc for N odd. Stuuies ha\'e been extenued to include 

multi-channel rings, disorder, spin-orbit coupling[16] and e1eelron-electron interaelion 

i effects[I,9-16J. For the multi-channel quasi one dimensional ring, the average amplituue.1 

I
I 

decreases as a fundion of strength of the disorder. In the presence of strong disorder' 

'~ (i.e., when the localisation length of eledronic eigenfunctions is smaller than the ring
.:t
'. 

size L) the persistent cnrrent decwases expollential)' with L. The root mean S'lUMe~ 
1 

amplitude of the current is calCltlall'd to be of thc ~ame ord('r a~ the amplitude of the,,.,
2 

I, 
f,

i. 

currenl.. In the case of weak disorder, i.e., when the clastic mean free path of an electron 

is I"ss than thi\1I I., the !H'lsist.('1I1. ClIIT('nt d"l'!'t'as,'s al,.~l'I .. ac."I)' (i,(·., a" III.). In this 

regillle til<' main e/Tect of the disordr-r is to open a gap at each cros~illg poill\. of elll'rgy 

levels and thus reducing the slopes of the curves E( <p). 1"01' the 'nlldtichanrtel systcms 

there is no correlation on the average between diITerent channels, in the absence of dis

order. Consequently the total currellt is .;m tilliCS the one channcl current, where m is 

the number of channels. 1I0wever, the result dilkl's ill t1w diffnsive regime due to the 

compellsation between currents in different chaullels. The inela...tic scallerings do not 

destroy the eITecl.. At finite tempcrat.irc 1', for L less thiln the pha~c coherence length 

L~, the IIlaill effeel arises due to til<' lIIixillg of conlrihlllion, of 1.1 ... l"v(,I, ill an ellel'f~Y 

interval kaT. This mechanism reduces tile cllrrent, since adjascellt levels give opposite 

contrihlltion lo tile cllrrent. In t.he rase I. > 1'</0, the Clll'rclit ""lIislies CXpoll"lIti;tly with 

L/ L<Jo. Th" Iypicalmagnitlldc of llll, pcrsisl('llI l'Inrcllt al T,oO for f. IH·\.w'·("1 1-:1 111/1 

and for F('I'lIli wave veelor k, 1",1\\,('('11 10 10 /1/-1 (lIl1'lilllic rin~) 1010'",-1 (s(,lIlirOlldllcl.or 

rillg) varies betwccn 1-5 nAill, 

Mos\. of the theoretic.'lltreiltmf'nf.s to date hil\'(~ I",en done Oil iso(;,teu systems. In an 

isolated sys\.em the number of ,electrons is rtxcd ilnd the statis\.icilllIlecllilnicaltreatlTlent. 

must he based ort the canollical enscmhle. Il WilS Iliittikcr who rtrsl gave a treatment[17] 

of a slllallllormal metal loop conpled to an c1edroll rcservoil'(opl'n systcm). The reservoir 

aels il.5 a sOllrce and sink for c1,'cl.rons illld is characterizcd by a wcll defined chemical 

potcntiill/. anu by dertn'ition lhere is no pllil5(, 1'1,1011 ionship I)('l\\,('"n t.he ahsol'bed alld 

cmilte.1 ('Iedrons. Thus the I'escn'oir acts a~ an illt'lilsl.ic sratt<-rcr allL! as a S01ll'ce of 

energy di"ipat ion. Since t.11f' rr-«'I'\'oir Kr-Cps till' dll'lIlical pot('nliill in 1..11f' loop fixed. the 
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statistical mechanical dcscription for tltis systcm corresponds to a different ensemble, 

namely the grand canonical ensemble. This implies that the open and closed loop 

systems belong to diffcrcnt statistical trcatmc!lts. Thc exact description of the system 

is important, as the dcpendencc of the currcnt on flux has a different behaviour if the 

chemical potential is held fixed or if the nllmber of elcctrons is fixed to an odd or even 

numhcrlJ61· In our recent tn~atll1ent PSI we Itave extended Blittikers formalism to a 

case wltereill electrons frolll tlte reser\'oir "IIll'r alld leave tlte ring in a subbarrier regime 

charactcrized hy cvallcs«~nt modes throughout tltc circumfercncc of the loop. In such a 

situation tlte persistent current ;trises due to two nOllclassical cffects namely, Aharonov

