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Tunneling spectroscopy of spin-split states in quantum wells
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Tunneling between two-dimensional electron layers, where electron states are split by spin due to spin-orbit
interaction, is studied theoretically. The expression for the tunneling current is derived and evaluated. The
linear tunneling conductance shows two Lorentz-like peaks corresponding to the resonance contribution of two
spin-split states. The current-voltage characteristics are essentially different from the case of the tunneling in
the absence of spin splitting. They show peaks whose shape becomes almost rectangular in the limit of weak
disorder. The position of these peaks is determined by the spin-splitting energy. The measurement of the
tunneling current is suggested to be an efficient tool for direct investigation of the spin-split spectra in the
quantum wells.
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[. INTRODUCTION upon GaAs(AlGaAs) materials, in which spin-orbit interac-
tion is not strong. As the technology advances to create in-
Spin splitting of the two-dimensiond2D) electron spec- dependent contacts to InAs 2D layers, the observation of
trum caused by the spin-orbit interaction in asymmetricspin-splitting features should not be a problem. We consider
quantum wells(Rashba effe¢} has attracted substantial in- this to be sufficient motivation for our study. The aim of our
terest in past years. Apart from its significance from the poinf@per is to investigate the 2D-2D tunneling current in condi-
of view of fundamental physics, this effect is considered tofions in which the Rashba effect is not negligible. Below we
be promising for application in spintroniésince its magni- Show that the spin splitting leads to unusual dependence of
tude can be modulated by the external gate modifying théhe tunneling current on the electron densities in the layers
confining potential. In this way, spin polarization of the elec-and on the source-drain voltage.
trons can be controlled. The spin splitting of 2D electron The paper is organized as follows. In Sec. Il we present a
subbands is usually not large, of the order of 1 meV near thgeneral formalism for a description of tunnel-coupled 2D
Fermi surface. Therefore, to study it, one should emplo;ﬁ'ecnc’n.S with a SP'”'SP!It energy spectrum and derive an
h|gh|y sensitive experimenta| techniques_ Measurements ¢IXpression for the tUnnellng current. In Sec. Il we calculate
the beat patterns of Shubnikov—de Haas oscillations in th&he linear tunneling conductance and study the tunneling cur-
asymmetric quantum wefls® have proven to be a reliable rentunder a nonlinear regime, when the source-drain voltage

method for investigation of the Rashba effect. is not small. Concluding remarks are given in Sec. IV.
In this paper we develop a theoretical background for the
other method, which is supposed to give more direct and Il. FORMALISM

complementary information about the 2D subband spectrum, \ve consider a double-well system described by the
although it is more difficult to be realized experimentally. Hamiltonian

The idea of the method is to use the resonant tunneling be-

tween 2D electron states in the double quantum well systems

with independent contacts to the 2D layers. First structures H=| A .
of this kind have been fabricated more than a decade"&o. —la(z)p. Ho(x,2)

Since then, the interlayer tunneling in such structures has
been the subject of numerous experimehtal and
theoretical®'-% studies. Measurements of the tunneling
current in such structurésrevealed peaks of the tunneling
conductance in conditions in which the 2D levels in the two 2
€r1
A

A , ia(z)p_
olX,2) ia(z)p | @

wells are aligned, reflecting the shape of the spectral func-

tions within each layer, in accordance with theoretical pre- &p
dictions. A resonant tunneling transistor based on gate con
trol of the tunneling current between 2D layers was I:
demonstrated® see Fig. 1. Investigation of the tunneling cur- -
rent in the magnetic field applied both parallel and perpen-ToP &t d :I
dicular to the layers has shown a considerable modificatior

of the electron energy spectrum by the magnetic field. Nev-

ertheless, the experiments did not show any sign of spin FIG. 1. Conduction-band profile of the structure containing a
splitting of the electron spectrum in zero magnetic field. Indouble quantum well with independent contacts to the 2D layers
our opinion, the reason for this is that the existing doubleand two gates. An application of source-drain voltage leads to the
guantum well structures with independent contacts are baseadnneling current between the layers.

