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We discuss the properties of resonant tunneling diode with resonant levels in the quantum well. The energy
levels are formed inside the well as a consequence of quantization of the states between two potential barriers. We
solved the Schrödinger equation for the multilayer structure and found the energy of resonant level as a function
of the width of quantum well for dierent parameters of energy prole in the equilibrium. The results present
the dependence of spin splitting in the quantum well of nonmagnetic semiconductor on the spin polarization of
electrodes.
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1. Introduction

magnetic congurations of F electrodes.

Besides, there

appears a possibility of spin torque transfer and, correResonant tunneling diodes [1, 2] attracted a lot of attention recently [37] due to their unique sensitivity to
small variations of the external bias. The reason for such
sensitivity is the presence of discrete or quasi-discrete
levels in the quantum well between two tunneling junctions, so that at some energy of incoming electrons the

spondingly, the manipulation of the magnetic moment
of a ferromagnet.

Obviously, the functionality of such

devices can be enhanced by including magnetic or nonmagnetic semiconductor layers into tunneling magnetic
structures.

An important example is a Si-based ferro-

magnetic structure [1315].
In this work we consider the spin splitting of energy

tunneling amplitude has a very strong maximum, which
The resonant tunneling can

levels in the quantum well of nonmagnetic semiconductor

be also observed in structures with a quantum dot be-

in equilibrium. In such a case there is no spin-polarized

tween two metallic electrodes and double tunnel barri-

current through the quantum well. However, ferromag-

ers on both sides of the quantum dot. However, in the

netic electrodes can aect the electron states in the quan-

case of quantum dot the problem is much more compli-

tum well due to the dierent hopping amplitudes of spin-

cated because of the essential role of electronelectron

polarized electrons through the tunneling barrier.

interactions.

Such eects are not so important for the

work is mostly inspired by the experiments of Refs. [16

quantum well, and the properties of systems with a two-

19], where the spin splitting of level in the quantum well

dimensional quantum well can be described in the one-

has been registered by the currentvoltage characteris-

particle approximation.

tics and spin-resolved luminescence measurements. Our

can be easily registered.

The sensitivity of tunneling diodes to the location of
energy levels in the quantum wells makes it possible to

Our

model and the choice of parameters mostly correspond
to these experiments.

study the small spin splitting of the levels when the semiconductor is magnetized [8]. In the case of the quantum

2. Model

well in nonmagnetic semiconductor there is also a possibility of spin splitting of levels in quantum well provided
It is related to

We consider the semiconductor structure schematically

the dierence in the ux of spin up and down electrons

presented in Fig. 1, which shows the variation of the con-

propagating through the quantum level.

duction band edge along the

that the electrodes are ferromagnetic.

It should be noted that the problem of spin-resolved
tunneling in magnetic tunneling structures is of main importance for various spintronic applications [9]. For example, by using F/I/F structures (here F refers to a ferromagnet and I to an insulator), one can achieve strong
tunnel magnetoresistance (TMR) [1012] eect varying

x

axis. The structure con-

sists of a ZnBeSe quantum well (QW) separated from ZnMnBeSe diluted-magnetic semiconductor by a thin tunneling barrier. On the other (right) side of the QW there
is a relatively thick barrier.

Both barriers are of ZnSe

semiconductor. We assume that only tunneling of electron through the left very thin barrier should be taken
into acount to establish the energy spectrum of electrons.
The magnetization of ZnMnBeSe is generated by weak
magnetic eld which polarizes the magnetic moments of
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Mn atoms. This model corresponds to the experiment of
Refs. [18, 19].

(222)
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Due to the size quantization in QW, a localized elec-

E0

tron state with energy

can be formed. Even though

the ZnBeSe is nonmagnetic, there appears magnetic splitting of the quantization level due to the dierent tunneling probability through the barrier of spin up and down
electrons.

The spin splitting of the conduction energy

band of ZnMnBeSe is dened by

Uu

and

Ud

for the spin-

up and spin-down energy bands, respectively.
Here we assume that this structure is in equilibrium,
which means that there is no electric current in

x

di-

rection. We consider the electron states in the quantum
well. In the case of magnetized electrode, one can consider separately up and down spin states corresponding
to the orientation of quantization axis, which is dened
by the magnetization vector.

Therefore, in the follow-

ing we present the results for an arbitrary position of the
o-band parameter

U,

which can refer to any spin polar-

ization. Correspondingly, we denote by the same

E0

the

energy level for spin up or down electrons.
The problem should be treated in a dierent way for
the case of

E0

the

U > E0

and

U < E0 .

Indeed, in the rst case

level is discrete but in the opposite case there is

no size quantization and no pure localized states due to
the penetration of an electron to the continuos spectrum
of left electrode.

