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Detecting weak magnetic fields is paramount in areas such as scanning magnetometers and manipulation
of magnetic nanoparticles, thus rendering it crucial to increase the weak-field sensitivity for developing next-
generation magnetic sensors. The current approaches for high-sensitivity sensors, such as superconducting
quantum interference devices, are complex and expensive. By contrast, magnetoresistive sensors and particularly
extraordinary magnetoresistive sensors offer a simple operation at room temperature but, to date, at inferior
sensitivity. To overcome these challenges, we induce device symmetry breaking to enhance the weak magnetic
field sensitivity in semiconductor-metal hybrid structures exhibiting extraordinary magnetoresistance. Retaining
the device mirror symmetry yields symmetric magnetoresistance curves with R(B) = R(—B), which results in
inferior detection of weak magnetic fields as [dR/dB]p_o = 0. Using finite element modeling, we study the
change in device behavior as the symmetry is broken by varying the device geometry by spatially varying the
constituent material properties or both. We show that symmetry breaking has three important implications: First,
breaking the mirror symmetry causes an asymmetric sensor response with R(B) # R(—B), benefiting from a
largely enhanced sensitivity to weak magnetic fields and detection of the magnetic field direction. Second,
an interplay with the Hall effect causes a large negative magnetoresistance exceeding 79% at B=1 T and
room temperature without magnetic constituents or explicit optimization of this property. Third, the asymmetric
geometries can be used as a key ingredient toward designing on-demand magnetoresistive characteristics such
as linearity at low magnetic fields, step functions, and magnetic switchlike behavior. These implications pave the
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way for asymmetric topology optimization of magnetoresistive devices with unparalleled performance.
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I. INTRODUCTION

Detection of magnetic fields with magnetoresistive sen-
sors has been the cornerstone in essential components for
decades, with applications ranging from magnetic hard disks
[1,2] to detection and manipulation of magnetic nanoparticles
in biomagnetic fields [3—-6]. Magnetoresistive sensors based
on, e.g., giant magnetoresistance (GMR) devices are simple,
technologically mature, operational at room temperature, and
compatible with mass production [7-11]. Despite extensive
research, the sensors generally still lack the sensitivity re-
quired for detecting ultraweak magnetic fields (femtotesla to
picotesla) often associated with signals detected in the human
body [12].

The extraordinary magnetoresistance (EMR) was discov-
ered in semiconductor-metal hybrid structures in 2000 by
Solin et al. [13] with reported magnetoresistance values ex-
ceeding 10°% at room temperature in an applied magnetic
field of 5 T [13,14]. The EMR is governed by the Lorentz
force, which causes a current redistribution when a mag-
netic field is applied [15,16]. A semiconductor-metal EMR
device resembles a short circuit at zero magnetic field with
a significant part of the current flowing through a metal in-
clusion. At increasing magnetic fields, highly resistive states
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are obtained as the current is deflected around the metal in-
clusion. The EMR features room-temperature operation with
no magnetic components causing magnetic noise and stray
fields that can alter the test subjects. The effect is purely
geometrical, however, some material parameters of the hybrid
structures are crucial, such as a high electron mobility of
the semiconductor and a high electrical conductivity of the
metal [17,18]. Therefore, intense research has been conducted
using various high-mobility materials, including InSb [13,17—
22], GaAs [23-26], and graphene [27-31]. Optimizing the
device geometry was further found to highly increase device
performance where shaping the metallic inclusion as a sym-
metric Hall bar [14,32] or square [33] was shown to enhance
the MR response by several orders of magnitude. However,
to date, geometric optimization was done only on symmet-
ric structures [2,14,32—40]. These symmetric EMR devices
produce large MR values with a symmetric magnetoresis-
tance response where R(B) = R(—B) around zero magnetic
field [13,15,19,32,33,41]. The symmetric behavior leads to
the sensitivity [dR/dB]g—.o = 0, which is undesirable for de-
tecting weak magnetic fields [40,42]. Asymmetric geometries
in EMR devices can therefore provide a way to tune the
device, beyond previous studies on inducing asymmetry in the
magnetoresistance of EMR devices by changing the contact
configuration [2,33,34,36,38,40,42-45]. This forms an alter-
native approach where the asymmetries are directly built into
the EMR device itself to form an asymmetric sensor response,
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independently of the contact location. The entire shape of the
EMR device thus can be used to induce asymmetries, provid-
ing ample room for optimization of the EMR performance.
This may constitute an important step toward resolving the
challenge of detecting weak magnetic fields using magnetore-
sistive devices.

