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Giant Magnetoresistance Induced by Magnetic
Barriers

V. Kubrak, K. W. Edmonds, A. C. Neumann, B. L. Gallagher, P. C. Main, M. Henini, C. H. Marrows, B. J. Hickey,
and S. Thoms

Abstract—We present experimental results for hybrid ferro- 0.6 — T T
magnet/semiconductor devices in which 2D electrons propagate ]
through sub-micron width magnet barriers. Magnetoresistances,
MR, of ~1000% are found at low temperatures and ~1% at
room temperature. We compared the measured behavior with
numerical calculations and give the conditions needed to achieve
large room temperature M R.
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D ELECTRONS in nonuniform magnetic fields are pre- .
dicted to display a range of new semi-classical, and quantui
effects [1]. Such nonuniform magnetic fields can be producei
by patterned ferromagnetic structures above near-surface z 3 ) 1 0 ) ) 3
electron systems. Micron or sub-micron sized ferromagneti
elements such as magnetic dots and stripes can be used X (um)
produce a range of field profiles at the 2DEG. Such hybrigg. 1. Calculated magnetic field profile at the 2DEG for saturatidp.
devices have potential applications as magnetic field sensdpgert: device schematic.
memory or logic elements and nanomagnetometers [2]-[5].
In this paper we consider the case of large amplitude, simp 200 . . . . . . . . -
magnetic barriers. We show that the temperature dependence opaque
the largeM R observed in this system [2] provides important
information on the conduction mechanisms and the prospec
for useful devices operating at room temperature. —_
The devices are (AlGa)As/GaAs heterostructures in whic&
the 2D electron gas, 2DEG, is formed at a hetero-interface onm§
50 nm beneath the surface. At 4 K, the electron densitysis
10'> m~2, the mobility is~60 n¥V's7!, and the electron 50
mean free path is-6 xm. We consider the 2DEG to lie in the
z—y plane and the current to flow in thedirection. Only the
component of the magnetic field perpendicular to the plane « ol v - R -
the 2DEG,B., influences the electron dynamics. The magnetis -10 08 -0.6 -04 -02 BO'OT 02 04 06 08 10
barrier at the 2DEG is produced using the geometry shown ... (M
Fig. 1 [3]-[6]. The Co films which are 300 or 600 nm thick, andfig. 2. Temperature dependence 8f.(B..:) due to a large amplitude
of length and width 100 to 200m, are fabricated on top of Hall S™Ple magnetic barrier.
bars that are m wide with voltage probes center to center sep-
aration 3um. In the absence of an external magnetic field thexternal magnetic field along theaxis will orient along this
magnetization)/, of the ferromagnetic element will lie in the direction. At the plane of the 2DEG., is independent of, has
x—y plane due to the strong shape anisotropy. Application of afaximum amplitude beneath the edge of the element, 0,
and decays rapidly on a length scale of a few hundred nanome-
Manuscript received October 13, 2000. ters. The magnitude aB. is proportional to the:-component
This work was supported by the EPSRC (UK). of M. By sweeping an external magnetic field applied in the
V. Kubrak, K. W. Edmonds, A. C. Neumann, B. L. Gallagher, P. C. Main,. djrection, it is possible to chang¥,, continuously between
and M. Henini are with the School of Physics and Astronomy, University of ... . . ..
Nottingham, Nottingham NG7 2RD, UK. positive and negative saturation magnetization, and thereby vary
C. H. Marrows and B. J. Hickey are with the Department of Physics and Athe amplitude and the sign of the inhomogeneous field profile
tronomy, University of Leeds, Leeds LS2 9JT, UK. a} the 2DEG.

S. Thoms is with the Nanoelectronics Research Center, University of . .
Glasgow, Glasgow G12 8QQ, UK. Figs. 2 and 3 show the measurBg,. asB..; is swept from
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Fig. 3. Temperature dependence®R, .. Insert dependence of the barrier19- 4. Calculating the barrier resistance at 4 K.
conductance ofg.

