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Electron spin polarization in resonant interband tunneling devices
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We study spin-dependent interband resonant tunneling in double-barrier InAs/AlgidhGaSh hetero-
structures. We demonstrate that these structures can be used as spin filters utilizing spin-selective tunneling of
electrons through the light-hole resonant channel. High densities of the spin-polarized electrons injected into
bulk InAs make spin-resonant tunneling devices a viable alternative for injecting spins into a semiconductor.
Another striking feature of the proposed devices is the possibility of inducing additional resonant channels
corresponding to the heavy holes. This can be implemented by saturating the in-plane magnetization in the
quantum well.
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One of the goals and challenges of the modern spintronicarells? or similar deviceS'~*3and revealed quite robust op-
is the ability to create stable sources of spin-polarized eleceration in a wide temperature range.
trons that can be injected into the bulk of a semiconductor. The spin-filtering effect, or more precisely, the exchange
One way of achieving this goal is to inject spins from a splitting of the light-hole channel has been observed experi-
ferromagnetic metal into a semiconductor through a Schottkynentally in DBH with semimetallic ErAs quantum welf$.
barrier'=® Another alternative consists in using all- The band diagram of the ErAs-based system is similar to that
semiconductor spin filtering devices. One class of the pro©f the proposed GaMnSb-based DBH, with the latter having

posed spin filters utilizes the Rashba effect in double-wel@ Obvious advantage of being ferromagnetic rather than

resonant tunneling structuréAnother class of these devices Paramagnetic. Ga ,Mn,Sb random alloys with Curie t;%n
uses interban¢br Zenel spin-dependent tunneling in hetero- PeratureTc~25-30 K have been grown and characterized.

structures  comprising nonmagnetic and magneti%ecen'\';:y’ str,mij(':h' lhigner;l'g Ahash been rgporteéi. _folr
semiconductor&® The utilization of Zener tunneling in >2-xVINx gital_afloys.” At the same tme, digita

structures based on epitaxially grown IlI-V dilute magneticgrOWth techniques are proven to be very efficient for grow-

. . ) . -~ “ing high-quality magnetic quantum wef{5. This makes
;emC|ondu9tor$DMS) IS a necessary Iog!cal step in de§|gn manufacturing of GaMnSb-based spin RITD a technological
ing all-semiconductor spin-injection devices. Indeed, it ha

. . .Sreality.

been proven experimentally that the ellect.ror?s n ”I'V. SEMI- 16 describe spin-dependent interband resonant tunneling
conductors have_rema_lrkgbly Iong spin lifetimes while the;, siMmnsb-based DBH, we use standard  k-p Kane
holes tend to rapidly dissipate their spiftherefore, for fu- Hamiltonians in the nonmagnetic InAs and AISb regins

ther spin manipulations, one needs the spin-polarized elegg 5 generalized Kane Hamiltonian which accounts for
trons rather than the holes, while to date all known IlI-V magnetism in Ga_,Mn,Sb quantum well:

DMS are p-type. The first spin-injection device&saki di-

odes based on Zener tunneling of valence electrons fpm 1

L LH, — |
type ferromagnetic GaMnAs into-GaAs have been already oAx_a) H . l "t W= 104 | ]
fabricated and successfully tested. i \ 77 Vo =204

. k . 0.6 - . & % — W =30A
In this paper we consider theoretically another type of L A VAN 1
0.4 ,"‘. \ \ il

system that utilizes spin-dependemisonanttunneling in
magnetic heterostructures with type-Il broken-gap band
alignment. These systems are resonant interband tunnelin
devices (RITD) based on InAs/AlISb/GaMnSb/AISb/InAs
double-barrier hetorostructurg®BH). A schematic band
diagram of such a DBH is shown in the inset to Fig. 1. The
band offset between InAs and GaMnSb s I
~0.15-0.2 eV energy gap between the bottom of the con: s

et -
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duction band in InAs and top of valence band in GaMA8b. & | I %
Therefore the electrons from InAs emitter can tunnel through 0 ' o ' 5 ' T ' 02
the hole states in the GaMnSb quantum well into InAs col- Electron Energy (V)

lector. Since the quantized hole states in the quantum well

are spin polarized, the emerging electrons are expected to be FIG. 1. (@) (Color onling Transmission coefficients of InAs/
spin polarized as well. Previous investigations of conven-AlSb/GaMnSb heterostructure with 70-A quantum well and various
tional (i.e., spin-independentinterband resonant tunneling barrier widths;(b) perpendicular single-electron spin polarizations
have been mainly focused on RITDs with GaSh quantumatk;=0.
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£2K2 o nessw,=z,—Z,,1 and an average electrostatic potential
H=| Eg+ ——|PetPuH h(K)Pr+p 2 (Kol @) —eV, starting az= zQ=0 and ending at=zy, wherezy is
2m o=rla=xy.z the length of the device. Thg,8=L and N+ 1),,=R layers