Here, we start with the archetypal EMR device of two
concentric discs where the larger outer circle consists of semi-
conducting InSb and with the smaller inner disk of metallic
Au [13]. We study the effects of inducing asymmetries in the
device to obtain an understanding of the origin of negative
and asymmetric magnetoresistance in EMR devices and to
examine how asymmetry can be harnessed into a tuning knob
for the development of future sensors capable of detecting
weak magnetic fields.

II. METHODS

In this paper, we consider the hybrid structure schematized
in Fig. 1(a), with the current (I) being injected between the
lower pair of contacts as depicted by the arrows. The results
shown are independent of the current, which for convenience
is chosen to be 1 A in absence of Joule heating. The difference
in electric potential (AV') is deduced between the upper pair of
contacts. The four-terminal resistance, R = AV/I, is used to
extract the magnetoresistance (MR) as a function of magnetic
field applied perpendicular to the device (B):

_ R(B; R(O)' )
0

Due to the planar structure of EMR devices, we utilize a
2D finite element model via COMSOL MULTIPHYSICS version
5.5. The current flow is governed by Ohm’s law, j = oE,
where j is the current density vector, ¢ is the conductivity
tensor, and E is the electrical field. The 2D conductivity tensor
depends both on the magnetic field and material parameters by

00 1 —uB
7O = T By [MB ! ] @
where u is the electron mobility of the semiconductor and B
is the perpendicular magnetic field. The Drude conductivity at
zero magnetic field is given as op = neu, where n is the car-
rier density. The model solves the continuity equation of the
electrostatic potential ¢ (x, y) under steady-state conditions:

V- [oVox, y)]=0. 3

The device and materials are based on the work by Solin
et al. [13], which utilizes InSb (o = 1.86 x 10* @ 'm~!,
w = 45500 cm?/Vs at RT) as the semiconductor and gold
(0p =4.52 x 107 Q7 'm~!, py =50 cm?/Vs at room tem-
perature) as the metal. The thickness of InSb, r = 1.3 um,
was used to calculate the resistance with R o< 1/¢. The gold
contacts to the semiconductor are modeled as four bound-
aries on the perimeter of the semiconductor disk with angular
widths of 9°. The Laplace equation [Eq. (3)] is solved under
the boundary condition that no current flows at the perimeter
of the semiconductor disk, except where the source and drain
contacts are placed.
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FIG. 1. Resistance versus magnetic field (B) at varying filling
factors, « = r;/r,, where r; and ry denote the radii of the metal and
semiconductor part, respectively, as shown in the device schematic
(top). (a) Plot showing finite element modeling (FEM) simulations
(solid lines), analytical solution [46] (dashed lines) and experimental
data [13] (dots). (b) Sensitivity as a function of magnetic field for the
same filling factors used in (a)

The geometrical ratio between semiconductor and metal
disk sizes is defined as the filling factor, « = r;/r,, where
r; and r, are the radii of the inner and outer semiconductor
disks, respectively. The device performance is independent
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FIG. 2. Effects of displacing the metal inclusion in EMR devices. (a) Device schematic showing displacement of the metal in the horizontal
direction denoted as Ax. The radius of the metallic circle is denoted by r;. (b) Resistance as a function of magnetic field for varying Ax, as
depicted by values of Ax/r;. (c) Sensitivity versus magnetic field for varying Ax, showing that breaking the mirror symmetry affects device
performance. (d) Device schematic showing displacement along the vertical direction (Ay). (e) Resistance as a function of magnetic field
for varying vertical displacements given in units of Ay/r;. (f) Sensitivity versus magnetic field for varying Ay, showing that retaining mirror
symmetry has a negligible effect on the device. (g) Sensitivity evaluated at zero field as a function of displacement for Ax (blue) and Ay (red),
matching the dashed lines in (c) and (f), respectively. The dashed lines are a guide for the eye.

of the total size of the device and we arbitrarily set r, =
1 mm. The sensitivity, dR/dB, was calculated by numerical
differentiation using the central difference principle with a
magnetic field resolution of 10 mT. A stable mesh size was
determined to be above 5000 grid elements (Supplemental
Material, Fig. S1 [47]).

