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Spin-Dependent Perpendicular Magnetotransport through a TunableZnSeyyyZn12xMnxSe
Heterostructure: A Possible Spin Filter?
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This work addresses spin-dependent magnetotransport in a band-gap-matched ZnSeyZn12xMnxSe
heterostructure. In an external magnetic field the paramagnetic layer behaves as a potential well
for spin-down electrons and a potential barrier for spin-up ones. My current-density calculation
shows a strong suppression of the spin-up component of the current density for increasing magnetic
fields; the total current density is dominated by the spin-down component forB . 2 T. This
result gives rise to the possibility of devising spin filters relevant for spin-dependent optoelectronics.
[S0031-9007(98)06088-8]
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The incorporation of magnetic impurities into semicon
ductor heterostructures harmoniously combines magneti
and quantum-size effects to uniquely produce exot
new physics. Electrons in Mn-based systems intera
with the 3d electrons of the localized magnetic moment
of the Mn ions via thesp-d exchange interaction [1]. In
an external magnetic field this interaction gives rise to
gianteffective Zeeman effect which lifts the degeneracy o
the spin-up and spin-down electron and hole states. Th
is the essence of the spin-dependent phenomena in th
systems [2].

Since the theoretical proposal by von Ortenberg [3] o
the so-called spin superlattice—a Mn-(or Fe-)based s
perlattice where there occurs exchange-inducedspatial
spin segregation of electrons and holes—and its sub
quent experimental realization by Daiet al. [4] and Chou
et al. [5], many creative experimental works have bee
done by exploiting spin-dependent phenomena. These
compass magneto-optical pump-and-probe spectrosco
studies [6] and, more recently, Hall-effect measuremen
in spin-polarized two-dimensional electron gases in nov
Mn-based systems [7]. Transport measurements co
plement magneto-optical ones thus providing a mo
complete description of the spin-dependent physics
Mn-based heterostructures.

Electronicspin filters, i.e., devices which would produce
spin-polarized injection currents, are relevant for spin
dependent optoelectronics [8]. Spin filters could be use
to devise circularly polarized light sources, e.g., light emi
ting diodes and lasers, operating with polarized injectio
currents.

In this Letter, I report thefirst theoretical investiga-
tion on electronic spin filtering in perpendicular transpo
through a magnetic-field tunable ZnSeyZn12xMnxSe het-
erostructure [Fig. 1(a)]. The concentration of Mn in th
“paramagnetic” layer is chosen so that in the absence of
applied magnetic field, the conduction and valence ba
offsets are nearly zero [4] [see Fig. 1(b)]. This uniqu
matching of band gaps is possible only because, at low co
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centrations, the energy gap of the Zn12xMnxSe presents a
characteristic bowing [2] as a function of Mn concentra
tion x.

The heterojunction I study is realistic. In fact, it is simi-
lar to the ZnSeyZn12xMnxSe spin superlattice experimen-
tally realized in Ref. [4]. Because of thesp-d exchange
interaction, an external magnetic field modulates the p
tential profile seen by a traversing electron (or heav
hole) in a spin-dependent fashion. As shown in Fig. 1(c
spin-down electrons see a quantumwell while spin-up
ones see abarrier. This simple system generalizes the
usual quantum mechanics textbook problems of particl
impinging on square potentials in that, here, the pote
tial is both a barrierand a well. The electron transmis-
sion and reflection coefficients are now spin depende
Figs. 2(a)–2(f).

I have calculated the electron current density throug
the system shown in Fig. 1(a) as a function of an extern

FIG. 1. Band-gap-matched ZnSeyZn12xMnxSe heterostruc-
ture and its conduction-band profile. An electron traversing th
system (a) sees a flat (i.e., zero band offsets) potential (b)
the absence of a magnetic field. For nonzero magnetic field
the s-d exchange interaction gives rise to a spin-depende
potential; spin-up electrons see abarrier while spin-down
ones awell [solid and dashed profiles in (c)]. By increasing
the magnetic field the spin-up electrons arefiltered out, thus
producing a spin-polarized transmitted flux.
© 1998 The American Physical Society
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magnetic field. The total current density is compose
of spin-up and spin-down components [Figs. 3(a) an
3(b)]. My calculation includes Landau-level quantization
For increasing magnetic fields and small emitter Ferm
energies (e.g.,5 meV, which corresponds to an electron
density ,1017 cm23), I find (i) strong suppression of
the spin-up component of the current density—the tot
current being dominated by the spin-down component
for fields larger than2 T, (ii) noticeable resonances in
the spin-down component of the current corresponding
the manyquasibound statesthat are being pulled into the
well which becomes deeper withB, (iii) an essentially
structureless exponential decay of the spin-up curre
since the barrier height is increasing withB, and (iv) fine
Landau-level oscillations in the derivatives of both th
spin-up and spin-down currents [Figs. 3(a) and 3(b)
Point (i) is the relevant feature forspin filtering.