11011111 effect and quautum tunneling. In particular we have shown that unlikc thc case 

for the electron motion abo\"(~ the barrier. til(' persistent current in the under barrier 

regime dews not oscillat(~ as a fUllction of 1111' Fermi elH'rgy. The sign of the persistent 

current is same as Ihat of tl1l' C1l1TPnt c;Hril'd Ily Ihl' groulld state of an isolated ring. 

The dependencc of the C1\ rrcnl on the Ie II !.!,t h of the ri ng is si m ilar to that arisi ng due to 

states localized by a static disorder. 

In om prrscnt treatlll<'nf. wc considn a OIw·dil11<'nsiolwl nlctal loop of length L cou

plc'd to two eledron rcser\"(lirs as sh()\\,11 in fiL!;.I. This idealization to one·dimensioll 

corresponds experimentally 10 a network of hi~h-tIIohility quantum wires with narrow 

width slIch tltat only Ihe 10\\"('r subbilnd is lillcd. 0111" cidcllialions arc for noninteracting 

system of dectrolls. 111 such a gl'ollll'l.ry :\ h"l'Ol1o\·· Holll1l er[ecl 1I1i1nifesls itself not only 

in a transport phel1oll\enon such as two lermin<ll condnctance but also in a persistent 

current. The left and the ri~ht reservoirs ar<~ characterized hy rhelllical potentials 1'1 and 

112 r('spectiw·ly. \\'r consiell'r herr a frc(' ekct rOil nPl work <lllel WI' have introdl1ced a delta 

function impurity at a length /2 to the right of the junction J1 (shown as X in fig.I). If 

III > 112 tltc nd current flows from thc left to thc right ( along RIJ I R2 ) and vice versa if 

III < Il 2. At tIlC junction J2 an ideal wire of length /1 is connccted to the metalIic loop. 

Except at t.he delta function impurity of strength V the potcntial is taken to be zero 

(free el~~ctron network). The scattering of electrouic wavc function occurs at the junc

tions J I , J2 and at the impurity site. Tlw ml'!allic loop is isolated from tlte direct current 

flow. 1I00\,1'\'('r in general it is lIot essent.ial. Snch a g('ollletry facilitates to measure tlte 

Iwrsistpnl. C1lrrpnt ill a loop anclt!te conduclancl' of an eutirc network simultancously. In 

ollr model W(' h,we complcte spatial sl'(H'ration between clastic processes in the loop and 

lltr il1l'Iastic processes ill t.he J'('s(·rvoirs. Tll('sl~ inl'lilsl ic processes in the reservoir are 

(,s~l'nli;d to ,,!,Iain a finitc· conducLlIICl·. Now consider a situation wherein stcady flux 

of "I,·ctrol·IS wj,,, an cnrrgy I~' is injl'clcd fW1I1 tlw reservoir I. These electrons moving 

f II III<' righl. ill" lirsf. scal lcrl'd at t 1«' jllllc! iOIl .11 and SlI!lS('CI1Wn! Iy at ./2 and I (along 

with t11l1llipll' Il'I\l·ctions at .II'.I~ ;\nd I). The (,Ieclrnns emilled by the rcservior 2, are 

Iii';! :-;c;tl floll'd .11 I and snbsl'ql\l'lIlly at .II alld .l~, ConseqlH'lItly for tlll~se two different 

,'i\"'" : II<' "1,,,1"11 \\'il\'l' funcl illll'; \\'ill ha\',' dilfl'r"1l1 ("olllpl,'" alllplif.lld,':; at tlw jlllll:f.ion 

