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Spin-dependent resonant tunneling in symmetrical double-barrier structures
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Atheory of resonant spin-dependent tunneling has been developed for symmetrical double-barrier structures
grown of noncentrosymmetrical semiconductors. The dependence of the tunneling transparency on the spin
orientation and the wave vector of electrons leadsitaspin polarization of the transmitted carriers in an
in-plane electric field andii) generation of an in-plane electric current under tunneling of spin-polarized
carriers. These effects originated from spin-orbit coupling-induced splitting of the resonant level have been
considered for double-barrier tunneling structures.
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I. INTRODUCTION structure grown along thell[001] direction (see Fig. 1

Physicsof si-cependenttumnling henomena nsem [0 1 2 Y e Pl of e e, o
conductor structures has attracted a great deal of attentiorf ~. L P ) I POl
g in the direction of tunnelling. The electron motion in

lately. Significant progress has been made in experimentérl1 . . o
and theoretical investigation of spin-polarized transport ineach layer of the sructure is described by the Hamiltonian
magnetic tunneling junctiondor review see Refs. 1 and.2
On the other hand, it was pointed out recently that electron .
tunneling could be spin dependent even in the caseoof H=-
magneticbarriers. It was demonstrated that the transparency

of a semiconductor barrier depends on the spin orientation of

carriers if the system lacks a center of inversion. Two microwherem’ is the electron effective mas¥(z) is the hetero-

scopic mechanisms, Rashba spin-orbit coupling induced bgtructure potential equal t@, for the barriers and V,, for

the barrier asymmetfy® and thek® Dresselhaus spin-orbit the well, andfy, is the spin-dependeii Dresselhaus term
splitting in noncentrosymmetrical materidl$were shown  that describes spin-orbit splitting of the conduction band in
to be responsible for the effect of spin-dependent tunnelingzinc plende lattice semiconductors. We assume the RTD
Spin-orbit interaction couples spin states and space Motiogycture to be designed so that the resonant transmission
of conduction electrons that opens a possibility to orientgccurs for the incident electrons with the kinetic eneegy

manipulate and detect spins by electrical means. Effect ofych smaller thawv, andV,,. Then the Dresselhaus term is
spin-dependent tunneling in nonmagnetic semiconductor he&implified td

erostructures was supposed to be applied for spin
injectiorP~1and detection of spin-polarized carriéfs:3 De-

vices based on spin-dependent tunneling were suggested to
be utilized as components of the spin field-effect transitor.

In this paper we present a theory of spin-dependent tun-
neling through a double-barrier structure, the structure of a . . - .
resonant tunnel diodéRTD), grown of noncentrosymmetri- vv_herey is a material (_:onstanfrx andoy are the Pauli ma-
cal semiconductors. Section Il is devoted to calculation of'c®S: and the coor_dmate axesy, z are assumed to be
the spin-dependent transmission coefficient. The dependen rallel to th_e cubic crystallographic ax¢200], [010),
of the structure transparency on the spin orientation and th 01], respectively.
wave vector of electrons can be employed for spin injection
and detectiony(i) an electric current flow in the plane of
interfaces leads to the spin polarization of the transmittec (k, &, ) v, 4 f
carriers andii) transmission of the spin-polarized carriers is g—=2= — ¥ —_—r
accompanied by generation of an in-plane electric curreni [T T -
These effects are considered in Secs. Il and IV, respectivel 1%
The results of the numerical calculations are compared witl w
that obtained in a simple analytical theory. z | [001]
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Il. SPIN-DEPENDENT RESONANT TUNNELING o
FIG. 1. Electron transmission throug@01)-grown RTD struc-

We consider the transmission of electrons with the initialture. V, is the height of the barriers/, is the depth of the wella
wave vectork=(k;,k,) through a symmetrical double barrier andb are the well width and barrier thickness, respectively.
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The Dresselhaus teri(2) is diagonalized by the spinors 1.0
1 1 - < sl
= — ()]
™ \E(Ie'i“’)’ & 0.8 & | "+"
o ui's
which describe the electron states™and “—" of the oppo-  +# 3| . nyn
site spin directions. Here is the polar angle of the wave > 0.6} &, =
vectork in the xy plane,k,=(k; cose,k, sin¢). The electron 2 | - 0 L 5
spinss, corresponding to the eigenstates™are given by g Wave vector k| (10° em™)
o 04t
S U o - 2
su(ky) = SXOXe = E(+ CoSg, *sing,0). (4) E -
. = 0.2+
One can note thatHp essentially induces a spin- |
dependent correction to the effective mass for electron ma
tion alongz In the basis of the spin eigenstates™the 0.0 ' : ! '
effective Hamiltonian(1) has the simple form 0 E2Iectron er?er - (rgeV) 8
R Ve
He =~ 2m, 072 om ¥ V@), (5) FIG. 2. The transparency of the double-barrier struciuf@ as

