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Electronic transport through a nuclear-spin-polarization-induced quantum wire
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Electron transport in a low-dimensional structure—the nuclear-spin-polarization-induced quantum wire is
theoretically studied. In the proposed system the local nuclear-spin polarization creates the effective hyperfine
field that confines the electrons with the spins opposite to the hyperfine field to the regions of maximal
nuclear-spin polarization. The influence of the nuclear-spin relaxation and diffusion on the electron energy
spectrum and on the conductance of the quantum wire is calculated and the experimental feasibility is dis-
cussed.

DOI: 10.1103/PhysRevB.66.035303 PACS number~s!: 72.25.2b, 73.23.2b, 75.40.Gb

There has been much recent theoretical1–3 and
experimental4–7 interest in the peculiarities of the electron
transport in mesoscopic systems with highly polarized
nuclear spins. In Ref. 1 a new class of phenomena: the meso-
nucleo-spinics was proposed based on the strong influence of
the hyperfine magnetic field of the polarized nuclei on the
energy spectrum and the wave functions of the conduction
electrons in few channel mesoscopic systems. It was shown
there and later discussed in Ref. 2 that the inhomogeneous
external hyperfine magnetic field, acting on the charge carri-
ers confined to move in a ring, influence the quantum inter-
ference~mesoscopic! phenomena and can induce the persis-
tent current with some interesting physical features. In Ref. 3
the electron states in a quantum dot with a nuclear-spin po-
larization were studied within the perturbation theory. More-
over, it was proposed to use the inhomogeneous magnetic
field to create so-called magnetic structures, such as mag-
netic quantum dots, rings, superlattices etc.~see for a review
Ref. 8!.

The conductance quantization, in the case of the ballistic
transport through quantum wires at low temperatures, is by
now well studied both experimentally and theoretically.9–11

The dependence of the conductance at ‘‘zero’’ temperature
on the number of transverse modes in the conductor is given
by the Landauer formula:12

G5
2e2

h
MT, ~1!

whereT is the average electron transmission probability,M is
the number of the transverse modes and the factor ‘‘2’’ stands
because of the spin degeneracy. It is assumed that the tran-
sition probabilityT is independent of the energy in a small
interval between the chemical potentials of the reservoirs.
Usually, the number of the transverse modes, defined by the
effective width of the conductor, is controlled by the gate
voltage and the conductance is changed in discrete steps
2e2/h.11

In this paper we propose a different class of experiments,
based on the creation of a quantum wire by the hyperfine

magnetic field of polarized nuclei acting on the conduction-
electron spins. The time evolution of the hyperfine magnetic
field, due to the nuclear-spin relaxation and the nuclear-spin
diffusion, leads to variation of the number of transverse
modes and corresponding electron energies at a constant gate
potential that can be directly measured by transport experi-
ments.

The proposed system is depicted in Fig. 1. The two-
dimensional electron gas~2DEG! is splitted in two parts by a
potential applied to the gate electrode~of the width L) lo-
cated under 2DEG. Two parts of 2DEG are connected by a
nuclear-spin-polarization-induced quantum wire~NSPIQW!
created either by the optical nuclear-spin polarization.13–15or
by the transport polarization5,6 or by any other experimen-
tally suitable method. The chemical potentials of these
2DEG regions arem1 andm2 , (m12m2)/ueu is the bias volt-
age. We assume that the bias voltage is small in comparison
with the potential that confines the electrons. The conduc-

FIG. 1. The geometry of the proposed experiment: the 2DEG is
splitted by the gate potential, the narrow conductor is created by the
local nuclear-spin polarization.
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tance of the NSPIQW depends on the number of the trans-
verse modes belowm1 and m2. Since the number of the
transverse modes changes in time, the current between two
regions of 2DEG is also time dependent.

