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We have observed the in-plane magnetic domain arrangement during magnetization reversal in a

40 nm thick La0.7Sr0.3MnO3/SrTiO3 (001) thin film patterned into 500 lm long microbridges of

width 50 or 100 lm. Magneto-optical Kerr effect microscopy was used at room temperature and

magnetic hysteresis loops were deduced from local averaging of intensity over the microbridge

areas. Magnetization reversal proceeds by nucleation and propagation of 180� domain walls. When

the magnetic field was applied parallel to the bridge, we observed the nucleation of only one or two

domain walls and the reversal occurred by the propagation of them. When the magnetic field was

applied perpendicular to the bridge, the reversal occurred mostly by the nucleation of several

domain walls. The low field magnetoresistance (MR) and the low frequency noise at zero magnetic

field were measured at room temperature. In addition to the linear and reversible colossal

MR effect, hysteretic MR versus magnetic field curves could be observed, showing two

maxima (minima) when the magnetic field is parallel (perpendicular) to the bridge length. The

observed hysteretic MR behaviour is attributed to anisotropic MR inside the 180� Néel domain

walls.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4730966]

I. INTRODUCTION

Because of its large spin polarization and its high Curie

temperature, La0.7Sr0.3MnO3 (LSMO) is promising for a

large number of applications.1–3 The magnetoresistance

(MR) is generally defined as

MRðHÞ ¼
RðHÞ � Rð0Þ

Rð0Þ
; (1)

where H is the magnetic field, R(H) is the sample electrical

resistance in magnetic field, and R(0) is the sample electrical

resistance in zero magnetic field. In the vicinity of the Curie

temperature TC, LSMO exhibits the so-called colossal mag-

netoresistance (CMR) effect.4–8 The latter is an intrinsic phe-

nomenon and is observed at high magnetic field (several

tesla), thus limiting possible device applications. At moder-

ately low magnetic field (<0.1 T), MR effects are referred to

as low field magnetoresistance (LFMR). In contrast to CMR,

LFMR can find applications in magnetic sensors. A recent

review of low-field magnetotransport in manganites can be

found in Ref. 9. Table I summarizes some literature data

reporting measured values of LFMR in LSMO single layers

with various structural properties: epitaxial, polycrystalline

or with grain boundaries (GB). The intrinsic LFMR in epi-

taxial LSMO films is relatively small as compared to other

ferromagnetic materials.10,11 Polycrystalline samples can be

used to enhance the LFMR value, taking advantage of spin-

polarized intergrain tunnelling at the GB regions.12 At room

temperature, LFMR is about �0.05% at 5mT in epitaxial

LSMO films deposited on SrTiO3 (STO) (001) substrates,

and it is increased by a factor of about 10 in LSMO films de-

posited on polycrystalline yttria-stabilized-zirconia (YSZ)

substrates.10 It was also reported that at 4.2K an increase of

MR by a factor 60 in LSMO films on polycrystalline STO

(�15% at 150mT) compared to that measured in epitaxial

LSMO films on STO (001).11 However, polycrystalline

materials always show additional electrical noise compared

to epitaxial films and should therefore be considered with

care in view of magnetic sensor applications.13 Other extrin-

sic MR effects are studied to enhance the LFMR values,

mainly based on artificial GB that are engineered by using

bicrystal substrates,14–16 step-edge structures,17 and laser

patterned geometries.18 Domain wall magnetoresistance in

LSMO has also been studied in nanoconstrictions since large

LFMR is expected in narrow domain walls.19–22

A better understanding of the magnetic domain arrange-

ment in LSMO films during magnetization reversal and its

role in the LFMR are needed in order to improve the per-

formance of LSMO-based magnetic devices. It is also a cru-

cial issue for an optimized operation of spin polarized

devices like spin valves or magnetic tunnel junctions using

LSMO as electrodes or applications in logic devices.1,23–25

Literature data about the in-plane magnetic domain arrange-

ment during magnetization reversal in epitaxial or polycrys-

talline LSMO thin films are rather scarce. Using a wide-field

Kerr microscope, Gupta et al. have shown that magnetization

reversal occurs by domain wall motion inside grains in
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polycrystalline LSMO films while it occurs by domain wall

movement in large area in epitaxial LSMO films.26,27

Lecoeur et al. observed magnetic domain orientation and

contrast suggesting a biaxial magnetic anisotropy with (110)