III. SYMMETRIC EMR DEVICES

Calculating R(B) at varying filling factors allows us to di-
rectly compare our model to experimental data [13] along with
an analytical solution [46] (Supplemental Material, Eq. (S1)
[47]), as shown in Fig. 1(a). The sensitivity of the different
filling factor values are shown in Fig. 1(b). Our FEM model
is in excellent agreement with the analytical solution avail-
able for this high-symmetric geometry as well as reproducing
the major trends from experiments. The deviation from the
experimental data for o > %, has previously been attributed
to the model, not accounting for contact resistance at the
metal-semiconductor interface [15,46].

The MR is shown as a function of increasing filling fac-
tor « in Supplemental Material, Fig. S2 [47]. For 0.05, 0.1,
and 0.25 T, the largest MR values were achieved with o =
%, where 1 T revealed a maximum at o = % with MR
= 530 00%, displaying good reproducibility of previously
published results [13—15]. Symmetric devices yield resistance
curves that are symmetric around zero magnetic field, caus-
ing the sensitivity to approach zero as B — 0 T as shown
in shown in Fig. 1(b). To detect weak magnetic fields with
symmetric devices, a bias magnetic field must be applied to
move this device into the most sensitive region. For the mate-
rial properties and device geometry used here, the maximum
sensitivity reaches around 40 /T at large fields of around
0.5 T. The need for applying a bias fields both complicates

sensor architecture and may cause influence on the test sub-
jects. Thus, measuring weak magnetic field requires a strategy
which breaks the symmetry of the MR curves.

IV. BREAKING THE SYMMETRY

In the following, we have studied the effect of breaking
the geometrical symmetry by displacing the metal disk along
the vertical and horizontal axes as illustrated in Figs. 2(a) and
2(d). We denote displacement along the horizontal axis as Ax.
For illustrative purposes, we chose the ratio of o = %, as
this provided a larger range in which the metal disk can be
displaced, although this provides a smaller MR compared to
a= %. The metal disk was displaced in steps of 0.1 mm up
to a maximum Ax of 0.5 mm.

Figure 2(b) shows R(B) at varying displacements along
Ax, given in units of the metal disk radius, Ax/r;. The
device is considerably affected by the symmetry breaking
with an equal displacement of the metal disk in opposite
directions yielding mirror-symmetric curves with R(B, Ax) =
R(—B, —Ax), as also phenomenologically illustrated in Sup-
plemental Material, Fig. S3 [47]. The resistance increases
and the sensitivity at B = 0 T becomes nonzero with larger
displacements. An interesting feature of the Ax displacement
is not only the appearance of a maximum in the resistance
at about B = 0.5 T for Ax/r; = 1 but also the negative slope
for negative magnetic fields. The sensitivity for varying Ax is
shown in Fig. 2(c) with a peak at 0.13 T, where the sensitivity
increases as the system becomes more displaced, yielding a
maximum dR/dB = 54 Q/T. Not only does the sensitivity
increase but it also becomes nonzero for B — 0. We have
repeated the procedure of displacing the metal disk, but in the
vertical direction, Ay, illustrated in Fig. 2(d). The changes of
R(B) at varying vertical displacements are shown in Fig. 2(e).
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FIG. 3. Zero-field sensitivity as a function of filling factor & and
the normalized displacement of the metal disk, Ax/r,. The green
dashed line represents the function ay = cos (45°)Ax/r, (see main
text)

