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Persistent current in a one-dimensional correlated disordered ring
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Persistent currents and charge stiffness in one-dimengibbalcorrelated disordered rings are investigated
by a transfer-matrix method. It is found that, under certain conditions the electronic states do not feel the
existence of the disorder and the ring recovers the ordered case. If the occupied energy is just at the unscattered
state energy level, the persistent current is not reduced and shows the behavior of sudden jumps regardless of
the disorder, contrary to the general theorem where the current is obviously reduced and becomes a smooth
function of flux, passing through zero. For other occupied energy, the persistent current is scattered and
decreased as expected. The results indicate that a quantum interference effect can be observed in 1D correlated
disordered rings. Further, the results provide evidence that the realization of delocalized states in the experi-
ments is easily obtained by observing only the persistent current of finite length rings, in contrast to the 1D
disordered chain where the infinite length is needed.

[. INTRODUCTION shown that the existence of extended states is a consequence
of introducing short-range correlations on the disordered dis-
The problem of persistent currents in one-dimensionatribution. In a 1D random dimer modé&}?® Dunlap et al.
(1D) metal or semiconductor mesoscopic rings threaded by have shown that when one of the site energies is assigned at
magnetic flux has attracted much attention in the last decadeandom to pairs of lattice&hat is, two sites in successipn
In isolated mesoscopic metallic rings, tBker et al. have /N of the electronic states are delocalized, which is consis-
predicted that static magnetic fields should induce persisterient with other theoretical resut&?’ This is a tight-binding
current! The paper has initiated a renewal of interest in themodel with site-diagonal disorder and is constructed by ran-
persistent current topic.'® The persistent currents are a con- domly inserting a number of identical dimers into a purely
sequence of the boundary conditions imposed by the fieldperiodic chain. The random dimer model has been general-
and are periodic functions of the magnetic flgxthreading ized to include more complex arrangements of symmetrical
the ring, with a fundamental period equal to the quantum oflefect® and other models of paired correlatioiisyithout
magnetic fluxg¢o=hcle. It is believed that the disorder and suppressing the existence of many extended states. We have
interaction are two important factors that affect the ampli-also shown that the extended states appear in other 1D ran-
tude of the persistent current in 1D mesoscopic rings. Irdom models, for example, the 1D site-diagonal disordered
close analogy to the behavior of 1D localization, it has beeriight-binding model with random perié8i and 1D site-
theoretically predicted that all forms of disorder are found todiagonal tight-binding random cluster mod&IThe random
round the steps in thk— ¢ characteristic and to reduce the dimer model is also in this class with two atoms in each
amplitude of persistent curremts:"13-1%Such a localization inserted cluster. In these 1D correlated disordered models,
dependence has generally been discussed by using the cdhe competition between the long-range disorder and the
cept of single electronic localizatid,in which all elec- short-range correlation causes the appearance of delocaliza-
tronic states in 1D disordered systems are always localizedion and long-range transpctt>3More recently, the delocal-
On the other hand, models that include the electron-electroization has also been found in 1D tight-binding model with
interactions have been investigated theoretically. Some rdeng-range correlated disord&rlt has been indicated that
sults have indicated that both long-range and short-rangthe presence of mobility edges arises from the long-range
electron-electron interactions suppress the persisterorrelations in the disordered distribution. It is natural to ask
current!®-2° Conversely, Wang, Wang, and Zhu have foundwhether there exist fixed persistent currents regardless of dis-
that the persistent current is enhanced by the electrorerder or how the persistent currents are influenced by the
electron interactions in a disordered ring by means of thelisorder in the correlated disordered rings if the rings are
world-line quantum Monte-Carlo simulatioASThey do not  constructed by the 1D random segment chains. To the best of
directly compare their result with the experimental observaour knowledge, so far the effect of the disorder on the per-
tions. But, their result is more close to the direction of thesistent currents in 1D correlated disordered rings remains
experimental results. Meantime, their result is also in agreednexplored. The study of the persistent currents in 1D corre-
ment with that of other theoretical calculatiof?s? lated disordered rings may provide a profound understanding
However, there are some examples of 1D disordered sysf the 1D disordered localization. Therefore, it is worthwhile
tems where the extended states have been found. It has betnexplore the properties of persistent currents in mesoscopic
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correlated disordered rings. In this paper, we focus on a class 1 |1=0
of 1D tight-binding correlated disordered rings, the random ol)= 0 140
segment rings, which can be constructed by randomly insert-
ing a number of identical segments into a purely periodicandp; is the probability of finding a segment &f havingj
chain. Using the transfer-matrix method, we show rigorouslysites. The whole lattice is formed by sequential connections
that there exist fixed persistent currents regardless of disordef A andB segments.

