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Spin filtering and magnetoresistance in ballistic tunnel junctions
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We theoretically investigate magnetoresistaid®) effects in connection with spin filtering in quantum-
coherent transport through tunnel junctions based on nonmagnetic/semimagnetic heterostructures. We find that
spin filtering in conjunction with the suppression/enhancement of the spin-dependent Fermi seas in semimag-
netic contacts gives rise {0 spin-split kinks in the MR of single barriers affiil) a robust beating pattern in
the MR of double barriers with a semimagnetic well. We believe these are unique signatures for quantum
filtering.
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[. INTRODUCTION 8 properly generalized to account fepin-dependent con-
tacts We calculate the spin-up and spin-down lif€amon-

The recent experimental demonstrations of spin-polarized

currents in Mn-based semiconducforsrepresent a crucial B=0 B,
first step towards understanding spin-dependent transport in DMS NMS DMS DMS NMS DMS
these systems and possibly devising real spintronic defices. A oo

So far spin injection has been verified only at cryogenic tem- ‘ B

peratures. Low temperature spin transport is, however, ex- )

tremely important as a testing ground for novel ideas and
concepts in the emerging fields sémiconductospintronics
and (possibly quantum computing.

The spin-injection experiments involving a semimagnetic
layer as a spin alignBreported to date> pertain to transport
in the diffusivelimit. Moreover, the high voltages useéV
>Fermi energy) make transport highhonlinear More re-
cently, Schmidtet al.” have investigated MR in diffusive
spin transport through a nonmagnetic semicondu@tddS)
layer with dilute-magnetic semiconduct@dMS) contacts.
In the regime of linear response they find a positive MR due

to t.he suppression of one spin channel in the nonmagnetic s VS s
region.

The ballistic or quantum-coherent limit is another inter- kiﬂﬂ_‘——h—
esting regime in which to look at spin-polarized transport. In L
this regime,spin filtering can give rise to a spin-polarized 9)

flow. As detailed in Ref. 8, spin filtering in semimagnetic
systems is due to selective electron transmission. §lde S p : it dhe s-d
interaction gives rise to a spin-dependent potential: spin-ufiructures. In DMS-contacted geometries with applidhe s-

and spin-down electrons see different barrier heights. Hencg<¢ange interaction shifts the spin-up and spin-down band edges

one spin component is blocked while the other is not. Ob_upwards and downwards, respectively, relative to Bve0 case,

ST . . s . thus creating partially spin-polarized reservdiesly subbands for
sgrve that in cﬁffuswe tra}nspoapln allgnlntj’ du'e to spin- the lowest Landau levels are showhw /2+ e(B)+ﬁ2k§/2m§].
f!lp process_es IS th? dominant mec_hamsm _behmd the gene.“f‘his is illustrated in@) and(b) for a single barrier and itc) and(d)
tion of spin-polarized currents in semimagnetic S€Mtor a double barrier. A single DMS barrier with NMS contacts is
conductors. , , _ o shown in(e) and (f). Note that now thes-d interaction modulates

Here we theoretically investigate MR for ballistic trans- only the barrier height in a spin-dependent fashion; the electron
port in semimagnetic heterojunctichsith several arrange-  reservoirs are here unpolarized. The NMS-contacted double-barrier
ments of semimagnetic contacts and tunnel barriers as showucture with a DMS well is shown ifg) and (h). The left panel
in Figs. Xa-1(h). The idea is to find signatures of the spin- shows only the lowest Landau level ban@sntacts for B#0. A
filtering effect in the MR; so far no experimental evidence particularly large spin splitting is attained by using a DMS-
for spin filtering in semimagnetic heterostructures has beeontacted double-barrier geometry with semimagnetic well in con-

reported. Our current density calculation follows that of Ref.trast to the nonmagnetic contact cadé— 6~A=2¢(B).

