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The spin interaction and the effectivg factor of a magnetic excitodME) are investigated
theoretically in a diluted magnetic semicondudidMS) quantum dotQD), including the Coulomb
interaction and thesp—d exchange interaction. At low magnetic field, the ME energy decreases
rapidly with increasing magnetic field and saturates at high magnetic field for high Mn
concentration. The ground state of the ME exhibits an interesting crossing behavior between
o"-ME ando ™ -ME for low Mn concentration. Theg,, factor of the ME in a DMS QD displays a
monotonic decrease with increasing magnetic field and can be tuned to zero by an external magnetic
field. © 2003 American Institute of Physic§DOI: 10.1063/1.1568825

The spin of carriers in semiconductor nanostructures hais rather weak ~ueV).>*° In the diluted magnetic semicon-
attracted recently considerable interest because of its impoductors(DMS) the sp—d exchange interaction between the
tance for basic physics as well as for its potential applicatiorcarriers and the magnetic impurities is strong which leads to
in spintronic devices. Recently, several quantum computad giant spin splitting, and spin-dependent transport, and op-
tional approaché€ based on semiconductor quantum dottical properties?~*° Very recently, a DMS QD was fabri-
systems were proposed due to the long spin-coherence ting&ted, using molecular beam epitaxy techniques, which was
in semiconductors. Electron-hole entanglement involving found to be more robust against thermal fluctuations. Photo-
two magnetoexciton states was recently identified experiluminescence experiments*®clearly demonstrated that the
mentally in a single GaAs quantum d@D).* The photon formation of a zero-dimensional magnetic excittviE) in
polarization and the spin of carriers in semiconductors aréh® DMS QD leads to a suppression of the nonradiative re-
suitable candidates for quantum information storage and prgzombination process. _ _
cessing. The coherent transfer of quantum information !N this work we investigate theoretically thg, factor
among the different physical systems requires a quantum d@"d the energy of the zero-dimensional ME in
vice, e.g. a photodetector, which can preserve the entangl&%-xMnxTe/Cd ., Mg,Te DMS QDs, including the contri-

ment while the quantum information is transferred from thePution of the Coulomb interaction and tisp—d exchange
interaction. We show how the effectig, factor of the ME

photon polarization to the exciton spin in the semiconductor, he DMS OD b i ab i the fact that

In order to maintain the entanglement, the quantum devic the Q can be engineered by using the fact that for

should absorb equally into upr() and down ¢) exciton ow Mn concentration, the spin splitting caused by #pe-d
interaction is comparable to the intrinsic Zeeman splitting.

in states, therefore the effectigg, factor of the exciton in .
spin states, theretore he eiectiye, factor of the exciton i For low Mn concentration thg,, factor of the ME decreases
the semiconductor has to be zero which should be realized

by adiusting the parameters of the phvsical system rapidly with increasing magnetic field at low magnetic fields
y adl 9 para the phy y ‘ . and saturates at high magnetic field. The most interesting
The g factor is important in understanding the spin-

: S . henomenon is that the effectigg, factor of the ME can be
dependent optical and transport properties in semiconduct

. ; lined to zero by changing the magnetic field. This is ex-
nan;_)structuresf:r Sclﬁnce_the Eo ulombl_lngt{era;cﬁdne (?]ualmtum tremely interesting for practical realization of, e.g., quantum
con mement etect, spin-or I coupling, ec_ectré)n- Ol€ €X- information transfer from a photon system to excitons in a
change interactiof,and hyperfine interactidrt® can influ-

: o semiconductor system.
ence the spin splitting, therefore tgefactor of the electron, The effectiveg,, factor is determined by the spin split-

the hole and the exciton will provide us with insights in the ting between ther* and o~ polarized transition in DMS
spin relaxation and coherence in semiconductors. In a nomyps:

magnetic semiconductor, the exchange interaction between

the carriers and the nuclei of th_e host semmonductpr material g, =AEye/ugB= g2 +gshd, (1)
has been demonstrated experimentally although its strength

where the Zeeman splittindAEye=Epe(o’) —Epe(o )
¥Electronic mail: kchang@red.semi.ac.cn :AEs_p—d"_'AEz_eemandenOteS the total spin splitting ?aused
YElectronic mail: peeters@uia.ua.ac.be by the intrinsic Zeeman effect and te@—d exchange inter-
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netic Mn—Mn couplingkg is the Boltzmann constanig is
the Bohr magnetorgy,=2 is theg factor of the Mi#* ion.
The total magnetic field is

B:BMEi Bextv (4)

where B, is the external magnetic field, and the carrier-
induced exchange fieltl inside ME is proportional to the
squared wave function of the carriers, i.eByg

~ (1/3ug9wmn) Bi . #n(r)|?. The ME wave function with total
angular momentunh is constructed as a linear combination

20 20 30 20 : of the single particle eigenstates
3 B (T) £
15 o .
0. - ;—) i 1|0 ot .1|5. it .2|0. it 245 P .3|0. ‘s 3|5 P 40 \Pléx(re,rh):nYk1|l'|§l+|2:L a:qk(lsﬁJl(pe,Ze)d)EJz(Ph ,Zh)-
Magnetic field (T) 5)

