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Persistent currents in small one-dimensional metal rings
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%'e have performed analytical calculations and computer simulations to study the persistent
current I in small isolated one-dimensional metal rings inclosing a magnetic (lux P. We have calcu-
lated I as a function of flux P, ring circumference I., temperature T, chemical potential p, and ran-
dornness 8'. We find that I decreases exponentially with T, that I decreases as 8'2 for weak 8'and
as exp{ I /—g) for strong W, where g denotes the localization length, and that I is periodic in P with

period go= bc /e. For certain averaging procedures the periodicity may change to $0/2.

I. INTRQDUCTIGN

%ith the advance in technology, the fabrication of sub-
micrometer devices has become possible. For such
"mesoscopic" systems, ' at sufficiently low temperatures,
the semiclassical theory of electronic transport breaks
down. Two aspects of the new quantum regime that ap-
pears at low temperatures are of particular importance.
First, the phase coherence length of the electron I.

&
(the

length scale over which the electron can be considered to
be ln a pure state) increases stgntficantly at low tempera-
tures. When L& becomes comparable to some relevant
length scale (e.g., the system size), interference effects be-
come important. An apt example is the Aharonov-Bohm
oscillations in the magnetoresistance of small conducting
rings. Second, the energy levels of closed systems are
discrete. For mesoscopic systems this discreteness will be
felt at low temperatures that are experimentally accessi-
ble. The discreteness plays s major role in the appear-
ance of persistent currents in small normal metal rings
discussed below.

The physics of small metallic rings in an excellent test-
ing ground for many ideas in the field of mesoscopic
physics, The resistance of such one-, two-, and four-
terminal structures, its dependence on the enclosed mag-
netic Aux, fluctuations, and various averaging procedures
have been discussed extensively in the hterature. ' " On
the other hand, the problem of persistent currents, per-
tinent to isolated conducting loops or cylinders threaded
by a magnetic Aux, is less well understood. Here the term
"persistent current" refers to the circulating current in
isolated rings, which is a periodic function of the en-
closed fiux with period Po, Pc= bc/e bring the elementary
Aux quantum. That efFect, directly related to the nature
of the eigenfunctions of isolated rings and their Aux sensi-
tivity, has been the subject of recent theoretical stud-
ies. ' ' Earlier work in the 1960s, e.g., Refs. 14-18,
dealing with Aux quantization in superconducting rings
contain results pertinent to normal metal rings. 81och, '

Schick, ' and Gunther and Imry' mention that one can

have circulating currents for free electrons in sufFiciently
small rings or cylinders. The idea of persistent currents
that are flux periodic in real normal-metal rings is more
recent and based on the observation thai the electron
wave function may even then coherently extend over the
whole circumference of the ring. It was first proposed for
one-dimensional systems by Buttiker, Imry, and Lan-
dauer' in 1983 snd by Buttiker' in 1985. These authors
discuss that elastic scattering as well as Snite temperature
and weak inelastic scattering do not destroy the effect (cf.
also Refs. 10 and 11). Recent reviews by Imry' and
Washburn and Webbz place the persistent-current prob-
lem into a broader context and point out many open
questions, some of which sre addressed below. Until now
such currents have not been observed experimentally.

In this paper we study persistent currents in strictly
one-dimensional normal-metal rings. ' %e extend the
earlier studies to include the dependences on randomness
and chemical potential as well as temperature, Aux, and
ring size, using both analytical and numerical techniques.
This is preliminary to the analysis of the experimentally
more relevant multichannel systems. The results of the
latter will be published in a separate paper.

Specifically, in the present paper we derive and summa-
rize results for the persistent current in one-channel sys-
tems of ring geometry threaded by an external magnetic
fiux P. The self-inductance of the loops is assumed to be
small, so that corrections to the flux due to self-
inductance may be neglected. Our calculations are for
noninteracting systems of electrons. Results for the free-
electron model and the tight-binding mode) do not difFer
in their basic character. In Sec. II, we review the calcula™
tion of the persistent current in perfect single-channe1
rings with no impurities, and evaluate the temperature
effects in various rings. In Sec. III, we discuss the efFects
of disorder on the persistent current in one-channe1 rings
at zero temperature. %'e discuss both the limits of weak
and strong disorder. The sensitivity of the currents to
disorder is in certain ways analogous to that to tempera-
ture. %e find that the current amplitude is of the order
of the absolute value of the total transmission coefFicient
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of the ring (thought to be bent open and connected by
leads to reservoirs). In Sec .IV, we discuss the flux depen-
dence of the persistent current upon averaging. This is
partly motivated by the results for the rnagnetoresistance
of' one-dimensional rings, whose Aux dependence changes
frotn Po to t()o/2 periodicity upon averaging (ensemble

averaging, energy averaging due to a finite temperature,
etc.). Our conclusion is that for persistent currents in

one dimension "period halving" occurs if one averages
over separate isolated rings with the number of electrons
varying randomly from ring to ring. A summary of our
results and a discussion are presented in Sec. V. In the
Appendix, we derive formulas for the persistent current
at temperatures large compared to the relevant level
spacing.

Throughout our work we assume that the magnetic
flux P threads the rings axially but that the electrons al-
ways move in a field-free space. The (i)o periodicty of the
electron wave function is then strictly of the Aharonov-
Bohm2' type. In the one-channel case (see Fig. 1) the spa-
tial degree of freedom of the electron is the azimuthal an-

gle 8, and the vector potential A may be chosen to have
the form A=2tr8$/L, where r is the radial distance, L
the circumference of the loop, and 8 the unit vector in
the 0 direction. %e will use as the spatial variable
x =L8/2tr instead of 8, so that x varies between 0 and L.
For the ring geometry, periodic boundary conditions ap-
ply, which lead to the usual quantization of energy levels.
The current carried by each eigenstate can be calculated
using the current operator. The total current is the sum
over the individual contributions from each state, weight-
ed with the appropriate occupation number. Following
ayers and Yang' and Bloch, ' we work in a gauge for
the vector potential in which the field does not appear ex-
plicitly in the Hamiltonian and the current operators, but
enters the calculation via the Aux-modified boundary con-
ditions,

These equations imply that the eigenstates and energies
and hence all equihbrium physical properties of the ring
are periodic in P with period $0. This is true also in the
presence of disorder. A flux P+PoX (integer) is
mathematically equivalent to a change in the boundary
conditions of the system. This observation is the key to
all our discussions of the sensitivity of the persistent
current to changes in temperature, chemical potential,
degree of disorder, and other parameters.

