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Spin-Dependent Perpendicular Magnetotransport through a TunabléZnSe /Zn;—,Mn,Se
Heterostructure: A Possible Spin Filter?
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This work addresses spin-dependent magnetotransport in a band-gap-match¢dnZn3én,Se
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 componentBfor2 T. This
result gives rise to the possibility of devising spin filters relevant for spin-dependent optoelectronics.
[S0031-9007(98)06088-8]

PACS numbers: 75.50.Pp, 72.10.—d, 72.90.+y, 84.32.—y

The incorporation of magnetic impurities into semicon-centrations, the energy gap of the,;ZpMn,Se presents a
ductor heterostructures harmoniously combines magnetisgharacteristic bowing [2] as a function of Mn concentra-
and quantum-size effects to uniquely produce exotidion x.
new physics. Electrons in Mn-based systems interact The heterojunction | study is realistic. In fact, itis simi-
with the 3d electrons of the localized magnetic momentslar to the ZnS¢Zn,_,Mn, Se spin superlattice experimen-
of the Mn ions via thesp-d exchange interaction [1]. In tally realized in Ref. [4]. Because of thg-d exchange
an external magnetic field this interaction gives rise to anteraction, an external magnetic field modulates the po-
gianteffective Zeeman effect which lifts the degeneracy oftential profile seen by a traversing electron (or heavy
the spin-up and spin-down electron and hole states. Thisole) in a spin-dependent fashion. As shown in Fig. 1(c),
is the essence of the spin-dependent phenomena in thesgin-down electrons see a quantweell while spin-up
systems [2]. ones see darrier. This simple system generalizes the

Since the theoretical proposal by von Ortenberg [3] ofusual quantum mechanics textbook problems of particles
the so-called spin superlattice—a Mn-(or Fe-)based sumpinging on square potentials in that, here, the poten-
perlattice where there occurs exchange-induspdtial tial is both a barrieand a well. The electron transmis-
spin segregation of electrons and holes—and its subsaion and reflection coefficients are now spin dependent,
quent experimental realization by Deii al. [4] and Chou  Figs. 2(a)—2(f).
et al. [5], many creative experimental works have been | have calculated the electron current density through
done by exploiting spin-dependent phenomena. These ethe system shown in Fig. 1(a) as a function of an external
compass magneto-optical pump-and-probe spectroscopy
studies [6] and, more recently, Hall-effect measurements / — \

in spin-polarized two-dimensional electron gases in novel Spin-dependent electeon
Mn-based systems [7]. Transport measurements com- @ ZnSe | ZnMnSe | ZnSe
plement magneto-optical ones thus providing a more ;
complete description of the spin-dependent physics in e» . B=0
Mn-based heterostructures. (®)

Electronicspin filtersi.e., devices which would produce
spin-polarized injection currents, are relevant for spin- $> ["srinup brir
dependent optoelectronics [8]. Spin filters could be used © $> B
to devise circularly polarized light sources, e.g., light emit- : :
ting diodes and lasers, operating with polarized injection " Spindownwell
currents. : ?

. In this Letter! I rgpo_rt the‘ir_st theoretic_al investiga- £ 1. Band-gap-matched Zng&&n,_Mn,Se heterostruc-
tion on electronic spin filtering in perpendicular transportture and its conduction-band profile. An electron traversing the
through a magnetic-field tunable Zn/&m,_,Mn,Se het- system (a) sees a flat (i.e., zero band offsets) potential (b) in

erostructure [Fig. 1(a)]. The concentration of Mn in thethe absence of a magnetic field. For nonzero magnetic fields,
“paramagnetic” layer is chosen so that in the absence of afe s-d exchange interaction gives rise to a spin-dependent

lied tic field. th ducti d val b otential; spin-up electrons see taarrier while spin-down
applied magnetc neld, the conduction and valence bang,eg gyell [solid and dashed profiles in (c)]. By increasing

