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Spin-polarized tunneling through a diluted magnetic semiconductor quantum dot
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Spin-polarized tunneling through a diluted magnetic semiconductor quantum dot embedded in a tunneling
barrier is investigated using the Bardeen transfer Hamiltonian. The tunneling current oscillates with an increas-
ing magnetic field for a fixed bias. Many peaks are observed with an increasing external bias under a fixed
magnetic field. Spin polarization of the tunneling current is tuned by changing the external bias under a weak
magnetic field.
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I. INTRODUCTION The paper is organized as follows. The theoretical model

Diluted magnetic semiconductof®MS) provide us with and forma!ism are presented 'in Sec. I.I' In Sgc. I we 'present
an interesting possibility to tailor the spin splitting and thethe r_1um_er|c_al re_sults along with our discussions. A brief con-
spin polarization via thes-d exchange interaction between clusion is given in Sec. IV.
the conduction-band electron and the localized magnetic
ions. The spin splitting in DMS systems can be tuned by Il. THEORETICAL MODEL AND FORMALISM
changing the external magnetic field, which induces spin- . _ .
polarized transport. The spin-polarized current in a semicon- The typ!cal semicanductor sfructures usc_ad to study verti-
ductor is the crucial ingredient for spintronic devide®ne cal tnneling through quantum dots consist of a double-
of the main obstacles for these applications is to find a highl arrier quantumlwell that is confined in the Ia}teral dlrgct|o.n.
efficient way to inject spin-polarized carriers into a semicon- he lateral confmemenF can be reallged using ecthing, ion
ductor. The successful spin-polarized current through a pm&ombardment, or metallic gates. Consider a 2D-0D-2D struc-

junction was demonstrated theoreticaland experimentally ture, which i§ shown s_chematically in Fig_. 1, the e”f““er and
by applying strong magnetic fields at low temperattiie, , collector regions consist of a nonmagngtVS) or diluted

the three-dimensional-two-dimensional-three-dimension agnetic _semiconductor two—dimensionall electron gas

(3D-2D-3D) tunneling case. An oscillating, tunneling, mag- 2DEG), af‘d the NMS or DMS guantum dot is embedded n

netoresistance was found theoretically for ballistic DMSthe_tunnellr_lg barrier. The Hamlltonl_an of an electron in the

single-barrier and double-barrier structuf@sen in the case eMitter region(DMS or NMS 2DEG is

of a superlatticé.In all of the above studies, a strong mag- R 2 R 21,2

netic field is required to enhance the spin splitting and to H=—(kj+eA)?+Hy+Ho+ —= + VS, (2, (D)

induce spin polarization of the electron. Such a strong mag- m 2m,

netic field is a big obstacle for practical applications in spin-where the magnetic fiel& is applied along the axis, i.e.,

tronic devices, e.g., to create a spin filter. the current directionk, is the momentum along the axis.
Very recently;~® the incorporation of Mn ions into the e takem)=m =m’, since the conduction band is isotropic

crystal matrix of different 1I-VI semiconductors lead to the near thel” point. The form of the confining potentisf, (2)

successful fabrication of DMS quantum dotQD) and s of a triangular shape which depends on the external bias,
magnet-DMS hybrid structures. Photoluminesceilg sig-

nals clearly demonstrated the confinement of quasi-zero-
dimensional electron-hole pairs in these nanostructures. The
optical property of the DMS QD can be well understood by
calculations based on the effective-mass th&drythis pa-

per, we calculate the spin-polarized tunneling current utiliz-
ing magnetotunneling through a semiconductor quantum dot
and demonstrate theoretically that strong spin-polarized tun-
neling can be realized in this system in the presence of a Colloctor
weak perpendicular magnetic field. Furthermore, we find that

the spin polarization of the current can be easily tuned by \_
changing the external bias under a weak magnetic field.

Thus, such a device will be very helpful for potential spin-  FIG. 1. Potential profile of the tunneling structure. The quantum
tronic nanodevice applications. dot is embedded in the barrier.
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and we assume that only the lowest subb&§df this ac- ﬁ2kf m*wng L0, ﬁ2k§
cumulation layer is filled and contributes to the tunneling > > +tHz+ Hex"'%"'vg(z).
current. The symmetric gauge is adopted for the vector po-

tential A=(-By/2,Bx/2,0) in order to optimally use the cyl- (7)
inder symmetry of the systentd, is the intrinsic Zeeman Wherewd—\’m andV¥(2) is the confining potential in
term.V,(2) is the confining potential along the growth direc- o, c :