./, Illi~, ("1'", 'I \"".\' CO\Tl'sllllllds I II ;\ dill'IT"liI, l)(lIlllllary cOlldit ion at t."(~ junction point 

.I,. ,\s ;11,,·;,.1\, ,1 "It'd hdon·. 11\1' II('rsistl'nt CUITPnt in;, tIIc1allic loop is sensitive to the 

1>Ollndary condition and Itenn', \\'P ohscr\"l' Ihat the magnitude of thc persistent current 

Il"lll'llds 011 tIl,' direr\.ion or till' ClIIT(,,,t flo\\". OhvillllSty the condndallce of an entire 

network (c;dc:\datcd via qna"ll"n lranstll ission ('()('f1icient) docs not dppend on the direc

tilll1 (If till' ('11111'''1. flow. This ';IH!~('sts tll;ll there is 110 ~inlpl(' scaling relation hetwcen 

t Ii(' \H'rsisll'llf CIlrr<'Ill.s ilnd t Ii(' condnclill1C<' of IIi(' C'nl.ire· n<'l. \\"ork. In ser.1I we prcs~nt 
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the theoretical treatment and sec.Ill is devoted to results and conclusions. 

II. THEORETICAL TREATMENT 

In this section we derive an expression for the persistent current and the transmission 

coefficient by solvin~ a scattering problem. Except for the point I (where we have 

introduced a delta function potential) electronic potential is assumed to be identically 

zero throughout the sample. We do not assume any particular form for the scattering 

matrix for junctions J, andJ2 , but rather we derive thclll frolll the first principles using 

the quantlllll waveguide theory on nctworksp !»). Sil1ce the two reservoirs are mutualy 

phase incohercllt, we I,aw! to soh'e the problelll s<'IH'ratdy for the electrons emitted 

from the left and the right reservoirs. First we cons"icler tire case wherein electrons are 

emitted from the [eft reservior. The reservoirs emit carriers with the Fermi distribution 

f(E) = (c.r]J[(E-/1d/kHTI+ 1)-1. This reslllts ill a current !lowing from the left to the 

right. The appropriate wave function in lhf' absellce of magnetic field in the ideal lead 

alld in tile regioll III J. is /!;iven by 

1/'(,1'.) = (,hI + Rc- ih " ( I ) 

This wave rUllction rcpresents the cil\'I'icrs injccll-d from the reservoir 1 and rcncctcd 

towards till' sauJ(' fI',,'·rvoi... 11.'r.," is i\ \\'il\'" \'I'dor ilflll IIII' Pllngy or , 1)(' illj"ded 

e and TIl to he unity, 'Van' fllnctions in oth<'l' regions f1\n he written down explicitly as 

particle is given by E = ft1p 12m. Throughollt our calculations, we have set units of hi 

1/'~(:r:I) = Ee'kr , + Fc- ikr
" (2) 

t,/'J(.rd = (,'('ih l , (3) 

(i 

Aeikr 
] + Be- ikr 

tP-I(Xl)	 = \ (4) 

=CeikrJ + De- ikr3tPs(XJ) ,	 (5) 

where equations (2-5) are for the regions J.l, I R2, J.J2 and for the loop, respectively. 

The coord inates for the regions R, .I,llll , .I, J1 and tile loop are:r I, X2 and XJ respecti vely. 

