
APPLIED PHYSICS LETTERS 89, 132112 �2006�
Interplay between s-d exchange interaction and Rashba effect:
Spin-polarized transport
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The authors investigate the spin-polarized transport properties of a two-dimensional electron gas in
a n-type diluted magnetic narrow gap semiconductor quantum well subjected to perpendicular
magnetic and electric fields. Interesting beating patterns in the magnetoresistance are found which
can be tuned significantly by varying the electric field. A resonant enhancement of spin-polarized
current is found which is induced by the competition between the s-d exchange interaction and the
Rashba effect �Y. A. Bychkov and E. I. Rashba, J. Phys. C 17, 6039 �1984��. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2357888�
Recently, spin related phenomena in semiconductors
have acquired a renewed interest because of the possibility of
using the spin degree of freedom of carriers to construct
spintronic devices.1 One of the central issues in semiconduc-
tor spintronics is the creation of spin-polarized current. In a
diluted magnetic semiconductor �DMS�, the large s-d ex-
change interaction between the conduction electrons and the
localized magnetic ions provides the possibility of tailoring
the electron spin splitting and consequently modifies signifi-
cantly the transport property of spin-polarized electrons. Via
vertical tunneling through DMS and ferromagnetic metallic
junctions, efficient spin injection into semiconductors has
been demonstrated.2–7 The motion of an electron spin in a
DMS or conventional semiconductor may also be modified
by the so-called Rashba spin-orbit interaction �SOI�.8 This
interaction offers the opportunity to manipulate electron spin
in a two-dimensional electron gas �2DEG� via an external
electric field instead of a magnetic field.9 The coupling may
lead to interesting effects, e.g., the recently demonstrated10,11

spin Hall effect.12 Experimentally, it was found that the
Rashba SOI can modify significantly the magnetotransport
property of 2DEG in an InGaAs/ InAlAs heterostructure.13

In this letter, we investigate theoretically the spin trans-
port properties of a 2DEG in a paramagnetic DMS in the
presence of perpendicular magnetic and electric fields. We
include both the s-d exchange interaction, which can be
tuned by the magnetic field, and the Rashba SOI, whose
strength can be modified by a perpendicular electric field. We
found that a strong resonance-enhanced spin-polarized cur-
rent may appear at a critical Rashba SOI strength even at low
magnetic fields.

Let us consider a 2DEG confined in a Mn-based DMS
quantum well in the presence of perpendicular magnetic and
electric fields. The Hamiltonian of the conduction electron
including the SOI and the s-d exchange interaction14 is given
by
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Ĥ = �p + eA�2/2me + �/���p + eA� � ez� · � + Ĥz + Ĥex,

�1�

where � is the Rashba SOI strength, Ĥz=ge�BB�̂z /2 is the

intrinsic Zeeman term, and Ĥex=−� jJ�r−R j�� /2 ·S j is the
s-d exchange interaction between the conduction electron
spin �� /2� and the localized spins �S j�. Within the mean-

field approximation, Ĥex=−N0�exx�Sz��̂z /2, where N0�ex de-
scribes the strength of the s-d exchange interaction, x is the
fractional occupancy of the Mn ions on cation sites, and �Sz�
is the thermal average of the Mn spin.

The eigenvalues and eigenstates of the electron are
�n=1,2 , . . . �

En
�±� = �n ± ����c,

E0 = ���c − �Z�/2,

� = ���Z/���c� − 1�2/4 + 2n��/�lB��c��2, �2�

	n,ky

�±� = eikyy/�Ly�Cn
�±�
n−1	↑� + Dn

�±�
n	↓�� , �3�

	0,ky
= eikyy/�Ly
0	↓� . �4�

Here �Z=ge�BB−N0�exx�Sz�, Ly is the sample length along
the y axis, 

n� are harmonic oscillator functions centered
at x0=−kylB

2�lB=�� / �eB��, Cn
�+�=−Dn

�−�= Pn /An, Cn
�−�=Dn

�+�

=1/An for �Z���c, Cn
�+�=Dn

�−�=1/An, Cn
�−�=−Dn

�+�=−Pn /An

for �Z���c, Pn=�2nlB
−1� / �	�Z−��c	 /2+��c��, and An

=�1+ Pn
2. It is interesting to notice that the zeroth Landau

level �LL� �	0,ky
� is decoupled from other LLs and is always

a spin-down eigenstate when the strength of the Rashba SOI
��� varies.

The broadening of the LLs induced by impurity scatter-
ing is obtained from the Fermi golden rule nky�

=��n�ky���Wnky�,n�ky����� ,��= ± �, where Wi,j is the impurity
scattering rate from initial state 	i� to final state 	j�. Based on
the quantum Boltzmann equation,15 the conductivity is given

by
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�xx =
e2

2kBTR
�
i,j

f�Ei��1 − f�Ej��Wij��x�i − �x� j�2, �5�

where f�Ei� is the Fermi distribution function and �x�i is the
cyclotron center of state 	i�. The resistivity is obtained from
�xx=�xx /S, where S= ��xx�2+ ��xy�2��ene /B�2.