There is a close connection between the states of an
electron in a loop and the one-dimensional Bloch prob-
lem, as seen by identifying 2nglgo and kL. ' ' ' The
energy levels of the ring form microbands as a function of
(() with period P&& analogous to the Bloch electron bands in

the extended k-zone picture (Fig. 2). The current carried
by level E„at T =0 is

eu„ 1 BE„
L,

' ""=r ak„'
or, using the above analogy,

(1.4)

At finite temperatures, instead of summing the currents
I„over all levels with weight f (E„), one can calculate
the current from the thermodynamic potential of the sys-
tem, ' '

Figure 2 shows schematically the energies of the eigen-
states as a function of Aux. In the absence of disorder in
the ring, the curves form intersecting parabolas. In the
presence of disorder, gaps open at the points of intersec-
tion, in the same way as band gaps form in the band-
structure problem. Since the band is symmetric in k for
the one-dimensional lattice problem, the eigenenergies of
the closed ring are symmetric in the flux. From Eq. (1.4),
the current carried by an eigenstate is proportional to the

i 2ngd 1(.=exp

where

0 (1.2)
C

L
D

D

OP
C
OP

-i.5 -t.O -0.5 0 05 I 0 ~5

fiux 0'/&o

FIG. 1. One-dimensional ring of circumference L threaded
by a magnetic flux P.

FIG. 2. Schematic diagram of the electron energy levels as a
function of the flux P/Po in a one-dimensional ring with and
without impurities Csolid and dashed curves, respectively).
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slope of the energy versus flux curve. Therefore, the
current is antisymmetrie in the Aux. At an integer or
half-integer Aux quantum, the energy is maximum or
minimum; hence, at these values of II) the current is zero.

In this section, the I-Iti characteristics of ideal rings
without impurities are determined for zero and nonzero
temperature within the free-electron and tight-binding
models. It is assumed that at the temperatures con-
sidered the phase coherence length of the electron is large
compared to the ring circumference, L& p&L.

A. T=o

For later reference, we review within the free-electron
and tight-binding models the I-P characteristics at zero
temperature for ideal one-dimensional rings of circumfer-
ence L threaded by the magnetic fiux P, Fig. 1. The re-
sults for the two models are similar: The persistent
current as function of ((I is periodic with period (tio=hc/e
and exhibits discontinuous steps at P values for which
single electron levels cross the Fermi surface, cf. Eq. (2.4)
and Fig. 3 below. Throughout the calculation we assume
that the electrons move in a magnetic-field-free space.
The electron spin is ignored.

The free-electron model of the ring is defined by

trons [i.e., )M=A' (N, n ) /2mL ], the total persistent
current is

I(P)=

2$Io — for N, odd, —0.5« 0.5

Io— —1 for N, even, 0.0&
(2.4)

& 1.0,

IQ—
~ I ~ I

f
1 1 I I

/
~ ~ 1 I 1 1

)

G5-

where Io=eUF/L. For general p, , for which E, may vary
between even and odd as a function of P, the current as-
sumes one of the above values corresponding to the num-
ber of electrons at the particular value of the fiux. The
results for the various cases are shown in Fig. 3. The
current-Aux characteristics exhibit sawtooth shapes.

The total persistent current is periodic in Pl/0 with
period 1. It can be expressed as a Fourier sum in I))/((10.

Neglecting the small difference between the Fermi veloci-
ties of systems with N, and III, +1, electrons, one obtains

fi0=- + V(x),2' (2.1)
-0.5—

with the boundary conditions (1.1). In the absence of im-
purities, V:—0, the energy E„and current I„=—eu„/L
of the nth eigenstate are

2n

2m L
(2.2)

with n =0,21,+2, . . . . The level spacing at the Fermi
surface for zero Aux will be denoted by h. For free elec-
trons,

-I 0—
1

I.O-

0.5-

Q
I

~ -0.5—
V

-I.O-
I

l I I I I I

~ I I 1
1

~ I 1 I I
t

I I I
I

I 1 1 I I I I

I a 1 I I I I I I I I a s 1 I

(2.3)
I.O-

0.5—

t
~ I I I

l
I I I I

)
I I I &

l
I I I

(c)

and there are two eigenstates per energy interval h.
Here instead of specifying the number of electrons X„

we shall specify the chemical potential p or Fermi
rnornentum kF at T =0. For certain choices of p or kF
(both are (() independent) the system will have a fixed
number of electrons (i.e., kF =N, n /L for free electrons),
awhile for all others the number of electron will vary with
the magnetic fiux P. The reason is that, at T =O„a state
is not occupied if its energy is larger than p, and, as seen
from Fig. 1, the energy of a particular state may cross the
Fermi energy as a function of P.

The total current at T=0 is obtained by adding all
contributions from levels with energies less than IJ,. For p
characterizing isolated rings with a fixed number of elec-

W.5—

-I 0-
l

-0.50
I I l I I I I I I I I I I I 1 I

-0.25 0 O.25
flux $/$o

0.50

FIG. 3. Persistent current over one period of the magnetic
fiux from Eq. (2.5). The chemical potential is fixed such that the
number of electrons in the ring is {a}even, {b) odd, and {c}
changes between even and odd as function of the flux. Io and $0
are defined in the text.
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2Io . 2l ir(tII (P ) = g cos(lkFL )sin
0

The dependence on the chemical potential becomes sim-
ple when the current is expressed in this way.

The tight-binding model for a ring with L =%a is
de6ned by

E„and current I„ofthe nth eigenstate are

E„=—2Vcos n +2m

0

2eV . 2n.I„=— sin n +
(2.7)

0 = —V g (ajaj i+a a.+, )+ g s~ajaj, (2.6)

and the boundary conditions (1.1). Here a, and aj denote
the creation and annihilation operators ai site j, V the
hopping matrix element, cj the on-site energy, and a the
lattice constant. For the perfect case, s,:—0, the energy

l

with n =0,+1,+2, . . . . The level spacing at zero Aux at
the Fermi surface is

sin(kFa ),4@V .
(2.8)

which has the same form as Eq. (2.3}. The total current
at T =0 for p, = —2 V cos(X, m /N), for which the ring has
a 6xed number of electrons N„ is

sin(2irII) /XII)o)
Io —. for N, odd, —0.5« 0.5

sill 7T N 0

sin[(tr/N)(2II)/II)o —1)]
Io — . for N, even, 0.0« 1.0.

sinn N 0

(2.9)

For large N, the above expressions approach rapidly the
free-electron formulas (2.4); the differences are already
insignificant for N g5. For general p, for which N,
varies between even and odd as a function of I)), the
current assumes one of the above values accordingly.
The total persistent current expressed as a Fourier sum
equals the free-electron result (2.5), when N and N, are
not too small.

