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We explore the possibility of tracking magnetization orientation in artificial structures patterned in
La0.7Sr0.3MnO3 epitaxial films by magnetotransport measurements, exploiting the anisotropic magnetoresis-
tance effect. We perform resistance measurements as a function of temperature, magnetic field, and angle
between the applied in-plane magnetic field and the channel or crystalline axes in micrometric channels of
different widths. We analyze quantitatively our results and extract information about magnetization easy axes,
crystalline anisotropy, domain wall resistance, anisotropic magnetoresistance, energy of magnetic domain
pinning, and magnetic reversal mechanisms. For channel widths larger than a few micrometers, the magneti-
zation direction at low field ��200 Oe� is determined by magnetocrystalline easy axes, whereas for channel
widths of �1 �m or smaller, the shape anisotropy forces the magnetization to align along the channel axis.
This gives a precise indication on how artificial patterning can be used to force the magnetization direction in
manganite based spintronic devices. Values of magnetocrystalline constant up to 8000 J /m3 and anisotropic
magnetoresistance values between 0.1% and 0.6% are found. Our data also indicate that, in the low field
��200 Oe� hysteretic regime, magnetization reversal occurs by thermal activated hopping of domain walls,
with a characteristic hopping distance of 4–5 nm.
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I. INTRODUCTION

Nanosized magnetic materials are attracting more and
more attention worldwide, in view of electronics and spin-
tronic device applications. In particular, in the field of oxide
nanospintronics, manganites are among the most studied
compounds. A noteworthy potential is related to the recent
improvements in nanopatterning techniques, applied to man-
ganites, such as electron beam lithography,1 local anodiza-
tion by atomic force microscopy �AFM�,2 and focused ion
beam �FIB�.3 FIB at low doses can also be used to drive a
local ferromagnetic to paramagnetic transition by controlled
damaging of ferromagnetic films.4 However, with the de-
crease in magnetic length scale in the submicron range, some
classical theories no longer account for the micromagnetic
behavior of the system. An experimental investigation of the
micromagnetic configuration of a specific system is ex-
tremely useful to probe the competition between the various
energetic terms, namely, the Zeeman energy, which aligns
the magnetization to the external field, the anisotropy energy,
which aligns the magnetization along certain preferential di-
rections �the magnetocrystalline anisotropy to minimize the
spin-orbit energy and the shape anisotropy to minimize the
magnetostatic energy�, the energy for the formation of do-
main walls, which results from the competition of the ex-
change and anisotropy terms against the magnetostatic term,
and the pinning energy of domains associated with a coer-
cive field. In this work, the systems under investigation are
channels patterned in epitaxial manganite films; indeed,
manganite oxides, with their spin polarized transport and Cu-
rie temperature close to room temperature are good candi-
dates for spintronic applications.

Measurements of the electrical resistance of mesoscopic
systems can provide useful information concerning proper-

ties other than those directly related to transport, namely,
they can yield detailed information concerning the behavior
of the magnetization. Moreover, in submicrometric systems,
nontransport properties to probe the magnetic configuration
are inherently difficult to measure because of the small vol-
ume of material involved. Magnetic imaging methods such
as magnetic force microscopy, on the other hand, are not
directly quantitative, not easy to carry out, and also often
ambiguous to interpret. Ordinary transport measurements,
such as anomalous Hall effect and longitudinal magnetore-
sistance, which can be anisotropic and/or hysteretic, are
much more easy and sensitive in this case.

