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Abstract

The effect of long-range Coulomb interaction (in the geometrical capacitance C approach) on a persistent current in a
one-dimensional ballistic ring of correlated electrons with spin coupled to a reservoir at nonzero temperatures is considered.
It is shown that in the limit of C — 0 a ring and a reservoir are not completely decoupled which is due to a spin degree of
freedom and affects considerably the persistent current. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

One of the features of mesoscopic systems [1]
at low temperatures is maintenance of an electron
wave function coherence across the entire sample.
Therefore the physical properties [2,3] of such sys-
tems are sensitive to a change of an electron wave
function phase that leads, in particular, to the man-
ifestation of the Aharonov—Bohm (AB) effect [4] in
solids.

The free energy F of doubly connected systems
(rings) pierced by an AB magnetic flux @ is periodic
in @ with a period of @y =h/e [5,6]. The derivative
of the free energy over the magnetic flux determines
the magnitude of a thermodynamic equilibrium (per-
sistent) current / = —0F/0® which exists in normal
(nonsuperconducting) rings at low temperatures. Such

a current was predicted in Refs. [7,8] and was ob-
served experimentally in Refs. [9-11].

The properties of persistent currents [12-31] (the
period over the magnetic flux, the crossover tempera-
ture 7", the type of the ground state (either diamag-
netic or paramagnetic) etc.) are determined by the
properties of an electron system in a ring as well as
by the interaction with an environment (with a reser-
voir). If a ring is coupled to a reservoir which fixes
the chemical potential of a ring y = const. (an open
system), then the transfer of charge between a ring
and a reservoir is allowed, which usually leads to a
reduction of the persistent current. This is true for the
current amplitude at 7 =0 [12] as well as for the de-
pendence of a current on the temperature. For instance,
the crossover temperature 7" (at 7> T* the amplitude
of the persistent current is exponentially suppressed)
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for an isolated ring [25,28] is two times higher than
the one for a ring coupled to an electron reservoir
[12,13]. The charge transfer is especially important
because the persistent current shows the parity effect
[5,13,25,32-35]. For spinless fermions the current de-
pends on the parity of the number of electrons N, in a
ring, while for electrons with spin the current depends
on N, modulo 4.

The charging energy Ec =e?/(2C) (where e is an
electron charge and C the geometrical capacitance
of the system) associated with the transfer of the
elementary charge between different regions of a
mesoscopic sample (or between a mesoscopic sample
and a reservoir) strongly suppresses the charge trans-
fer (the Coulomb blockade regime) [36-38] at low
temperatures (7 <1K at C<1073F). As a result in
the limit C — 0 an open system must be considered as
an isolated system, i.e. at a fixed number of particles
N, = const. Therefore this effect is important for the
persistent current problem [39—44].

At the same time it is known that at certain values
of the potential difference V; between a mesoscopic
sample and a reservoir the charging energy of a
system is degenerate in N, (N. <> N, + 1) and the
Coulomb blockade is lifted [45,46]. In such a case the
connection between a mesoscopic sample and a reser-
voir is restored that affects the persistent current. In
particular, for spinless fermions the period of the
dependence /(®) halves [40,44] and the crossover
temperature is reduced four times [44]. Moreover,
the persistent current equals the one at an appropriate
fixed chemical potential u = u* =const. (Ec = 0).
Thus, in the limit C — 0 the persistent current for an
open ring with spinless fermions shows the features
inherent either for the regime N, = const. or for the
regime u = const. depending on the potential V5.

In the present paper we consider the persistent
current in a one-dimensional ballistic ring with in-
teracting electrons with spin coupled to an electron
reservoir in the limit of large charging energy Ec.
The interplay of spin and electron—electron inter-
action qualitatively changes the effect of charging
energy on the persistent current. So, in the general
case, the current in the limit C — 0 differs from the
one in an isolated ring. This conclusion is justified by
the following arguments. Though the magnetic flux
affects only the charge degrees of freedom the spin
subsystem influences on the persistent current also,

that is a consequence of the parity effect [30,34,35].
The charging energy isolates the charge subsystem of
a ring from the charge subsystem of a reservoir but
with respect to the spin-charge separation in the sys-
tem of electrons with a repulsive interaction [47] the
charging energy does not affect the spin subsystem of
a ring which still is coupled to a reservoir.