We observed no large effect of shifting the center of the metal
disk by any value of Ay. Changing the metal placement in
the y direction will have an impact on oy, but as shown in
Fig. 2(f), the sensitivity barely changes and is similar to the
case of a = 18—6 in Fig. 1(b). The symmetry of the mirroring
axis between the pair of voltage probes is retained, which
renders the MR curves symmetric and dR/dB = 0 under Ay
displacements (see Supplemental Material, Fig. S3 [47]).
The sensitivity at weak magnetic fields is especially inter-
esting for some applications, such as detecting biomagnetism
[3-6,12]. As shown, displacing the metal inclusion can en-
hance dR/dB at weak fields through an interplay between
the Lorentz force and the asymmetric geometry. We calcu-
late dR/dB for B — 0 for both Ax and Ay, as shown in
Fig. 2(g). As expected, the sensitivity under Ay displacement
was constant throughout the whole range with a value of
zero, whereas the sensitivity increased monotonically with
Ax displacements up to 37 Q/T for Ax/r; = 1. Thus, we
shift the maximum sensitivity previously found at large fields
of around 0.5 T [Fig. 1(b)] to 0 T, eliminating the need
for a bias field to measure small magnetic field strengths.
We further vary both the displacement along the x axis for
different radii of the metal disk. As displayed in Fig. 3, the
sensitivity is a nonmonotonic function of both parameters
where the optimal metal radius varies with the displacement.
Interestingly, for « = 8/16 the optimal value of the displace-
ment is Axqp/7o = 0.7 = cos (45°), which corresponds to the
situation where the metal disk is offset such that its center
is directly between the current and voltage probe. Here, the
metal disk protrudes outside the semiconductor, in contrast
to Fig. 2 where the metal disk was restricted to be inside
the semiconductor disk. The optimum for « = 8/16 is placed
on a roughly linear relationship between the optimal filling
factor as a function of displacement (cop; = c0s (45°)Ax/7,)
as indicated with the green dashed line in Fig. 3. To a first

approximation, the relationship approximately describes the
conditions where the metal is shorting the right current and
voltage probe for Ax/r, > 1, suggesting that the number of
contacts may be decreased without loss of sensitivity. Within
this simple optimization scheme, the sensitivity increases by
a factor of >~ 2 from 37 /T at Ax-r, = 0.5 and « = 8/16
to 66 Q/T at Ax-r, = 1.4 and o = 15/16. This increase in
the zero-field sensitivity is beyond what is achievable with the
highly symmetric case at any magnetic field [Fig. 1(b)], signi-
fying that it is possible both to shift the optimal magnetic field
range to 0 T as well as to improve the best sensitivity. This
also indicates the opportunity for further optimization using a
more comprehensive geometrical optimization scheme and in
particular changing the location and number of contacts. The
electron mobility of the semiconductor is a crucial factor in
EMR devices [14,15,36,48]. Figures 4(a)-4(c) show how the
mobility affects both symmetric and asymmetric (Ax/r; = 1)
devices. Figure 4(a) shows R(B) of a symmetric device for
various electron mobilities. A lower electron mobility will de-
crease the conductivity at zero field, while high mobility will
not only increase oy but also lead to sharper MR responses
and faster saturation when applying the magnetic field. The
asymmetric case in Fig. 4(b) shows the same tendencies, with
a small step in resistance from B =0 to around 0.2 T at
high mobilities, where a low mobility will increase the overall
resistance of the system and smear out the step. Figure 4(c)
depicts the MR as a function of the mutual scaling factor, uB.
In both cases, the MR curves for varying mobilities follow the
same scaling forming a single collapsed curve. This follows
from the conductivity tensor [Eq. (2)] where the Lorentz force
governing the EMR is a function of uB. In essence, this
entails that a large MR response can be achieved by either
having a high mobility or increasing the magnetic field. In
cases where a high magnetoresistive response is desired for
weak magnetic fields, it is therefore crucial to have a high
electron mobility. Moreover, the scaling implies that from a
single experiment or simulation where the MR is measured
(simulated) as a function of the magnetic field, one can deduce
the effect of changing the electron mobility. This applies to
both the symmetric and asymmetric cases.

