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Abstract
An increasing demand of magnetic field sensors with high sensitivity at room temperatures and
spatial resolution at micro-nanoscales has resulted in numerous investigations of physical
phenomena in advanced materials, and fabrication of novel magnetoresistive devices. In this
study the novel magnetic field sensor based on combination of a single layer graphene (SLG) and
thin nanostructured manganite Lag gSr ,MnO5; (LSMO) film—hybrid graphene-manganite (GM)
structure, is proposed and fabricated. The hybrid GM structure employs the properties of two
materials—SLG and LSMO—on the nanoscale level and results in the enhanced sensitivity to
magnetic field of the hybrid sensor on the macroscopic level. Such result is achieved by
designing the hybrid GM sensor in a Wheatstone half-bridge which enables to employ in the
device operation two effects of nanomaterials—Ilarge Lorentz force induced positive
magnetoresistance of graphene and colossal negative magnetoresistance of nanostructured
manganite film, and significantly increase the sensitivity S of the hybrid GM sensor in
comparison with the individual SLG and LSMO sensors: § = 5.5mV T~! for SLG,
145mV T~ for LSMO and 20 mV T~ for hybrid GM at 0.5 T, when supply voltage was
1.249 V. The hybrid GM sensor operates in the range of (0.1-2.3) T and has lower sensitivity to
temperature variations in comparison to the manganite sensor. Moreover, it can be applied for
position sensing. The ability to control sensor’s characteristics by changing technological
conditions of the fabrication of hybrid structure and tuning the nanostructure properties of
manganite film is discussed.

Keywords: graphene, manganite thin films, nanostructures, magnetoresistance, magnetic field
Sensors

(Some figures may appear in colour only in the online journal)

1. Introduction

The detection of magnetic fields with increased spatial reso-
Original content from this work may be used under the terms  Jution to micro-nanoscales is very important for magneto-
BY of the Creative Commons Attribution 3.0 licence. Any metry, magnetic storage, biosensing and other applications

further distribution of this work must maintain attribution to the author(s) and N . N .
the title of the work, journal citation and DOL [1-5]. Moreover, the increasing use of smart devices with
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incorporated chip-based sensors are becoming very promising
for growing automotive and Internet of things industries and
Intelligent transport [6-8]. It is of great interest to have low-
dimension sensors with increased sensitivity and extended
capabilities operating at room temperatures. The discovery of
Hall effect in semiconductors and magnetoresistive effects
(anisotropic AMR, tunneling TMR, giant GMR and colossal
CMR) in magnetic structures encouraged fundamental
research [9-11] leading to a number of laboratory-scale and
commercially available devices [12-14]. However, each
application has its specific requirements for sensitivity,
temperature and magnetic field ranges of operation, accuracy,
etc. Therefore, the choice of material with special properties
and design of sensing element becomes very important.

Recently, it has been demonstrated that nanostructured
(polycrystalline with nanosize grains) lanthanum manganite
films can be used for the development of magnetic field
sensors operating in wide range of temperatures (4-320 K)
and magnetic fields (from mT up to megagauss) [15-17].
Manganite films reveal paramagnetic-ferromagnetic phase
transition at a Curie temperature and exhibit negative colossal
magnetoresistance phenomenon which in simplified theor-
etical explanation is related to the double-exchange mech-
anism leading to the increase of material conductivity when
magnetic moments of manganese ions are aligned in an
external magnetic field [18]. Many research groups are
interested in so-called extrinsic magnetoresistance [19] phe-
nomena related to spin-polarized tunneling transport across
grain boundaries in polycrystalline manganites, since these
promise large magnetoresistance values in low magnetic
fields [20, 21]. Magnetoresistive sensors based on nanos-
tructured manganite films have large sensitivity [22, 23] in a
wide range of temperatures, however, it decreases with
increase of temperature in a paramagnetic state and with
increase of magnetic field due to magnetoresistance satur-
ation. The other advantage of nanostructured manganite films
—they are relatively insensitive to magnetic field direction at
high fields, what makes it possible to design so-called
B-scalar sensors [14, 24, 25].

