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Electron and hole states in diluted magnetic semiconductor quantum dots
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The electronic structure of a diluted magnetic semicondu@MmsS) quantum do{QD) is studied within the
framework of the effective-mass theory. We find that the energies of the electron with different spin orientation
exhibit different behavior as a function of magnetic field at small magnetic fields. The energies of the hole
decreases rapidly at low magnetic fields and saturate at higher magnetic field duesie-thexchange
interaction between the carriers and the magnetic ions. The mixing effect of the hole states in the DMS QD can
be tuned by changing the external magnetic field. An interesting crossing behavior of the hole ground state
between the heavy-hole state and the light-hole state is found with variation of the QD radius. The strength of
the interband optical transition for different circular polarization exhibts quite different behavior with increas-
ing magnetic field and QD radius.
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[. INTRODUCTION onal with vanishing momentum. In the quantum well case,

The interest in the spin dynamics of carriers in semiconine heavy- and light-hole are nondegenerate due to the con-
ductor structures has increased remarkably because of its ififément along the growth direction. But the projection of
portance for basic physics as well as for its potential applifhe angular momentum of the band-edge Bloch state on the
cation in spintronic devices. Several proposafer quantum ~ growth directionJ, is still a constant of motion. In quantum
information storage and processing usirfglectron or  dot structures, the situation is very different due to the three-
nucleaj spins in semiconductor quantum da®D) have dimensional quantum confinemerd, is no longer a good
been put forward due to the long spin-coherence time irffluantum number due to the band mixing effect: the hole
semiconductors. Quantum information processing shoul@igenstates become mixtures of the heavy- and light- hole
preserve the entanglement while the quantum information istates. In a DMS QD, an external magnetic field induces a
transferred from the photon system to the spin of the electromagnetization of the magnetic ions, and the strong exchange
in the semiconductor. This process is closely related to théteraction between carriers and the magnetic ions provides
spin splitting of carriers in semiconductors, i.e., the effectiveus with a unique and interesting flexibility to tailor the elec-

g factor of the carrier or the exciton. Due to the strapgd  tronic structure of the DMS QD, consequently changing the
interaction between the carriers and the magnetic ions, dieptical property of the DMS QD, i.e., the polarization and
luted magnetic semiconductéPMS) structure$* provides ~ energy position of the PL signals. In this paper, we investi-
us with a unique flexibility to tailor the spin splitting of gate theoretically the electronic structure of a DMS
carriers in DMS systems via the external magnetic fidltte ~ Cdy,Mn,Te/Cd_ Mg,Te QD. We show the energies of the
external magnetic field induces a magnetization of the maglOWGSt hole states as function of the magnetic field and the
netic ions in the DMS which gives rise to a giant spin split- confinement. The energy of the hole decreases rapidly at low
ting of the electron and hole band structure via the exchang@agnetic fields and saturates at high magnetic field. An in-
interaction. Very recently, incorporation of Mn ions into the teresting crossing behavior between the heavy-hole and
crystal matrix of different I1-VI semiconductors, successful light-hole is found with variation of the in-plane confine-
approaches to fabricate DMS quantum dot and magnet/DM®1ent. The strength of the interband optical transition for dif-
hybrid structures has been reporfel.Photoluminescence ferent circular polarization exhibits quite different behavior
(PL) signals clearly demonstrated the transition of quasiWith increasing magnetic field.

zero-dimensional electron-hole pairs bound to these nanos- The paper is organized as follows: the model and formal-
tuctures. Due to the requirement of a quantitative underism are presented in Sec. Il, in Sec. Il we show the numeri-
standing of the optical properties of DMS QD, there arises &al results along with the discussions. A brief conclusion is
fundamental interest in the electronic structure of DMSgiven in Sec. IV.

quantum dots.