Anisotropic magnetoresistance �AMR� in transition metal
ferromagnets is accounted for by spin-orbit interaction,5–7

that yields different scattering rates between current parallel
and perpendicular to M, due to opening of interband scatter-
ing channels with mixing of unpolarized s and polarized d
states. AMR is defined as the difference of resistance for
magnetization parallel �R�� and perpendicular �R�� to the
current, normalized to the average resistance value. In ferro-
magnetic metals, typically R� �R�, while in ferromagnetic
semiconductors and also in manganites, R� �R�.8–10 As an-
isotropic magnetoresistance saturates at relatively low fields,
it is particularly interesting in view of applications: aniso-
tropic magnetoresistive memories have been fabricated;11–13

spin current devices can be realized in materials with strong
spin-orbit interaction;14–17 moreover, through spin-orbit cou-
pling, it is possible to manipulate spin currents via electric
fields,15,18–22 which is much more convenient than via mag-
netic fields when approaching nanometer spatial scales.

Spin-orbit induced anisotropic magnetoresistance in man-
ganites, differently from ferromagnetic transition metals, is
thought to be an intraband effect, namely, related to an en-
ergy splitting of the eg majority states.23 The magnitude of
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AMR is an intrinsic property of manganites determined by
chemical composition, structural deformation, and strain.24 It
has been found to be in the range 0.01%–5% �Refs. 5 and
23–26� and to be weakly temperature dependent, except for a
peak near the Curie temperature �Refs. 23 and 25–28�, which
suggests that AMR and colossal magnetoresistance �CMR�
are caused by the same scattering mechanisms in d bands.

A few measurements of magnetotransport as a function of
the orientation of the external in-plane magnetic field in
manganite thin films have been carried out in literature.29–32

In particular, anisotropic magnetoresistance in manganites
have been studied experimentally by some authors.5,7,33 In
Ref. 24, anisotropic magnetoresistance has been investigated
in ultrathin manganite films by field effect experiments and it
has been found to be independent of the carrier concentra-
tion; this is in contrast with chemical doping results, thus
revealing the role of lattice distortions in determining the
anisotropic magnetoresistance. In Ref. 34, anisotropic mag-
netoresistance measurements in ultrathin manganite films
have been used to study the magnetization switching at low
field and low temperature. Strain induced anisotropic mag-
netoresistance in manganite films with grain boundaries has
been investigated as well.35,36 The role of the substrate stress
in determining the easy axis has been ascertained.37–39,33

Magnetotransport characteristics often display hysteretic
behavior. Hysteretic resistance changes are associated with
formation and/or movement of domain walls. The domain
walls are some tens of nanometers thick and may be pinned
by local defects or features of artificial patterns having
roughly the same size. This opens the possibility of control-
ling the magnetic configuration by suitable nanolithographic
patterns. Moreover, scattering by domain walls also contrib-
utes to magnetoresistance. In strongly correlated systems
such as manganites, the general theory that relates the width
of domain walls in ferromagnets to exchange and anisotropy
constants does not necessarily hold. As long as insulating
and metallic phases may be in close competition, phase sepa-
ration may occur at domain walls due to the strong spin
gradients therein.40–42 Indeed, domain wall resistance in
manganites has been measured, and it turns out to be 1–4
orders of magnitude larger than that expected in a double
exchange picture and orders of magnitude larger than in
cobalt.43–45 It is not an easy task to extract the possible con-
tribution of domain walls to magnetoresistance, proportional
to the number of domain walls in a series resistance picture,
from other magnetoresistive effects such as anisotropic
magnetoresistance.46 However, it has been estimated theo-
retically that the contribution to magnetoresistance �MR� of
domain wall scattering should be much smaller than that of
AMR in manganites.27 On the other hand, a domain wall MR
of 0.1% has been measured in compressively strained
La0.7Sr0.3MnO3 thin films by comparing the magnetoresistiv-
ity of a current path across a random “maze” magnetic do-
main configuration with the magnetoresistivity of a current
path across a stripe domain configuration.43

