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Abstract
The energy spectrum and states of an electron in a non-magnetic/magnetic
heterostructure placed between two materials (e.g. oxides) acting as barriers
is studied in the presence of a magnetic field perpendicular or parallel to the
well. A potential step is formed at the interface between the non-magnetic and
magnetic material in the presence of a magnetic field since spin-up electrons
see a barrier whereas the spin-down ones see a well. A rich band structure is
obtained which can be tuned by a perpendicular electric field. Numerical results
are presented for a ZnSe/Zn1−x MnxSe heterostructure and their pertinence to
spin-polarized transport is pointed out.

1. Introduction

With the emergence of the field of spintronics the study of magnetic quantum structures has
been intensified due to their potential usefulness in a new generation of devices that exploit
the spin rather than the charge of the electrons [1]. Some of the structures studied involve
inhomogeneous magnetic fields [2], on the nanometre scale, either external or built-in as in the
case of diluted magnetic semiconductors (DMS) (see [3] for recent reviews). More specifically,
magnetic resonant tunnelling diodes [4] and spin filters [5, 6] have been studied as well as spin
transport in asymmetric tunnel structures [7], spin-polarized ballistic transport in a quantum
wire [8], magnetic-field switching of spin injection and coherence [9], energy transfer in ZnSe-
based double quantum wells [10], etc. In addition, Monte Carlo studies of magnetic ordering
have been reported [11], and more recently the influence of positional disorder of Mn atoms
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Figure 1. Schematics of the structure: a non-magnetic/magnetic heterostructure is confined by
infinitely high potential walls. It has a step at the interface between the non-magnetic (ZnSe) and
magnetic (Zn1−x Mnx Se) material when an external magnetic field is applied.

on the magnetic properties has been investigated [12, 13]. Many more topics, including spin-
polarized transport, can be found in the very recent review of [16].

Experimentally it has been shown that in a GaAs:Mn DMS quantum well it is possible to
manipulate the magnetization state, e.g. to reverse it, using a perpendicular electric field [17].
The mechanism for this reversal is based on a variation of the hole density induced by
the electric field which in turn changes the Curie temperature. In the present study we
consider a II–VI DMS system where the free carriers are electrons instead of holes and the
manipulation of the magnetic state is due to an electric-field induced spatial shift of the electron
wavefunction at constant electron density. In detail, we study the energy spectrum and states
of an electron in a quantum well formed when a non-magnetic/magnetic heterostructure is
confined by infinitely high walls. This is the case of a ZnSe/Zn1−x MnxSe heterostructure,
confined between, e.g., oxide layers, and the resulting quantum well has a step at the interface
between ZnSe and Zn1−x Mnx Se, as shown in figure 1 for the case in which the band offset
between ZnSe and Zn1−xMnx Se is negligibly small [4, 14, 15]. Our study takes into account
a magnetic field perpendicular or parallel to the well, as well as an electric field perpendicular
to the well. Usually the effect of the positional disorder of Mn atoms on the subbands is
neglected [4, 14, 15]. Though for low concentrations x this disorder can have an important
effects on the subbands and the magnetic properties [12, 13], we will not include it in our study.

In the next section we formulate the problem and derive the corresponding differential
equations that we solve numerically. In section 3 we present numerical results for the energy
levels, electron velocity and density of states (DOS). Then in section 4 we discuss the tunability
of the polarization of the two-dimensional electron gas (2DEG) in the quantum well by a
perpendicular electric field and make concluding remarks in section 5.

2. Formulation of the problem

We consider electrons in the non-magnetic/magnetic quantum well shown in figure 1. In order
to reduce the number of parameters we assume for convenience that the quantum well is formed
by infinitely high barriers. The generalization to barriers of finite height is straightforward but
it will not change qualitatively the physics we will discuss in the present work.

In Mn-based semi-magnetic II–VI semiconductor systems in the presence of an external
magnetic field conduction electrons interact with the 3d electrons of the localized magnetic
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moments of the Mn ions via the sp–d exchange interaction. As a result, spin-up electrons
see a barrier while spin-down electrons see a well, and a stair potential well results as shown
in figure 1. Within mean field theory and for a magnetic field B along the z axis, the sp–d
exchange interaction gives rise to the potential Vσz = −N0ασz xeff〈Sz〉 in the Mn-doped layer,
while Vσz = 0 in the ZnSe layer. Here, in line with [5, 14] and [15], we neglect a conduction
band offset between the two layers. A similar potential arises when B is perpendicular to the
well but in this case the potential depends on the electron spin component along the y direction.
Here N0α is the electronic sp–d exchange constant, σz = ±1/2 the spin component parallel to
the field B , xeff = x(1−x)12 is the effective Mn concentration accounting for antiferromagnetic
pairing [5, 9], x is the real Mn concentration, 〈Sz〉 is the thermal average of the z component of
the Mn2+ spin, given by the modified 5/2 Brillouin function (5/2)B5/2(5μB B/kBTeff), and
Teff = T + T0 is the effective temperature with T0 the Mn–Mn interaction at T = 0 K
determined from the macroscopic magnetizations [18]. In the effective-mass approximation
the Hamiltonian of an electron is given by

