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The current trend in magnetoresistive sensors development is to increase the sensitivity of
single sensing elements by using multilayer structures and to design them into arrays. Such ar-
rays are designed to compensate the excess low frequency noise of individual elements, which
limits their magnetic resolution. Here, we report the modeling, design and fabrication of single
layer anisotropic magnetoresistive (AMR) sensors using low noise epitaxial Laj 3Sr; 3MnO3
(LSMO) oxide thin films deposited on vicinal SrTiO3 substrates. The fabrication process is
simple and the operation of the sensor is based on a step-induced uniaxial magnetic anisotropy,
described using the Stoner-Wohlfarth model. A coherent magnetization reversal process is ob-
served by magneto-optical Kerr effect imaging. A good agreement between experimental data
and the expected sensor response confirms the correct operation of the device. Three main
fabrication parameters, namely the vicinal angle of the substrate, the deposition temperature,
the thin film thickness, and their effects on film anisotropy field and device detectivity have
been studied. Detectivity levels as low as 1.4 nT Hz~'/? at 1 Hz and 240 pT Hz~'/2 in white
noise region are achieved with a single Wheatstone bridge element operating at 310 K. Com-
pared to GMR and AMR sensors, these results are promising for further development and for
their use as single layer LSMO low-field AMR sensors, including applications as implantable

biomedical devices.
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1 Introduction

The technological progress in the past few years has allowed the fabrication of low cost, low power

consumption and high sensitivity magnetoresistive sensors . They are used in a wide range of ap-

plications for the automotive industry, non-destructive monitoring, wearable electronics, position

sensing and biomagnetism.™' If biomedical applications are targeted, the sensor should present a

high signal-to-noise ratio in the low frequency region, as biological signals typically operate below
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1 kHz.*™ Currently, superconducting quantum interference devices are mainly used for detecting
magnetic signals of the human body.>*® While they are able to detect ultra-low magnetic fields,
they operate at cryogenic temperatures, which requires them to be placed at a minimum distance
from the source of the signal to be detected (and also needs infrastructure). Recently, optically
pumped magnetometers have been used as an alternative,* but they need to operate in magnet-
ically shielded room and cannot be implanted in the body for long time recording. Placing the
sensor as close as possible to the source of the signal is a key point for improving the signal to
noise ratio. So, if the device has to be implanted, an optimal operation at body temperature and
a small size are required, both for local analysis and for design of small gradiometric structures
which can avoid the use of shielded rooms. Although giant magnetoresistance (GMR)®“ and tun-

neling magnetoresistance (TMR):H

sensors present a high sensitivity, their complex multilayer
structure generates significant intrinsic excess noise at low frequency.'? Complex architectures of
stacked spin valves or magnetic tunnel junctions connected in series and in parallel are required

to reach sub-nT resolutions?312

. Sub-nT resolution can also be obtained with multilayer AMR
based sensor.1® By exploiting the very low intrinsic noise and the AMR effect in ferromagnetic
Laj 3511 /3MnO3 (LSMO) oxide thin films, we have fabricated magnetoresistive sensors, with a
single ferromagnetic layer structure, targeting performance adapted to biomedical applications.
These AMR sensors have a Wheatstone bridge geometry similar to Planar Hall Effect Bridges
(PHEB).!” We did not rely on exchange bias interaction with a pinned layer nor on the application
of external magnetic field during deposition process, which is commonly the case for GMR, TMR
and PHEB devices. In our case, the uniaxial magnetic anisotropy was set and imposed by the vi-
cinal SrTiO3 (STO) substrate.'#12 Thus, there is no magnetic or transport noise due to interaction
between different magnetic layers. This allows a much simpler fabrication process and the sensing
element can be scaled easily with a flexible design. In this paper the principle of operation of such
an AMR sensor is presented with attention given to magnetic energy states. Expressions of mag-

netic sensitivity and detectivity are given. The model is validated via Magneto-optical Kerr Effect

(MOKE) imaging and magnetoresistance characterization of sensors. Three parameters were stud-



ied to tune the anisotropy field of the LSMO thin film and thus improve the sensor performance:
the vicinal angle of the substrate, the temperature during epitaxial deposition of the film and the
thin film thickness. A comparison with GMR and TMR structures in terms of size, detectivity and
power consumption is provided which shows that our sensors are quite competitive. A sub-nT res-
olution is achieved at 310 K temperature for the best samples. Such performance are compatible
with the requirements of biomedical applications and show that AMR sensors based on LSMO are

viable candidates for biomedical applications.

