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Abstract
The eect 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 aects considerably the persistent current. ? 1999 Elsevier Science B.V. All rights reserved.
PACS: 72.10.−d; 73.20.Dx
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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 systems are sensitive to a change of an electron wave
function phase that leads, in particular, to the manifestation of the Aharonov–Bohm (AB) eect [4] in
solids.
The free energy F of doubly connected systems
(rings) pierced by an AB magnetic ux  is periodic
in  with a period of 0 = h=e [5,6]. The derivative
of the free energy over the magnetic ux determines
the magnitude of a thermodynamic equilibrium (persistent) current I = −9F=9 which exists in normal
(nonsuperconducting) rings at low temperatures. Such

a current was predicted in Refs. [7,8] and was observed experimentally in Refs. [9–11].
The properties of persistent currents [12–31] (the
period over the magnetic ux, the crossover temperature T ∗ , the type of the ground state (either diamagnetic 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 reservoir). If a ring is coupled to a reservoir which xes
the chemical potential of a ring  = 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 T = 0 [12] as well as for the dependence of a current on the temperature. For instance,
the crossover temperature T ∗ (at T ¿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 eect
[5,13,25,32–35]. For spinless fermions the current depends on the parity of the number of electrons Ne in a
ring, while for electrons with spin the current depends
on Ne modulo 4.
The charging energy EC = e2 =(2C) (where e is an
electron charge and C the geometrical capacitance
of the system) associated with the transfer of the
elementary charge between dierent regions of a
mesoscopic sample (or between a mesoscopic sample
and a reservoir) strongly suppresses the charge transfer (the Coulomb blockade regime) [36–38] at low
temperatures (T 61 K at C610−15 F). As a result in
the limit C → 0 an open system must be considered as
an isolated system, i.e. at a xed number of particles
Ne = const: Therefore this eect is important for the
persistent current problem [39–44].
At the same time it is known that at certain values
of the potential dierence Vg between a mesoscopic
sample and a reservoir the charging energy of a
system is degenerate in Ne (Ne ↔ Ne + 1) and the
Coulomb blockade is lifted [45,46]. In such a case the
connection between a mesoscopic sample and a reservoir is restored that aects the persistent current. In
particular, for spinless fermions the period of the
dependence I () halves [40,44] and the crossover
temperature is reduced four times [44]. Moreover,
the persistent current equals the one at an appropriate
xed chemical potential  = ∗ = 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 Ne = const: or for the
regime  = const: depending on the potential Vg .
In the present paper we consider the persistent
current in a one-dimensional ballistic ring with interacting electrons with spin coupled to an electron
reservoir in the limit of large charging energy EC .
The interplay of spin and electron–electron interaction qualitatively changes the eect of charging
energy on the persistent current. So, in the general
case, the current in the limit C → 0 diers from the
one in an isolated ring. This conclusion is justied by
the following arguments. Though the magnetic ux
aects only the charge degrees of freedom the spin
subsystem inuences on the persistent current also,

that is a consequence of the parity eect [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 system of electrons with a repulsive interaction [47] the
charging energy does not aect the spin subsystem of
a ring which still is coupled to a reservoir.
The closely related system at T = 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 dependence of the persistent current on the temperature.
The paper is organized as follows. In Section 2 the
expressions for the ux-dependent part of the free energy with respect to the charging energy are obtained.
In Section 3 we consider the properties of a persistent
current for rings with a dierent 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 correlated electrons with spin in a ring may be described
as a Luttinger liquid [48]. For electrons with spin the
Lagrangian of a Luttinger liquid LLL in a bosonic form
is [47,49]
 
2 
2 
˜v 1 9’
9’
−
LLL (x; t) =
2g v2 9t
9x
 
2 
2 
9’
˜v 1 9’
−
:
(1)
+
2g v2 9t
9x
The subscripts  and  denote quantities describing
the charge and spin degrees of freedom, respectively.
The boson elds ’ and ’ are dened as follows:
’ = ’↑ + ’↓ ;

