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Spin-dependent tunneling in double-barrier semiconductor heterostructures
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Spin-dependent tunneling in symmetric and asymmetric double-barrier semiconductor heterostructures is
studied. The effective one-band Hamiltonian approximation and spin-dependent boundary conditions approach
are used for a theoretical investigation of the influence of electron spin on the tunneling probability. It is shown
that spin-orbit splitting in the dispersion relation for electronsAifBy semiconductors can provide the
dependence of the tunneling transmission probability on the electron-spin polarization without additional
magnetic field. The dependence can be controlled by an external electric field, and may be significant for
realistic models of double-barrier semiconductor heterostruct[8€4.63-182609)02320-4

I. INTRODUCTION nificant in tunneling barrier structurés.In this work, the
spin-dependent effect on a more interesting structure, a

Resonant double-barrier tunn@BT) structures have at- double-barrier resonant tunneling structure, is studied.
tracted considerable attention since the pioneering work oPresent day molecular-beam-epitaxy and metal-organic
Tsu and Esakh. These structures are not only rich in physics chemical-vapor deposition technologies give us the opportu-
but also useful for various device applications However, nity to construct quantum tunneling barrier heterostructures
up to the present time, the electron motion parallel to thewith a wide range of possible discontinuities of the semicon-
tunnel structure boundary has been overlooked in the totaluctor band parametef$?® The theoretically predicted ef-
electronic current of the structur&§This neglect of the mo- fects of the in-plane motion of tunneling electrons have now
tion is the main assumption of present day resonant tunnelingecame experimentally researchable. As presented below,
theories” Aimost all theoretical calculations are done with a this effect can be very strong, and may provide a fast spin-
one-dimensional approach for determining the tunnelingdependent transport device.
transmission probability. Recently a few articles have called The effect we are expecting should be most clear for DBT
attention to some peculiarities in the dependence of the turheterostructures with a significant discontinuity in the spin-
neling transmission probability on paralldlin-plane”) splitting parameters at the boundaries — asymmetric hetero-
electron wave-vector components for symmetric tunnektructures. The asymmetry can also be produced by an exter-
heterostructure$:2° It was found that for structures with an nal electric field. Therefore, we can in principle control the
electronic effective mass dependent on space podiéieris  spin polarization of the tunneled electron current only by an
usually the case for tunnel structurethe in-plane compo- electric field applied to the structure.
nent can play a well-defined role in the transmission pro- In this paper we calculate the tunneling transmission
cesses. The main condition for this is the existence of a disprobability for DBT heterostructures with a space-dependent
continuity in the electronic band parameters at the tunnetlectronic effective mass and spin-splitting parameters. We
structure interface%® use mass- and spin-dependent boundary conditions and the

Another interesting problem linked to the in-plane elec-Rashba coupling term to describe the external electric-field
tron motion is the well-known spin-orbit coupling and elec- effect'®~*” A considerable effect can be achieved in DBT
tronic bands splitting in A By guantum  structures with narrow gap,,-By semiconductor§where
heterostructure5-~41t is known that there is a coupling be- the spin-splitting effect is strongWe found it is important
tween the in-plane electron motion and the electron-spin pato take nonparabolicity into account in the electron disper-
larization. This can happen in asymmetric heterostructures aion relationt”?*In our calculation we use the nonparabolic
heterostructures with an external electric fi€ld® Two con-  approximation for the energy and space dependencies of the
tributions to the spin-splitting effect can be distinguishedelectronic effective mass, proposed in Refs. 15-17. We ob-
which play different roles: band-edge discontinuity at thetained a dependence of the transmission probability on the
structure interfaces, and additional electrostatic potentialin-plane electron wave vector and polarization of the electron
The former brings about spin-dependent boundary condispin, and demonstrated that the consideration of spin in tun-
tions, and the latter gives a spin-dependent term in thaéeling processes can considerably change the tunnel trans-
effective-mass Hamiltoniatr~18 The spin-orbit splitting ef- mission probability in DBT structures with and without ex-
fect has been discussed theoreticaliy:®and already inves- ternal electric field.
tigated experimentally in quantum-well structufés>® This paper is organized as follows. In Sec. Il we describe