2 Experimental Section

2.1 Sensor Fabrication.

The vicinal SrTiO3 substrates were acquired from Crystal GmbH, in rectangular shape of 5 mm
by 10 mm, with a 0.5 mm thickness. The LSMO target was obtained from SurfaceNet GmbH.
Thin film deposition was performed using a Pulsed Laser Deposition (PLD) system supplied by
Twente Solid State Technology company (https://www.tsstsystems.com/), equipped with a Reflec-
tion High-Energy Electron Diffraction (RHEED) which allows to monitor the growth of mono-
layers. During deposition, the STO substrate is heated with a 980 nm infrared laser. A KrF laser
with 248 nm wavelength is fired at the LSMO target. The spot energy was 1.7 J cm? over a 1.5 mm
by 1.4 mm area and the firing rate was 3 Hz. The chamber was kept at 0.2 mbar 0, pressure. In-situ
deposition of Au is performed at 5 Hz firing rate, and the gold layer was then made thicker with
Ion Gun Evaporation by GATAN. A two-steps standard photolithography process defined the gold
pads and Wheatstone bridge. Gold was etched in a KI solution, whereas LSMO was etched using

Ion Beam Etching with Ar ions.



2.2 Magnetic Characterization.

A longitudinal Magneto-optical Kerr Effect (MOKE) system developed in-house was used for
magnetic characterization of etched LSMO samples. The system uses a high power LE B P1W-
EZFZ-24 LED from OSRAM Opto Semiconductors at 459 nm, powered by a SIGLENT SPD1168X
Programmable DC Power Supply. Reflected light is captured using a Hamamatsu ORCA-Flash 2.8
Scientific CMOS camera. A pair of Helmholtz coils with soft a ferrite core creates the required
magnetic field using a SIGLENT SPD3303X Programmable DC Power Supply. The coils were

calibrated using a commercial Hall effect sensor.

2.3 Electrical Characterization.

For magnetoresistance and noise characterizations, the samples were placed into a LakeShore
Model EMPX-HF probe station. Temperature is controlled by a LakeShore Model 336 Tempera-
ture Controller. The Sensor is voltage biased with a Yokogawa GS200 DC Voltage/Current Source,
and the applied magnetic field is swept while the voltage across the Wheatstone bridge is measured
with a Keythley 2000 Multimeter after amplification using a lab-made preamplifier, adapted to our
sample characteristics. Noise measurements are performed with a Hewlett-Packard 3562A Dy-

namic Signal Analyzer.

3 Results and Discussion

3.1 Principle of Operation and Modeling
3.1.1 Device geometry and principle of operation

Figure |1| presents a schematic view of the sensor showing relevant physical parameters and direc-

tions of interest. The sensor consists of a full Wheatstone bridge structure patterned in an epitaxial



LSMO thin film which is ferromagnetic below its Curie temperature. Epitaxial deposition was
performed on vicinal STO substrate (Figure [Tj), presenting a surface with respect to the crystallo-
graphic plane, forming a structure with steps and terraces. An easy magnetic axis is induced along
the step edges.m Figure [1p shows a scanning transmission electron microscopy (STEM) view
of the interface. It confirms that LSMO grows with its (001) crystallographic axis parallel to the
(001) axis of the STO. We consider that each arm of the Wheatstone bridge behaves like a single
in-plane magnetic domain and we define 0 as the angle between the asy magnetization axis and

magnetization M.

Easy axis

Step edge direction
c) d)

Figure 1. Representation of the LSMO device. a) schematic view of the vicinal LSMO layer de-
posited on a vicinal STO substrate. The easy magnetic axis (green arrow) is parallel to step edges.
b) STEM view of the epitaxial growth of the LSMO layer on the STO substrate. c) Magnetic field
H (blue) applied in the plane of the LSMO films at an angle ¥ to the easy axis and magnetization M
settled in the plane of the LSMO layer at an angle 0 to the easy axis. d) 90WB Wheatstone bridge
design etched in the LSMO layer including gold pads (yellow). The direction for current density
in the arms (red) is either parallel or perpendicular to the easy axis. €) 45WB Wheatstone bridge
design. The direction for current density in the arms (red) is at 45° or 135° to the easy axis.

Due to the AMR effect, the electrical resistance of each arm depends on the angle between

magnetization and current density directions. The current direction is fixed by the arm geometry



and thus the angle o between the easy axis and current density J can be fixed on purpose by the
design (Figure [Ic). Wheatstone bridges were etched so that the arms present o values equal to
either 0° or 90° (90WB design) or & values equal to either 45° or 135° (45WB design) as depicted
in Figures[T[d and|[If.