’ = ’↑ − ’↓ ;

(2)

where the boson elds ’↑ and ’↓ describe electrons
with spin “up” (↑) and spin “down” (↓), respectively.
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reservoir and characterizing the eective charge of
a positive background in the ring; N0 = N0↑ + N0↓
is the number of electrons in the ground state. The
deviation of the particle density (x; t) from the mean
density in the ground state is
(x; t) = −1=2 9’ =9x:

Fig. 1. One-dimensional ring pierced by a magnetic ux  and
weakly coupled to an electron reservoir with the chemical potential  and the temperature T . Vg and C are the potential dierence
and the geometrical capacitance between a ring and a reservoir,
respectively.

(5)

It is seen from Eqs. (4) and (5) that the charging energy aects the charge subsystem and does not
inuence the spin subsystem. As a consequence the
considered case diers suciently from the case of
spinless electrons [44].
The partition function Z may be presented in the
form of a path integral over the elds ’ and ’

Z = D’ D’ exp[−SE =˜] :
(6)
The Euclidean action SE is

For noninteracting electrons with spin Haldane’s parameters [47,49] are: g = g = 2 and v = v = vF ,
where vF = ˜kF =m∗ is the Fermi velocity, kF is the
Fermi wave number, m∗ is the eective electron mass.
Moreover, in the absence of a magnetic eld (or any
spin-dependent interactions) we have g = 2 [47,49].
The Aharonov–Bohm interaction of electrons with
the magnetic ux  through the ring is described by
the Lagrangian [25,35]





2˜ 1=2 9’ kj
9’ kj
+
:
+
LAB (x; t) = 
L
9t
4
0
9t 4
(3)
The topological numbers kj and kj are dened by
kj = kj↑ + kj↓ ; kj = kj↑ − kj↓ . Here the topological
numbers kjs (s =↑; ↓) subject to the parity-dependent
constraints [48,25]: kjs = 0 (1), if Nes is odd (even),
where Nes 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
EC
LC (t) = −
L



2

L

dx (x; t) − N (Vg ) + N0

:

(4)

0

Here N (Vg ) = CVg =e is a parameter depending on the
potential dierence Vg between a ring and an electron





L

SE =



d [LLL (x; ) + LC () + LAB (x; )] ;

dx
0

0

(7)
where  = ˜=T ;  = it is an imaginary time.
The elds ’ and ’ obey twisted boundary conditions [25]
’ (x + k1 L;  + k2 )
= ’ (x; )+ k1 1=2 (2m + kM ) + k2 1=2 n ;
’ (x + k1 L;  + k2 )

(8)

= ’ (x; ) + k1 1=2 (2m + kM ) + k2 1=2 n ;
where k1 ; k2 ; n ; n ; m ; m are integers; kM ; kM are
topological numbers characterizing the parity of additional 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 accordingly m and m ) have the same parity. Moreover, we
can write kM = kM ↑ + kM ↓ ; kM = kM ↑ − kM ↓ , where
the topological number kMs (s =↑; ↓) characterizes the
parity of the additional number of electrons with spin
s. The numbers kjs and kMs depend on the parity of the
number of electrons with spin s N0s in the ground state
[35] as well as in the case of spinless fermions [25]
kjs = kMs

if N0s is odd;

(9)
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kjs = 1;

kMs = 0

kMs = 1

if N0s is even:

and

F =2 ; T∗ = v g F =(2 v ); T0 = 4v F =(2 v g )
and

kjs = 0;