FIG. 1. Spin-dependent potential profiles for several tunneling
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The above features markedly contrast with the MR in
nonmagnetic heterostructures. We believe the peculiar struc-
tures in the MR of semimagnetic heterojunctions constitute
unigue signatures of the interplay between quantum spin fil-
tering and spin-dependent phase-space modulation in the
contacts.
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Il. MODEL SYSTEM

Consider a two-terminal geometry with DMS contacts
separated by a tunneling region. In the presence of a mag-
netic fieldB along the growth directiom, the transverse mo-
tion is quantized into Landau levetsAlong the field we
have parabolic spin-dependent bana§z(kZ,B):sUZ(B)
+E,(k,) with EZ(kZ)=ﬁ2k§/2m§, k, is the electron wave
vector andmy the effective mass. The spin-dependent band
edges aresl,zsie(B), where the upper sign refers to
spin-up electrons and(B)=Xgx|(S,)|Noa/2>0, Xq5=X(1
—x)*? is the effective Mn concentratioiaccounting for
Mn-Mn antiferromagnetic pairing (S,) is the 5/2 Brillouin
function describing the thermal average of the Mn spin com-

Transmission Coefficient

0o #=3in2 -t n-0l 0.0 ponents, andNy« is thes-d exchange constant for conduc-
To 2 4 6 tion electrons.
Magnetic Field (T) Current density The tunneling region is described by a

FIG. 2. Magnetic-field dependence AR/R, (a) and transmis- spin-dependent transmission coefﬂue‘ﬁ,;z(EZ,V,B). By

sion coefficients(b) for single NMS barriers with DMS contacts, €xtending the approach in Ref. 8 to the present case we can
Fig. 1(a). Exchange-induced filtering in conjunction with the corre- Write the current density across the tunneling region at zero
sponding reduction of the spin-up phase space beigwin the temperatur@ and foreV<Eg as

DMS contacts gives rise to an enhanced positive MR for larger

barrier widths as compared to the sad case(dashed lines The o 1
MR is slightly negative for small fields and larger barrigirsse). J, (B):J_oﬁwc[ fEFz_g hag
The usual kinks due to Landau-level quantization are also present; z 0
however, they are now more pronounced and spin resdlvedVe o 1p
can also see the kinks are due to the subsequent shut down of XT,(E;,V,B)dE,~ IEF T2t @emeV
spin-resolved transmission channels as the field is increased. Note 0
that current should be fully spin polarized Be>4.7 T.

int BB 1 +1
n hw 2

Ef~—eV-E, 1

X
hwe 2 +1

int

ductances in terms of the respective transmission coefficients

and present explicit formulas for single- and double-barrier

cases. . | . XT, <Ez,v,B>dEz] , @
Findings.For single-barrier structures with DMS contacts z

and NMS barriers, Figs. (4 and Xb), we find that spin

filtering and the spin-dependent changes of the Fermi seas mherej_ozemgmw%ff, EL'=Er¥€(B), w, is the cyclo-

the contacts give rise to an enhanced and essentially posititfon frequency, and ink) denotes the largest integer smaller

MR, Fig. 2@). Spin-split kinks in MR are also seen, Fig. than or equal tox. Equation(1) is the B#0 Tsu-Esaki for-

2(b); these result from subsequent spin-resolved Landau levmyla with spin-dependent transmission coefficients.
els crossing the Fermi surface in the contacts and hence clos-

ing the corresponding conducting channels. For double-
barrier systems comprised of DMS contacts and well with
nonmagnetic barriers, Figs(d and 1d), we find particu- Linear spin-dependent conductand@e. determine the lin-
larly interesting beating in the MR. This robust feature ear conductance we linearize Ed). Taylor expanding Eq.
comes about because of tsignificantly enhancedpin split- (1) aroundeV=0 and using

ting of the resonant levels in the well; this results from the

unique alignment of spin-dependent band edges in the con- dint(x) dint(x) ox 1
tacts with the respective bottom of the potential well— =
provided by the particular geometry used. For semimagnetic
barriers with nonmagnetic contacts, Figée)land Xf), spin
filtering suppresses the Landau-level-induced kinks andvheren is an integer and=(E.*—eV—E,)/fiw.— 3, we
makes MR essentially negative, Fig. 3. find to linear order ireV