In this work, we plan to study how the micromagnetic
configuration in artificially patterned manganite channels is
determined by the competition among the different energy
contributions, namely, the Zeeman energy, the magnetocrys-
talline anisotropy, the shape anisotropy, the pinning energy,

and the thermal energy. We use magnetotransport properties
as a probe. In particular, we measure the channel resistance
as a function of the angle between the applied in-plane mag-
netic field and the channel axis at different temperatures and
magnetic fields or else the resistance versus magnetic field at
different temperatures and angles. The resistance is modu-
lated with the periodicity of the angle between the magneti-
zation and the applied current due to the spin-orbit induced
anisotropic magnetoresistance. If domain wall resistance ef-
fects are negligible, this allows us to extract the magnetiza-
tion orientation at any given magnitude of the external mag-
netic field at any given angle between the magnetic field and
the channel axis or crystalline axes, at any given tempera-
ture, and, if hysteresis is present, for any given magnetic and
thermal history. In turn, the equilibrium orientation of mag-
netization allows us to reconstruct the energy terms and ex-
tract information on easy axes, magnetocrystalline and shape
anisotropy constants, pinning, AMR, and magnetization
switching mechanisms. Thereby, such study, on one hand,
allows us to investigate fundamental and extrinsic properties
relevant to magnetic response and, on the other hand, pro-
vides essential information for fabrication of any kind of
manganite based device such as spin valves and ferromag-
netic single electron transistors.

II. EXPERIMENT

We deposit La0.7Sr0.3MnO3 thin films �thickness t
�20 nm� by pulsed laser ablation on �001� SrTiO3 substrates
at temperature of 815 °C and oxygen pressure of 6
�10−2 Torr. The films exhibit metallic and ferromagnetic
behavior below TMI�300 K.

We pattern large �width�15 �m, length�200 �m� chan-
nels by optical lithography and wet etching in HCl. We ob-
tain narrower channels �width�5 �m� by AFM local
anodization2 and narrower ones �width�1–0.2 �m� by FIB
milling. The latter technique enables direct, maskless fabri-
cation of submicron and nanometer size structures by sput-
tering removal of the top layer with a high resolution
��10 nm� ion beam. A dual beam system �FEI DB235M�,
combining a Ga+ FIB and a scanning electron microscope
�SEM�, is employed, allowing in situ inspection of the fab-
ricated constrictions. In Fig. 1�a�, a SEM image of a FIB
patterned channel is shown, together with a sketch of the
four-probe transport measurement configuration in Fig. 1�b�.
In this picture, the definitions of the angles used in this paper
are as follows: � is the angle between the in-plane applied
magnetic field and the channel axis �direction of the current
I� and � is the angle between the local in-plane magnetiza-
tion and the channel axis.

We carry out transport measurements in a Quantum De-
sign Physical Property Measurement System �PPMS� with
rotator option at temperatures from 10 to 300 K, in magnetic
fields up to 50 000 Oe, and varying the angle � between the
in-plane applied magnetic field and the sample from 0° to
220°.

III. RESULTS

In Fig. 2, we present resistance versus � measurements at
low magnetic field �100 Oe� and different temperatures of

PALLECCHI et al. PHYSICAL REVIEW B 76, 174401 �2007�

174401-2



50, 100, and 200 K of a 13 �m wide channel parallel to the
�100� crystalline direction �sample A�. It can be seen that the
curve shape resembles a triangular wave with minima around
�=0° �H � I� and maxima around �= ±90° �H� I�. By closer
inspection, it can be seen that at low temperature, the
maxima �minima� are somewhat delayed with respect to �

= ±90° �0°�, and the lower the temperature, the larger the
delay. Moreover, at the lowest temperature �uppermost panel
of Fig. 2�, abrupt discontinuities are seen in correspondence
to the changes of slope. At temperatures close to or larger
than the Curie temperature �300 K, the curves are flat in-
stead. In Fig. 3, resistance versus � curves at temperature
of 50 K and different magnetic fields �0H from 75 to
50 000 Oe, measured on the same sample A, are shown. It
can be seen that the curve shape undergoes a crossover
from a triangular pattern with abrupt jumps for �0H
�75–200 Oe to a triangular continuous pattern for interme-
diate �0H values of �500–1000 Oe and eventually to a
sinusoidal pattern for fields larger than 1 T. In the right-hand
axes, the relative resistance modulation around 0.1% is re-
ported. As it will be shown in the following, in this case, the
relative modulation is indicative of the AMR modulation
only in the limit of sinusoidal shape, but not for the triangu-
lar shape whose amplitude is only a fraction of the AMR
modulation.

