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It is shown qualitatively that lifting of the electron spin degeneracy by a hyperfine field, which is

generated by a nonequilibrium nuclear spin distribution, and breaking of the left-right symmetry by the

spin-orbit interaction in a closed ring produces under certain conditions a persistent current, which

demonstrates the Aharonov-Bohm-like oscillations with time in GaAs,/AlGaAs-based mesoscopic rings

even in the absence of an external magnetic field. The typical time interval of these (meso-nucleospinic)

oscillations is of the order of several seconds, which is typical of the nuclear spin relaxation times in

heterojunctions.

PACS: 31.30.Gs, 72.15.Rn, 73.23.Ps

The persistent currents (PC) in multiconnected
mesoscopic conductors reflect the broken clockwise-
anticlockwise symmetry, which is usually caused by
the external vector potential. Experimentally, PCs
are observed when an adiabatically slow, time-
dependent, external magnetic field is applied along
the ring axis [1—3]. The magnetic field variation
results in the oscillatory behavior, with the mag-
netic flux quantum ®; = kc/e (or its harmonics), of
the diamagnetic moment (the PC), which is a
manifestation of the Aharonov-Bohm effect [4].

We propose that the persistent current exists in a
GaAs/AlGaAs quantum ring with a nonequilibrium
nuclear spin population, even in the absence of an
external magnetic field. We predict the ABE-like
oscillations of PC with time during the time inter-
val of the order of nuclear spin relaxation time 7', ,
which is known to be long in semiconductors at low
temperatures. The physics behind these oscillations
can be understood along the following lines. The
hyperfine field, which is caused by the nonequili-
brium nuclear spin population [5], breaks the spin
symmetry of conduction electrons which, combined
with a strong spin-orbit coupling, results under
certain conditions in the breaking of the rotational
symmetry of diamagnetic currents in a ring. Under
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the topologically nontrivial spin distribution, the
hyperfine field produces the Berry phase analogous
to one which emerges in textured mesoscopic rings
[7-11].

We note that this is the first of a series of
«meso-nucleospinic» effects, which take place in
different systems with broken symmetry due to the
combined action of the hyperfine field and spin-or-
bit coupling.

Let us first examine the nature of the hyperfine
electron-nuclear spin interaction and of the electron
spin-orbit interaction in typical heterojunctions.

The hyperfine interactions in GaAs heterojunc-
tions and similar quantum Hall systems attracted
recently sharply growing theoretical [12] and ex-
perimental [13—15] attention. The main physical
interest in this subject is based on the fact that the
discrete nature of the electron spectrum in these
systems results in the exponential (exp (A/T),
where A is the mean electron energy spacing, and
T is the temperature dependence of the nuclear spin
relaxation times Ty on the system parameters). We
assume here that similar law should apply for the
nanostructures with well-defined size quantization
of the electron spectrum. Note that in this case T'; is
very sensitive to the potential fluctuations caused



by the inhomogeneous distribution of impurities in
a heterojunction. Indeed, as it was discussed in
Ref. 16, the impurity potential modulates the spac-
ing, thus providing faster nuclear relaxation.

Intensive experimental studies of this phenomenon
have provided a more detailed knowledge of the
hyperfine interaction between the nuclear and elec-
tron spins in heterojunctions and quantum wells. It
was observed that the nuclear spin relaxation time
in GaAs,/ AlGaAs is rather long (up to 103 sec) [13]
and the hyperfine field acting on electron spins in
this material is extremely high, up to 10% g [14,15].
Based on this knowledge we suggest that once the
nonequilibrium population of nuclear spins is cre-
ated, the hyperfine field may strongly influence the
electron transport and persistent currents in nanos-
tructures in sufficiently long time.

In this brief note we show qualitatively that the
combined action of the hyperfine nuclear field and
the electron spin-orbit interaction breaks the time
reversal symmetry in a mesoscopic ring (i.e., a
sufficiently small ring so that quantum-mechanical
phase coherence is preserved), formed in a
GaAs /AlGaAs 2DEG, which results in an oscil-
lating persistent current at millikelvin tempera-
tures. The detailed theory will be published else-
where.

The contact hyperfine interaction between the
electron and nuclear spins is described by the fol-
lowing term in the Hamiltonian [6]:

~
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where | and y, are the conduction electron and the
nuclear magnetons; I, S, R, , and r, are the nuclear
and the electron spins and position vectors, res-
pectively; and &(r, — R,) reflects the fact that the
s-electrons have a nonvanishing probability on the
nuclei. Since the conduction quasiparticle wave-
length in GaAs is much larger than the internuclei
distance, it follows from Eq. (1), that once the
nuclear spins are polarized, i.e., if [ [,0#0
(Refs. 13—15), the electron spins will expell“ience an
effective hyperfine field, which lifts the electron
spin degeneracy even in the absence of an external
magnetic field. In GaAs /AlGaAs one may achieve
the spin splitting due to hyperfine field of the order
of the Fermi energy: ppg HcthSF (Refs. 14 and
15), which is of the order of 1 K.

Let us assume, therefore, that only one electron
spin orientation is populated during the time inter-
val of the order of the nuclear spin relaxation time
T, . It is quite obvious that under the topologically
nontrivial spin texture (see below) switching on
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electron spin-orbit interaction in the system of spin-
polarized electrons will produce a persistent cur-
rent.

