University of South Carolina

Scholar Commons

Faculty Publications Physics and Astronomy, Department of

7-15-2002

Electronic Transport Through a Nuclear-Spin-Polarization-Induced
Quantum Wire

Yuriy V. Pershin Dr
University of South Carolina - Columbia, pershin@physics.sc.edu

S. N. Shevchenko
I. D. Vagner
P. Wyder

Follow this and additional works at: https://scholarcommons.sc.edu/phys_facpub

b Part of the Physics Commons

Publication Info

Published in Physical Review B, ed. Gene D. Sprouse, Volume 66, Issue 3, 2002, pages
035303-1-035303-5.

Pershin, Y. V., Shevchenko, S. N., Vagner, I. D., & Wyder, P. (2002). Electronic transport through a nuclear-
spin-polarization-induced quantum wire. Physical Review B, 66(3), 035303-1 - 035303-5. DOI: 10.1103/
PhysRevB.66.035303

© Physical Review B, 2002, American Physical Society

This Article is brought to you by the Physics and Astronomy, Department of at Scholar Commons. It has been
accepted for inclusion in Faculty Publications by an authorized administrator of Scholar Commons. For more
information, please contact digres@mailbox.sc.edu.


https://scholarcommons.sc.edu/
https://scholarcommons.sc.edu/phys_facpub
https://scholarcommons.sc.edu/phys
https://scholarcommons.sc.edu/phys_facpub?utm_source=scholarcommons.sc.edu%2Fphys_facpub%2F79&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=scholarcommons.sc.edu%2Fphys_facpub%2F79&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digres@mailbox.sc.edu

PHYSICAL REVIEW B 66, 035303 (2002
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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 nuniber72.25-b, 73.23-b, 75.40.Gb

There has been much recent theoretichl and magnetic field of polarized nuclei acting on the conduction-
experimentdl™’ interest in the peculiarities of the electron electron spins. The time evolution of the hyperfine magnetic
transport in mesoscopic systems with highly polarizedfield, due to the nuclear-spin relaxation and the nuclear-spin
nuclear spins. In Refl a new class of phenomena: the meso-diffusion, leads to variation of the number of transverse
nucleo-spinics was proposed based on the strong influence ofodes and corresponding electron energies at a constant gate
the hyperfine magnetic field of the polarized nuclei on thepotential that can be directly measured by transport experi-
energy spectrum and the wave functions of the conductioments.
electrons in few channel mesoscopic systems. It was shown The proposed system is depicted in Fig. 1. The two-
there and later discussed in Ref. 2 that the inhomogeneouwsmensional electron gd@DEG) is splitted in two parts by a
external hyperfine magnetic field, acting on the charge carripotential applied to the gate electro@® the widthL) lo-
ers confined to move in a ring, influence the quantum intercated under 2DEG. Two parts of 2DEG are connected by a
ference(mesoscopicphenomena and can induce the persis-nuclear-spin-polarization-induced quantum wiNSPIQW)
tent current with some interesting physical features. In Ref. Zreated either by the optical nuclear-spin polarizatibi®or
the electron states in a quantum dot with a nuclear-spin paby the transport polarizatidfi or by any other experimen-
larization were studied within the perturbation theory. More-tally suitable method. The chemical potentials of these
over, it was proposed to use the inhomogeneous magnetZDEG regions arg.; andu,, (u1— u,)/|€| is the bias volt-
field to create so-called magnetic structures, such as magge. We assume that the bias voltage is small in comparison
netic quantum dots, rings, superlattices ¢tee for a review with the potential that confines the electrons. The conduc-
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 theoreticafi*
The dependence of the conductance at “zero” temperature IDEG
on the number of transverse modes in the conductor is given
by the Landauer formul¥

2DEG

2€? My Hy

G=—-MT, (1)

whereT is the average electron transmission probabiltys

the number of the transverse modes and the factor “2” stands
because of the spin degeneracy. It is assumed that the tran-
sition probability T is independent of the energy in a small
interval between the chemical potentials of the reservoirs. / ) L
Usually, the number of the transverse modes, defined by the Nuclear spin polarization Y X

effective width of the conductor, is controlled by the gate induced quantum wire

voltage and the conductance is changed in discrete steps

2e?/h. M FIG. 1. The geometry of the proposed experiment: the 2DEG is

In this paper we propose a different class of experimentssplitted by the gate potential, the narrow conductor is created by the
based on the creation of a quantum wire by the hyperfinéocal nuclear-spin polarization.