In the case of semiconductor nanostructures, the elec-
tronic structure varies significantly with decreasing size of The DMS quantum dot is constructed from a DMS
the semiconductor nanostructures, especially for the hol€d,_,Mn,Te/Cd_,Mg,Te quantum well with a lateral con-
states. In the zinc-blende bulk material, the heavy- and lightfinement of the carriers through a parabolic well wherezhe
hole are degenerate with vanishing momentum since the Lutxis will be taken along the growth direction. The electron
tinger Hamiltonian describing the hole states becomes diagdamiltonian is

II. MODEL AND FORMALISM
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fective concentration of Mnand T, accounts for the reduced
single-ion contribution due to the antiferromagnetic Mn—Mn
coupling, kg is the Boltzmann constant,z the Bohr magne-

Wherem’;3 is the effective mass of the electron in units of theton, gy,=2 is the effectiveg factor of Mr?* ion and J,

free electron massy, A=(-y,x,0)B/2 is the vector poten-
tial in the symmetric gaugeé/,=V;+V¢ is the confining po-
tential of the electron which will be given explicitly, the third

=+1/2,+3/2 is thehole spin.B is the external magnetic
field.
In the axial approximation the hole Hamiltonian is rota-

term describes the exchange interaction between electron atignally invariant around the axis, therefore the projection
the magnetic ions in the DMS QD, the last term of the abovef, of the total angular momentuf=L +J on thez axis is a

equation gives the intrinsic Zeeman splitting.

good quantum number, whedes the angular momentum of

Within the axial approximation, the hole Hamiltonian in the band-edge Bloch function ahdis the envelope angular

the DMS QD can be written &3

Hpn R S 0
_#2[ R Hy O
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Hh +Vh(pvz) +Jp—ds' Ohs

0 S
)

where
Hin= (71 + 1) (G + 1) + (71 - 23K + Bz,
Hin = (v = 1) (G + kS) +(y+ 27K + 7,
R=2\3y5ik_k,,
S= \e”g’ykg.
Herek=-iV-eA/#f, andk.=ktiky, y1, v,, andy; are the
Luttinger parametersy=(y,+v3)/2. E;=—(fhe/my) kBj, de-

scribes the Zeeman splitting of the hole,is another Lut-
tinger parameter, the confining potentigj=V+V/, Ve

momentum. The single-particle eigenstates of the electron
and hole with, respectively, the angular quantum numiber
andf, are expanded in the basis of the two-dimensional har-
monic oscillator function

Y= 2 cuVni(p, P2 1/2,0) (6a)
and
U1 = 2 Cos,Wor, i (0 D320 (6b)

Izns

wherefy(z), s=1,2... is aconvenient basis for the subband

part,
f(2) = \/gsin{%(x+ %)} |z <L/2, (60)

and zero otherwisd. is allowed to be larger than the height
w of the DMS QD. The number of terms in the summation
is determined by the convergence of the subband energy.

is |1/2,0,) and|3/2,j,) are the band-edge Bloch functions of

the lateral confining potential of electron or hole in the DMS g|actron and hole. the oscillator functiai, (p, ¢) is

QD,

Vf'h(Pe,ha Zep) = %me,hwg,hpé,h! )

Woi(p,d) = Coy(ip) e e 2o p21a2) (7)

and a quantum well potential confinement is assumed in th@hereC,, is the normalization constant arlnﬂ‘ is the gener-

z direction,
AVE" |7 =w/2,
0, |z <wi2,

VeN(zy,) = { (4)

alized Laguerre polynomiah,, is the length related to the
magnetic lengtha,=(%/eB)¥? and the confinement length
lep =/ Mg o) "2 by @gp=12lepac (I3 +4a) ™

The dipole optical transition probability for photoemis-

where p; and z denote the cylinderical coordinates of the Sion is proportional to the optical transition matrix element

electron or holew is the height of the DMS QDAV' is the

band offset of electron or hole. Notice that the zero energy
for the electron and hole are at the bottom of the conduction

band and the top of the valence band of GNIn,Te, respec-
tively. The exchange interaction term describessped ex-

2
G= n—ble-wﬂplw?znz,

wheree is the unit vector along the direction of the electric

change interaction between the carriers and the magnetic idield component andﬂf(lﬂ?z) is the electron(hole) wave
Mn?* and can be expressed as within the mean-field approxiucntion. When the light propagates in the direction of the

mation,
eh _
Ve

xch™

S (SHJ,, (5)

where  Jo g=NoaXei/2, Jpq=—NoBXe/3, and (S)
=5/2B,(SaunueB/Ks(T+Ty)), S=5/2 corresponds to the
spins of the localized @ electrons of the M# ions. B;(x) is
the Brillouin function, Ny is the number of cations per unit
volume, the phenomenological parametgss (reduced ef-

magnetic field, i.e.z axis, thea* polarizationgelectric field
polarizatione,=(1/v2)(etie,)] is of interest. Therefore the
corresponding matrix elements between the spin-down elec-
tron state and the hole states witl=1/2,-3/2components

are

2p?