One of the most recently studied materials for the
development of magnetoresistive sensors is graphene [26],
which is a two-dimensional Dirac semimetal with a very high
mobility of charge carriers. The operation of graphene sensor
is based on Lorentz force induced positive magnetoresistance
phenomenon (Gauss effect). It was shown [27] that such
sensors are 100 times more sensitive to magnetic field than
silicon equivalent and graphene magnetoresistance does not
saturate up to very high fields (62 T) [28]. Graphene sensor
can achieve very large magnetoresistance values at inter-
mediate and high magnetic fields (5—15 T) [29-32], however,
at low fields (<1 T) the sensitivity of such sensors is low due
to classical quadratic MR dependence on magnetic flux
density B [33]. Thus low sensitivity of graphene based
magnetic field sensor in the low field range up to few tesla
and saturation of the sensitivity of manganite based sensor at
high magnetic fields are the main disadvantages of these
devices. Moreover, the zero magnetic field resistivity of both
manganite film and graphene layer at temperatures around

room temperature decreases with increase of temperature
(semiconducting state), what makes the sensor’s response
sensitive to the ambient temperature variations.

In this paper, we suggest the magnetic field sensor based
on combination of graphene layer and thin nanostructured
manganite film—hybrid graphene-manganite (GM) sensor,
which in comparison to an individual graphene or manganite
sensors, has significantly larger sensitivity to magnetic field
and lower sensitivity to ambient temperature variations.

2. Experimental

2.1. Graphene sensing element fabrication

The commercially available single layer graphene (SLG)
grown on Cu foil by chemical vapor deposition method and
covered with Poly(methyl methacrylate) (PMMA) polymer
was used in the present investigations. The graphene grown
on Cu foil was transferred to target substrate Si/SiO,—100 nm
with already formed Ag contacts by applying wet chemical
etching procedure. Firstly, Cu foil was chemically dissolved
from the bottom of Cu/Graphene/PMMA structure and, as a
result, the SLG + PMMA flake was floating on the top of
etching solution surface. Afterwards rinsing with deionized
water was performed and the floating flake was ‘catched’ and
transferred on the top of target substrate with already formed
Ag contacts. The PMMA layer was left as the protection of
graphene layer in order to prevent additional oxygen con-
tamination and altering of electric and magnetic properties of
graphene during the time.

2.2. Nanostructured manganite film fabrication

The La;_Sr,MnO3; (LSMO) films with a thickness of 350 nm
were deposited using a pulsed-injection metal-organic che-
mical vapor deposition technique [34] onto a polycrystalline
Al,O;5 substrate. Such substrate was chosen in order to grow
nanostructured films with nanosize crystallites. After flash
evaporation (at ~270 °C) of the micro-doses, the resulting
vapor mixture was transported by an Ar 4+ O, (3:1) gas flow
towards the heated substrate. During the growth, the temp-
erature of the substrate was kept at 750 °C and injection
frequency was 2Hz. A total pressure of Ar 4 O, gases in
reactor was 10 Torr.

2.3. Morphology and microstructure characterization

The surface morphology and microstructure of the LSMO
film was investigated by scanning electron microscope (SEM)
and transmission electron microscope (TEM). The Sr content
x in the grown films was estimated by energy-dispersive x-ray
spectroscopy measurements and was found almost constant:
x=0.2 % 0.0l
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2.4. Electrical transport and magnetoresistance
measurements

The dependence of manganite film and graphene layer
resistances on temperature was investigated in the range from
5 to 320K using closed cycle helium cryo-cooler (JANIS).
The magnetoresistance of individual graphene or manganite
sensors as well as hybrid sensor’s response to magnetic field
was investigated using electromagnet which was able to
generate DC magnetic field up to 2.35 T. The response to
magnetic field from hybrid graphene-manganite sensor was
recorded by measuring the change of voltage drop AV,
across the manganite film, when the circuit was supplied by
source voltage of Vg = 1.249V. The investigation of the
sensor’s response to magnetic field direction was performed
by rotation of the electromagnet.