) . : X s the QD along thez axis, which is assumed to be a square
tion. The exchange interactidti, describes the-d interac- |, | He, is described in Eq(2). Assuming that the quantum
tion between the conduction electrons and tde @ectrons

£ th . confinement along the axis is much stronger than the in-
of the Mn ions, plane confinement, the energy of the eigenstate is

*

T 2m

h
- 0, L for NMS 2DEG By, = fig(20g + Img + 1) + ;)°md+E§+ E;—d_'_Eg'
&7 | 2 Jdf-R)G'S,  for DMS 2DEG [ ®

1
) The value of the exchange interaction teﬁiﬁd depends on

h is the el iors-d h i the material[see Eq.(4)]. The wave function isVy(r,¢,2)
where J.4 is the electron-ions-d exchange coupling con- =1/\ Zwe'md‘Pan(r)g(z) whereR, (1) is the same as in

stant, and” andR; are coordinates of the band electron andeq. (6), but &= wym' /.

the Mr?* ions. ¢ and S, denote the spin operator of the  The tunneling process is a two-step process in which elec-
conduction-band electron and RKfnion, respectively. The trons first tunnel from the emitter to the dot and eventually
summation is over the lattice sites occupied by the?Mn from the dot to the collector. At equilibrium the tunneling

ions. Within the mean-field approximatiori can be re- current from the emitter to the dot must be equal to that from

placed by its thermal average(S)=-SBs,(¢), ¢ the dot to the collector, and the strength of the tunneling

=gunSueB/Ka(T+To). By(X) is the Brillouin function kg is ~ current is determined by the overlap integral between the

the Boltzmann constang=2 is the spin of MA*, andS, and wave function of the QD states and those of the contacts.
2 L

T, are phenomenological parameters describing the antifef2ccording to Bardeen's description of tunnelifgthe tun-

romagnetic superexchange effect between thé*Mans. heling current in the steady state is giveriby
Within the mean-field approximation, we have

:EE f dkdK T r(EL,ER[1 - FREER)IF-(EL)

Hex= NOaXO'Z<Sz>a (3
e
whereN, is the number of cation sites per unit volunxeis - HE f dkdK Tr (Er, ED)[1 - fH(E)]R(ER), (9)
the concentration of Mn ions, andis the absolute value of o
the exchange-coupling integral per unit cell. where T, r(E, ,Eg) is the transmission of electron tunneling
The energy of the eigenstate in the 2DEG is from the emitter to the dot anflz (Eg,E,) is the same, but

for the reverse direction. The Pauli blocking factorsfi®

are introduced, considering that an electron that tunnels from
one side to the other side should find an empty final state.
For resonant tunnelinEn mok = Enymy TLR=TRL and we as-
wherew,=eB/m’, E§ is the ground-state energy of the elec- sume that the ground state of the QD is high above the Fermi
tron along thez axis, andES and ESd denote the intrinsic energy of the collector, which makes the Pauli blocking fac-
Zeeman energy and the spin spllttmg caused bystdeex-  tor unimportant. Then the tunneling current can be obtained
change interaction, respectivell; sd is zero for the NMS  from

me+|me|+})
2

o= e rESEREL @

2DEG and nonzero for the DMS 2DEG. The wave function M |2f(E )
of the electron is | =2el/m D, ed  Taly —,
7,Ng,My.Ne, Mg (Ene,me - End,md - evext) +T
e im ¢ (10)
e(r @12) = 2_ ——R, Xl (I’)f(Z) (5)
V

where f(E)=(1+exd(E-Eg)/kgT]) ™ is the Fermi distribu-
ft|on function with Fermi energyeg, which can be deter-

where r) is a function that can be expressed in terms o
R“eme( ) P mined from the following equation:

the hypergeometric function,

Ne=€4mls > f(Em), (1)
Rim (1) & € 928M2F (= [m| + 1,9), onomg S
where X, is the density of electrons in the 2DEG. In our
£= w i 122h (6) numerical calculation the density of statdBOS) of the
¢ ' 2DEG, assuming a simple Lorentzian spectral function, is
In the QD structure, we have p(E):(F/W)/[(Ene’me— End,md—evext)2+1"2], I is the broaden-
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FIG. 2. The Landau-level fan
in (a) DMS and(b) NMS 2DEG
for spin-up (the thin solid liney
and spin-down(the thin dashed
lines) electron. The thinner lines
correspond to the energies of the
spin-up(solid lineg and the spin-
down (dashed lines electron
states in the QD. The thickest
curves depict the Fermi energy
versus the magnetic fields, where
the solid line and the dashed-
dotted line correspond to the elec-
tron densityR,=4x 10/ cn? and
2x 101/ cn?, respectively. We set
0 > 4 Py 8 T=1K, fiwg=15 meV.