Within mean field and for a magnetic field along th
z axis, thes-d exchange interaction gives rise to a spin
dependent potentialVsz szd  2xkSzlN0aszQszdQsL 2

zd in the Hamiltonian of the system. Here,x is the Mn
concentration,kSzl is the thermal average of the Mn spin
components along the magnetic field (a 5y2 Brillouin
function), N0a is the electrons-d exchange constant,sz

is the electron spin components61y2 (or ", #) along the
field, Qszd is the Heaviside function, andL is the width
of the Zn12xMnxSe layer.
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FIG. 2. Spin-dependent transmission coefficients for spi
down and spin-up electrons (left and right panels, respective
traversing the heterostructure in Fig. 1. The quantum res
nances in (a)–(f) correspond to integer numbers of half electr
wavelengths fitting within the Zn12xMnxSe layer. Observe the
strong suppression ofT"sEz , Bd for fields larger than a given
threshold [.0.5 T in (b) and.2 T in (d)]. This suppression is
relevant forspin filtering.
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In the absence of any kind of electron scattering th
motion along thez axis is decoupled from that of the
x-y plane. The in-plane motion is quantized in Lan
dau levels with energiesEn  sn 1 1y2dh̄vc, where
n  0, 1, 2, . . . and h̄vc  eh̄Bymp

ec (I assume a single
electron effective massmp

e throughout the heterostruc-
ture. Along thez axis the electrons are characterize
by spin-dependent transmission coefficientsTsz

sEz , Bd,
whereEz  h̄2k2

z y2mp
e is the energy of a traversing elec-

tron with wave numberkz . An expression forTsz
sEz , Bd

is readily obtained by replacing withVsz
szd the one-

dimensional potentials in the usual formulas for the tran
mission coefficients, found in many quantum-mechanic
textbooks [9]. The spin-down transmission coefficient i
given by

T#sEz , Bd 

8><>:1 1
sin2

hq
2mp

e sxjkSz ljN0ay21Ez d
h̄2 L

i
4
≥

Ez

xjkSzljN0ay2

¥ ≥
Ez

xjkSz ljN0ay2 1 1
¥
9†=†;

21

.

(1)

Expressions similar to Eq. (1) hold forT"sEz, Bd (there
are two, corresponding to:Ez . xjkSzljN0ay2 andEz ,

xjkSzljN0ay2). Note that the transmission coefficients ar
now functions of the external magnetic field throughkSzl.

Figures 2(a)–2(d) show plots ofT#sEz , Bd andT"sEz , Bd
(left and right panels, respectively) as a function ofB for
two incident energiesEz. Figures 2(e) and 2(f) are the
usual textbook plots of the transmission coefficients fo
particles traversing a well and a barrier, respectively, as
function of the incident energy. In all graphs in Figs. 2(a)
2(f) the unity transmission peaks are quantum resonanc
they correspond to an integer numberm of half electron
wavelengthsly2 fitting within the potential width, i.e.,
L  mly2 (Fabry-Perot-like interferences) [9].

The exchange-induced resonances in transmission
efficients, for a fixed incident energyEz, are interesting
because they are magnetic-field tunable [Figs. 2(a)–2(d
For the spin-down electrons an increasing magnetic fie
makes the quantum well deeper and deeper. This in tu
pulls down (and into the well) the manyquasistationary
states above the well. Every time one of these quasibou
states resonates with the energyEz , the spin-down elec-
tron is transmitted with unity probability. Note that the
higher Ez the larger the separation between the resona
peaks [cf. Figs. 2(a) and 2(c)]. This happens because
energy difference between two consecutive quasibou
energy levels goes withL22.