H = (p + eA)2/2m∗ + Vs + Vσz (z)− eEaz, (1)

where p is the momentum operator and A the vector potential. Notice that we include the
effect of the magnetic field on the electron orbit which is often neglected in treatments of DMS
materials. Further, Vs = gsμBσz B/2, with gs the effective Landé factor and μB the Bohr
magneton, describes the Zeeman splitting, Ea is an electric field applied perpendicular to the
quantum well, and W is the width of this well. We will refer to the sum of the first two potential
terms as the effective potential V (z, B) given by

V (z, B) = Vs + Vσz (z). (2)

2.1. Perpendicular magnetic field B = Bẑ

When the magnetic field is along the z axis the electron motion is decoupled from that
in the (x, y) plane. The in-plane motion is quantized in Landau orbits with wavefunction
Fn(x, y) and energies En = h̄ωc(n + 1/2), where n is an integer n = 0, 1, 2, . . . and ωc

the cyclotron frequency. Then the Schrödinger equation Hψ = Eψ , with ψ = Fn(x, y)ϕ(z)
the wavefunction, reduces to the one-dimensional differential equation[

− h̄2

2m∗
d2

dz2
+ V (z, B)− eEaz

]
ϕ(z) = Ezϕ(z), (3)

and the total energy is given by E = En + Ez . It is convenient to use the magnetic length
�B = (h̄/eB)1/2 as the unit of length and E∗ = h̄2/2m∗�2

B = h̄ωc/2 as the unit of energy. Then
equation (3) is rewritten as[

− d2

dz2
+ V (z, B)− Vaz

W

]
ϕ(z) = Ezϕ(z), (4)

where Va = EaW is the potential drop over the quantum well due to the applied electric field.

2.2. In-plane magnetic field B = B ŷ

Using the Landau gauge A = (Bz, 0, 0) the Schrödinger equation takes the form[
(p2

y + p2
z )/2m∗ + (px + eBz)2/2m∗ + V (z, B)− eEaz − E

]
ψ(x, y, z) = 0. (5)

Since the components py and px commute with H , the wavefunction is sought in the form

ψ(x, y, z) = eikx x eiky yϕn,kx (z)/S1/2, (6)
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Figure 2. The potential step V between the magnetic and non-magnetic layer, normalized to
E� = h̄ωc/2, as a function of the magnetic field B for three different effective temperatures
Teff = T + T0.

Table 1. Magnetic-field dependence of the potential step shown in figure 1.

B (T ) 2 4 6 8 10 12 14 16 18 20

V (meV) 4.19 6.57 7.68 8.23 8.54 8.73 8.85 8.94 9.01 9.06

where S is the area in the (x, y) plane. With this wavefunction the energy can be written as
E = En(kx , ky) = En(kx)+ h̄2k2

y/2m∗ and ϕn,kx (z) is the solution, in the dimensionless units
specified above, of the equation[

− d2

dz2
+ (kx + z)2 + V (z, B)− Vaz

W
− En(kx)

]
ϕn,kx (z) = 0. (7)

Equations (4) and (7) are solved numerically using standard finite-difference techniques and
the results are presented below.

3. Effect of a magnetic field in the absence of an external electric field

The parameters we used in all calculations are m∗ = 0.16me, with me the free-electron mass,
and gs = 1.1. For x = 0.05 we have N0α = 0.26 eV and T0 = 1.7 K in the Zn1−x Mnx Se
layer. In figure 2 we show the magnetic-field tunability of the size of the potential step V in the
quantum well (cf figure 1) between the ZnSe and the DMS material Zn1−x Mnx Se for x = 0.05
and different values of the effective temperature. Notice that in figure 2 the potential step V is
scaled by E∗ ∼ B which is responsible for the decrease of V/E� as a function of B . In real
units though V increases with B (see table 1). The absolute values of the effective potential V
in this table are given for W = 40 nm and Teff = 5.9 K. The magnitude of V depends on B .
For sufficiently strong B , increasing B does not affect 〈Sz〉; only the Zeeman term is affected
but not in a significant way. The results pertaining to sections 2.1 and 2.2 will be referred to,
respectively, as case I and case II results. The zero of the energy is at the bottom of the well
in the ZnSe layer and the Zeeman term is neglected because it is very small compared to the
exchange splitting.

