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Abstract

The in#uence of a magnetic impurity or ultrasmall quantum dot on the spin and charge persistent currents of
a mesoscopic ring is investigated. The system consists of electrons in a one-dimensional ring threaded by spin-dependent
Aharonov}Bohm/Casher #uxes, and coupled via an antiferromagnetic exchange interaction to a localized electron. The
problem is mapped onto a Kondo model for the even-parity channel plus free electrons in the odd-parity channel. The
twisted boundary conditions representing the #uxes couple states of opposite parity unless the twist angles /a satisfy
/a"fap, where fa are integers, with spin index a"C, B. For these special values of /a , the model is solvable by the Bethe
ansatz. ( 2000 Elsevier Science B.V. All rights reserved.
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Kondo physics of quantum dots is of considerable cur-
rent interest, both experimentally [1,2] and theoretically
[1]. An important problem is to understand how the
Aharonov}Bohm/Casher (ABC) e!ect [3,4] in a ring
coupled to a quantum dot [5], and hence e.g. persistent
currents [6}9], would be modi"ed by the many-body
correlations present in the Kondo regime.

To address this question here, we study a simple model
where electrons in a one-dimensional (1D) ring threaded
by a magnetic #ux and a charged string are coupled via
antiferromagnetic spin exchange to a localized electron,
representing a magnetic impurity or an ultrasmall quan-
tum dot. A detailed analysis shows that this model can be
mapped onto the integrable Kondo model for special
values of the magnetic #ux and the charge on the string,
allowing for an exact solution of the problem.

The system is described by the Hamiltonian
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where j'0 is an antiferromagnetic Kondo coupling,
¸ is the ring's circumference, and S is the impurity spin
(located at x"0), and ta is an electron "eld with spin
index a"C, B. The e!ect of the magnetic #ux and the line
charge threading the ring has been gauged away
[6] and encoded in twisted boundary conditions
ta (¸)"e*(ata(0). Here /
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where U is the magnetic #ux enclosed by the ring and
q the line charge density of a charged string passing
through the center of the ring. U

0
"hc/e is the elemen-

tary #ux quantum, with F
0
"hc/k its dual.

We are interested in an exact solution of the problem,
in particular, how the Kondo interaction may a!ect the
spin and charge persistent currents induced by the phase
shifts /a . Since the essential physics of the system is
con"ned to a small region around the left and right
Fermi points, we can linearize around $k

F
and intro-

duce left (l) and right (r) moving chiral "elds. After
introducing a basis of de"nite parity "elds t
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describe independent relativistic electrons, and the impu-
rity contribution is now diagonal:
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We recognize H%
K
,H%
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as the chiral Hamilto-

nian of the spin-S Kondo model.
While the even and odd parity channels are decoupled

in the Hamiltonian, the twisted boundary conditions
couple states of opposite parity. However, for the special
values /a"fap, where fa are integers, the even and odd
parity states decouple from each other entirely. One can
then solve H%

K
by the Bethe ansatz (For a recent review

see [10]). Thus, our original problem has collapsed to an
exactly solvable problem for fa3Z, consisting of a left-
moving odd-parity branch of independent relativistic
electrons, together with a (decoupled) right-moving
even-parity branch de"ned by the 1D Kondo model. For
generic values of /a it is not possible to choose a basis
which renders H and the boundary conditions simulta-
neously diagonal, strongly suggesting that the model is
not integrable in general.

The leading mesoscopic behavior of the charge (spin)
persistent current is then I(/)"!D//¸ where
D"D

#
(D

4
) is the corresponding charge (spin) sti!ness.

This equation holds on general grounds independent of
whether the model is integrable or not. The sti!ness
constants can be determined by the Bethe ansatz for
"nite systems, developed previously for the 1D Hubbard
model [11,12].

The charge sti!ness, for example, can be evaluated as
a "nite di!erence using the integrable points
f
t
"f
s
"0, 1. When /C"/B"/, we "nd D
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una!ected by the Kondo scattering. This indicates that,

for spin-independent #uxes, spin-charge separation holds
even at the mesoscopic scale in this model.
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