For the spin-up electrons the potential barrier becom
higher and higher for increasing magnetic fields. Fo
incident energiesEz , xjkSzljN0ay2, the spin-up elec-
tron wave is evanescent in the paramagnetic layer a
the transmission is suppressed. ForEz . xjkSzljN0ay2,
stationary waves exist above the barrier and resonan
occur inT"sEz , Bd. Figure 2(b) shows these two regimes
for Ez  1 meV; for B . 0.5 T the transmission is
suppressed, and forB , 0.5 T there is a resonant peak.
Similarly, however. for a higher incident energy
4579
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FIG. 3. Calculated current densities and their respecti
derivatives as functions of the magnetic field and the ener
xeffjkSzljN0ay2, bottom and topx axis, respectively. The
spin-down current (triangle down) shows oscillations due
quasibound resonances above the well. These are rea
seen in its derivative [solid line in (a)] which presents dip
at energiesEm ø 0.24m2 meV [infinite-well bound states, see
dashed vertical lines in (a)]. The spin-up current is structur
less and exponentially suppressed for increasing magnetic fi
(triangle up). The derivatives of both spin-up and spin-dow
current [dashed and solid lines in (a) especially] exhibit fin
oscillations due to Landau quantization. Thetotal current
density [dashed line in (b)] shows oscillations (spin down
superimposed on an exponential decay (spin up). Its derivat
[solid line in (b)] presents both quasibound state resona
dips and the fine Landau-level oscillations. The total curre
density is dominated by the spin-down component forB . 2 T
(spin filtering).

Fig. 2(d) displays suppression of the transmission f
B . 2 T and many resonances forB , 2 T. Note also
the complementary behavior of Figs. 2(b) and 2(f).

The resonances in the transmission coefficients d
scribed above also appear in the current versus magn
field characteristics of the system. To calculate the sp
dependent current density through the system, I assu
that the ZnSe layers in Fig. 1(a) are now emitter and co
lector attached to external leads. In addition, I assum
low enough temperatures so thatT ø 0 (the experiments
are usually done at 4.2 K). Denoting bycn,ky ,kz

srd the
Landau-level eigenstates and byyzskzd  h̄kzymp

e the z
component of the electron velocity, the spin-depende
current density is given by

jsz sr,Bd  e
X

n,ky ,kz>0

yzskzdTsz skz , Bdjcn,ky ,kz srdj2, (2)

wherecn,ky ,kz
srd 

1p
Ly

1
p

Lz
eikyyeikzzwnsxd. Here,wnsxd

is the nth harmonic-oscillator eigenfunction centered a
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x0  2h̄kyymvc, sLxd Ly andLz are normalization con-
stants, andky andkz are the electron wave vectors alon
the y and z directions, respectively. These scatterin
states have energiesEn,kz  sn 1 1y2dh̄vc 1

h̄2k2
z

2mp
e

(I am
neglecting the small contributiongpmBBsz to En,kz

, gp is
the effective electron gyromagnetic ratio).

The averagespin-dependent current density is define
by

Jsz sBd 
e
V

X
n,ky ,kz>0

yzskzdTsz skz , Bd
Z 1`

2`
jwnsxdj2dx ,

(3)

where V  LxLyLz is the normalization volume. With
Ef denoting the emitter Fermi energy, the summatio
over the discrete Landau levelsn and overkz > 0 in
Eq. (3) must satisfy (i)0 < sn 1 1y2dh̄vc 1

h̄2k2
z

2mp
e

< Ef

for an external biaseV . Ef , and (ii) Ef 2 eV <

sn 1 1y2dh̄vc 1
h̄2k2

z
2mp

e
< Ef for eV < Ef . Constraint

(i) says that all electrons belowEf contribute to the
current density, sinceeV . Ef , while (ii) restricts this
contribution to only those electrons with high enoug
energy. The summation onky is equal toLxLyeBy2p h̄c,
i.e., the total number ofky points. Since the transmission
coefficients depend only onkz and wnsxd is normalized,
Eq. (3) becomes, foreV > Ef ,

Jsz sBd  J0B
Z Ef 2 h̄vc y2

0
snmaxsBd 1 1dTsz sEz , BddEz ,

(4)

wherenmaxsBd  ints Ef 2Ez

h̄vc
2

1
2 d, with intsxd being equal

to the larger integer smaller than or equal tox and
J0 ; e2y4p2h̄2c.

Equation (4) is easily evaluated via standard numeric
integration schemes. In this paper, I present results
only the small-bias limit, i.e., eV  Ef ø 5 meV. In
this regime, I can still use, as a first approximation
the zero-bias transmission coefficients to calculate t
current densities. Thetotal current density through the
heterostructure isJtsBd  J"sBd 1 J#sBd. Note that
the current densities depend uponB (i) explicity via the
factor of B, due to the degeneracy of a Landau leve
(ii) through nmaxsBd , which denotes the maximum
number of filled Landau levels for a givenEz , (iii) via
Tsz

sEz , Bd and (iv) through the upper limit of integration
Ef 2 h̄vcy2 in Eq. (4). In what follows I neglect the
weak magnetic-field dependence in (iv) and discuss so
interesting resonant structures predicted by Eq. (4).

