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Application of split-gate structures as tunable spin filters
M. J. Gilbert and J. P. Birda)

Center for Solid State Electronics Research & Department of Electrical Engineering,
Arizona State University, Tempe, Arizona 85287-5706

~Received 8 May 2000; accepted for publication 15 June 2000!

We describe an electron filter that exploits the known magnetotransport properties of quantum point
contacts to providelocal and tunablecontrol of the spin polarization in a semiconductor. When
properly configured, we show that the conductance of this device gives a direct measure of the spin
polarization of carriers transmitted through it. By modeling the transport through a potential barrier
with experimentally realistic parameters, we discuss the factors which must be satisfied in order to
successfully implement such a device. ©2000 American Institute of Physics.
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Exploitation of the spin degree of freedom offers mu
potential for application in new electronic devices, and is
area of research interest that is currently attracting increa
attention. Motivated by recent experiments,1,2 which have
demonstrated the existence of long relaxation times for s
polarized distributions of carriers, a number of theoreti
reports have explored the possibility of exploiting the sp
states of the electron as the basis of a quantum lo
scheme.3,4 For applications such as quantum computing,
electricalmeans of generating spin-polarized distributions
carriers is required.5,6 Furthermore, it is desirable to be ab
to induce spin polarization atlocal points within a circuit,
and to vary the degree of the polarizationin situ. In this
letter, we describe the design of such a tunablespin filter,
that exploits the known magnetotransport properties of qu
tum point contacts. We also explore the different requi
ments that must be satisfied in order to successfully rea
such a device.

The device we consider is based upon the split-g
quantum point contact, which is known from experiment
provide a spin-dependent barrier to electron motion in
presence of an external magnetic field.7,8 A schematic illus-
tration of the spin filter is shown in Fig. 1, in which the low
set of gates is used to define a quantum point contact in
high-mobility electron gas of a suitable heterostructure. T
split gates are separated from an uppercontinuousgate by
the inclusion of a thin insulating layer, which may be form
by oxide deposition or by hardening of electron-beam res9

In basic operation, the lower gates are configured to set
quantum point contact close to its threshold for conducti
A current is then driven through the upper gate, inducin
local magnetic field that lifts the spin degeneracy of the c
riers and causes preferential transmission of one spin spe
through the quantum-point-contact barrier. By measuring
conductance of the point contact as the current in the up
gate is varied, a direct measure of the spin polarization of
transmitted carriers can then be obtained.

The self-consistent potential profile of a quantum po
contact exhibits a saddle-like form, which, in the region n
the saddle minimum, can be well approximated as10,11
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V~x,y!5Vo2 1
2m* vx

2x21 1
2m* vy

2y2. ~1!

In this equation,x is the distance measuredalong the axis of
the quantum point contact, whiley is thetransversedisplace-
ment with respect to its center~see Fig. 1!. Vo is the height
of the saddle barrier,m* is the electron effective mass, an
vx andvy are characteristic oscillator frequencies.vy deter-
mines the energy splitting of the one-dimensional subba
in the quantum point contact, whilevx dictates how sharply
its transmission drops to zero when the Fermi level fa
below the saddle minimum. With a magnetic field appli
perpendicular to the electron gas, the transmission proba
ity of the different subbands may be written as11,12

Tn5
1

11exp~2p«n!
. ~2!

Here, n is the usual harmonic-oscillator index (n
50,1,2,3,...) and«n is defined as

«n5
E2E2~n11/2!2Vo

E1
, ~3!

whereE is the energy of the incoming carriers and the p
rametersE1 andE2 are defined via

FIG. 1. Schematic illustration of a possible realization of the spin filter. T
device is presumed to be fabricated on top of a suitable heterostructure
the black regions correspond to metallic gates, while the gray shading
notes a thin insulating layer. The coordinate system is also indicated
reference.
0 © 2000 American Institute of Physics
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E15
\

2&
~@V414vx

2vy
2#0.52V2!0.5, ~4!

E25
\

&
~@V414vx

2vy
2#0.51V2!0.5. ~5!

In these latter equations,V is a magnetic-field~B! dependent
oscillator frequency,V25vc

22vx
21vy

2, and the cyclotron
frequencyvc5eB/m* . By introducingV in this manner, it
is possible to describe the transmission through the sa
barrier continuously, as one transitions from zero magne
field to the high-field quantum-Hall regime. Typically, how
ever, we will be interested in magnetic field ranges for wh
the electrostatic confinement in the quantum wire remain
least comparable to the magnetic force~i.e., \vc<\vy!.

The spin filter we discuss exploits the spin-depend
tunneling probabilities that exist for a potential barrier in t
presence of a magnetic field. This magnetic field induce
Zeeman splitting6 1

2gmBB of the electron energy, whereg is
the effectiveg factor, andmB is the Bohr magneton. For a
electron with energyE at zero magnetic field, we may us
Eqs.~2!–~5! to defineseparatetransmission probabilities fo
its spin components in the presence of a magnetic field

T65T~E6 1
2gmBB!. ~6!