In Fig. 4, the plot of resistance versus magnetic field in-
tensity of sample A, measured at different angles �=0°, 45°,
and 90° and at temperature of 50 K, is presented. Before
each R�H� cycle, the sample is demagnetized by oscillating
the applied field down to zero with smaller and smaller
cycles, so as to recover the same initial equilibrium configu-
ration in all cases. It can be seen that the three curves are
characterized by the same negative slope at large fields
�around −0.0069 	 /Oe�, which is a signature of the tail of
colossal magnetoresistance �CMR�. Instead, at small fields
��1000 Oe�, the curves are significantly different from one
another, as better seen in the inset: the �=0° curve increases
with magnetic field, the �=90° curve decreases faster than
linearly, and the �=45° one is perfectly linear within experi-
mental uncertainty.
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FIG. 1. �a� SEM image of a FIB patterned channel. �b� Sketch of
the experimental setup for four-probe resistance measurements,
with an in-plane applied magnetic field at angle � with the channel
axis; the angle � between the magnetization and the current is also
indicated. �c� Resistance versus temperature curves of the three
samples whose behavior is shown in Figs. 2–4 �sample A, channel
of 13 �m width patterned by optical lithography�, Figs. 5 and 6
�sample B, channel of 4.5 �m width patterned by AFM local anod-
ization�, and Figs. 7 and 8 �sample C, channel of 0.5 �m width
patterned by FIB�. In the case of sample C, the low temperature
upturn is evidenced in the inset, whereas samples A and B exhibit
metallic behavior down to 10 K.

3420

3422

5295

5298

5301

-90 0 90
14280

14295

14310

-0.0004

0.0000

0.0004

-0.0006

0.0000

0.0006

-0.001

0.000

0.001

T=50K
µ

0
H=100 Oe

(R
-R

av
)/

R
av

T=100K
µ

0
H=100 Oe

R
(Ω

)

ϑ (degrees)

T=200K
µ

0
H=100 Oe

FIG. 2. R��� curves at �0H=100 Oe and different temperatures
measured on sample A.
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We now describe the behavior of a narrower channel
�4.5 �m width� parallel to the �100� crystalline direction,
patterned by AFM lithography, which we call sample B. This
sample has the largest metal-insulator transition temperature
TMI, indicating better structural quality and optimal oxygen
stoichiometry, as seen in Fig. 1�c�. In Fig. 5, we show resis-
tance versus � measurements at �0H=200 Oe and at differ-
ent temperatures, which are very different with respect to
those of Fig. 2. At low temperature, they have a square wave
shape with steplike abrupt changes at �= ±45°, which be-
come increasingly rounded with increasing temperature and
eventually become sinusoidal at 200 K. Similarly to sample
A, at temperature close to TMI, the behavior becomes flat. In
Fig. 6, resistance curves at T=50 K and at different applied
fields are presented. Whereas at high field the sinusoidal
shape resembles that of sample A, at low fields, the curves
are squared; at fields as low as 75 Oe, the switching hardly
occurs, and at 50 Oe, the rotating external field seems even
to have no effect at all. It can be noticed that at low field and
low temperature, the abrupt resistance steps are delayed with
respect to �= ±45°. In the right-hand axes, the relative re-
sistance variation is, on the average, 0.1%–0.2%. In this

case, as it will be clarified in the next section, the relative
modulation is indeed indicative of the AMR modulation.