8. T&0

%ith increasing temperature, the probability that elec-
trons occupy higher levels, which may carry larger
currents, increases. However, at higher temperatures,
the occupation probabilities of levels close in energy
(which encompass levels having currents of opposite sign)
are not very difFerent. The net result is signi6cant cancel-
lations of positive and negative contributions to the
current. For metals a characteristic temperature T' is
set by the level spacing b„Eq. (2.3) or (2.8). We find that
the Fourier coefficients of the persistent current [compare
Eq. (2.5)] decrease exponentially with temperature,
exp( IT/T') at T &—T', however, are not sensitive to
temperature at T & T* (for low harmonics 1}. For
T» T, the fll'st llarlllonlc (I = 1) gives a good appi'oxl-
mation to the current. The results are summarized in
Figs. 4 and 5, Similar behavior holds for systems with a
low density of carriers. Note that the persistent current
pertains to time averages of the current. . A decrease of
the current amplitude with temperature was also ob-
served by Buttiker. '

Finite temperature a8'ects the system in another impor-
tant way. At nonzero temperature, thermal excitations,
such as phonons, will be present. Such excitations in-
teract with the electrons ine)astically, giving rise to phase
randomization of the electron wave function (besides
some level shifting). Hence such interactions wash out

}

I.O—
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I I I I

t
I I I I I I

i
I

—}.0—
I

-0.50
I i } I I I

-025 0
f lu x qb /po

T/T = 0,
I

0.25 0.50

FIG. 4. Persistent current vs flux at temperatures T/T*=o,
0.5, l, 2, and 3 for a ring with an odd number of electrons.
ksT =5/2' is a measure of the level spacing at the Fermi
surface.

quantum e8'ects. %e will assume that some electron-
phonon coupling exists by which thermal equilibrium is
established, but that this coupling is sufficiently weak so
that it does not lead to substantial level shifting and
broadening (on the scale of I5 ). Hence, we assume impli-
citly that we work at sufficiently low temperatures and
small system sizes such that I&, the phase coherence
length of the electron, is large compared to L, the cir-
cumference of the ring.

To calculate the persistent current we need to know
the eigenstates of the system and the thermal distribution
function. Typical to mesoscopic systems is the fact that
the energy levels form a discrete spectrum. Since the sys-
tems are not in the thermodynamic limit, the canonical
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FIG. 5. Persistent current vs temperature for a ring with an
odd number of electrons at PI/0= —0.25. The dashed curve
represents the high-temperature expansion, Eq. (2.11) with I = 1.
The crossover temperature is given by T .

4eka T
I(P)= g cos

1/2
nl T

T
' 1/2

ml T
/exp

T
2ln. (t(

s1n (2.13)

with the characteristic temperature

for the free-electron model holds also for metals with a
general band structure provided that near the Fermi sur-
face E E—F =AoF(k —k„). That includes the tight-
bmdmg model. For T & T', the first harmonic (l = 1) m
Eq. (2.11) gives a good approximation to the current.
The numerical results in Fig. 4 exhibit the feature of the
current approaching sinusoidal behavior with increasing
temperature. Figure 5 shows that the 6rst harmonic at
Pl/(i= —0.25 fits well the corresponding numerical re-
sults for T g T*.

(ii) Semiconductors. When ((t is very small
(

~
(M

~
&(ktt T) and T &&T/tr, Eq. (A12) yields for the

persistent current

and grand-canonical ensembles give rise to dlfkrent
single-level probability distributions. For a ring that can
exchange only energy with a reservoir, a description in
terms of a canonical ensemble with fixed number of parti-
cles N, is appropriate. However, it is more convenient to
consider a system that also weakly couples to a particle
reservoir, since the distribution function is the well-
known Fermi-Dirac distribution. We expect that the two
approaches give similar results for the persistent current.
Adapting the latter approach, we characterize the system
by a Fermi-Dirac distribution with the chemical potential

p, and compute the persistent current at Snite tempera-
tures starting from

(2.10)

where P= 1/ka T. Details of the calculation are present-
ed in the Appendix. In the following we summarize the
principal results for temperatures large compared to the
relevant level spacing.

(i) Metals In the liini.t (u »ka T, Eq. (A13) yields for
the persistent current

4IOT

exp( lT/T ) lk L 21 IT/
X cos lkFL„sin

1 —exp( 2lT /T*)—
(2.1 1)

with Io =euz/L and

ka T: =f—i /mL (2.14)

where E denotes the level spacing at the bottom of the
band at zero Ilux. For T» T/n. , the first harmonic
(l =1) in Eq. (2.13) gives a good approximation to the
current. This case may apply to semiconductors with
small p.

(iii) Insulators. When p, is large and negative, and

T» T, Eq. (A7) yields for the persistent current

elk~ T 2Z.

mT
I($)= g-

E=1

2lm(()
(2.15)

A more precise condition under which (2.15) is valid is
given in (A8).

C. Conc1usion

Nonzero temperature has the two main elects that all
discontinuities in the I-P characteristic become rounded
and that the maximum amplitude of the current de-
creases. The erat'ects are exhibited in Figs. 4 and 5. The
characteristic temperature T* (or T) is set, for metals, by
the level spacing at the Fermi surface, 6=2mhUF/I. , and
for systems with a low density of carriers, by the level
spacing at the bottom of the band, b =((I (2m) /2mL .
At T & T' (or T ) the persistent current is proportional to
sin(2m(I)/$0) with an amplitude that decreases exponen-
tially with temperature. For T ~T' (or T) higher har-
monics contribute and the maximum amplitude of the to-
tal current depends only weakly on temperature.

%Upk~T*=
m.I. (2.12) III. Ka a aCTS GF KI.ISTIC SCATTERING

T' is the characteristic temperature that separates high-
and low-temperature regimes. The above result derived

In this section, the I-P characteristics of rings with im-
purities are expressed in terms of the total transmission
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coeScient of the rings and discussed both in the weak-
and strong-scattering regimes. The calculations are for
independent electrons at zero temperature.