FIG. 1. The effectiveg,, factor and the ME energginset, the same line The smgle-partlcle eigenstates of the eleCtratﬁ,(l(pe*Ze)]
conventions are used as in the main figure magnetic fields for low Mn  and the hold ¢ 1,(Pn,Zn)] are obtained by solving the sta-

ncentrations. Th ntum disk 4 nm,h=1 nm, and the results ar . . . . .

cs;ﬁo::vi f:r1c')=32 K.eTitéamL;gnc(je;c rfFiZIsd Whérgex=0 c’j:fir?esethgsgritsiczle tionary 198Chrdmger _equ_atlon us_mg the finite d|ffer_ence
magnetic fieldB, . method.” More detailed information about the nonuniform
space grid can be found in Ref. 19. In our calculation, the
QD is modeled as a disfsee the left upper inset in Fig) 1
and we taken=10 andk=10[see Eq/(5)] which leads to an
accuracy for the ground state energy better than 1%. The
transition energy of ME for botlr™ and o~ excitation is
E=Eqy(T) +Eye, WhereEy(T)=E4(0)—aT?(b+T) is the
semiconductor band gap which depends on the temperature,
t?e parametera=0.346 andb=15.059 are obtained by fit-
?ing the band gafe,(T) at low temperature, andiEy(T)/d T

is obtained from these parametersTat77 K, which agrees
well with the previous experimental resulfsee Ref. 2§
dEy(T)/dT~—3x10"* eV/K). Eyg(Eyge) is the ME en-

action for spin-up or spin-down ME, wheEg,z(c™) is the
energy of the spin-up or spin-down ME, i.e., two possible
transitions with different circular polarizatioisee lower in-
set of Fig. 1. g2 is the intrinsicg factor, andgSP~? the g
factor induced by thesp—d exchange interaction. The en-
ergy of the zero-dimensional ME in a DMS disk-like quan-
tum dot embedded in a nonmagnetic semiconductor materi
can be obtained from the Schilinger equation
HueWme(re,rn) =EnmeVwme(re.rn)- Here, the stationary ME
HamiltonianHye for the o™ ME in the DMS QD is

1 ergy for theo* (o) transition, respectively. The parameters

Hue=-— [Pt €A(re)1°+ Ve(pe,ze) + 95 ueBo, used in our calculations are¥ =0.096m,, m,=0.6my, M,
2me is the free electron mass,+=0.045,9yn=2, Nga=0.22 eV,

1 NoB=-0.88 eV, $=1.32, Tp=3.1 Kl!® gf=-1.47,

+ ——[pn—€A(rn) 1%+ V(pn,zn) + 97 1eBi; gr=—0.247" go=(gs +3g5)~2.2, =106, E;=1.586

M +1.51x (eV) for Cd; _,Mn,Te, andE,=1.586+ 1.705/ (eV)

o2 for Cdy_,Mg,Te??

+Vexeh—™ m (2 Figure 1 depicts the variation of thg,, factor and the

energy(the inset of Fig. 2of the ME with magnetic field for
wherer=r.—r,=(p,z) denotes the electron-hole relative low Mn concentrations. Th@., factor shows a monotonic
coordinatesmg(my,) is the effective mass of electrghole), increase with increasing magnetic field for different Mn con-
e is the dielectric constant and,==+1/2 (j,=+1/2,+3/2)is  centrations. It is important to notice that thg, factor can be
the electronhole) spin. The band mixing is neglected due to tuned to zero by changing the magnetic field, i.e., the ener-
the strong confinement along the growth directiép(V,) is  gies ofc~ ME become degenerate at these magnetic fields
the confining potential of electrofhole) in the QD, i.e., B.. This behavior can be understood from the inset which
Vel Zegny1=0 inside the QD and/e(n[ Zeny]=Ve(ny Other-  shows the ME energy as a function of magnetic field. From
wise. g3 (gr) is the effective Landeg factor of electron the inset, one finds that the variation of the ME energy versus
(hole). The sp—d exchange interaction teri,,., between magnetic field is different from that in DMS QD with high
the carriers and the magnetic ion Rnis treated in a mean- Mn concentrationsee Ref. 18 For the DMS QD with low

field approximatioft Mn concentration, the spin splittin§ Eg,_4 induced by the
B . sp—d interaction is comparable to the intrinsic Zeeman split-
Vexeti=JIs-d(S) 0+ Ip-a( Sz, @ ting AEzeeman DUE to the competition between these inter-

where Js_q=—NoaXes, Jp—g=—NoBXer/3, and (S,) actions, the ground state of the ME energy changes from
=SB SounmeB/keg(T+Tp)], S=5/2 corresponds to the ME to o~ ME, i.e., the polarization of the emission light
spins of the localized & electrons of the Mfi" ions. B;(x) changes fromr™" circular polarization tar~ circular polar-

is the Brillouin function,Ng is the number of cations per unit ization with increasing magnetic field. This interesting cross-
volume, the reduced effective concentration of Mn is givening behavior is only possible when the sign of the spin split-
by the phenomenological paramesgy, andT, accounts for  ting AEg, 4 is opposite to the intrinsic Zeeman splitting
the reduced singie-ion contribution due to the antiferromagAE,qemar The significant variaiion of the,, factor with
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magnetic field for low Mn concentration. The variation of
Jex and theo™ ME energy with magnetic field are quite
different for different Mn concentrations. The exchange in-
teraction in the DMS QD provides us with a freedom to
tailor the spin interaction and the effectigg, factor of the
semiconductor quantum dot by varying the external magnetic
field and the Mn concentration.
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