In Fig. 7, we present an example of phenomenology of
R��� curves, which is qualitatively representative of all
channels of width of 1 �m or smaller, patterned by FIB. For
this sample C, the high field behavior is sinusoidal as for the
other samples described above, but at low field, a cusplike
behavior with sharp maxima at �= ±90° and broad minima
at �=0° is observed. At low field and low temperature, the
cusps are delayed with respect to �=90°.
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Finally, the resistance versus field intensity at different
angles and at T=200 K is shown in Fig. 8. It is clearly seen
that they do not close after a complete cycle. This apparent
drift is likely a result of the magnetic history of the sample;
in this sample with smaller TMI and slight resistance upturn
at low temperature �cf. Fig. 1�c� and the inset therein�, the
phase separation regime is likely extended well below the
Curie temperature and the magnetic field cycles cause a spa-
tial rearrangement and orientation of ferromagnetic regions
along the current path, so that the measured resistance
changes throughout the measurements. This effect is not re-
lated to the mechanisms discussed in this paper; thereby, we
rather focus on the low field nonmonotonic behavior. In the
�=90° curve, there are maxima at nearly ±400 Oe, while the
�=45° and �=0° curves are monotonic, but the decrease of
the former is lower than linear, while that of the latter is
slightly larger than linear.

IV. DISCUSSION

In order to understand the different phenomenologies, we
write the total free energy per unit volume of a uniformly
magnetized system as a function of the angle � between the
magnetization and the current, neglecting as a first approxi-
mation the domain fragmentation:

En��� = Kshape sin2 � − �0MH cos�� − ��

+ Kcry cos2�2�� − 
�� . �1�

Here, M is the saturation magnetization of La0.7Sr0.3MnO3
roughly constant with temperature well below the Curie tem-
perature and equal to 5.6�105 A/m. H is the applied field in
A/m. Kcry is the magnetocrystalline anisotropy constant in
J /m3, whose value is found in literature to range between
5·103 J /m3 �Refs. 30, 37, and 47� and 1.4·104 J /m3 �Refs.
29, 32, 33, and 48�, and is sensitively dependent on crystal-
line quality, strain, and defects �Refs. 28, 37, and 39�. 
 is an
angle which defines the directions of the in-plane magneti-
zation easy axes: in the notation of Eq. �1�, 
=45° indicates
axes parallel and perpendicular to the channel axis, while


=0° indicates axes at ±45° to the channel axis. Kshape is the
shape anisotropy constant in J /m3 and, for a uniformly mag-
netized system, is related to the demagnetizing factors D�

and D� of the channel with perpendicular and parallel exter-
nal fields, which can be calculated from geometrical param-
eters of the system:49

Kshape =
�0

2
M2�D� − D�� . �2�

We point out that the geometry of the channel determines the
maximum value for Kshape through D� and D�; however,
Kshape may be considerably lowered by fragmentation in
magnetic domains which occurs to minimize the magneto-
static energy of the system. In this case, Kshape is not any-
more related to the channel width. In Eq. �2�, the saturation
magnetization M is a function of the temperature, but its
weak variation can be neglected if the Curie temperature is
not approached, which is our case for temperatures below
200 K.

For any given direction � and intensity H of the applied
field, the equilibrium direction of the magnetization �* is
found by minimization of the free energy of the system.
Hence, the resistance of the channel can be calculated by the
AMR formula

R = R0 − �RAMR cos2 � * , �3�

where R0 is the channel resistance when the magnetization is
perpendicular to the current and �RAMR is the maximum
variation of resistance due to the AMR mechanism, that is,
�RAMR=R�M � I�−R�M � I�. The relative change �RAMR/R
is a property of La0.7Sr0.3MnO3 whose value is determined
by the sample crystalline quality and stoichiometry, usually
ranging between 0.01% and 0.4%,23–26 up to a few percent;5

it depends weakly on the magnetic field intensity24 and also
weakly on temperature, except that it has a sharp peak
around the Curie temperature, possibly due to the enhanced
spin-lattice interaction peaked at the Curie temperature.50 It
vanishes in the paramagnetic state.43–45