The closely related system at 7 =0 with respect to
the charging energy was considered in Ref. [40] with
a reservoir replaced by a quantum dot. In the present
paper we take into account as the long-range Coulomb
interaction (in the geometrical capacitance approach)
as the shot-range electron—electron interaction in the
Luttinger liquid approach [48] and consider the de-
pendence of the persistent current on the temperature.
The paper is organized as follows. In Section 2 the
expressions for the flux-dependent part of the free en-
ergy with respect to the charging energy are obtained.
In Section 3 we consider the properties of a persistent
current for rings with a different number of electrons
in the ground state. The discussion is presented in
Section 4.

2. Calculation of the free energy

Let us consider a one-dimensional ballistic ring of
length L coupled via a tunnel junction to an electron
reservoir (Fig. 1). We assume that the system of cor-
related electrons with spin in a ring may be described
as a Luttinger liquid [48]. For electrons with spin the
Lagrangian of a Luttinger liquid Ly in a bosonic form
is [47,49]

_hu, | 1 [0g, 2 09, 2
Lutx 0= 29, {v% [ ot } Ox

hl)(; 1 a g 2 a g 2
LN
29, | v2 | ot 0x
The subscripts p and ¢ denote quantities describing

the charge and spin degrees of freedom, respectively.
The boson fields ¢, and ¢, are defined as follows:

Q=01+ @y, Po=Q1 — @, (2)

where the boson fields ¢+ and ¢ describe electrons
with spin “up” (T) and spin “down” (| ), respectively.



M.V. Moskalets | Physica E 4 (1999) 17-24 19

Fig. 1. One-dimensional ring pierced by a magnetic flux @ and
weakly coupled to an electron reservoir with the chemical poten-
tial u and the temperature 7. ¥; and C are the potential difference
and the geometrical capacitance between a ring and a reservoir,
respectively.

For noninteracting electrons with spin Haldane’s pa-
rameters [47,49] are: g, =g, =2 and v, = v, = vF,
where vp =hkg/m* is the Fermi velocity, kg is the
Fermi wave number, m* is the effective electron mass.
Moreover, in the absence of a magnetic field (or any
spin-dependent interactions) we have g, =2 [47,49].

The Aharonov—Bohm interaction of electrons with
the magnetic flux @ through the ring is described by
the Lagrangian [25,35]

LAB(x,t)zﬁn“2 {a@" [k”’ + qj} +

L o |4 @ ot 4

3)

The topological numbers k;, and kj, are defined by
kj, =kj; +kj|; kjc =kj; — k;|. Here the topological
numbers kj; (s =T, |) subject to the parity-dependent
constraints [48,25]: kj; = 0 (1), if Nes 1s odd (even),
where N is the number of electrons with spin s in
the ring.

We take into account a charging energy which is due
to a small capacitance C between a ring and a reservoir
[44] (Fig. 1). The corresponding Lagrangian is

2

L
/dxp(x,t)—N(Vg)-f-No .4
0

Le(t)= —% [

Here N (V)= CVg/e is a parameter depending on the
potential difference J;, between a ring and an electron

reservoir and characterizing the effective charge of
a positive background in the ring; Ny =Nyt + No|
is the number of electrons in the ground state. The
deviation of the particle density p(x,¢) from the mean
density in the ground state is

p(x,t)=n""2d¢,/0x. (5)

It is seen from Eqs. (4) and (5) that the charg-
ing energy affects the charge subsystem and does not
influence the spin subsystem. As a consequence the
considered case differs sufficiently from the case of
spinless electrons [44].