) N _ ) a function ofe, at fixedk,=10° cmi™*. The insert shows the depen-
where the effective mass aloagmodified by spin-orbit cou-  dence of the spin splitting of the resonant peakkprealculated
pling, depends on the in-plane electron wave vector and isumerically(solid curveg and following Eq.(8) (dashed lines The

given by used parametersy=76 eV A, m"=0.053n,, V,=230 meV, V,,
oo\t =200 meV,a=30 A, andb=50 A, correspond to AGa_Sb, x
m, = m*(l + 2ﬂ> ()  =0.15/0.30/0.3/0.15, RTD structurdRefs. 1418
+ - ﬁz

Solution of the Schrédinger equation with the Hamiltonian E.(k) =Eo% ak;, T.(k)=(1£pk)Ty, (8)
(5) and boundary conditions for the wave functiois,

which require the continuity of whereE, and I’y are the level position and the width when

the spin-orbit interaction is neglected,

1 oy,
veand (Vy = Eg) (Vi + Eq) exp(— 2xb)
, — (V- +Ey) exp(— 2«
. . . To=8VEg(Vp— Eg) o e
at the interfaces, allows one to derive coefficients of trans- Vp(Vp + Vi) 1+«kal2

missiont, and reflectiorr, for the electrons of spin eigen-
states “+” and “—." — N —EN ;
X . .k=+2m (V,—Ey) /% is the reciprocal length of the wave
Figure 2 presents thez dependt—;nqes of the doume'bam‘?ﬁnction decay under the barrieg is the quantum well
structure transparency.|* on the incident electron energy width, b is the thickness of the barriers, andand 8 are the

. - —_ 2 2 * -
?lo?r? gf_rOV\(/jth d|r|ect|omz—ﬁ kzlfm ,T(;]alcul_ated ﬂ?me”?ﬁ]”y coefficients which describe the spin splitting of the level and
or the fixed in-plane wave vecté. The spin splitting of the the width modification of the spin sublevels, respectively.

resonant peak is clearly seen. In calculations both the eleq:—Or the case under studgy<Vy,V,, they are given by
tron effective massn’ and the Dresselhaus constaptare 0= Yo T

assumed to be the same for the barrier and well layers. _2ym
In the limit of thick barriers the structure transparency *T T2 14 2)ka’
demonstrates sharp peaks and hence can be approximated by

Dirac é functions
— (K_b+i>+2 me (10)
[t (e, k)2 = 7Tu(k) Ao, ~ ()], ™ B=a\y 25, " hz

where the prefactor$’.(k)) describe the transmission effi- Note, that the widtH" and the coefficienB are highly sen-
ciencies ande, (k) stand for the energies of the resonancessitive to the position of the resonant levg}. For the RTD

The positions of the resonancEs(k;) correspond to the en- structure parameters presented in the caption to Fig. 2, the
ergies of size quantization of an electron in the quantum weltoefficients can be estimated as followsx=9.7

of infinitely thick barriers with the Dresselhaus spin-orbit X 107" meV cm, 8=(4.2X 10°8+4.8x 10" meV/Ey) cm.
interaction included. The transmission efficiendigsk,) are
determined, on the contrary, by the electron lifetimes on the
resonant levels in the double-barrier structure. Considering
the spin-orbit interaction to be small perturbation, the posi- Spin splitting of the resonant peak at nonzé&jacan be
tions of the resonant levels and their widths can be expandesimployed for injection of spin-polarized carriers. We assume
as two parts of bulk semiconductor separated by the RTD struc-

Ill. SPIN ORIENTATION OF CARRIERS
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ture, and electrons tunneling through the barrier from the left 10%
to the right side of the structure. In equilibrium the momen- 3
tum distribution of the incident electrons is isotropic in the
interface plane and therefore the average spin of the trans-
mitted carriers vanishes. This isotropy can be broken by ap-
plication, for example, of an in-plane electric fiehkd Then
the carriers tunnel through the structure with nonzero aver-
age wave vector in the plane of interfaces that leads to the
spin polarization of the transmitted electrdifs.