Bottom gate
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wherep. = p,*ipy,, and [e+i0—hIGR (p,p')

. S bS> Vi(lp=pul/#)GF(pr.p") =18, o
Ho(x,z)—pZZm(z)pZJr 2m(z)+U(Z)+V(X’Z)' s& e p.p

®

In these expressionp, andp=(p,,p,) are the operators of
momenta perpendicular and parallel to the quantum well
planes, respectivelyy(z) is a function which depends on
spin-orbit interaction(see below, U(z) is the double-well I .
potential, andV(x,2) is the random static potential created, Where Vj(a)=/dxvj(x)e 9% is the Fourier transform of
for example, by impurities. The Hamiltoniad) is a 2x2  the potential andr; are the Pauli matrices. In the definition
matrix with respect to spin variables. It can be derived fromof the matricesh(?), we introduced the interlayer level split-
the four-band Kane Hamiltonidhin a similar way as de- ting energyA=e,— ¢, atp=0 and assumed that the upper
scribed in Ref. 24; such a consideration allows one to exflower) sign corresponds tp=1 (j=2). Below we assume
pressm(z) and «a(z) through the material parameters of the that there is no correlation between the scattering potentials
structure. Using the basis of single-well orbit&g(z) and  in wells 1 and 2, which is always the case if the potentials are
F,(z), where 1 and 2 are the layer indices, we transform thef short range. The correlator in E@) is expressed through
Hamiltonian(1) to the following effective 2D Hamiltonian:  the product of averaged Green’s functiofagj"\(p), and the
current is given by

A (ﬁl it) o
H={_. . |. 2 2
27hS

A= = A72+ p?/2m+ aj( ooy — oy Py),

ds(fla_fZS)

This Hamiltonian is a & 4 matrix composed from:2 2 unit
matrix blocks proportional to the tunneling matrix element Xz E (— 1)'Trésl(p)és'2(p) (6)
p

and 2x2 matrix blocks {=1,2), s,s'=R,A

&+ p22m-+V;(x) ia;p_ wherel =1 for s=s’ andl=0 for s#s'.
i= . 5 3 The averaged Green’s function is written through the self-
—lajp. ej+pe2m+Vi(x) energy  function, according to G3(p)=[e—h(Y
describing 2D states in the quantum wells 1 and 2. In@y. —2;;(P)]1~*. The self-energy, in the Born approximation,

we introduced the 2D scattering potentialy;(x)  satisfies the following equation:

=[dz\M(x,2)[F|(2)|> and Rashba velocities «;

= [dza(z)|F;(2)|*>. The Hamiltonian(3) is the Rashba cs 1 ~s

Hamiltonian describing spin splitting of 2D states in the Eg;(p)=52 w;(|p—pal/7)GZj(pa), (7)
layer j. For a double-well system, the spin splitting in the P

different layers is different, becausg essentially depends \yhere the binary correlation function of the scattering poten-
on the layer index. If the directions of the potential gradients;; is  defined by the relation(V;(q)Vi(q'))=4(q

in the WeII_s 1 and 2 are opposit_e to each other, as in Fig. 1_,|_qr)Wj(q)_ Applying the approximation oJf short-range
then the signs o, anda, are different. scattering potential, whem;(q) =w; is independent of, we

A calculation of the tunneling current for the problem .. SAR . . )
described by the Hamiltoniaf®) is very similar to the case flnd thatzsi (p) are diagonal and momentum independent:

of a spin-independent Hamiltonian, see details in Refs. 1§§j’R(p)=[Rez_sjiiﬁ_/27'j]_i- Below we omit the real part
and 22. In the lowest order dn the current is represented in this expression, since it always can be accounted for by

through a correlator of spectral functions: proper shifts ofe and A. The imaginary part is expressed
through the scattering time of 2D electrons definedras

