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Quantum-dot lithium in the strong-interaction regime: Depolarization of electron spins
by a magnetic field
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A magnetic field usually leads to polarization of electron spins. It is shown that in a syststroofly
interactingparticles applying a magnetic field may lead to the opposite effect: depolarization of electron spins.
Results of the work are based on an exact-diagonalization study of quantum-dot lithium—a system of three
Coulomb interacting two-dimensional electrons in a parabolic confinement potential.
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It is well known that applying a magnetic field to a systemtrons move in the plane=0 in a lateral harmonic oscillator
of charged particlege.g., electronsresults in the polariza- potential V(r)=m*w3r?/2,r=(x,y). The Coulomb interac-
tion of their spins. Indeed, being placed in a potential Bdx, tion parameter in dots,
electrons occupy the lowest-energy stdtes ones with op-

posite spins per stateto minimize their total kinetic energy. lo e’lag €’
\/ hwg s PRV 1

The total spin of the systen$ will then be small compared A= ag
to N/2. If the system is now placed in a magnetic fiBldthe

Zeeman energy competes with the kinetic energy and favoris defined as the ratio of the oscillator lendis vAi/m*w
spin alignment along the field. The larger the magnetic field{o the effective Bohr radiusg of the host semiconductor
the more electron spins flip over, and at sufficiently stréng (herem” is the electron effective mass ang the oscillator

the whole system appears to be in a fully spin-polarized stateguency. The X parameter can be varied in a wide range,
with S= N/2. as opposed to natural atoms, which allows one to study prop-

t erties of the dots as a function of the interparticle interaction
strength. Quantum dots were intensively studied in recent

pyears by a variety of experimental and theoretical tech-

iques; see, e.g., Refs. 2—7 and references therein.
Many-body quantum states of quantum-dot lithiufd (

=3) are characterized by quantum numbeygprojection of

the total angular momentum on thexis), S, andS, . In zero

This picture is valid if the interparticle interaction is no
too strong and can be neglected. In a systenstaingly
interacting particles the interaction can polarize the syste
already in the absence of a magnetic field. An example is N
(spin-polarized Wigner crystal, which was shown to be the
ground state of a system of strongly interacting electrons o
a positive jellium backgrountiAn glectror_\-electron_mterac- magnetic field energies of these states can be written in the
tion forces electrons to occupy higher single-particle energy
levels (which reduces the Coulomb energy at the cost of the
gie'\t;/czone, and favors a ground state with large total spin ELss=fiwoFLs(N), )

Now one can ask what happens with the system ofvhere, 5 are some functions of the interaction paramater
strongly interacting particlesalready spin polarizedby  The functionsF, s(\) have been calculated in Ref. 8 using
the interparticle interaction, if it is placed in a magnetic field.an exact-diagonalization techniqugonvergence of the
At first glance one could think that the magnetic field method was studied in detail in Ref. 8; the accuracy of re-
B=(0,0B) will only split the ground state withS=N/2  sults for the energy of levels was shown to be better than
into sublevels with different total-spin projectionS,= (5x10 %% at A\<10]. Levels(2) are degenerate with re-
+=N/2,=(N/2—1), . ... Itturns out, however, that there ex- spect to|L,|=L andS,. In finite magnetic fields we calcu-
ist situations when th@rowing magnetic fieldreducesthe late the energy levels and many-body wave functions as
total spinSof the systenti.e., forces a back spin flip of some functions of two dimensionless variables and Q.
electrong. This unusual effect is a consequence of a compe= w_./w, by the formulas
tition between the kinetic, Coulomb, and Zeeman energies

and may occur only in systems efrongly interacting par- ELss Q. . m” ) N

ticles. In this paper we demonstrate the feasibility of this Twg 2 L+g" -S| +ta fLS<;>a 3
interesting effect by the example qfiantum-dot lithium-a €

system of three two-dimension&2D) electrons in a har- Woofyy T =Va_olary, ... ary), (4)

monic oscillator potential.

Quantum dotsare ideal physical objects for studying ef- a=(1+Q2/4)"* which directly follow from the Hamil-
fects of electron-electron correlations. In these systems, realonian of the dothere w, is the cyclotron energyn, is the
izable in modern semiconductor heterostructures, 2D eledree electron mass, argl is the effectiveg facton.
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Quantum-dot lithium is an atom in which the strong Cou- 14
lomb interaction does lead to a full spin polarization in the
absence of a magnetic field.In the regime of weak Cou-
lomb interactiong A <\ ;;=4.343(Ref. 8] its ground state
is partly spin polarized, L(,S)=(1,1/2). At strong interac-

tions (A\>\.i) the ground state is fully polarized, with 12

(L,S)=(0,3/2). In the weakinteraction regime\<<\;
magnetic field dependences of the ground-state propertie:
were studied in a number of papers earlier; see Refs. 10—133

In the present paper we report results on the ground-state
properties of quantum-dot lithium for a broad range of pa- 10
rameters, including the regime stfrongCoulomb interaction
N> N -