Note that for an isolated ring we have m = m = kM
= kM = 0.
The present Lagrangian L = LLL + LC + LAB is
quadratic in elds ’ and ’ , therefore the extremal
trajectories obeying the boundary conditions (8) and
determining the ux-dependent part of the free energy
F() are linear functions of both x and 



x
1=2
;
(2m + kM ) + n
’ (x; ) = 
L

(10)


x

:
’ (x; ) = 1=2 (2m + kM ) + n
L

By using extremal trajectories (10) for calculating
the Euclidean action SE (7) and performing the summation over n ; n ; m and m with respect to above
restrictions one can express F() in terms of Jacobi
theta functions [50] 2 (v; q) and 3 (v; q).
We consider two cases:
(a) N0↑ is even; N0↓ is odd (or vice versa)
F() = −T Ln{3 [0; q04 ]3 [1=2; q4 ]
×3 [2’ + 1=2; q4 ]3 [2; qC4 ]
+ 3 [1=2; q04 ]3 [0; q4 ]
×3 [2’; q4 ]3 [2 + 1=2; qC4 ]}:

(11a)

(b) both N0↑ and N0↓ are odd
F() = −T Ln{3 [1=2; q04 ]3 [1=2; q4 ]
×3 [2’ + 1=2; q4 ]3 [2 + 1=2; qC4 ]
+ 3 [0; q04 ]3 [0; q4 ]3 [2’; q4 ]3 [2; qC4 ]
+ 2 [0; q04 ]2 [0; q4 ]2 [2’; q4 ]2 [2; qC4 ]}:
(11b)
Note that if both N0↑ and N0↓ are even the expression
for F() can be deduced from Eq. (11b) by changing ’ → ’ + 1=2 (or  →  + 1=2).
In Eqs. (11) we introduce the following designations: ’ ==0 ; q0 = exp[−T=T0 ]; q = exp[−T=T∗ ];
qC = exp[−2 T=(2TC )]; q = exp[−T=T∗ ]; T∗ = g

TC = 2F =g + 8EC ;

(12)

where F = hv =L. The above introduced quantities
characterize the energy necessary for exciting a charge
(≈TC ) or a spin (≈T0 ) excitation in a ring and the
level spacing for the charge (≈T∗ ) and for the spin
(≈T∗ ) subsystems in an isolated ring.
The quantity  is
 = e(Vg − Vg0 )=TC :

(13)

We dene N (Vg0 ) = N0 therefore the charging energy
does not aect the ground state (T = 0) at  = 0 (see
Eq. (4)). At the same time at T = 0 and=or Vg = Vg0
the eect of the charging energy on the system of
electrons with spin is important.
Note that for noninteracting electrons T∗ = T∗ =
T0 = 2TN∗ , where TN∗ is the crossover temperature for
an isolated ring with spinless fermions [25], and F
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 instead of the free energy F. The ux-dependent part of
is determined by Eq. (11) with respect to the replacement of  →  + =TC , where  is the chemical
potential of an electron reservoir. Such a modication
does not change the resulting expressions and leads to
a redenition of a dependence (Vg ) only. Note also
that from these expressions follows the well known
fact [51] that the properties of a mesoscopic system are
periodic in  with a period TC which for the Coulomb
blockade regime (EC  F =(4g )) far exceeds the one
characteristic for a free electron gas F [13].
Eq. (11) denes the dependence of the free energy
(and the persistent current) on both the magnetic ux
 and the potential Vg (the parameter ). Considering
that 3 (v + 1; q) = 3 (v; q) and 2 (v + 2; q) = 2 (v; q)
we conclude that, in the general case, the free energy
is periodic in  with a period of 0 =2 if N0 is odd and
with a period of 0 if N0 is even, as well as in the
absence of the charging energy [33,30].
The free energy as a function of  is periodic with a
period of 1=2 if N0 is odd and with a period of 1 if N0
is even. When  changes by 1 (the value eVg changes
2F =g + 8EC ) then N changes by 4.
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At some values of the parameters the period of oscillations may be changed. In the next section we consider such a correlation.