In order to distinguish the different regimes, in Fig. 9, we
plot energy curves as a function of the magnetization direc-
tion � from Eq. �1� for three different values of the direction
of the applied field, �=0°, 45°, and 90° �first, second, and
third columns, respectively�. In the first row, the parameters
are chosen in such a way that the crystalline anisotropy
dominates over Zeeman and shape anisotropy terms and the
two magnetization easy axes are parallel and perpendicular
to the channel axis �Kcry=8000 J /m3, �0H=200 Oe, Kshape
�300 J /m3, and 
=45°�. It can be seen that there are local
energy minima along the easy axes �=0° and �= ±90°, and
the lowest among them is determined by the direction of the
applied field �. In the second row, the same parameters are
kept, but the directions of the magnetization easy axes are
fixed at ±45° with respect to the channel axis �Kcry
=8000 J /m3, �0H=200 Oe, Kshape�300 J /m3, and 
=0�.
The situation is very similar to the above one, but for the
positions of the local minima at �= ±45° ,135° ,225°. In the
third row, the case of dominating Zeeman energy is shown;
the same anisotropy constants are assumed, but the field in-
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FIG. 8. R�H� curves at T=200 K and different � measured on
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tensity is fixed at �0H=50 000 Oe. In this case, the Zeeman
minimum is so deep that it cancels out any effect of the
anisotropies. Finally, in the last row, the shape anisotropy
term dominates over the others �Kcry�300 J /m3, �0H
=200 Oe, and Kshape=1.4�104 J /m3 corresponding to a
width of a uniformly magnetized channel of 0.4 �m�. The
system has two local minima, �=0° and �= ±180°, corre-
sponding to magnetization parallel or antiparallel to the cur-
rent, instead of the four minima characteristic of the crystal-
line anisotropy; again, the direction of the applied field
selects the absolute minimum of the system. In the fourth
column, the equilibrium direction of magnetization �* is
plotted versus the direction of the applied field �. When the
crystalline anisotropy forces M to be either parallel or per-
pendicular to the channel axis �first column�, �* is a steplike
function of �, and it increases very weakly around to favored
directions, while it jumps abruptly across the forbidden

ranges. We point out that if a sizable shape anisotropy term
was introduced, the perpendicular direction would be less
favored than the parallel one and the steps would turn out
unevenly spaced, with wider plateaus close to �*=0° and
�*=180° and smaller ones close to �*=90° and �*=270°.
When the crystalline anisotropy forces M to be at ±45° or
±135° to the channel axis �second row�, �* is again a steplike
function of �, but with the steps shifted by 45°. When the
Zeeman term dominates �third row�, the system has only a
stable minimum that shifts parallel to the direction of � and
thereby �* is always exactly aligned with �. Finally, if the
shape anisotropy forces M to be either parallel or antiparallel
to the current direction �fourth row�, �* is a steplike function
of �, with weak linear increases around the favored direction
�=0° /180° and abrupt jumps in the forbidden intervals
around the perpendicular direction. In the last column, the
resistance calculated by Eq. �3� for the four situations is plot-
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ted. In the first case of crystalline anisotropy with easy axes
parallel and perpendicular to the channel, the resistance is a
square wave with maxima when the magnetization is perpen-
dicular to the current and with minima when it is parallel. It
can be noticed that the square wave amplitude is 100% of the
AMR amplitude �RAMR of Eq. �3�; therefore, in this condi-
tion, the experimental amplitude can be used to directly es-
timate the AMR. Moreover, the “duty cycle” of 50% guaran-
tees that the parallel and perpendicular directions are equally
favored, indicating negligible shape anisotropy. In the second
row, with magnetization easy axes at ±45° to the current, �*