In the presence of the SOI, the eigenstates of the electron
are no longer pure spin-up or spin-down states, but a mixture
of them �except 	0,ky

�. The most widely used definition of the
current polarization is PJ= ��xx

↑ −�xx
↓ � / ��xx

↑ +�xx
↓ �,16 with

�xx
↑,↓ = ��

i,j
f�Ei��1 − f�Ej��Wij��x�i − �x� j�2Pj

↑,↓, �6�

where �=e2 / �2kBTR� and Pj
↑= 	Cj

±	2�Pj
↓= 	Dj

±	2� is the
spin-up �spin-down� probability of the final state 	j�. The
definition of the current polarization PJ is consistent with the
usual definition in the case of zero SOI ��=0� and ap-
proaches zero in the case of strong SOI ��→�� as expected.
In the case of �=0, our theoretical model can produce ex-
cellent agreement with recent experiment, demonstrating the
validity of our theory.17

In order to investigate the interference between the s-d
exchange interaction and the Rashba effect, we consider a
narrow band gap DMS 2DEG in Hg0.88Mn0.12Te, where the
Rashba SOI strength could be strong.18 The following pa-
rameters are used: Eg=0.2 eV, N0�ex=400 meV, ge=−41,
xeff=0.02, me=0.04m0 �m0 is the free electron mass�, nI=3
�109 cm−2, and electron density ne=4�1011 cm−2.14,19 The
magnetoresistance �xx is shown in Figs. 1�a�–1�c� for differ-
ent perpendicular electric fields, i.e., different Rashba SOI
strengths ��=0, 5, and 160 meV nm�. The beating patterns,
which are imposed on the Shubnikov-de Haas oscillations of
�xx, arise from the sweep of the ��� branch LLs over the ���
branch LLs. The behavior of �xx is changed significantly by
introducing the Rashba SOI �see Figs. 1�e� and 1�f��, since

FIG. 1. ��a�–�c�� Longitudinal magnetoresistivity �xx and ��d�–�f�� energy
spectra at T=1 K as a function of magnetic field for �=0, 5, and
160 meV nm. The thickest solid lines in �d�–�f� denote the Fermi energies,
while the thin solid and dashed lines denote the ��� and ��� branches of
LLs, respectively. The thicker dash-dotted lines denote the zeroth spin-down
LL.
the interplay between the s-d exchange interaction and the
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Rashba SOI Ref. 20 changes the relative position of the two
branches of LLs �see Eq. �2��. For very strong Rashba SOI,
�xx exhibits a very different behavior due to the separation of
the two branches ��� of LLs �see Figs. 1�c� and 1�f��.

In the absence of the Rashba SOI, a strong polarization
of the current can be obtained by applying a strong magnetic
field �see Fig. 2�a��. It is interesting to find that the current
polarization PJ oscillates with increasing magnetic fields and
approaches ±100% at strong magnetic fields, while the car-
rier polarization Pc�n↑−n↓� / �n↑+n↓� is always much
smaller. The physical reason is that PJ is related to the
density-of-states polarization on the Fermi surface, while Pc
is determined by the carrier population. Thus our theoretical
results show that a spin-polarized current in the DMS 2DEG
can be realized by adjusting the magnetic field or electron
density such that EF lies at the center of one spin-split LL.

The influence of Rashba SOI behaves like a momentum-
dependent in-plane effective magnetic field �see Eq. �1��. It
mixes the spin-up and the spin-down LLs except �	0,ky

� such
that the electron eigenstates are no longer spin eigenstates,
which, in most situations, reduces the spin polarization of the
current �see Fig. 2�b��. However, it is interesting to notice
that the Rashba SOI could induce a resonant enhancement of
the spin polarization of the current �see the deep dip at �m in
Fig. 3� for a fixed magnetic field. This interesting feature can
be understood from the inset of Fig. 3. For strong Rashba
SOI, the two branches ��� of LLs consist of nearly equal

FIG. 2. Spin polarization of carrier Pc and current PJ for �a� �=0 and �b�
�=5 meV nm at T=1 K.

FIG. 3. Spin polarization of current vs the SOI strength for a fixed B
=0.5 T at T=1 K. The inset shows the LLs and the Fermi energy as a
function of the SOI strength. The line type is the same as in Fig. 1. ne=4

11 −2
�10 cm and xeff=0.02.
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spin-up and spin-down components, leading to a vanishingly
small current polarization �see Eq. �6�� when they coincide
with the Fermi energy. In contrast, the zeroth spin-down LL
is a spin-down eigenstate and it contributes a pure spin-down
current when it coincides with EF. With increasing Rashba
SOI, branch ��� ����� LLs are shifted to lower �higher�
energies, while the energy of the zeroth spin-down LL keeps
constant �see Eq. �2��. Consequently, the Fermi energy de-
creases and coincides with the zeroth spin-down LL, leading
to resonant enhancement of the spin polarization of the
current.

In conclusion, the competition between the s-d exchange
interaction and the Rashba SOI provides us with an interest-
ing possibility to create spin-polarized current in low-
dimensional semiconductor structures. Strong spin-polarized
current can be achieved even when the polarization of carri-
ers is very small. A large spin polarization of current induced
by the Rashba effect is predicted at low magnetic fields.

This work is partly supported by the NSF and MOST of
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