A. Transfer-matrix method

%e derive the persistent current in disordered one-
dimensional rings within the tight-binding model using
the transfer-matrix method. The model is de5ned in Eq.
(2.6). The I Pch-aracteristics of the ordered tight-binding
model were discussed in Sec. II and found to be analo-

gous to those of the free-electron model. Now we include
the random potential energy term; in numerical calcula-
tions we choose random on-site potentials c with in-j
dependent square distributions of strength —W/2 to
+ 8'/2. The hopping matrix element V is set constant so
that the disorder parameter is W/V. The transfer-matrix
method is well known, our results for the persistent
current are new.

The transfer matrix T connects the wave function
across site x =ja, where a is the lattice constant. It is ob-
tained by requiring that the general wave function,

ye Ik [x (j ——1/2)a]++& —ik [x —(j —1/2)al when x (j 1 )Q JQ
wk X

C ik[x —(j +1/2)al+D ik[x ——(j+1/2)al~/i (» ) —'

enx —ja, j (3.1)

E (k) = —2 V cos(k(2) .

The result is

(3.2)

A
T

I

T

exp(ika)/t' rj/tj

r,'/t, '
e. xp( i ktt ) /t, —

with the transmission and reflection coeScients

2i Vain(ka}
2i V sin(k{2) —s

r. =t —1=
2/ V sill(kQ) —Ej.

(3.3)

(3A}

The wave functions at sites j +2,j +3, . . . are then ob-
tained by multiplying the wave functions at the preceding
sites with T J + „T~ +z, . . ., respectively. After having
gone through the whole ring one will arrive back at the
original site. For the wave function to be an eigenstate of
the ring problem it must satisfy the boundary condition
(1.1). Writing the total transfer matrix in the form

1/t' r/t
r'/t' 1/t (3 5)

the boundary condition can be written

i 2mg

40
(3.6)

which, using the relation
~

r
~

+
~

t
~

= 1, can be simpli-
fied to

cos 2m/ 1=Re —=f (E) . (3.7)

satisfy the continuity condition and the tight-binding
Schrodinger equation, Hlt/(x)=EQ(x), at site j. Note
that the wave function is defined at discrete x =ja,
j =1,2, . . . , N. We parametrize the solution in term of
the energy E which is related to the wave vector k via

Equation (3.7) determines the allowed values of the quan-
tum number k and, therefore, the eigenenergies (3.2). It
can be expressed in terms of either k or E. For the
current carried by the nth eigenstate, we obtain

aE„I„(P):——c

2nit).
sin

8 0

a Re(1/t)
(3.8)

where the denominator is calculated at the solutions
E =E„of (3.7). For the ordered ring, t = 1, i.e.,
1/t =exp( ikI. ), we —recover for the spectrum E„and
current I„ the results of Eq. (2.7).

This very simple expression (3.8) for the persistent
current is the starting point of our numerical work and
analytical analysis. The advantage of this approach is
that it allows us to treat large systems without serious
computing-time problems. For large L one simply needs
to multiply a larger number of matrices T to obtain the
total transmission coeflicient t. It is also possible to study
the large-8'limit, in which the then very small persistent
current is calculated from the very large slope of Re(1/t).
Numerical difFerentiation allows us to obtain this large
slope accurately.

Much information can be deduced from Eqs. (3.7) and
(3.8). One important result is that the amplitude of the
persistent current is roughly proportional to the modulus
of the total transmission coeScient. The current at
()[)/$0=0. 25 is a good measure of the current amplitude,
cf. Eqs. (2.4) and (2.5). [Without impurities, this is the
Aux at which the energy spectrum is maximally asym-
metric, see Eq. (2.2) or (2.7).] We concentrate on the
current at this fiux in the following discussion.

The matching condition (3.7) involves Re(1/t), which
we express as Re(l/t)=

~

1/t
~

cosa. [Figure 6 shows
Re(1/t) versus E for four values of W. ] The two factors
vary with energy E on very diFerent scales.

~

1/t
~

is a
slowly varying envelope, whereas cosa is a rapidly oscil-
lating factor. For the ordered ring, cosa =cos(kL) is well
approximated by cos( 21rE /6 ), where 6 is the energy
range containing two states. For the disordered ring, it is



CHEUNG, GEFEN, RIEDEI., AND SHIH

~ ~
~

f

(

0- !IAAF
II'U U U

~ I i r ~ i I i { I I t r
)

t v I 1
1

r2 4Q ' t t
l

E I I
P

20—

-20—

(c)-
half the current of the last occupied level below the Fer-
mi energy. %e expect the same to be true for the average
current in the presence of disorder. Using Eq. (3.9), we
obtain for the total current amplitude the estimate

(3.11)

2

6,.

{ I I a i I I a I j ( t s I s l ~

-I 0 I

Q/v

a i ~ I ~ a a a

2

(Qx)Q i c

0
E/v
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v ugL
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-IQ I », , I

0
E:/v

FIG. 6. The function f(E}=Re{1/r}in the matching equa-
tion (3.7), for a ring with I./0 =10, as a function of the energy
for different degrees of disorder„W/V =0, 2, 4, and I6.

I.=Io Ir I
{3.9)

where Io ——cop /WE. ~hen ~g&2~~, »s 2~/&. One
then obtains in the half-611ed-band case

I.=2„Vlolr I
. {3.10)

The total current at zero temperature is obtained by
summing the currents of all states with energies smaller
than the Fermi energy. For ordered rings, the total
currents at Q/go=0. 25 is approximately cqllal to onc-

appropriate to presume that on average cosa has ihe
same form, with an energy range 5 that contains on aver-
age two levels. Studies of the spectrum of random Ham-
iltonians show that the level spacing possesses a large de-
gree of regularity. ' Except in the limit of extremely
strong disorder and away from the band edges, the aver-
age level spacing is approximately equal to the unper-
turbed value. Therefore, for the tight-binding model the
level spacing is 5=(4n" V/N)sin(k+a) of Eq. (2.8), when
W «2n. V. When W'&y2n V, then d =2%/N. This'
latter estimate is obtained as follows. For large 8' the
electrons are tightly bound with energies close to their
on-site energies e. . By assumption the a~ have a square
distribution, therefore on average there are two levels
within the energy range 2 W/¹ When W p 2lr V, g is less
than five lattice constants. Such extremely strong locali-
zation does not seem relevant for persistent-current ex-
perirnents.