easy axes in epitaxial LSMO films at room temperature.27

The magnetization reversal process at room temperature in

patterned LSMO thin films has been previously studied by

our group.28 Nucleation/propagation of magnetic domain

walls and pinning in the 2 lm and 5lm diameter holes were

observed in the 50 lm long rectangles of various widths in

the 20–50 lm range. We also previously showed that mag-

netization reversal occurs either by nucleation and domain

wall propagation or by coherent rotation depending on the

magnetic field orientation with respect to the terraces in vici-

nal LSMO films.29 In a recent paper, Kim et al. studied the

magnetic domain structure of LSMO nanoislands with

dimensions on the order of 160–720 nm by using photoemis-

sion electron microscopy and magnetic force microscopy.30

Their conclusions were that single domain states could be

stabilized with (110)-oriented LSMO elongated hexagonal

islands. Rhensius et al. also investigated the interplay

between the governing magnetic energy terms in patterned

LSMO elements.31 Using direct high-resolution x-ray mag-

netic microscopy they showed that the magnetic configura-

tions evolve from multidomain to flux-closure states with

decreasing element size, which demonstrates that the control

of the spin state in LSMO elements is possible by judicious

choice of the geometry.

The objective of the present work is to study the LFMR

at room temperature in a patterned epitaxial LSMO thin film

deposited on STO (001) in relation with the magnetization

reversal process observed by longitudinal magneto-optical

Kerr effect (MOKE) microscopy. In Sec. II, we will describe

the experimental conditions: thin film deposition, patterning

into 500 lm long microbridges, MOKE, MR, and low fre-

quency noise measurement set-ups. The study of the magnet-

ization reversal process with the magnetic field applied

either parallel or perpendicular to the bridge length will be

presented in Sec. III. MR measurements will be described

and analysed in Sec. IV. More particularly, the results will

be analysed in terms of anisotropic magnetoresistance

(AMR) effect, which reflects the effect of the angle between

magnetization and current direction on MR. The evaluation

of the expected performance of such LSMO-based magneto-

resistive sensors will finally be made by considering the

signal-to-noise ratio in the low frequency range in Sec. V. A

conclusion will be given in Sec. VI.

II. EXPERIMENTAL CONDITIONS

The 40 nm thick LSMO thin films were deposited by

pulsed laser deposition from a stoichiometric target onto

commercially available STO (001) substrates (CRYSTEC

GmbH). During deposition, the laser energy was 220 mJ, the

target-to-substrate distance was 50mm, the oxygen pressure

was 0.35 mbar, and the substrate temperature was 720 �C.

The crystal structure was investigated by means of x-ray dif-

fraction. Standard h-2h scans were routinely performed in

order to determine the LSMO out-of plane lattice parameter

(0.3855 nm), revealing an in-plane tensile strain of about

1.28% if compared to the lattice parameter of the STO sub-

strate (0.3905 nm). The full-width-half-maximum of the

rocking curves around the LSMO (002) peak was about 0.2�,

indicating the good crystalline quality of the films. The mag-

netization of the film was measured using a superconducting

quantum interference device magnetometer. Its Curie tem-

perature, determined from the inflection point of the magnet-

ization versus temperature curve measured at 50mT, was

325K, which is close to the bulk value. Room temperature

high resolution vectorial Kerr magnetometry measurements

showed that the unpatterned LSMO/STO (001) film presents

a very weak uniaxial magnetic anisotropy.32

After LSMO deposition, a 200 nm thick gold layer was

sputtered on the films in order to make low resistive four-

probe connections. The gold layer was first patterned by

using a potassium iodide (KI) solution. The LSMO thin film

was patterned by UV photolithography and argon ion etching

to form the patterned geometries. LSMO is therefore present

under the gold electrodes. We fabricated microbridges of

two different widths W (50 lm and 100 lm) with the length

along the (110) direction (Figure 1). The red dotted lines

define the surfaces used for the calculation of normalized

magnetization reported in Figure 4. Magnetoresistance and

low-frequency noise measurements were performed at room

temperature in a four probe configuration. The current and

voltage pads (Iþ, I�, Vþ, V�) are shown in Figures 1(a) and

1(b). The distance between current and voltage electrodes

are 500 lm and 300 lm, respectively.