The partition function Z may be presented in the
form of a path integral over the fields ¢, and ¢,

2= [Dg, Do, expl-si /1. (6)

The Euclidean action Sg is

L p
Se— /O dx /0 At [Li (v, 7) + Le(t) + Lag(s, 1),
(7)

where f =h/T; =1t is an imaginary time.
The fields ¢, and ¢, obey twisted boundary con-
ditions [25]

Pp(x + k1L, T+ kr f)
= @p(x, )+ k1n1/2(2mp + kup) + kznl/znp,

(8)
(pg(x + le,’L' + kzﬂ)

= QDJ(X: T) + klnl/z(zma + kMa) + kznl/zna,

where ki,ky,n,,ns,m,,m, are integers; ky,, ks, are
topological numbers characterizing the parity of addi-
tional numbers (over the number in the ground state)
of charge N, and of spin N, excitations in a ring. From
Eq. (2) it follows that both n, and n, (and accord-
ingly m, and m, ) have the same parity. Moreover, we
can write kM/, = kMT + le; kye = kMT — le, where
the topological number ky; (s =T, | ) characterizes the
parity of the additional number of electrons with spin
s. The numbers &, and ks, depend on the parity of the
number of electrons with spin s Ny in the ground state
[35] as well as in the case of spinless fermions [25]

kis = kys  if Noy is odd, 9)
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kisz=1; kys;=0 and Fkj=0;

kys =1 if Ny, 1s even.

Note that for an isolated ring we have m, =m, = ky,
= kys =0.

The present Lagrangian L = Ly + Lc + Lag 18
quadratic in fields ¢, and ¢,, therefore the extremal
trajectories obeying the boundary conditions (8) and
determining the flux-dependent part of the free energy
AF(®) are linear functions of both x and t

Pp(x,7)= nl/? [(Zmp + kM,,)% + np%] ,
(10)

(Pcr(xaf) :nl/Z |:(2ma + kMa)% + na%} .

By using extremal trajectories (10) for calculating
the Euclidean action Sg (7) and performing the sum-
mation over n,,n,,m, and m, with respect to above
restrictions one can express AF(®) in terms of Jacobi
theta functions [50] 0,(v, q) and 05(v, q).

We consider two cases:

(a) Not 1s even; Ny, is odd (or vice versa)

AF(®) = —T Ln{65[0,¢,105[1/2,¢;]
x03[2¢ + 1/2,¢,103[20,¢¢]
+05[1/2,43105[0, 3]
x03[2¢,43105[20 + 1/2,4¢1}. (11a)
(b) both Ny; and Ny, are odd
AF(®) = —T Ln{63[1/2,43105[1/2.43]
x03[2¢ + 1/2,43103[26 + 1/2,¢¢]
+ 03[0, ¢3105[0, 42105[20, 4310525, ¢

+ 00, 43102[0,42102[200, 43102[25, g 1}
(11b)

Note that if both Ny and Ny are even the expression
for AF(®) can be deduced from Eq. (11b) by chang-
ing o — @+ 1/2(ordéo — o+ 1/2).

In Egs. (11) we introduce the following designa-
tions: p=®@/Py; go= exp[—T/Tos]; 9o = exp[—T/T}];
gc=exp[—m*T/2Tc)); q,=exp[-T/T;1; T; =g,

AF/ﬂ:z; T:ZUUQGAF/(TEZUP); TOa:4Uo'AF/(nzvpgo')
and

Tc =2A%/g, + 8EC, (12)

where Ap =hv,/L. The above introduced quantities
characterize the energy necessary for exciting a charge
(=T¢) or a spin (=T),) excitation in a ring and the
level spacing for the charge (~7,) and for the spin
(=T ) subsystems in an isolated ring.

The quantity 0 is

o=-e(Vy — Vgo)/Tc. (13)

We define N (V) = Ny therefore the charging energy
does not affect the ground state (7 = 0) at 0 =0 (see
Eq. (4)). At the same time at 7 # 0 and/or V; # Vyo
the effect of the charging energy on the system of
electrons with spin is important.

Note that for noninteracting electrons 77 =T, =
Tos = 2Ty, where Ty, is the crossover temperature for
an isolated ring with spinless fermions [25], and Af
is the level spacing at the Fermi surface for @ =0.