We wi II assume the origin of the coordinates XI and X2 to be at the junction point J I and 

for :r:l to \)(' at t.hejunctiqn point h, At .J~, ,f2 takes a vallie (2 and X3 takes values 0 and I, 

the circlIlllfl'rf'l1Ce of the loop, \V(~ have' to lise t.hf' Grilfith boundary conditions[20] at the 

jlllld iOlls, TIll'S(' hOlludary ('lllldil iOlls arc' d.\{' to t Ill' Sil1~~I(' \'a!li('d\lcss or wave rllnctions 

and lh.· cousprvation of th(~ ClII'I'f'lIt (['ircholf Law). For example at the junction J 1 we 

l'ilw[I!)1 

1/'.(0) = l"2(O) = 1;"1(0),	 (6) 

alld 

L dl.'./d,l"i :::: O.	 (7) 

Ill'lt' ,til til' '!('Iiv;din's ;11,' ('iI/II'I" o""\';ll'd or illll'ilI'd rWllI till' jlllJet.ioll. lh,iil!1 the 

(;riffit It 1."llIld<lly cOlldit iotlS Olll' (,illl l'a,~ik '"ilIih' t hal IIII' jlllldioll sCilttcriJlg Illatrix is 

,1"il"II I" 

-111 '2j:J 2/:3) 
5= 'iIi -If:! '2j:J 

[ '2n '2n -lfJ 

.., 

"'4f:~~~"'~~' 



.,i 

The boundary conditions at the point I due Lo the della function potential of strength 

V, I\rc given by 

11'2(12) = tI'3( h), (8) 

(h!':,(l'l) (N"l(ll)::: 2\'I/'J(/1). (9)
~- dx 

In the presence of a magnetic field in the loop we can choose a gallge for the vector 

potential in which the field docs not appcnr explicitly ill the Hamillonian. The magnetic 

field manifests itself only in the bOlllldary condition. The boundary conditions (6) 

and (7) for junction J2 do not change, however, the electrons propagating from the 

jllnction point J2 and back Lo the same point along the ring pick up an additional phase 

0' = 2-;rt/1/rPo for a clockwise and a phasl~ -t) for an ilnliclockwise motionll9]. Here t/1 

ill III <Po are the magnetic nllx and the IIIIX qllanllllll (he/c) n·spccLivcly. Using all the 

bOllndary conditions mcntiolll'd ahove alld IIsing eqns.( 1-5) we g<'l 

l+U==A+IJ==E+f' ( 10)
 

I - II - ;\ + II - I'; + F == 0 (11 )
 

Ae iklt + De- ik', = C + Dc-in = Ceiofikl + De- iH (12)
 

AC ikl De- ik/t, - - C +Ce,Uf on 
- De-ikl + De- io = 0 (13) 

ik11 + Fe- i ikllEe k/1 = Ge (14) 

ikGeik/l _ ikEe iU1 + i~'Fe-ik/l = '2\'Ge ikll (15) 

8 

Here I is the length of the loop and III 12 are the lengths of the segments J. J2 and J11 

respectively. Using equations (10 - 15), we can solve for the coefficients C, "l.'D and G. 

These solutions have been obtained analytically using mathcmatica. 

III. RESULTS AND DISCUSSIONS
 

The persistent current in the loop in tlte energy interval dE arollnd E is given by[17]
 

2dJr.T1 == 1.:(1 C 1 - I.D /2), (16) 

, IG sin (0') sin(~: l) [-,I \'2 - 2 k2 +.\ \/2 c05(21.: l) - ,I V k sin(2 k 1)1
Ii) wik ==. (17) 

where, 

n ~-= { II I \'! +~7 1.: 2- (21 \'! + I:.! k1) (·tI.~['2 k 11-' Ui(i \,l + '27 ".1) (,()8[ I": 1]- '27 V2cos[G I.: II 

-(:12 \/2 + 2,1 ~.l) CO$[21..·/1 cosl2 0] + 16 \' I.: sin[:H-/J ros[2 0'1 

-2-1 V2cosl,tl.:llco4~0'1- (176\,,2 + I:JGk'l)cos[kl]cos[O'j 

+() 0,1 (/1 + 7~ e) cos[:l ~'/l ro.-[ol + 7:! {-'2 cos [:;l: I] cosIo] 

+(.56 \/1 + ,to k!) ('0 ..;['2 oj + -17 \. ". ,~illl:H/l + ,18 {-' I.: si,,[,\ 1.:1] 