G, = — gl de 5%, 8
n,,'o |<17/1 1/2|'7b 3/2>| ( a)
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2p?
= 37)0|<'//$/2|'//E1/2>|2, (9b)
P=(s/p,/X), sandX are the Bloch functions at the bottom of
the conduction band and the top of the valence band, respec-
tively.

The parameters used in our calculation efg=0.13my,
7124'02' ')/2:1.37, ')/3:1.64, K:O.617,Xeﬁ:0.045,gMn:2,
Noa=0.27 eV,NyB=-1.31 eV, andl,=3.6 K.

G_

Ill. NUMERICAL RESULTS AND DISCUSSIONS

In this section we present our numerical results on the
electron and hole states in CgMn,Te/Cd _ Mg, Te DMS
QDs. The magnetic field is applied perpendicular toxhg

FIG. 1. The energy of the lowest eight electron states in a DMSpIane. The energies of the lowest eight electron and hole
QD versus magnetic field. The QD radius is 10 nm and the thick-States in the DMS QD are plotted in Figs. 1 and)22(d) as
ness of the QD is 10 nm. The solid lines and the dashed lines ¢, tion of magnetic field. From Fig. 1, it is apparent that

denote the energies of the spin-down and the spin-up state

respectively.

_2P?

G__i
3my

Kyl P,

(8b)

3t small magnetic field the energies of spin-dog@pin-up
electron states decrea@acreasg with increasing magnetic
fields. But at high magnetic fields they all increase. At small
magnetic field the energies are determined by the exchange
interaction termEq. (5)] for spin-up and spin-down states.
At large magnetic field the exchange term approaches to a
constant and the energies are determined mainly by the mag-

and the matrix elements between the spin-up electron and theetic confinement term. Due to the rotational symmetry

hole states with),=—1/2,3/2components are

2pP?
G.= E|<l//i/2|¢g/2>|2'

30

around thez axis, the projection of the total angular momen-
tum f, is a constant of motion, the hole eigenst&e is
labeled by its total angular momentuipand the dominant

(9a)  term in Eq.(6b) is usually the term with the smallel$t. The

behavior of the energies of the hole statpsee Figs.
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2(a)-2(d)] is much more complicated, they decrease rapidlylocal maximum at small magnetic fields. This arises from a
with increasing magnetic field at small magnetic field, andcrossover from the heavy-hole componéw2,3/2 with |
saturate at high magnetic fields. The hole states are more0 to [3/2,-3/2 with 1=3, the latter becomes dominant
complicated than the electron states, this is because the wawéth increasing magnetic fields due to the off-diagonal terms
function of the hole state consists of four components, eachn the hole Hamiltoniar{see Fig. 2 The slight increase of
component has a differed, andl, and they mix with each the energies of the lowest states with different angular mo-
other due to the contribution of the off-diagonal terms in thementum (S5, S.3/2, Si2, S-1/2) at high magnetic fields is
hole Hamiltonian[EqQ. (2)]. The exchange interaction term caused by the magneto-confinement effect and the intrinsic
and the Zeeman term cause splitting of the energies of thEeeman effect.

four components at small magnetic field. At large magnetic Figures 3a-3(e) show the weight factors of the wave
field the hole energies increase slightly due to the magnetitunctions of hole ground states with,=-3/2,3/2,1/2,
confinement, but is different for different stat8g, i.e., dif- -1/2, i.e., the relative contribution of the hole components
ferent orbital momentunh. Since the spacing of the bound with angular momentund,, and the average value of the
states is comparable with that of the magnetic energy level iangular momentunJ,) in the DMS QD as a function of the
the x—y plane and the heavy- and light-hole mix with eachmagnetic field. Notice that the magnetic-field dependence of
other which is induced by the contribution of the off- the weight factor of the hole components with different an-
diagonal terms in the hole Hamiltonidiq. (2)], therefore  gular momentunt, exhibit very different behavior. For the
there appear many crossings and anticrossings between 8-, state, the weight factor of the heavy-hole component
ergy levels as shown in Figs(@ and 3d). Notice that the |3/2,-3/2 is dominant and stays almost constant with in-
Syp and S50 (S @and S 4),) states are degenerateBt0  creasing magnetic field, but for ti&, state, the dominant
and the energy of th&;, and S;;, ground state exhibits a component is the heavy-hole compon&#2,3/2 at small
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FIG. 4. The overlap factor of the electron and hole in the DMS ]
QD versus the magnetic field. The QD structure is the same as in F!CG- 6. The energies of the electron and the hole ground states
Fig. 1. in DMS QD versus QD radius. The thickness of the QD is 10 nm

andB=1T.

