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PHYSICAL REVIEW B 69, 085314 (2004

Electronic structure of nuclear-spin-polarization-induced quantum dots

Yu. V. Pershin
Center for Quantum Device Technology, Department of Physics, Clarkson University, Potsdam, New York 13699-5820, USA
and Grenoble High Magnetic Fields Laboratory, Max-Planck-InstituteFastkaperforschung and CNRS,
Boite Postale 166, F-38042 Grenoble Cedex 9, France
(Received 30 April 2003; published 20 February 2004

We study a system in which electrons in a two-dimensional electron gas are confined by a nonhomogeneous
nuclear-spin polarization. The system consists of a heterostructure that has nonzero nuclei spins. We show that
in this system electrons can be confined into a dot region through a local nuclear-spin polarization. The
nuclear-spin-polarization-induced quantum dot has interesting properties indicating that electron energy levels
are time dependent because of the nuclear-spin relaxation and diffusion processes. Electron confining potential
is a solution of diffusion equation with relaxation. Experimental investigations of the time dependence of
electron energy levels will result in more information about nuclear-spin interactions in solids.

DOI: 10.1103/PhysRevB.69.085314 PACS nuniber73.23—b, 72.25-b, 75.40.Gb

. INTRODUCTION charge-carrier spins feel the effective hyperfine fiélgh
which lifts the spin degeneracy. The maximum nuclear field

The theoretical and experimental researches of quantuim GaAs can be as high &,;=5.3 T in the limit that all
dots have attracted much attention in recent yt&gsantum  nuclear spins are fully polarizéd This high level of nuclear-
dots are usually fabricated experimentally by applying litho-spin polarization has been achieved experimentally. For ex-
graphic and etching techniques to impose a lateral structur@mple, the optical pumping of nuclear spins in 2DEG has
onto an otherwise two-dimensional electron system. Lateralemonstrated nuclear-spin polarization of the order of
structures introduce electrostatic potentials in the plane 090%2® A similarly high polarization has been created by
the two-dimensional electron gas, which confines the elecquantum Hall edge stat¢85% 1% The spin splitting due to
trons to a dot region. The energy levels of electrons in suclsuch a hyperfine magnetic field is comparable to the Fermi
quantum dots are fully quantized like in an atom. In suchenergy of 2DEG. It is important to note that the hyperfine
electrically confined quantum dots the confining potentialfield does not manifest itself magnetically due to the small-
can be well represented by a parabolic potential. ness of the nuclear magnetic moments. The electrons in the

Another method of low-dimensional structure fabricationregion where nuclear spins are polarized will preferably oc-
consists of the application of spatially inhomogeneous mageupy the energetically more favorable states with the spins
netic fields. Several alternative magnetic structures that werepposite toBy,;. Furthermore, the nuclear polarization acts
subsequently realized experimentally have been proposedn the electrons as the effective confining potential. This
Among them magnetic dots using a scanning tunneling mieffective confining potential can be used to create different
croscope lithographic technigéenagnetic superlattices by nanostructures with polarized electrons in them. An example
the patterning of ferromagnetic materials integrated byof such a nanostructure—NSPIQD—is considered here.
semiconductors, type-Il superconducting materials depos- Moreover, it might be well to point out that the hyperfine
ited on conventional heterostructufesnd nonplanar two- interactions play an important role in a decoherence process
dimensional electron ga$2DEG) systems grown by a of an electron spin confined in an usual quantum dot. This
molecular-beam epitaxy/Such systems were studied theo- decoherence mechanism was analyzed recéhtly.
retically in a series of papers by different auth®r! The proposed system is depicted in Fig. 1. The nuclear