In Fig. 1 we show energies of a number of ground-state
levels as a function oB in the weak- and strong-interaction
regimes(parameters of GaAs quantum dots were used when g
necessary WhenB increases, the system oscillates between
partly (S,=1/2) and fully (S,=3/2) spin-polarized ground
states, with the total angular momentum of the fully polar- 14
ized states being multiples df. Between the fully polarized
states withL=3,6,9,..., pairs of partly polarized states 13
appear, withL=1 and 2, 4 and 5, 7 and 8, and so on. If
Zeeman splitting is ignored, these partly polarized states car

be the ground states at all magnetic fields. If Zeeman split- 12 -

ting is included, only fully spin-polarized ground states with
L=NX integer survive at stronB. Full A — Q. diagrams for
the ground states of quantum-dot lithium with differérand
S, are shown in Fig. 2. Similar results for quantum-dot he-
lium (N=2) were obtained in Ref. 14n helium the system 10
oscillates between the single§=0, and triplet, S=1,
ground states with even and odd valued pfespectively.
In the weak-interaction regime our results quantitatively
agree with those obtained in Ref. 1€xact-diagonalization
technique at A\ ~2. 8
A new and interesting feature of the energy spectrum of
quantum-dot lithium is seen in Fig(d (the regime of strong
Coulomb interaction) =8) at small magnetic fields. In the
strong-interaction regim& >\ .;;, the B=0 ground state is
fully spin polarized and has total angular momentumO,
while the first excited state is partly polarized and has total
angular momentunL=1. When B increases, the ground
state (0,3/2) has, mainly, a positive dispersieﬂqg), due
to the second term in Eq3) (the weak negative dispersion
due to the Zeeman termrg*m*().S, can be ignored be-
cause of the small value of prefactagdm™). The first ex-
cited state (1,1/2) has a strong negative dispersion due to thi
first term ~Q.L,/2 (L,<O0 in the ground staje These two
lowest-energy levels cross each other at a certain critical
magnetic fieldB=B;(\). The corresponding dimensionless
critical paramete2{™(\) is of order 0.1 at\=6, Fig. 2.
The relation betweeB; andQ&™, for typical parameters of
GaAs quantum dots, can be written in the form
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(5) FIG. 1. Magnetic field dependences of the ground-state levels

ELss [the curves are labeled as-(,,S,)] in the regime of weak
(aand h, A=2, and strondc), A =8, interactions. Zeeman splitting

which givesB;;=1.2 mT atA=8. At B=B_,; the total spin is ignored in(a) and(c), and included, with parameters of GaAs
and its projection are 1/2 and1/2 in the ground state, while dots @*= —0.44m*/m,=0.067), in(b).
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FIG. 3. Magnetic momentin the Bohr magneton unitsof
guantum-dot lithium in the moderatex € 3) and strong- X =8)
Coulomb-interaction regimes. Zeeman splitting is included.

lomb interaction is sufficiently strong to polarize the system
in the absence of a magnetic field. The nature oflth®S
states(behavior of electron and spin densities, as well as
pair-correlation functionscan be understood on the basis of
Eqg. (4) and results of Ref. 8.

Finally, we briefly discus8 dependences of the magnetic
moment of the dotu=—JEgs/dB, at zero temperature
(Egsis the ground-state energyFigure 3 exhibits two typi-
cal u(B) curves in the weak- and strong-Coulomb-
interaction regimes. The magnetic moment strongly oscil-
lates as a function d8, in accordance with the energy curves
in Fig. 1. At low magnetic fields, the quantum-dot lithium
atom is paramagnetic in the regime of weak interactions and
mainly diamagnetic in the regime of strong interacti¢es-
cept of the region of the very small fields, where it is para-
magnetic due to the small*S, contribution to the energy

FIG. 2. Coulomb-interaction—magnetic-field diagrams ¥s To summarize, we have reported results of an exact-
Q) for the ground states of quantum-dot lithium, withg¢at and  diagonalization study of quantum-dot lithium in a finite mag-
with (b) Zeeman splittingGaAs parameters are assumethe ar-  netic field. In the regime of strong Coulomb interactions,
eas 0,1,2... arelabeled as £L,,S,). States withL=10 are not which has not been treated in the literature so far, we have
shown. found a new and unexpected effect of spin depolarization of

the quantum-dot lithium atom by a weak magnetic fighe

) total spinS changes frons=3/2 to S=1/2 with the growth
at B<Bg;; they were 3/2 and-3/2, respectively. The grow- ¢ gy The predicted effect is the case in the regime of strong
ing magnetic field thus causes a back spin flip of one elecm@toulomb interactions,\ >\ ,;=4.343, and in magnetic
in the dot. This somewhat unexpe_cted regult IS a direct conge|s of the order of 1 mT. It could be observed in capacity-,
sequence of the strong Coulomb interaction in the dot at transport-, and Raman-spectroscopy experiments on
>Ngit- In the weak-interaction regime=<A,; the critical quantum-dot systems.
field B¢i(N) is zero, and the effect is absent. The assumption
on the purely parabolic confinement potential in the dot is The work was supported by the Deutsche Forschungsge-
not essential for this effect. It should also be seen in threemeinschaf{SFB 484. We are indebted to Ari Harju for help-
electron systems with nonparabolic confinement, if the Couful comments.
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