For case I the eigenvalues for the lowest 20 spin-down levels, with kx = ky = 0, are shown
in figure 3. The kink in the results near n′ = 10 occurs when E = 0. For E < 0 the electron
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Figure 3. Energy spectrum versus quantum number n′ for the first 20 spin-down levels, with
kx = ky = 0; the magnetic field is perpendicular to the quantum well. The height of the potential
step is V/E∗ = 10 and the width of the well W/�B = 20. The widths of the non-magnetic and
magnetic layers are equal. The inset shows the wavefunctions for n′ = 1, 10, 15.

is localized in the local potential well, while for E > 0 it is localized in the broad quantum
well. Thus the effective width of the potential well for n′ < 10 is smaller than for n′ > 10 and
consequently the spacing between the energy levels is rather different. The wavefunctions of
the ground and excited states for n′ = 1, 10, 15 are shown in the inset. Due to the symmetric
confinement the wavefunctions of the spin-up and spin-down electrons can be transformed into
each other through a reflection with respect to z = 0, because for the spin-up electrons the
ZnSe layer plays the role of the well while for the spin-down ones the Zn1−xMnx Se layer does
it. The ground state is quite localized in the well but the excited states can penetrate into the
barrier and the n′ = 15 state, with an energy larger than the height of the ZnSe barrier, is more
localized in the barrier region.

From now on we take the magnetic field parallel to the interfaces, i.e. we consider case
II. The dispersion relation is shown in figure 4 for the ten lowest levels for spin-up (dashed
curves) and spin-down (solid curves) electrons, and two different widths W of the quantum
well as indicated. Notice that the spectrum is continuous but the energy is not symmetric in kx .
As can be seen, the energy levels of the spin-down electrons are lower than those of the spin-up
electrons for kx < k�x , where the value of k�x depends on the system parameters and the strength
of the magnetic field. For kx > k�x both levels are degenerate. The difference between the
minimal values of both dispersion curves is approximately equal to the height of the effective
potential.

In order to understand the peculiar behaviour of the dispersion relation we consider the
situation of figure 4(b). In the presence of a magnetic field the energy at low |kx | values can
no longer be described by a parabola. The energy of the ground state of the spin-up electrons
decreases to E0/E� = 1 with decreasing |kx |, whereas the minimum of the energy curve for the
spin-down electrons is at E0/E� = −9. The cause of this behaviour is as follows. The energy
of the lowest Landau level is +1 in our dimensionless units and therefore the bottom of the
lowest, spin-down Landau level, which is in the right part of the well, becomes, in these units,
E0/E� = −10 + 1 = −9. Similarly, the level at E0/E� = 11 can be understood as the lowest
Landau level for the spin-up state localized in the right half of the quantum well. The right
flat part of E0 is the lowest Landau level in the left part of the quantum well. Comparing the
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Figure 4. Energies of the ten lowest levels for spin-up (dashed curves) and spin-down (solid curves)
electrons versus kx�B, with ky = 0, V/E∗ = 10, and two different values of the well width:
W/�B = 10 in (a) and W/�B = 20 in (b). The magnetic field is parallel to the quantum well.

two graphs, i.e. figures 4(a) and (b), it can be clearly seen that the dispersion relations behave
similarly, but when the width of the layer decreases the energy increases more rapidly for fixed
kx .

The apparent steps in the dispersion relation seen in figures 4(a) and (b) can be understood
as follows. It can be seen that with increasing kx the energies of the spin-up and spin-down
electrons become equal; this results in an anti-crossing of energy levels. This anti-crossing
occurs at higher values of kx as the energy of the state increases. It is also clearly seen that
there is no step in the ground state level whereas there are m steps in the mth excited level. The
reason is that for each spin the system in figure 1 can be viewed as two coupled square wells.
Each square well has a set of well-defined energy levels and dispersions, and the two sets
hybridize. The numerically exact calculation of the energy levels shows this hybridization that
results in the anti-crossings of the different energy levels. Now it is clear that the discontinuous-
like behaviour of the dispersion relation is a result of two overlapping sets of energy levels. This
corresponds, respectively, to a dominant localization of the electron in the well (kx < 0 for spin
down) or in the barrier (kx > 0 for spin up).

It is interesting to calculate the electron velocity vx = (1/h̄)(∂E/∂kx) which is important
for transport. The velocities for the lowest three spin-up and spin-down levels are shown in
figure 5. Notice that the velocities vanish over a wide range of kx values separated by a region
where the anti-crossings occur. For large |kx | values this is no longer the case and these states
are replaced by the edge states. Notice also that the velocities of the spin-up and spin-down
electrons have opposite signs and their absolute values are symmetric with respect to kx = 0.
This behaviour of the velocity should be reflected, e.g., in the diffusive conductivity σxx along
the quantum well since σxx , at very low temperatures, is mainly determined by the value of v2

x
at the Fermi level.

