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Spin-resonant suppression and enhancement in Zn&én;_,Mn,Se multilayer heterostructures
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We investigate spin-polarized transport through semimagnetic semiconductor heterostructures under the
influence of both an external electric field and a magnetic field. The structural symmetric and asymmetric
effects as well as the electric-field effect are stressed. The results indicatg)ttrahsmission resonances are
drastically suppressed for spin electrons tunneling through the symmetric heterostructure under an applied bias;
and(2) transmission resonances can be enhanced to optimal resonances for spin-up electrons tunneling through
the asymmetric structure with double paramagnetic layers under a cpdsitive bias while for spin-down
ones tunneling through the same structure, resonances can also be enhanced to optimal resonances under a
certainnegative biasTransmission suppression and enhancement originate from magnetic- and electric-field-
induced and structure-tuned potentials. Spin-dependent resonant enhancement and negative differential resis-
tances can be clearly seen in the current density. The results shown in this work might shed light on design and
applications of spintronic devices.
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. INTRODUCTION Mn. Fiederling et al!® used the magnetic semiconductor
ZnSe doped with Be and Mn as the spin-aligning ferromag-
Recently the nascent field of “spintronics” has attractednetic layer. Ohnget all* used Mn-doped GaAs. Jonker and
considerable attentiohi?? fueled by the possibility of pro- his coworker$*°have performed similar experiments using
ducing efficient photoemitters with a high degree of polar-paramagnetic ZnMnSe as the spin aligner and observed
ization of the electron beam, creating spin-memory devicesabout 50% optical polarization. Moreover, a model for the
and spin transistofsas well as exploiting the properties of ferromagnetism of GaMnAs was developed and the Curie
spin coherence for quantum computatiollost of the pro- temperatu7res for other Mn-doped semiconductors were
posed spintronic devices involve spin-polarized transporpred'Cteql- _ _ _
across interfaces in various hybrid structures. To determine 1he aim of this paper is to explore spin-resonant suppres-
the feasibility of spintronic devices and more generally ofSion and enhancement in ZnSejZpMn,Se heterostructures
various applications of spin-polarized transport, it is essentialvith double paramagnetic layers. We stress structural sym-
to answer questions like how to create and detect spinMetry and asymmetry of the system as well as external field
polarized carriers and how to maintain their spin polarizatioreffécts. The results indicate that there not only exists inter-
and spin coherence for a relatively long time. esting field-induced and structure-tuned spln-dependent tun-
There has been great theoretical and experimentaﬂe“ng resonances but also a high degree of polarization of
progress made in spin transport through semimagnetic semf/ectron beams can be obtained by means of electrons tun-
conductor systems. Mn- or Fe-based spin superlattices weR€ling through multilayers.
proposed by von Ortenbergnd realized by Daét al® and
Chouet al® Sugakov and Yatskevi¢hexamined spin split- Il. METHOD
ting in parallel electric and magnetic fields through a double- ) )
barrier heterojunction using a transfer-matrix method. Re- We consider a conduction electron through a
cently, Carlos Egué$ investigated spin filtering in a ZnSe/Zn_.Mn,Se heterostructure with double paramag-
ZnSe/Zn_,Mn,Se heterostructure with a single paramag-netic Ia_yers(s_ee Fig. 1, where electrons_mteract W|th_ the
netic layer and found a strong suppression of the Spin_u'ghree—dlmensmnal .electrqns of the localized magnetic mo-
component of the current density for increasing magnetién€nts of the Mn ions via thep-d exchange interaction,
fields. Later, it was further shown that an applied electricthat can be described as a Heisenberg-type Hamiltonian
field can greatly change the status of the spin polarization ofl;,;= —2;J(r —R;)S- S;. Herer andS are, respectively, the
tunneling electrons through a semimagnetic semiconductgposition and spin of the conduction electron, antimbers
heterostructure with a single paramagnetic ldyevery re-  Mn?* ions of positionsR; and spinsS;. Within mean
cently, several groups have successfully passed spirffield and for a magnetic field along the axis, thesp-d
polarized current into a GaAs-based light-emitting diodeexchange interaction gives rise to a spin-dependent potential
with high efficiency by use of a semiconductor doped withV,, = —Noao x(S)[O(2)O(L1—2)+O(z—L;—L,)O(L,
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exchange integral parameter of the interaction of electrons z

with Mn“™ ions, o, are the electron-spin componentsl/2 FIG. 2. Spin-dependent transmission coefficients for electrons

along the field,x is the mole fraction of Mn§SZ>_iS thse traversing ZnSe/zZn ,Mn,Se multilayers under applied biases. The
thermal average of theth component of a M spin(@3 o paramagnetic layers have the same widthsL;=50 nm.
Brillouin function), ®(z) is the Heaviside functiorl,; and | ,=50 nm,B=2 T.