A current density J will create an electric field E through the resistivity tensor p, following the

expression E = [p]J. The resistivity tensor is given by

pL—Ap-cos?0 —1Ap’-sin(20)
p= 2 (1
—%Ap’-sin(29) Pl —Ap-sin29

where Ap = p, — p), p1 1s the resistivity when magnetization is perpendicular to the easy axis
and p is the resistivity when magnetization is parallel to said axis. We consider the X-axis to be
the easy magnetization axis of the single domain. In the present work, Ap was defined as such
to have a positive value. We also define py as the mean resistivity value, po = (o) +p.)/2. The
main diagonal terms correspond to the usual AMR effect and the antidiagonal terms correspond to
the planar Hall effect (PHE).?#22 The latter induces a voltage difference transversal to the passing
current, similar to the usual Hall effect when a magnetic field is applied perpendicular to the sample
plane. The use of Ap’ is to account for possible differences in resistivity variations between AMR
and PHE. Resistivity and its variations can present different values depending on the direction of
applied current, according to the crystalline structure of the material. From now on, electrical
resistance of the etched film will be used instead of resistivity. Therefore, we can define AR, AR’
and Ry similarly as Ap, Ap’ and py. Arms at a 90° angle to each other present opposite signs of
electrical resistance variations for the same change in 6 angle.“ Considering that the four arms
present the same values for AR (respectively AR’) and Ry, the output signal can then be written for
the 90WB (respectively 45WB) design as

AR AR
90 )
VoW B = Viias (Q_Ro "R sin 9> )



/

AR
YEWE Vb"‘”R_o sin20 (3)

meas

where Vj,;, 1s the bias voltage of the Wheatstone bridge.
In single magnetic domain approximation, we take into account the uniaxial magnetic anisotropy
energy and the magnetic field energy only. Using Stoner-Wohlfarth model, the angle 6 at equilib-

rium can be obtained by minimizing the following dimensionless magnetic energy density’

E 1., H
2Ku—§sm G—I_Tacos(e—y) 4)

Here, 7 is the angle between easy magnetization axis and applied field H, H, = 2K,,/ (1oMs) is the
anisotropy field, K, the uniaxial anisotropy constant and My the saturated magnetization. When
the magnetic field is applied perpendicular to the easy axis, ¥ = 90 ° and a analytical expression

for magnetization direction at equilibrium can be written as

H
6.4 = arcsin (F) ®)

a

When substituting it in Equation (2, we can re-write the voltage output for 9OWB and 45WB

devices as
AR (1 H?
Vo ? = VbiasR_O (5 — @) (6)
/ 2
vasws _y, AR H [ H 7

Vi — = 11—
meas bias Ro H, Hg

which are valid for |H| < H,. We deduce from these expressions that for 9OWB design, the Full

Width at Half Maximum (FWHM) of the V2" curve is equal to v/2H,. To obtain the widest

meas

linear range of operation and have an easier comparison parameter, in this work we will operate

at a bias field of H = —H, /2 for this design. For 45SWB design, the VBWE curve is linear around

meas

zero field and the total width between extrema values is equal to \/§Ha.



3.1.2 Sensitivity, noise and detectivity

From equations @, the expression of sensitivity S for 90WB design at a bias field of H = —H, /2

is calculated as
_ aneas _ . AR 1
- 8[.1()H - btasRO LioH,

®)

In the case of the 4SWB design, from equation (7)), the same expression is obtained at zero field
bias, provided AR is replaced by AR’. Higher sensitivity is obtained with high MR ratio, defined as
AR/Ry (respectively AR'/Ry), and low anisotropy field H,. The detectivity of a sensor is defined
as the ratio of the noise voltage spectral density by the device sensitivity. For a magnetic sensor
it represents the smallest magnetic field that can be detected at a given frequency. Therefore to
be able to detect weak magnetic signals, a low intrinsic electrical noise is also required. Previous
studies?®30 have shown that LSMO thin films present thermally induced Johnson-Nyquist=32
white noise and a very low excess noise in the low frequency region that can be described by the
phenomenological Hooge expression,=> also used to describe the excess noise in other magnetore-
sistive devices.?* For a Wheatstone bridge patterned in a LSMO layer with four arms of the same
volume € and the same electrical resistance R, the total noise spectrum Sy can be expressed as the

sum of low frequency excess noise and thermal noise as

oag 1 Vbz-
Sy =4/ ——-298 L 4kpTR 9
% n 70 4 +4kp )

where o /n is the normalized Hooge parameter, which is intrinsic to the resistor element material,
f 1s the observed frequency, Vj;,, 1s the bias voltage, kp is the Boltzmann’s constant and 7 is the
operating temperature. Assuming a readout electronics with a noise much smaller than the noise

of the sensor, the detectivity D = Sy /S of the 90WB device can finally be written as