Consider rst the case of g = 2. After a little manipulation we get
A2 () =

3. Calculation of the persistent current
The purpose of the present paper is to consider the
eect of the charging energy on the properties of a
persistent current I = −9F=9. 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 N = 1 in an electron
system. Note that the increase of a repulsive electron–
electron interaction (g  2) leads to a similar eect.
Thus, we will assume
  (2=2 )TC  T∗ ; T∗ ; T0 :

(14)

In such a case at T  TC the number of charge excitations in a ring is conserved N = const: However,
the properties of persistent currents for an open system of electrons with spin in the Coulomb blockade
regime dier from the ones for an isolated system that
is due to an interaction with a spin subsystem.
Following Eq. (11) we calculate the persistent current in two cases according to the parity of the electrons number N0 .
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 0 =2. Let us nd
the dependence of a current amplitude on the potential
Vg . We calculate the current at  = 0 =8. Note that at
T  T∗ we obtain the second harmonic
∞amplitude I2
while at T  T∗ we obtain the sum k=1 I2(2k−1)
I (’ = 1=8; ) =

2T
F(3=4; 4T=T∗ )A2 ();
0

∞


(−1)m sin[2m’]=sinh [mp] :

m=1

The even function A2 () has a period of 1=2.

=

2 [4; qC16 ]
3 [4; qC16 ]

⎧
1 − exp[−(1=8 − )TC =T ]
⎪
⎪
;
⎪
⎨ 1 + exp[−(1=8 − )TC =T ]
⎪
⎪
⎪
⎩

(17)

0¡¡1=4; T TC ;
2 exp[−22 T=TC ] cos(4);

T TC :

The dependence A2 () is depicted in Fig. 2a. It is
seen, when the potential Vg (the parameter ) is varied
the current amplitude changes sign (i.e. the phase of
the dependence I () changes by ) that is due to the
change of the number of charge excitations N = 1
in a ring. Such a change takes place at 0 = ± 1=8 (that
corresponds to a half-integer values of N (Vg ) − N0 in
Eq. (4)) when the Coulomb blockade is lifted and
when A2 (0 ) = 0: As a result the period of a dependence I () halves and becomes equal to 0 =4. In such
a case the persistent current is
I (’; 0 ) =

4T
F(4’; 16T=T∗ ):
0

(18)

Note that the crossover temperature T ∗ = T∗ =16 is reduced four times compared to the Coulomb blockade
regime.
In the case of g = 2 the zeros 0 of the function A2 () depend on the parameters characterizing
the spin subsystem. So, at T → 0 within the interval
0¡¡1=4 the zero is

1 2 (T0 − T∗ )
:
(19)
+
0 =
8
16TC
While away from the points  = 0 (namely at  = 0
and  = 1=4) the persistent current does not depend on
the spin subsystem parameters at T TC
I (’; 0) =

2T
F(2’ + 1=2; 4T=T∗ ):
0
2T
F(2’; 4T=T∗ ):
0

(20)

(15)

I (’; 1=4) =

(16)

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 current equations (21) and (18) are diamagnetic around
 = 0.

where
F(’; p) = 2

21

(21)
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Fig. 2. (a) The dimensionless current amplitude A2 (Eq. (17)) as a function of the dimensionless potential dierence  for a ring with an
odd number of electrons with spin; TC =T = 100. (b) The dimensionless current amplitude A1 (Eq. (23)) as a function of the dimensionless
potential dierence  for a ring with an even number of electrons with spin; TC =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 I = −9F=9 is periodic in  with
a period of 0 . However, at some values of Vg the
period may be reduced to two (0 =2) or four (0 =4)
times depending on the electrons system parameters.
The crossover temperature T ∗ is also reduced.
We consider the case when both N0↑ and N0↓ are
odd. Note that after the replacement ’ → ’ + 1=2
(or  → + 1=2) the expressions obtained below are
valid for the case when both N0↑ and N0↓ are even.
The dependence of the current amplitude (more precisely of the current magnitude at  = 0 =4) on the
potential Vg is
I (’ = 1=4; ) =

T
F(1=4; T=T∗ ) A1 ():
0

(22)

The even dependence A1 () has a period of 1. At
T → 0 it is
A1 ()
=

sinh[(1=4 − ||)TC =T ]
;
cosh((1=4 − ||)TC =T ) + exp((1 − )TC =(8T ))
−1=2¡¡1=2;