30 30
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ing factor of the Landau level, and., is the external voltage 2(b) show the energy spectra for the electron in the NMS and
between the emitter and the QD. The current matrix elemer®MS 2DEG, respectively, as a function of the magnetic field
in Eq. (10) is given by for zero bias. The thickest curves denote the Fermi energy in
22 Ithe ZBEG f%r tV\;]o different ele;cctrr]on (IJIensities; tr;{e )thick solid
_| * — il aad ines describe the energies of the electron stat€g)iNMS
Meq= <2m)fm (We VW4 =Wy VWe)AR = Me Me g, and (b) DMS QD for different spin orientations. The Fermi
energy exhibits the well known oscillatory behavior with an
(12) increasing magnetic field. The Landau-level fans far
NMS and (b) DMS 2DEG are rather different due to the
's-d exchange interaction. From these figures we see that the
occupied states are spin-down states for DMS 2DEG at high
magnetic fields, while spin-up and spin-down states coexist
for NMS 2DEG, even at high magnetic fields. This feature
arises from the s-d exchange interaction between the electron

where R is the surface across the emitter-dot barrier, i.e.
perpendicular to the axis. But here we calculate the transi-
tion elementM_, following Ref. 12, and consequently the
in-plane transition elementM., can be obtained
analytically3

1 (27 o and the magnetic iorjsee Eq(3)]; namely, the spin splitting
M‘gd: —f e'(me'”‘d)“’dqof ard,md(r)Rne,me(r)dr caused by thes-d exchange interaction is much larger than
2mJo 0 that caused by the intrinsic Zeeman effect. This feature con-
NN sequently leads to a different spin polarization of the 2DEG
= 5md,meTF(7)7\_nd_”e_7(>\ — kg)M(N — ko)™ at higher magnetic fields.
In Figs. 3a) and 3b) we plot the tunneling current due to
KqKe the presence of the QD as a function of the magnetic field
X F|=ng,—ne, 7*m , (13)  under a fixed bias for two different structuréd@MS 2DEG

contacts with NMS QD embedded in the barrier and NMS

wheree andd denote the states in the emitter and in the QD,2DEG contacts with DMS QD embedded in the bajtighe

F(n,m,x,y) is the hypergeometric function\=(a;> insets show the tunneling currents for the spin-up and the

-2 _ 2 . . . .

+a9)/4, kae=1/(2a5,), Nge  spin-down electrons. The tunneling current is mainly deter-
=\(Jmyel+nge) !/ (2Madng ot my ) /@), y=|myel+1, age  Mined by the energy difference between the Landau levels in
:Vuﬁ/(Zm*wda, andwe=W_/2. It is interesting to notice that the emitter below the Fermi energy .anq the s_tates in the. QD
the angular part of the integral gives the selection rule for the@nd the overlap factor. The magnetic field shifts the minima

tunneling process, i.e., only the states witgem contribute  Of the subbands to higher energies and confines the electrons
to the tunneling current. towards the center of the QD. The localization of the QD

The parameters used in our calculations for @t _Te  states leads to an increase of the overlap factor in the lateral
and CdTe aran =0.0961,, N=4X 10t cm 2, x=0.1, gy, direction, and consequently it increases the current. The tun-
=2, Nya=220 meV, g.=-1.47, $=1.32, T,=3.1 K (Refs.  heling current oscillates with an increasing magnetic field,

9,14 I'=0.2 meV. but approaches zero at a high magnetic field because of the
diminishing number of available tunnel channels. The oscil-
IIl. NUMERICAL RESULTS AND DISCUSSIONS lations in the current arise from those in the Landau levels

below the Fermi energy, which become resonant with quan-

Figure 1 schematically depicts our single barrier structureum states in the QD structure. In order to understand this

in which the QDs are embedded. The emitter and the colleamore clearly, we plot the energy spectrum at a fixed bias
tor regions consist of NMS or DMS 2DEG. Figure@Rand V=10 mV in Figs. 3c) and 3d). From Figs. &) and 3d),
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] FIG. 3. The tunneling current versus the mag-
] netic field for a fixed biagAV=10 mV) for the
(b)— (& NMS/DMS QD/NMS and (b) DMS/NMS

g QD/DMS cases. The insets show the tunneling
current for different spin orientations. Pai(s)
and(d) show the corresponding energy spectra in
the emitter and the QD. The thick solid lines de-
note the Fermi energy in the emitter, the thin
solid and dashed lines for the spin-up and the
spin-down Landau levels in the emitter and the
thicker solid and dashed lines for the spin-up and
L the spin-down QD states. We skivg=15 meV,
'=0.2 meV, andT=1 K.