D— HR() og 1 +4kBTR
ARV ATV

(10)



Again, the same expression is obtained for the 45WB design just by replacing AR by AR’. This
equation can be used as a guide on how to obtain lower detectivity values (in other words, better
performance) by varying one of its parameters. Increasing the bridge voltage bias or reducing
the electrical resistance will improve the detectivity in the thermal noise region while keeping
unchanged the detectivity in the low frequency region. In the low frequency domain, the detectivity
will be improved by increasing the volume or by using a material with reduced normalized Hooge
parameter, which will not change the detectivity in the thermal noise domain. For low frequency
applications, a material with very low oy /n is attractive. With MR ratio and ay/n related to
the material itself, an actual tunable parameter to improve performance is the anisotropy field H,,.
Different strategies were investigated to lower H, and thus improve the detectivity in both low

frequency and white noise regions.

3.1.3 Validation of uniaxial magnetic anisotropy induction

(@) (b)

Figure 2. Longitudinal MOKE imaging at room temperature and deduced magnetization loop
when magnetic field is applied horizontally along the a) easy axis and b) hard axis. Sample is a
60 nm thick LSMO film deposited on 8° vicinal STO at 730 °C.

To validate the correct operation of single layer AMR sensors, first we fabricated samples
consisting of 60 nm thick LSMO thin films deposited by Pulsed Laser Deposition (PLD) technique

over 4° or 8° vicinal STO and ion beam etched them into a Wheatstone bridge geometry after
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standard UV lithography. As it was reported earlier by the authors, ' uniaxial magnetic anisotropy
can be induced in LSMO thin films when epitaxial deposition is performed on vicinal substrates
using PLD. In our case, we opted for 4° or 8° vicinal STO to achieve the desired uniaxiality. 151
In this section, experimental data supporting the physical model are for 8° vicinal STO samples
which present a stronger uniaxial anisotropy; similar results were obtained on 4° vicinal STO
samples. In Section [3.2] results obtained using 4° or 8° vicinal STO will be compared. The
uniaxial magnetic anisotropy was checked using a homemade longitudinal Magneto-optical Kerr
Effect (MOKE) setup that provides the component of the in-plane magnetization in the direction of
the magnetic field. Due to the very small Kerr effect in LSMO thin films, a differential technique
was used. All images acquired during the magnetization cycle, from one saturated state to the other
and then backwards, are subtracted from a reference image corresponding to an initial saturated
state. Final images are in gray levels, and the darker the area the larger is the magnetization
component opposite to the initial saturated state. It is thus possible to deduce from these images the
magnetization cycle in any arm of the Wheatstone bridge=> as shown in Figure 2l Magnetization
cycles are surrounded with selected MOKE images of the sample obtained at discrete magnetic
field values. The bottom-left corner presents the image at negative field saturation, which is also
the reference image used to enhance contrast. The top-right corner presents the sample at positive
field saturation, with the magnetic material appearing at its darkest gray level. The black arrows
indicate the direction of field sweep and some specific points in the cycle are highlighted to indicate
the respective original image. When the magnetic field is applied parallel to the easy axis, we
observe nucleation and then propagation of domains and a square shaped hysteretic magnetization
loop is obtained. When the field is applied perpendicular to the easy axis, a coherent magnetization
reversal process is observed and the magnetization loop is linear between saturated states and has

no hysteresis.
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Figure 3. Dimensionless magnetic energy versus 6 for increasing H/H, ratio when a) § = 0°
and b) 6 = 6°. Dots represent the energy minimum at equilibrium, and dashed arrow indicates the
jump in magnetization direction. ¢) Applied field with a small deviation 6 from normal direction to
easy axis. d)Experimental voltage output of a 45WB device when 6 = 0° (black curve) and when
0 = 6° (red curve). Violet arrows indicate the magnetization direction. The green arrow from b) to
¢) points out the sudden variation in V.45 due to the magnetization jump.