The current amplitude can then be estimated from Eq.
(3.8). Consider a level E„close to the Fermi energy. We
assume that c(o2svrE/b, ) is the major varying factor in

f (E)=Re(1/t). When W « 2n V, 5={4n V/N)sin(kFa)
=2MuF/N„and one obtains f'(E)=(L/Au+)

I
1/r

I

sin(2mE/6). Replacing sin{2nE/5) by 1, which is
justified at (()/go=0. 25 where the energy levels are given

by cos(21rE/5 )=0, one finds

1„(P)=—,sin
e 1 . 2mg

sin
2f I 3

(3.12)

For 8' ~g2m. V, one estimates for levels close to the Fermi
energy that f'=(L/RuF)

I
1/r

I
and f"«(L/A'uF)

I
1/i I, using the earlier approximations. That means

the coefficients of the first two harmonics are

e f" Io
fi 2

(3.13)

When the transmission amplitude
I
t

I
is small, the

current is sinusoidal in the fiux and has an amplitude pro-
portional to

I
t

I
. The amplitudes of higher harmonics

are smaller by at least a factor of
I
t

I
. We do not show

the signs of the coefficients in Eq. (3.13). We know that
for any disorder the sign of the 6rst term alternates from
level to level since the slope off (E) alternates. However,
the above argument is too crude for statements about the
sign of the second term. Numerically there is evidence
that the second harmonic of the average total current
does not change sign.

Another numerical approach to the disordered tight-
binding model is to write the Hamiltonian (2.6) in the
form of a matrix, to diagonalize the matrix numerically,
and to determine the current of the nth level,
I„= cdE„/BP, by n—umerical difFerentiation (or to use
the current operator on the wave function). We have also
worked with this approach. However, we cannot study
large disorder with this approach because the very small
currents cannot be obtained numerically with su%cient

where
I

r
I

is measured at the Fermi surface. We have
checked this result for the special cases of rings with sin-
gle impurities characterized by 5-function and square-
barrier potentials as well as rings with random sets of im-
purities. The above expression gives good agreement
with numerical results for the current amplitude at
$/Po ——0.25.

Further information can be inferred for the case of
strong disorder. As a function of Pleo, the left-hand side
of the matching equation (3.7) varies between —1 and
+ 1. For strong disorder,

I
r

I
is very small, therefore

f(E)=
I

1/t
I
cosa has a very large slope at E=E„.

Hence, the energy range within which f (E) changes
from —1 to + 1 is very small. Within that energy range,
f (E) and f'(E) can be represented accurately by a Tay-
lor series including the f" term. Substituting this expan-
sion into Eqs. (3.7) and (3.8), one obtains the first and
second harmonics of the current,
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accuracy from —cBE„/BP or from applying the current
operator.

If the disorder is very weak, perturbation theory is ade-
quate. %e will state only two results from perturbation
theory that hold for arbitrary impurity potentials in the
weak-coupling limit. First, since the correction to the
wave function is first order in the impurity potential, the
leading correction to the current is second order in the
impurity potential. The cross terms do not contribute
since they are orthogonal. Second, the corrections to the
total current approach zero for large Fermi velocities.
The physical reason is that impurities do not appreciably
slow down fast-moving particles. For states representing
those particles,

~
r

~

=1. Hence the total current (3.11) is
approximately equal to the unperturbed one.

~ 05
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B. Single scatterer

i' k/m
iA' k/m —e

(3.14)

RkE(k)=
2ptl

(3.15)

The weak- and strong-coupling regimes are defined by
c g&c' and e. ««c', respectively, where e' is determined
«om

I Vlk I
=(~/2n') with

I Vkk'I =e/L which yield~

(3.16)

The e8'ects of impurity scattering are easily observed
for a ring with a single impurity. For simplicity, we con-
sider the free-electron model with an impurity character-
ized by a 5-function potential, V(x) =s5(x), in Eq. (2.1).
The case of a square-well potential barrier leads to similar
conclusions.

The persistent current I„(P) is obtained by replacing in

Eqs. (3.7) and (3.8) 1/t by exp( ikL)/ wr—ith

FIG. 7. Efkct on the persistent current vs Aux of a single 5-
function impurity of strength c/c. =0, 0.5, 1, 2, 4, and 8 in a
ring with an odd number of electrons. The scale factor is

=ET . The curves resemble those of Fig. 4.

[The factor 2@is inc. luded so that s'/L =ka T', cf. Eq.
(2.12).] Since X, -L, e' like U~ is "intensive. " Figure 7
exhibits the results for the I-P characteristics at T =0 for
a system with N, odd; the results can be generalized to
nonzero temperatures by weighting the states with a Fer-
mi distribution function as in Eq. (2.10). Comparing
Figs. 5 and 7 is instructive. It shows that the eftects of
temperature and elastic scattering on the I-P characteris-
tics are very similar. In the latter case, the curves ap-
proach sinusoidal behavior at s/e" py l.

In the weak- and strong-coupling limits, analytical re-
sults for the persistent current are obtained by solving
Eq. (3.8) in those limits. The persistent current is well ap-
proximated, for e/e g n when P/Po & 0.25 and for
e/e' ~ n(1 —2$/P. o) when Pleo )0.25 (and N, odd), by

2
1

2m/
sin

2m'
cos

(()o

2ng . 2~/
(3.17)

and for c/c' & m,

I(P)=Io—( —1) ' sin'2 e""
2

4m
sin +

4'o
(3.18)

In both formulas corrections of order I /N, and higher to
the terms shown have been dropped. In Eq. (3.17), the
first nonvanishing correction is order c. as expected from
perturbation theory. In Eq. (3.18), the amplitudes of the
odd harmonics include factors ( —1), i.e., diler in sign
for N, even and odd. In magnitude the Srst harmonic
dominates. Its amphtude agrees with Eq. (3.11) with t

given by Eq. (3.14). In the form given, Eq. (3.18) holds
also for c large and negative.