(1) are semi-infinite InAs emitterz<0) and collector £>2zy)
having electrostatic potentialy,=0 and —eVy.,1=—¢V,

Hamiltonian(1) operates in eight-dimensional Hilbert space respectively, wher& is the bias applied to the structure. We

spanned by the basis vectdesr) and|ao) (a=x,y,z) of  will take into account elastic processes only, i.e., assume that

the lower conduction glike) and upper valenceptlike)  the electron energyE and lateral momentunk; are con-

states at the Brillouin-zone center. HeRe=3,[so)(So|  served. Substituting,— —id/dz into the Kane Hamiltonian

andP,=3, ,|ac){ac] are the projectors onto the electron matrix we can transform it into a quadratic forrh=H®

and hole subspaces, respectiveyis the Kane matrix ele- (_jj/57)2+ HW(—ig/9z) + H©, whereH are 8x 8 Her-

ment, which is related to another more commonly used pa- ... . : - . )

rameterE, asp?=#2E,/2my (m, is the free-electron mass mitian matrices depending ok, gnd solve Schiinger’s

p P e 00 e a equation in theny, flat-band region:
The second term in Eq.l) describes a modified “Kohn- th
Luttinger—exchange” hole Hamiltonian with

X(sa|+H.c.)

8
Vo(2)= 3 (A0 (ki e et Ao (ks ek, (3)
Hn(K)= = (71 + 472)k2+ 67,2 L K2 -
“ where¥ andv are eight-component column vectors and we
— 1 .. separated all our solutions into two subsets vkith corre-
+673§ [Lalglikokpt §Aso(|-'0—1) sponding to either traveling waves carrying the probability
“rh current from left to right or to evanescent waves decaying to
-~ A the right andk, corresponding to their left counterparts.
+ EAex(‘T' m), 2 Since the Kramers symmetry is broken in the magnetic part
. of the devicek! # —k, for realk (traveling waves how-
whereo=(oy,0y,0,), o, and#L, are Pauli spin opertaors ever, complex always occur in complex conjugated pairs,
and orbital angular momentum operators, respectively,e k' =k *. The latter condition is a consequence of the
[Lalpls=LalptLgla, Asois the valence-band spin-orbit Hermitian character of the matricét". This condition is
splitting atk=0, m is the unit vector in the direction of necessary to ensure that the current across the device is
magnetizationA , is the exchange splitting &=0, and we ~ Steady state. The technique of finding eigenvalkgsand
assume that axis is perpenicular to the layers. We will con- eigenvectors (k) is described in Refs. 8,21. Using these
sider only saturation magnetizations whered.;,  quantities and the matching conditidh&;?2 ensuring the
=(5/2)BNox. Here B is the p-d exchange coupling con- continuity of the wave function and the current across the
stant, Ny is the number of cations per unit volume in device, we can construct the transfer matvbxhich relates
Ga,_yMn,Sb andx is Mn concentration. The numerical the wave-function amplitudes in the emitter and collector:
value of A,,=90 meV atx=0.05 is consistent with the Cu-
rie temperature of bulk GaMnSB!°® T,~25-30 K. The Al M, M,_\[A%
renormalized Luttinger parametefs and the mass param- Al Mo, M_ 0 (4)
eterm* are related to the electron effective massand to
the valence-band Luttinger parameteys in a standard The 16<16 matrixM in Eq. (4) is partitioned in such a way
way2° We fitted the bands in bulk InAs, AISb, and GaSb by thatM , provides the relation between the amplitudes of the
means of the sets of parametens, v;,%'® and fixed E, incident waves in the emittek,” and the transmitted waves
=21 eV. Ag in the collector.
To calculate the transmission coefficient we will use the For anyk;, E, and —eV, the 8x8 transfer matrixM ,
transfer-matrix techniq#é and represent the device as acan be found and the transmission matrix can be calculated
stack of two-dimensional flat-band interior layers with thick- straightforwardly:

[ VirglicaM )l i Lare>0  and  Inkia(rg=0
“f~"10, otherwise,

(5

wherej,, andjrg are the expectation values of the multi- =Re(v'(k_,)[2H®k,_,+HP[v(k_,)), andjgg is defined

band probability current operator for the electron in the inputsimilarly. The transmission coefﬁciem(EH ,E,eV) and spin
channele and the output channgd, respectivelyy®' #1j,,  transmissivity S(k;,E,eV)? can be calculated as well:
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. 1 : ' ‘ ' ‘
T( k|| E.eV) :ETr(t ’ tT)’ (6) Zero magnetization 4
- Perpendicular magnetization
0.8— LH1 = = In-plane magnetization I
- 1 . 5
S(ky,E,.eV)=5Tr(t-o-t"). 7 g
2 Bos
(&}
The transmission coefficients for InAs/AISb/GaMnSb
DBH with 70-A-wide quantum well and 10-, 20-, and £°*
30-A-wide barriers are shown in Fig(d). The magnetiza- §
tion is saturated and directed alongxis, i.e., perpendicular 02
to the layers. The spin splitting of the LH channels is well
pronounced for the structure with wider barrig20 and

30 A). It is weakly resolved as a shoulder for the structure 05
with 10-A barriers. The barrier width, which is responsible
for the width of the spin-resolved peaks is therefore one of o o
the critical parameters for the structures in question. This FIG. 2. Transmission coefficients of InAs/AlSb/GaMnSb DBH
observation is well supported by the calculated singleWith 70-A quantum well and 10-A barriers(=0).

electron perpendicular spin polarizatiods/T at k=0, ) . )

shown in Fig. 1b) for 70-A-wide quantum well and 10-, 20-, ~ We Wwill concentrate on the two particularly important
and 30-A-wide barriers. The maximum valuepmit 60% for ~ ¢ases of magnetization perpendicular and parallel to the lay-

the structure with 10-A barriers, while for the structure with €S- Taking into account only the first two quantized hole
30-A barriers it reaches 95%. levels E;, (light hole) and E5/, (heavy holé and assuming

Similar to the conventional InAs/GaSb RITD, the heavythat the barrier is symmetrig.e., eV=0), we obtain the
hole (HH) resonant peaks are absenﬂZﬁt:O. For perpen- fijllowmg expression for the transmission coefficientkat

dicular (or zerg magnetization and a tunneling electron with =0:

k=0, thez component of the total angular momentuiy, (ST(E)+Ap)?

is a good quantum number and, therefore, must be con- T‘(E)=£T 2 m E

served. Thus, tunneling of electrons near the conduction- m 2 0,4, [SZ(E)+Ag—TeVRo/Tol2+ T2’
band minimum of InAs withJ,= *=1/2 through the hole m (10)

states withd,= = 3/2 is prohibited. Such a possibility exists
for either finitek; or in-plane magnetization. As we will see WhereT,= |to|? andRy=1-T, are the “bare” transmission
below, the former is rather insignificant while the latter af- and reflection coefficients, describing nonresonant and spin-
fects the interband resonant tunneling in a drastic way. Foindependent electron tunneling in the absence of the mixing
better insight we will treat our system by means of the tunjpotential, and the seIf-ener@%(E) is given by

neling Hamiltonian formalism* which gives an analytical

expression for the transmission coefficienﬂZﬂxtco. In this

framework the system is described by two coupled Schro

dinger equations: S2(E)=

1 N
E— El/Z_EUAeX1 m|z

3A2,
E—Eqyp— 0Agyy————o—,
. . A ) . 1/2 ex 4(E_ E3/2)
HE105)+ 2 Vol o) =El45), ® (11)

Here we have introduced the inverse elastic lifetime of the
R light-hole statd < p? and its energy shift due to the mixing
> HD eh Y+ D Vino T 48) =E| ol (99  potential Agxp?. The expressions foFg and Ag can be
m’ 7 obtained straightforwardly, however, they are rather cumber-
some and not important for our analysis. The only fact which
is important is that botli'c andAg are decreasing functions

m||x.

Equation(8) describes an electron with spin=*1/2 tun-
neling through the potential barrigeevanescent channel of the barrier width.

which is coupled with the confined hole statgls by a mix- Equation(11) allows for rather meaningful and physically
ing potentialV/,,, . The basis of the localized hole stale§)  transparent interpretation of the transmission coefficient, cal-
is defined in terms of spherical harmonics wittbeing thez  culated numerically by means of the transfer-matrix tech-
projection of the angular momentum onto the interface nornique (Fig. 2). First of all we note that Eq11) describes a
mal. Thus matrixH,y is nondiagonal for an arbitrary ori- series of Fano resonances and antiresonaicédn the ab-
entation of the magnetization with respect to the interface. Aence of the magnetizatioB,, (E)=3 _(E)=3(E) and we
IZ”:O the operatoi(/gm=—ip5mma/ﬂz. SinceH¢ has con- have only one resonance[T(E)=1] at X+Ag
tinuous spectrum the situation is typical for the appearance= (I'e/2)JT/R and antiresonancgT(E)=0] at 3(E)+Ag

of Fano resonanceés. =0, both corresponding to the light-hole channel. When the
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Bias Voltage (V) FIG. 4. |-V charactersitics of InAs/AlIAs/GaMnSb DBH with