3. Results and discussion

3.1. Design of hybrid GM structure

The proof-of-concept of the proposed GM magnetic field
sensor is realized by fabrication of a hybrid structure com-
posed of a SLG and nanostructured manganite
Laj gSrg,MnO; (LSMO) film (see figure 1). The surface
morphology and microstructure of the hybrid GM structure is
presented in figures 1(a)—(c). SEM images of graphene layer
covered by Poly(methyl methacrylate) (PMMA) polymer and
manganite film with electrodes (1, 2, 3) are shown in
figures 1(a), (b), respectively. In the first image (a) we can see
only the surface of PMMA covering the graphene layer, while
in the second image (b) the surface of the manganite film
(LSMO) between two electrodes (2 and 3) is clearly observed.
Additionally, figure 1(c) shows the enlarged view of the
manganite film surface (upper SEM image) and cross section
of the film obtained by TEM presented in the lower image.
One can see that the 350 nm thick film is nanostructured with
well-pronounced crystalline columns spread throughout the
entire thickness of the film in the direction perpendicular to
the substrate plane. The crystallite columns having width of
50-70nm were separated by 5-7nm thick vitreous grain
boundaries (evaluated from high-resolution TEM).

The hybrid GM sensor was designed as a Wheatstone
half-bridge (voltage divider, see figure 1(d)) with three
terminal (1, 2, 3) electrical circuit which consisted of a power
supply of voltage V, and two magnetic field sensing elements
connected in series: SLG (4) and nanostructured manganite
film LSMO (5) represented in the figure 1(d) as resistors Rs; g
and Ry smo, respectively. The response voltage V., in applied
magnetic field was measured across the manganite film. An
increase of sensitivity of the proposed device was expected as
a result of opposite signs of magnetoresistance phenomena in
graphene and manganite film. The schematic structure of both
sensing elements SLG and LSMO is shown in
figures 1(e), (f).

For the proof-of-concept, two designs of hybrid GM
sensor were proposed and investigated: coplanar and

perpendicular (see figure 1(g), (h)). In case of coplanar design
(g), the graphene layer and manganite film were placed and
connected in the same plane. In this case the applied magnetic
field was directed with the same angle in respect to the plane
of both sensing elements. For the perpendicular design (h),
the manganite film plane was perpendicular to the graphene
layer plane. In such case the magnetic field applied
perpendicular to the graphene layer was directed parallel to
the manganite film plane.

It has to be noted, that magnetoresistive properties of
individual sensors, fabricated only from single graphene layer
(figure 1(e)) or manganite film (figure 1(f)), were also
investigated. In this case, the graphene layer or manganite
film was connected in a voltage divider circuit connecting
them in series with a ballast resistor replacing Ry syo or RsiG,
respectively, in the circuit presented in figure 1(d). The value
of resistance of the ballast resistor was chosen the same as
that of graphene or manganite film in order to ensure the same
conditions as for the hybrid GM sensor in zero magnetic field.

3.2. Magnetoresistance and sensitivity of the hybrid GM sensor

Figure 2 presents the magnetoresistance (MR) of SLG and
nanostructured manganite film (LSMO) defined as follows:
AR _ R(B) — R(0)
R(0)

MR = - 100% - 100%, (1

where R(B) and R(0) are resistance values at magnetic field B
and zero field, respectively. One can see that the graphene
layer exhibits positive while nanostructured manganite film
negative magnetoresistance phenomena. In order to compare
the influence of magnetoresistive properties of individual
sensors based on SGL or LSMO films on the sensitivity of the
hybrid structure, the SLG was chosen with similar MR values
as LSMO film in the investigated magnetic field range. One
can see that at low field (B < 1.5T) the MR dependence is
quadratic and thus the SLG sensor has low sensitivity to
magnetic field in this range. At higher fields (B > 1.5T) the
MR behavior changes to linear [28, 29] and the slope of this
dependence is very important for the sensitivity of magnetic
field sensor. Also, it has to be pointed out that the MR of SLG
is maximal when B is perpendicular to the layer plane and
zero if it is applied in the plane, what is typical for Lorentz
force magnetic field sensors. In contrary, the value of MR of
manganite film only slightly depends on the direction of
magnetic field (MR anisotropy
MRA = (MR, — MR ,)/MR|) in respect to the film plane (B
parallel || or perpendicular 1). The MRA significantly
decreases with increase of magnetic field and at 2 T is of the
order of 10% (in the field higher than 10 T it is less than 2%).
Such behavior of the MR is a result of a special nanostructure
of manganite film. Due to demagnetization (shape) effect
related with aspect ratio of thin film geometry, the direction of
easy-axis of magnetization is aligned with the film plane
[35-37]. In our case of nanostructured LSMO film, such
effect is partly compensated by column-like crystallite struc-
ture, in which the easy-axis of magnetization in a single
columnar crystallite is directed along its axis perpendicular to
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Figure 1. SEM images of graphene (SLG) covered with PMMA (a) and nanostructured manganite film. (b) 1, 2 and 3 are Ag electrodes. (c)
Enlarged part of manganite film surface (upper image obtained by SEM) and cross section view (lower image obtained by TEM). (d)
Electrical circuit of hybrid graphene-manganite (GM) sensor. (e) Schematic diagram of graphene sensor consisting of SLG covered with
PMMA and transferred on Si/SO, substrate with formed in advance Ag electrodes. (f) Schematic diagram of manganite sensor consisting of
nanostructured manganite film deposited on Al,O5 substrate and Ag electrodes. (g) Coplanar GM sensor’s design. (h) Perpendicular GM