offsets are nearly zero [4] [see Fig. 1(b)]. This uniquethe magnetic field the spin-up electrons diteered out thus
matching of band gaps is possible only because, at low comproducing a spin-polarized transmitted flux.
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magnetic field. The total current density is composed In the absence of any kind of electron scattering the
of spin-up and spin-down components [Figs. 3(a) andnotion along thez axis is decoupled from that of the
3(b)]. My calculation includes Landau-level quantization.x-y plane. The in-plane motion is quantized in Lan-
For increasing magnetic fields and small emitter Fermdau levels with energies, = (n + 1/2)iw., where
energies (e.g.5 meV, which corresponds to an electronn = 0,1,2,... and o, = e/iB/m;c (I assume a single
density ~10'7 cm™3), | find (i) strong suppression of electron effective mass:* throughout the heterostruc-
the spin-up component of the current density—the totature. Along thez axis the electrons are characterized
current being dominated by the spin-down component—by spin-dependent transmission coefficieffis (E., B),

for fields larger thar2 T, (ii) noticeable resonances in whereE, = /i>k?/2m’ is the energy of a traversing elec-
the spin-down component of the current corresponding téron with wave numbek.. An expression fofl,, (E., B)

the manyquasibound statethat are being pulled into the is readily obtained by replacing witly,, (z) the one-
well which becomes deeper with, (iii) an essentially dimensional potentials in the usual formulas for the trans-
structureless exponential decay of the spin-up currentnission coefficients, found in many quantum-mechanics
since the barrier height is increasing wigh and (iv) fine  textbooks [9]. The spin-down transmission coefficient is
Landau-level oscillations in the derivatives of both thegiven by
spin-up and spin-down currents [Figs. 3(a) and 3(b)].

Point (i) is the relevant feature fepin filtering sinz[\/2’":(““3)%”“/%&) L]

Within mean field and for a magnetic field along the Ti(E;,B) = {1 + o &
z axis, thes-d exchange interaction gives rise to a spin- 4<X|<Sz>|Noa/2><X|<S;>|Noa/2 + 1)
dependent potentidl, (z) = —x(S;)Noao,0(z)O(L — (1)

z) in the Hamiltonian of the system. Here,is the Mn  Expressions similar to Eq. (1) hold fdf(E,, B) (there
concentration(s.) is the thermal average of the Mn spin are two, corresponding t&, > x|[(S.)|Noa/2 andE, <
components along the magnetic field (@25Brillouin  x[{S.)|Noa/2). Note that the transmission coefficients are
function), Nyo« is the electrons-d exchange constanté;, ~ now functions of the external magnetic field through).
is the electron spin componentsli /2 (or 1,]) along the Figures 2(a)—2(d) show plots @f(E., B) andT}(E;, B)
field, ®(z) is the Heaviside function, and is the width  (left and right panels, respectively) as a functionBofor
of the Zn_,Mn,Se layer. two incident energies,. Figures 2(e) and 2(f) are the
usual textbook plots of the transmission coefficients for
particles traversing a well and a barrier, respectively, as a
) . function of the incident energy. Inall graphsin Figs. 2(a)—
Spin down Spin up 2(f) the unity transmission peaks are quantum resonances;
‘ rTT they correspond to an integer numberof half electron
wavelengthsA/2 fitting within the potential width, i.e.,
E=imeV || E=lmeV | L = mA/2 (Fabry-Perot-like interferences) [9].
(a) (b) The exchange-induced resonances in transmission co-
: : 1 efficients, for a fixed incident energy,, are interesting
AN because they are magnetic-field tunable [Figs. 2(a)—2(d)].
For the spin-down electrons an increasing magnetic field
1 makes the quantum well deeper and deeper. This in turn
E=SmeV ) E=SmeV (g) pulls down (and into the well) the mamyuasistationary
: : b states above the well. Every time one of these quasibound
1B(T)2 30 1B(T)2 3 states resonates with the enerBy, the spin-down elec-
tron is transmitted with unity probability. Note that the
higher E, the larger the separation between the resonant
peaks [cf. Figs. 2(a) and 2(c)]. This happens because the
B=0.5T 7| [ B=0.5T energy difference between two consecutive quasibound
(e) ) energy levels goes with 2.
0.00‘ ‘1 ‘2 ‘3 ‘4‘ 5o ‘1 ‘2 ‘3 ‘4‘ c For the spin-up electrons the potential barrier becomes
higher and higher for increasing magnetic fields. For
E(meV) E(meV) incident energiesE, < x|(S.)|Noa/2, the spin-up elec-
FIG. 2. Spin-dependent transmission coefficients for spinifon wave is evanescent in the paramagnetic layer and
down and spin-up electrons (left and right panels, respectively)he transmission is suppressed. Eor> x|(S,)|Noa /2,
traversing the heterostructure in Fig. 1. The quantum resostationary waves exist above the barrier and resonances

