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An extraordinary magnetoresistance (EMR) device with a 3-contact geometry has been

fabricated and characterized. A large enhancement of the output sensitivity at low magnetic

fields compared to the conventional EMR device has been found, which can be attributed to an

additional influence coming from the Hall effect. Output sensitivities of 0.19 mV/T at zero-field

and 0.2 mV/T at 0.01 T have been measured in the device, which is equivalent to the ones of the

conventional EMR sensors with a bias of �0.04 T. The exceptional performance of EMR sensors

in the high field region is maintained in the 3-contact device. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4726431]

It has been demonstrated that a strong magnetoresist-

ance effect, the so-called extraordinary magnetoresistance

(EMR), exists at room temperature in a certain kind of semi-

conductor/metal hybrid structure.1 The orbital motion of car-

riers in a perpendicularly applied external field causes a

current deflection resulting in a redistribution of the current

from the metal shunt into the semiconductor layer, which is

the main reason for the resistance increase. The fundamental

principle of EMR is the change of the current path in the

hybrid structure upon application of a magnetic field rather

than the change of magnetoconductivity r of either the semi-

conductor or the metal.2,3 This effect is utilized to implement

sensors for the measurement of magnetic fields perpendicular

to the device.4–6

Experiments on the EMR effect were initially performed

in a macroscopic composite Van der Pauw disk made of a

semiconductor disk with a concentric metallic circular inho-

mogeneity embedded, and four electrodes were used to apply

current and measure voltage (Fig. 1(a)).1 Although this struc-

ture provided good results, its realization in mesoscopic and

microscopic length scales is very difficult. Using bilinear

transformation, a bar-type geometry, which is a semiconduc-

tor bar shunted by a metal stack on one side, has been

derived from the Van der Pauw disk, showing a similar EMR

effect and being simpler in terms of fabrication.7 The EMR

effect strongly depends on the geometry of the device and

the placements of the electrical contacts. With respect to the

placements of the electrodes, two major kinds of configura-

tions can be distinguished: symmetric and asymmetric (Figs.

1(b) and 1(c)), where the placements of electrodes are sym-

metric to the central axis of the bar-type device or asymmet-

ric, respectively.8

At high fields of �0.1 T, an outstanding sensitivity can

be easily achieved with the symmetric EMR devices made of

III-V materials. A two-contact EMR device has been

reported recently exhibiting a strong sensitivity of 85 X/T at

0.1 T, which is comparable to that of GMR sensors used in

recording applications.9 Since the symmetric EMR device

has a parabolic magnetoresistance curve, it suffers from a

weak low-field sensitivity limiting the applicability of EMR

devices and hindering commercialization. Therefore, devel-

oping devices with improved low-field sensitivity would be

an important contribution to further the potential of this tech-

nology. It has been shown that slightly enhanced low-field

sensitivity can be obtained with an asymmetric electrode

arrangement.10,11 In this work, we describe a device with a

3-contact configuration, which combines the EMR effect and

the Hall effect. The Hall effect has a linear response to a

magnetic field change producing a considerable sensitivity in

the low-field region. Due to this, the 3-contact device exhib-

its a significantly enhanced low-field sensitivity.

The semiconductor sample used in this work was depos-

ited by solid-source molecular beam epitaxy on a semi-

insulating GaAs substrate with the following structure:

Substrate/InxGa1�xAs metamorphic buffer (1 lm)/InAs sta-

bilizing buffer (0.2 lm)/Si-doped InAs active layer (1.5 lm,

n¼ 1016 cm�3). The metamorphic buffer was inserted

between GaAs and InAs to accommodate the large lattice

mismatch between them. A moderate mobility l of

FIG. 1. Sketches of the conventional 4-contact EMR devices with (a) Van

der Pauw disc geometry; (b) symmetric bar geometry; (c) asymmetric bar

geometry. The dark lines labeled with Iþ, I�, Vþ, and V� represent the two

current electrodes and two voltage probes, respectively. The dashed lines

show the central axes of the bar-type devices.a)Electronic mail: jian.sun@kaust.edu.sa.

0003-6951/2012/100(23)/232407/3/$30.00 VC 2012 American Institute of Physics100, 232407-1

APPLIED PHYSICS LETTERS 100, 232407 (2012)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

109.171.137.210 On: Mon, 11 May 2015 06:34:49

http://dx.doi.org/10.1063/1.4726431
http://dx.doi.org/10.1063/1.4726431
http://dx.doi.org/10.1063/1.4726431


0.816 m2/V�s and carrier density ns of 5.6� 1016 cm�3 at

300 K has been observed in an unpatterned sample with the

standard van der Pauw technique.

After growth, the semiconductor has been patterned into

a rectangular mesa by photolithography followed by wet

etching in citric acid solution exploiting the semi-insulating

GaAs as an etch stop. The metal shunt and electrodes were

metallized with a Ti (10 nm)/Au (150 nm) stack by magne-

tron sputtering. A low contact resistivity of �10�7 X cm2

was realized after a rapid thermal annealing process at

250 �C. Fig. 2 shows the optical microscope image of a fabri-

cated device. The current electrodes 1 and 2 were symmetri-

cally placed at the two ends of the semiconductor bar with a

separation of 50 lm from the central line. At the central line,

the voltage electrode 3 was connected to the metal shunt

while electrode 4 was connected to the semiconductor bar.