The DOS, D(E) = 〈δ(E − H )〉 = 1/(∂E/∂kx), is shown in figure 6. It shows the
well-known 1/(E − E0)

1/2 singularities for 1D systems each time a new subband is occupied.
When the Fermi energy is small it is clear that only electrons with spin-down polarization are
present. This results in a strongly spin-polarized current along the quantum well. Only when
the electron density is sufficiently large and the Fermi energy is positive (EF > 0) can electrons
occupy the spin-up state.
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Figure 6. The density of states (DOS) versus energy for spin-down electrons (left panel) and spin-
up electrons (right panel) for W/�B = 5 and V/E∗ = 10. The magnetic field is parallel to the
quantum well.

4. Effect of an electric field

The dispersion relation of the ground state and of the first, third, fifth and seventh excited states
is shown in figure 7 for two different biases Va. As mentioned earlier, the Zeeman energy
is negligible compared to the exchange splitting and was not taken into account. It is seen
that applying a positive bias shifts the energy levels upward, in particular for kx < 0. If the
bias is negative, the levels are shifted downward. Thus, one can spatially shift the polarized
electrons from the DMS material into the non-DMS material by applying an electric field. In
the non-DMS material we have unpolarized electrons because the spin-down and spin-up levels
coincide. This is clearly seen for larger positive Va values for which the absolute minimum of
the energy spectrum occurs at positive kx values. The quantum well for a given spin is spatially
asymmetric because of the external magnetic field. The carriers have higher density in the
deeper part of the well. By applying an electric field the deeper part can be raised above the
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Figure 7. Dispersion relation of the ground state and of the first, third, fifth and seventh excited
spin-up and spin-down states versus kx�B for two different values of Va/E∗ with W/�B = 5 and
V/E∗ = 10. The magnetic field is parallel to the quantum well.

shallower part of the well (namely, to reverse the asymmetry). Then the spatial density of the
carriers will move accordingly. In our case this field–charge interaction phenomenon can be
used to manipulate the spatial density of the different spins. Thus, by using an electric field
we can tune the relative population of the spin-up and spin-down electrons and consequently
control the magnetization of the electron system. Using an electric field we can depolarize the
2DEG in the quantum well.

The density of states of the spin-up and spin-down levels is shown in figure 8 for two
values of Va. The plot clearly shows the tunability of the states by the electric field.

5. Concluding remarks

We studied the energy spectrum, velocity and density of states of an electron in confined non-
magnetic/magnetic heterostructures. The resulting quantum well has a potential step at the
interface between the non-magnetic and magnetic material and, depending on its height, can
strongly affect these electron properties. As a concrete example we studied in detail these
properties for an electron in a ZnSe/Zn1−x Mnx Se heterostructure, shown in figure 1, confined
by infinitely high walls. Our study took into account a magnetic field, perpendicular or parallel
to the well, as well as an electric field perpendicular to the well. The assumption of infinitely
high barriers is not essential for the physics discussed in this study and may easily be relaxed
to that of finite-height barriers.

The potential step mentioned above leads to a spatial separation of spin-up and spin-down
electrons. We obtained a rich band structure shown in figures 3, 4 and 7, an unusual group
velocity for the electrons (figure 5) as well as a density of states with an unusual structure
(figures 6 and 8). As shown in section 4, this band structure can be tuned by a perpendicular
electric field. It is worth noting how the spin state can be manipulated by such an electric field
as figures 6–8 demonstrate. As detailed in section 4, this manipulation is due to an electric-field
induced spatial shift of the electron wavefunction at constant electron density. It is obvious that
similar results should be obtained for confined non-magnetic/magnetic heterostructures other
than the particular one studied in the present work. It should be noticed though that we have
neglected the positional disorder of Mn atoms on the subbands [12, 13]. For low concentrations
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Figure 8. Relative density of states versus energy for spin-down (bottom panels) and spin-up
electrons (top panels) for biases, Va/E∗ = 10 (left panels) and Va/E∗ = 30 (right panels) with
W/�B = 20 and V/E∗ = 10. The magnetic field is parallel to the quantum well.

x this can have an important effect on the subbands and the magnetic properties but we expect
it will not invalidate our conclusions qualitatively.

Though we did not evaluate the transport coefficients, it is evident, especially on account
of the electron velocities shown in figure 5, that transport in such a non-magnetic/magnetic
heterostructure will be strongly affected by the presence of the potential step and the
confinement producing the edge states. As indicated at the end of section 3, a strongly spin-
polarized current can result along the quantum well. This step and confinement should also
affect the spin polarization. The pertinent transport study will be undertaken separately.
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