C. Ranlom set of impurities

All electron eigenstates are exponentially localized in
one-dimensional disordered systems. %e will speak of
weakly or strongly disordered rings depending on wheth-
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( ) denotes an average over the impurity distribution.
On the other hand, the I.andauer formula gives

R=

For strong disorder, i.e., ~

r
~

=1, one obtains from Eqs.
(3.19) and (3.20)

(3.20)

(3.21)

Using R =exp(2L/g) —1 in conjunction with Eq. (3.20)
and appropriate averages, one concluded that Eq. (3.21)
holds over the full range of disorder.

For the tight-binding model in the half-filled-band
case, the locahzation length has been calculated for long
wires in two hmits, ""

when W«2m V,105.0a V
8' (3.22)

when W&y2n V .
ln W/2eV

(3.23)

These results hold for energies close to the Fermi energy
(@=0).

For the ring geometry we define the crossover from
weak to strong disorder by L =g. The energy parameter

er the localization length g is larger or smaller than the
circumference L on the ring. In the strongly disordered
regime the amplitude of the persistent current is found to
decrease exponentially with L /g.

In localization theory ' one defines the localization
length g in terms of the resistance 8 (R in units of h /e )

of long one-dimensional wires,

(in~ & 2

I.

that determines the sensitivity of the persistent current to
disorder is the level spacing b„Eq. (2.8). In units of 6 the
degree of disorder (apart from a numerical factor) is mea-
sured by

(3.24)

LI =—,'Ioexp (3.25)

The dashed curve in Fig. 8 represents the estimate (3.25)
with 1/g given by Eq. (3.22). The deviations for
U& &0.25 are due to the fact that there W becomes
larger than 2n V, so that Eqs. (3.11) and (3.22) no longer
apply. For larger I. the deviations will occur at larger
values of Uz.

%'e now consider the half-filled-band case, for which
the Fermi energy p=O. The localization length is given
by Eq. (3.22) or (3.23) depending on whether W is smaller
or larger than 2m V. Approximating the total current by
one-half of the current of the highest occupied level, we
conjecture from Eqs. (3.12) and (3.13) that for strongly
disordered rings ( W « 2n V) to leading order,

where the first factor is the average of the modulus of the
random potential energy in Eq. (2.6). Using 4 =4naV /. L
and Eq. (3.22), one finds that for sufficiently large L the
condition L =g implies the crossover value Ux =0.235.

In Fig. 8 we show the average persistent current I/Io
versus U„at P/$0=0. 25 for a small ring of L =20 with
ten electrons. The data is obtained from numerical diag-
onalization of the Hamiltonian (2.6). [Each point
represents the exponential of the ensemble average of
ln(I /Io) over 100 impurity configurations. ] The decay of
the amplitude as a function of disorder is very similar to
the one as a function of temperature in Fig. 5. The
current amplitude, at P/$0=0. 25, can also be estimated
by using Eqs. (3.11) and (3.21), which yields for
8' g~ 2n. V

l I
[

I I I i
[

I i i i
f

l I i
[

l~

Io LW . 2ngI(P)= exp —,sin
2 105.Oa V $0

G. 5
O~

Q P

Q.a

OP

~ 0.2

0

$/$o = 0.25

Io 2m/
exp( —18.05 Uz )sin

2 {()0
(3.26)

Io W W

2 2m V 2eV
2m/

sin (3.27)

For very strong disorder ( W&~2m. V), where 5=2W/X,
one obtains as generalization of Eq. (3.10),

—L/a

Q i i i l

Q Q. l

Lg

Q. 2 0.3
di sorder Uz

mG

[

Qg

FIG. 8. Effect of disorder on the average current,
I/Io ——exp{ ln(I/Io) ), for a ring of X =20 at P/$0=0. 25 in the
half-6Bed-band case. The dashed curve is the prediction from
(3.25) and (3.22). The curves resemble those of Fig. S.

However, note that this latter formula is presumably not
relevant to persistent-current experiments. The
coelicients of the second harmonics are smaller by ap-
proximately a factor of exp( LW /105. 0a V ) —and
( W/2e V) ', respectively.

In Fig. 9 we compare numerical results for
—(a /L)ln(I/I~ ~ o~ ) at PI/0 ——0.25 with the asymptotic
forms for the inverse localization length from Eqs. (3.22)
and (3.23) as functions of the degree of disorder. Accord-
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FIG. 9. The inverse localization length in units of the lattice
constant a as calculated from (3.25) vs disorder. The dashed
curves are the limiting behaviors for small and large 8' as ob-
tained from Eqs. (3.22) and {3.23), respectively.

ing to Eq. (3.25), the expression —(a/L)ln(I/I~ii 0~)
should be equal to the inverse localization length when
8 g~2m V, and also for large L when 8' yy2m V. %'e And
that the data agree very well with the prediction for
W g2m. V. For W «2m V, the agreement is not as good
because the current is not precisely of the form

0~exp( —L/g) [compare the difl'erent prefactor in
the expression for the current (3.10)]. However, for large
I. that difrerence becomes less important and
—(a/L }ln(I/I~ ~ o~ ) approaches the asymptotic form Df
the inverse localization length corresponding to Eq.
(3.23).

The effects of disorder on the I-P characteristics were
discussed for rings with single impurities and random sets
of impurities. Like temperature, impurity scattering
"mixes" electron states with positive and negative veloci-
ties. The effects of impurities are to round off discon-
tinuities in the I„-P characteristics (gaps appear in the
microbands at the band edges, see Fig. 2) and to reduce
the amplitude of the current. This is similar to the effects
of temperature described in Sec. II. %'e used the
transfer-matrix formalism to study analytically the weak-
and strong-coupling regimes by making contact with lo-
calization theory, and investigated numerically the whole
range of disorder.

The resistance of mesoscopic normal-metal ring with
two leads connecting it to an external source has been ex-
tensively studied as a function of the enclosed magnetic
flux. ' It is now understood that the $0 periodicity of
the resistance is halved and becomes $0/2 upon the ap-
propriate averaging (ensemble averaging, efFective energy
averaging occurring at finite temperatures, etc.).
Here we shall be interested in studying the Aux depen-

dence of the persistent current, and in particular we shall
examine whether similar 'perio halving" of the current
may take place as a result of various averaging pro-
cedures.