(23)

where = 2 (T0 + T∗ − T∗ )=(2TC ). The dependence A1 () is shown in Fig. 2b. The similar dependence was obtained in Ref. [40] for the ring coupled
to a side branch quantum dot.
At  = ± 1=8 and  = ± 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 N0 . If N − N0 = + 2n
(where = 1; 3) the odd harmonics vanish and period
of the current halves (0 =2). At both  = ± 1=4 and
T TC the current is similar to the one for odd N0 at
 = 0 (Eq. (20)). At T → 0 such a current is characteristic for whole plateau of length   (1 − )=4.
At both  = 0 and T TC the current in the
Coulomb blockade regime is similar to the one for
an isolated ring [30]; however, it diers from the
earlier one which is due to the eect of the reservoir
spin subsystem. Note that at  = 1=2 the current is
I (’; 1=2) = I (’ + 1=2; 0). In the case of noninteracting electrons (g = g = 2; v = v = vF ) the current
has a period of 0 and the crossover temperature is
T ∗  T∗ =2 = TN∗ . In the case of correlated electrons the
current depends on the electron–electron interaction.
So, in the case of T∗  T∗ ; T0 the spin subsystem
is frozen in all the temperature range T 6T∗ where
the persistent current exists. This leads to a doubling
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of the crossover temperature T ∗ = T∗ = 2TN∗ . In such
a case the current is
I (’; 0) =

T
F(’; T=T∗ ):
0

(24)

On the other hand, at TC  T  T∗  T∗ ; T0 ;
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 the current is given by the same expression
as Eq. (21). Thereto the dependence of a current
amplitude on the potential Vg (on the parameter ),
i.e. I (1=8; ), can be deduced from that for odd N0
Eqs. (15), (17) by changing  →  + 1=4. Such a
dependence has a period of 1=2 and its zeros are
0 = ± 1=8. At  = 0 the current is given by Eq. (18),
i.e. the current has a period of 0 =4 and the crossover
temperature is T ∗ = T∗ =16.
4. Discussion and conclusion
In the present paper the eect of the charging energy due to the charge transfer between a mesoscopic
ring and a reservoir on the persistent current is considered. In the Luttinger liquid approach [48] for electrons with spin Eq. (1) the analytical expression for
the ux-dependent part of the free energy with respect
to the charging energy is obtained. The charging energy is taken into account in the geometrical capacitance C approach. The obtained expressions allow us
to analyse the eect of model parameters on the persistent current properties (the period and the sign of the
current, the dependence of the current on the temperature, etc.) which characterize the ground state (and
low-lying excited states) of an electron system.
The charging energy EC renormalizes the energy
E0 = F =(2g ) necessary for exciting a charge excitation in a ring coupled to a reservoir (see Eq. (12)). In
the limit EC  E0 (the Coulomb blockade regime) the
number of charge excitations N in a ring is conserved
(when both the magnetic ux  and the temperature
T  EC are varied). In the spinless case [44] an open
mesoscopic system in the Coulomb blockade regime
is equivalent to an isolated system (Ne = const.). In
the case of electrons with spin this is not true, because
the spin subsystem of a ring is not decoupled from a