70-A quantum well and 10-A barriers, for zero, perpendicular, and
FIG. 3. (@) I-V curve for InAs/AISb/GaMnSb DBH with 70-A  in-plane magnetizations in the quantum well.

quantum well, 20-A barriers, and perpendicular magentization; . . ]
bias dependence of the current spin polarizaigp/j for 70-A 0N the applied bias. As follows from Fig(t8, one can dras-

quantum well, various barriers, and perpendicular magnetization. fically change both magnitude and signjgf/j by applying
external voltage. Such controllable spin filtering is a remark-

T : , able feature of magnetic RITD and may have significant po-
magnetizatiorM s perpendicular to the layers, the light-hole tential for a variety of possible spin-injection applicatidhs.

“TH) resonance Is exghange split, Wh'ch leads to the PETPEIY;hce the spin-split channels are better resolved for the struc-
d[cular spln.polarlzatlon of t'he .transm'ltted electron WaVve.res with wider barriergFig. 1) the spin polarization of the
Finally, the in-plane magnetization splits LH channel evenynneling current is also higher for these structures. How-
more strongly and induces another resonance-antiresonangger, this effect is not as strong as we might expect, and the
pair corresponding to the HH channel. This channel, which ijghest polarization values for different barrier widths are
completely invisible for zero or perpendicular magnetization,rather similarFig. 3(b)].

becomes very pronounced whah is in plane. This is a As we already mentioned, the in-plane magnetization af-
direct manifestation of the angular momentum selection rulefects resonant tunneling in a dramatic w&yg. 2). Figure 4
combined with the exchange enhancement of the effective shows three current-voltage characteristics for zero, perpen-

factor due to the localized Mn spins in the quantum &t  dicular, and parallel magnetizations, calculated Tor4 K
We now tumn to a calculation of chargeand spinf and the structure with 70-A quantum well and 10-A barriers.
S

20 The zero magnetization curve is similar to that of the con-
current densities: ventional RITD and displays a very strong LH resonant
channel and a very weak feature stemming from the first HH
f f dIZHd E[f(E)_f(EJreV)]T(EH E,eV), state in the quantum well. The same is true for the perpen-

dicular magnetization where the LH channel is split into
(12 spin-up and spin-down subchannels but the HH peak remains
very weak. The most drastic changes of the¢ characteris-
N R tics occur for the in-plane magnetization where, along with
f f dkdE[f(E)-f(E+eV)]S(k|,E,eV), the splitting of the light-hole channel, two new peaks related
to the heavy-hole states in the quantum well emerge. This
13 effect is due to the mixing of the LH and HH channels at

wheref (E) is the Fermi function. Current-voltage character- kj=0, which results in the lifting of the angular momentum

istics calculated folf =4 K, 20-A barriers and a 70-A quan- Selection ruleg® The induced heavy-hole resonant channels
tum well are shown in Fig.(@). The current is calculated for have been clearly observed in resonant tunneling through
perpendicular magnetization and the Fermi enefgy Paramagnetic ErAs quantum wells in saturating in-plane

. . 4 .
=0.04 eV, which corresponds to electron concentration ifhagnetic fields? Even though nonzerg in the cases of
INnAs n~10 cm~3, and 0.1 hole per Mn ion in the perpendicular and zero magnetization also allows for tunnel-

Ga_,Mn,Sb quantum well ak=0.05. The exchange split- ing of the electrons through the heavy-hole states, the corre-
DXt X X L onding resonances are rather weak, and are almost com-
ting of the LH channel is resolved as a shoulder on the total” . ) r <

current curve, which is a superposition of two very distinctplete'y washed out by the integration ovgrin Eq. (12) (see

partial spin-up and spin-down currents. This suggests thaa'}ISO Ref. 8.

perpenicular spin polarization ,/j of the tunneling current This work was supported by the NSF Grant No. DMR-
must be quite significarftFig. 3(b)]. In this particular case 0071823 and by NRL under ASEE-NAVY Summer Faculty
(20-A barriers jsz!] reaches 90%. The most striking result Program. We are grateful to Berry Jonker and Steve Erwin
of our calculations is a sharp dependence of spin polarizatiofor fruitful discussions.
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