It should be noted that if both the energy and the
particle exchange with a reservoir are to be allowed
we must calculate the thermodynamic potential €2 in-
stead of the free energy F'. The flux-dependent part of
2 is determined by Eq. (11) with respect to the re-
placement of 6 — 0 + u/Tc, where p is the chemical
potential of an electron reservoir. Such a modification
does not change the resulting expressions and leads to
a redefinition of a dependence J(};) only. Note also
that from these expressions follows the well known
fact [51] that the properties of a mesoscopic system are
periodic in p with a period 7¢ which for the Coulomb
blockade regime (Ec > Ag/(4g,)) far exceeds the one
characteristic for a free electron gas A [13].

Eq. (11) defines the dependence of the free energy
(and the persistent current) on both the magnetic flux
@ and the potential /; (the parameter J). Considering
that 0;(v + 1,q9) = 03(v,q) and 0,(v + 2,q) = 02(v,q)
we conclude that, in the general case, the free energy
is periodic in @ with a period of @/2 if N is odd and
with a period of @, if Ny is even, as well as in the
absence of the charging energy [33,30].

The free energy as a function of 0 is periodic with a
period of 1/2 if Ny is odd and with a period of 1 if N
is even. When 0 changes by 1 (the value el; changes
2Ar/g, + 8Ec) then N, changes by 4.
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At some values of the parameters the period of os-
cillations may be changed. In the next section we con-
sider such a correlation.

3. Calculation of the persistent current

The purpose of the present paper is to consider the
effect of the charging energy on the properties of a
persistent current / = —0F/0®. By using Eq. (11) we
can calculate the current for arbitrary values of Ec.
Below we consider the limit of a small capacitance C
when the charging energy exceeds characteristic scales
of energy excepting the Fermi energy (the Coulomb
blockade regime).

From Eq. (12) it follows that the charging energy
Ec renormalizes (increases) the energy necessary for
exciting a charge excitation AN, =1 in an electron
system. Note that the increase of a repulsive electron—
electron interaction (g, < 2) leads to a similar effect.
Thus, we will assume

u> (2/m*)Te > Ty, T, Tos. (14)

In such a case at 7' < T¢ the number of charge ex-
citations in a ring is conserved N, = const. However,
the properties of persistent currents for an open sys-
tem of electrons with spin in the Coulomb blockade
regime differ from the ones for an isolated system that
is due to an interaction with a spin subsystem.

Following Eq. (11) we calculate the persistent cur-
rent in two cases according to the parity of the elec-
trons number Nj.

3.1. The odd number of electrons in the ground state

As it follows from Eq. (11a), the persistent current
is periodic in @ with a period of ®,/2. Let us find
the dependence of a current amplitude on the potential
Vy. We calculate the current at @ = ®,/8. Note that at
T>T ; we obtain the second harmonic amplitude 7,
while at 7 < 7,5 we obtain the sum Yoot bok—1y

I(p=1/8,0)= %F(3/4,4T/T;)A2(5), (15)

where

F(p,p)=2mn i (—1)"sin[2nme]/sinh [mp]. (16)
m=1

The even function 4,(9) has a period of 1/2.

Consider first the case of g, =2. After a little ma-
nipulation we get

049, 4°]

A20)= G 126, 4157

1 —exp[—(1/8 — 0)Tc/T]
1 + exp[—(1/8 — 8)Tc/T]

0<o<1/4, T<Tc, (7
2exp[—2m*T/Tc] cos(4nd), T > Te.

The dependence A,(d) is depicted in Fig. 2a. It is
seen, when the potential }; (the parameter 0) is varied
the current amplitude changes sign (i.e. the phase of
the dependence /(9) changes by =) that is due to the
change of the number of charge excitations AN, =1
in a ring. Such a change takes place at 09 = + 1/8 (that
corresponds to a half-integer values of N(V;) — Ny in
Eq. (4)) when the Coulomb blockade is lifted and
when A4,(99)=0. As a result the period of a depen-
dence /(@) halves and becomes equal to @/4. In such
a case the persistent current is

AT
1(<P,5o)=¢foF(4<p,l6T/Tp*)' (18)

Note that the crossover temperature 7* = T7*/16 is re-
duced four times compared to the Coulomb blockade
regime.