In the present paper we study a quantum dot systerspins are polarized locally along ttzeaxis in plane of the
which is different from the quantum dot systems discussed

above:(1) the electrons are confined through local nuclear- Local nuclear spin polarization
spin polarization(2) the confinement potential is inherently
nonparabolic and time dependent, it is a solution of the dif- /

fusion equation when considering relaxation, &8dthe dot

contains electrons with only one spin direction. Such system OO 2DEG

was proposed for the first time in Ref. 15. However, the SO Y

properties of nuclear-spin-polarization-induced quantum dots 5 T z

(NSPIQD have not been considered thus far and this is the /'

motivation behind the present investigation. In our calcula- B, By y

tions we use some ideas from Ref. 16, where a nuclear-spin- Gate

polarization-induced quantum wire was proposed and inves-

tigated. FIG. 1. The geometry of the proposed experiment: the NSPIQD
Electron and nuclear spins interact via the contact hyperis created in the region of intersection of the 2DEG with the local

fine interaction. Once the nuclear spins are polarized, theuclear-spin polarization.
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7 and calculate the evolution of initially created hyperfine-field
(2,0)(1.2)(0,4) £ profile which is taken, for simplicity, in the Gaussian form.
. Time dependence of the electron states in NSPIQD is studied
1.1)0.3) B in Sec. lll. The conclusions of this investigation are pre-
L g y sented in Sec. IV.
RICE) 3
. m=0 430 < Il. HYPERFINE-FIELD PROFILE
oy’ - -% = Let us assume that the method of optical nuclear-spin po-
1 el { I larization is use®f 2" to create a NSPIQD. To pattern a
0,0 ———m=5 ] nanostructure it is proposed to illuminate the sample locally
1 1 by, for example, putting a mask on it. The usual optical tech-
A nique allows one to create the light beams of the width of the

order of the wavelength~500 nm). By using near field
optics the beamwidth can be sufficiently reduced
FIG. 2. Energy spectra of electrons in NSPIQD with initial half- (~100 nm). Hence a Jsm-size NSPIQD can be easily cre-
width d=1 um andB,{(r=0t=0)=2.65 T as a function of time ated by the modern experimental technique.
in the diffusion regime T, /to=100. The black solid lines are the There are two main mechanisms leading to the time de-
energy levels for parabolic potential labeled by quantum numberpendence of the hyperfine field: the nuclear-spin relaxation
(n,m) at the left. The other lines correspond to the energy levels foand the nuclear-spin diffusion. We assume that the initial
the Gaussian potential, the lines having a same color have the samgiclear-spin polarization is along tizedirection and homo-
quantum numbem; the quantum numben is equal to 0 for the  geneous in the direction. Then the hyperfine-field evolution

lowest line of each color and increases by 1 for lines of the samgs described by the two-dimensional diffusion equation
color from bottom to top.

time, 40

1
2DEG in heterostructure by any suitable experimental TZDABhf—T—lth (1)

method. For example, the optical nuclear-spin

polarizatiorf*~% or the transport polarizatidf*® can be  accounting for the relaxation processes. HBres the spin-
used. The region where the nuclear spins are polarized igiffusion coefficient, A=d%/dy’+d%/9z> is a two-
indicated by the cylinder in Fig. 1. It is assumed that thedimensional Laplace operator, affig is the nuclear-spin re-
nuclear-spin polarization is homogeneous«direction per-  |axation time®!*? The formal solution of Eq(1) can be
pendicular to the 2DEG. The NSPIQD is created in the rewritten as

gion of intersection of the 2DEG with the region of local

nuclear-spin polarization. The gate electrode below the

2DEG is used to control the number of electrons in the Bhfze*“Tlf G(r—r’,t)Bn(r',t=0)dr’. (2
NSPIQD. Moreover, the system is subjected to an external

magnetic field along the axis. —(r—r")2/4Dt ; .
I : : . HereG(r—r',t)=e /47Dt is the Green function

The magnetic field is of importan he nuclear-spin e . .
e magnetic field is of importance to the nuclear-sp of the diffusion equation andB(r’,t=0) is the initial

polarization process. A detailed experimental study of th%yperfine-field profile

optical nuclear-spin polarization was reported in Ref. 27. In : . . S
this paper the level of nuclear-spin polarization was moni- In this paper we consider NSP.IQD havmg thg cylindrical
mmetry; that is, the hyperfine fieR}; is a function ofr,

tored versus magnetic field, temperature, and pump intensi tis | | In the simplest
in GaAs quantum well. It was found that the nuclear-spin ha S 'ml (y,z)dplane. nb efsur:]p gs case, \:Cven;an agsume
polarization disappears Bt=0 and increases rapidly witB the initia ccz)n |£|on to be of the Gaussian for hf(r’_ )