We have recently found that this effect can be also sigdetails of the calculation of the electron spin-dependent tun-
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FIG. 1. Variation of the semiconductor band parameters in DBT TEC E 2 Eq D)+ A2 V()| 3

heterostructures with an external electric field.

neling transmission probability in DBT structures. In Sec. . + 1 refers to the spin polarizatiofE denotes the total

Ill, results of calculations for different kinds of DBT struc- gjectron energy in the conduction band, &) = —eFzis

tures with narrow-gag,-By semiconductors are presented. yhq potential due to the external electric figkd(e is the

P.ossmle ways to investigate the effect experllmentally a'&|ectronic charge The matrix elemen® does not depend on

discussed in Sec. IV. There we also summarize the work27 ;¢ (2), E,(2), andA(2) stand for the corresponding
Yy C H g H

results. z dependencies of the conduction-band edge, the main band
gap, and the spin-orbit splitting profiles. We use the
II. SPIN-DEPENDENT TUNNELING TRANSMISSION envelope-function approximation for the total wave function
PROBABILITY of the electrond (z,p), and can write it as

The variation of the band-structure parameters for a DBT
structure with an external electric field is shown in Fig. 1.
The layers of the structure are perpendicular to thakis,
and the in-plane electron’s wave vectokigf k is put along
an arbitraryx direction, the spin polarization is set along where¥;,(2) satisfies thez component of the Schdinger
y-axis in a layer plan@=(x,y) ]. With the above-mentioned equation in thejth region. We assume that the electronic
assumptions we can write the effective quasi-Oneeffective mass does not depend on a coordinate wittin
dimensional one-electronic-band Hamiltonian as follds: region, and the equation fo¥;,(z) becomes

_ A?d 1 d+ h2Kk?
2 dzm(E,z) dz 2m(E,2) H,¥,(2)=E,¥;,(2), (4)

+Ec(z)—o@k+wz), (§D)]

@, (z,p) =V, (z)expik-p),

where

h? d? h2k?

Hyp=— s —— 4o
! 2ml(Eo') de 2ml(Eo')

+E;. when j=1,

h? d? £2k?

e am(E) a2 ZmE,)

c—eF(z—z;)—oajkF when j=2-4,

h?  d? f2k?

5o~ omo(E,) a2 | 2me(E,)

+Es.—eFd when j=5.

In Eq. (4), Ej is the energy of the electronic band bottom in flie region without external electric fieldg.=0, conven-
tionally), d=z,—z, is the total thickness of regions 2—4, aaglis the Rashba spin-orbit coupling paraméter:

h? A 2Ejq 4,

~2m(0) Ejy (Ejg+A)(3E;q+4))

©)

aj
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We can use the expressions above in barrier and well regjen2-€4) when the electric fields satisfy the well-understandable
conditions

Ejg>eF(Zj_Zj_1).

The coefficienta; presets the “second” contribution to the Rashba spin-orbit splittiiBhe “first” one — the electronic
band-edge discontinuity — provides the boundary conditions¥gs(z) at an interface plane=z; betweenj andj+1
regions that follow from Eq(1)—(3)

1 [ 1 [d _ 20K, 1(E)~ B(E)]
T e L i T

Wis(z) =Vji14(2)=0.

The boundary conditions above were obtained in Refs. 17 2omkiB: . (E.)— B:(E
a.nd 28—31 Ar:[d_ln[q)rg(z)]] - (o ] [BJ+1(20') IBJ( o’)],
The general solution of Ed4) in a givenjth region has z 2=z h
the form
V. (2)=a;,® (2)+b;, 7 (2), 7 [ mp[d T 10(2)
whereCDﬁ,(Z) is a pair of linearly independent solutions of Mj+1102 2=z D;,(z)

Eq. (4) within the region.

