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We present a theoretical study of the effect of the spin—orbit interaction on the electron
magnetization and magnetic susceptibility of small semiconductor quantum dots. Those
characteristics demonstrate quite interesting behavior at low temperature. The abrupt changes of the
magnetization and susceptibility at low magnetic fields are attributed to the alternative crossing
between the spin—split electron levels in the energy spectrum, essentially due to the spin—orbit
interaction(an analog of the general Paschen—Back eff@stailed calculation using parameters of

InAs semiconductor quantum dot demonstrates an enhancement of paramagnetism of the dots.
There is an additional possibility to control the effect by external electric fields or the dot design.

© 2003 American Institute of Physic§DOI: 10.1063/1.1614426

I. INTRODUCTION of quantum dots at weak magnetic fields. We calculate the

elec_trolns or W'Fh stablhze_d chemu;alhpotennal In thehdozts. g{]ite well the observed properties of quantum dattificial
Orglta and spin magn(ejtlzgtlo_n 0 ht ose sys(;e%n_s%fe a;]s beeltoms with a small number of electrori3° Application of
under an extensive study during the recent decadeThe 5 5 netic field along the dot axes generates a complicated

!coomt of mtti)rest IS tlh_at thel mdagnetl_zatlo? Ero(\jndes_ WIth In-gcture of the electron energy levels and the theoretical
ormation about multiparticle dynamics of the dots In an ex-5,,\vqis of the parabolic quantum dots in magnetic fields

ternal magnetic field. In addition, recent development Ofachieves a rich physics. The energy level behavior and ther-

spintronics requires an extensive study of magnetic pmperr'nodynamical properties of parabolic quantum dots in mag-
ties of nanosystems6The spin states in the quantum dots

e _ S ) netic fields were discussed extensivefyt'? Recently the
are promising candidates for realizations of qubit in the,

ing Theref h dv of th ~~well pronounced spin splitting was found for the parabolic
quantum computing. Therefore, the study of the magnetic .,nfinement potential model of semiconductor quantum dots

properties of quantum dots despite of the fascinating physicg, parameters of InSb and In&&.The spin splitting at
can pro_\/lde_us with additional tools to control the electronlcZero magnetic field leads to a crossing of the energy levels in
magnetism in nanoscale structures. weak external magnetic fieldésimilarly to the general

The electron spin controls design of the energy ShellsiDaschen—Back effeciand can provide unusual magnetic
and magnetic properties of semiconductor q“amu”broperties of the quantum dots

do,ts'l'm_z,o Among_ Othﬁr .spin dgpendent interac;ticl)ns, the In order to examine evidences of the impact of the spin—

fp'n_%rb't .|nteract|or%;2%m:erachon téetweeglorm:a .an%u- orbit interaction on the magnetization and susceptibility of

o e ek 0 oo i, QM 6o we o on e R i re s
gy sp orbit interaction potential. A generalization with including of

structures. When the potential through which the carrierg,o presselhaus interact@rcan be done straightforward in
move is inversion asymmetric one, the spin—orbit interactioquture studies

removes the spin degeneracy of the energy levels even with-

out external magnetic fields. It sufficiently alters the elec-

tronic properties of semiconductor nano—struct&?g%*? Il. MODEL OF THE QUANTUM DOT
The purpose of this article is to study possible conse-

quences of the spin—orbit interaction in magnetic properties  In the presence of a uniform magnetic fieddapplied