To illustrate this concept, we model the response of a de
whose barrier parameters are chosen to correspond to t
of a typical point contact biased close to pinch off.13 Since
the effectiveg factor can exhibit a magnetic field depe
dence, and is also a materials-dependent parameter, for
of implementation here we initially assume the free-elect
value (g52). ~Further below, however, we discuss how t
choice of substrate materials with largeg factors can im-
prove the operation of the spin filter.! In Figs. 2~a! and 2~b!,
we plot the variation of the spin-dependent transmiss
probabilities,T1 andT2 , as a function of energy and mag
netic field. The energy range considered here is chose

FIG. 2. ~Color! ~a! T1 vs energy and magnetic field.~b! T2 vs energy and
magnetic field.~c! T12T2 vs energy and magnetic field.~d! T1 , T2 , P,
and G ~in units of e2/h! vs magnetic field, for an initial energy ofE
516.7 meV. In all of these calculations we have assumedV0515 meV,
\vy53 meV, and\vx50.1 meV. In the contour plots, the color sca
ranges from blue to red, indicating a variation of transmission between
and one.
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correspond to that over which the conductance of the p
contact is dominated by the first subband (n50) alone. In
Fig. 2~c!, T12T2 is plotted for the same energy range a
the bright region indicates the range of parameter sp
where the transmission of one spin species is high while
of the other is low. Starting at an initial energy of 16.7 me
@dotted line in Fig. 2~c!#, for example, strong spin polariza
tion of the transmitted carriers can be obtained by genera
a magnetic field of 0.9 T. This is shown more clearly in F
2~d!, where we plotT1 and T2 as a function of magnetic
field, for this initial energy. We also show the variation
the spin polarization, which we define asP5(T1

2T2)/(T11T2). The conductance of the barrier may b
determined using the Landauer formula,G5(e2/h)(T1

1T2), and provides a direct measure of the spin polari
tion. Note how in Fig. 2~d! the conductance initially equal
2e2/h, since the lowest subband is spin degenerate an
fully transmitted at zero magnetic field~Fig. 3, inset!. As the
magnetic field is increased, however, the conductance
creases toe2/h as the spin polarization reaches unity.

Proper configuration of the quantum point contact is i
portant for operation of the spin filter. In Fig. 2, for examp
by setting the initial energy such that the lowest subband
fully transmitted at zero magnetic field, we obtained a cle
indication of the spin polarization in the conductance. In F
3, however, we show the behavior obtained for an init
energy of 16.5 meV@dash-dotted line in Fig. 2~c!#, for which
value the conductance is less than 2e2/h at zero magnetic
field ~Fig. 3, inset!. In this case, the polarization rises to uni
at a significantly lower magnetic field than that obtained
Fig. 2, but there is now no obvious indication in the condu
tance that polarization has been achieved. Furthermore
polarization is induced at the expense of the transmissio
both spin species. For successful application of this dev
we not only require a high degree of polarization, but w
alsodesire that the transmission of the preferred spin spe
be close to unity.~In actual experiments, of course, the initi

ro

FIG. 3. Main panel:T1 , T2 , P, and G vs magnetic field, for an initial
energy of 16.5 meV. We have once again assumedV0515 meV, \vy

53 meV, and\vx50.1 meV. Inset: the variation ofG ~in units ofe2/h! as
a function of energy at zero magnetic field, calculated using the Land
formula and the results of Eqs.~1!–~5!.
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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conductance will be configured by using the gate voltage
adjust the height of the saddle barrier relative to thefixed
Fermi level in the reservoirs.!

The preceding analysis suggests that locally indu
magnetic fields of order a Tesla are required to genera
sufficiently strong energy splitting of the two spin comp
nents. For a typical separation of 100 nm between the up
gate and the electron gas, this requires a drive curren
roughly 500 mA if the gate is modeled as a microstrip 50
wide.14 While this current can be lowered by reducing t
separation between the electron gas and the upper ga
more fruitful approach should be to exploit heterostructu
in which the g factor is strongly enhanced above the fr
electron value. In InAs, for example, the value of theg factor
is 215, while in InSb it is as large as251;15 using hetero-
structures based on these materials,16,17 it should be possible
to achieve spin polarization with magnetic fields as smal
a few mTesla. By fabricating the upper gate from a fer
magnetic material, such magnetic fields can easily be ge
ated by using short current pulses to magnetize and dem
netize this gate. This approach obviates the need fo
continuous drive current in the upper gate, and so sho
help in reducing power dissipation. High temperature ope
tion of the device is more problematic, however. For t
highest magnetic fields shown in Figs. 2 and 3, the mag
tude of the spin splitting is not much more than a deg
Kelvin. Using materials with largeg factors, however, it
should be possible to increase this value by more than
order of magnitude. Nonetheless, we view the immed
usefulness of this device as a means for generating s
polarized carriers in fundamental spin-transport studies.
configuring pairs of such spin filters in series with ea
other, for example, it should be possible to study the ba
details of spin relaxation in semiconductors.

In conclusion, we have described a tunable spin-fi
that exploits the well-known transmission properties of qu
tum point contacts in a magnetic field. This device sho
Downloaded 09 Jul 2010 to 128.174.190.86. Redistribution subject to AIP
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allow for local control of spin polarization in an electrica
circuit and may prove useful for a basic demonstration
spin-based quantum computing, where an important requ
ment will be the ability to prepare nanostructures in a we
defined spin state.
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