L, are the widths of double paramagnetic layers, hads

the width of the middle ZnSe layer. Under an applied has 242
along thez axis, an electric-field-induced term eV,z/L, T,(E,,B,V,)= —ZTf[éo (J,j')ég (j'—1j-1)
(Li=L;+L,+L3) should be added to the potential. In the * L; ’ ’

absence of any kind of electron scattering the motion along
the z axis is decoupled from that of the—y plane. The
in-plane motion is quantized in Landau levels with energies
E,=(n+1/2)hw., wheren=0,1,2... and o.=eB/mj

(we assume a single electron mas$ throughout the het-

+G, (= 1i' =1G, (i)

=G, (1"~ DG, (i, - 1)

erostructurg Therefore, the motion of the electrons can be Co i~ )G"Z(J L, @
reduced to a one-dimensional problem along Ztaxis, that 5

can be modeled by the following Hamiltonian within the where G, (1,i") =[G, (Extiei],j') +G, (E;
tight-binding formalism —ie;j,j"))/2i with G, as the matrix element of the real-

space Green’s function. Note that the transmission coeffi-
cients are functions of the incident energy, the magnetic
HZZE (8i02+UH5ni)aiTozamz_ > Vai’fgzai,gz, (1)  field B, and the applied bia¥, . The spin-dependent density
ioy i’ o, of state(DOS) is related to the Green’s function of a whole
system via a standard formulang(EZ,B,Va)z

where the sum over lattice siteandi’ is restricted to near- /7 IM,_o:[IMTrG, (B Fie)]. _
est neighborsy=7%%2m¢ a? is the hopping integral and its ~ We assume that the ZnSe layers are emitter and collector

value is set to one as the energy unit. The Hubbard terrAttached to external leads. The average spin-dependent cur-

Uydn; (Uy=2V) is added for the self-consistent treatment €Mt density is defined by
of charge transfer at the junction, afq; is the change in the
occupation number at site compared to that of the bulk

crystal. o (BVa)=e > vik)T,(E;B,Va)

n,ky k=
The transmission coefficients through the system can be ’ L
obtained by use of the real-space Green'’s function and tem- ) fE,+ | n+ 2| hog
perature Kubo formufg as 2

214415-2



PHYSICAL REVIEW B 63 214415

SPIN-RESONANT SUPPRESSION AND ENHANCEMEN . .
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1 Ill. RESULTS AND DISCUSSION
—flE,+|{n+ = ﬁwc+eva] ) ) o ]
2 Figure 2 shows the spin-dependent transmission coeffi-
cients for an electron traversing a ZnSe{ZgMn,Se hetero-
X | zﬁn,ky,ka: 3 structure with double identical paramagnetic layers. In all of
the graphs, we use} =0.16m,, an effective Mn concentra-
tion Xers=xX(1—x)*? with x=0.05, Nga=0.26 eV, andT

where 1//n'ky’kZ:(1A/Li,)(l/@)eikyyeikzz¢n(x). Here,
on(X) is the nth harmonic-oscillator eigenfunction centered =4.2 K. At zero bias the magnetic-induced potential is a
atxo=—fk,/maw., k, andk, are the electron wave vectors symmetric double well for spin-down electrons or a symmet-
along they andz directions. The summation dq is equal to  ric double barrier for spin-up ones, so one can see unit quan-
LLyeB/l2mf, and ¢,(x) is normalized. Therefore, Eq3)  tum resonances for electrons with different spin orientations.
For the spin-up case, we observe three very sharp line-type
peaks; within them the transmission is drastically sup-
” +o pressed, which is quite different from that for the spin-down
JJZ(B,Va)=JoBZ f T,(Ez,B,Va) case. In the latter, resonant peaks correspond to above-well
=00 virtual-state resonances in electric-well structures. As the ap-
plied bias increases, transmission peaks shift to a low-energy

region and resonances are drastically suppressed.
Figure 3 presents the transmission coefficients through a
ZnSel/Zn_,Mn,Se multilayer, where two paramagnetic lay-
ers have different widthk ;=50 andL;=100 nm. At zero
d&;, () bias, resonances are suppressed, especially for the spin-up
case, which reflects typical features for tunneling through
asymmetric electric double-barrier or double-well structures.