+27 \I I.:sin[6l.:l] + ~I \. 1.:8in[1 UI('()·~[·2ol- ·18 F I.: 8jll[J.:/jcosloj 

-56 \I k .5;n[3 ~'1J cosIo] - 7:! \' 1... sill[.') k II ev.~[Cl]} (17.a) 

For till' simplicity we ha\,(' t.lkl'll I, == 11 I, tIll' 'eqllatiolls arl' too complicated to 

f1'prodllce here otherwise. As e:-;pl'c\ed till' CtllTl'llt \'aries cyclically with the nux, with 

1)\1' IH'rio<! /-!;i \'('\1 hy 4>0 and is a IlllsYIll1l\cI ric iII I hI' fill X cjJ. It also has components of 

!J 



I 
I' 

higher harmonics. The current also oscillates hetween the positive and negative values 

A.. a function of the energy. 

The expression for the transmission probability t = CCo is given by 

8PI" sin(kI) cos(n) - 3 sin(2klW 
(18)t = II • 

where n is given in eqn.(17.a). The quantum mechanical transmission probability 'is 

relatec) to the two probe conductance G of the network (21] hy the Landauer formulail, ••. 

"i· 
l·.'" 
.~ :.~ G=(c'lli)t or the dimensionless condudllnce g is givcn hy G/(c'IIi). The Landauer , , 

il' 

f~' formula. expresscs the conductance in tl~r1ns or scattering propertit,s at the Fermi energy.;1 
110,', 

~t:,: The condnctance also osdllates with a pl'riod ¢o and is symmetric in the flllx t/>. . 
~.~~?'~ ., 

We have also set lip a prohleln wl,,'reill dectrons entl'r the !<-ad from the right reservoir~;( 

~.J, (this resnlt.s in a. dircct cllrrent flow rrOll1 th,' right to the left). Following the earlier
 
i~;~:\
 
~l.;.'
 procedllre, the !lI'rsistent CllnTllt ill this casc is givcn hy
I~:~ 
~:; ~-(~ 

~. 
~,' .~- : . I -·Pf.:2· ( ) .;1••·.' C~1/1/ I.: = .- Sill n sm(lel)I (19) 

II 

" with n 115 in eqn. (17.a). 'I'll" expl'<'SSioll ror I remains ullchallged (eqn. 19). One can 
',1; 

:',\ easily notice rrom eqns. (Ii) and ( I !») that t I", IlIa~lIi tilde or the persistent current carried 

by an electron with ellergy I:: depcnds 011 till' diredioll or the direct cnrrent flow. Only 

in the special case, where we [lilt the strengt h of the delta fnllction potential V = 0 we 

get identical persistent Cllrrl'nt (illllep,'ndellt. or thc diredi'lII or the direct current flow). 

This is because we restore the symmetry betwcclI the Idt and the right with respect 

to the loop. The magnitllde of thc pt'rsislcnt currcnt \'anislles ror ¢> = 0 as it shollid. 

~' . 

III 

At klllpl'taLur': '1'=0 the to!;d p('rsist.'~IIL ,"tr"111 is obtainl'd by addillg all c.onlributions 

rnUl1 )",'"Is wit.h cllergies less t.hall til" c111'lllical potential. 11<:11('(', ir III > /1,. we have 

the 101.11 persistent current ./1 = J~" III ~)(IjUl + djull)dE + J,:;' n( E)dhndE, and for 

/'1 < II, we have the total current J, = J~" n(E)(cljw+djnn)dE+J,:;'n(E)djnndE. H.ere 

n( F.) is the dl'f\sity or states in one rlimensionlI 71. Thus by keeping 1/11 -/1, Ifixed (Le., 

fixed applied voltage) we gel a differeut p,~rsistent current dcpcnding on the direction 

or cllrrent flow. The sallw argu"IlH'1I1 cau he extended to the finite temperatures by 

including the Fermi functiolls. 