3.1.4 Control of coherent and constructive rotation of magnetization

When the field is applied perfectly normal to the easy axis ie when Y= 90°, from an initial saturated
state normal to the easy axis ie when 6,;, = —90°, the direction of rotation from one saturated state
to the other can be either clockwise or counter-clockwise. Even though a coherent magnetization
rotation is observed in all arms, the direction of rotation in each arm is free indeed and may thus
not be the same over the whole structure. As the MOKE imaging system provides the relative
magnitude of magnetization along applied field but not its direction, it is not possible to assess
that magnetization does rotate in the same direction over the whole bridge, which is required for
a correct operation of the sensor and for getting the maximum output voltage. To ensure the same
rotation in all arms, magnetoresistance measurements have been performed with the magnetic field

applied not exactly perpendicular to the easy axis but at an angle ¥ = 90° — §. The small deviation
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0 of a few degrees gives rise to a weak component of the applied field along one specific direction
of the easy axis, which forces a common direction for magnetization rotation in all arms of the
Wheatstone bridge. Considering an initial saturated state with 6,, = —90° (corresponding to a
negative applied field strong enough to saturate the film), we plot in Figure |3| the dimensionless
magnetic energy defined in Equation (4), as a function of 8, for different positive values of the
applied field H. When 9 is null (no deviation), two energy minima symetrically apart with respect
to 0 =90° are present. Considering that 6 increases continuously from 6 = —90° as H is increased,
the 6,, value for 6 at equilibrium corresponds to the smallest value of 6 for which the energy is
minimum. These are pointed by dots in Figure [3a and always occur at 8 < 90°. The energy barrier
between the two energy minima continuously decreases as H is increased and for H = H, the
magnetization becomes parallel to H, since the energy minimum corresponds to 68 = 90°. When
a small deviation 0 is introduced, the energy curve gets deformed. Energy minima are still well
separated on both sides of a vertical axis located at 8 = 90°, but no longer at the same energy
level. In addition to this, for an increasing field the energy barrier vanishes before H reaches H,,,
as can be observed in Figure [3p. Thus, as long as the applied field is less than the critical value
for which the energy barrier disappears, 6,4 at equilibrium is less than 90°. When H rises slightly
above this critical value, the magnetization direction undergoes a sudden jump, since the energy
minimum corresponds to a 6, value higher than 90°. The main effect of this magnetization switch
is a sudden variation in voltage output V¢4, as shown in Figure [3]on a 45WB sample. After the
jump, there is a continuous decrease of 6., down to 90° as the field is increased. It has to be noted
that the field required to achieve magnetization parallel to H is in this case much larger than H, and
as a consequence, the AMR curves present smoothly curved extremities around —H,, and +H,,. For
sensor operation, the sudden variation in voltage output V,,,..s is not a problem as it occurs outside
the operation range of the device.

When § is non zero, it is no longer possible to write an analytical expression for 6,, as ex-
pressed by Equation (5)) and neither can we calculate the anisotropy field from the FWHM of the

Vimeas(H ) curve. It is nevertheless possible to evaluate H, from a numerical model to fit Equation
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Figure 4. Experimental AMR curves from 8° vicinal sample for a) 45WB and b) 90WB devices.
Using Eq. and Eq. , the calculated V(H) is superimposed on the experimental Ve (H)
data. The linear operating range of both 45WB and 90WB are indicated with purple dashed lines.
By minimizing the right hand side of Eq. (E[), 0 values are obtained for c) 45WB and d) 90WB.

over experimental data. Starting with a given range for H,, AR/R( and § parameters, this fit is
performed by obtaining 6,, from a numerical minimization of Equation (E[) Parameters are opti-
mized in order to reduce the global error between the experimental data and calculated curve. A
good agreement between the numerical fit and experimental data, as displayed in Figure ] shows
that our sample presents the expected magnetic behavior and which allows the extraction of the
anisotropy field value H,. The anisotropy field value H, deduced from the fit is 5.8 mT for 45WB
and 6.0 mT for 9OWB.
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3.2 Performance improvement by reducing the anisotropy field

Keeping unchanged the geometry of the 90WB Wheatstone bridge, three fabrication parameters
were varied to study their effect on anisotropy field: vicinal angle of the substrate, substrate tem-
perature during PLD and LSMO thin film thickness. All electrical measurements were performed
at the same 5 V bias voltage and at 37 °C sample temperature, in order to compare V.5 (H) and
electrical noise. The electrical noise of the devices were measured using a homemade low noise
ampliﬁer.36 Experimental curves of V,,..s(H) were shifted to set the minimum value to zero. The
same investigations were performed and the same conclusions were obtained for both 90WB and
45WB designs. As we systematically verified a AR’ lower than AR, only data from the 90WB

design are presented.