First we consider the free-electron problem at T =0.
From Eq. (2.5) we see that the Ith Fourier coeflicient is
proportional to cos(lkFL). This means that if we average
the persistent current over some range of the chemical
potential, each Fourier coei%cient averages to zero. Thus
this type of averaging would not lead to period halving.
However, if we consider a ring with fixed number of elec-
trons„ then the Fourier coeflicients in Eq. (2.5) as a func-
tion of N, alternate in sign for odd I, but do not change
sign for even I. This implies that if we average over an
ensemble of isolated rings, where the number of electrons
in each ring is fixed but varies randomly from one ring to
the other, only term with even I survive. This result in a
Pc/2 periodicity of the persistent current. Note that the
above argument does not involve elastic scattering along
the ring (which is a common, though not necessary,
scenario in the study of period halving in the resistance of
two-terminal rings). We emphasize that various averag-
ing procedures used in the magnetoresistance case do not
result in period halving in our procedure.

For finite temperatures, the Fourier decomposition of
the persistent current of a metal ring is given by Eq.
(2.11), in which kF = &2m@, /iri. Within the framework of
the grand-canonical ensemble the average number of par-
ticles Ã (which is a fluctuating quantity) is given in terms
of p (which is a constant parameter). If we average over
an ensemble of rings, each with a randomly selected p
subject to the constraint that N is an integer, we again
obtain period halving. %ith increasing temperature, the
large-I terms in Eq. (2.11) vanish exponentially faster
than the small-I terms. Consequently, period halving as a
consequence of finite temperature does not take place.

Next we consider the effect of similar averaging pro-
cedures in the presence of impurities. In the weak-
scattering limit there are small correction terms to the
current in the free-electron limit. The odd-I terms still al-
ternate in sign with N„hence the results of the above dis-
cussion remain qualitatively unchanged. In the strong-
scattering limit the I =2 term is always smaller than 1 = 1

term [cf. Eqs. (3.18) and (3.26), and Eq. (3.27) for a single
impurity and many impurities, respectively]. Our results
for 5-function [Eq. (3.18}]and square potentials suggest
that in the strong-scattering limit the 1 =1 term does
vanish upon averaging over particle number (ensemble of
isolated rings with a random number of electrons}. The
second harmonic (in the strong-scattering limit) does not
contain a coeNIcient which alternates with N„and will
not vanish upon particle averaging. %'e propose that for
general disorder, averaging over the particle number will
lead to a period halving, even in the strong-scattering
limit. Evidently in that limit the current amplitude is
very small. %e shall also have to average over a larger
ensemble of rings (compared to the weak-scattering limit)
in order to see the hc/2e periodicity. When averaging
over the chemical potential rather than X„all Fourier
components will vanish, and no period halving will be ob-
served. This is similar to what happens in the pure case
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at T =O. Diferent choices of p de6ne periodic functions
I (P) which diff'er from each other in phase (as well as in
shape). Averaging over those functions gives a vanishing
expectation value of I.

%e have derived expressions for the persistent current
in small one-dimensional normal-metal rings of cir-
cumference L threaded by an external magnetic flux P as
functions of the ring size L, flux P temperature T, and de-
gree of disorder 8'. In a separate paper we will discuss
the generalization of these results and the new features of
persistent currents in multichannel rings. Experimental
studies of such persistent currents would allow one to
probe the nature of the discrete band structure of submi-
crometer metal and semiconductor devices.

The principal properties of persistent currents in one-
dimensional loops are as follows.

(i) For a time-independent flux P apphed to the ring,
there are circulating currents that are periodic in P with
period Po=hcle and have a magnitude that is given by
the sum over the velocities in all occupied levels. At zero
temperature, the current I is dominated by the last Sled
level and different I-P characteristics result depending on
the filhng of these levels. These results are summarized
in Eqs. (2.4) and (2.5), and Fig. 3. The maximum ampli-
tude Io=evF/L decreases inversely proportional to the
ring circumference L. The history of these results is dis-
cussed in the Introduction.

(ii) At finite temperatures the quantum levels are occu-
pied according to some probability distribution function,
e.g., Eq. (2.10). The T =0 steps in the I-P characteristics
become rounded and the amplitudes of the currents re-
duced, as exhibited in Figs. 4 and 5. For metal rings Eq.
(2.5) is replaced by Eq. (2.11), which shows an amplitude
reduction of the 1th harmonics, sin(2mlglgo), by factors
exp( IT/T" ) tha—t come to bear for T & T'. The value
of the characteristic temperature is determined by the
level spacing at the Fermi surface, Eq. (2.12), and it de-
creases inversely proportional to the ring circumference.
Similar expressions apply to semiconductor rings, Eqs.
(2.13) and (2.14). The decrease with temperature of the
current amplitude was seen by Buttiker.

(iii) Disorder that leads to elastic scattering in the ring
was treated within the transfer-matrix formalism. %e
obtained simple formulas for the persistent current in
terms of the transmission coefBcient of the system, Eq.
(3.11). These equations were analyzed numerically and,
in the limits of weak and strong disorder, also analytical-
ly. All forms of disorder were found to round the T =0
steps in the I-P characteristic and to reduce the ampli-
tude of the persistent current, Figs. 7 and 8. %'eak disor-
der leads to corrections of order $V only. For strong dis-
order, the I-P characteristic is well described by the first
harmonic in the flux, sin(2m. glgo), with an amplitude
that decays as exp( L/g), where g is —the localization
length.

(iv) Several averaging procedures that lead to period
halving in the problem of conductance of a two-terminal
ring„do not do so here. Averaging procedures that do

lead to such a change in periodicity are those in which
ensembles of rings containing different numbers of parti-
cles are considered. They are not related to the "back-
scattering mechanism" in the conductance problem. The
two problems, that of the conductance and that of the
persistent current, differ from each other qualitatively.
This can be seen, for example, by considering the limit of
strong elastic scattering. In this limit the conductance is
proportional to

~
r

~

(t being the total transmission am-
plitude) whereas I ~

~

t ~; cf. Eq. (3.11).
Before concluding, a few remarks are in order.
(a) As already pointed out by Biittiker et al. ' and

Biittiker, ' the currents considered here are genuinely
persistent and do not decay to zero with time, even in the
presence of some weak phase-smearing effects. A 6nite
phase-breaking time, r&, results in a diminished ampli-
tude of the dc current I. One could then argue naively
that after times larger than r& the electron no longer
remains in its original phase and I decays to zero. How-
ever, if the particle does not lose its coherence before
completing several turns around the ring (this means
UF v& »L in the weak-scattering limit), the inelastic
broadening of the discrete levels will be smaller than the
level spacing and the persistent current does not vanish.
In other words, finite magnetic flux introduces an asym-
metry between electrons with clockwise and anticlock-
wise momentum, respectively (and thus leads to a ther-
modynamic state with a persistent current), provided that
the phase-breaking length L& is not too short compared
to L,.