2met? ~ oa , =ﬁ3/mvvj. As a result, we obtain the matr&ij(p) in the
=g | de(fi=1202 T(AL(PPOAL(P D). form
pp’
4
. . p-
wheree is the absolute value of the elementary chas (L7, +Ljo)2 25 (L= L)
the normalization squard,, are quasiequilibrium distribu- ésj(p): P G)

P+

tion functions in the layerg, . . .) denotes the average over
yers, . . .) g _E(L]ﬂ_LJ{) (LS, +L5 )2

the random potential, Tr denotes the matrix trace, and the
spectral functior,; = (G2, — G)/2mi is expressed through
the advancedA) and retardedR) Green’s functions. The whereLY, =L1* =[e—A/2—p2/2mF a,p+ih/27,]"* and
latter, in the momentum representation, satisfies the folIowL?i: Léi =[e+Al2—p?I2m* a,p+i#h/27,] L. Substitut-
ing matrix equation: ing Eq. (8) into Eq. (6), we finally rewrite the latter as
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X[(e+AR2—p2I2m— oa,p)?+ (hl21,)%] L. (9)

g
o

Under the integral ovep in Eq. (9), we have a sum of the

products of spectral densities belonging to spin-split 2D sub-
bands of the layers 1 and 2. Indeed, if the scattering is neg-
ligibly small, the poles of the expression under the integral

n
o
'S

in units of e*®m/x i
(]
[os]

G, (
(=]
N

o
o

aree=A/2+p?/2m+ oa;p ande = —A/2+ p?/2m+ o a,p. 08 09 10 11 12

Each of these equations describe spin-split subbands charac-
terized by the spin number= =. This spin number is con-

served in the tunneling. Since the tunneling current depends FIG. 2. Linear tunneling conductance as a function/bf /n, at

on the Rashba velocities; and «,, the spin-splitting effects N ~ _
can be probed by tunneling. Below we analyze the tunneling:nozé?s’;z')_zo’ (a1~ ag)M/y2mh"n,=0.02 (1), 0.04 (2), and

current described by Eq9) for different transport regimes.

(n1/n2)1/2 '

Fermi velocitype /m, which allowed us to neglecg|q;] in
comparison to\/n_j . However, it is important to keep the

If a source-drain voltag¥ is applied across the structure termsye; in the denominator, where they can be comparable
by means of independent contacting to the layers, the distrko \n;— n,.
bution functions can be approximated ds,={exf(e The most important difference between the expression
—spj)/‘l‘]+1}*1, with quasi-Fermi levelsg;=er+eV/2 and  (11) and corresponding restfitin the limit of ay,—0 is the
epp=ep—eV/2. We start our consideration with the linear shift of the tunneling resonance. At zero-spin splitting, the
transport case, wheW—0 andf,.—f,.,=—eV(df /de), resonance in the tunneling conductance occurs for matched
wheref,={exfd(s—eg)/T]+1} tis the equilibrium distribu-  electron densities); =n,, or, equivalently, ah =0. At non-
tion function. It is convenient to introduce the tunneling con-zero-spin splitting, there are two resonances, determined by
ductanceGr=1/V. For strongly degenerate electrons, it is the conditionyn;—vn,=* y(a;— a,). As a result, the de-
given by pendence of57 on \n;—/n, has two peaks, each one cor-

22 responding to the contribution of different spin states into the
Gr=——p— 2 f pdp

Ill. RESULTS

Ny (p+omay)?]? tunneling. The double-peak structure is resolved under con-

_(277)2ﬁ7'172 o=+ Jo E_ 2m ditions
A2 Y[ ny,  (ptomay)?]? [ A \2)7E
+<2_71> ] { é_ o +(2_72) ] : |y — aolpe>#il 7, (12
(10) i.e., when the spin splitting at the Fermi level exceeds the

where we made use of the relatioms=p,p(eg,—A/2  collision-broadening energy. The dependence @f on