A. Linear Response

dev ~ dx sev-  ha. 2 S0M. @
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no? B. Magnetoresistance
J,(B.Er.eV)=Johw, > T, (E7.0BeV, (3 Let R (Ry) and G (Gy=2G,) be thetotal resistance
n=0 ' and conductance, respectively, in the presence

(absence of magnetic fields. The MR of the system is
with ngz=int(E‘FTZ/hwc—%) and EEZHEEgZ_(n+%)ﬁwc- defined by AR/Ry=R/Ry—1=Gy/G—1=2Gy(Eg)/
The spin-dependent linear conductance per unit arebC1(B.Er)+ G (B.EF)]—1. Hence
G, ,(B.Er)/A=J, (B.Er,V)/V is

a. EF
2 %k noz Zj dEZTO(EZ)
e‘m
G, (B.Ep)/A= — = fiw,>, T, (EZ 0B). (4) AR ° 1
z 4772ﬁ3 =0 z ) Ro ng n(l) .
hwg 2 TT(E;T:’n,B)‘f‘E Tl(E#mB)
Observe that the transmission coefficient in E4.is calcu- n=0 n=0

latedin the absencef any external potential; this is just the ()
general philosophy of linear response: the response depends

upon only the system configuration in equilibrium. It is | geriving Eq.(6) we assume a negligible contact resistance.
straightforward to verify that Eq(4) reduces to the well

known resuft® e -
C. Transmission Coefficients

e’m’ [Er Single- and double-barrier potentialén order to deter-
Go(Ep)/A= TJ dE,To(E,), (5 mine AR/R, from Eq. (6) we only need the transmission
47h>Jo - . o .
coefficients forzeroapplied voltaggequilibrium configura-
in the B=0 limit, where Go(Er)=G;(E¢,0)=G|(E¢,0)  tion) since we are in the linear response regime. For a single

andTo(E,)=T,(E,0)=T (E,0). barrier of widthL,, and heightv,, we readily find
, { \/ng(VT,L_ElT:’,%) ]
sink? Ly,
ﬁZ
TSR(EEL.B)=1 1+ @)
T’l F,n» 1
“ ELN| [ EEh
4 —
Vi Vi

with V; | =V, ¥ €(B) andEL [, =E¢+ €(B) — (n+ 1/2)fiw, .
For a symmetric DMS-contacted double-barrier structure with a semimagnetic well of lwjdihd NMS barriers of width
L, and heightv,, we have

2ELL-V,

TYHEL, .B)=
TIV=Fne
" 2\/EIT=',%(VT,¢_ETF',%)

cosh{ k) 'Lp) —i

2
: il
smi‘(K,ﬁ'iLb)l e kn"tw

+ Viy sinf( kL )elkn 't -
4EL LV, —EL sinff (ke tLp)e™n =w (8)
|
wherek!* = \2mfEL [/ and k]t = \2mE (v, | —EL])/4. lll. RESULTS
Equations(7) and (8) hold for V; | =Eg . In what follows Results.Figure 2 shows the MR of a DMS/NMS/DMS

we discuss some plots dR/R, vs B for both single- and  strycture, Figs. (8 and 1b), for several NMS barrier
double-barrier heterostructures. In the subsequent graphs W@dths. Observe that the MR @&nhanced and mostly positive
usex=0.06 andmg =0.16m,. Fermi energies and potential for wider barriers and high fields, as compared to the non-
heights(and widthg are shown in the figures. magnetic cas¢dashed lings These features are due to spin
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FIG. 3. Same as Fig.(3 but for a NMS/DMS/NMS structure
[see Fig. 18)]. Much in contrast to the DMS-contacted barrier case
in Fig. 2(@) and the nos-d exchange cas@dashed lines spin fil-

FIG. 4. Beating in the MR of a double-barrier system with both
DMS well and contact$see Fig. Ic)]. The beating feature in the