at some selected energies. From a numerical scheme, we The tight-binding equation may be rewritten in a transfer
illustrate the energy spectrum, the persistent currents and theatrix form,

charge stiffness of a sample ring with different choices of

parameters. The existence of the fixed persistent currents in Y(+1)=M()¥(), 3)

1D correlated disordered rings is further confirmed, contrary N

to the general theorem on the decrease of persistent currewéiereW (1) is a column vectormil) andM(l) is a transfer

in 1D disordered rings. The existence of the fixed perSiSte%atrix (E—q to-1 ). Repeated application df/l(l) to the
currents is equivalent to the appearance of delocalized stat((ajlssor derle d rin ?ves
in the 1D disordered chain. Therefore, the realization of de- 99

localized states in the experiments is easily obtained by ob- y N " "

serving only finite length rings, in contrast to the 1D disor- ( N”) — M(')( 1) :ei(2ﬂ'¢’/¢o)( 1)_ 4)
dered chain where the infinite length is needed. In addition, AN i=1

the effect of the electron-electron interaction on the persisi:Or the disordered ring, the product of matrices in )
tent current will also be discussed appropriately. becomes ' '

Yo o

Il. THEORY N Il VE Y Y F (5)

In the tight-binding approximation, the 1D disordered ring yhereM , or My is the matrixM (i) with €, equal toe, or
can be described by Anderson model with site-diagonal dis;

. . . . B-
order. The effect o_f_ the magnetic field is simply to (_:han_ge From the theory of matrices, theth power of the 2
the boundary condition along the ring. Thus, the Hamiltonian

for the Anderson model can be written as follGw3 unimodular matrixMg can be written &5
N N-1 ME=Un-1(X)Mg—Un_»(X)1, (6)
Ata At 2 At A i(2mw AT A A~ ~
H:; €a; a;+ izl t(a 3 +a) &) +te' @7 ala, wherex=13 Tr(Mg), 1 is a unit matrix,u(x) is the mth
Chebyshev polynomial of the second kind, which obeys the
+te‘i(2”¢’¢0)é1+é,\‘, (1) recurrence relation
wherea" (a;) creates(annihilate$ an electron in the Wan- Um-+1(X) = 2XUp(X) = Um—1(x), mM=0 @)
nier state at théth lattice site,e; is the on-site energy and ~ with u_;=0 anduy=1. If |[x|<1, uy,(x) has the form
is the hopping-matrix element connecting neighboring site.
The lattice constant is taken to be 1 and the lattice sum runs _sin(mo)
from j=1 to N. Um-1(X) = sing
The ring is made up of alternating connections of seg- 1
ments of two specied andB. Thus,e; takes the value, or ~ Where#=cos *(x). If
eg depending on the species of thth site. We consider a |
random distribution in which the lengths 8f segments are szlzco\:(_), 1=1,2,...m—1, for m=2, (9
random and the lengths & segments are fixed. This means m
that the length of a particulah segment is a random vari-
able. The ring arrangement is

, ®

we haveu,,_;(x)=0 andu,,_,(x)=(—1)""1. From Eq.
(6), one has

..AAA...BBB...AAA...BBB...AAA...BBB... K= (— 1), (10)
L m Liva m Liva m, wherel represents thith unscattered electronic states. Based
wherelL, is the length of segmers andm is the length of ~ ON these formulas, the energy of the unscattered state corre-
segmenB. We denoteP (L ;) as the stochastic function de- SPonding tox, in Eq. (9) is E;=eg+2tcos(w/m), (|
scribing the length distributions @ site segments. The form =1.2, ... m—1 for m=2). From Eq.(10), for the state
and the extent of the disorder are completely controlled byVith €igenenergyE, , the matrix string of Eq(5) is only
the function. Here, we consider the distribution as follows composed of matricesM, and (-1)'1. Since matrix
(—1)'T has no influence on the amplitude of wave function,
this matrix string is equivalent to that of periodic ring, which
only consists of matri>{\7IA. Therefore, if the Fermi level is
just equal toE,, the persistent current will recover to that of
where the ordered ring.