III Iil~' ('~) '1I1l1 (:I) we h"\"'!,I"ll ...1t'I,,· dill,,'n,iolll,·ss 1,,'rsi""111 "Ilrrents rIjlle and the 

dilllCllsiolll,'ss conduct.ancc g as a rUllctiol1 or 1.:[" ror a fixed \'alue or magnetic flux to 

lIux '1",1111"111 ratius Ct = '!.;c"'/'.',,=Il./ "lid \'1 = 10.0 t!·s!,ecti\'ely. III figs (.\) and (5) we 

h;'\"l' I'llltl"d Ihe persistent rlll'l"lIls ,,"<1 "ol"llIl'Iiln('(' l'I'spcrlin'l." rur li~;ed /,:1 = 7.0 alld 

\·'1 = 10.0 as ;t runction of 11'. I'l'I'Si,Il'lIt nlrn'nls ililtl the condudanCf~ Me flux periodic. 

The electrical conductance cxhihits rCSOllilnccs ilS a fllnction or 1.:1, i.e., the tmnsrnission 

proh;dJilily t exhibits a p""!; t.ranSlllissioll (t=l) ror certain \'alllcs or /':1. This occurs 

",1"'I1.·\','r II", illcid,'ut e!<-rll"l1 "lIn.I;.\· ,'oillri, k \\'il h OUI' "r 1.1", "i'~"lIen,~rgies or the ring 

,,1.I. .. r1l<'d III all "ddil,ioll,,1 stllh .1 1.1,. '1'1,,· ,k\'i'i1,ions r....11I III<' \'"III"s 01 the exa{:t.~r',ergy 

sl "tcs or I hc closed ring rollo\\' froml.h,' racl I hilt til<' COil piing to the reservoir via J1 and 

J1 call"'s additional scatl.('I"in~s (or j>,'rllll'b"liolls) alld shirls Ihe ellergy I('\'els. It is the 

f1l1x d"I"'11I1"IICe or these ("('SOn,l/lCC'S whirh );ive rise t.o stroll!!: oscillatory hehavior in g 

(rOr I he <11'1.,1ils sec rer[22,:!:IIl. The :\ hilrono\'·llollll1 osrillilliolls ill 1~.1gllet ocond IIctanc~ 

(or rrsisl,1nc,') have been ohs"''\'l'd eXI)(\riIlH·nt.al\y[·'I. The Millal!}' ohsl'tved milgne· 

tOf'(',isl.illl("(' exhihile,l irr<'/.',lIlilr osrill," iOIl' '" il fllnl'l illll 01 III<' IIla,l';II<'1.ic fi,·I,1. Tlrese 
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reproducible oscillations varies Croin sample to sample and are not. time dependent and 

are also called magneto-finger prints. The irregular behavior of these oscillations are , 
associated wiLh multichannel case in conjunction with the disorder. 

One can also naJ.ice from the figs (2) 1\nd (-I) the differcnce between the values of 

the persistent current carried by eleclronel\lillcd by the left reservoir (solid line) and 

ernitte<1 hy the right reservior (dashed lines). This shows clearly that persistent currents 

in a metal loop connerted Lo two reservoirs depend on the direction of direct current 

now from on(' reservoir to the other. Electrons emitted hy the reservoir enter the loop 

via junctions J! alld J2• These e1eclrons in tIlt' loop will evelltually reach the reservoirs 

via j'mctions clf!er SOliI<' till\(' dclay. TIlliS, ("ollpliug of th,' loop to the reservoirs gives 

ri~e to the (jnit(~ lifetime hroadening of til<' ('I('("tron states in the loop. Consequently the 

lH'rsistf'nt cnrrcnt ~hO\\'5 a hroadened fcatuft' as i\ function of kl comp;ued to that for 

an i~olated ring. In fig. (Ii) we ha\"~ plotted th,~ Ill~rsistent ('lInents (/hn and djnn as a 

function of dimC'nsiollless impllrity potelltial \/1, for a fixed value of kl=7.0 and 0=0.7. 