+ ma§/2) and n,=p,p(epa+ A2+ ma§/2) expressing the Vni/n, at fixedn, anda; — a5, is shown in Fig. 2. It is well
2D electron densities in the layers and n, through the described by a superposition of two Lorentzian lines. The
characteristic energies and constant 2D density of statdifle shape is independent of the sign®f— a,. In experi-
pop=m/7h2. Below, for the sake of simplicity, we assume Ment, the densities; andn, can be varied by biasing the

that the scattering is symmetrie; = 7,= 7. A calculation of 0P and bottom gates, see Fig. 1. We stress that due to large
the integral ovep under conditions\; ,/p,p>#/27 gives us ~ €lectron densities and the small effective mass of electrons in

the following result: InAs  quantum  wells, the dimensionless parameter
™, /hpop=20 chosen in the calculations of Fig. 2 corre-
16e2t2mrnyn, sponds to a considerably large broadening: usimg
Gr=—1y, . =10 cm ? and m=0.03n,, we have an estimaté/r
mh (\/”—l"' \/”—2) =4 meV. On the other hand, using the sameandm, we

4_7 NP \/n—1_ \/n—z—a'y(al—az)
i pap Jni++n;,

to (@, — a,)=2.5x 10" eV.m, which is a reasonable es-
timate (see the end of this sectipnThe typical measured
(11) linewidths #/7 of the resonant tunneling peaks in GaAs/
AlGaAs double-well structures are about 0.5 meV at low
where y=m/\27#42. In the calculation we also assumed temperatures, see Ref. 13. Our calculations, therefore, dem-
that the Rashba velocitieg; are small in comparison to the onstrate that the splitting of the resonant tunneling peak in

2] -1 find that the parameteraf— a,)y/\/n,=0.04 corresponds

X E+[1+
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the InAs-based double-well structures can withstand a disor-
der which is much stronger than the disorder in the existing
GaAs/AlGaAs structures.

The usage of the double quantum well structures with
independent contacts to the 2D layers and two gates, as
shown in Fig. 1, gives one the freedom to change parameters
€g1, €pp, and A. If gg; and eg, are made considerably
different, the tunneling current flows through the structure in
the nonlinear regime. In contrast to the linear tunneling con-
ductance, which always depends on the scattering, the non-
linear tunneling current, as shown below, becomes scattering
independent if the broadening energigér; , are small
enough. Recalling Eq9), we write the tunneling current as momentum

et? 1 1
3 ol

(2’77)2ﬁ TiTy 0= * eV/2T+ 1 es/T+eV/2T+ 1

energy

spectrum belonging to the 2D layei® and(2). If the sign ofA is
changed, the intersection occurs for the other spin branah

) FIG. 3. Intersection of the branchesof the spin-split electron

2 p2) 7t tween 2D layers also takes pldéé®in the double quantum
+ 1.2 wells if there is a magnetic field parallel to the layers. This
1 magnetic field shifts the 2D electron spectra of different lay-

eV n, (ptomay?? #2 ] -1 ers in the momentum space with respect to each other. The
+ —_— +t— (13

consequences of the Rashba effect are similar. The intersec-
2 pa 2m

tion of the spectra takes place on a cirfgé=po=|A|/|a;

et s st calcute the cunet i the Ikt 0. The ol 1 100 e nelg crente poiero fhe e

spectral densities under the integrals are reduced toSthe beqt\)//veen thep uasi%]Fermi eneraies of 2D elgctrons in the lav-

functions. In the case of strongly degenerate electron gas, . quasi-r 9ie y
. €rs. This condition is formally given by E416). Only one

whenT—0, we obtain

spin stateo = o, contributes to the current. If the sign of the

47%

o2 Vi . factor A/(a,— ay) is positive(negative, og=— (op=+).
| = — f dgff pdp A sharp change of the current from zero to the value given
k3 o=x J-ewr 0 by Eqg. (15 is smoothed at finite temperatures. In this case,