PA<Li>=; p;d(Li—]), (2)
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IIl. RESULTS AND DISCUSSIONS -1.6

In order to understand the effect of disorder on the prop-
erties of the ring threaded by a magnetic flux, we numeri-
cally calculate the flux-dependent energy levels of electronic ]
states by using Ed5). Once the flux-dependent energy lev-
els are obtained, the persistent current contributed from the
nth level is 1.7

_ IEn(¢) /\
In(¢)=—c—5—. (1 J
If the electrons occupy the highest energy leNgl the total \/

persistent current of the system is 1.8

__//\

Ng -

I(4'))=n§=:1|n(¢). (12 ' -0|.4 I -OI.2 ' 0!0 I 0.I2 l 0f4 '
0/8,

We discuss first the effect of disorder on the energy lev-
els. Figure 1a) shows the energy spectrum of a 1D disor-
dered ring as a function of magnetic flgx For the sake of (b)
comparison, the energies are also exhibited for the 1D or-
dered ring in Fig. (). In disordered case, every energy
curve changes smoothly with flux. It is found that the pres-
ence of the disorder opens gaps at the poitité,=0 and
+0.5 of the intersection of the corresponding energy bands
of ordered ring. The behavior is similar to that of the general w
1D disordered ring, in which impurities and disorder lead to
the presence of gaps in energy spectrum at the ppigt,
=0 and=+0.53*®However, we will show that there are sub-
stantial changes in the persistent currents for 1D rings with
different types of disordered distributions.

It is easily found that for 1D ring with random segments,
the resonance condition is satisfied wheR,=eg — T T T
+2tcos(w/m)(1=1,2, ... m—1). In these energy levels, 04 02 00 02 04
the electronic states do not feel the existence of the random /o
segments. The ring recovers the ordered ring, only builAby
atoms. If the occupied energy is just at the resonance energy FIG. 1. Several lower electronic energy levels as a function of
level, the persistent current is not reduced and shows thihe flux ¢/ ¢, in 1D rings withN=80, m=3, €4=0.0, andeg=
behavior of delocalized states. At other occupied energies; 0.5. The parameters in E() are(a) disordered ringpjzé for
the electronic states feel the existence of disordered scatter=3, pj:% for 2<j=<4, j#3, andp;=0 otherwise, andb) peri-
ing. Instead of sudden jumps, the current is obviously reodic ring,p;=1 for j=3 andp;=0 otherwise. All energies are in
duced and becomes a continuous function of flux, passingnit of t.
through zero. In Fig. 2, we show the current of the 1D dis-
ordered ring at both occupied energigssonance and off- to that of the periodic systeft® In the sample of our calcu-
resonance with different electronic occupied numbel,  lation, when filling with odd number of electrons we cannot
=22 andN.= 28, corresponding ta) and(b), respectively. find the unscattered persistent current because the Fermi
For the sake of comparison, the persistent current in 1D orevel of the ring does not coincide with the energy of the
dered ring is exhibited wittN,=28 in Fig. 2c). Here, the delocalized state. If one changes the parameters of the disor-
maximum persistent current of the periodic tight-bindingdered ring, such as, ring length, random-segment length or
modell ,= (4mc/N¢pg)sin(N7/N) is taken to be the current atomic site energy etc., the unscattered persistent current can
unit. We can see that when the energy of the unscatterestill be found and only shiftg/¢o=1/2 along the flux axis
state coincides with the Fermi level of the ring, the persistentvhen compared with that for eve¥, in Fig. 2a). It is ex-
current is equivalent to that of a ring without disorder andpected to have a high conductivity in the delocalized energy.
shows the behavior of delocalized states, which is not reThis indicates that the properties of the disordered ring at the
duced and appears sudden jumps; while in other energy thenscattered states are independent of the disorder. The con-
persistent current is reduced and becomes a smooth functiatusion is not in agreement with that of general disordered
of flux. In Fig. 2b), we also show the result for an oddl.  rings, in which all electronic states are scattered, and the
case with dashed curve. It is found that the current-flux curveamplitude of persistent current should be reduced and be-
shifts ¢/ ¢po=1/2 along the flux axis when compared with comes a smooth function of magnetic flgh>~"13How-
that (solid curve for evenN, in Fig. 2b). The parity effect ever, the result is the evidence of the existence of delocalized
of the electronic filling with odd and even numbers is similarstates in 1D correlated disordered system. Therefore, the ex-
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FIG. 2. The persistent curremtvs ¢/ ¢, for 1D rings with N FIG. 3. Charge stiffnes®. vs on-site energyg of random