In order to observe the in-plane magnetic domain

arrangement we used a home-made MOKE microscope in

TABLE I. Literature data reporting measured values of LFMR in LSMO single layers of various structural properties. Most of the values are estimated from

graphical data in cited papers.

Materials Structural properties Film thickness (nm) T (K) LFMR References

La0.7Sr0.3MnO3/STO (001) Epitaxial film 150–200 300 �0.05% at 5mT 10

La0.7Sr0.3MnO3/YSZ-poly Polycrystalline film 150–200 300 �0.5% at 5mT

La0.67Sr0.33MnO3/STO (001) Epitaxial film 100 4.2 �0.25% at 150mT 11

La0.67Sr0.33MnO3/STO-poly Polycrystalline film 100 4.2 �15% at 150mT

La0.7Sr0.3MnO3/STO bicrystal 30� Bicrystalline film 120 100 2% at 15 mT 15

La0.7Sr0.3MnO3/STO (001) Epitaxial film on step edge patterned substrate 70 299 �1.5% at 50mT 17

La0.7Sr0.3MnO3/STO (001) Epitaxial film on laser patterned substrate 10 20 10% at 50mT 18
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the longitudinal configuration, in which the sample holder is

inclined by 45� with respect to both the incident light and the

detector.28 The sample was placed between the poles of an

electromagnet. The magnetic field was applied in the plane

of the sample. The region in depth that contributes to the

Kerr rotation is at least 60 nm in LSMO.33 The light source

was a light emitting diode at 455 nm (LuxeonTM1-Watt

Emitter). A polarizer was inserted in the light beam to set the

linear polarization of the incident light either in or perpen-

dicular to the incidence plane, which corresponds to a

p-wave or a s-wave, respectively. The detection of either the

p-polarization component or the s-polarization component is

achieved by appropriately tuning the configuration of the an-

alyzer with respect to the polarizer. The area of interest was

observed by using a magnifying microscope equipped with a

CCD camera. The latter is a Hamamatsu 4880-80 CCD camera

that operates in a 14-bits mode and produces images with

656� 494 pixels over a sensitive area of 6.52mm� 4.89 mm2.

The intensity of each pixel, which is related to the magnet-

ization of the samples, is coded in grey levels. For each

magnetic field value, the presented magnetic domain images

were obtained by dividing the measured image to the same

reference image acquired in the saturated state. The local

hysteretic loops were deduced from MOKE images at

each applied field by averaging the intensity over the

W� 500lm LSMO surface (see Figure 1). Then, the nor-

malized intensity values, which are proportional to the

sample magnetization, were plotted as a function of the

applied magnetic field.

Low frequency noise measurements were carried out

using a four probe station (Suss Microtech PM5) at room

temperature while a micro-manipulated four probe station

(Lakeshore EMPX-HF) equipped with an electromagnet was

used for the MR measurements. In the latter case, the sam-

ples were placed in vacuum and the temperature was fixed

at 306K6 10 mK in order to reduce electrical resistance

variation due to the temperature fluctuations. The in-plane

magnetic induction values (l0H), where l0 is the vacuum

permeability, were varied in the 64mT range, the magnetic

field step and the time between each resistance measurement

was 40 lT and 400ms, respectively. For both low frequency

noise and MR measurements, the electronics readout was the

same. It mainly consists of one low noise high output imped-

ance dc current source and a dedicated low noise instrumen-

tation amplifier with the following characteristics: A dc

output dedicated to resistance measurement with a voltage

gain equal to 10 and an ac output dedicated to noise meas-

urements with a voltage gain around 1000 and a 1Hz–1MHz

bandwidth.34,35 The tested sample was connected at the out-

put of the dc current source using I� and Iþ pads (defined in

Figure 1). The sample dc voltage and the sample voltage

noise were measured using V� and Vþ pads, thus enabling

four probe measurements.

III. MAGNETIZATION REVERSAL

Figures 2 and 3 show the series of MOKE images

recorded at room temperature during magnetization reversal

in 50 lm and 100 lm wide patterned LSMO bridges with the

magnetic field applied in the plane either parallel (Figure 2)

or perpendicular (Figure 3) to the bridge length. In each

case, we show the reversal from one saturated state (grey

colour) to the opposite one (black or white depending if the

magnetic field was increased or decreased). In all cases,

magnetization reversal proceeds by nucleation and propaga-

tion of domain walls, as previously observed by vectorial

Kerr magnetometry measurements.32 When the magnetic

field is applied parallel to the bridge length, we could

observe that propagation is dominant (Figure 2), whereas

when the magnetic field is applied perpendicular to the

bridge length, nucleation is dominant (Figure 3).