along the axis of the dotz direction the single-particle

dAuthor to whom correspondence should be addressed; electronic mai':"qm”toni%n in the lateral cylindrical coordinatédp,¢} is
vam@cc.nctu.edu.tw written ag
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where -021 /
Ve(p) = im(E) wdp?, @ o N
is the effective parabolic lateral confinement potentiab,
is the characteristic confinement energy, the electron effec- orec—N=4 (b)
tive mass is given Byt
| Nso=4
1 1 Eg(Eg+A)[ 2 1 ; 15 s
M(E)  m(0) (3E,+28) |[EXE,  E+E,h| o ,k .t
[E denotes the electron energy in the conduction bar(@,) E T é’“ /g (102)
is the conduction-band-edge effective mdggandA are the 051 [Ne=3 o 1e
main band gap and the spin—orbit band splitting, respec- 1.8
tively]
0 T 1|0 T ﬁ) T T m
E,B
) @, /oy, (102)
is the electronic cyclotron frequency, whergis the Pauliz N=5
matrix 1 (©)
Nso=5
g(E)=2|1— —0 - (4) 051
m(E) 3(Eg+E)+2A "
is the effective Lande factor of the semiconductor.g 2 0 ' 10 20
=efi/2my is the Bohr magnetorg is the electron charge, and = 051 o, /mo (1 0-2)
my is the free electron mass. )
The Rashba spin-orbit interaction term in H@) is 11
given b);5,27,33,34 NSO,N=6
C(p) FIG. 1. Magnetization of InAs parabolic quantum dot with and without
0(p ¢) o d k¢ 2ﬁ Bp) (5) spin—orbit interaction(a) for one and two electrongb) for three and four

electrons(inset shows the dot energy levels fof=1 with the spin—orbit
wherek ,= —i(1/p)dld¢, and « is the spin—orbit coupling interaction included, arrows refer to the spin polarizatiphs for five and

parameter within the Rashba approé%h six electrons. Index “so” marks calculations with spin-orbit interaction,
The eigenenergies of the Hamiltonian can be obtained bﬁlB‘eﬁ’zm(o)'
means of a self-consistent solution of the following

equation?®
ﬁwc(En,l,o'vB) . .
En’|,U=ﬁQU(Eny|,U,B)(2n+|I|+1)+If momentum (antiparallel spin and angular momentume-
main twofold degenerated. This is the well known Kramers
e 5 degeneracy.
S| 5 9(En,0)B+lam(Ey o) wp), (6) The first crossing point for the lowest spin-split levels
(|l|=1) is determined by
where
2 2 ® AE
) o, wg(E,B) M(E) wg P AR
O(EB)=wo+ —5— +sa——— oc(E,B), By Fwg b @)

n, I, ands=*1 refer to the main quantum number, orbital where ® is the magnetic flux in the dot areAE is the

guantum number, and the electron spin polarization along thgnergy spin splitting aB=0, and®, is the magnetic flux

z axis correspondingly. The electron energy levels ). quantum. The second crossing point occuf at
with different spins and the same angular momentlim

>0 due to the spin—orbit interaction are spliteat=0 and o A
cross with increasing of the magnetic fig¢kke inset in Fig. _ 2AE _ (8)
1(0)].2 Note that the levels with parallel spin and angular ~ ®o (2AE+gfiwo)
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FIG. 3. Temperature dependence of InAs five electron quantum dot magne-
FIG. 2. Temperature dependence of InAs four electron quantum dot Mag,ation (a) without and(b) with spin—orbit interaction.

netization(a) without and(b) with spin—orbit interaction.

Being interested in the impact of the spin—orbit interactiondod We describe first at zero temperature for quantum dots

on the magnetic properties of the dots we confine ourself off/ith féw electrons. For small InAs quantum dots we choose

relatively weak magnetic fields as it is followed from Egs. M(0)=0.04mq (the tuned parameter from Ref. J36E,
(7) and (8). =0.42eV, A=038 eV, a=11 nnf, and

In our calculation we fix only the thermal average of the# @o=0.019 ev#3:37The calculated magnetization of dots

total electron number to a given valdé In the case of the With 1-2, 3-4, and 5-6 electroriwhen we consecutively
fixed number of electrons one should use the canonical er‘f'—” up the energy levels of the dot to the shell with=0,
semble descriptiof-8%5 The thermal average of the total ||| =1) is shown in Fig. 1. For comparison, the magnetiza-
magnetizatioM and magnetic susceptibility of the system tion for the same number of electrons but without the spin—

connected to a reservoir and with a fixed chemical potéfitial OrPit interaction is also presented in the figure. The magne-
tization calculated without the spin—orbit interaction