The boundary condition$5) then determine the coeffi- q o7
cients se{a;,,bj,} for Eq. (6). The coefficient set in neigh- , * _ m [_m[q)_t (z)]] — AT —j“”(zj) ]
boging regions are related by the well-known transfer matrix '~ | Mj+1(dz - 1+t V@)
M:

Z:Zj

The potential profile in the DBT probleiffrig. 1) consists of

a; [ a; ! .
171 —mi J+1o four interfaces, and, therefore, the total transfer matrix can be
o )
b, Bit10 written as
The matrixM! can be written as .
CL[ AL AL M,=]1 M}, (10
M! =— 9 =1
x5 oA —ar ©)
with For the regions witj=1 and 5, which we assume to be
L the regions with a flat electronic band eddge<0), the pair
Aj=A7 =4y, of the linearly independent solutions are a plane wave set

q)fa.(Z)zeXF(i iklz)!

O (z)=exp +iksz),

1
kl( Ez -k) = g\/zml(EZlk) Ezy

m5<Ez,k>}k2

1\/ )
k5(E21k)_g 2m5(EZ,k)(EZ—E5C+eFd)—h [1—m
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whereE, is the longitudinal component of the total energy in
the first region:

#2Kk?

E=Ert 5 R

12
We use this expression, along with E¢8) and(3), to find
the dependence ofE(E,,k) and, through that, the
m;(E,,K)(j=2-5), andB,(E, ,k)(j =1-5) dependencies.
For regionsj =2 -4, with the external electric field, we
choose solutions in the form of the Airy functidfs

i _ . k (10cm!
O (2)=Bi(Z,), ®,(2=Ai(Z,). (13 (10%m) o

0.1

E, (eV)

ArgumentZ;,, is a function of the coordinateand other
parameters of the regions FIG. 2. The tunnel transmission probability as a function of the

longitudinal energyE, and the in-plane wave vectérin an sym-
metric INAs-GaAs-InAs-GaAs-InAs DBT structufparameters are
obtained from Refs. 33 and B4E,.=E,.=0.792 eVE;.=Es,
=0.0 eV, Ejq=E3y=E5;=0.418 eV, Eyy=E,;;=1.52 eV, A,
:A3:A5:038 eV, A2:A4:0341 eV, m1(0)=m3(0)
7%k? m;(E, k) =mg(0)=0.023n,, M,(0)=m,(0)=0.067n, (M, is the free elec-
2t 2m;(E,,K) " my(E, k) tron’s masy z,—z;=25—2,=30 A, andz;—2z,=60 A.

~(gajk—ez)F. (14) DBT structures, we use an external electric field that pro-

The electron is incident from the left only from the region Vides an asymmetry to the symmetric tunneling structure
j=1. A transmitted wave will appear in the regigr=5 and, through that, a spin-polarization dependence of the tun-

and, thereforeps,=0. With this condition the tunneling Neling transmission probability. In Fig.(& we show the
transmission probability is given by normalized differential spin-dependent tunneling probability

2em(E,,k)F
hZ

Zj,(E; .k, 2)= z

/
YTALE K
eF

AJO'(EZIk)zEJC_E

my(E,,k)ks(E;,K) 2

m5( Ez -k) kl( Ez -k)
:ml(Ezak)kS(EZrk) 1 ‘2
Ms(E, K)ky(Ez,K) Mgy

as,
i,

To(Ez k)=

(19

We used this equation to calculate the spin-dependent tun-
neling probability of the DBT structures.