The average spin of the transmitted electrons is given by

S

Polarization P
(en)
R

s= SN, (11) o 2 4 6 8 10
Resonant energy E  (meV)

where S and N are the spin and carrier fluxes through the

barrier given in the linear in the regime by FIG. 3. The spin polarizatiofs as a function of the resonant
. level positionE, for degenerate electron gas wiz=10 meV and
S= E f(0)[[t.(e,, ku)|25+(k||) +[t(ez ku)|23—(kn)]vz, nondegenerate gas of the same carrier concentratidr=3a00 K.
Kkz>0 Solid curves correspond to the numerical calculation, dashed curves

are plotted following Eq(15). The parameters of the double-barrier

N= > fo(e) |t (e, k) [> +[t_(ek)[?Tv,, (12) structure are presented in the caption to Fig. 2, ape?2.5
kyk>0 % 10f cm/s that corresponds tg-/10.

v=fk/m" is the electron velocityfy(e) is the equilibrium

distribution function,s is the electron energyi;(k) is the The dependence of the spin polarizatiepon the reso-
electric field-induced correction to the distribution function, nant level positiorE, is presented in Fig. 3 for the incident
df electrons forming degenerate gas with the Fermi en&ggy
f,(k) = —erp—o(vH F), =10 meV and the gas of the same carrier concentration at
de temperaturel =300 K. Solid curves correspond to the exact
solution of Eg. (21), with the transmission coefficients
t.(e,,k)) being calculated numerically in the framework of

the transfer matrices. The variation B from 0 to 10 meV

Subs'gituting the sp_in vectors of the D_resselhaus eigeq;vas achieved modifying the quantum well width froan
statess. in the form(4) into Eq.(12), one derives the angular _37 (5 29 4 A. Dashed curves are plotted following Eq.

dependence of the average spin of the transmitted carriers 15 for Fermi and Boltzmann statistics. One can see that in
Ve Uy the wi_de range of the resonant level positions the s_imple
EPS’ Sy=- 2% P., (13 analytical theory demonstrates a good agreement with the
d d numerical calculations. For the reasonable set of parameters
whereuvy=(er,/m")F is the in-plane drift velocity of the in- given in the figure caption it is possible to achieve spin po-

cident electrons an@, is the spin polarization of the trans- larizations of several percents. The sign of the polarization
mitted particles Ps is governed by interplay between the spin splittink),

and the difference of the widths of the spin sublevglg

e is the electron charge, angl is the momentum relaxation
time.

s(:

_ vgm’ dfy 2 > since the carrier occupation of the lower sublevel”“is
Ps= 5N kkz a“h(svk\\” = [t(ez k)| "Toz;. (14) larger than that of the higher sublevet* while the tunnel-
1kz=0 ing transparency of the sublevel-" is smaller than that of

The direction of the electron spii3) is determined by the “+” [see Eq(7)]. It clarifies why the terms proportional to
symmetry of the Dresselhaus term. In particular, the spgn ~ @nd B contribute to Eq.(15 with opposite signs. At low
parallel(or antiparalle to the electron drift velocity,, if vy~ (€MPerature both terms are comparable, Roghanges the

is directed along the crystal cubic a00] or [010]; ands ~ Sign with increasing oE,. At Eo<Eg the effect is mainly

is perpendicular twy, if the latter is directed along the axis d€términed by the difference of the spin sublevel transparen-
[1T0] or [110]. cies. The role of the energy spacing between the sublevels is

In the limit of thick barriers the structure t negligible, since the carrier populations at the energies
n the imit ot tnick barriers the structure transparency canypqg aimost coincide. With increasing &, the “steplike”

be apprommatezo_l by Dirad functions. Then su_bstltut_mg th_e Fermi distribution leads to different occupations of the spin
fcranspa_rencytg in the form Eq.(_?) and assuming spin-orbit sublevels, and the polarizatiét changes the sign. At higher
Interaction to be ?mall' one derives th? foIIowmg EXPressiOfemperatures the carrier distribution becomes to be smooth,
for the spin polarization of the transmitted carriers and the effect is related mainly to the difference of the tun-

vgm’ neling transparencies of the spin sublevels.
Py===(al(~ p), (15)
IV. TUNNELING SPIN GALVANIC EFFECT
where{=[g fo(e)de/fo(Eo) is an energy equal thr - E, for Generation of an electric current by spin-polarized carri-
3D Fermi andkgT for 3D Boltzmann gas, respectively. ers represents the effect inverse to spin injection. Now we
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assume the electron gas on the left side of the double-barrier € 1.0¢
structure to be spin polarized. Electrons with various wave © ;
vectors tunnel through the RTD. However, due to the split- < 0'5:
ting of the resonant level the tunnel flux of the spin-polarized < .ok
carriers with the certain in-plane wave veckgis larger than R