In the case of g, #2 the zeros J¢ of the func-
tion A>(d) depend on the parameters characterizing
the spin subsystem. So, at 7 — 0 within the interval
0<0d<1/4 the zero is

1 7Ty, — T)
So= (=4 tol) 1
0 (8 T ) (19)

While away from the points 6 = dy (namely at 6 =0
and 0 = 1/4) the persistent current does not depend on
the spin subsystem parameters at 7 < T¢

2T
I(¢,0)=¢TOF(2QD+ 1/2,4T/T7). (20)

2
1(p,1/4)= %F(Z@AT/];*). 21)

The current Eq. (20) is paramagnetic and coincides
with the one in the isolated ring containing an odd
number of electrons with spin [33,30]. While the cur-
rent equations (21) and (18) are diamagnetic around
®=0.
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Fig. 2. (a) The dimensionless current amplitude 4, (Eq. (17)) as a function of the dimensionless potential difference  for a ring with an
odd number of electrons with spin; 7¢/T = 100. (b) The dimensionless current amplitude 4; (Eq. (23)) as a function of the dimensionless
potential difference ¢ for a ring with an even number of electrons with spin; T¢/T =100; «=0.1.

3.2. The even number of electrons in the ground
State

As it follows from Eq. (11b), in the general case, the
persistent current / = —0F/0® is periodic in @ with
a period of @,. However, at some values of V; the
period may be reduced to two (®(/2) or four (Py/4)
times depending on the electrons system parameters.
The crossover temperature 7 is also reduced.

We consider the case when both Ny and Ny are
odd. Note that after the replacement ¢ — ¢ + 1/2
(or 0 —0 + 1/2) the expressions obtained below are
valid for the case when both Ny and Ny, are even.

The dependence of the current amplitude (more pre-
cisely of the current magnitude at @ = @y/4) on the
potential J; is

T
I(¢:1/4’5):50F(1/4’ T/T)) A1(9). (22)

The even dependence A4;(d) has a period of 1. At
T —0itis

A1(9)

~ sinh[(1/4 — |3))Tc/T}
~ cosh((1/4 — [3)Tc/T) + exp((1 — 0)Tc/(8T))’

—1/2<6<1/2, (23)

where o =n*(Tos + T — T,;7)/(2Tc). The depen-
dence A4,(0) is shown in Fig. 2b. The similar depen-
dence was obtained in Ref. [40] for the ring coupled
to a side branch quantum dot.

At 0=41/8 and 6 =+ 3/8 the Coulomb blockade
is lifted and the number of charge excitations N, in a
ring changes by 1. Note that in the considered case
the current changes sign when the number of charge
excitations N, changes by 2n (where n is an integer)
over the ground state number Ny. If N, — Ny = + 2n
(where £ =1,3) the odd harmonics vanish and period
of the current halves (®y/2). At both 6 =+ 1/4 and
T < T¢ the current is similar to the one for odd N, at
0=0 (Eq. (20)). At T — 0 such a current is charac-
teristic for whole plateau of length Ao ~ (1 — «)/4.

At both 6=0 and T <Tc the current in the
Coulomb blockade regime is similar to the one for
an isolated ring [30]; however, it differs from the
earlier one which is due to the effect of the reservoir
spin subsystem. Note that at 6 =1/2 the current is
1(p,1/2)=1(¢p 4+ 1/2,0). In the case of noninteract-
ing electrons (g, =g, =2; v, =0, = vr) the current
has a period of @, and the crossover temperature is
T*~T7/2=TY. Inthe case of correlated electrons the
current depends on the electron—electron interaction.