Another approach to break the device symmetry is by split-
ting the semiconducting disk into two regions named S1 and
S2. By fixing the mobility of S1, s = 45500 cm?/Vs, and
varying only ws», it is possible to induce asymmetry in the
system (see Fig. 3). This can, e.g., be obtained by intentional
degradation of the mobility of a high mobility semiconduc-
tor on half of the semiconductor. A possible approach is to
protect the high mobility side with a thick photoresist or a
hard mask and then perform ion implantation (He, H, Ar, etc.)
to form point defects that reduce the mobility. Design of the
implantation parameters versus the ion type and semiconduc-
tor thickness can provide excellent control on the properties.
Here, we additionally implement the displacement of the
metal disk. Figures 4(d)—4(f) show R(B) for the two-material
system with a centered metal disk (d), Ax/r; =1 (e), and
Ax/r; = —1 (f). We observe that the centered metal disk con-
figuration has asymmetry, while the features when displacing
the metal disk to the right is similar to the single-material
system, yet more pronounced. Displacing the metal disk to
the left or right has a similar steplike feature in the resistance
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FIG. 4. Upper panels: R(B) for varying electron mobilities in the case of a single-material semiconducting disk with a symmetric device
configuration (a) and asymmetric configuration where Ax/r; = 1 (b). MR values were extracted for both device configurations and plotted
in (c) as a function of the mutual scaling factor, uB. Lower panels: R(B) and sensitivity plots illustrating the effects of utilizing two
semiconducting materials (S1 and S2). The electron mobility of S1 was kept fixed at j5; = 45500 cm?/Vs while varying ;. (d)—~(f) R(B) for
the two-material device with a centered disk of metal (d), displaced metal disk with Ax/r; =1 (e), and Ax/r; = —1 (f). Sensitivity plots are
shown in (g)—(i) corresponding to the configurations in (d)—(f), respectively, with the dashed lines representing zero field and zero sensitivity

as a guide for the eye.

for high values of ug,. As the mobility is decreased, the step-
profile turns into a diodelike behavior with small resistance
for B > 0 and a rapidly increasing resistance for B < 0 for
the negatively offset device. In contrast to the single-material
case, the simple uB scaling factor cannot be used to describe
the the two-material system (Supplemental Material, Fig. S4
[47]), as the current deflection in the semiconductor materials
is spatially varying. However, even with an inaccurate mutual
scaling factor, the two-material system produces a large MR
response (> 1500 %).

The sensitivity of the two-material device shown in
Figs. 4(g)—4(i) is generally larger compared to the single-
material device. The two-material device with a centered
metal disk reaches a sensitivity of |dR/dB|p—; 7 = 85 Q/T
for the lowest mobility g, = 2500 cm?/Vs. This device
shows zero sensitivity for B — 0 [Fig. 4(g)], which is similar
to the single-material case. Shifting the metal disk to the right
yields a sharp sensitivity peak around 10 mT with a value of
73 /T for the highest mobility us, = 100000 cm?/Vs as
shown in Fig. 4(h). This is comparable to the sensitivity of
54 /T from the fully displaced single material which saw a
similar peak at roughly the same magnetic field strength. The
highest sensitivity is found when shifting the metal disk left

into S2, which gives a value of |dR/dB|g—o75 7 = 120 Q/T
for ws, = 2500 cmz/Vs. From this, we can conclude that
shifting the metal disk right leads to better performance from
a higher pg,, where shifting it left benefits from a lower
Ws>. For the majority of magnetic field values used here, the
MR is considerably lower for the asymmetric device as seen
in Fig. 4(c). However, Fig. 5(a) shows that the asymmetric
device has a higher weak-field sensitivity, with a negligible
dependence on electron mobility. This is interesting as it sug-
gests that, in the single-material case, the mobility does not
affect the sensitivity at zero magnetic field, however, only at
finite magnetic fields. Contrarily, when using two materials
to break the mirror symmetry, the varied mobility affects the
zero-field sensitivity considerably and can both enhance or
decrease it as shown in Fig. 5(b). The device with a metal
disk in the S2 region of low mobility (left displacement) has a
zero-field sensitivity that reaches a maximum |dR/dB|p—.¢ =
60 2/T, where the right-displaced system shows a maximum
|dR/dB|g—.o =40 Q/T for the highest mobility. Asymmet-
ric device geometry is a promising aspect of EMR devices
and can be tailored to suit specific demands by varying the
mobility in one region of the device. We have shown that
by shifting the metal disk, it is possible to increase the
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FIG. 5. Zero-field sensitivity as a function of ug, with a fixed
ws1 = 45500 cm?/Vs. (a) Single-material devices with symmetric
(blue) and asymmetric (red) configuration. (b) Two-material devices
with symmetric (blue), right-displaced (green), and left-displaced
(red) configurations. The sensitivity values were extracted following
the colored dashed lines in Figs. 4(g)—4(i).