3.2.1 Effect of substrate vicinal angle and deposition temperature

According to the expression H, = 2K,/ (oMs), a reduction in K, and an increase in Mg should
result in a smaller anisotropy field, and thus a lower detectivity. To study this effect in our sensors,
we fabricated 60 nm thick samples over 4° and 8° vicinal substrates with a parallel investigation of
STO substrate temperature during PLD. The miscut angle present in vicinal substrates is directly
linked to the anisotropy constant K,,.18 Substrates with higher vicinal angle have reduced terrace
width which increases the uniaxial anisotropy contribution.*!' A 730 °C substrate temperature was
found to be the optimal condition for high crystalline quality of LSMO thin film deposited via
PLD. Thus, performing deposition at lower temperature may reduce film’s Curie temperature 7¢
due to lower film quality. As the temperature was fixed at 37 °C for electrical characterization,
a lower 7T¢ means a lower value of Mg at 37 °C. It is thus expected to observe a reduction of the
anisotropy field, since H, is proportional to Mg with p strictly positive.*% For 4° and 8° vicinal
STO, samples were prepared at 730 °C and 680 °C, and an additional 630 °C deposition temper-
ature was also investigated for 8° vicinal STO. Magnetoresistance characterization of all 60 nm
thick samples is presented in Figure [5] The sensitivity values were obtained from the numerical

derivative of the experimental V,,.,s(H) curves. The dashed lines with open symbols is the calcu-
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Figure 5. Effects of substrate vicinal angle and deposition temperature in 60 nm films. Experi-
mental shifted V,,.4s(H) curves and numerical fit derived from energy minimization for a) 8° and

¢) 4° vicinal substrates. Detectivity deduced from measured noise and sensitivity at 5V bias for b)
8° and d) 4° vicinal substrates.

lated V);e45, Obtained from the numerical energy minimization scheme. For this calculated V,eqs
only the curve from negative to positive magnetic field is represented. The effect of vicinal angle
and deposition temperature on H, can also be verified by the FWHM of experimental V,;,.qs(H)
curves, and are presented in Table [T} They do present a good agreement with the value obtained
by curve fitting, confirming the possibility to use this method for H, estimation. As the anisotropy
field is reduced, saturation is reached for a lower applied field. For 8° vicinal STO, a clear reduc-

tion of H, can be seen when the deposition temperature is decreased, as expected. Although MR
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ratio also decreased, it had a lower effect on sensitivity. Samples present similar noise values, so
that the best performance is finally achieved with 630 °C deposition temperature. In the case of
4° vicinal STO, reducing the temperature had minor effects on MR. It had also a minor effect on
anisotropy field, which requires further investigation for proper explanation. This led to a similar
performance for both samples. To conclude, comparable performance could be achieved with ei-
ther 8° or 4° vicinal STO substrates. A considerable reduction in H, is obtained when reducing the
vicinal angle, and although a significant change in noise was not verified with lower temperatures
during PLD, it is preferable to use optimized deposition parameters for reproductibility. For these
optimized deposition parameters the 4° vicinal samples had a detectivity almost five times better
than the 8° ones, therefore we opted to keep the 4° vicinal substrate for the investigation on thin

film thickness.

3.2.2 Effect of thin film thickness

Samples with 60 nm, 45 nm and 30 nm thick LSMO were investigated. 4° vicinal STO substrates
were used to sett small values of H, and film deposition was performed at the optimum temperature

of 730 °C. Voltage output and detectivity results are presented in Figure[6] Samples presented an
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Figure 6. Characterization of samples on 4° vicinal STO and 730 °C deposition temperature. a)
Vineas(H) curves for different film thickness and b) corresponding detectivity, measured at 5 V bias.
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increase in MR ratio as the thickness increased (Figure [6)). But, whereas 30 nm and 45 nm thick
samples have a similar value of H,, the 60 nm film presents the largest anisotropy field. This can be
explained by the fact that when thickness increases the step-induced uniaxial anisotropy is reduced,
and the device no longer behaves as desired. In the case of LSMO films deposited on non-vicinal
(flat) STO substrates, the uniaxial anisotropy obtained for low thickness films (typically 12 nm)
turns to a biaxial anisotropy for 50 nm thick films, with a coercivity in the easy axis direction larger
than for the 12 nm thick films.?® A similar loss of uniaxial anisotropy may also occur in thicker
LSMO films deposited on vicinal substrates.