In the 50 lm wide bridge with H applied parallel to the

bridge length (Figure 2(a)), one 180� head-to-head domain

wall is nucleated at one side and propagates towards the

other side. We notice that between 0.470mT and 0.488mT

this domain wall is pinned in the centre of the bridge, while

another domain wall nucleates at the other bridge side. Inde-

pendently, the domain wall nucleates and propagates in the

bridge at 0.470mT. We can also note that reversal in LSMO

actually starts at 0.440mT outside the bridge (in the LSMO

voltage pads). The nucleation of the domain walls that prop-

agate along the bridge may occur in the current electrodes

under the gold layer (not shown in the image). Saturation is

reached at 0.520mT after the annihilation of the two domain

walls. Interestingly, the observation is the same when the

magnetic field is swept from positive to negative values, thus

demonstrating the reproducibility of the observed magnetiza-

tion reversal mechanism. In the 100 lm wide bridge with H

applied parallel to the bridge length (Figure 2(b)), two 180�

head-to-head domain walls are formed and one domain is

nucleated at the centre of the bridge at 0.390mT. The mag-

netization reversal proceeds by the propagation of the two

domain walls towards the two sides of the bridge (up and

down in the images). Once again, the same magnetization re-

versal mechanism was observed when the magnetic field was

swept from positive to negative values.

FIG. 1. Optical microscope photography of (a) the 50lm and (b) the

100lm wide microbridges. Symbols (I�, Iþ) and (V�, Vþ) show the current

and voltage gold pads used in this study, respectively. The red dotted lines

define the surfaces used for the calculation of normalized magnetization

reported in Figure 4. The distance between current and voltage electrodes

are 500lm and 300lm, respectively.

013906-3 Fadil et al. J. Appl. Phys. 112, 013906 (2012)
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In the MOKE images of Figure 3, with the applied mag-

netic field perpendicular to the bridge length, we can observe

the presence of more magnetic domains than in Figure 2.

The number of nucleation sites may be larger along the

bridge length. In this case, 180� domains are oriented anti-

parallel instead of head-to-head when the field was applied

parallel to the bridge length. In the 50 lm wide bridge with

H applied perpendicular to the bridge length (Figure 3(a)),

two domains nucleate at 0.208mT. Three other domains nu-

cleate at 0.218mT and even more appear at þ0.239mT. The

domain walls finally propagate to reach the saturation at

0.520mT. In the 100 lm wide bridge with H applied perpen-

dicular to the bridge length (Figure 3(b)), numerous domains

nucleate but the domain walls are less well defined than they

were in the case of the 50 lm wide bridge. The magnetiza-

tion reversal occurs mainly by nucleation of many domain

walls along the bridge length. When the magnetic field was

swept from positive to negative values, the same observation

was made in both the 50 and the 100 lm wide microbridges.

Figure 4 presents the magnetic hysteresis loops versus

applied magnetic field where the reported normalized mag-

netization is the intensity averaged over a rectangle of sur-

face W� 500 lm (the full LSMO bridge area) in the images

presented in Figures 2 and 3. When the magnetic field was

applied parallel to the bridge length (dominance of domain

wall propagation), the magnetic hysteresis loops are square

with coercive field larger than in the case of magnetic field

applied perpendicular to the bridge length (dominance of do-

main wall nucleation). The loop widths 2�Hc (Hc being the

coercive field) are equal to 0.860 mT and 0.620mT, for the

50 lm and 100 lm wide microbridges, respectively, when H

is parallel to the bridge length, and 0.450mT and 0.400mT,

FIG. 2. Longitudinal MOKE micros-

copy images at room temperature during

magnetization reversal in (a) the 50lm

wide bridge and (b) the 100lm wide

LSMO bridge when the in-plane mag-

netic field is applied parallel to the

bridge length. The magnetic field values

are indicated for each image.
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for the 50 lm and the 100 lm wide microbridges, respec-

tively, when H is perpendicular to the bridge length. Shape

anisotropy induced by the patterned geometries in the LSMO

film thus affects magnetization reversal and coercive field

values in patterned LSMO as already observed by other

authors.36 In addition, one would notice that the shape of the

hysteresis loops is not a perfect square when H is perpendic-

ular to the bridge length. By looking again carefully the

MOKE images of Figure 3, one could see that some regions

with different grey level appear between 0.182mT and

0.218mT (Figure 3(a)) and between 0.150mT and 0.210mT

(Figure 3(b)). These grey levels may indicate that in some

areas magnetization is rotating before domain walls nucleate.