(b) We postpone the discussion of order-of-magnitude
estimates for the persistent current to a separate paper
dealing with the experimentally more relevant multichan-
nel systems. However, one may note that for a one-
dimensional metal loop whose perimeter is 1 pm the max-
imal zero-temperature persistent current is of the order of
a few tenths of pA in the weak-scattering regime.

(c) We have shown that upon averaging over isolated
one-dimensional rings with random numbers of particles
we may obtain period halving of I(P). It remains an
open question whether a multichannel ring acts
effectively as an ensemble of one-dimensional rings, thus
self-averages I (P) yielding period halving.

(d) When the electron does not travel in a magnetic-
flux-free space, one may obtain additional eff'ects due to
the spin of the electron. The Hamiltonian then contains
an additional term E = —cr,p&H, where IM,& is the Bohr
magneton and o., assumes the values %1. In order to be
able to observe the oscillating nature of the persistent
current with P, we should require that the change in E,
when the flux is varied by $0, be smaller than the energy
oscillations in the absence of E. The latter are of the or-
der of the level spacing (in the weak-scattering limit).
This condition is satis6ed for a circular ring of circumfer-
ence L, = 10 crn. A more detailed discussion is required
for the multichannel case.
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Institute of Science (H.F.C. and E.K.R.). Y.G. acknowl-
edges partial support by the Bat-Sheva de Rothchild
Foundation. This work was supported in part by the Na-
tional Science Foundation under Grants No. DMR-85-
09392 and No. DMR-86-13598.

APPKNDKX' TKMPKRATURK EXP' NSION
FOR THE PERSISTKNX' CURRENT

Temperature expansions for the persistent current are
derived within the free-electron model and a general
band-structure model of metals.

Generalizing Eq. (2.10},we write the persistent current

e Un

P(E„—p )
n e " +1

(Al}

f ( } g I f (x)el»1fxdx
n = —oo I = —cc

(A2)

Next we make the substitution k =(2n/I. )(x +((}/((}o)to
obtain

where U„and E„are functions of the wave vector k„, see,
e.g., Eq. (2.2) for the free-electron model. We replace

g„f (n) by fg„f (x)5(x n)dx, a—nd substitute

5(x n) = —exp[iq (x n)]-q
2~

'

We 6rst perform the sum over n„which yields
g„exp( iqn)=g—t 2@5(q 2lm), —and then the integral
over q. The result is the Poisson summation formula,

e/kq TI=+ g( —1)"
nmT

/ T
exp —na-

2t/ T

2!m
Q sin

())0
(A7)

Equation (2.15) is the n =1 term of this expression. The
first term (n =1, i = 1) is the leading term of the double
sum when

r

T 3T2&2 exp a — » 1 » 2 exp
4T 2T

(ii) Semiconductors and metals In this . case, (A5) can
be evaluated by contour integration in the complex y
plane. For /=0, the integral vanishes. For / &0, the
path can be closed in the upper y plane. The poles in the
upper y plane are located at

y g I ~+[~2+(2n 1)2~2]1/2j i/21

v'2

This formula is now discussed for the free-electron model
(2.1) and a general band-structure model.

For free electrons, Eq. (A4) becomes

iIy (2T/T )

I i (I)= — e, dy, (AS)—oo e a+y

with the reduced chemical potential a= —P)M and the
characteristic temperature k& T=R /mL .

(i) Insulators, a» I. In this case, the Fermi distribu-
tion function can be expanded

QC

n +1 —n(a+ )[exp(a+y )+1] '= g ( —1)"+'e "' +~ ',
n=1

where the 6rst term is equivalent to taking the Boltzmann
distribution. We now perform the resulting Gaussian in-
tegrals in (A5) to obtain

I = g I (i),
I = —oo j +[ 2+(2 1)2 2] 2j 2

v'2 (A9)

~»~0/4, f eu(k)e"" dk
e@~[']-»+1 2~

' (A4)

vyith n = 1,2, 3, . . . . For / g 0, one observes
Ii( —i}=[I)(l)]",the resulting expression for the current
(A3) is

4ek~ T
' 1/2

I=+ g cos i
I=1 n =1 T

+[ 2+(2 1 }2 2]l/2j )/2

1/2
T

)& exp —/
T

Ia+[a +(2n —1) m ]' j' sin2 1/2 1/2 e 2/7T,
(A10}

The first term (n = 1, i = 1) is the leading term of the double sum when

exp — —[a+(a'+9m')'"]'" ((exp — — [a+(a'+n'))/2])" ((1.
T T

(A11)

From formula (A10) one obtains the persistent current in two limits.
(a) Small chemica/ potential Setting a =0 in .(A10), we get
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4ekg TI=+ g cos
l=l n =1

' 1/2
(Zn —1)trl T

T

' 1/2
(Zn —1)trl T

T
21tr{b

sin (A12)

Equation (2.13) is the (n =1) term of this expression.
The (l =1, n =1) term is the leading term of the double
sum when &T R(T/tr)'~ .

(b) Metals. For metals, a is large and negative. Ex-
panding the arguments of the cosine and exponential in
(A10) to leading order in ( —a '), we obtain

48k' T l (2n —1)TI=X X cos( lkF L )exp
/=1n =1 T' E ( k )=is kh'UF ( k + kF ), (A15)

whose value is determined by the spacing of the energy
levels at the Fermi surface b, =Zn.AUF /L. Performing the
sum over n yields Eq. (2.11).

The formulas (A13) and (2.11) for the persistent
current in metal rings are valid for a general band for
metals. Returning to Eq. (A4), assuming that the two en-
ergy branches near the Fermi surface can be approximat-
ed by the linearized dispersion law

Zlm
)& sin

0o

with the characteristic temperature T*,
1/2

2@kg T
k~T*=

2~' '

(A13) and performing a contour integration, similar to the one
leading to Eq. (A10), for the poles at

i ( 2n —1 )nktt T.
k =+kF+, n =1,2, 3, . . .

flVF

one obtains a~ain the current (A13) with T' defined by
ktt T' = b, /Zm of (A14).
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