=80, m=3, €4=0.0, andeg = — 0.54. The disordered ring with the SegMent witiN=80, Ne=22, €,=0.0, andm=3. The parameters
highest occupied energy levéd) N,=22 and(b) N,=28 (solid  in Eq.(3) are(a) p;= 15 f%r =3, p=1 f06r 2<j=4, j#3, and
curve and N.=21 (dashed curve and other parameters are the P;=0 otherwise;(b) p;=35 for j=3, p;=35 for 2<j<4, j#3,
same as Fig. (&); the periodic ring(c) the highest occupied energy Pj= 35 for j=1 andj=5, andp;=0 otherwise.
level N.=28 and other parameters are the same as Fig. 1
disorder because af;=€,=0), and the other in the region

istence of delocalized states is easily observed by using tHef the resonanceii) The height of the peaks converges to a
1D disordered ring with finite length. finite nonzero \_/all_J__e, indicating th_a'g the systems are metallic

Another important physical magnitude is the charge stiff-at those energiesiii) D takes a finite nonzero value at the -
ness, which represents the response of the persistent curréitergy of resonance state, and the position of the peak is
to the applied flux. Kohn has shown that the localizationindependent of the degree of randomness. For example, the
characteristics of electronic state is closely tied to the chargeeaks have the same positions for different disordered de-

stiffness’’ grees and the fixed segment lengtfin Figs. 3a) and 3b),
corresponding to the parameters in E8). to be p,:% for
=3, pj=15 <j=<4, j#3 andp;=0 otherwise, and
1d2(Eo/N) j=3, pj=1; for 2<j=4, j#3 andp;: ,ar
c=2—02 , (13)  pj=g5 for j=3, pj=55 for 2<j=<4, j#3, pj=2 for |
d(@/N)* | o+ =1 andj=5 andp;=0 otherwise, respectively. Further-

more, if we consider the disordered rings with different ran-

whereE, is the ground-state energy of a ring in a field. Thedom segmenm, it can be found that the peaks of charge
definition of D, assumes a ring-shaped geometry of length Nstiffness have different locations, satisfying EG.0), in
threaded by a fluxp. Kohn noted that for an insulating sys- which the electronic states do not feel the existence of ran-
tem D decays exponentially to zero, while it remains finite dom segments. There ame— 1 finite nonzero peak&xpect
for a metal. In terms of the ground state enekgy changes  for that of eg=0), in which the electrons freely pass through
in the magnetic flux have a profoundly different effect in athe disordered ring, regardless of disorder. Another worth
metal than an insulator. Thus, the charge stiffness, whichoticing fact is that the charge stiffness peaks appear when
characterizes the ground state of the system can be used agha energy levels of delocalized states in the disordered ring
measure of a transition from the localized regifmsulato)  correspond to the Fermi energy, the highest occupied energy
to the ballistic ongperfect metal level. Similar behaviors can also be found for odd-number