The magnitude of t/inn (lccft'ilSCS monotonically to zero as \'1 goe'S to 00. Tllis follows 

from the fact that, in this lilllit electrons ('milled frolll the right reservoir do not enter 

tltt, loop. The ahsolute IlIil.L;lIilIlCh: of (/hll increases monotonically to an asymptotic 

vallie. This asymptotic value corresponds to tIlt' geometry tmncated at the point I and 

effectively the metallic loop is conllected to a single reservoir, When the metallic loop is 

mnllr.ctcd to two rcservoirs lhe electrons C'lIIiltC'c! hy 1\ 5ingle.rcservoir pnrtially enter the 

loop and partinll)' get transmitted directly to the other reservoir, Whereas for a metallic 

loop conll('d('d 1.0 a sillgl .. rt's('J"\'oir all tl\(' (,I,'rtrnlls ('lniUe,1 by it will enter and leave 

the loop. This manifests ilsdf as all illrrl'<lS" in I)(\rsistellt Cllrrent for a loop connected 

I:! 

to a sillgle reservoir as compan'd to that of a loop cOnlIPcted to l11ultiple reservoirs. 
~:; 

In conclusion we have shown thatth~ magnitluJe of the persistent cllrrent in a normal 

melal loop connected to two reservoirs ~Icpen<l on the dirpction oT the direct current 

flow, which should be an cxperimentally a \'arifiahlt~ re.1turC, There is no simple scaling 
\ 

relation between the persistent currents ilnd the conductance of the entire network. 

This follows from the fact that unlike the persistent currents the conductance does not 

depend 011 the direction of t1w dirpcl CIIITClltllow. IIowever, for a closed ring there exists 

I 

a fI'lation I)('tween the p(~r:;istt,ul. CIIITf'nt ca\Ti"d hy 1\n eigenstate and the conductance 

(transmission amplitude) of the loop[!)j. Here the transmissioll amplitude for a ring is 

to 1)(' calnJ1atcd by cuttin.!; a ring at any point and conncctin~ the two end points to an 

ideal wirf'. Snch a uniqne rdation clot's not ('xist for the open system considered here. 

TIlt' di frcrt'ncf' bctwepn the lTIagnitlldes of t IT the persistent cllrrents (on the direction 

of till' Clln('llt lIow) C1\1I 1)(' 111.111,- sigJlifir;1I11 hy arljllslillg tIll' illlpllrity pOkJltial. This 

can Ill' achi,~vcd experilJlPlllally by having a ~ale in 0111' of the leads connected to the 

ft's('f\'oirs and hy appropriiltdy \'arying the gal(~ voltage. Such a,', experiment can also be 

\I~dlll for St'IH'rating the persistent currents fro\ll all other parasilal cnrrents (or signals) 

ass()ciall·d with lIIeasurenlt·nt.s!:! Ij, 

1:\ 
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FIGURE CAPTION 

Fi~. 1. An op«'n nll'tnllie loop collplr<! to two rlcdrnn rf':'H'rvior vil\ I\n iclt'nl mndlldor. 

Fig. 2. Persistent current versus kl for a fixed value of flux 0=0.1 l\nd V 1= 10.0. The 

dashed curve represents dj RR/k and the solid curve represents dhR/ k. 

Fig. 3. Conductance g versus kl for a fixed value of flux 0=0.7 and lil=10.0. 

Fig. 4. Persistent current;versus flux 0 for a fixed value of kl=i.O and Vl=10.0. The 

dashcd curve reprcsents dj nn/ k and the solid curve reprcsents dhR/ k. 

Fig. 5. Conductance g vcrsus flux 0 for a fixed value of kl=i.O and \/1=10.0. 

Fig. 6. Persistent current versus impurity potential VI for a fixcd \"alue of 0=0.; and 

kl=i.O. Thc dashed cun'c represcnts djnnlk and the solid curve represents dhn/k. 
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