So, in the case of Tp* < T}, Toe the spin subsystem
is frozen in all the temperature range 7'<T where
the persistent current exists. This leads to a doubling



M.V. Moskalets | Physica E 4 (1999) 17-24 23

of the crossover temperature 7 = 7" = 27. In such
a case the current is

1(9,0) = %F«o, 1T, (24)

On the other hand, at 7. > T:];,* > T7,Tos,
when the discreteness of the energy spectrum of a spin
subsystem is irrelevant, both the period of a current
and the crossover temperature are reduced two times
compared to the case of noninteracting electrons and
at 0 =0 the current is given by the same expression
as Eq. (21). Thereto the dependence of a current
amplitude on the potential J; (on the parameter ¢),
i.e. 1(1/8,0), can be deduced from that for odd N,
Egs. (15), (17) by changing 6 — o0 + 1/4. Such a
dependence has a period of 1/2 and its zeros are
09 =1 1/8. At 6 = 9, the current is given by Eq. (18),
i.e. the current has a period of @(/4 and the crossover
temperature is 7 = 7.7/16.

4. Discussion and conclusion

In the present paper the effect of the charging en-
ergy due to the charge transfer between a mesoscopic
ring and a reservoir on the persistent current is con-
sidered. In the Luttinger liquid approach [48] for elec-
trons with spin Eq. (1) the analytical expression for
the flux-dependent part of the free energy with respect
to the charging energy is obtained. The charging en-
ergy is taken into account in the geometrical capaci-
tance C approach. The obtained expressions allow us
to analyse the effect of model parameters on the persis-
tent current properties (the period and the sign of the
current, the dependence of the current on the temper-
ature, etc.) which characterize the ground state (and
low-lying excited states) of an electron system.

The charging energy Ec renormalizes the energy
Eo, = Ar/(2g,) necessary for exciting a charge exci-
tation in a ring coupled to a reservoir (see Eq. (12)). In
the limit Ec > Ey, (the Coulomb blockade regime) the
number of charge excitations N, in a ring is conserved
(when both the magnetic flux @ and the temperature
T < E¢ are varied). In the spinless case [44] an open
mesoscopic system in the Coulomb blockade regime
is equivalent to an isolated system (N, =const.). In
the case of electrons with spin this is not true, because
the spin subsystem of a ring is not decoupled from a

reservoir and affects the persistent current pursuant to
the parity effect [30,34,35].

At certain values of the potential difference J; (the
parameter 0, see Eq. (13)) between a ring and a reser-
voir (see Fig. 1), the Coulomb blockade is lifted and
the number of charge excitations N, in a ring changes
by 1. Since the potential ;, does not affect the spin
subsystem the condition AN, =1 is not equivalent to
the change of the number of electrons with spin N, in
aring by 1. At the same time the change AN, =2, in
fact, is equivalent to the change of the number of elec-
trons with spin “up” AN, =1 and with spin “down”
AN, = 1. Therefore, the dependence of the current
amplitude / on V4 for the ring with an odd number of
electrons Ny in the ground state (see Fig. 2a), in the
general case, is quite different from the one for the
ring with even Ny (see Fig. 2b). However, as it was
pointed out in Ref. [40] both the dependences have a
similar feature. Namely, in the case of a large charg-
ing energy the dependence /(};) has a sequence of
plateaus of diamagnetic and paramagnetic states.