sensor’s design.

the film plane. Moreover, depending on thickness of crys-
talline columns and properties of grain boundaries with
reduced magnetization and crystalline order [38], it is possible
to tune the magnetoresistance magnitude of the nanos-
tructured films [34] and change compensation level of the
demagnetization field [23, 37]. As a result, the magnetore-
sistance anisotropy can be minimized [23, 34]. It has to be
noted that figure 2 presents only one case—the results of the
Lag gSt9,MnO; film which nanostructure is presented in
figure 1(c). Changing film’s nanostructure by technological
conditions [34] and the aspect ratio of the film geometric

shape (decreasing planar dimensions down to film thickness)
it is possible to minimize the demagnetization field and thus
to achieve similar MR values for both perpendicular and
parallel field directions.

Two effects of nanomaterials—large positive magne-
toresistance of graphene at high (>1T) magnetic fields
[28-31] and large negative magnetoresistance of nanos-
tructured strontium manganite films [17] at room temperature
from low fields up to intermediate fields—allowed us to
propose hybrid graphene-manganite sensor expecting to
increase the sensitivity to magnetic field in a wide magnetic
field range.
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Figure 2. Magnetoresistance (MR) of graphene layer (dashed black
curve) and manganite film at two different orientations of magnetic
field at room temperature (7 = 294 K). Dashed—dotted red curve
obtained when B was parallel to the film plane, the solid blue curve
was measured when B was perpendicular to this plane.

Figure 3 a presents the results of the absolute value of
response voltage change AV = |Vies(B) — Vies(0)| with
magnetic field B for hybrid GM sensor measured using
electrical circuit presented in figure 1(d) at two configurations
of magnetic field: when B is aligned perpendicular to gra-
phene layer and parallel (solid red line, upper graph) or
perpendicular (solid blue line, lower graph) to manganite film
plane. The dependences of AV, versus B for individual
sensors made only from graphene layer (black dashed curves)
or manganite film (dash—dot curves) are also presented for the
comparison. One can see that the voltage response from the
hybrid GM sensor is larger in comparison with response from
individual sensors. The most significant increase of the hybrid
GM response is observed at low fields (<1.5 T), where AV,
from the individual SLG sensor is very small. Such effect is a
result of change of the fraction of voltage drop across one
element (manganite) due to change of the resistance of
another element (graphene) because of different signs of
magnetoresistance of both elements.

The absolute sensitivity of the sensors to magnetic field
was defined as § = 8AV,,/0B. The dependences of S versus
B for two GM sensor configurations obtained from data
presented in figure 3(a) are shown in figure 3(b). One can see,
that in the range of (0-1.5) T the sensitivity of individual
LSMO is higher in comparison to the individual SLG sensor.
At higher fields, the sensitivity of the SLG sensor becomes
higher. As a result, the total sensitivity of the hybrid GM
sensor is always higher in the measured magnetic field range
in comparison to the individual LSMO or SLG sensors.
Figure 3(b) shows that at low magnetic field the sensitivity of
manganite film is significantly higher if magnetic field is
oriented along the film plane (perpendicular configuration).
Due to demagnetization (shape) effect in thin manganite film,
the S versus B dependence (lower graph in figure 3(b)) con-
sists of two regions with different slopes demonstrating