The contrast and magnification are not large enough to make

it clear in the MOKE images but it is visible in the hysteresis

loops where a linear increase of magnetization is seen as the

reversal starts (Figure 4).

Figure 5 shows the time dependence of the magnetization

during reversal in the 100lm wide LSMO bridge when H is

applied parallel (Fig. 5(a)) or perpendicular (Fig. 5(b)) to the

bridge length. The different curves were obtained by record-

ing the MOKE images every 22 s, after the sample has been

placed at a fixed magnetic field (chosen in the transition zone)

and by averaging the intensity over the same 100lm

� 500lm rectangle as used for the hysteresis loops. In Figure

5(a), the curves could be fitted using an exponential equation

(with about 60 s time constant), which is consistent with

propagation driven magnetization reversal mechanism.37,38 In

FIG. 3. Longitudinal MOKE micros-

copy images at room temperature during

magnetization reversal in (a) the 50lm

wide bridge and (b) the 100lm wide

LSMO bridge when the in-plane mag-

netic field is applied perpendicular to the

bridge length. The magnetic field values

are indicated for each image.
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Figure 5(b), no exponential fit could be proposed as expected

when a nucleation driven magnetization reversal mechanism

occurs.

IV. MAGNETORESISTANCE VERSUS MAGNETIC
FIELD

Figures 6(a) and 6(b) show the MR versus magnetic

field characteristics at room temperature measured in the

50 lm and 100 lm wide LSMO bridges when the field is

applied parallel or perpendicular to the bridge length. The

MR shows a linear and reversible behaviour when

jl0Hj> 1mT (i.e., when the LSMO film magnetization has

reached the saturation states) associated with the CMR

effect. However, the MR shows a hysteretic behaviour at low

field during magnetization reversal. In both the 50 lm and

the 100 lm wide LSMO bridges, two maxima are observed

when the magnetic field is parallel to the bridge length (i.e.,

to the bias current) and two minima are observed when the

magnetic field is perpendicular to the bridge length (i.e., to

the bias current). We attribute this behaviour to AMR, which

reflects the dependence of the electrical resistivity on the

angle between magnetization and current direction. The

observed effect is opposite to those observed in more con-

ventional ferromagnetic films, such as Co and Ni, for exam-

ple, where minima (maxima) were observed when H was

applied parallel (perpendicular) to the current direction.39

AMR in ferromagnetic 3 d alloys is well described by theo-

retical models.40 In these materials, AMR is attributed to

spin orbit coupling and d band splitting, which cannot be ap-

plicable to manganites, since their band structures are differ-

ent.41 Other authors also reported a larger electrical

resistivity in La0.7Ca0.3MnO3 when the magnetization is per-

pendicular to the electrical current I (q\) than when the mag-

netization is parallel to the bias current I (q//), i.e.,

q\> q//.
42,43 At low magnetic field, it was shown that AMR

in La1�xCaxMnO3 is sensitive to the strain state and that

intrinsic magnetocrystalline anisotropy might play a role.44

Even if at low temperatures a simple tight-binding model

was proposed,45 an appropriate theory is still not developed

to fully describe AMR in manganites, and in particular at

room temperature.

Using MOKE imaging, we clearly showed that magnet-

ization reversal in our LSMO films occurs by nucleation and

propagation of domain walls, thus resulting in magnetic hys-

teresis loops. We then know that a multidomain configura-

tion exists in our sample during magnetization reversal

(where domains are separated by 180� domain walls). A

domain wall forms a continuous transition between two

magnetic domains across a finite distance. The classical defi-

nition of the domain wall thickness d depends on the mate-

rial anisotropy (if the second anisotropy term is neglected,

the anisotropy constant can be considered only from the first

FIG. 5. Time dependence of the normalized magnetization during reversal

in the 100lm wide LSMO bridge when (a) H is applied parallel or (b) per-

pendicular to the bridge length. The different curves were obtained by re-

cording the MOKE images every 22 s, after the sample has been saturated

and placed at a fixed magnetic field (indicated in the legends) and by averag-

ing the intensity over the same 100lm� 500lm rectangle as used for the

hysteresis loops. Corresponding MOKE images are shown.