Fig. 1. Conduction band prole in the multilayer
structure with a magnetized left electrode (spin injector) and electron states in the semiconductor quantum
well.
of this energy as a function of parameter
in Fig. 2.

The dependence

E0 (U )

U

are presented

determines the spin

splitting, which is the dierence between two values of

E0

corresponding to

U = Uu

and

U = Ud ,

respectively.

Obviously, the spin splitting is strongly depending on the
thickness of tunnel barrier

d.

3. Discrete quantum level
In the case of

U > E0

the wave function of the local-

ized state can be presented as

ψ(x) = Aeκx ,
ψ(x) = B e

κ0 x

ψ(x) = D e
ψ(x) = F e

x < 0,
+Ce

i k0 x

−κ0 x

+ Ge

,

− i k0 x

(1)

0 < x < d,

(2)

, d < x < d + a,

(3)

−κ0 x

,
x > d + a,
(4)
with coecients A, B, C, D, G, F , which should be determined by using the conditions of continuity of the the
wave function and its derivative at all interfaces, as well
as the usual condition of wave function normalization.
Here we denoted

p

2m(U − E0 )/~,
p
κ0 = 2m(U0 − E0 )/~,
p
k0 = 2mE0 /~.
κ=

(5)
(6)
(7)

We assume no in-plane motion of electrons, i.e. the corresponding components of the wave vector

ky , kz = 0.

It

means that the discrete levels in this model determine
the location of energy-band edges of the two-dimensional

Fig. 2. Dependence of the level position E0 on the oband parameter U for dierent values of the barrier
width d. The case of E0 < U .

motion of spin-polarized electrons within the QW.
Using six equations for the continuity at
and

x = d + a,

x = 0, x − d

4. Quasi-discrete level

and the equation of normalization we can

nd the coecients in (1)(4) and an equation determining the energy of the localized state in the QW:

κ0 ( e2κ0 d + 1) + κ( e2κ0 d − 1)
κ0 cos(k0 a) ± 1
=
. (8)
2κ
d
2κ
d
0
0
κ( e
+ 1) + κ0 ( e
− 1)
k0 sin(k0 a)
By using Eqs. (5)(8), one can calculate the energy E0 of
the localized state. The results of numerical calculation

In the case of

U < E0

there is an electron tunneling

from the level into conduction band of ZnBeMnSe. Thus,
the level is quasi-discrete because there are electron states
with all energies
the distribution
inside the QW

E > U . In this case, one can calculate
|ψ|2 (E) where ψ is the wave function
(for x = d + a/2). The peak at this
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equilibrium state of system assuming that there is no
electric current. The splitting of the energy level in the
quantum well is related to the dierent hopping of spinpolarized electrons through the barrier.

Using the pa-

rameters of ZnMnBeSe/ZnSe/ZnBeSe structure we calculated the dependence of location of dicrete or quasidiscrete level on the parameters of magnetization of electrodes and on the width of tunneling barrier.
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Fig. 3. Probability distribution |ψ|2 (E) for dierent
values of the o-band parameter U in the case of U <
E0 . The maximum of each curve corresponds to the
position of quasi-discrete electron energy level.
dependence on the energy corresponds to the position of
quasidiscrete level in QW. The maximum of each curve

E as U goes down.
x < 0 the wave function is
ψ(x) = e i kx + Ae− i kx ,
x < 0,
p
with k =
2m(E − U )/~, whereas for x > 0

goes to higher
For

(9)
it has the

same form as in Eqs. (2)(4) with substitution

E.

E0 →

Using Eqs. (2)(4), (9) and the continuity condition

for the wave function and its derivative at all interfaces,

D and E determining the
ψ(x) within the quantum well for any values
of energy E . The relation between coecients G and D is
we can nd the coecients
behaviour of

κ0 + i k0 2 i k0 (a+d)
e
,
(10)
κ0 − i k0
and an explicit expression for D reads

D = −4 iκ0 k(κ0 − i k0 ) e− i k0 d / (κ20 − k02 )(κ0 − i k)
G = −D

×(1 − e2 i k0 a ) eκ0 d − (κ20 + k02 )(κ0 + i k) e−κ0 d

×(1 − e2 i k0 a ) − 2 iκ0 k0 (κ0 − i k)(1 + e2 i k0 a ) eκ0 d .
(11)
The magnitude of

2

|ψ(x̄)|

determines the probability to

E,
x̄ ' d+a/2 is an expected localization maximum of

nd a quasi-localized in QW electron at some energy
where

this probability. This probability presented as a function
of energy is shown in Fig. 3. It has a sharp resonance for
the energy

E

corresponding to quasi-discrete level of the

ground state in QW.

5. Conclusions
We have studied spin-dependent electronic transport
through the tunneling barrier in a multilayer system with
the semiconductor quantum well. We concentrate on the
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