In this work, in the case of films deposited on 4° vicinal substrate, a clear uniaxial anisotropy
is observed for 30 and 45 nm thick films with fully reversible hard axis magnetization loop (not
shown). For 60 nm thick films, if a clear unixial anisotropy was observed when films were de-
posited on 8° vicinal substrate, some hysteresis was observed when films were deposited on 4°
vicinal substrate, revealing a growing biaxial anisotropy contribution. For reducing the noise,
the thicker the film the better are the performance. The thickness has nevertheless to be limi-
ted to a value that will maintain the anisotropy field low and the anisotropy uniaxial. The smallest
anisotropy field was obtained for the thickness intermediate value of 45 nm, resulting in the highest
sensitivity. As seen in Figure [6b, this sample presented the lowest detectivity of this set. Despite
presenting the smallest sensitivity of this set, the 60 nm thick sample presented a better perfor-
mance than the 30 nm thick one thanks to lower intrinsic noise. In Table [T|a summary of results
obtained from all samples is presented, and the improvement of sensor performance by anisotropy
field reduction is clearly seen. The best performance is obtained for 45 nm LSMO deposited at

730 °C on 4° vicinal substrate.

3.2.3 Effect of bias voltage

Considering the resilience to deposition temperature change of films deposited on 4° vicinal STO
and the best detectivity obtained for 45 nm film thickness, a deeper analysis of 45 nm thick LSMO

over 4° vicinal STO sample was performed by changing the voltage bias of the Wheatstone bridge.
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Table 1. Evolution of anisotropy field and performance of the Wheatstone bridge LSMO AMR

Sensor.
Substrate 8° vicinal 4° vicinal
Deposition temperature 730 °C 680°C 630°C | 730°C 730°C 730°C
Thin film thickness 60nm 60nm 60nm | 60nm 45nm 30 nm
uoH, [mT] from FWHM 6.6 2.0 0.6 0.9 0.3 0.5
WoH, [mT] from V,,,.qs(H) fit 6.4 1.8 0.7 0.8 0.3 0.5
S[% T 26 62 155 111 283 111
D [nT Hz~ /2] at 1 Hz 270 150 7.6 8.7 1.9 11.0
D [nT Hz" /2] at 1 kHz 6.1 25 1.1 1.3 0.8 2.0

This allow us to verify the evolution of sensitivity, noise and detectivity. Characterization curves
of this sample are presented in Figure

We checked that uniaxial anisotropy and coherent magnetization reversal were maintained.
Electrical noise in low frequency region increases with voltage bias as predicted by Equation (9),
while broadband noise is limited by device resistance. Knowing the volume Q = 1.35 x 107> m?
and the measurement temperature 7 = 310 K, the fit over measured noise was obtained with
ag/n=12x1073" m? and R = 5.5 kQ. Such a low ay/n value of 1073! m? is typical for
high quality epitaxial LSMO films.*® The good agreement between measurements and fit shows
that the noise in our device is indeed composed of Hooge’s low frequency and thermal contribu-
tions of the Wheatstone bridge. Above 5 V bridge bias, a similar detectivity is obtained whatever
the bias in the 1/f region, and in the white noise region the detectivity improves with the voltage
bias as expected from Equation . Detectivity values close to the nT Hz 1/2 range are obtained
at 1 Hz with 5 V bridge bias at 310 K operating temperature, proving that our sensor is a viable
candidate for biomedical applications. Above 1 kHz values as low as 240 pT Hz!/2 are achieved
for the highest voltage bias. In the case of a 1 V bridge bias, the low frequency noise is dominated
by the low frequency noise of the amplifier. This dominating contribution of the amplifier can be
observed from the fact that in the low frequency domain the measured noise is the same at 0 V and

1V bridge bias.

19



T T T

E %  4°vicinal STO oV
W 45 nm LSMO

4° vicinal STO
45 nm LSMO

meas

Measured noise [nV Hz‘”z]

Frequency [Hz]

(b)

4° vicinal STO

5V
45 nm LSMO

Detectivity [nT Hz"?]

10° 10' 10 10° 10*
Frequency [Hz]

(©)

Figure 7. Characterization of optimized sample for different voltage bias at 310 K. a) Vi,eqs(H)
curves show uniaxial behavior. b) Measured noise with fit using Equation (9) and taking into
account the amplifier noise. ¢) Detectivity calculated from measured noise and obtained sensitivity.

3.3 Comparison with competing MR technologies

Apart from sensitivity and detectivity, other parameters have to be considered to describe any
magnetic sensor and then evaluate its potential applications. We took into consideration the power
consumption and the active area of the sensor. The value of all these parameters are listed in
Table [2] for our LSMO sensor and for state of art GMR and TMR sensors. Concerning the low
frequency noise, the relevant parameter is the (S,/ V)2 parameter which can be expressed in a
general expression (S,/ V)2 = K/ f. The expression for K varies from one sensor to the other and

is either expressed as a function of the area of the sensing element for GMR and TMR sensor or
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the volume for AMR sensor. For GMR and TMR sensors, data are available in literature for single
elements or multiple elements connected in series or parallel. For a consistent comparison between
sensors, the K values as well as the area, the power consumption and the detectivity of Wheatstone
bridges structures made of single TMR and GMR sensing units, are provided in Table 2| These

values are either directly available or can be calculated from reference 34"

as well as the sensitivity
and the detectivity for 1 V bias.