FIG. 4. Magnetic hysteresis loops versus applied magnetic field where the

reported normalized magnetization is the intensity averaged over a rectangle

of surface W� 500lm (the full LSMO bridge area) in the images presented

in Figures 2 and 3 for the two bridge widths W¼ 50lm and W¼ 100lm.
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term and is denoted K) and the exchange constant A of the

material, as d ¼ p
ffiffiffi

A
K

q

.46 For LSMO at room temperature,

published values are 1.73� 10�12 J m�1 for the exchange

constant A (Ref. 47) and 350 J m�3 for the anisotropy con-

stant K,48 which gives a domain wall width of about 220 nm.

Magnetization inside the domain walls rotates either in the

film plane (i.e., Néel walls) or out of the plane of the film

(i.e., Bloch wall). From the calculation of the demagnetizing

factors of the domain walls compared to the film thickness,

the domain walls in our sample most probably are of Néel

type.46

The extrema in MR observed in Figure 6 can be

explained in the following way. When H is parallel to the

electrical current, magnetization is parallel (or anti-parallel)

to the current direction in the saturated regions (low electri-

cal resistivity q//). During magnetization reversal, inside the

head-to-head magnetic domains, magnetization is also paral-

lel (or anti-parallel) to the current direction (low electrical

resistivity q//). Inside the 180� Néel domain walls, magnet-

ization rotates in the film plane and the average magnetiza-

tion component along the direction perpendicular to the

current is not zero, giving rise to high resistive regions, and

therefore two maxima in the hysteretic MR loops at Hc val-

ues. Comparably, when H is perpendicular to the bias cur-

rent, magnetization is perpendicular (or anti-perpendicular)

to the current direction in the saturated regions (high electri-

cal resistivity q\). During magnetization reversal, inside the

anti-parallel magnetic domains, magnetization is also per-

pendicular (or anti-perpendicular) to the current direction

(high electrical resistivity q\) but inside domain walls, the

average magnetization component along the direction paral-

lel to the current is not zero, giving rise to low resistive

regions, and therefore two minima in the hysteretic MR

loops at Hc values.

O’Donnell et al.42 also reported similar MR(l0H) hyste-

retic curves in La0.7Ca0.3MnO3 thin films showing maxima

(minima) when H was applied parallel (perpendicular) to the

current in a limited temperature range in the vicinity of TC.

In the analysis, they excluded a single-domain configuration

and proposed a multidomain configuration with the nuclea-

tion and growth of transverse domains. They proposed that

the observed hysteretic behaviour may originate from AMR

in the transverse domains. Their model could also be valid if

Néel type domain walls were considered and is therefore

consistent with our observations.

V. MAGNETIC SENSITIVITYAND LOW FREQUENCY
NOISE MEASUREMENTS

In addition to the reported MR values, we also calcu-

lated the magnetic sensitivity S, which is an interesting pa-

rameter in view of magnetic sensor applications. We defined

the sensitivity S (expressed in T�1) as the slope of the mag-

netoresistance versus magnetic field:

S ¼
@MR

@l0H

� �

: (2)

We can determine the maximum values of S, named

Smax, in a defined magnetic field range for all the studied

configurations. No large variation of Smax can be found in

the two investigated microbridges for the two magnetic field

orientations. Smax values of about 61 T�1 were found at

l0H values of about 60.4mT in the 100 lm wide bridge and

60.5mT in the 50 lm wide bridge. At the same magnetic

field value, the sign of Smax is found to be opposite depend-

ing on the magnetic field orientation with respect to the

bridge length. This latter property is very interesting because

it allows building a full Wheatstone bridge in a push-pull

configuration leading to better performance of the sensor,

such as increase of the sensitivity, rejection of the power

supply perturbations and thermoresistive effects, better line-

arity of the output signal, etc.

