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Far-infrared radiation absorption of a quantum dot with few electrons in an orthogonal magnetic field could
monitor the crossover to the fully spin-polarized state. A Rashba spin-orbit coupling can tune the energy and
the spin density of the first excited state that has a spin texture carrying one extra unit of angular momentum.
The spin-orbit coupling can squeeze a flipped spin density at the center of the dot and can increase the gap in
the spectrum.
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Introduction. Quantum dotssQD’sd, confining one or few
active electrons,1 have been proposed as devices for the fu-
ture quantum electronics. One of the possibilities is to oper-
ate on the spin of the trapped electrons as a qubit.2 In a
different proposal the QD controls the nuclear spins embed-
ded in the crystal matrix via hyperfine coupling.3 In both
cases, the polarization of the spins is expected to last long
enough at low temperatures, so that the quantum computa-
tion can be carried out. Controlled spin transfer between
electrons and nuclei has been demonstrated to be possible in
a spin-polarized two-dimensional electron gass2DEGd.4 In a
2DEG, fully spin-polarized quantum Hall states are used to
manipulate the orientation of nuclear spins. Low-lying Skyr-
mion states at filling close to one are used to reset the nuclear
spin system by inducing fast-spin relaxation. In the presence
of a magnetic fieldB orthogonal to the dot, the relaxation
mechanism seems to be dominated by hyperfine interaction
for B,0.5T and by spin-orbitsSOd coupling assisted by
phonons for higher fields.5

The Rashba SO interaction,6 which arises in QD struc-
tures from the lack of inversion symmetry caused by the
two-dimensionals2Dd confinement, can be controlled by
gate voltages parallel to thex-y structure.7 This possibility
has been beautifully shown in InGaAs-based 2DEGsRef. 8d

and in a recent experiment on large lateral QD, where the
conductance has been tuned from the weak localization limit,
without SO coupling, to the antilocalization limit, with SO.9

The inverse relaxation time 1/T1 has also been probed re-
cently by transport across a single QD.10

Thanks to the combined effect ofe-e interactions and of
an appropriateB.B* orthogonal to the dotsiẑd, the QD
becomes a “maximum density droplet”sMDDd with a fully
spin-polarizedsFSPd ground statesGSd.11 In this paper we
show that controlled SO interaction of a FSP QD, made out
of III–V semiconductors, can be used to adiabatically modify
the low-lying energy states of fewsN=2,3,4d trapped elec-
trons and their spin densitysrespresented respectively in
Figs. 1–3d. The Rashba-SO coupling contributes to a well-
defined collective spin excitationffirst excited statesFESdg,
with a change of the spin density, with respect to the GS,
localized at the origin of the QD. This excitation can be
pumped with far-infrared radiationsFIRd. Using numerical
diagonalization for few electrons in the dot, we find that the
absorption intensity for circularly polarized FIR is strongly
enhanced when the crossover to the FSP state is completed
ssee Fig. 5d. The spin density can be squeezed at the center of
the dot by increasing the SO couplinga ssee Fig. 4d. Mean-

FIG. 1. sColor onlined N=2 particles dot:sad
Energy spectrum vs magnetic fieldvc in the pres-
ence of theSO. Values of the parameters are in
the text. The GS isJz=0, the FES isJz=1. sbd
The charge densities of the GSsblack lined and of
the FESsdashed lined of the FSP dot.scd Corre-
sponding spin densities of the GSsblack lined and
of the FESsdashed lined of the FSP dot.
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while the gap between the GS and FES increases witha fas
shown in Fig. 2sddg for N=3d.

QD spin properties tuned by SO for B.B* . The electrons
are confined in two dimensionssx,yd by a parabolic potential

of characteristic frequencyvd, in the presence ofBW =−Bẑ.
The single-particle Hamiltonian for theith electron, in the
effective mass approximationsme

*d, is

Hsid =
1

2me
* SpW i +

e

c
AW iD2

+
1

2
me

*vd
2rW i

2, s1d

with AW i =B/2syi ,−xi ,0d, and −e is the electron charge.
The Zeeman spin splitting would only mask our results

with additional inessential complications and we neglect it.12

The single-particle Darwin-Fock statesfnm are the eigen-
functions of the 2D harmonic oscillator with frequencyvo

=Îvd
2+vc

2/4, wherevc=eB/me
*c, the cyclotron frequency.m

is the angular momentum in thez direction fmP s−n,−n
+2, . . . ,n−2,nd with nP s0,1,2,3, . . .dg. The radial size of
the fnm’s is ,l =Î" /me

*vo, the characteristic length due to
the the lateral geometrical confinement in the dot, inclusive
of the B field effects.