. . i . . MR response is due to the overlap of many spin-resolved trans-
terlngN here glvg?vlrlssvts) to .enhaﬂced neQI"lm\'zﬁo fo(; Vlz.'dlfr b.arr.:- i mission channels, as clearly shown in the lower part of the figure.
ers. Narrower arriers show smafer and kinks simiartor, . large spin splitting of the spin-resolved resonant level in the

tsr(l)elvzgs-d case; however, the Landau levels here are not spin re\7veII—unique to a geometry in which, for each spin component, the

corresponding bottom of the potential in the well is aligned with the
respective conduction band edge in the contacts—makes this beating

filtering resulting from the relative change of the band edge®y pronounced; a strong signature of quantum-coherent spin-
in the DMS contacts together with the concomitant reductiorf€S0lved transport in double barriers.
and increase of the Fermi seas for spin-up and spin-down
electrons, respectively. Positive MR is expected for high
enough fields above which the spin-up channels are unavaihegative MR(see curves for the 5 and 10 nm barriers in
able. Here, foB>4.7 T the spin-up conductance is identi- Fig. 3).
cally zero; see the kink and the steep riseAd/R, around Figure 4 shows our results for a symmetric DMS-
B=4.7 T for all barrier widths. Note that because the con-contacted double-barrier system with a semimagnetic well
ductance of the system is essentially a sum over spinand non-magnetic barriers. TBe=0 configuration is chosen
resolved Landau channels smaller thaf', Eq. (4), the  so that there is a resonant level bel@w for the parameters
abrupt closing of channels manifests itself directhAiR/R, used. A remarkable feature in Fig. 4 is the beating in the
via Eq.(6). Figure 2b) illustrates the connection between the MR.?® As shown in the lower part of this figure, this beating
shut down of spin-resolved transmission channels and this directly related to the peculiar overlap of theal spin-split
kinks in the MR more clearly. Note that the more abruptly atransmission channels. The unique patterA R'R, is made
channel shuts down, the steepeR/R, rises in its vicinity.  particularly noticeable by the geometry used—which effec-
Note also that the spin-resolved Landau levels give rise teively enhances-d induced features. By considering semi-
spin-split kinks in the MR. The inset shows that the interplaymagnetic contactsind well, we are essentially forcing the
between spin-dependent phase space in the DMS contadpin-resolved resonant states in the well to have larger spin
and spin filtering can also lead to negative MR for largersplittings, Figs. 1c) and Xd). This happens because the spin-
barriers and smaller fields. All the above features contrastiependent bottom of the potential well lines up with the
with the nos-d exchange cas@lashed lines corresponding spin-split band edges in the DMS contacts. In
Figure 3 shows a plot similar to that in Fig. 2 but for a simpler terms, we are referring the spin-resolved states to
single DMS barrier with NMS contacté.Note that the MR spin-split origins in the contacts. The end result is indeed a
is nowmostly negativeHere this happens entirely because oflarger effective spin-splitting of the resonant levels. Note that
quantum-coherent spin filterifgAs the magnetic field in- the DMS contacts do not need to be fully spin polarized.
creases the spin-ugspin-down electrons see a larger Feasibility. Recent advances in DMS materials technol-
(smalley barrier. The corresponding exponential suppressiomgy make the short term realization of the structures sug-
of T, and the concomitant enhancementofis asymmetric.  gested in this paper realistie For instance, combined DMS-
Because the wave function penetration in the DMS barrier iSN\MS heterostructures have already been demonsfrated
larger for spin down than for spin up electrons, the formerZnBeMnSe/ZnBeSe quartenary materials. The band offsets
see a stronges-d modulation of the barrier height than the and doping densities achievable by varying the concentra-
latter; T, then increases faster thdn decreases. Hence the tions of these compounds are flexible enough to produce the
total trasmission coefficierit; + T, increases as compared to potential profiles and Fermi energies considered here. Fur-
theB=0 case thus leading thR/Ry< 0. This effect is more thermore, we estimate the electron coherence lengths in these
pronounced for larger barrier widths. For narrower barriersmaterials to be longer than the total length of our structures
AR/R, vs B also presents kinks and regions of positive andthus allowing for quantum-coherent transport.
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