Noise measurements at room temperature have been

performed in demagnetized samples. The noise spectra typi-

cally consist of two parts: a low frequency noise that depends

on the bias current and the frequency, and the white part that

is bias current and frequency independent. The voltage noise

spectral density of the latter component is equal to 4kBTR,

with kB the Boltzmann constant, T the temperature, and R

the sample electrical resistance. We used the semi-empirical

FIG. 6. Magnetoresistance versus magnetic field characteristics at room tem-

perature measured in (a) the 50lm and (b) the 100lm wide LSMO bridges

when the field is applied parallel or perpendicular to the bridge length.
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Hooge relation to describe the low frequency noise in our

sample:49

e2nR

V2
¼
aH

n
�

1

X� fc
; (3)

where e2nR is the voltage noise spectral density (V2 Hz�1),

V is the sample voltage (V), aH is the Hooge parameter

(dimensionless), n is the charge carrier concentration (m�3),

X is the sample volume (m3), f is the measuring frequency

(Hz), and c is the frequency slope. aH/n is defined as the nor-

malized Hooge parameter and is expressed in (m3). The pa-

rameter c was checked to be equal to 1 so that we can name

“1/f noise” the low frequency noise. After the quadratic de-

pendence of e2nR with the sample voltage was checked, we

could estimate the normalized Hooge parameter aH/n to be

about 1� 10�30 m3 in our 40 nm thick LSMO film, which is

typical of epitaxial LSMO films on STO (001) substrates.34

For example, if we consider Smax¼ 1T�1 at about 0.3mT as

the average absolute value of the maximum sensitivity in the

100 lm wide LSMO microbridge (of electrical resistance at

zero field R(0)¼ 2.9 kX and at a maximum current applied

so that the sample voltage is 5V, the equivalent magnetic

noise spectral density level bn can be estimated as the ratio

of the voltage noise spectral density en in V Hz�1/2 over the

sensitivity in V T�1 within the sensor bandwidth as

bn ¼
en

Smax�V
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4kBTRþ
ð a H=nÞ�V2

X�f

q

Smax�V
: (4)

At Imax¼ 5V/2.9 kX, and l0H¼ 0.3mT, bn is 29 nT

Hz�1/2 at 1Hz and 1.4 nT Hz�1/2 in the white noise fre-

quency range, which is close to the performance of Hall sen-

sors50 or commercial GMR sensors51 but still higher than the

best room temperature magnetic sensors, such as long type

magnetostrictive-piezoelectric laminated composite sensors

(10 pT Hz�1/2 at 1Hz (Ref. 52)), or fluxgate sensors (29 pT

Hz�1/2 at 1Hz (Ref. 53)), or giant magneto-impedance sen-

sors (17 pT Hz�1/2 (Ref. 54)). LSMO thin film based magne-

toresistive devices can be seen as an alternative to giant

magnetoresistance and tunnel magnetoresistance, since these

magnetic sensors are known to show high low frequency

noise.55 The reported bn values in our LSMO microbridges

are promising since there is still room for improvement, not

only in the sensor design, such as width, length, and film

thickness optimization but also in the electronic readout by

the use of Wheatstone bridges, for example.

VI. CONCLUSION

We have studied the in-plane magnetic domain structure

during magnetization reversal at room temperature in pat-

terned 40 nm thick LSMO/STO (001) thin films using MOKE

microscopy. In all cases, magnetization reversal proceeds by

nucleation and propagation of domain walls. Depending on

the direction of the applied magnetic field with respect to the

microbridge length, we could obtain either a dominance of

domain wall propagation (when H is parallel to the bridge

length) or a nucleation driven magnetization reversal

mechanism (when H is perpendicular to the bridge length). In

addition to the linear and reversible CMR effect, hysteretic

MR curves versus magnetic field could be observed, showing

two maxima (minima) when the magnetic field is parallel (per-

pendicular) to the bridge length. This behaviour was attributed

to AMR effects inside the 180� Néel type domain walls, i.e.,

where the magnetization rotates in the film plane. We demon-

strated that the combined effects of CMR and AMR inside

domain walls when a multidomain configuration exists can

increase the LFMR and sensitivity in a narrow magnetic field

range. Finally, we measured the low frequency noise in order

to evaluate the magnetic noise spectral density level bn. It was

about 29 nT Hz�1/2 at 1Hz, which is equivalent to Hall and

GMR sensor performance. Further sensor design and electronic

readout are possible in order to increase LSMO-based mag-

netic sensor performance at room temperature.
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