Gate
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tance of the NSPIQW depends on the number of the tranghe initial distribution of the hyperfine field, respectively.
verse modes below,; and u,. Since the number of the Then the solution of Eq2) is:

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 heret.—d2/2D
Hamiltoniart® Hy,(r) = (87/3) ugyhiSil;o8(r —r1;), where  VNe'cto™ " o .

. The microscopic description is based on the following
ug is the Bohr magnetori; and o are nuclear and electron

t\~ 1/2 ) )
_Be Ty 14 & —y2I[2d(1+ (tty))]
Bhi(y,t)=Bge 1 I ) e , (3

0

spins, and; andr are the radius vectors of thi¢h nucleus Hamiltonian:

and of the electron. It follows that once the nuclear spins are 52

polarized, the charge-carrier spins feel the effective hyperfine H=———A+V(X)+U(z)+ ugoBu(y,t). (4)
field B,¢, which lifts the spin degeneracy. In GaAs/AlGaAs 2m*

heterojunction one may achieve the hyperfine field of severe‘l_Iere m*
Teslas’* The spin splitting 1gBp,) due to such hyperfine o o
magnetic field is comparable to the Fermi energy of 2DEG
Thus, if the gate potentidl y,c is more thanu, ,, then all
the electrons in the region, where nuclear-spins are polarize
will occupy the energetically more favorable states with th

Spins opposite to R And, furthermore, the nucle_za_r polar- the lowest subband, corresponding to the confinemert in
ization acts on the electrons as the effective confining PoteNjirection. is occupied and we can ignore the higher sub-
tial Veons= — ugBns. This effective confining potential can % :

is the electron effective mass aWM{x) is the po-
ergy associated with the gate. The form of the po-
tential V(x) is not very important in our consideration. It
efines the transmission probability in Ed.). If we take
(X) =Vy=const for|x|<L/2 andV(x)=0 otherwise, then
=1. We suppose, as it is usually done for 2DEG, that only

. . . _bands. Thus, we omit in the following dependence of the
be used to create different nanostructures with polarize

lect i th H rict deration to NSP ave function. The nuclear-spin-relaxation tiffi¢ and the
g\?\(/; rons in them. Here we restrict our consideration to haracteristic diffusion timey in semiconductors at suffi-

Th i . hani leading to the time d ciently low temperatures is rather long. They vary from sev-
ere are two main mechanisms feading to the ime d€g 5 515 to few minute¥ Thus the time scale introduced

pegdtﬁnce Ofl the hypedrf]lrne,' f'eli;vthe nucleatr;]sgl?hrelaxa}tlorgy nuclear-spin system is several orders of magnitude larger
and the nuciear-spin ditusion. Ve assume that th€ NUCleatp,, the time scale of typical electron equilibration pro-
spin polarization is homogeneousxrandz directions. Then oqqes |n such a case the conduction electrons see a quasi-
the hyperfme. f|el_d evolunpn IS desqnbgd by the one-c, ant nuclear field. This simplifies the calculation by
d|men§|onal diffusion equation with taking into account theavoiding the complications that would appear when solving
relaxation processes: the Schrdinger equation with the time dependence due to
polarized nuclei. Taking into account the electrons only with

dBh¢ #Bps 1 opposite to the hyperfine field spiff®r which the effective
ot —a 5 T_Bhfv (2)  potential is attractive we obtain the following equation for
y ! the transverse-modes energy spectrum:
where D is the spin-diffusion coefficient and’; is the h2 aPy(y)
nuclear-spin-relaxation tim€. Here we assume that the - — wBri(Y, D (y)=e"y(y). (5)

