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Is the Magnetic Field Necessary for the Aharonov-Bohm Effect in Mesoscopics?
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We predict a new class of topological mesoscopic phenomena in absence of external magnetic
field, based on combined action of the nonequilibrium nuclear spin population and charge carrier
spin-orbit interaction. We show that Aharonov-Bohm-like oscillations of the persistent current in
GaAsyAlGaAs based mesoscopic rings may exist in the absence of the external magnetic field,
provided that a topologically nontrivial strongly nonequilibrium nuclear spin population is created.
This phenomenon is due to the breaking, via the spin-orbit coupling, of the clockwise-anticlockwise
symmetry of the charge carriers momentum, which results in an oscillatory in time persistent current.
[S0031-9007(97)05234-4]
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Persistent currents (PC) in mesoscopic rings refl
the broken clockwise-anticlockwise symmetry of charg
carriers momenta caused, usually, by the external vec
potential. Experimentally PCs are observed when
adiabatically slow time dependent external magnetic fie
is applied along the ring axis [1–3]. The magnetic fie
variation results in the oscillatory, with the magnetic flu
quantumF0  hcye (or its harmonics) period behavio
of the diamagnetic moment (the PC), which is th
manifestation of the Aharonov-Bohm effect (ABE).

We propose here that in a quantum ring with a noneq
librium nuclear spin population the persistent current w
exist, even in the absence of external magnetic field. W
predict the ABE-like oscillations of PC with time, during
the time interval of the order of nuclear spin relaxatio
time T1 [4], which is known to be long in semiconduc
tors at low temperatures [5]. The hyperfine field, caus
by the nonequilibrium nuclear spin population [5], break
the spin symmetry of charged carriers. Combined w
a strong spin-orbital (SO) coupling, in systems with
out center of inversion [6,7], it results in the breakin
of the rotational symmetry of diamagnetic currents in
ring. Under the topologically nontrivial spatial nuclea
spin distribution, the hyperfine field produces an adiaba
cally slow time variation of the Berry phase of the ele
tron wave function, analogous to one which emerges
standard ABE in textured mesoscopic rings [8,9] and
Aharonov-Casher effect [10]. The time variation of th
topological phase results in observable oscillations o
diamagnetic moment (the persistent current). We emp
size that this is one of a series of effects, which may ta
place in mesoscopic systems with broken, due to the co
bined action of the hyperfine field and spin-orbital inte
action, symmetry.
0031-9007y98y80(11)y2417(4)$15.00
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The hyperfine interactions in GaAs heterojunctions a
similar quantum Hall systems attracted recently sharp
growing theoretical [11] and experimental [12–14] atte
tion. The main recent physical interest in this subject
based on a fact that the discrete nature of the elect
spectrum in these systems will result in exponentially lo
T1 , exphDyT j (hereD is the electron energy level spac
ing andT is the temperature) dependence of the nucle
spin relaxation timesT1 on the system parameters [11
We assume here that similar law should take place also
the nanostructures with well defined size quantization
the electron spectrum. Note that in this caseT1 is very sen-
sitive to the potential fluctuations, caused by the inhom
geneous distribution of impurities in a heterojunction [15
Intensive experimental studies [12–14] of this phenom
non have provided a more detailed knowledge on the h
perfine interaction between the nuclear and electron sp
in heterojunctions and quantum wells. It was observ
that the nuclear spin relaxation time is rather long (up
103 sec) and the hyperfine field acting on the charge c
rier spins is extremely high, up to 104 G [12,13]. Until
now, however, the manifestations of the hyperfine intera
tion in quantum interference (mesoscopic) phenomena
not been studied.

Spin-orbit interaction plays an important role in mes
scopic physics. In disordered quantum rings it w
studied in [16,17], where universal reduction of th
PC harmonics was obtained. Similar conclusions we
drawn in [18] where the SO interaction specific fo
GaAsyAlGaAs heterojunctions was studied. We sho
here that in such systems SO combined with the hyp
fine field, produced by strongly nonequilibrium nuclea
spin population, can play a constructive role in creatin
an analog to AB effect.
© 1998 The American Physical Society 2417
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The contact hyperfine interaction is [4]

bHen
chf 

8p

3
mBgnh̄2

X
i

Ii ? sdsr 2 Rid . (1)

Here mB is the Bohr magneton,gn is the nuclear
magneton, andI, s, Ri , r are the nuclear and the charg
carrier spins and position vectors, respectively. It follow
from Eq. (1) that once the nuclear spins are polarized, i.
if k

P
i Iil fi 0, the charge carrier spins feel the effective

hyperfine fieldBhypf  B0
hypf exps2tyT1d which lifts the

spin degeneracy even in the absence of external magn
field. In GaAsyAlGaAs one may achieve the spin
splitting due to hyperfine field of the order of one-tent
of the Fermi energy [12,13].