The contact hyperfine interaction between an electron and
nuclear spins is described by the Fermi contact
Hamiltonian16 Hh f(r )5(8p/3)mBgn\( i I isd(r2r i), where
mB is the Bohr magneton,I i ands are nuclear and electron
spins, andr i and r are the radius vectors of thei th nucleus
and of the electron. It follows that once the nuclear spins are
polarized, the charge-carrier spins feel the effective hyperfine
field Bh f , which lifts the spin degeneracy. In GaAs/AlGaAs
heterojunction one may achieve the hyperfine field of several
Teslas.6,4 The spin splitting (mBBh f) due to such hyperfine
magnetic field is comparable to the Fermi energy of 2DEG.
Thus, if the gate potentialUgate is more thanm1,2, then all
the electrons in the region, where nuclear-spins are polarized,
will occupy the energetically more favorable states with the
spins opposite to Bh f . And, furthermore, the nuclear polar-
ization acts on the electrons as the effective confining poten-
tial Vcon f52mBBh f . This effective confining potential can
be used to create different nanostructures with polarized
electrons in them. Here we restrict our consideration to NSPI
QW.

There are two main mechanisms leading to the time de-
pendence of the hyperfine, field: the nuclear-spin relaxation
and the nuclear-spin diffusion. We assume that the nuclear-
spin polarization is homogeneous inx andz directions. Then
the hyperfine field evolution is described by the one-
dimensional diffusion equation with taking into account the
relaxation processes:

]Bh f

]t
5D

]2Bh f

]y2
2

1

T1
Bh f , ~2!

where D is the spin-diffusion coefficient andT1 is the
nuclear-spin-relaxation time.17 Here we assume that the
nuclear-spin polarization is inhomogeneous across the
NSPIQW and quite homogeneous along it~at least in de-
pleted region!, provided that the length of nuclear-spin-
polarized region is larger then the depleted region. In this
case the diffusion inx direction from ends is irrelevant for
the properties of NSPIQW.

Let us discuss experimental feasibility of this assumption.
Using the method of optical nuclear spin-polarization,13–15

the sample is illuminated locally by, for example, putting a
mask on it. The resolution of the optical illumination of the
sample can be high enough. Usual optic technique allows
one to create the light beams of the width of the order of the
wave length (;500 nm), by using near fields optics the
beamwidth can be sufficiently reduced (;100 nm). Hence a
NSPIQW of the width of 1 mm can be created by the mod-
ern experimental technique. In semiconductor heterostruc-
tures having supreme quality, the electron mean free path can
be as large as 100mm and NSPIQW will operate in the
quantum regime. We assume the initial condition to be of the
Gaussian form:Bh f(y,0)5B0exp(2y2/2d2). The two param-
eters,d and B0, define the half-width and the amplitude of

the initial distribution of the hyperfine field, respectively.
Then the solution of Eq.~2! is:

Bh f~y,t !5B0e2t/T1S 11
t

t0
D 2 1/2

e2y2/[2d2(11~ t/t0!)] , ~3!

wheret05d2/2D.
The microscopic description is based on the following

Hamiltonian:

H52
\2

2m*
D1V~x!1U~z!1mBsBh f~y,t !. ~4!

Herem* is the electron effective mass andV(x) is the po-
tential energy associated with the gate. The form of the po-
tential V(x) is not very important in our consideration. It
defines the transmission probability in Eq.~1!. If we take
V(x)5V05const foruxu,L/2 andV(x)50 otherwise, then
T51. We suppose, as it is usually done for 2DEG, that only
the lowest subband, corresponding to the confinement inz
direction, is occupied and we can ignore the higher sub-
bands. Thus, we omit in the followingz dependence of the
wave function. The nuclear-spin-relaxation timeT1 and the
characteristic diffusion timet0 in semiconductors at suffi-
ciently low temperatures is rather long. They vary from sev-
eral hours to few minutes.14 Thus the time scale introduced
by nuclear-spin system is several orders of magnitude larger
than the time scale of typical electron equilibration pro-
cesses. In such a case the conduction electrons see a quasi-
constant nuclear field. This simplifies the calculation by
avoiding the complications that would appear when solving
the Schro¨dinger equation with the time dependence due to
polarized nuclei. Taking into account the electrons only with
opposite to the hyperfine field spins~for which the effective
potential is attractive!, we obtain the following equation for
the transverse-modes energy spectrum:

2
\2

2m*

]2c~y!