. . . . . * 2
nuclear-spin polarization is inhomogeneous across the 2m*  dy

pleted region provided that the length of nuclear-spin-

polarized region is larger then the depleted region. In this _ 1 Uo
case the diffusion irx direction from ends is irrelevant for Bhi=— o (6)
the properties of NSPIQW. #e coslf(ay)

Let us discuss experimental feasibility of this assumptionconnected with Eq(3) by the relations:
Using the method of optical nuclear spin-polarizattdn-®
the sample is illuminated locally by, for example, putting a Bh(0t) =Bp(0t),
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 J Bhf(yat)dyZJ Bhi(y,t)dy. ()
wave length (<500 nm), by using near fields optics the ]
beamwidth can be sufficiently reduced {00 nm). Hence a It follows from Eq.(7) that both fields ay=0 have the same
NSPIQW of the width of 1 xm can be created by the mod- Value, as well as the areas under the curBggy,t) and
ern experimental technique. In semiconductor heterostrud:(y,t) at any fixedt. This provides the total nuclear-spin
tures having supreme quality, the electron mean free path cgwlarization to be the same for the two fields. From E@s.
be as large as 10@m and NSPIQW will operate in the we obtain Uy=pugBoe V" [1+(t/tg)] Y2 and o'
quantum regime. We assume the initial condition to be of the=d/7/2[ 1+ (t/to)]*2 From Fig. 2 it is clearly seen that the
Gaussian formB,(y,0)=Bgexp(—y*2d?). The two param- hyperfine fields given by Eq$3) and (6) have very similar
eters,d and By, define the half-width and the amplitude of dependence omy. Substituting the hyperfine field, Eg6),
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FIG. 2. Comparison of the exact hyperfine fi¢sblid line) and
the model hyperfine fielddashed ling

into Eq. (5), we obtain the one-dimensional Sctinger
equation with the modified Rehl-Teller potential:
h? Py(y)
2m*  gy?

Solution of Eq.(8) can be expressed in terms of the hyper-
geometric functiotf and the energy spectrum is

cost(ay)

p(y)=e"ly). (8

tr

h2a?
N 2m*

wheres=3[ —1+ 1+ (8m*Uy/k%a?)] andn=0,1,2 . ...
The number of the energy levels is finite and, being de-
fined by the conditiom<s, is given byN=1+[s], where

P (s—n)?, 9

n

PHYSICAL REVIEW B 66, 035303 (2002

~ o~ -

e e e i

3 -

time, t/t0

FIG. 3. Different kinds of the level number dependences on time
N=N(t) and s=s(t) for C=100: solid line—diffusive regime
(T1/ty=80); dashed line—relaxation regimd(/t,=1); dotted
line—intermediate regimeT(;/ty=8). The stepped lines corre-
spond to the level numbéM, the smooth lines te+1.

d=1 um, m*=0.067, gives usN(t=0)=13. We can
also estimate the number of electrons per unit length:
=(Umh)=S2m* |e)|=(a/ 7)N[s—3(N—1)], which att
=0 andN>1 givesn, =(1/y27%%(N?/d). ForN=13 and
d=1 um we haven, =2x10° cm !

The time dependence of the transverse energy levels in
the diffusive regime is shown in Fig.(@. The chemical
potentialsu, and w, are depicted by the horizontal lines.
The number of transverse energy levels below them at the

[---] denotes the integer part. A level appears or disappeaf®oment of timet is the numbeM of the transverse modes.

in the system wheg(t) becomes an integer.

