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Abstract

We develop a simple analytical model to study the influence of different material systems on the operation of a

quantum-point-contact spin filter. Such a device has been predicted to allow for local control of the spin polarization in

a semiconductor, and for direct electrical detection of the induced spin polarization. Narrow band-gap semiconductors,

such as InAs and InSb, are predicted to exhibit excellent spin-filter characteristics, due to their large g-factor values, and

enhanced subband splittings. As a practical step towards the realization of such a spin filter, the electrical properties of

InGaAs quantum wires are investigated. r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The possibility of exploiting the spin degree of
freedom of charge carriers in novel electronic
devices is currently an area of research that is
attracting considerable experimental and theore-
tical interest [1–3]. In many of these spintronic

applications, an electrical means for both generat-
ing and detecting spin-polarized distributions of
carriers is desired. Motivated by these require-
ments, we have previously [4,5] proposed a design
for a tunable spin filter that exploits the known
transmission properties of ballistic quantum wires

to generate spin-polarized carriers. In this report,
we consider the influence of different material
systems on the practical operation of this spin
filter. In order to successfully implement such a
device, we argue that quantum wires with a large
separation of their one-dimensional subbands, and
a strongly enhanced effective g-factor, will be
required. The first requirement is necessary to
ensure that the filtering action involves only the
lowest subband of the wire, while the second
allows effective spin filtering to be achieved at
lower magnetic fields, and higher temperatures. As
a step towards the practical realization of the spin-
filter structure, we present the results of recent
studies of the transport properties of InGaAs
quantum wires [6], which are found to exhibit the
desired one-dimensional transport characteristics.
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2. Theoretical model

Since the basic principles of the spin-filter device
have been described in detail elsewhere [4,5], in this
section we briefly summarize the key features of its
operation. The basic device structure is shown in
Fig. 1 and consists of a multi-layered gate struc-
ture that is deposited on the surface of a high-
mobility heterojunction. The lower set of split
gates is used to define a quantum point contact in
the two-dimensional electron gas of the hetero-
junction, while the upper, continuous, gate is
separated from the lower gates by an insulating
layer. In basic operation, the split gates are
configured to set the point contact close to its
conduction threshold. A steady current is then
driven through the upper gate, inducing a local
magnetic field that lifts the spin degeneracy of the
carriers and causes preferential transmission of
one spin species through the point contact. To
develop an analytical model of the spin-filter
operation, we assume that the potential barrier
generated by the point contact exhibits a two-
dimensional parabolic form. In the presence of a
perpendicular magnetic field, the transmission
probability of the nth subband may then be
written as [7]:
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Here, ox and oy are the oscillator frequencies that
define the variation of the barrier potential in the
directions parallel and perpendicular to the current
flow, respectively. V0 is the saddle-barrier height at
the center of the channel, and may be controlled
directly in the experiment by means of the split-
gate voltage. O is a magnetic-field-dependent
oscillator frequency (O2 ¼ o2

c � o2
x þ o2

y) while
the cyclotron frequency oc ¼ eB=m�: With these
definitions, the response of the spin filter may be
computed by introducing the spin-dependent trans-
mission probabilities in a magnetic field [4]:

T7 ¼ TnðE07g�mBBÞ: ð2Þ

In Eq. (2), E0 is the initial electron energy at zero
magnetic field and g� is the effective g-factor of the
heterojunction system under study. Since the
conductance of the point contact is directly related
to these transmission probabilities, a natural
advantage of the point-contact spin filter is that
a direct determination of the spin polarization can
be obtained from a measurement of its conduc-
tance [4].
To illustrate the basic details of filter action, we

have previously considered the response of a
GaAs/AlGaAs structure and found that magnetic
fields as large as a Tesla should be required to
generate satisfactory spin filtration. In Fig. 2,
however, we consider the response of a spin filter,
realized in the narrow-gap semiconductor InSb.
The key differences of this material with GaAs are
its large g-factor enhancement (g� ¼ �51), and the
small value of its effective mass (m� ¼ 0:014m0). In
Figs. 2(a) and (b), we plot the variation of the two
spin-dependent transmission probabilities for an
InSb spin filter with realistic barrier parameters.
The energy range considered here is chosen to
correspond to that over which the conductance of
the point contact is dominated by the first subband

Fig. 1. Schematic illustration of the quantum-point-contact

spin filter. Black regions correspond to metallic gates, while

the gray shading denotes a thin insulating layer. The coordinate

system is also indicated for reference.
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(n ¼ 0) alone. In both of these figures, it is clear
that the threshold for conduction through the
barrier increases with increasing magnetic field,
which simply reflects the reduced kinetic energy of
the electrons at higher magnetic fields. In Fig. 2(c),
the differential transmission probability of the two
spins (Tþ � T�) is plotted, and the lighter region
now indicates the range of parameter space where
the transmission of one spin species is high while
that of the other is low. At those energies which lie
below this range, spin filtering is ineffective since
the transmission probability for both spin species is
essentially zero (see Figs. 3(a) and (b)). Similarly,
for those energies that lie above this range, spin
filtration is equally ineffective since the transmis-
sion probability of both spins is now close to unity.
The crucial feature for the discussion here is the
magnitude of the magnetic field required to achieve
spin polarization. As can be seen from the lighter
region in Fig. 2(c), full polarization of the trans-
mitted carriers occurs for a magnetic field as small
as a few mT. This dramatically reduced magnetic-
field requirement is a direct consequence of the
large g-factor enhancement in InSb. As a further
illustration of this effect, in Fig. 2(d) we show the
corresponding spin-filter characteristic for an
InAs-based (g� ¼ �15) structure. In this case a
field of a few tens of mT is required to achieve spin