becomes

X flE,+ hw

1
n+§

1
—flE,+ n+§ ho.+eV,

wherely=e?/4m%h2.
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It is very important to note that the transmission is enhancedesonant suppression and resonant enhancement.

to optimal resonances for spin-up electrons tunneling In order to reveal the nature of structure-tuned and field-
through the asymmetric structure under a certain positivénduced spin-polarized characteristics, in Fig. 4 we present
bias [see Fig. 8)], while for spin-down ones tunneling the relative DOS distribution within the symmetric and
through the same structure, the transmission is also enhancgdymmetric multilayers. There are a few prominent features
to optimal resonances under a certain negative[ls@s Fig.  symmarized here(1) The distributions of the DOS and its
3(c)]. To the best of our knowledge, we have not seen anynagnitudes for spin-up electrons are drastically different
discussions on resonant enhancement in well structures. Thg,m that for spin-down ones. At zero bias, the DOS is small
results_ obtained he_re give a solid validity to the similarity of 514 the corresponding magnitudes of oscillations are also
tunneling - mechanisms  through asymmetric double-weli oy ¢or the spin-down case, which correspond to more ex-
structures and asymmetric double-barrier structures. NOtE, - jed states; for the spin-up case, the DOS shows a sharp

that the magnitude of the effective potential of the SySte"]ine-peak structure with very large peak value, which corre-

and its symmetry is not only magnetic- and electric-field . .
induced but also structure dependent. In an external magneﬂs‘@ondS to more localized quasibound stat@sFor the sym-

field, the double paramagnetic layers in ZnSe/ZMn,Se metri(‘j heterostructure, as t.he'electric field increases, the
multilayers behave as a double well for spin-down electrond@gnitudes of the DOS oscillations monotonously decrease
and a double barrier for spin-up ones. As magnetic field@nd the corresponding states become more exteri8eHor
increase, the potential barriers become higher and highdP® asymmetric system, the magnitudes of the DOS oscilla-
while the potential wells become deeper and deeper, whicHons display more complex variations with the intensity and
results in obvious magnetic-field-induced spin polarization indirection of the electric field. The distributions of the DOS
this system. Note also that additional asymmetry can be proshow structure-tuned and field-induced features, that corre-
duced by the external electric field or by the structural asymspond to interesting spin-resonant suppression and enhance-
metry, thus the spin polarization becomes electric-field inment. As is well known for electron tunneling through the
duced and structure tuned, which results in interestinglectric double-barrier structure, when the incident energy of
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electrons coincides with the energy of quasibound states idensity[see the dash-dotted line in Fig(ch and the dotted
the potential well, resonant tunneling occurs. This leads tdine in Fig. 5d)] and are due to the spin-dependent resonant
the resonant peaks in the transmission spectrum and oscillanhancement in the transmission coefficient.

tions in the DOS spectrum. These quasibound states are lo-

calized and the degree of localization is both field induced

and structure tuned, which results in the correspondence be- IV. CONCLUSIONS

tween the distribution of the DOS and that of the transmis- | summary, the effective potential of the semimagnetic

sion. . o semiconductor heterostructure is not only spin dependent but
Now we examine to what extent the transmission strucy|so magnetic- and electric-field induced and structure tuned.
ture is reflected in measurable quantities that involve somghe status of spin polarization can be greatly changed by
kind of average. Figs. (&) and(b) show the current density even a small applied bias as well as the structural symmetry.
as the function of the magnetic field at a fixed bias, whileThe combined effects result in important spin-resonant sup-
Figs. §c) and(d) show the current density as the function of pression and enhancement in the transmission coefficient,
the bias at a fixe®=2 T. For comparison, we take absolute hich may shed new light on development of spin-
values of the current density and the bias for the negativglependent microelectronic and optoelectronic devices.
bias case. At low bias and low magnetic fields, current den-
sities for spin-up electrons are nearly equal to those for spin-
down ones. As the external electric field increases, the cur-
rent density splits, and the discrepancy between the spin-up
case and spin-down cases shows weak oscillations while the This project was supported by the National Natural Sci-
global trend is that the difference is first enlarged and therence Foundation of China under Grant No. 10004006 and by
lessened. Further, the larger the magnetic fields, the momke National Key Project of Basic Research Development
obvious is the spin-filtering effect. It is important to note that Plan under Grant No. G2000067107. One of¥is5.) grate-
resonant enhancement can be clearly seen in both the spifully acknowledges the cooperation with the Institute for
down component and the spin-up component of the curreri¥laterials Research, Tohoku University, Japan.
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