In the standard semi-classical approach4#,.,. can be cal-
—M,,;) to a minimum at the coercive field of the Co el-culated directly from the appropriate average ballistic transmis-
sion probability to give

M, =
ement (M, = 0), rising back to the maximum value whe,,
reachestM,,,. For the same3.,, sweepk,, changes from a
negative to a positive value (see ref [3]). The usépf, in this
geometry as a possible magnetic field sensor has already beenReo = (7/2¢%)(1 fwkp)(1 — cos ¢,) /(1 + cos §.),
considered in some detail [3]-[5]. We find that the measured ) ) . . _ .
R,,, at saturation is within 5% of that calculated using the ay¥herew is the width of the sample. This expression gives in-
erage magnetic field in the Hall cross [4]. finite AR, in the opaque regime. It also predicts thaf,

The width of the magnetic barrier in the current direction ighould increase linearly with the magnitudeldf and thus with
very much smaller than the low temperature electron mean fi@@d(E., ) for small barrier heights. However experimentally
path and so the resistance due to the barrier will be depend@gtobserve an approximately quadratic dependence. Figs. 2 and
on the ballistic transmission probability. This probability de3 show clear evidence for a qualitative dlfference_ in the behavior
pends only upon the initial angle between thaxis and the Of Raa betv.veenthetran's.parent apd opague regime. In the trans-
trajectory of an electron, entering the barrier region from tH@rent regime, the additional resistance due to the presence of
left-hand side. Above a critical angle, the electron is transmittd@e magnetic barrie) R, IS temperature independent up to
below this angle, the electron is reflected due to the action of thét0 K although the total resistance, and thus the scattering rate,

Lorentz force. The critical angle, for an electron with Vebcit%as_inpreased by a factoreR. This behavior is consistent with
v, is given by allistic transmission across the barrier. In the opaque regime,

AR, is found todecrease with increasing temperature over
the whole temperature range. For the case of Fig. 2 the negative
temperature dependence af?,,. is so large that the total re-
sistance measured in the opaque regime has a negative temper-
ature coefficient of resistance. This is what one would expect
where@ is the integratec-component of the magnetic flux of if the transmission were accomplished by scattering within the
the barrier. In our geometry the functional for8).(x) is par- barrier region. The resistance at zero barrier magnetizaen,
ticularly simple and the integral can be solved analytically tshould be simply proportional to the scattering rate. The insert
give & = dugM,/2, where M., is thexz component of the of Fig. 3 shows that the barrier conductanGes= 1/AR,.,, in-
magnetization of the ferromagnetic element and its thick- creases linearly with?, and therefore with the scattering rate
ness. Ifp. < w, we are in the “transparent” regime and someonfirming the role of scattering-assisted conductance. How-
ballistic transmission is allowed. The conductance of the baver the intercept at zer&, indicates that the conductance
rier decreases with increasing barrier height as fewer and fewesuld still be far from zero in the absence of scattering. The
electrons are transmitted. Roy = «, all electrons are reflected reason for this is that edge state transport is playing a signifi-
and the semi-classical ballistic conductance equals zero, thiseet role. The magnetic barrier has stationary bound states and
refer to as the “opaque” regime. Since we have foundfhgtis corresponding edge states which can transmit electrons through
proportional to® we can obtain the functional form &,..(®) the barrier. These states correspond to semi-classical skipping
experimentally by plotting?.... as a function of,, [3]. orbits at the physical edges of the conducting channel.

Fig. 2 shows that with increasing external field we are moving We have carried out a semi-classical Monte Carlo calculation
continuously from the “transparent” to the “opaque” regimef the barrier transmission coefficient including specular reflec-
in our samples. The measured conductance, however, remaiois of electrons at the sample edges and scattering. Details of
finite. this calculation will be presented elsewhere. Fig. 4 shows that

cosp. = 1 — ed/mu;

b = /Bz(a:) do
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F ] that theM R values would be-20% if InAs rather than GaAs
10L 4 based heterostructures were used since 300 K mobilities of
~3 m?V~1s~! can be achieved in the former system [8].

In summary, we find that large-amplitude magnetic barriers

S E across hybrid Hall bar device can produce very large changes
g i in k... We find that both scattering and edge state conduction
°<14 0.1k : must be included to account for our measured results. We obtain

0.1 1 ot 10 T o
p(m'Vis) [1]

Fig. 5. Dependence of the magnitude of the indugé® on mobility. The
lowest mobility corresponds to 300 K.

scattering and edge skipping are both playing significant roles.
When they are included the divergenceoR,... at large barrier
amplitudes is removed and the dependencA &f.,. on barrier (4]
height becomes approximately quadratic, in agreement with OUfs
experimental results. These results contrast with those of refer-
ence [6] in which an additional/ R mechanism is invoked to 6]
explain the observed barrier resistances.
At high temperatures the conduction will be diffusive. Fig. 5 [7]
shows that the observed R falls from 1000% at 4 K to~1%
at 300 K. We find that\ R,....?/ R.....(0) varies as~(mobility)*-> 8]
over a surprisingly large temperature range. Fig. 5 indicates

MR values 0f~1000% at 4 K, falling to~1% at room tem-
perature. Much larger values should be achieved in InAs based
devices.
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