filtration, which higher value results due to the
reduced g-factor compared to InSb. Nonetheless,
even for magnetic fields of this order, it should be
possible to generate the desired spin polarization
using a ferromagnetic gate through which magne-
tizing and demagnetizing current pulses are driven.
While the preceding calculations are performed

for zero temperature, the influence of finite
temperature on the spin-filter action can be easily
accounted for, by convolving the zero-temperature
transmission probabilities with the derivative of
the Fermi function. To a good approximation, this
convolution leads to the temperature-dependent
transmission probabilities [8,9]:

T7ðE;BÞ ¼
1

1þ e�ðE�E7
1
ðBÞÞ=kBT

: ð3Þ

Here, Eþ
1 ðBÞ and E�

1 ðBÞ are the turn-on energies of
the first, spin-resolved, subbands, which we define
as the particular energy at which the zero-
temperature transmission increases to 0.5. In
Fig. 3, we show the effect of temperature on the
spin-filter characteristics of GaAs and InSb
devices. At 4.2K, the spin filtration is lost
completely in the GaAs, but still persists in InSb.
Once again, these different characteristics reflect
the large difference in the spin-splitting energies
for these two materials. A problem at these

Fig. 2. (a) Tþ versus energy and magnetic field for an InSb spin filter. (b) T� versus energy and magnetic field for an InSb spin filter. (c)

Differential transmission (Tþ � T�) versus energy and magnetic field for an InSb spin filter. (d) Differential transmission (Tþ � T�)

versus energy and magnetic field for an InAs spin filter. These calculations are for spin filters with the following parameters:

V0 ¼ 15meV, _oy ¼ 3meV and _ox ¼ 0:1meV. g� ¼ �51 for InSb and �15 for InAs.
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temperatures, however, is that transport through
higher subbands becomes possible. In order to
ensure that transport involves only the lowest
subband at increased temperatures, it is therefore
necessary that the point contact exhibit a large
energy splitting ð_oyÞ of its transverse subbands.

3. Experimental investigations

The preceding discussion reveals that materials
exhibiting a large enhancement of their g-factor,
and a large splitting of their subbands in quantum
wires, are desired for application in the proposed
spin filter. As a first step towards the realization of
such a device, we have therefore recently investi-
gated the one-dimensional transport characteris-
tics of In0.47Ga0.53As quantum wires [10]. Our
interest in this material system is motivated by a
number of factors. The first is the large g-factor
this material is expected to exhibit (g�E� 6),
while the second is the small value of the effective
mass (m� ¼ 0:04m0). In quantum wires realized in

this material system, the small value for the mass is
expected to result in a large splitting of the one-
dimensional subbands, a property we have re-
cently confirmed [6]. In Fig. 4, for example, we
show the magneto-resistance of a 300 nm quantum
wire that was realized by selective MBE growth on
a (1 0 0) ridge-type substrate [10]. At magnetic
fields in excess of 3T, the magneto-resistance
oscillations result from the depopulation of Land-
au levels, and exhibit the usual inverse-field
periodicity (see upper inset). At lower fields,
however, the oscillations deviate from this peri-
odicity, allowing an estimate for the effective
width and subband spacing of the wire to be
obtained [6,11,12]. By using the gate voltage (see
the lower inset) to vary the effective width of the
wire, we have obtained subband splittings that
range from approximately 3 to 8meV. This latter
value is very much larger than that reported in
corresponding studies of GaAs quantum wires
[11,12]. In addition to their excellent one-dimen-
sional transport properties, a further advantage of
these quantum wires for application in the spin

Fig. 3. Temperature dependence of the spin-filter action in two different material systems. The left three contours are for GaAs (we

have arbitrarily assumed g� ¼ 2 here) and the right three panels are for InSb. As before, the filter parameters for both systems are

V0 ¼ 15meV, _oy ¼ 3meV and _ox ¼ 0:1meV. The temperature is 0K for the top panels, 1K for the center panels, and 4.2K for the

bottom panels.

M.J. Gilbert et al. / Physica B 314 (2002) 230–234 233



filter is the small distance (47 nm) between their
surface and the two-dimensional electron gas. This
reduced distance should allow for a strong
influence of the magnetic-field generating gate
and in the future, we therefore, plan to pursue the
realization of a spin filter in this high-quality
material system.

4. Conclusions

In conclusion, we have developed a simple
analytical model to study the influence of different
material systems on the operation of a quantum-
point-contact spin filter. Such a device has been
predicted to allow for local control of the spin

polarization in a semiconductor, and for direct
electrical detection of the induced spin polariza-
tion. Narrow band-gap semiconductors, such as
InAs and InSb, have been predicted to exhibit
excellent spin-filter characteristics, due to their
large g-factor values, and enhanced subband
splittings. As a practical step towards the realiza-
tion of such devices, the electrical properties of
InGaAs quantum wires have been studied and
have been found to exhibit much larger one-
dimensional subband splittings than equivalent
GaAs-based wires.
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