nances in (a)—(f) correspond to integer numbers of half electro ; ; ;
wavelengths fitting within the Zn ,Mn,Se layer. Observe the '%ccul; m_TTgEZ’B\;_' ][:Igul;e>2(£))5 S_Potvr\]ls tf:ese tV\.IO regimes
strong suppression dfj(E,, B) for fields larger than a given or £; = 1mev, for : € transmission 1S
threshold 0.5 T in (b) and>2 T in (d)]. This suppressionis Suppressed, and fa# < 0.5 T there is a resonant peak.

relevant forspin filtering Similarly, however. for a higher incident energy,
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x,1<8 >IN,0/2 (meV) xo = —hky/mw,, (Ly) L, andL, are normalization con-
0 1 2 3 4 stants, andc, andk, are the electron wave vectors along
@) Ty - — the y and z directions, respectively. TheS(? 2scattering
' ' ' states have energi&s, ;. = (n + 1/2)hiw. + % (am
neglecting the small contributiogi' ugBo, to Enk ghis
the effective electron gyromagnetic ratio).
The averagespin-dependent current density is defined

by

+o0
B =5 S vkl kB [ e,
n,ky k. =0 -
30 ] whereV = L.L,L, is the normalization volume. With
E; denoting the emitter Fermi energy, the summation

over the discrete Landau levels and overk2Z = 0 in

Eq. (3) must satisfy (ip) < (n + 1/2)iw, + 4= < E;

for an external biaseV > E;, and (ii) E; — eV <
272

n+1/2hw. + Ik < E; for eV < E;. Constraint

2m}
(i) says that all electrons below, contribute to the
B('T) ' current density, sinceV > E;, while (ii) restricts this
contribution to only those electrons with high enough
FIQ. 3.. Calculated. current densities. ar)d their respectiveenergy. The summation an is equal toLxLyeB/Zﬂ'hc,
derivatives as functions of the magnetic field and the energy e | the total number of, points. Since the transmission

xerf|(S.)|Noa /2, bottom and topx axis, respectively. The - i : :
spin-down current (triangle down) shows oscillations due tocoef‘rICIentS depend only ok, and ¢, (x) is normalized,

quasibound resonances above the well. These are readifyd- (3) becomes, farV = Ey,

seen in its derivative [solid line in (a)] which presents dips Ej—hw./2

at energiest,, = 0.24m? meV [infinite-well bound states, see J,.(B) = JoB f (nmax(B) + )T (E;, B)dE,
dashed vertical lines in (a)]. The spin-up current is structure- 0

less and exponentially suppressed for increasing magnetic field (4)
(triangle up). The derivatives of both spin-up and spin-downyheren (B) = int(E’_E"' _ 1) with int(x) being equal
current [dashed and solid lines in (a) especially] exhibit fine ax . hw. 2/

oscillations due to Landau quantization. Thatal current to thezlargtzerzlnteger smaller than or equal toand

density [dashed line in (b)] shows oscillations (spin down)Jo = e”/4m*h-c.

superimposed on an exponential decay (spin up). Its derivative Equation (4) is easily evaluated via standard numerical-

550“0‘ llgethm f,(b)] Lpfedsentls b?th qlllin.SIbounC% hste;tg[ Iresonc’slni'ntegration schemes. In this paper, | present results for
ips and the fine Landau-level oscillations. e total curren _hiac limit i - ~

density is dominated by the spin-down componentdar 2 T 'bnly the small-biasfimit, i.e., eV = Ef ~ 5 meV. In
(spin filtering).
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this regime, | can still use, as a first approximation,
the zero-bias transmission coefficients to calculate the
. . . . current densities. Theotal current density through the

Fig. 2(d) displays suppression of the transmission forheterostructure isJ,(B) = Ji(B) + J,(B). Note that