E-E, (meV)

(c) (d)

)]
[s,]

the spin-up and the spin-down Landau levels in the emitter Figures 4a)—4(d) show the tunneling current versus the
cross with the spin-up and the spin-down ground states of thexternal bias for two different values of the magnetic fields.
QD at different magnetic fields. These crossing points correThe insets depict the tunneling currents for the spin-up and
spond to the peak positions in FiggaBand 3b) (see the the spin-down electrons separately. We find several broad
arrows in these figur¢sThe minimum of the lowest Landau Peaks in the tunneling current, and the spin polarization can
subband of the DMS 2DEG increases with an increasinde €asily tuned by changing the external bias, even at small
magnetic field and even becomes higher than that of thglagnetic fields(see the insejs These broad peaks corre-
ground state of the QDm,=0), but lower than that of the SPond to the Landau levels below the Fermi energy in the

: - : . 2DEG, which are resonant with the QD statése ground
higher states of the QRMy=1) [see Figs. @) and D)}, - " & ieq statasand are indicated in Figs (@ and 4f).

therefore the tunneling current approaches zero at a higherrhe minima of the tunneling current correspond to the Lan-
magnetic field. The same is true for. the NMS/D.MS QD{ dau levels below the Fermi energy, which are situated be-
NMS structure due to the same physical mechanism. A b'QWeen the energies of the QD states,=0 andm,=1), and
difference between the spin-up and spin-down tunneling CUre widths of the minima are determined by the sp’)acing of
rents is found in these figures, even at intermediate magnetig,o QD states. Notice that there are many subpeaks, i.e.,
fields [see the insets of Figs(& and 3b)], resulting in a  gscillation, on top of each broad peak for sufficiently strong
spin polarization of the current. For tunneling through amagnetic fields. These sharp subpeaks appear when each
NMS QD with DMS contacts, the spin polarization of the |andau level becomes resonant with the QD states and ap-
tunneling current is higher than the spin polarization of thepears only if the Landau-level separation becomes larger
tunneling current through the DMS QD with NMS contacts. than the width of the individual Landau levels. For tunneling
This is because the lower states of the DMS 2DEG are spirthrough the NMS QD with DMS contacfsee Figs. &) and
down states, but the spin-up states are also still present in thib)], a maximum of spin polarization can be up to 35% and
NMS 2DEG(see Figs. @) and 2Zb)]. 90% forB=0.2 T and 0.8 T respectively. Except for the tun-
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FIG. 4. The tunneling current versus the ex-
ternal bias for two different magnetic field values
and two different configuratons: NMS/DMS QD/
NMS [(a) and(b)] and DMS/NMS QD/DMY(c)
and (d)]. The insets show the tunneling current
for different spin orientations. The energy spectra
are shown as a function of the external biagen
and(f), and the line types are the same as in Figs.
3(c) and 3d). We used fimp=15 meV, T’
=0.2 meV,T=1 K, andAE,=E3-E¢, whereE]®
are the quantized energies along thexis of the
QD and the 2DEG.

neling through the DMS QD with NMS contacsee Figs. through the NMS QD with DMS contacts is stronger than
4(c) and 4d)], the maximum of the spin polarization can that through the DMS QD with NMS contacts. This phenom-
approach 100%, even at small magnetic field®., B enon can be understood from the energy spectra of the NMS
=0.2 T). Therefore, spin polarization of the tunneling currentand the DMS 2DEG for a fixed magnetic fie{l@=0.8 T)
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[see Figs. &) and 4f)]. The QD states align with the lower netic fields. The tunneling current oscillates and decreases
Landau levels of the 2DEG with an increasing external biaswith an increasing magnetic field. The spin polarization of
The lower Landau levels of the DMENMS) 2DEG [see the system can be easily tuned by changing the external bias
Figs. 4e) and 4f)] are the spin-dowrfthe spin-up and the under a weak magnetic field. The proposed system is useful
spin-down) states. Therefore, the spin polarization of the tun-as, e.g., a spin filter.

neling current through the NMS QD with the DMS 2DEG

contacts is higher than that through the DMS QD with the ACKNOWLEDGMENTS
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