magnetic flelds but Ch"’?”g.e rapidly to the com'porierAQ,' —-3/2 with increasing magnetic field due to the crossover of
-3/2) at higher magnetic fields. The main relative contrlbu-the hole component8/2,3/2 and|3/2,-3/2, and a simi-
tions of theS,;; and Sy, states come from the components |5 "pahavior can also be found for t@;z state.

|3_/2,_1/2> an_d|3/2,—3/2_, and the latter becomes dominant Fig. 4 we plot the overlap factdy®| 1), i.e., the
with increasing magnetic field. '_Fhe.expected value .Of thqnterband transition strength for different circular polariza-
angular momentuntJ,) is plotted in Fig. 8e) as a function 5 of the light[see Eqs(8) and(9)] as a function of mag-

of magnetic field. In QD structures, is no longer a good  netic field. The overlap factors for different transitions be-
quantum number due to the band mixing effect that exist§yeen the electron states and the hole states exhibit different
even at vanishing momentum. For these four hole groungyenayior as a function of magnetic field. The biggest differ-
states,(J, decreases with increasing magnetic fields ancynce can be found at small magnetic fields. This difference is
keep constant —3/2 at high magnetic fields. This phenomeasily understood from the wave functions of the electron
enon can be understood from the weight factors of the difand hole eigenstates. The wave functions of hole ground
ferent hole components in the hole eigenstdte=e Figs. states are shown in Figs(&-5(d) for different magnetic
2(a)-2(d)]. Since the dominant component of the hole eigen<ields. The wave functions of tH& 5, andS.,, states change
states at high magnetic field is the spin-down heavy holegjightly for different magnetic fields, but the wave functions
13/2,-3/2), therefore(J,) of these four hole eigenstates is of the S, and S, states varies significantly with changing
equal to —3/2. It is interesting to find thal,) of the hole  magnetic field. Since the electron always localizes at the cen-
eigenstateS_ 3, experiences a sharp change from 3/2 toter of the DMS QD for different magnetic fields, and the hole

S- S3/2
=
1 FIG. 5. The wavefunction of
X (b) the hole ground states f@&=0 T
. (the solid curvep and 10 T (the
0 100 200 300 400 dotted curvep The dashed curves
r (nm) correspond to the wave function

" ' ' of the hole ground states &
S, 11 S, =1T for S5, and Sq5, but B
=0.5T forS;),, and 1.2 T forS),.
The QD structure is the same as in
Fig. 1.
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stateS 5/, also localizes at the centgsee Fig. 8a)], there-  contribution of the off-diagonal terms in the Luttinger
fore the overlap factor for the transitidh;,— S_5, varies  Hamiltonian[see Eq(2)]. Notice that the ground state of the
slightly with increasing magnetic field. But the wave func- hole in the DMS QD is changed fro.5,, to S 4, when the
tion of the hole state§;, and S, change significantly for QD radius decreases, and the first excited state bec8pes
different magnetic fields. Fo®B;, ground state at zero and (see the inset This transition is driven by the quantum con-
small magnetic field, the main componédntO of the wave finement effect. The heavy-hole state along thexis, i.e.,
function is the angular momentum of the envelope functionthe strong confinement direction, has a light-hole character in
so it is located at the center of the DMS QD. At large mag-the x—y plane[see the diagonal terms in E@®)]. With de-
netic field B=10 T, the main componerit3 of the wave creasing the QD radiu$(0|p2|0), the energy of the heavy-
function of S;/, is the angular momentum of the envelope hole state increases faster than that of the light-hole due to
function, the wave function becomes ring-like shape ashe higher in-plane kinetic enerdghe first term ofHyy, in
shown in Fig. $b). A similar situation can also be found for Eq. (2)], and consequently results in the change of the
Si/2- From this figure we observe that the wave functions ofground state of the hole in the DMS QD.
Ss;12 and Sy, change rapidly at the crossing point due to the  Figures Ta)-7(d) show the weight factorgrelative con-
band mixing effect. tribution) and the expected value of the angular momentum
Figure 6 shows how the energies of the electron and holeJ,) in the DMS QD as a function of the QD radius. For the
ground states vary with the QD I’adius, i.e., the in—plane ConS_3/2 State, the dominant heavy_ho'e Components is a|WayS
finement,(0|p(0), for hole states with different angular mo- |3/2,-3/2, but for theS,, state, the dominant component
mentum(f,). Notice how the energies of the electron andof the heavy-hole stat&;, changes from the components
hole decrease as the QD radius increases. The energy spé&t2,3/2 to the componenB/2,-3/2 with increasing QD
trum exhibits an interesting anticrossing behavior due to theadius. The main components in tBg, andS_,, states are,
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' ' ' ' ' and saturates at large QD radius, but the strength of the tran-
Sitions s_1/,— Sy 2, S1o— Szy2, @Nd S ,— S 45 exhibit a dip