B > 2 T and many resonances fé& < 2 T. Note also o, . L
; . the current densities depend upBn(i) explicity via the
the complementary behavior of Figs. 2(b) and 2(f). factor of B, due to the F()jegem;)rar(‘:(y) of% Lgndau level,

'I_'kr;ed resonancles in the _tratrrllsmlssmnt coefficients d i) through nm.(B) , which denotes the maximum
?clr:j eh a otve.at_so a?%ear mt © CL_JI_”en Ivelrstusﬂr?agng mber of filled Landau levels for a givel,, (iii) via
1€ld characteristics ot the system. 10 caiculate the sping, (E,, B) and (iv) through the upper limit of integration
dependent current density through the system, | assumg -

I ; + — hw:/2 in Eq. (4). In what follows | neglect the
that the ZnSe layers in Fig. 1(a) are now emitter and COIY/veak magnetic-field dependence in (iv) and discuss some
lector attached to external leads. In addition, | assum

| h Kt~ 0 (th . ?nteresting resonant structures predicted by Eq. (4).
ow enough temperatures so that= 0 (the experiments In all of the graphs | useE; = 5 meV, L = 1000 A

are usually done at 4.2 K). Denoting hl, s, 1. (r) the [10], m} = 0.16m,, and aneffectiveMn concentration

Landau-level eigenstates and by(k.) = ik /m; the z it = x(1 — x)12. This effective concentration accounts,

component c_)f t_he _electron velocity, the spin-dependeni anad hocway, for some of the antiferromagnetic clus-
current density is given by tering effects (those due to Mn-Mn pairs) which suppress

jo.(r,B) = e Z Uz(kz)Ta':(kzsB)lwn,k),,kz(r)lzs ) the low-field paramagnetic response of the system. | do

0 k=0 not consider effective temperatures in the argument of the
U e Brillouin function.
wherey, k1. (r) = —= g e e g, (x). Here,g,(x) Figure 3(a) shows curves df(B) andJ,(B), and their

is the nth harmonic-oscillator eigenfunction centered atrespective derivatives, as a function®f The spin-down
4580
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component of the current density displays oscillations In summary, | have studied perpendicular spin-
as the magnetic field is increased. This behavior is @ependent ~magnetotransport in  tunable ZhSe
direct consequence of the resonance§(E,, B) and is  Zn;_,Mn,Se heterostructures. The spin-down cur-
readily seen in thel/|(B)/dB vs B curve. This curve rent density displays oscillatory behavior for increasing
shows dips at (potential) energigs, = m?h*7?/2miL?,  magnetic fields while the spin-up one decays exponen-
m = 1,2,3,..., which correspond to thguasiboundstate tially. These features are easily understood in terms of
energies of an infinite-well potential. For the parametergdhe usual resonant-transmission picture through square
used in the simulationk,, = 0.24m? meV. The dashed barriers and wells. Additional fine structures, due to
vertical lines in Fig. 3(a) mark the positions of the, E;,  Landau quantization, are seen in the derivatives of the
E3, andE, energy levels [see tap axis in Fig. 3(a)]. current densities. FoB > 2 T the total current density

The spin-up current density [triangle up in Fig. 3(a)], is dominated by the spin-down component. This feature
is essentially exponentially decaying. This reflects thecan be used to devise electrorspin filters possibly
dominant exponential suppressionZ(E., B) for increas- relevant for spin-dependent optoelectronic©ptimal
ing magnetic fields anl < E, < E; [see Figs. 2(b) and filters should have a high spin-up barrier, a vanishingly
2(d)]. No particular structure is seen in thigB) curve. small (i.e., very shallow) spin-down well, and a short
Its derivative, on the other hand, is much more interesting(if any) intrinsic region separating the emitter and the
In fact, the derivatives of botl(B) andJ|(B) present rich paramagnetic layer. This design should, in principle,
fine structures. In théJ(B)/dB vs B curve [solid line in  minimize detrimental effects to spin filtering.