K= Bo exp(—r92d<). The two parameterg] and By, define

for B<0.3 T. The nuclear-spin polarization has a peak at 5 . . A
andB=2T, and decreases slowly with subsequent increas%le half-width and the amplitude of the initial distribution of
i the hyperfine field, respectively. Then the solution of Hg.

of B (see Fig. 2 of Ref. 27 Disappearance of nuclear-spin .
polarization aB=0 can be related to the nuclear-spin relax-'S
ation due to the off-diagonal terms in dipole-dipole interac-
tion Hamiltonian(p. 66 of Ref. 31 In a finite magnetic field
nuclear Zeeman gap opens. As a consequence, the transitions
generated by these terms become damped and, correspond-
ingly, the nuclear-spin relaxation time increases. Thus, for awhere t,=d?/2D. The value oft, is the time it takes for
efficient optical nuclear-spin polarization the external mag-B,,;(0t) to reduce by a factor of 2 froh=0 due to the
netic field should be equal or higher than 0.3 T. In suchnuclear-spin diffusion. The nuclear-spin relaxation timen
magnetic fields the nuclear-spin polarization is in one direcsemiconductors at sufficiently low temperatures is rather
tion with applied magnetic fiell. long. It varies from several hours to a few minutéshe

Our paper is organized as follows. In Sec. Il we discussavailable experimental values for the diffusion coefficient are
the properties of nonhomogeneous nuclear-spin polarizatiob~10 2 cn?s ! for 7As in bulk GaAsS® and D

t
1+ —

e—[r2/2d2(1+t/to)]1 3)
to

Bp(r,t)=Boe "M
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=10 “cmes ! in AlgsGaygAs.? For d=1 and 5um  Hererg=a/b. Eq. (6) connects the depth of potentials, Eq.
taking D=10 ®¥cn’s ! we have t,=5x10*, 1.25 (7) provides equal second derivatives for the two fields at
X1 s. =0. From Egs.(6) and (7) we obtain a=Bg[e YT1/1
+(t/te)] and b=Bg[e YT/2d?(1+1t/ty)?]. The energy
IIl. ENERGY SPECTRUM spectrum for the parabolic potenti@b) in units of Eg
_ _ o ~ =h?%2m*d? is given by
The microscopic description is based on the following

Hamiltonian: g* ugB, e VT \/me—tml
=— +
w21 En.m 2E, t Eo t

= z 1+ — 1+ —
H= 2m*A+ 59" uealBn(r, ) +BI+U(X), (4 t i

wherem* is the electron effective masg? is the effective X (2n+|m|+1), (8)

electrong factor (@& as= —0.44), ug is the Bohr magneton,
o is the vector of Pauli matrice&;; is given by Eq.(3), B

IS th_e_magnetlc _f|eld ire direction, anc_JU(x) is the 2DEG 4 sgjan profile of the hyperfine fielé&q. (3)] was found
confining potential. We suppose, as is usually doﬂe for th‘ﬁumerically. Due to the cylindrical symmetry of the problem,
2DEG, that only the lowest subband, corresponding to th‘?he wave function can be written asy(p,d)
confinement inx direction, is occupied and we can ignore the _ 1/\27)eMm*R(p). The equation for the radial aR’(r)
higher subbands. Thus, we omitdependence of the wave ( e TR 9 P
Con . : . of wave function has a form

function in the following. The time scale introduced by a
nuclear-spin system is several orders of magnitude larger
than the time scale of typical electron equilibration pro- 11 i_ﬂ:_ Bhi(X,1) + R. -0 9
cesses. In such a case the conduction electrons see a quasi- | x dx . dx K2 'Bpy(0,0  omm|Tnm= S ©
constant nuclear field. This simplifies calculation by avoiding
the complications which would appear when solving thewhere x=r/d is the dimensionless coordinate angd
Schralinger equation with the time dependence due to polar=g* ;,.B, :(0,0)/,. For d=1 and 5um, taking m*
ized nuclei. We take into account the electrons of only one=0.067n,, we haveE,=0.57x10"3, 0.023<10 % meV;
spin direction(for which the effective potential is attractive  for B, ((0,0)= 2.65(50% nuclear-spin polarizatipand 5.3 T
SinceBy,s andB are unidirectional, the effect @ is just a  (100% nuclear-spin polarizatiporresponding energies are
uniform energy shift for electrons with one spin direction. Lg* ;,.B, ;(0,0)=3.4x 10 2 and 6.8<10"2 meV. We have
Therefore, the term witlB in Hamiltonian(4) will be omit-  ysed the shooting method to solve EE), subjecting the
ted in what follows. solution to the following boundary condition&, (p— 0)