The output signal was measured through electrode 3 and 2.

Electrode 4 was added to the device only to measure the ref-

erence signals for the sake of comparison. The distances

between each electrode on the semiconductor bar and the

edge of the metal shunt were 10 lm.

The devices were wire bonded to a printed circuit board.

The measurements and characterizations were carried out

using a physical property measurement system. A homoge-

nous external field B ranging from �1 to 1 T was applied in

perpendicular direction to the devices in steps of 0.01 T. A

constant current of 100 lA was applied to the device via

electrodes 1 and 2 throughout the measurements. The current

transport in the hybrid structure is governed by Ohm’s Law

j¼r�E, where E is the electric field and r is the conductivity

matrix, which is expressed as

r ¼ r0

1þ b2

�
1 �b
b 1

�
;

where b¼ l�H and r0¼ l�n�e is the Drude conductivity

without magnetic field, l is the mobility of the carriers, n is

the carrier density, and e is the electric charge. With a high

mobility semiconductor sample, a strong EMR effect can be

expected. In steady state, the electrostatic potential u(x,y) is

described by r�[r�ru(x,y)]¼ 0. The output sensitivity d is

defined as the rate of change of the output voltage

V¼u(i)�u(j), where u(i) and u(j) are the potentials at

electrode i and j, respectively, with respect to the magnetic

field. The output voltage of the device can be expressed as

V3-2¼V3-4þV4-2, where V3-4 is the Hall voltage of the

hybrid structure and V4-2 is the voltage arising from the

asymmetric magnetoresistance R4-2. The sensitivity of the

device is calculated as d3-2¼ @V3-2/@B¼ d3-4þ d4-2. Thus, in

addition to a component d4-2 resulting from the asymmetric

EMR effect of common sensors, the output sensitivity of this

device is enhanced by a component d3-4, which is caused by

the Hall effect.

The voltages Vi-j measured between different electrodes

are shown as a function of the magnetic field B in Fig. 3. The

symmetric EMR voltage V1-2 of R1-2 was also measured for

comparison. In the magnetic field range of 60.25 T, the out-

put of the symmetric EMR V1-2 is approximately parabolic

while the Hall voltage V3-4 has a linear behavior. Asymmet-

ric V vs. B curves were observed for both asymmetric EMR

voltages V4-2 and V3-2, which represents the output of the 3-

contact geometry. The difference between them, V3-2-V4-2, is

equivalent to the Hall voltage V3-4, as expected.

The sensitivities as a function of the magnetic field are

shown in Fig. 4. The linear Hall response has a constant sensi-

tivity d3-4 of �0.16 mV/T, while the outputs of the EMR

effect become more sensitive as the field gets stronger. The

FIG. 2. Optical micrograph of the EMR device. The current is injected

through the electrodes labeled as 1 and 2, and the arrow shows the direction

of current flow. The output signal is measured through electrode 3 and 2.

The external magnetic field is applied perpendicularly to the illustration

plane.

FIG. 3. Voltages between different electrodes as a function of the homoge-

nous magnetic field applied in perpendicular direction to the device.

FIG. 4. Sensitivity versus magnetic field at (a) low-field region and (b)

high-field region in the devices with different electrode configurations.

Notice that the x-axes in (a) and (b) have different scales.
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asymmetric EMR sensitivity d4-2 is slightly increased com-

pared to the symmetric one d1-2 in the range of 0-0.015 T. The

highest sensitivity at zero field is obtained between electrodes

3 and 2 with d3-2¼ 0.19 mV/T, which is equivalent to the one

of the symmetric EMR d1-2 with a bias of 0.037 T and to the

one of the asymmetric EMR d4-2 at 0.061 T. At B¼ 0.01 T,

which is a typical working range for low field applications

like magnetic beads detection, d3-2 is as high as 0.2 mV/T

compared to d4-2¼ 0.067 mV/T and d1-2¼ 0.048 mV/T. At

the very high field regime, the device is still extremely sensi-

tive though its performance is not quite as good as the one of

a symmetric EMR device.

In conclusion, an EMR device with a 3-contact geome-

try, which combines the Hall effect and EMR effect, has

been fabricated and characterized. The device shows a sig-

nificant enhancement of the low-field output sensitivity. A

value of 0.2 mV/T at 0.01 T has been measured, which is 5

times larger than that in a conventional symmetric EMR de-

vice. In order to achieve a similar sensitivity, the conven-

tional EMR device needs an external bias field of at least

0.03 T. An even higher value can be expected in a device

made of a semiconductor epilayer with higher mobility and

with an optimized geometry that takes into account the EMR

and Hall effect. These results extend the applicability of the

EMR device into the low field region while maintaining an

exceptional performance in the high field region. In our

future work, we will study the performance of this device in

the nano-scale regime to obtain a high spatial resolution,

which is of interest for applications like reading heads. How-

ever, as the device size decreased to a value smaller than the

mean free path, ballistic transport phenomena become to be

more relevant having an impact on the device performance.

It has been shown that the EMR effect still persists in such a

case,12 albeit the EMR ratio is expected to be smaller than in

case of the diffusive transport regime.6
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