The current for the isolated ring with an odd num-
ber Ny of electrons with spin is periodic in @ with a
period of &y/2 and is paramagnetic (at @ ~0) [30,33].
In the Coulomb blockade regime such a current is
characteristic for the plateau near 6 = 0 (see Eq. (20)).
While for 6 =1/4 (Eq. (21)) the current is diamag-
netic. In the vicinity of the charging energy degeneracy
point 6 = 1/8 the number N, fluctuates with 0N, =1,
which leads to period halving (®/4). However, such
a conclusion is true for noninteracting (between them-
selves) electrons only. For interacting electrons the
behaviour of a current is more complicated. From
Eq. (11a) it follows that for 6 = 1/8 + n/2 (where n is
an integer) the persistent current does not depend on
the charging energy (the parameter g¢ ) and coincides
with the one for a ring coupled to a reservoir (i.e. for
the regime p = const. at Ec =0) when both the parity
of Ny and the value of § are same (as it is pointed out
above, the parameter 6 depends on both E¢ and u). At
go=2orat Tos, Ty < T ~T the current is defined by
Eq. (18) and the period halves. On the other hand, the
current is defined by Eq. (21) at Tos < T~=T) < T,
and by Eq. (20) at T; < T~ T < Ty, and the period
does not halve. In the last cases the period halves at
other values of the parameter 6 = oy (Eq. (19)) which
depend on both the spin subsystem parameters and the
charging energy Ec.
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For the ring with an even number N, of electrons
with spin, the effect of a spin subsystem on the per-
sistent current is more strong. In particular, for the
case of noninteracting electrons such an effect re-
duces the current in the Coulomb blockade regime
1(1/4,0) ~exp[—37/T] compared to the current in an
isolated ring (N, = const.) /(¢ = 1/4) ~exp[—2T/T]
at T>T". On the other hand, if the parameters
of spin and charge subsystems are quite different,
7;* <Tr,Togor T~ 7;)* > T, Tos, the persistent cur-
rent in the Coulomb blockade regime at 6 =0 coin-
cides with the one in an isolated ring at the same parity
of Ny. At 0 =1/8 + n/2 when the Coulomb blockade
is lifted the current does not depend on the charging
energy; however, it does not coincide with the one
for a ring coupled to a reservoir (u = const., Ec =0).

In conclusion, in the present paper we have dis-
cussed the effect of the charging energy on the per-
sistent current in an open mesoscopic ring containing
correlated electrons with spin and have shown that the
Coulomb blockade regime for the persistent current
is quite different from both the regime y = const. and
the regime N, = const.

References

[11Y. Imry, in: G. Grinstein, G. Mazenco (Eds.), Physics
of Mesoscopic Systems: Directions in Condensed Matter
Physics, World Scientific, Singapore, 1986, p. 101.

[2] B. Kramer (Ed.), Quantum Coherence in Mesoscopic System,
NATO Advanced Study Institute, Series B: Physics, vol. 254,
Plenum, New York, 1991.

[3] S. Washburn, R.A. Webb, Adv. Phys. 35 (1986) 375.

[4] Y. Aharonov, D. Bohm, Phys. Rev. 115 (1959) 484.

[51 N. Byers, C.N. Yang, Phys. Rev. Lett. 7 (1961) 46.

[6] F. Bloch, Phys. Rev. B 2 (1970) 109.

[7]1 1.O. Kulik, JETP Lett. 11 (1970) 275.

[8] M. Biittiker, Y. Imry, R. Landauer, Phys. Lett. 96A (1983)

365.
[9] L.P. Levy, G. Dolan, J. Dunsmuir, H. Bouchiat, Phys. Rev.
Lett. 64 (1990) 2074.

[10] V. Chandrasekhar, R.A. Webb, M.J. Brady, M.B. Ketchen,
W.J. Gallagher, A. Kleinsasser, Phys. Rev. Lett. 67 (1991)
3578.

[11] D. Mailly, C. Chapelier, A. Benoit, Phys. Rev. Lett. 70 (1993)
2020.

[12] M. Biittiker, Phys. Rev. B 32 (1985) 184e.

[13] H.F. Cheung, Y. Gefen, E.K. Riedel, W.H. Shih, Phys. Rev.
B 37 (1988) 6050.

[14] H. Bouchiat, G. Montambaux, J. Phys. (Paris) 50 (1989)
2695.

[15] H.F. Cheung, E.K. Riedel, Y. Gefen, Phys. Rev. Lett. 62
(1989) 587.