X 8 &' —eVI2+ Ny | pyp—(p-+ omay)2/2m] using Eq.(13) at#/7; ,—0, we obtain

X 8 e"+eVI2+ N,/ pp— (p+omay)?/2m]. (14) I et’|Al sinh(e V/2T)
#3(a;— ay)? COStieg/T) +costieVi2T)

An elementary integration in this expression gives a simple
result: the contribution comes either from the bramch +

or from o= —, and the current is 80:[(n1—n2)/p2D—eV]2 C gty m(ag—ap)?
2m(a1—a2)2 2p2D 8 ,
et?|A| \% (17)
= a2 V]’ (15 . . _ _
h(a;—ap) whereg, is the energy corresponding to the intersection of

the spectra. The last term & is small in comparison to the

if V falls in the interval described by the following non-
y g other terms and can be neglected. The influence of the dis-

equalities: - . . :
g order (finite 2/ 71 ;) on the tunneling current in the nonlinear
panleV] regime is also important. To ensure that only one spin state
(Nni+Vno— ylag— ay)) < o= 0, contributes to the current in the vicinity ¢f|=po,
[Ny = Vno = ylay— ay| we assume thate;— a,|po>fi/71,. Then, Eq.(13) at T
=0 is rewritten as
<(Vny+Vna+ ylag— ay)).
(16) et? evi2 o
: L . I=2—J de [ dép(po+tdp)
If Vis beyond this interval, the current is equal to zero. (2m)hTy7Ty) —evi2 ~Po

The tunneling currenfl5) is independent of the param- 5 5 S
eters characterizing the scattering. This remarkable property X[(e—eo=v10p—op“2m)*+ (f/27))7]
appears because of t_he intersection qf the.2D electron spectra X[(&—e0—v20p— Sp212m) 2+ (h1275)2] L, (18)
of different layers(with the same spinr) in the energy-
momentum space, see Fig. 3. In these conditions, the elewhere Sp=p—p, andv;=py/m+ ope; are the group ve-
tron tunnel near the intersection points with conservation ofocities of electrons ap=p,. Under the assumed condition
the momentum. Such scattering-independent tunneling bee; — a,|po>1i/7;,, we can neglect the terms quadratic on
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op in the denominators, negleép in comparison t@,, and
shift the lower limit of the integral ovedp to —. In these ny=ng+
approximations, the integrals ovép and ¢ are calculated
analytically, and we find

agpP2p agpP2p
d*

ev, (21

whered* =d+ ag/2—a(1/6— 5/8w?) — 1/\27°n,. For typi-
5 cal electron densities,>10'2cm™2 in the InAs quantum
| = et’A| arctan80+ew2—arctawgo_ewz wells, the principal contribution of the exchange term into
mh3(ay— ay)? r rr d* is estimated as ¥27°n,<1.3 nm. It is more than an
order-of-magnitude smaller than either the typical interlayer
distanced~20 nm or the Bohr radiusig. Therefore, this
KA . .
= , (19 exchange term can be neglected, in agreement with the state-
™M(a;— ay)? ment that the Hartree approximation is expected to work
quite well in the two-dimensional systems based on InAs
wherer 1= (7, '+ 7, 1)/2. semiconductors, see Ref. 26, p. 468. The teafl/6
To find the current-voltage characteristics of the double-—5/872)=0.1a is also small in comparison to+ag/2, so
layer system, one should consider the electrostatic problerthat one can writel* =d+ag/2 with high accuracy. As for
for a structure of the geometry shown in Fig. 1. Such a conthe energyA, it is connected ta,, n,, andV by a simple
sideration relates the electron densities and level spliting relationn;—n,=p,p(eV—A) and, together witn,; —n,, is
to the voltages applied to the gates and contacts. We hawrectly proportional tov. According to the definitiond* is
carried it out for a structure with mirrorlike symmetry, when always larger thamg/2, which gives ugn;—n,|<p,pleV|
the widths of the wells are the same and the donor densitieand the sign ofA always coincides with the sign of the
the distances from the wells to the doping planes, and thapplied voltageV. The consideration presented above does
distances to the gates are equal to each other on both side®t take into account the minor corrections due to the spin
The donor impurities in the doping layers are assumed to bsplitting of the spectrum.
completely ionized, so that an application of the voltages To estimate the velocitiea; and a,, we use the follow-
does not change the density of the charged donors. For thieg expression fow(z):
sake of simplicity, we consider the situation in which the