Let us suppose therefore that the charge carrier spin o
entation is partially polarized during the time interval o
the order ofT1. It is quite obvious that the topologically
nontrivial spin texture combined with the spin-orbit inter
action will result in a persistent current.

The spin-orbit interaction inGaAsyAlGaAs hetero-
structures was widely studied both theoretically and e
perimentally (see [6] and references therein). The ma
contributions came from (a) bulk inversion asymmetr
and (b) from the structure inversion asymmetry, fir
pointed out in [7]. Since both contributions are of com
parable value, in what follows we will concentrate, fo
simplicity, on the typical for a heterojunction Bychkov
Rashba term [7]

bHso 
a

h̄

X
i

fsi 3 pgn , (2)

where a  0.6 3 1029 eV cm for holes with mp 
0.5m0 (m0 is the free electron mass) [7,19], anda 
0.25 3 1029 eV cm for electrons [7,20],si, pi are the
charge carrier spin and momentum, andn is the normal to
the surface. It can be rewritten in the formbHso  pAeff , (3)

where

AGaAs
eff .

amp

h̄
ksl , (4)

and ksl stands for a nonequilibrium carrier spin popula
tion. Under the conditions of a topologically nontrivia
is
f
)
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orientation ofAGaAs
eff (see the discussion below) the wav

function of a charge carrier encircling the ring gains th
phase shift similar to the one in an external magnetic fie
as in the ordinary ABE. This phase shift can be estimat
as follows:

2pQ 
1
h̄

I
AGaAs

eff dl 
mp

h̄2 ksstdal ,
mpsstda

h̄2 L ,

(5)

whereL is the ring perimeter. To observe the oscillator
persistent current connected with the adiabatically slo
time dependentksstdl, L is supposed to be less than th
phase breaking length. Taking the realistic values f
L ø 3 mm [3] and ksl ø 0.05–0.1 [12,13] we estimate
2pQ , 5–10 which shows the experimental feasibility o
this effect.

The standard definition of the spontaneous diamagne
current is

jhfso  2c
≠F
≠f

Ç
fext0

, (6)

whereF is the electron free energy andfext is the exter-
nal (probe) magnetic flux. The oscillations of persiste
current arise due to the exponential time dependence
the phaseQ0

eff exph2tyT1j in Eq. (5), with the time con-
stantT1. From the analogy with the standard ABE in
mesoscopic ring, we expect the following form for a pe
sistent current in a one-dimensional quantum ring at lo
enoughsT ø Dd temperature:

jhfso ,
eyF

L
sins2pQ0e2tyT1 d . (7)

HereQ0 is the initial phase value. We outline the mark
ing difference between the periodical time dependen
of standard AB oscillations, which are observed usua
under the condition of linear time variation of the applie
magnetic field and the hyperfine driven oscillations whic
die off due to the exponential time dependence of the n
clear polarization.

In what follows, we present the microscopic justifica
tion of the qualitative model discussed above.

The microscopic description is based on the followin
Hamiltonian:
bH 2
h̄2

2mpr2

√
≠

≠w
2 i

F

F0

!2

2 i
aswd

r
ssz cosw 1 sy sinwd

√
≠

≠w
2 i

F

F0

!

1 i
aswd
2r

ssz sinw 2 sy coswd 2
i

2r

da

dw
ssz cosw 1 sy sinwd 2 mBBhypfsz . (8)
n

r-
It describes the carriers, confined to a one-dimensio
ring of radius r, placed in theZY plane, in a case
of inhomogeneous SO coupling which, as will be d
cussed later, is one of the possible realizations o
topologically nontrivial effective vector potential Eq. (4
al

-
a

.