The corresponding single-particle energy levels areen,m
=sn+1d"vo−m"vc/2. In the absence of SO, the full Hamil-
tonian for the dot, inclusive of the Coulomb interaction be-
tween the electronssparametrized byUd is H=oi=1

N Hsid
+oi,j=1

Nj, jU / urWi −rW ju. The orbital angular momentumM

FIG. 2. sColor onlined N=3 particles dot:sad En-
ergy spectrum vs magnetic fieldvc in the presence
of theSO. vd=7 meV,U=13 meV,a=250 meV Å.
The GS is Jz=3/2, the FES isJz=5/2. sbd The
charge densities of the GSsblack lined and of the
FES sdashed lined of the FSP dot.scd The corre-
sponding spin densities of the GSsblack lined and of
the FESsdashed lined of the FSP dot.sdd The GS-
FES spin gap vsa at vc=8 meV.

FIG. 3. sColor onlined N=4 particles dot:sad En-
ergy spectrum vs magnetic fieldvc in the presence
of the SO. The GS isJz=4, the FES isJz=5. vd

=7 meV, U=13 meV, a=250 meV Å. sbd The
charge densities of the GSsblack lined and of the
FES sdashed lined of the FSP dot.scd The corre-
sponding spin densities of the GSsblack lined and of
the FESsdashed lined of the FSP dot.
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=oi=1
N msid, the total spinS andSz sthe projection of the spin

along ẑd are good quantum numbers.

By increasingBW , the dot undergoes a sequence of transi-
tions to higherM and higherS states. These transitions have
been monitored in the conductance for larger dots including
tenths of electrons as well as for dots with few electrons.11

Eventually, the GS reaches the maximumM =NsN−1d /2 and
full spin polarizationS=N/2 sMDDd.13,14

The confinement of the QD in theẑ direction produces an
electric field orthogonal to the dot plane, which gives rise to
a Rashba term in the Hamiltonian that couples orbital and
spin dynamics. In a biased dot the size of this perturbation
would also depend on the screening of the source drain bias
Vsd applied to the contacts. The single-particle Hamiltonian
now reads

Hsid → Hsid +
a

"
Fẑ3 Spi +

e

c
AW iDG · sW i . s2d

Here sW are the Pauli matrices anda smeasured in units of
meV Åd is the SO coupling parameter, which is proportional
to the electric field in theẑ direction. Good quantum numbers
labeling the multiparticle states are nowN, S, Jz, E, where
Jz=M +Sz, the total angular momentum alongz andE is the
energy. Details of our exact diagonalization procedure have
been reported previously.15

SO coupling lifts the spin degeneracy of theM multiplets,
and the FSP GS attains the lowestJz: Jz

FSP=NsN−1d /2
−N/2 sSz is the projection of the spin alongẑd. In a previous
paper, we exhibited the charge density and spin density of
the first excited statesFESd ssee Figs. 1 and 2d, which
showed unexpected spin-texture properties.14 Indeed, the
FSP QD reproduces in a nutshell the quantum hall ferromag-
net sQHFd at filling one, which has Skyrmion-like low-lying
collective excitations.12,16,17In Fig. 1sad the lowest-lying en-
ergy levels E are plotted versusvc for N=2 with vd
=5 meV, U=13 meV anda=250 meV Å. The level struc-
ture is qualitatively analogous to that obtained in Ref. 18,
intended for an InSb dot, with Dresselhaus and cubic SO
terms included. The singlet-triplet transition appears here as
a marked anticrossing at"vc<4 meV, because of the SO
coupling. The states involved in the anticrossing haveJz=0
and originate, in the absence of SO, from the singletsS
=0,Sz=0,M =0d and the tripletsS=1,Sz=−1,M =1d states.

Recently, the relaxation timeT1 for the flipping of the two-
electron spin trapped in a vertical GaAs QD, from the triplet
to the singlet state, has been measured, by applying electrical
pulses to the QD.T1 has been estimated to be.200 ms at
T,0.5 K.19 Similarly to what found in Ref. 18, exchange
interaction produces a small zero-field splitting between the
first excited statesa triplet withJz=2d and the second excited
statesa singlet withJz=1d. IncreasingB further, the SO in-
duces the crossing of the latter two states, so that lowest-
lying states are the GSsS=1,Jz=0d and the FESsS=1,Jz

=1d. This crossing qualifiesB* , which is rather insensitive to
SO coupling.