[16] O. Entin-Wohlman, Y. Gefen, Europhys. Lett. 8 (1989) 477.
[17] EK. Riedel, H.F. Cheung, Y. Gefen, Phys. Scr. 25 (1989)
357.
[18] V. Ambegaokar, U. Eckern, Phys. Rev. Lett. 65 (1990) 381.
[19] G. Montambaux, H. Bouchiat, D. Sigeti, R. Friesner, Phys.
Rev. B 42 (1990) 7647.
[20] E. Akkerman, Europhys. Lett. 15 (1991) 709.
[21] B.L. Altshuler, Y. Gefen, Y. Imry, Phys. Rev. Lett. 66 (1991)
88.
[22] F. von Oppen, E.K. Riedel, Phys. Rev. Lett. 66 (1991) 84.
[23] A. Schmid, Phys. Rev. Lett. 66 (1991) 80.
[24] S. Oh, A.Yu. Zyuzin, R.A. Serota, Phys. Rev. B 44 (1991)
8858.
[25] D. Loss, Phys. Rev. Lett. 69 (1992) 343.
[26] A. Miiller-Groeling, H.A. Weidenmiiller, C.H. Lewenkopf,
Europhys. Lett. 22 (1993) 193.
[27] A. Kamenev, Y. Gefen, Phys. Rev. Lett. 70 (1993) 1976.
[28] A. Grincwajg, [.V. Krive, R.I. Shekhter, M. Jonson, Persistent
Current in a 1D Ballistic Ring: The Influence of Statistics,
Appl. Phys. Rep. N 948, CHT/GU, Goteborg, 1994.
[29] I.V. Krive, P. Sandstrom, R.I. Shekhter, S.M. Girvin,
M. Jonson, Phys. Rev. B 52 (1995) 16451.
[30] A.A. Zvyagin, 1.V. Krive, Fiz. Nizk. Temp. 21 (1995) 687.
[31] A.S. Rozhavsky, J. Phys.: Condens. Matter 9 (1997) 1521.
[32] A.J. Leggett, in: D.K. Ferry, J.R. Barker, C. Jacoboni (Eds.),
Granular Nanoelectronics, NATO ASI Ser. B, vol. 251,
Plenum, New York, 1991, p. 297.
3] D. Loss, P. Goldbart, Phys. Rev. B 43 (1991) 13 762.
4] N. Yu, M. Fowler, Phys. Rev. B 45 (1992) 11 795.
5] S. Fujimoto, N. Kawakami, Phys. Rev. B 48 (1993) 17 406.
6] D.V. Averin, K K. Likharev, in: B. Altshuler, P.A. Lee,
R.A. Webb (Eds.), Mesoscopic Phenomena in Solids,
Elsevier, Amsterdam, 1991.
[37] H. Grabert, M.H. Devoret (Eds.), Single Charge Tunneling,
Plenum, New York, 1992.
[38] M.A. Kastner, Rev. Mod. Phys. 64 (1992) 849.
[39] M. Biittiker, Phys. Scripta T 54 (1994) 104.
[40] M. Biittiker, C.A. Stafford, Phys. Rev. Lett. 76 (1996) 495.
[41]

[3
[3
[3
3

J. Tran Tranh Van (Eds.), Correlated Fermions and Transport
in Mesoscopic systems, Editions Frontieres, Gif-sur-Yvette,
1996, pp. 491-500.

[42] P. Cedraschi, M. Biittiker, Suppression of level hybridization
due to Coulomb interactions, UGVA-DPT 1997/12-994,
Geneva, 1997.

[43] M.V. Moskalets, Physica B, to be published.

[44] M.V. Moskalets, EPJB (1998), to be published.

[45] H. van Houten, C.W.J. Beenakker, Phys. Rev. Lett. 63 (1989)
1893.

[46] L.I. Glazman, R.I. Shekhter, J. Phys.: Condens. Matter
1 (1989) 5811.

[47] H.J. Schulz, Int. J. Mod. Phys. B 5 (1991) 57.

[48] F.D.M. Haldane, J. Phys. C 14 (1981) 2585.

[49] C.L. Kane, M.P.A. Fisher, Phys. Rev. B 46 (1992) 15233.

[50] H. Bateman, A. Erdelyi, Higher Transcendental Function,
vol. 3, McGraw-Hill, New York, 1955.

[51] C.W.J. Beenakker, Phys. Rev. B 44 (1991) 1646.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