We note that Hamiltoniait4) implies that onlyz part of  — ;M gndR.  (p—)=0. The results of the numerical cal-
the contact hyperfine interaction between nuclear spin angylations are presented below.
electron spin is taken into account. This is a good approxi- The time dependence of the electron energy levels in the
mation in finite magnetic fields considered here because Q{sSpIQD is determined by the time dependence of the con-
restrictions imposed by the energy conservation, i.e., by thening hyperfine field. There are two characteristic times in
large difference between the electron and nuclear Zeemafe problem: the diffusion characteristic tirigand the re-
splitting. At finite temperatures, the energy conservation lawaxation characteristic timé,. We can distinguish the diffu-
can be satisfied by absorbing a phonon in the flip-flop prosjye regime, whent~t,<T;, the intermediate regime,
cess of nuclear and electron spimisHowever, this mecha- ~ty~T,, and the relaxation regime>- T, <t,. Heret is the
nism is suppressed at low temperatures and consideration ghseryation time.

this process is out of the scope of this paper. ~ Figure 2 shows the time dependence of the electron en-
The one-electron eigenvalue problem with the attractivesrgy levels for the Gaussian and parabolic potentials in the
Gaussian potentigEq. (3)] does not admit analytical solu- giffysion regime. We emphasize that the parabolic potential
tions. Different approximate methotis*°were implemented  can be regarded as a good approximation of the Gaussian
to solve this problem. In the present paper, an analyticahotential only for the ground state. The excited-state energy
solution of the Schrdinger equation is found within the |eyels for the parabolic potential reveal large deviations from

wheren=0,1,... andn=0,=1, ... .
The exact solution of the Schiimger equation with the

parabolic approximation of the hyperfine fiefd: those for the Gaussian potential, which manifest in the de-

~ ) generacy of states and in the shift of levels. This result is

Bpi=a—br (5 qualitatively similar to those obtained for 3D Gaussian and

connected with Eq(3) by the relations parabolic potentiaf® However, time dependence of energy

levels for both potentials show quite similar behavior. The

B(0t)=Bp;(0}t) (6) number of energy levels in NSPIQD remains constant,
whereas their depth decreases. From(Bpit follows that in

and the diffusion regime the time dependence of the energy lev-
~ els in the parabolic potential ise,m(t)=[e,m(0)/1

Bhi(r, 0] =0=Bh(r,)] ;=0 () 4+(t/ty)]. It can be shown that the energy levels in the

085314-3
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obtained in the case of the parabolic potential are shorter
than in the case of the Gaussian potential.

It is important to know the lifetime of the NSPIQD. We
can consider electron states in the NSPIQD up to the mo-
ment when the confining potential depth is more than
the temperature. Consequently, the lifetimef the NSPIQD
can be defined by the following condition:
|g* ugBni(0))|/2=kgT, where kg is the Boltzmann
constant and’ is the temperature. Using E(B), we calcu-
late timet, for two limiting casesT;<ty; andT;>t,. In the
first case(the relaxation regime t;~ T, In|g* ugBgl/2KgT.

In the second case (the diffusion regimg t

: - . : . . ~to|g* ugBo/2kgT—1|. Time dependence of the half-width
o0 o8 timgm ' 20 of NSPIQD isd(t)=dy1+t/ty. Let us estimate it at=t, .
For T=30mK and By=2.65T we have d(t)=d

FIG. 3. Energy spectra of electrons in NSPIQD as a function ofin the relaxation regime and(t))=3.6d in the diffusion
time in the intermediate regim@, /to=1. The parameters of cal- regime.

culations and labeling of levels are as in Fig. 2.