]y2
2mBBh f~y,t !c~y!5« trc~y!. ~5!

To proceed we approximate the hyperfine field~3! by

B̃h f5
1

mB

U0

cosh2~ay!
, ~6!

connected with Eq.~3! by the relations:

Bh f~0,t !5B̃h f~0,t !,

E Bh f~y,t !dy5E B̃h f~y,t !dy. ~7!

It follows from Eq.~7! that both fields aty50 have the same
value, as well as the areas under the curvesBh f(y,t) and
B̃h f(y,t) at any fixedt. This provides the total nuclear-spin
polarization to be the same for the two fields. From Eqs.~7!
we obtain U05mBB0e2t/T1@11(t/t0)#21/2 and a21

5dAp/2@11(t/t0)#1/2. From Fig. 2 it is clearly seen that the
hyperfine fields given by Eqs.~3! and ~6! have very similar
dependence ony. Substituting the hyperfine field, Eq.~6!,
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into Eq. ~5!, we obtain the one-dimensional Schro¨dinger
equation with the modified Po¨schl-Teller potential:

2
\2

2m*

]2c~y!

]y2
2

U0

cosh2~ay!
c~y!5« trc~y!. ~8!

Solution of Eq.~8! can be expressed in terms of the hyper-
geometric function18 and the energy spectrum is

«n
tr52

\2a2

2m*
~s2n!2, ~9!

wheres5 1
2 @211A11(8m* U0 /\2a2)] and n50,1,2, . . . .

The number of the energy levelsN is finite and, being de-
fined by the conditionn,s, is given byN511@s#, where
@•••# denotes the integer part. A level appears or disappears
in the system whens(t) becomes an integer.

Let us consider the time dependence of the parameters in
more detail. The expression fors can be rewritten in a more
convenient form:

s~ t !5
1

2 F211S 11Ce2t/T1A11
t

t0
D 1/2G , ~10!

where the dimensionless parameterC54p(m* d2/\2)mBB0
contains only the initial distribution parametersd and B0.
There are two different characteristic times in Eq.~10!: the
diffusion characteristic timet0 and the relaxation character-
istic time T1. It is easy to see thats has a maximum attmax
5(T1/2)2t0. We can distinguish three regimes: the diffusive
regime (T1@t0;t), the relaxation regime (T1,2t0), and
the intermediate regime (T1*2t0). Heret is the observation
time. Time dependences of the number of the energy levelsN
in different regimes are shown in Fig. 3. In the diffusive
regime~full line! the number of levels increases with time,
while in the relaxation regime~dashed line! the number of
levels decreases with time. In the intermediate regime~dot-
ted line! there is the maximum of the functions(t) at t
5tmax. The estimation of the number of the transverse en-
ergy levels for the following set of parameters:B051 T,

d51 mm, m* 50.067me gives usN(t50)513. We can
also estimate the number of electrons per unit length:nL

5(1/p\)(A2m* u«n
tr u5(a/p)N@s2 1

2 (N21)#, which at t
50 andN@1 givesnL.(1/A2p3/2)(N2/d). For N513 and
d51 mm we havenL.23105 cm21.

The time dependence of the transverse energy levels in
the diffusive regime is shown in Fig. 4~a!. The chemical
potentialsm1 and m2 are depicted by the horizontal lines.
The number of transverse energy levels below them at the
moment of timet is the numberM of the transverse modes.
The points of intersection of the chemical potentials with the
transverse energy levels are given by

m1,25V02«n
tr~ t !. ~11!