gates are grounded and the voltage (—V/2) is applied to AP2 d 1
the first(second layer. Neglecting a small correction of the a(z)= "3 dzleq—0(2)-Vo(2)
order ofd/L, whered is the distance between the centers of g P
2D layers andL is the thickness of the structure from one 1
gate to the other, we obtain the following equation: T egt A 0(D V(D)) (22)
2d 1 5\ a whereP is the Kane's velocityg 4 is the energy gap, anfig
( 1+ a_) (n1—ny)— 37,2 a_(nl_ ny) is the energy distance from the valence band to the spin-split
B 4m”) 98 band in the quantum well regions. The valence-band discon-
312 tinuity energyV(z) and spin-split-band discontinuity energy
- _(\/n_l_ \/n_2)=pZDeV, (200  Vs(2) are defined as step functions equal to zero in the quan-
g tum well regions and to constant§, andV in the barrier

regions. The presence ®f,(z) andV(z) leads to singular
where ag=#’e/e’m is the Bohr radius expressed through terms in«(z) proportional tos functions at the interfaces.
the static dielectric permittivitye, which is assumed to be Nevertheless, such terms can be neglected if the velocities
constant across the layers, amis the quantum well width. a;=fd Za(Z)|Fj(Z)|2 are calculated on the basis of the wave
Two last terms in the left-hand side of this equation appeafunctions of hard-wall confinement, i.e., the underbarrier
because of the influence of the electron-electron interaCtiOpenetration of the wave functions is not taken into account.

on the Fermi energies in_the yvells, .taken into account withinp this case, on|y the terms proportiona]do(z)/dz remain
the Hartree-Fock approximation using the ground-state wavsignificant, and

function for rectangular hard-wall confinement potential and
neglecting the terms of the order qi_p(a/f'm).2 and higher in 24P2 A(eq+Ad2) do(2)
the expansion of the exchange interaction energy férm. a(z)= g

Equation (20) should be accompanied by the relatiop 3 el(sgtAy? UZ
+n,=2ng, Whereng is the equilibrium electron density in

each layerat V=0), determined by the doping. Because of Using v(z) calculated from the Poisson equation, and ex-
the small value of the spin-splitting energy in comparison toPressingP? through the effective mags according tom™*

the Fermi energy, the conditiori¢6) of nonzero tunneling =4P%3eq+2P?/3(s4+A), we find

current correspond tb/n; —\/n,|<2n,, when one can ex-

(23

pand the factor/n;— h, in the series ofn;—n, as yn; a1=pB(ny— pypeVag/2d*),
—n,=(n;—n,)/2\/n,. Taking this into account, we derive
from Eg. (20) a simple linear dependence, ar,=B(—Nny,—popeVag/2d*), (24
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e 2h Ag(eqt+A2) . 05k aak
Mpopag £4(eq1 Ag)(3eg+2A¢) A | 40K
The parameteB depends only on material properties. We 0'4__
stress that form=0.03m;, e€=12, £,=0.41 eV, andAq

o
w
T T

=0.38 eV (parameters:q and A for InAs are taken from
Ref. 27, Eq. (24) gives usfi|a;~10 *eV.-m for 2D
electron densities); ,~ 10" cm ™2, typical for InAs-based
heterostructures. This estimate ®f , is in good agreement
with the values obtained from experimental data, see Ref. 6,
and references therein. In the symmetric structur¥’-a0, T 21 20
one hasn;=n, and ;= — a,. A comparison of Eqs(16), V (mV)

(21), and(24) shows that the tunneling current flows under

conditions when the relative changes of electron densitjes FIG. 4. Nonlinear tunneling conductance for a symmetric
and Rashba velocities; induced by the applied voltagé  double quantum well structure with grounded gates as a function of
are small. This property is a consequence of the smallness @fe source-drain voltage foF=4.2 K and 40 K ati/7=0 (solid

the spin-splitting energya; — a,|p, in comparison to the lineg and forT=0 at#/7=0.5 meV(dashed ling The parameters

o
S

o
=

GV) (in units of e*/4k7p"n ?)