(2,0)(1,2)(0,4)7 -

(1,1)(0,3)

(1000.2) [©

o

(0.0

Gaussian potential have the same time dependence. Substi- IV. CONCLUSIONS

tuting Eq. (3) into Eq. (9) and introducing the variablg as We have studied the electron energy levels of a NSPIQD
X=¢£V1+t/ty we obtain created in the region of the intersection of a local nuclear-

spin polarization with a 2DEG. The properties of the

1d d m t NSPIQD are time dependent because of the nuclear-spin dif-
—d—gd———2+7e*§’2+ 1+ |enm|Ram=0. fusion and relaxation. There are two characteristic time
§gderdé ¢ 0 and three corresponding regimes: the diffusion regime,

(10 the intermediate regime, and the relaxation regime. In
) ] the diffusion regime, the number of electron energy levels
The time-dependent factor, {1t/to), appears in Eq(10)  remains constant with time. In the relaxation and intermedi-
only as a product witfe, , thus proving the statement. ate regime, the number of electron energy levels decreases
_ Figures 3 and 4 show the results obtained for the intermeyjith time. Time dependence of the electron energy levels in
diate and relaxation regimes. On the contrary, the number che diffusion regime has a simple form. Since the character-
the energy levels in NSPIQD decreases in time in these restic diffusion time is proportional to the square of the
gimes. This decrease occurs on the scald 0fWe cannot  NSPIQD radius at=0, it is possible to create NSPIQDs
explicitly obtain time dependence of energy levels for thegperating in different regimes using the same experimental
Gaussian potential in these regimes. The parabolic approxketyp.
mation of the hyperfine field serves as a good approximation The numerical estimations allow us to conclude that the
again only for the ground energy level. The evolution of system under study can be realized experimentally. For a
excited-state energy levels in the Gaussian and in the pargyperfine field of just a few teslas, the experiment could be
bolic potentials are different: the lifetimes of energy levelsmade at a temperature of the order of 10 mK. The modern
experimental technique allows one to create a region with
local nuclear-spin polarization of characteristic sizes
=100 nm, making the NSPIQD having a small size. The
spectroscopy of the NSPIQD could be used to obtain some
information about nuclear-spin interactions in solids, for ex-
ample, the nuclear-spin relaxation time and the nuclear-spin
diffusion coefficient.

It should be pointed out that a simplified model was used
in this paper to describe the single-electron states in the
NSPIQD. We considered the influence of a nuclear-spin-
related hyperfine field on the electron states, whereas the
electrons could also alter the nuclear-spin dynamics. The
well-known examples of such phenomena are the indirect
o5 " e e 02(‘) Io_ng-range nuclear-_spin intergction, electron-ass_isted mec_ha—
' ' o ‘ ' nisms of nuclear-spin relaxation and nuclear-spin precession
time, 10 in an effective field created by the electrots.

FIG. 4. Energy spectra of electrons in NSPIQD as a function of Another important effect that was not mentioned so far is
time in the relaxation regimel, /t,=0.1. The parameters of cal- the Coulomb blockade. The Coulomb blockade effect is di-
culation and labeling of levels are as in Fig. 2. rectly observed in transport measurements, when an addi-

(2,0)(1,2)(0,4)

(1.1003)

3 ABiouzg

wu
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tional electron is added to a quantum dot. In the frame othis paper. Results of such investigations will be published
constant-interaction modé&f'42the additional energy i€  elsewhere.
=e?/C+AE, where AE is the energy difference between
single-particle stateg?/C is the charging energy of a single-

electron charge, on a capacitoC. For usual quantum dots

the charging energy is of the order of 0.1 m&Vfor

NSPIQD we believe that the charging energy is less because We acknowledge useful discussions with V. Privman, S.
of the larger size of NSPIQD. In our model, the gate belowShevchenko, and I. Vagner. This research was supported by
2DEG could be used to compensate the charging energthe National Security Agency and the Advanced Research
Moreover, we propose to study NSPIQD by spectroscopynd Development Activity under Army Research Office Con-
methods, which assume a fixed number of electrons iracts Nos. DAAD-19-99-1-0342 and DAAD 19-02-1-0035,
NSPIQD and involve transitions between single-particleand by the National Science Foundation, Grants Nos. DMR-
states. In-depth study of these effects is beyond the scope 6121146 and ECS-0102500.
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