different nonlinearity of AV, versus B characteristic. Thus
the design in which graphene layer and manganite film planes
are perpendicular each to the other is preferable for magnetic
field sensor as in this case the nonlinearity of AV, versus B
characteristic in all measured magnetic field range is descri-
bed by one and the same law (AV ~ B?). This also makes
less complicated calibration procedure of the sensor in com-
parison to the coplanar case. It has to be noted, that for sensor
applications the constant sensitivity is preferable. However, it
usually can be achieved only in narrow magnetic field range
(AB)jinear- For example, GMR or TMR sensors have linear
response and constant sensitivity in mT range [39]. In such
case the sensitivity is defined as MR /(AB)jipear Which can be
increased several times by decreasing the saturation field and
measurement range. In the case of graphene, the linear
response can be achieved at much wider range up to very high
magnetic fields (from 1T up to 62T at room temperature
[28]). However, at lower fields the MR has B> dependence
[28, 29]. Therefore, for sensors applications in a wide
magnetic field range, nonlinear characteristics are not a pro-
blem: one can use modern electronics and signal conditioning
circuits with stored in advance calibration data [14]. In our
proposed device the magnetoresistance change of graphene
and manganite elements has different signs, thus we evaluated
the sensitivity of the hybrid GM structure and compared it
with the sensitivities of individual elements as response
voltage change relative to the magnetic field change. For
comparison, the S value in hybrid GM sensor of perpendicular
configuration in respect to the individual graphene layer
sensor increases approximately 13 times at B = 0.1 T and 4
times at B = 0.5 T (figure 3(b), upper graph). However, when
both graphene and manganite planes are in parallel, the S
value changes from 7 to 3.7 times (figure 3(b), lower graph),
respectively. This demonstrates that sensor in which graphene
and manganite planes are perpendicular each to the other
exhibits larger sensitivity in comparison to coplanar design.
However, if the nanostructure of LSMO film and the aspect
ratio of its geometric shape was optimized, it would be pos-
sible to minimize the demagnetization field and to achieve
high sensitivity of the hybrid GM sensor at low magnetic
fields using more technologically convenient coplanar con-
figuration: LSMO_L + SGL_L, when both layers are in one
plane.

It is important to note that the sensitivity S of the GM
sensor also depends on the supply voltage V, of the mea-
surement circuit (see figure 1(d)). Therefore, in the general
case we have to consider a relative voltage change of the
sensor’s response in respect to the supply voltage: AV,/Vs.
For example, at 0.5T the voltage normalized sensitivity
Sy = S§/Vs when Vg = 1.249V is the following: 0.0044 V/
VT, 0.0116 V/VT, and 0.016 V/VT for individual SLG,
LSMO and hybrid GM sensors. In comparison, the Hall
sensor based on silicon achieved Sy = 0.1 V/VT, based on
graphene (0.35-3)V/VT (see, for example, a comparison
table in [40]), however, these sensors were operating only in
mT range. It is obvious that the maximal sensitivity of the
hybrid GM sensor depends on the intrinsic properties of both
manganite film and graphene layer in magnetic field
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Figure 3. (a) The voltage response change AV, dependence on magnetic flux density B for hybrid GM sensor, when magnetic field is
applied perpendicular to graphene layer and parallel to manganite film (upper graph, solid red line) or perpendicular to both graphene and
manganite planes (lower graph, solid blue line). The dashed black curve represents voltage response change from individual graphene sensor
(SLG_L), while dashed—dotted lines represent voltage response from individual manganite sensor when magnetic field was applied parallel
(LSMO]||) or perpendicular (LSMO_L) to the film plane. (b) The sensitivity S of different sensors obtained from corresponding curves
presented in graph (a). Power supply voltage Vs = 1.249 V, ambient temperature 7 = 294 K.

(magnetoresistance dependences on B, see figure 2) as well as
on the resistance values of both elements in zero magnetic
field. Therefore, we expressed the relative voltage change in a
form of its dependence on the absolute values of magnetor-
esistances MRg; g and MR g0 as well as resistances Rsp g
(0) and Ry smo (0) of the SLG and manganite LSMO,
respectively.