The ring is pierced by an external magnetic fluxF,
and Bhypf is the hyperfine field oriented along theZ
axis. Note that the Hamiltonian, Eq. (8), is a gene
alization of a  const, studied in [18], for the case
a  aswd.
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Let us show, within the perturbation theory, that th
left-hand side of Eq. (6) is nonzero atF  0. Since the
electron Zeeman splitting inGaAsyAlGaAs, caused by
the hyperfine fieldBhypf at strongly nonequilibrium nu-
clear population, exceedsah̄yr in micron rings, we may
safely neglect the effective spin-orbital field compare
to the hyperfine one. The zero-approximation eigenfun
tions and eigenvalues are, respectively,

Cs6d
n 

1
p

2p

∑µ
1
0

∂
,

µ
0
1

∂∏
expsinwd ;

´s6d
n 

h̄2

2mpr2

√
n 2

F

F0

!2

6 mBBhypf .

(9)

The flux-dependent first order corrections to´6
n are

V 6
nn  6

1
4pr

µ
n 2

F

F0

∂ Z 2p

0
dw aswd cosw

 6

µ
n 2

F

F0

∂
kal
r

. (10)

It follows that each level carries current if the integra
in the right-hand side of Eq. (10) is nonzero. This implie
topological restrictions on the functionaswd which are
equivalent to the existence of a topologically nontrivia
spin texture.

Calculation of the first order correction to the free en
ergy is straightforward, and using Eq. (6) the spontaneo
persistent current can be found to be

jhfso .
cD

rF0T
kal

X̀
n0

n2

(
cosh22

√
n2 2 m2

Tp

!

2 cosh22

√
n2 2 m1

T p

!)
,

(11)

whereD  h̄2y2mpr2; m6  sm 6 mBBhypfdyD, where
m is the chemical potential,T p  TyD.

At low temperatures, T ø D ø mBBhypf ø m,
Eq. (11) reads

jhfso .
2eyFkal kslmp

h̄2 ,
eyF

L
Qstd , (12)

where

ksl 
mBBhypf

m
(13)

is the nonequilibrium spin population introduced in
Eq. (4), andQstd is the topological phase Eq. (5). We
note that Eq. (12) is the first term of the expansion of th
phenomenological equation (7). It follows that the direc
quantum mechanical calculation confirms the existen
of a spontaneous persistent current, induced by combin
action of the nonequilibrium nuclear spin population an
spin-orbit coupling.

Consider now the possibility of the creation of a
topologically nontrivial effective vector potential defined
e

d
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in Eq. (5). In the geometry where the vectorn, Eq. (2), is
normal to the heterojunction, either the nuclei polarizatio
driven sswd or the spin-orbit couplingaswd should be
inhomogeneous along the perimeter of the ring. Out o
variety of different experimental realizations let us outlin
the following ones.

Since the nuclear relaxation rateT21
1 in GaAsy

AlGaAs heterojunction is highly sensitive to the impu
rities distribution [15], one can achieve different nuclea
polarization in different parts of a mesoscopic ring, pro
vided the characteristic length of the impurity potentia
is of order of several hundreds ofA, i.e., comparable to
the ring width. In this configuration we expect that th
mesoscopic sensitivity to a single impurity position ma
produce a nonvanishing phase Eq. (5).

Another way of obtaining a nonzero circulation of th
effective vector potential is the creation of the slowl
varying on the scalek21

F coordinate dependent spin-orbi
coupling aswd connected with external potentials like
boundaries, heavy atoms impurities along the perime
of the ring, and other imperfections which may locall
modify the spin-orbit interaction in these systems.

To summarize, we propose here a new, hyperfi
field driven mesoscopic effect: The Aharonov-Bohm-lik
oscillations of a persistent current in aGaAsyAlGaAs
mesoscopic ring in the absence of external magnetic fie
We note that the large (of the order of1 T) hyperfine field
results in the nonequilibrium population of the charg
carrier spins. The latter, under the conditions of th
topologically nontrivial spatial effective vector potentia
distribution results in a persistent current. This current
oscillating (aperiodically) and decreasing with time durin
the time interval of the order of the nuclear spin relaxatio
time T1. At low temperaturesT21

1 can be sufficiently long
and the predicted oscillations experimentally observable
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