—
/
/
/
!
1

e
=}

Fermi energyng/pop - used in the calculation are given in the text.
Let us apply the above results to the calculation of the
current-voltage characteristics. In the symmetric structure we il r<m(ay— a,)?. (27)

consider, the terma; — a,| entering the expressions for the
tunneling current is equal t@(n;+n,)=28n,. Therefore, This condition is difficult to satisfy for reasonable param-
this term appears to be independent of the applied voltagaters. The large effect of the disorder is explained qualita-
and the variation of the maximal value of the tunneling cur-tively if we take into account that the group velocities of
rent at low temperatures is determined by the variatioa of electronsv, andv, near the intersection point are close to
SinceA is proportional toV, it is convenient to introduce the each other, see Fig. 3, and the scattering permits the electrons
nonlinear (voltage-dependentconductanceG+(V). Using  to tunnel through in a rather broad region of energies around
Egs.(17) and(21), we obtain, in the case of zero disorder this point. In Fig. 4 we show the shape of the pealt At
o1 =0.5 meV, which is the typical broadening energy of the
eV No resonant tunneling peaks in GaAs/AlGaAs double-well
COS'{ 2E,T P20T> structures?® The rectangular shape, which would exist at
hl7—0, is lost. Nevertheless, the peak itself is well defined,
eVv| ™! as far as the conditioflL2) is satisfied, and the position of its
+ceosh—| (25 maximum is the same as in the absence of the disorder.

2T

Gr(V)= 5 sinh

ﬁg(al—az

wherer=(1—ag/2d*) is a constant of the order of unity,
and the characteristic enerdy, is defined asEy=m(a,

— a,)?/r?. The conductancé5) has two identical symmet- W calculated the tunneling current between the 2D layers
ric  peaks centered at V=*V,  where Vi,  with a spin-split electron energy spectrum and demonstrated
=e 12nEq/p,p. The width of the peaks at low tempera- that the measurements of the tunneling conductance in both
ture, whenVy>2T, is equal toE,/e. The peaks in this case linear and nonlinear regimes can reveal specific features of
have an almost rectangular shape. In Fig. 4 we @lgtV) in  the Rashba effect. The linear tunneling conductance shows a
the region of positivev for 4.2 K and 40 K, substituting superposition of two Lorentz-like peaks corresponding to a
(a1—ay)?=4B%n3, using the material parameters given resonance contribution of two spin-split subbands. The non-
above, and assumingg/2d* =0.5 andny=2Xx10'? cm™2. linear conductance, as a function of the applied voltage,
The temperature-induced broadening of the peak becomeshows a peak which becomes rectangular in the limit of
significant whenT~Vy/2, and it is negligible at liquid- weak disorder. In this limit, the width and height of the peak
helium temperature. The effect of disorder on the broadeningre independent of the disorder. The position of the peak
is far more considerable. At=0, using Eqs(19) and(21), depends on the Rashba velocities describing the magnitude