We calculateD . for several systems with different fillings electrons, but with the flux being shifted lasy/2. We think
and different random segment lengths, as a function of theénat if one want to observe the delocalized state in 1D sys-
site energy of identical random segments. At a certain electem, the system must be infinite or at least much longer than
tronic filling, when the site energyg is changed so that the the localized length. If the system is a finite ring, the local-
resonance energy, = eg+ 2t cos( w/m) coincides with the ization theory is easily confirmed by observing the current
Fermi level of the disordered ring, we expect a high conducbecause the persistent current is very sensitive to the con-
tivity, and therefore a maximum in the charge stiffness. Nu-igurations of rings. Experiment requires only a very short
merical results of the charge stiffness are shown in Fig. 3 afinite ring. Our results provide also a new electronic interfer-
a function ofeg for the disordered rings with two different ence phenomenon, regardless of disorder, in the correlated
degrees of randomnesses, where the total lehgtif ring  disordered rings. In our model calculation, we consider on-
and the lengthm of random segment are taken to be 80 andsite energies distributed in such a way that the impurity al-
3, respectively. Several facts are worth noticing in the Fig. 3ways appears in finite segments of fixed size. Delocalized
(i) The charge stiffness shows two peaks, onegat0 (cor-  states arise from resonant modes, which present no scattering
responding to a system built only by A atoms and withoutthrough these finite structures. Such states form a discrete set
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of energy values. We can observe the unscattered persistarint still exists in a 1D correlated disordered ring when the
current and the effect of high conductivity at particular de-electron-electron interactions are treated exactly.
localized energies. If a long-range correlation is introduced
in the disordered distribution, one can find the existence of
an Anderson transition with mobility edges separating delo- IV. CONCLUSIONS
calized and localized states in the 1D disordered sysfem. ) ) .
The delocalized states exist in a finite range of energy values. We have studied the persistent currents and charge stiff-
Therefore, if the ring is constructed by the 1D chain withN€SS in 1D disordered ring, which is constructed by ran-
long-range correlated disorder, it can be predicted that thdomly inserting a number of identical segments into a purely
unscattered persistent current and the high conductivity wilPeriodic ring. Using the transfer-matrix method, we have ex-
appear in a finite range of energy values. The behavior in thi€cly shown that under certain conditions some electronic
system needs further exactly study. states do not feel the existence of the d_|sorder and_th_e ring
Further, we discuss appropriately the effect of thel®COVers the ordered case. If the occupied energy is just at
electron-electron interactions on the persistent current in thd1€ €nergy level of the unscattered state, the persistent cur-
1D correlated disordered ring. The discussion is based on tH&Nt iS not reduced and shows the behavior of sudden jumps
results we have obtained in 1D correlated disordered systefg9ardless of disorder, contrary to the general theorem where
with electron-electron interactions in the Hartree-Fockth€ currentis obviously reduced and becomes a smooth func-
approximatior?® With a certain electronic filling, in the tion of flux, passing through zero; while for other occupied
Hartree-Fock approximation, it has been found that the ocEN€rgy. the persistent current is scattered and decreased as
cupied number of electrons is different in the atomic sites offXPected. At a certain electronic filling, when the site energy
the random segments. So, the renormalized energies of g identical randolm segments Is changed SO that the unscat-
sites in the random segments are different. This means thigred state energies coincide with the Fermi level of the dis-

the matrix product of in Eq() can not be expressed as the ordered ring, it is expected to have a high conductivity, and
AL ~m L . therefore a charge stiffness maximum. It is also found that if
product of matricesvi,' and Mg'. In this disordered matrix

) the identical segment length iis, there arem— 1 finite non-
product, the 1D correlated disordered system becomes a g€l peaks in the charge stiffness. The results indicate that a

eral 1D disordered model. The extended states will disappefyantum interference effect can be observed in 1D correlated
in a rigorous sense. The result is contrary to the noninteraClisorgered mesoscopic rings. Furthermore, the results pro-
ing case, in which the extended states are not affected by e evidence that the realization of delocalized states in the
disorder. Therefore, in the 1D correlated disordered ring Wltf'bxperiments is easily obtained by observing only the fixed

the electron-electron interactions, one can predict that thgegistent current of finite length rings, in contrast to the 1D
persistent current may be suppressed by the interactions s, rgered chain where the infinite length is needed.
the Hartree-Fock approximation. This conclusion is in agree-

ment with that of the general 1D disordered ring with the
interactions-8-2° However, with a more exact method, one

may obtain much more interesting results, for example, by
means of the world-line Monte Carlo simulatiéhd®and the The authors are particularly grateful to Professor K. J.

exact diagonalization calculaticifetc. The exact results in  Chang and Professor Steven G. Louie at Berkeley for helpful
the 1D correlated disordered ring with the electron-electrorsuggestions. This work was supported in part by the QMX
interactions are beyond our present model calculations. IProject Foundation of Shanghai Science and Technology in
remains an open question whether the novel persistent cuGhina.
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