are given by - -
demonstrates a clear shell filling behavior: fhi=2, 6
M = 2 ( _ (7En,|,a) F(E., —¢) ) [closed shells, see Figs(dl and Xc)] the magnetic momenta
ATs B nl.o ' are canceled out &=0; for N=1, 3, 4, 5[partially occu-
pied shells, see Figs(d), 1(b), 1(c)] the magnetization takes
and a positive value aB=0. Our calculation results suggest that
M the spin—orbit interaction keeps the cancellation for the
X~ (10 Closed6 shells and slightly changes the magnetizationNfor
=1, 3.
wheref(E) is the Fermi distribution function, andis the The most interesting result we obtain for dots with four
chemical potential of the system determined by the followingy g five electrons. The spin—orbit splitting partially lifts up
equation: the degeneracy dab,+1,+1) levels and changes the electron
structure makingEg.;+1>Eg1+1.2° This assures the
N=§S f(Enjo— &) (1) magnetization to be zero Bt=0 for dots with four electrons

in contrast to the case without the spin—orbit interaction.
When we increase magnetic field strength and reach condi-
tion (7) (at B~0.14T) the crossing between levef ;

The ultimate consequence of the spin—orbit interactiorand E, _; ; occurs[see inset in Fig. (b)]. For the quantum
in the dot magnetizatiorithe magnetic momentum of the dot with four electrons the level crossing provides a sharp

Ill. CALCULATION RESULTS
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FIG. 4. Temperature dependence of the susceptibility of InAs parabolic quanturtedbit=4; (b) N*°=4; (c) N=5; (d) N*°=5; and(e) N*°=5, at the
region of the second peak.

jump in the magnetization. For the quantum dot with five =~ The magnetization for the dot with four electrons at dif-
electrons the jump reflects a crossing betwé&gn _; and  ferent temperatures is presented in Fig. 2. In this ddse
Eo 11 levels for a higher magnetic fieltcondition (8)]: B —0 for B—0 andT+#0. When the magnetic field increases
~14T. the magnetization demonstrates the paramagnetic peak. The
At a low but finite temperaturésT<#iwq (kg is the  spin—orbit interaction shifts the position of the peak. For the
Boltzmann constaitthe magnetization for dots witN=1, dot with five electrons we obtain an additional paramagnetic
2, 3, 6 follows the well known rule: totally occupied shells peak at a higher magnetic field due to the crossing of the
keep provide diamagnetic properties of the systems and pakE,;_; andEg ; levels[it is shown in Fig. 3b)].
tially filled shells demonstrate paramagnetic peaks. The The above described peculiarities in the magnetization
peaks decrease exponentially-exp(—kgT/fiwg)] and the  of dots due to the spin—orbit interaction generate well under-
magnetization approaches the Landau diamagnetism limigtandable features of the magnetic susceptibility. In Fig. 4 we
whenkgT~7%wq.® show y as a function o8 for dots with four and five elec-
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trons at different temperatures. At nonzero temperaturegeraction was involved to control magnetic response of the
without the spin-orbit interaction we obtain the paramagnetiaots at low temperature. An analog of the general Paschen—
peak neaB=0 [see Figs. @), 4(c)]. The spin—orbit inter- Back effect was found for dots with partially filled electronic
action shifts the peak to the field defined by Ef. for dots  shells. This property of l1lI-V semiconductor material quan-
with four electrongsee Fig. 4b)]. In the case of the dot with tum dots could be useful for the future spintronics research.
five electrons we observe at low temperature two peaks: near

B=0 (the ordinary ongand at the field defined by E¢8) = ACKNOWLEDGMENTS

(generated by the spin—orbit interactiofsee Figs. @), This work was supported in part by the National Science
4(e)]. Clearly, the differential susceptibility demonstrates UN-council of Taiwan under Contract Nos. NSC-91-2215-E-
usual behavior, which is generated by the jumps of the magyy9.959 and NSC-91-2119-M-009-003.
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