An interesting feature of the transverse energy spectrum is
that the energy of some levels@for example, the level with
n53 in Fig. 4~a!# at the short times decreases until it has a
minimum. In the relaxation regime@Fig. 4~b!# the absolute
values of the energy levels and the number of the levels
decrease monotonically in time. At large times only the en-
ergy level withn50 survives. In the intermediate regime a
mixing of the relaxation and diffusion regimes happens@Fig.
4~c!#. At short times the energy-level behavior is determined
by the nuclear-spin diffusion and at large times by the
nuclear-spin relaxation.

The dependence of the conductance on the time is shown
in Figs. 4~d!–4~f!. When an energy level crosses the chemi-
cal potentials@the time of the intersection is given by Eq.
~11!# the conductance changes bye2/h. We underline that
due to the spin selective effective potential the height of the
conductance steps is juste2/h, which is a half of the conduc-
tance quantumG052e2/h.

FIG. 2. Comparison of the exact hyperfine field~solid line! and
the model hyperfine field~dashed line!.

FIG. 3. Different kinds of the level number dependences on time
N5N(t) and s5s(t) for C5100: solid line—diffusive regime
(T1 /t0580); dashed line—relaxation regime (T1 /t051); dotted
line—intermediate regime (T1 /t058). The stepped lines corre-
spond to the level numberN, the smooth lines tos11.
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It is quite clear that sharp conductance quantization steps
shown in Figs. 4~d!–4~f! will be smoothed in real experi-
ment. The main mechanisms of smoothing are: the effect of
finite temperature; scattering of electrons on impurities and
defects; and inhomogeneity of the initial hyperfine field pro-
file along the wire. The temperature smoothing can be elimi-
nated if the experiment is performed at low enough tempera-
ture, when the distance between the transverse mode
subbands is much larger thenkBT, which for 1 T hyperfine
field is of order of 10–100 mK. The using of high-quality
samples will reduce the influence of scattering. The condi-
tions of homogeneity of the wire were discussed before.

Let us consider the lifetime of the NSPIQW. It can be
defined by the following condition:u«0

tr(t l)u5kBT* , where
kB is the Boltzmann’s constant andT* is the temperature.
Using Eq.~9!, we calculate the timet l for two limiting cases:
T1!t0 and T1@t0. In the first case~the strong relaxation
limit ! t l;T1/2 ln@m*d2(mBB0)2/\2kBT* #. In the second case
~the diffusion regime! t l;t0(mBB0 /kBT* )2. Let us estimate
the half-width of the wirea21 at t;t l . ForT* 530 mK and

B051 T we havea21;d for T1!t0 and a21;20d for
T1@t0.

To summarize, a different system for investigation of 1D
electron transport—the nuclear-spin-polarization-induced
quantum wire—is proposed. We investigate the influence of
the nuclear-spin relaxation and diffusion on the properties of
the electron system. The time dependences of the electron
energy spectrum and of the conductance of the quantum wire
are studied. We expect that the experimental study of the
described system can give some information, such as the
nuclear-spin-diffusion coefficientD and the nuclear-spin re-
laxation timeT1. Furthermore, we note that the method of
local nuclear-spin polarization allows us to create different
low-dimensional nuclear-spin-polarization-induced quantum
structures~quantum dots, rings, wires, etc.! using the same
sample and different illumination masks.

We acknowledge useful discussions with V. Fleurov, V.
Ivanov, F. Peeters, and V. Privman. This research was sup-
ported in part by the US National Science Foundation, Grant
No. DMR-0121146 and ECS-0102500, and in part by EU,
Grant No. IST-2000-29686.

FIG. 4. Time evolution of the energy levels in the NSPIQW:~a! The diffusive regime;~b! relaxation regime; and~c! intermediate regime,
and ~d–f! respective time dependences of the conductance. The parameters of calculations are the same as in Fig. 3.
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