According to the electrical circuit shown in figure 1(d),
the hybrid GM sensor’s response change is the following:

AV =V, [ Ruswo(B)
Rismo(B) + RsLg(B)
__ Riswo(®) ] @
Rismo(0) + RsiLg(0)
It could be expressed in the form:
AVies 1 1
- -— 3)

Vi 1+r-m 14+r

Here the following parameters r and m are introduced:

_ Rsic(0) |
Rismo(0)”
_ 1+ MRggl |
1 — [MRysmol

MRy g — RsiG(B) 1
Rs1.6(0)
Rismo(B)
Rismo(0)

It has to be noted, that the MRg; g and MR gvmo in
equation (6) are measured not in percentage (as MR in
equation (1) and figure 2), but in parts of the unit (MR/
100%). It was shown (see figure 2) that the magnetoresistance
of graphene is positive, while manganite exhibits negative
MR, for this reason the sign in front of the absolute value of
the MR smo in equation (5) is negative.

Equation (3) can be used to determine the required
parameters of LSMO and SLG in order to obtain maximal
relative response of the hybrid GM sensor. For example, zero

“

3

MRysmo = (6)
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Figure 4. (a) Sheet resistance versus temperature dependences for single layer graphene SLG (black solid curve) and thin manganite film
LSMO (red dashed curve). (b) The absolute value of voltage response change AV, (0) with temperature in the temperature range of
(250-320) K in zero magnetic field for hybrid GM sensor (circular red dots) and sensor based only on manganite film (black square symbols).

field resistances of our fabricated individual LSMO and SLG
sensors were 670 {2 and 283 (2, respectively, while the mag-
netoresistance magnitudes at 2T were 11% and 7.9%,
respectively (see figure 2). Therefore, from equations (4), (5)
we obtain the following values of parameters: m = 1.21,
r = 0.42, and from equation (3) the absolute value of relative
response  AVie/V, = 0.04. When V,= 1249V, using
equation (3) we determine AV, = 0.051V, what is in
agreement with the measured value =52 mV (see figure 3(a)).
From the equation (3) follows, that the maximal sensitivity of
the hybrid GM sensor in the investigated magnetic field range
can be obtained when the resistances of SLG and LSMO film
are of similar value. Moreover, the relative response can be
increased by increasing the parameter m—increasing the MR
of graphene and manganite by optimizing fabrication tech-
nology of both layers. For example, if MR of LSMO would
be increased up to 16% at 2 T by using two sources of pre-
cursors supply during PI MOCVD technology proposed in
[41] and the MR of graphene would be increased up to 100%
using optimized graphene preparation technology on BN
substrate (see [42]), the parameter m = 2.38. Keeping the
same ratio of zero field resistances r =042 and
Vy, = 1.249 'V, one can calculate response AV, = 0.250V,
which is increased by 5 times in comparison with our pre-
sented case.

3.3. Temperature dependence

Very important parameter of magnetic field sensor is zero
field resistance sensitivity to temperature variations. Figure 4
demonstrates sheet resistance (R) dependence on temper-
ature (7) for graphene layer (SLG) and thin manganite film
(LSMO). The metal—-insulator transition temperature which
corresponds to the temperature of resistivity maximum (7,)
of LSMO film is 250 K.

As it can be seen, in temperature range from 275K to
320 K both graphene and manganite exhibits semiconductor-
type Ro versus T behavior with —24Q/K and —4Q/K