Ill. CALCULATION RESULTS

In symmetric DBT structures without an external electric
field we cannot observe any difference in the tunneling char- k (105 cm™)
acteristics between spin up and spin-down electrons in accor- (a)
dance with the general features of the spin-splitting effct. .
However, for structures with a sharp discontinuity of the ¢ {\ b A a
band-structure parameters at the structure interfaces, we can

. . e . . 0.5
find a difference between the traditional description and a I \ \¥
description that accounts for the in-plane wave-vector P o ===

dependency®?* \,\
To gain a qualitative feeling about tHevector depen- -0.5 _\ \

dence of the tunneling probability, let us consider a DBT \} \ |
structure consisting of two identical InAs-GaAs-InAs barri- -1 : ; .
ers with the barriers width,— z;=z;— z,=30 A and a dis- 0.04 0.06 0.08 0.0 0.12
tance between the barriers bf—z;=60 A. The results of
the calculation ofT ,(E, ,k) for this symmetric structure are
presented in Fig. 2. It can be found from the three- pig. 3. The normalized differential spin-dependent tunneling
dimensional plot in Fig. 2 that two sharp pedksrrespond-  propability P for the structure of Fig. 2@ Three-dimensional plot
ing to two resonant levels in the wekhift as the in-plane  for the external electric fieldF=5x10* Vcm™2. (b) P(E, k=4
wave vector increases. Even the first resonant peak has>a10® cm™') intersections of three-dimensional plots. Curees
well-pronounced dispersion in th&{,k) plane. correspond to the caseF=2x10%, F=5x10%, and F=1
To demonstrate the role of spin splitting in symmetric x10° V cm™1, respectively.

(b) E, (eV)
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T+_T_

Py T

(16)

for a INAs-GaAs-InAs-GaAs-InAs DBT structure with an ex-

ternal electric field. It is evident that the spin-orbit splitting

effect with the transversén-plane motion of the electron

provides a dependence of the transmission probability on the

tunneling electron-spin polarization. From the plot of Fig.

3(a), it can be found that the polarization changes sign along

the lines of the E,,k) plane when we cross a line corre- 0

sponding to the resonant peak position in the traditional de-

scription with c=0. The magnitude of the polarization ob-

viously depends on the electric-field magnitude. Cuiyds

andc in Fig. 3(b) show theP(E,) relation at three different  k (106 ecm™)

values of the external electric field, wher 4x 10° cm™?, R V)

and clearly demonstrate the last dependence. We can not(® 0.13 *

that the polarization for electrons with, and k near the

resonant line in theK,,k) plane can reach about 100%, and o A
\
l

rapidly change its sign. 1 \
Contrary to the case of symmetric DBT structures, asym- ¢ {\ b \ RN
metric structures manifest a dependence of the transmissiol

0.5 -1
probability on the electron-spin sign even without any exter- \ \ o5 o on
nal electric fields. With the field we can control the effect I

magnitude. P \'\
First we pay attention to a fact of the spin-polarization s \

dependency of the tunnel transmission probability in asym-

metric structures without an external electric field. A notice- \j \}
ably large output electron polarization was observed in the 'LM oos o o8
structure with parameters of InAs-GaAs-InAs-AlAs- ' ' ' '
INAs3*3* This is demonstrated in Fig.(@. The built-in ) E, (V)

asymmetry in the spin-splitting parameters provides a high
magmtude ofP. From Fig. 4b) it is c.:lear that the external probability P for an asymmetric InAs-GaAs-InAs-AlAs-InAs DBT
E|ecm.c field can Increase the amplituderhear the reso- ._structure (parameters are obtained from Refs. 33 and: 3,
nant Ime._Th_e polarization can be suppressed by reversing ; 79> eV, E;c=1.86 eV, Ey—Es.=0.0 eV, E;g=Eg,—Es,
the electric field. qu the described struct.ure. we can totally_g 418 eV, Ep=152 eV, E,=313 eV, A;=Az=Ag
suppressP(PTO) with the reversed electric fieli~—13  _g3g ev, A,=0.341 eV, A,=0.28 eV, m,(0)=ms(0)
x10* Vem L We.can even cha_nge th_e sign of it with & —m,(0)=0.023n,, m,(0)=0.067my, m,(0)=0.15m,y, z,—2,
stronger reversed field, as shown in the inset of the Rln. 4 =30 A, z;,—2,=60 A, andz,—z;=15 A. (a) Three-dimensional
In view of these results we can say that asymmetric DBTplot for the structure without external electric fielth) P(E,,k
structures provide wider room for experimental investigation=4x10° c¢cm™1) intersections of three-dimensional plots. Curves