The standard expression for the spin-orbital inter-
action

- i
Hso=m[ﬂvxp] (2)
can be rewritten in the form: H w = pAeff , Where
the effective vector potential operator reflects the
combined action of the hyperfine field and of the
spin-orbit interaction:

Apy(t) = mﬁcz [o() x OV] = Al exp Ti% (3)
O 'O

In what follows we restrict the discussion to the
case of GaAs,/AlGaAs heterostructure-based meso-
scopic rings. Spin-orbit interaction in semiconduc-
tors can be caused by impurities, boundaries, etc. In
GaAs there is a well-known mechanism, attribut-
able to the crystal anisotropy [17], which can be
presented as

. )
HSO—%g[oi plv. (4)

Here a = 0.6007™ eV[dm for holes with m"= 0.5m,
(my is the free electron mass); 0 and p are the
charge carrier spin and momentum; and v is the
normal to the surface.

We obtain for the effective vector potential opera-
tor [Eq. (3)] the estimate

- am”
AGahs 0— (5)
Under real conditions we have pp Hehf >>0,/L,
where L is the loop perimeter, and the electron spin
projection is a well-defined quantum number. The
vector potential [Eq. (5)] generates a persistent
current, which is the sum over the partial current
carried by the individual energy levels with differ-
ent projections of the electron spin.
The result of summation is an oscillatory depen-
dence of PC on the effective flux across the loop:

LoD

1
2n¢=£j§ d1 ASAAs0= 2 B0 (6)

where the brackets stand for quantum averaging,
and the double brackets denote

(o= éf a(t) di . €
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For a micron ring formed in a GaAs,/AlGaAs
2DEG, 2mp ~ 30[a(£)0 The value of [&(£)0depends
on the particular features of the relaxation dyna-
mics.

To estimate the amplitude of a PC generated by a
time-dependent flux [Eq. (6)], we must establish
the hierarchy of time scales in a micron ring at the
level of millikelvins.

The time scales are the nuclear magnetization
relaxation  time T, the ballistic time
/A0 L/V,, the phase-breaking time Ty Uiy
where T, is the time of inelastic electron scattaring,
and T, is one of the elastic processes.

The time T, in quasi-one-dimensional GaAs /AlGaAs
rings is governed mainly by smooth tails of the
impurity potential located in the «spacers» [20,21].
In an actual experiment [3] the elastic mean free
path is of the order of 10 pm.

The inelastic time T, in quasi-one-dimensional
quantum rings is defined by a combined action of
the electron-phonon scattering and the elastic scat-
tering [20]. Under the condition Wz H, .~
~€; >> A >> T the electron-spin-lattice [22] scat-
tering in a ring is suppressed. It is estimated [20] to
be T, 01077-1078 sec.

In our case the time T, far exceeds all the micro-
scopic electron times, T >> (/A , Ty 1,), which
evidently means that energy relaxation restores the
equilibrium distribution of the electron levels, and
we have a thermodynamic situation [20]. When
L ~1, << Ly, the persistent current can be calcu-
lated as [4]

. JoF O
Jpc=~¢ O
0P
extQDetho

: (8)

where F is the free energy, and ®,  is the probe
external flux. The thermodynamic value of [@&(¢)(lin
Eq. (6) is pp H,, ()€ O 1.

In light of the above discussion, we estimate the
persistent current in a fully spin-polarized gas when
A >>T to be

' eV, @ sin (2mko, exp (-t/T,))
Jpc O Y % : )
k=1

where ¢,, 0 LM *mt

The oscillations of persistent current arise due to
the exponential time dependence of the phase
¢q exp (-t/Ty) in Eq. (9), with the time constant
T, , which in GaAs can be of the order of several
seconds at a temperature of several millikelvins [5].
We note the marked difference between the time
dependence of standard AB oscillations, which are
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usually observed under the condition of linear time
variation of the applied magnetic field, and the
hyperfine driven oscillations, which die out due to
the exponential time dependence of the nuclear
polarization.

Let us now consider experimental feasibility of the
proposed effect. A nuclear spin configuration should
be created when the circulation of the effective
vector potential is a nonzero topological invari-
ant [Eq. (6)]. In the geometry where the vector v
in Eq. (4) is normal to the heterojunction, either
the nuclei, which are pumped along some direction
in the plane of the ring, or the spin-orbit coupling
should be inhomogeneous along the perimeter, say,
due to the inhomogeneous distribution of impuri-
ties. Since in a GaAs,/AlGaAs heterojunction the
characteristic length of the impurity potential is of
the order of several hundreds /QX, i.e., comparable to
the ring width, the mesoscopic sensitivity to a
single impurity position may produce a nonvanish-
ing phase [Eq. (6)]. The influence of the long range
impurities on the nuclear spin-relaxation time in
heterojunctions was studied in Ref. 16. Note that
the spin-orbit-produced PC considered above is not
averaged in a single ring, in marked contrast with
the situation considered in Refs. 8 and 9.

Other mechanisms connected with external poten-
tials like boundaries, heavy-atom impurities along
the ring perimeter, and other imperfections, which
may enhance the spin-orbit interaction in these
systems, will be considered in detail elsewhere.

In summary we propose here the first in a family
of hyperfine-field-driven mesoscopic (mesospinic)
orbital effects: the Aharonov-Bohm-like oscillations
of a persistent current in a GaAs,/AlGaAs
mesoscopic ring in the absence of external magnetic
field. We note that the large (of the order of 1 T)
hyperfine field acts on the electron spins only,
which results in the nonequilibrium electron spin
population. The later, at millikelvin temperatures,
under the conditions of the topologically nontrivial
texture, oD% 0, via the spin-orbit coupling, re-
sults in weak persistent currents, which decrease
with time due to the nuclear depolarization, during
the time interval of the order of the nuclear spin-re-
laxation time 7, which can be sufficiently long at
low temperatures.
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