weak-field sensitivity. Asymmetry can also be achieved by
material junctions of varying electron mobilities which can
potentially be sensitive to only one magnetic field direction as
indicated in Fig. 4(f). The results also indicate that asymmetry
can produce devices that have steplike sensor responses as
seen in Fig. 4(e) or diode-like behavior as shown in Fig. 4(f).
A study by Solin et al. [49] reports a sensitivity of 147 /T
at B=10.05 T and a bias field of 0.27 T. A previous study
where InAs was used as the active semiconducting material
have reported a sensitivity of 562 /T at 75 K and 0.26 T [50]
while another group reports 67 /T at RT and 45 mT which

=45500 cm ?/Vs =19.74 Q R=19.74Q
MR—1271% MR = 1271 %
Metal
i\ =
=45500 cm ?/Vs =1.64Q R=6.78Q R=23.32Q
MR—-76% MR =243 %

U, = 45500 cm?%Vs R=77.08Q R=22620Q
b, =2500 cm %Vs MR =456 % MR =63 %
| |
0 1 2 3 4 5 6 7 8
JN (108 m?)

FIG. 6. Current flow affected by asymmetry and magnetic fields.
Current injection is marked by the black arrows in the device
schematics (left column). Current flow with magnetic fields of —1,
0 and 1 T are depicted for the symmetric single-material device
(Ax=Ay=0, top row), fully displaced single-material system (mid-
dle row) and the two-material device (g = 45500cm?/Vs and
s> = 2500 cm?/Vs) with a centered metal disk (bottom row). Resis-
tance and MR values are stated below each case. Color scale depicts
J/I in units of 10 m~2, where J is the local current density and [ is
the input current.

is similar to GMR sensors used in recording applications [45].
We report a sensitivity of 60 /T for B — 0 at RT. Consid-
ering our nonoptimal geometry with no bias field, our results
provide valuable guidelines for designing future sensors with
superior weak-field sensitivity.

V. CURRENT FLOW IN EMR DEVICES

Understanding the current flow of the EMR device could
help decipher the effects of displacing the metal inclusion. We
have investigated the current flow at magnetic fields of —1,
0, and 1 T for the symmetric system, fully displaced single-
material system, and the two-material system with a centered
metal disk as shown in Fig. 6. With zero field and zero dis-
placement, most of the current flows through the metal which
results in R(0) = 1.44 Q. The deflection from either a positive
or negative magnetic field leads to a common R = 19.74 Q,
yielding a symmetric MR of 1271%. The case of Ax/r; =1
is interesting due to opposite and nonequal behavior in the two
directions of magnetic field. For positive fields, we observed
MR = 243%, and in negative fields MR = —76%, which
shows that the device is sensitive to the direction of mag-
netic field. Studying the current flow of the displaced system
(Ax/r; = 1) reveals that a small amount of current is flowing
around the inclusion at B = +1 T. The current is deflected
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toward the grounded contact for B = —1 T, which yields a
lower resistance since the current flows almost directly from
one contact to the other. For B = 1 T, the current is deflected
away from the grounded contact, which in turn forces the
current into the metal and upward, causing a longer and more
resistive current path. The current flow in the system contain-
ing two materials is dissimilar to the single-material systems
since s; 3> ws2. The chosen value of pg, = 2500 cm? /Vs
provided the largest effects while keeping a fixed wg =
45500cm?/Vs. At B = —1 T, the majority of the current is
deflected around the metal in S1, which changes upon enter-
ing S2 as the majority of the current flows directly through
the metal. The low mobility causes a weak deflection, thus
allowing the current to flow through the metal. This causes
the current to focus in a narrow region close to the triple-
material boundary. A MR of 456% at B = —1 T is almost
double of what the displaced single-material system produced
at B =1 T. However, a positive magnetic field reveals MR =
63% for the two-material device, where the single-material
device showed —76%. Combining the two-material device
with a left-displaced metal disk yields MR(—1 T) = 547%
and MR(1 T) = —79% (Supplemental Material, Fig. S5 [47]),
thus further enhancing the field direction sensitivity compared
to the single-material device. The symmetric system yields
the largest MR values but the displaced device exhibits other
interesting features such as geometry-induced negative MR
in a device consisting entirely of nonmagnetic components.
Negative MR is often viewed as a product of magnetic mate-
rials [51,52] or by chiral anomalies in Weyl metals [53,54],
but in this case it arises through an interplay with a Hall
signal through the Lorentz force. Breunig et al. [52] reports
a large negative MR of 98% in a magnetic field of 14 T
and T = 10 K, which they claim to be unprecedented in a
nonmagnetic system. We report a negative MR of 79% at 1 T
and room temperature, which could likely be greatly improved
with an optimal geometry.