Let us consider the time dependence of the paranseter
more detail. The expression fercan be rewritten in a more
convenient form:

—1+|1+Ce’'N1

1 1/2

s(t)= 5 1+tO } (10
where the dimensionless parame@a+ 4 7(m* d?/42) ugBy
contains only the initial distribution parametedsand By,
There are two different characteristic times in Et0): the
diffusion characteristic timé¢, and the relaxation character-
istic time T,. It is easy to see thathas a maximum &t
=(T4/2)—ty. We can distinguish three regimes: the diffusive
regime (T;>ty~t), the relaxation regimeT;<2ty), and
the intermediate regimerlg=2t,). Heret is the observation
time. Time dependences of the number of the energy I&Nels
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 regimédashed ling the number of
levels decreases with time. In the intermediate regidu-
ted ling there is the maximum of the functios(t) at t

The points of intersection of the chemical potentials with the
transverse energy levels are given by

p12=Vo—en (). (13)

An interesting feature of the transverse energy spectrum is
that the energy of some levelfor example, the level with
n=3 in Fig. 4a)] at the short times decreases until it has a
minimum. In the relaxation regimgFig. 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 withn=0 survives. In the intermediate regime a
mixing of the relaxation and diffusion regimes happgfig.
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. 4d)—4(f). When an energy level crosses the chemi-
cal potentialg[the time of the intersection is given by Eq.
(11)] the conductance changes bf/h. We underline that
due to the spin selective effective potential the height of the

=tmax. The estimation of the number of the transverse enconductance steps is just/h, which is a half of the conduc-

ergy levels for the following set of parameteBg=1 T,

tance quantunG,=2e?/h.
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FIG. 4. Time evolution of the energy levels in the NSPIQW):The diffusive regime(b) relaxation regime; an¢t) intermediate regime,
and (d—f) respective time dependences of the conductance. The parameters of calculations are the same as in Fig. 3.

It is quite clear that sharp conductance quantization stepBo=1 T we havea '~d for T;<t, and a~*~20d for
shown in Figs. &d)—4(f) will be smoothed in real experi- T1>1o. . . ) o
ment. The main mechanisms of smoothing are: the effect of 10 Summarize, a different system for investigation of 1D
finite temperature; scattering of electrons on impurities an@/€Ctron  transport—the  nuclear-spin-polarization-induced
defects; and inhomogeneity of the initial hyperfine field pro-Juantum wire—is proposed. We investigate the influence of
.the nuclear-spin relaxation and diffusion on the properties of

file along the wire. The temperature smoothing can be eIIrnI’[he electron system. The time dependences of the electron

nated if the experiment is performed at low enough temperagnergy spectrum and of the conductance of the quantum wire
ture, when the distance between the transverse modge studied. We expect that the experimental study of the
subbands is much larger thégT, which for 1 T hyperfine  described system can give some information, such as the
field is of order of 10-100 mK. The using of high-quality nuclear-spin-diffusion coefficier® and the nuclear-spin re-
samples will reduce the influence of scattering. The condifaxation timeT,. Furthermore, we note that the method of
tions of homogeneity of the wire were discussed before. local nuclear-spin polarization allows us to create different
Let us consider the lifetime of the NSPIQW. It can be low-dimensional nuclear-spin-polarization-induced quantum
defined by the foIIOWing Condition|:sg(t|)|=kBT*, where structures(quantum dots, rngs, wires, elcnsmg the same

ke is the Boltzmann's constant ari¥ is the temperature. Sample and different illumination masks.

Using Eq.(9), we calculate the timg for two limiting cases: We acknowledge useful discussions with V. Fleurov, V.
T1<tg and T;>t,. In the first case(the strong relaxation |vanov, F. Peeters, and V. Privman. This research was sup-
limit) t,~T /2 In[m* d*(ugBo) /% °kgT* ]. In the second case ported in part by the US National Science Foundation, Grant
(the diffusion regimgt,~to(ugBo/ksT*)? Let us estimate No. DMR-0121146 and ECS-0102500, and in part by EU,
the half-width of the wirex ™! att~t,. ForT*=30 mKand Grant No. IST-2000-29686.
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