FIG. 4. The normalized differential spin-dependent tunneling

and practical applications of the effect. a-c correspond to the case§=0, F=5x10% and F=1
X10° V cm™ 1, respectively. The inséturved) corresponds to the
IV. DISCUSSION AND CONCLUSION case of the reverse external electric fi€lee —5x 10* Vcm™1,

The well-defined spin dependence of the tunneling probgive different contributions to the total electronic tunneling
ability T(E,,k) described above allows us to discuss pos-current in the structures. Therefore, the spin-polarized output
sible ways to investigate experimentally a polarization effecklectronic current can be obtained.
in the electronic tunnel current in the structures. Tunneling The total electron tunnel current is
coupling in double quantum weffsand tunneling transmis-
sion processes through barriers between wells, considered J=J,-J_,
the electron’s in-plane motioif, are also fields of possible
spin-orbit splitting effect investigation and implementations.Where

The result, which is very important, is a spin splitting of
the resonant peak in th&e{—k) plane in DBT structures, _ €
with a well-recognized peak position dependence lon JU_QJ To(Ez K)[T1(kKp) = T5(k.k,) Ju,dkdk,

EZ(K) (see Fig. 2 Those spin-split peaks correspond to qua-

sistationary levels with different electronic spin polarizationsis the tunneling current for electrons widh polarization,
in the DBT structure welt>™*" The spin-split resonant tun- f;(k,k,) is the electronic distribution function in three-
neling probability provides a difference in resonance condi-dimensional k,k,) space in the emitterj &1) and collector
tions for tunneling electrons with different directions of the (j =5) regions, andiy, is the z component of the electron
electron spin. We can expect that the split resonant peaks camlocity
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in the emitter region.

According to the general features of the spin-orbit inter-
action (1) and (4) the spin-dependent tunneling probability

T,(E,;k) satisfies the following relation of symmetry:

TU(Ez;k):T—a(Ez;_k)-

In the low-temperature regime, when the Fermi distribution

fo(E) for electrons in the electrode regions<(1 and 5 and
the Fermi-level lineEf(k) = Ef —[%2k?/2m,(E' k)] are sym-
metric in the ky,ky) plane [fi(kk,)=fo(E), fs(k,k,)

=fy(E+eV), E; is the Fermi energy, and=F,d is applied
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with sharp peaks of the tunneling probabiliyell defined

by the quasistationary levelsn principle can gain nearly
100%.

The history of the investigation of resonant tunneling cur-
rent in DBT structures shows us that the implementation and
optimization procedures demand very complicated
investigatior? Certainly, spin-dependent resonant tunneling
currents, taking account of all accompanying proceésias-
tic and inelastig, also need special theoretical and experi-
mental investigations. Here we only briefly described the
main points of the investigation.

In short, we have presented a study of spin-dependent
resonant tunneling in double-barrier heterostructures. The ef-
fective one-band Hamiltonian approximation with spin-
dependent boundary conditions was employed to describe
and evaluate this effect in symmetric and asymmetric

along thez direction], there is no polarization in the total double-barrier tunnel heterostructures. The calculation re-
output current. We can obtain the polarized output currensults show a considerable influence of the spin-splitting ef-
only when the electron distribution in the emitter region hasfect on the tunneling transmission characteristics. The depen-

an asymmetry in thek(,k,) in-plane intersection of th&
space.

dence can be controlled by an external electric field. In
addition, the coupling between components of the electron

Let us assume that the total external electric field has amotion in directions parallel and perpendicular to the inter-

additional in-plane componer, . Under the additionak

faces can manifest itself in a strong dependence of the tun-

component of the electric field, the electron distribution be-neling transmission probability on the in-plane wave vector

comes asymmetric in thek(,k,) plane. We can expect a

highly polarized output electronic current in this situation,
when the electric-field Fermi level crosses the lowest spin-

split quasistationary levéfor instanceE, (k)]. We also can

component and spin polarization.
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