the flux of the particles with the opposite in-plane wave vec- E '0-5;
tor —k,. This asymmetry results in the in-plane flow of the 5 1.0k
transmitted electrons near the barrier, i.e., in the interface g Tk
electric current. The direction of this interface current is de- g -1.5}
termined by the spin orientation of the electrons and symme- % 5 O-
try properties of the barrier, in particular the current reverses € ™

its direction if the spin orientation changes the sigh® 0

The theory of such “tunneling spin-galvanic effect” is de- Resonant energy E  (meV)

veloped by using the spin density matrix technique. The in-
terface current of spin-polarized electrons transmitted FIG. 4. The interface currerjt as a function of the resonant

through the tunneling structure is given'By level positionE, for degenerate electron gas wi=10 meV and
nondegenerate gas of the same carrier concentratidir 800 K.
ji=e 2 Tpv”var[Tpﬂ'T], (16) Solid curves correspond to the numerical calculation, dashed curves
Kj k>0 are plotted following Eq(22). The parameters of the double-barrier

structure are presented in the caption to Fig.72:1 ps andps
where 7, is the momentum relaxation timg, is the electron  =0.1.
density matrix on the left side of the structure, d@hik the
spin matrix of the tunneling transmission that links the inci-

. er df
dent spinor wave functiog; to the transmitted spinor wave h=- —ﬁ"—ps > d—0[|t+(sz, k)2 = [t_(e, k) PJo .-
function ¢, ¢, =7¢;. We assume the carriers on the left side (1/e) kik>0 Y€
of the structure to form 3D spin-oriented electron gas, and (21

electron distributions in both spin subband to be thermalized.
For the case of small degree of spin polarization, the densityhe direction of the tunneling spin-galvanic current is deter-

matrix has the form mined by the spin orientation of the electrons with respect to
gt 2 the crystallographic axes.
=~ fof ATy £Ps (Ne-5), 17) In the limit of thick barriers the structure transparency can

de (1/e) be obtained substituting functions (7) for the structure
transparency. Then assuming spin-orbit interaction to be
wheref is the equilibrium distribution function of nonpolar- small, the interface current is derived to be
ized carriers,ng is the unit vector directed along the spin
orientation,ps is the degree of the polarization, atitVs) is
the average value of the reciprocal kinetic energy of the car- ) er.p.f(Eg)m
riers equal to 3Eg for 3D degenerate electron gas with the h=- H%‘g%(“‘ {B)lo. (22
Fermi energyEg, and 2kgT and 3D nondegenerate gas at

the temperaturd&. The spin matrix of the electron transmis-

sion through the structure is given by Figure 4 presents the dependence of the interface current
jy on the energy position of the resonant le#g for the
T:t+(8z,K\)X+X1+t—(sz,kn)X—Xt- (18 incident electrons forming spin-polarized degenerate gas

with the Fermi energfe-=10 meV and the gas of the same
Substituting the density matri®d 7) and the transmission ma- carrier concentration at temperatufe 300 K. Solid curves
trix (18) into Eq.(16) and taking into account the definition correspond to the exact solution of E&1), with the trans-

of the vectorss, (4), one obtains mission coefficientd.(e,,k;) being calculated numerically.
Dashed curves are plotted following E@2) for Fermi and
. der,p. df Boltzmann statistics. For the AlGaSb-based RTD structure
=22 X Ot k) Pns - sulk)

(1/e) ko0 de considered as an example the tunneling spin-galvanic current
vz is of order of mA/cm. Estimation shows that it is enhanced
+[t_(e4 k) |’ns - (k) Joyo,. (190 by an order of magnitude with respect to the interface current

Taking into account the explicit form of the spin vectors 96N€rated under tunneling through a single AlGaSb-based

of the Dresselhaus eigen-stat@s, the components of the barrier provided the equal electron tunnel fluN

tunneling spin-galvanic current have the form ~10% 1/(cn? 9).13 Similarly to the spin polarizatioriFig.
3), the sign of the interface curref22) is governed by in-
Iix==iNsx 1y =JiNsys (20) terplay between the contributions responsible for the spin
splitting and the difference of the spin sublevel transparen-
where cies.
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In conclusion, the theory of spin-dependent electron tundetectors based on nonmagnetic tunneling structures.
neling has been developed for symmetrical double-barrier
structures based on zinc blende lattice semiconductor com-
pounds. The Dresselhaus spin-orbit interaction couples spin ACKNOWLEDGMENTS
states and space motion of conduction electrons that leads to
spin splitting of the resonant level depending on the in-plane This work was supported by the RFBR, the INTAS,
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