As seen from Figs. 2 and 3, the same pattern can be found
also for N=3,4. The SOcoupling tends to shift the↑ spin
density with regard to the↓ one radially.14 The shift can
occur easily for the GS whenN=2 and provides a reduction
of thee-e interaction by leaving an isolated spin at the center
of the dot. WhenN.2, the confinement potential together
with thee-e repulsion contrasts such a spin redistribution and
the final result is that thez component of the total spin den-
sity is diminished at the center of the dot. In particular,szsrd
tends to flatten in the GS forN=3,4. Correspondingly, the
radial componentsrsrd increases in the case ofN=3,4 at any
distance from the center and not only at the dot boundary as
it happens forN=2.

Anticrossings are less prominent forN=4 and the level of
separation of the bunch of states in Fig. 3sad is much smaller,
but a gap develops atvc<8.5 meV, between the GSsS
=2,Jz=4d and the FESsS=1,Jz=5d. The gap is strongly sen-

FIG. 5. sColor onlined Absorption spectrum vs magnetic field
for two sad, and foursbd particles. The excitation energies can be
easily read from the contour-plot projection of the 3D surfaces onto
the underlying plane.

FIG. 4. sColor onlined N=3 particles dot: FES spin densitysarb.
unitsd for sad a=150 meV Å, sbd a=250 meV Å, scd a
=350 meV Å. By increasing the SO there is a squeezing close to the
center and some reduction ofkszl.
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sitive to the SO tuning and increases with increasinga fsee
Fig. 2sdd for N=3g.

In the FES, the SO enforces a spin texture withkSzl
flipped at the origin with respect to the GS and healing back
gradually away from the center up to the QD boundary,
where the spin density points radially in the dot plane.14 The
FES for B.B* hasJz increased by one with regard to the
GS. This is mostly due to spin reversal because the differ-
ence of the angular momentum expectation valueskMlFES

−kMlGS is found to be vanishingly small. In a disk-shaped
dot, a radial change ofkMl requires a change ofnsrd as well,
but, as a matter of fact, we find that the charge distribution in
the dot at the FSP point is rather insensitive to excitation and
to the strength of the SO couplingfsee Figs. 1sbd, 2sbd, and
3sbdg. While the radial charge densitynsrd appears to be
compressible at fieldsB,B* andB.B* , it is approximately
incompressible atB,B* . WhenB@B* , the charge distribu-
tion of the dot reconstructs.14,20,21

The spin excitation gives rise to an extra collective mag-

netizationẑ·DMW srd<k2mBDszsrdl, whereDszsr8d is the dif-
ference in thez component of the local spin density between
the FES and the GS andmB=e" /2mec. The radial spin den-
sity szsrd appears in Figs. 1scd, 2scd, and 3scd for N=2,3,4
respectively.

We have estimated the possible extra magnetic fluxf
associated to the spin excitation, by integrating numerically
the vector potential, induced by the spin polarization of the
dot, aqsrd, along the circle of radiusR at the dot boundaryg
ff=egRdqaqsRdg. This is given by

aqsrd =E
0

2p

dq8E
0

R dr8rW8 3 ẑ

urW − rW8u

]DMzsr8d
]r8

, s3d

wherer̂ is a radial unit vector. The calculation yields a frac-
tion of the flux quantum,10−5hc/e, but it is remarkable
that, atB<B* , we find the same value off for N=2,3,4.
This is consistent with the fact that the FES has essentially
one spin flipped at the origin and no change in orbital angu-
lar momentum.

FIR absorption. Far-infrared radiation is a common tool
in large scale QD arraysfe.g., In QD’s sRef. 22d or field-
effect confined GaAs QDsRef. 23dg. In the presence of a
Rashba SO term the center of mass coordinate and the rela-
tive coordinates are coupled together,24 so that Kohn’s theo-
rem does not apply. It follows that FIR radiation could excite
the many-body FES. We have calculated the dipole matrix
element squared for the transition from GS to FES versus B.
Our results are shown in Fig. 5 forN=2sad and N=4sbd,
respectively. The dispersion of the absorption peaks is artifi-
cial, but their detailed shape would yield direct access to the
coupling constants and to the relaxation mechanisms. We
find an increase of the expected intensity at the FSP point,
which marks the crossover to the new states. As expected,
the crossover sharpens with increasingN.

Conclusion. Simultaneous application of an electric field
with a magnetic field orthogonal to a disk-shaped QD repro-
duces the properties of a 2DEG QHF on the dot scale, with
its Skyrmion excitations. SO opens an anticrossing gap
above the GS and stabilizes a Skyrmion such as FES, within
the gap, with a spin reversed at the origin of the QD. FIR can
excite the dot, thus affecting nuclear magnetic resonance of
underlying nuclear spins, as in recent experiments in GaAs
quantum wells.25

Discussions with S. Tarucha are gratefully acknowledged,
as well as hospitality at ICTP, Trieste.
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