23

reservoir and aects the persistent current pursuant to
the parity eect [30,34,35].
At certain values of the potential dierence Vg (the
parameter , see Eq. (13)) between a ring and a reservoir (see Fig. 1), the Coulomb blockade is lifted and
the number of charge excitations N in a ring changes
by 1. Since the potential Vg does not aect the spin
subsystem the condition N = 1 is not equivalent to
the change of the number of electrons with spin Ne in
a ring by 1. At the same time the change N = 2, in
fact, is equivalent to the change of the number of electrons with spin “up” Ne↑ = 1 and with spin “down”
Ne↓ = 1. Therefore, the dependence of the current
amplitude I on Vg for the ring with an odd number of
electrons N0 in the ground state (see Fig. 2a), in the
general case, is quite dierent from the one for the
ring with even N0 (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 charging energy the dependence I (Vg ) has a sequence of
plateaus of diamagnetic and paramagnetic states.
The current for the isolated ring with an odd number N0 of electrons with spin is periodic in  with a
period of 0 =2 and is paramagnetic (at   0) [30,33].
In the Coulomb blockade regime such a current is
characteristic for the plateau near  = 0 (see Eq. (20)).
While for  = 1=4 (Eq. (21)) the current is diamagnetic. In the vicinity of the charging energy degeneracy
point  = 1=8 the number N uctuates with N = 1;
which leads to period halving (0 =4). However, such
a conclusion is true for noninteracting (between themselves) electrons only. For interacting electrons the
behaviour of a current is more complicated. From
Eq. (11a) it follows that for  = 1=8 + n=2 (where n is
an integer) the persistent current does not depend on
the charging energy (the parameter qC ) and coincides
with the one for a ring coupled to a reservoir (i.e. for
the regime  = const: at EC = 0) when both the parity
of N0 and the value of  are same (as it is pointed out
above, the parameter  depends on both EC and ). At
g = 2 or at T0 ; T∗  T  T∗ the current is dened by
Eq. (18) and the period halves. On the other hand, the
current is dened by Eq. (21) at T0  T  T∗  T∗
and by Eq. (20) at T∗  T  T∗  T0 and the period
does not halve. In the last cases the period halves at
other values of the parameter  = 0 (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 N0 of electrons
with spin, the eect of a spin subsystem on the persistent current is more strong. In particular, for the
case of noninteracting electrons such an eect reduces the current in the Coulomb blockade regime
I (1=4; 0)  exp[−3T=T∗ ] compared to the current in an
isolated ring (Ne = const:) I (’ = 1=4)  exp[−2T=T∗ ]
at T ¿T∗ : On the other hand, if the parameters
of spin and charge subsystems are quite dierent,
T∗  T∗ ; T0 or T  T∗  T∗ ; T0 , the persistent current in the Coulomb blockade regime at  = 0 coincides with the one in an isolated ring at the same parity
of N0 . At  = 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 ( = const:; EC = 0).
In conclusion, in the present paper we have discussed the eect of the charging energy on the persistent 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 dierent from both the regime  = const. and
the regime Ne = const.
References
[1] Y. Imry, in: G. Grinstein, G. Mazenco (Eds.), Physics
of Mesoscopic Systems: Directions in Condensed Matter
Physics, World Scientic, 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.
[5] N. Byers, C.N. Yang, Phys. Rev. Lett. 7 (1961) 46.
[6] F. Bloch, Phys. Rev. B 2 (1970) 109.
[7] I.O. Kulik, JETP Lett. 11 (1970) 275.
[8] M. Buttiker, 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. Buttiker, Phys. Rev. B 32 (1985) 1846.
[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] E.K. 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. Muller-Groeling, H.A. Weidenmuller, C.H. Lewenkopf,
Europhys. Lett. 22 (1993) 193.
[27] A. Kamenev, Y. Gefen, Phys. Rev. Lett. 70 (1993) 1976.
[28] A. Grincwajg, I.V. Krive, R.I. Shekhter, M. Jonson, Persistent
Current in a 1D Ballistic Ring: The Inuence 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) 16 451.
[30] A.A. Zvyagin, I.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.
[33] D. Loss, P. Goldbart, Phys. Rev. B 43 (1991) 13 762.
[34] N. Yu, M. Fowler, Phys. Rev. B 45 (1992) 11 795.
[35] S. Fujimoto, N. Kawakami, Phys. Rev. B 48 (1993) 17 406.
[36] 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. Buttiker, Phys. Scripta T 54 (1994) 104.
[40] M. Buttiker, C.A. Staord, Phys. Rev. Lett. 76 (1996) 495.
[41] M. Buttiker, C.A. Staord, in: T. Martin, G. Montambaux,
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. Buttiker, 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) 15 233.
[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.