resistance temperature coefficient (RTC), respectively. This
means that the most sensitive to temperature variations ele-
ment of the hybrid graphene-manganite sensor is manganite
film. However, when two active elements (LSMO and SLG)
are connected into a hybrid GM sensor, the voltage response
change due to change of ambient temperature is less pro-
nounced. Figure 4(b) shows the absolute value of zero field
voltage response change
AVies(0) = Vies320k(0) — Viesasox(0) versus temperature in
the semiconducting state (250-320 K) for the sensor con-
sisting of individual manganite film (red circular dots) and the
hybrid graphene-manganite sensor (black squares). As it can
be seen, in the temperature range from 290 to 320K the
voltage response change is about 17% less for hybrid GM
sensor in comparison with the LSMO sensor. The sensitivity
to temperature variations can be significantly decreased by
using manganite film with lower RTC value. The technolo-
gical method to decrease RTC value for manganite films was
proposed by co-authors in EU patent [43] connecting two
LSMO films with different metal—insulator transition temp-
erature values. Moreover, the calibration data of the sensor
prepared in advance in the whole operation range of temp-
erature and magnetic field could be stored in modern elec-
tronics module and used during measurements to convert
measured response voltage change to magnetic flux
values [14].

3.4. Application for position sensing

The hybrid graphene-manganite sensor is a composition of
two sensors: one is Lorentz force sensor which signal strongly
depends on direction of magnetic field (it is zero if B is
parallel to the graphene plane) and CMR-B-scalar sensor
having small sensitivity to the orientation of magnetic field.
This makes it possible to use the hybrid GM sensor also as a
position sensor for various applications [44-46]. Figure 5(a)
shows the response from the GM sensor at two magnetic field
orientations: (1) when B is parallel to both graphene and
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Figure 5. (a) The response AV, versus B dependence of hybrid GM sensor at two magnetic field orientations. Solid black curve obtained
when B was parallel to manganite film plane and perpendicular to graphene layer (6 = 90°, see inset in (b) graph). Dashed curve obtained
when B was parallel to both manganite film and graphene planes (8 = 0°). (b) The response of hybrid GM sensor at different angles 6 of
0.7 T magnetic field direction in respect to the graphene plane (shown in inset). 7 = 294 K.

manganite plane (red dashed curve) and (2) when B is parallel
to manganite film plane and perpendicular to graphene layer
plane (black solid curve). The difference between solid and
dotted curves shows the influence of magnetoresistance effect
of graphene layer (SLG magnetoreistance is zero for in-plane
configuration) on total response of the sensor. Figure 5(b) also
demonstrates how hybrid graphene-manganite sensor can be
applied for position sensing. When B is parallel to graphene
layer, the response of the sensor shows only magnetic field
which is proportional to the distance to a permanent magnetic
field source (response only from manganite sensor). In such
case the GM sensor operates as proximity (position) sensor.
After reaching the defined distance the object containing GM
sensor can be rotated in respect to the permanent magnet and
additional response signal (due to graphene layer) changing
on the angle 6 appears. In the latter case the GM sensor
operates as an angle sensor. The curve presented in figure 5(b)
shows the dependence of the total response of the hybrid GM
sensor at 0.7 T on the angle of magnetic field in respect to
graphene plane. One can evaluate the sensitivity of the sensor:
the trace change with the rotation angle is (2 4+ 0.07) mV at
0.7T and it amounts approximately 22% of the basic signal
(~9mV). It is difficult to compare the sensitivity of such
sensor with commercial GMR or AMR angle and position
sensors operating at much lower magnetic fields (for example,
relative sensitivity of 0.112mV/VOe of GMR sensor was
obtained in the range of £50 Oe [46]). Comparing to other
sensors, the proposed GM sensor has advantages as it will be
able to detect objects with larger tolerance for the air gap (not
saturates at higher magnetic field and has wider operation
range). Moreover, the use of one single sensor with position
and angle sensing options instead of several sensors is an
advantage in many applications.

4. Conclusions

In conclusion, we have demonstrated a novel magnetic field
sensor based on hybrid structure of a SLG and thin nanos-
tructured manganite film which a sense layer thickness
depending on fabrication conditions and design configuration
can be minimized to micro-nanoscale dimensions. The hybrid
graphene-manganite sensor is designed in a Wheatstone half-
bridge in which both sensing elements SLG and LSMO are
connected in series, thus two effects of nanomaterials—large
positive magnetoresistance of graphene and large negative
magnetoresistance of nanostructured manganite film allowed
us significantly increase the sensitivity of the hybrid GM
sensor in comparison with individual SLG and LSMO sen-
sors. Moreover, the hybrid graphene-manganite sensor has
lower sensitivity to temperature variations in comparison to
the manganite sensor and can be applied for position sensing.
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