Clearly, the AMR sensor based on LSMO thin films provides an intrinsic low frequency noise
lower by a few orders of magnitude. Although the sensitivity of our LSMO based AMR sensor is
significantly less than the the one of GMR and TMR sensors, it has better performance at 1 Hz.
At 1 kHz, the low 1/f noise is still dominating for GMR and TMR sensor while for LSMO AMR
sensor the noise is limited by the thermal noise of the resistance value of the sensor. As a result, at
1 kHz its detectivity is slightly higher (worse) than the best GMR but a bit smaller (better) than the
TMR sensors. As to the size and namely the occupied area of each sensor, the Wheatstone bridge
AMR sensor presented in this paper is among the largest. Nevertheless, reducing the sensing area
of the device can be done with an impact on the detectivity in the low frequency domain only.
Any downscaling keeping the design unchanged would indeed keep the resistance unchanged and
would thus keep the white noise and the detectivity unchanged in the white noise domain. As to the
low frequency domain, limiting the downscaling by a factor to a few units would limit the reduction
of the volume of the device and thus limit the degradation of the detectivity, which scales up as the
inverse of the volume in the 1/f noise region, to the same factor. The power consumption of each
sensor is related to the resistance value of each sensing element. It turns out from this comparison
that the AMR sensor presented here have competitive characteristics compared to state of art TMR
and GMR sensors which have been studied and developed for many years now. The facts that
the Laj 3511 3MnO3 AMR sensor has a simpler fabrication process, that it returns from saturation
without any degradation of performance and that there is no need to worry about a possible loss of

magnetization in a pinned layer also have to be pointed out.
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Table 2. Characteristics of Wheatstone bridge structures made of single unit magnetoresistive
sensors for 1 V bias. Note : the K value is extracted from the expression (S,/V)* = K/f

Sensor Type TMR4V GMRB La, /3Sr; 3MnO3 AMR
K 22 x10711-57 10710 34 x1071%-34 x10°12 4.0 x10~17
S [% mT™ '] 1-2 1.3-3.0 0.1-0.3
D [nT Hz /2] at 1 Hz 2400 - 240 12-610 5.0
D [nT Hz /2] at 1 kHz 75-7.2 0.7-12 4.0
Area [um?] 60 - 5600 2.5 x10%-2.2 x10° 2.5 x10°
Power consumption [mW] 0.5-13.0 1.3 0.2

4 Conclusion

A single element magnetoresistive sensor based on a single epitaxial LSMO layer deposited over
a vicinal substrate and etched in a Wheatstone bridge geometry was investigated. Our single layer
device presents an intrinsic noise solely due to this single layer. The required uniaxial magnetic
anisotropy in the LSMO single layer is obtained by the use of vicinal substrates, with a magneti-
zation easy axis induced along the substrate step edges. MOKE imaging measurements show a re-
versible and coherent magnetization rotation when a magnetic field is applied perpendicular to the
easy axis, and a Stoner-Wohlfarth magnetic energy model explains the experimental MR curves.
For a given MR ratio, the sensitivity of our sensor is inversely proportional to the anisotropy field
H, of the film and its detectivity is proportional to H,. We showed that it is possible to reduce H,
and thus improve sensor performance by tweaking three fabrication parameters: the vicinal angle
of the substrate, the substrate temperature during PLD deposition and the LSMO film thickness.
With a set of optimized fabrication parameters (45 nm thick film, 4° vicinal substrate, 730 °C de-
position temperature), detectivity values as low as 1.43 nT Hz !/2 at 1 Hz and 240 pT Hz !/2 at
1 kHz were obtained for a single layer AMR sensor operating at body temperature. These are the
lowest values reported for an AMR sensors based on manganite oxide. The performance above
1 kHz is comparable to multilayer devices that use metallic ferromagnetic materials such as GMR
and TMR. Our sensor is quite simple to fabricate, easily scalable and avoids complex stacking of
multiple layers. With the addition of flux concentrators in our sensor, a gain of one order of magni-

tude may be obtained,*! and sub-nT detectivity even at 1 Hz can be expected. The novelty of using
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vicinal substrates to induce in a controlled way an uniaxial magnetic anisotropy in oxide thin films
can be applied to other low noise oxide with improved MR and conductance value. This could
lead to MR magnetic sensors with further improved detectivity obtained with a simple fabrication

process that avoids the precise control of multilayer deposition.
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