IV. CONCLUSIONS

we obtain of the spin splitting.
In contrast, for 2D-2D tunneling in the absence of spin
e’t’r mr(eV—eV3/V+Eg) splitting, there is only one Lorentz pe&kof the tunneling
Gr(V)= LT arctan o7 conductance as a function of the relative density difference

or interlayer level splitting, though its width is given by the
rr(eV—eVS/V—EO) same relation: it is proportional to the product of the Fermi
—arctan : (26)  energy by the scattering time. In the nonlinear regime, the
2% 4 : . -
tunneling current between the layers without spin splitting
The broadening described by this equation can be neglectatecreases with the applied source-drain voltagéfor sym-
only if metric structures. Indeed, the application of this voltage
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drives the system out of the tunneling resonance because tloé the confining potentials in the wells. In the simplest case,
interlayer level splittingA increases with/. The decrease of one can choose for the measurements a mirrorlike symmetric
the current follows the Lorentzian dependence, because thgructure, wherex;= —a, and |ay|=|a,|=|a;—a,|/2. In
tunneling current is proportional A%+ (%/7)%] 2. If the  more complex cases, one can compare the shapes of the con-
double quantum well structure is not symmettfor ex-  fining potentials in the wells by solving an electrostatic prob-
ample, if the wells are of different Wldthsthe tunneling lem for the structure under consideration.

current-voltage dependence has a similar Lorentz-like reso- The important feature of the tunnel contact between 2D

nant peak around the voltage corresponding 0. There-  |ayers with Rashba spin splitting is its selectivity with re-
fore, there are essential qualitative differences between thgyect o the spin number. Indeed, a single peak of the

behavior of 2D-2D tunneling current in the absence of spinynnejing current corresponds to the resonant tunneling of

splitting anq that of th_e case we S.tUd'ed' . either o=+ or o= — states, see Fig. 3. By adjusting the
Let us discuss which information can be obtained from . _
%ate voltages, one can switch froom= — to o=+ tunnel-

the measurements of the tunneling current between 2D laye Therefore. in orincinle. the tunnel contact between 2D
with a spin-split spectrum. If the gate-voltage dependence of'9: NP Pie,

the electron densities; andn, is known, the measurements !ayers_ can work as a spin fil_ter_. A spin-filter resonant tunnel-
of the width and position of the peaks of linear tunneling'™Y d'Odeg based on a similar idea has been recently
conductance give us both the broadening endrfy and p_roposecf._ Ne_vertheles_s, it seems d|ff|c_ult to realize such a
spin-splitting energy, and the latter is described in terms okind o_f spin filter in spin electromc_s. First of all, the elec-
the quantity| e, — a,|. Knowing#/r and|a;— a,| and mea- fons ino=+ or o= — states coming after th.e.pass_age. of
suring the height of the tunneling conductance peaks, onthe tunnel contact are not polarized in a definite direction.
can find the tunneling matrix elementwhich is usually not ~ The direction of the spin polarization depends on the direc-
known precisely from theoretical estimates. The measuretion of their momenta. Therefore, an additional filtering by
ments of the current-voltage characteristics in the nonlineadirection of momentum is necessary. Most important, one
regime provide similar information. In particular, the quan-has to find some way to extract the electrons that just tun-
tity |, — a,| is determined by the position of the pedkif  neled beforer=— ando= + states become intermixed by
the total density of electrons in the structuneyds known.  the scattering. In any case, the spin filtering can become
The measurements of the width and height of the peak alloyossible only near the edge of the tunnel contact area, where
one to extract/7 andt. If the spin splitting is so strong that the description of the tunneling requires a special consider-
the condition(27) is satisfied, the measurement of the width ation beyond the scope of this paper.
of the peak provides complementary information about the In conclusion, we have demonstrated that Rashba spin
quantity |a; — ay|. splitting leads to unusual behavior of the tunneling current
From the tunneling experiment, one can determine dibetween 2D layers and suggested that the measurements of
rectly only the absolute value of the difference of Rashbathis current can be used for direct investigation of the spin-
velocities,|a;— a,|. From a first look, this quantity seems split electron spectra in quantum wells. A fabrication and
less important than the quantities; and «, themselves. experimental investigation of double quantum well structures
Nevertheless, knowinfpy; — a5/, it is possible to determine with independently contacted InAs 2D layers, which could
a4 anda,, because an additional relation betwegranda,  verify our theoretical predictions, remains an issue for future
can often be deduced from the consideration of the symmetrgdvances in microstructure science.
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