VI. PERSPECTIVE

The inclusion of asymmetric elements in magnetoresistive
devices have shed light on several important implications:

(1) Weak-field sensitivity: The weak-field sensitivity can
be enhanced by embracing asymmetry. We illustrate this point
by displacing the metallic inclusion, leading to an enhanced
weak-field sensitivity for B — 0 which is otherwise a lim-
itation in symmetric devices. Combining the displacement
with regions of varying electron mobility resulted in a further
enhancement of the weak-field sensitivity. We find that the
weak-field sensitivity of asymmetric devices can even be im-
proved beyond what is possible in highly symmetric devices
with any bias magnetic field applied to tune them into the
most sensitive state. From this perspective, asymmetric device

configurations are highlighted here as a vital tool in device
design and a key ingredient to boost weak-field sensitivity.

(2) Large negative magnetoresistance A large negative
MR can be induced in nonmagnetic devices using only geo-
metric variations and an interplay with the Hall effect. Albeit,
our results are conducted at room temperature using nonopti-
mal geometries, we obtain an effective negative MR of 79%
(see Supplemental Material, Fig. S5), consistent in magnitude
to previous nonmagnetic systems exhibiting large negative
MR [52]. Further optimization of materials and asymmetric
topologies are expected to be key to achieve much higher
negative MRs.

(3) On-demand sensor performance: We observe that
inducing asymmetry can lead to miscellaneous sensor char-
acteristics, including sensors with step-function responses
similar to Fig. 2(b), linearity at B = 0 as shown in Fig. 4(b),
or diodelike behavior as shown in Fig. 4(f). Such sensor
characteristics are important for, e.g., magnetic switches and
weak-field magnetometers. Similar effects of asymmetry are
also expected when changing the outer device boundary to
a conventional van der Pauw square or Hall bar. Through
asymmetric material modification on the nanoscale, one may
also produce materials exhibiting nonsaturating, linear posi-
tive MR responses present in several recently found materials
[55-57], but also devices and materials designed with other
characteristics.

(4) Contact permutation: An asymmetric device can be
used for multiple purposes by simply changing the current
leads. Horizontal displacement of the metallic inclusion can
lead to enhanced weak-field sensitivity while vertical dis-
placement retains the high MR of the symmetric system. The
symmetry of those systems can either be broken or restored
in a single device by permutating the current and voltage
contacts. It is therefore possible to switch between several
sensor states by contact permutations, in this case a highly
magnetoresistive state as shown in Figs. 2(d)-2(f) and a weak-
field sensitive state as shown in Figs. 2(a)-2(c) in the same
device.

This paper identifies the asymmetric geometric contribu-
tion as a key ingredient to achieve superior performance
in magnetoresistive devices, which can unlock the potential
for designing on-demand sensor responses and unparalleled
weak-field sensitivities suitable for detecting biomagnetism
and magnetic nanoparticles.
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