In all of the graphs I use,Ef  5 meV, L  1000 Å
[10], mp

e  0.16me, and aneffectiveMn concentration
xeff  xs1 2 xd12. This effective concentration accounts
in an ad hocway, for some of the antiferromagnetic clus
tering effects (those due to Mn-Mn pairs) which suppre
the low-field paramagnetic response of the system. I
not consider effective temperatures in the argument of t
Brillouin function.

Figure 3(a) shows curves ofJ"sBd andJ#sBd, and their
respective derivatives, as a function ofB. The spin-down
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component of the current density displays oscillation
as the magnetic field is increased. This behavior is
direct consequence of the resonances inT#sEz , Bd and is
readily seen in thedJ#sBdydB vs B curve. This curve
shows dips at (potential) energiesEm  m2h̄2p2y2mp

eL2,
m  1, 2, 3, . . . , which correspond to thequasiboundstate
energies of an infinite-well potential. For the paramete
used in the simulation,Em ø 0.24m2 meV. The dashed
vertical lines in Fig. 3(a) mark the positions of theE1, E2,
E3, andE4 energy levels [see topx axis in Fig. 3(a)].

The spin-up current density [triangle up in Fig. 3(a)]
is essentially exponentially decaying. This reflects th
dominant exponential suppression ofT"sEz , Bd for increas-
ing magnetic fields and0 < Ez < Ef [see Figs. 2(b) and
2(d)]. No particular structure is seen in theJ"sBd curve.
Its derivative, on the other hand, is much more interestin
In fact, the derivatives of bothJ"sBd andJ#sBd present rich
fine structures. In thedJ#sBdydB vs B curve [solid line in
Fig. 3(a)] these fine “resonances” appear superimposed
the quasibound state resonances. These additional os
lations are due to Landau-level quantization which expli
itly appears inJsz sBd through thediscretefactor nmaxsBd
in the integrand [see Eq. (4)].

Figure 3(b) shows thetotal current densityJtsBd and
its derivative as a function ofB (see dashed and solid
lines, respectively). The total current density exhibit
both the oscillatory behavior and the exponential decay
J#sBd and J"sBd, respectively. Both the quasibound stat
resonances and the Landau-level related ones are pre
in the derivative ofJ#sBd. The former could, in principle,
be seen experimentally by measuring theJtsBd vs B
characteristics of the ZnSeyZn12xMnxSe heterostructure.

Spin filters.—Note that withEf  5 meV [11] and for
B * 2 T, JtsBd is dominated by the spin-down compo
nent of the current density, i.e.,JtsBd ø J#sBd [see dashed
line in Fig. 3(b)]. This very interesting feature enable
the generation of spin-polarized injection currents sin
the heterostructure filters out the spin-up component
the electron current density. This is relevant for devisin
tunable spin-dependent electronic switches and possi
to the development of a circularly polarized laser [12].

Important points.—Electron-electron (e-e) interaction,
band bending, and spin-flip processes, all neglected he
reduce the efficiency of spin filtering. Antiparallel-spin
e-escattering in the emitter region can excite spin-up ele
trons to energies aboveEf , thus enhancing their transmis-
sion probability. Band bending changes the transmissi
and enhancese-e scattering because of charge accumu
lation in the vicinity of the potential barrier. Thes-d
exchange-induced spin-flip mechanism can be relevant
small barrier heights [13]. A possible way to minimize
thee-eands-d effects is to use a paramagnetic layer wit
a higher potential barrier (i.e.,x . 0.05). Higher barriers
suppress both the tunneling of excited spin-up electro
and the s-d exchange-induced scattering. Band bendin
effects should be small for filters with a short intrinsic re
gion between the emitter and the paramagnetic layer.
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In summary, I have studied perpendicular spin
dependent magnetotransport in tunable ZnSey
Zn12xMnxSe heterostructures. The spin-down cur
rent density displays oscillatory behavior for increasing
magnetic fields while the spin-up one decays exponen
tially. These features are easily understood in terms o
the usual resonant-transmission picture through squa
barriers and wells. Additional fine structures, due to
Landau quantization, are seen in the derivatives of th
current densities. ForB . 2 T the total current density
is dominated by the spin-down component. This featur
can be used to devise electronicspin filters possibly
relevant for spin-dependent optoelectronics.Optimal
filters should have a high spin-up barrier, a vanishingly
small (i.e., very shallow) spin-down well, and a short
(if any) intrinsic region separating the emitter and the
paramagnetic layer. This design should, in principle
minimize detrimental effects to spin filtering.
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