Fig. 3(a)] these fine “resonances” appear superimposed by | thank L. N. Oliveira and L. loriatti for a critical
the quasibound state resonances. These additional osdieading of this manuscript and for useful discussions.
lations are due to Landau-level quantization which explic-This work was supported by FuntBg de Amparo a
itly appears in/,.(B) through thediscretefactor npyax (B) Pesquisa do Estado de Sao Paulo (FAPESP).

in the integrand [see Eq. (4)].

Figure 3(b) shows théotal current density/,(B) and
its derivative as a function oB (see dashed and solid
lines, respectively). The total current density exhibits
both the oscillatory behavior and the exponential decay of *Electronic address: egues@ifsc.sc.usp.br
J,(B) and J;(B), respectively. Both the quasibound state [1] J- Kossut, Phys. Status Solidi (B, 359 (1975).
resonances and the Landau-level related ones are prese% J.K. Furdyna, J. Appl. Phy$4, R29 (1988).
in the derivative of/{(B). The former could, in principle M. von Ortenberg, Phys. Rev. Lett9, 1041 (1982).

 OUUD). -ould, IN PrINCIPIE,  rn N, Dai et al., Phys. Rev. Lett67, 3824 (1991).
be seen experimentally by measuring tgB) vs B [5] W.C. Chouet al., Phys. Rev. Lett67, 3820 (1991).
characteristics of the Zng&n, - Mn, Se heterostructure. 6] s. Crookeret al., Phys. Rev. Lett75, 505 (1995); J. Levy

Spin filters—Note that withEy = 5 meV [11] and for et al., ibid. 76, 1948 (1996); S. Crookeet al., ibid. 77,

B = 2T, J,B) is dominated by the spin-down compo- 2814 (1996).
nent of the current density, i.e/,(B) = J|(B) [see dashed [7] I.P. Smorchkoveet al., Phys. Rev. Lett78, 3571 (1997).
line in Fig. 3(b)]. This very interesting feature enables [8] For a review on spin-polarized transport and its applica-
the generation of spin-polarized injection currents since  tions, see G. Prinz, Phys. Todd$, 58 (1995). G. Fasol
the heterostructure filters out the spin-up component of  [Appl. Phys. Lett.62, 2230 (1993)] also discusses this
the electron current density. This is relevant for devising __ Subiect. , ,
tunable spin-dependent electronic switches and possibly}] See. for instance, A. Yarivin Introduction to Theory and

- . Applications of Quantum Mechanig8Viley, New York,
to the development of a circularly polarized laser [12].

. . . 1982), Chap. 4.
Important points—Electron-electron €-€ interaction, 10] | assume the Zn,Mn,Se layer iscoherently strained

band bending, and spin-flip processes, all neglected here, = (g gisiocations). Fox = 0.05 the relative difference in

reduce th? efficiency (_)f spin filtering. Antiparallel—spin lattice constants between the ZnSe and the_2vn,Se
e-escatterlng in the emitter region can excite Spin-up elec- COIT]pOUﬂdS is about 0.2%.

trons to energies abovéy, thus enhancing their transmis- [11] A substantial suppression of the spin-up component of the
sion probability. Band bending changes the transmission  current density is possible only f; = E; for someB <

and enhances-e scattering because of charge accumu-  Bwa. HereBs, denotes aaturationfield for which most
lation in the vicinity of the potential barrier. Thed of the isolated Mn spins are aligned. For the parameters,
exchange-induced spin-flip mechanism can be relevant f(ﬁ2 luseEy < xet[(S:)INoa/2 = 5 meV, forB ~ 2 T.

small barrier heights [13]. A possible way to minimize ] Injection currents of either polarization can also be pro-

the e-eands-d effects is to use a baramaanetic laver with duced with a double-barrier resonant-tunneling structure
s P g y similar to the one studied by V.I. Sugarov and S.A.

a higher potential barrier (i.ex, > 0.05). Higher barriers Yatskevich [Sov. Tech. Phys. Let8, 134 (1992)].

suppress both the tunneling of excited spin-up electrong s} gand-structure related mechanisms and spin-orbit cou-
andthe s-d exchange-induced scattering. Band bending ~ pling are not very efficient spin-flip processes for elec-

effects should be small for filters with a short intrinsic re- trons; see G. Bastard and R. Ferreira, Surf. 3617, 335
gion between the emitter and the paramagnetic layer. (1992).

4581