with increasing QD radius. These features can be understood
from the variation of the wave functions of the electron and
the hole states when the QD radius changes. The wave func-

£ e
B X
..8 ° . & tions of hole eigenstates are shown in Fige)-99(d) for
Soal VI - s i different QD radius. The wave functions of i, state
5 “ /'I V) _ 2-1/2_'8 412 changes slightly for different QD radius, but the wave func-
5 02r i LS tions of theS;)», S_1/,, andS;, states varies significantly with
Y g " increasing QD radius due to the change of the dominant
0.0 i v component. The main difference can be found in the inter-
5 10 15 20 25 v band transition strengths for different circular polarization as

a function of QD radius arises from the wave functions of the
hole eigenstatessee Fig. 7.

FIG. 8. The overlap factor of the electron and the hole in the
DMS QD versus the QD radius. The QD structure is the same as in

Fig. 5. IV. CONCLUSIONS

In summary, we investigated the electronic structure of

trﬁspletcttivet:y, the cog‘npo_neiﬁt/fz,lllz and|3|;/2,d—_3/2,Tﬁnd the DMS QD under a perpendicular magnetic field. Our the-
€ latter becomes dominant 1or farger Q radius. 1he avely qgical calculation shows that the hole energy decreases rap-
age value of the angular momentu@d) is plotted in Fig.

) _ - idly for weak magnetic field, and saturates for high magnetic
7(e) as a function of QD radius. For these four hole eigen-e|ys, slightly increases again for very strong magnetic field
states,(J,) decreases with increasing QD radius and apye to the intrinsic Zeeman effect and the magnetic field-
proaches a constant —3/2 for large QD radius. Since thghduced confinement. The ground state of the hole in the
dpml_nant component of the hole eigenstates at large QD rgyps QD changes fronS.s, to S.y/, with decreasing QD
dius is the spin-down heavy hol8/2,-3/2, therefore(J,)  radius. It is interesting to note that the mixing of different
of these four hole eigenstates is equal to =3/2. Note{that  hole components in the hole states can be tuned significantly
of the hole eigenstate8/2,3/2 experience a sharp change by changing the external magnetic field and the in-plane con-
from 3/2 to —3/2 with increasing magnetic field due to thefinement, and consequently influences the strength of the in-
crossover of the hole componen{8/2,3/2 and [3/2, terband transitions. The external magnetic field provides us
-3/2). with a powerful tool to tailor the electronic structure of a
In Fig. 8 we plot the overlap factdty®| )| as a func- DMS QD via thesp-d exchange interaction. Here we con-
tion of QD radius. The transitions between the differentcentrate on the magnetic field dependence of the single elec-
states display very different features with increasing QD ratron and hole states. The Coulomb interaction between elec-
dius, especially at small radius. The transition strength betron and hole was neglected in our calculation which is
tweens_;;, and S 5, increases slightly at small QD radius important for the optical property of DMS QPespecially in

—— R=2nm
S3/2 )
S
al
300 200 300 400 FIG. 9. The wave function of
r (nm) the hole ground states for different
' S, for two values of QD radius
S R=2 nm and 12 nm.
R=12nm
S
=
300 4000 100 200 300 400

r (nm)
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