varies only within small ranges around ±45° and ±135°,
which means that the cos2��*� function varies around its flex
points and the resistance curve is a cut-and-paste of these
small almost linear segments around the flex points. In the
third row, the Zeeman energy induces a linear variation of �*

with � and thereby the resistance follows the cos2��*� be-
havior exactly, with an amplitude equal to the AMR. Finally,
the dominant shape anisotropy featured in the fourth row
yields a resistance behavior with cusps, as the magnetization
direction only assumes values around the parallel direction.
The �* versus � curve results from cutting and joining inter-
vals of the cos2��*� function around the minima, with cusps
appearing at the joints. In this case, as in the case of the
second row, the amplitude of the angular dependence is a
small fraction of the AMR resistance change.

With these premises, the experimental angular curves of
Figs. 2, 3, and 5–7 can be understood pretty well and can be
reproduced by suitable choice of the fitting parameters Kshape,
Kcry, and 
 so as to gain information on the system.

Starting from the large channel A of Figs. 2–4, we find
that the triangular shape of the resistance curve is obtained
by assuming a dominant crystalline anisotropy term with
easy axes at ±45° to the channel axis, namely, �110� and
�1−10� crystal directions. The Kcry constant can be deter-
mined in such a way to match the crossover from triangular
to sinusoidal shape with increasing magnetic fields at the
corresponding experimental values of H. For the curves of

Fig. 3, this criterion fixes Kcry in the range 3000–5000 J /m3.
Alternatively, we can consider the R�H� curve of Fig. 4. At
�=45°, the curve is linear because H is parallel to one of the
easy axes, and with increasing H, the magnetization does not
change its direction; only the negative slope of CMR is mea-
sured. For �=0°, the direction of the magnetization is ini-
tially along one of the easy axes at zero field, but it rotates
and eventually aligns with H with increasing H intensity.
Thereby, at �0H smaller than �600 Oe, �* decreases from
45° to 0° yielding a steep decrease in resistance, while at
large fields, the AMR saturates and the resistance decreases
with the characteristic slope of the CMR. For �=90°, the
magnetization rotates from �*=45° to �*=90° with increas-
ing H, so that in the low field regime, the AMR increase
dominates, while in the high field regime, the CMR decrease
does. In this picture, by extrapolating the CMR slope to zero
�see inset�, we can evaluate the resistance difference
R�M � I�−R�M � I�, which is just the �RAMR term of Eq. �3�,
and we obtain �RAMR/R�0.29%. From the triangular R���
curve at low field and at the same temperature �uppermost
panel of Fig. 3�, we obtain �Rexp/R�0.058%. We are then
able to estimate Kcry more precisely as the value which con-
fines �* in the range around the easy axes in such a way that
the triangular shape is a fraction f =0.058/0.29=20% of
�RAMR; this criterion fixes Kcry�4000 J /m3, in agreement
with the estimate based on the R��� shape at different H.
With this value, the magnetization direction �* spans a range
of ±24° around the easy axes. By the same arguments on
similar measurements, we find 1000 J /m3 at 100 and 200 K,
besides the above mentioned 4000 J /m3 at 50 and 10 K.
These values are reported in the upper right-hand panel of
Fig. 10. The decrease of the crystalline anisotropy constant
with temperature, as well as its value, is consistent with re-
sults found by torque magnetometry.48 We notice also that in
these fits, the shape anisotropy constant must be assumed
much smaller than Kcry, corresponding to an effective chan-
nel width larger than 20 �m despite the channel is only
13 �m wide. This indicates that the shape anisotropy is sig-
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nificantly lowered by domain fragmentation, which occurs in
order to minimize the magnetostatic energy of the system.

We now consider sample B of Figs. 5 and 6. Despite the
smaller channel width, the squared shape is obtained again
by assuming negligible Kshape, but, differently from sample
A, by taking �100� and �010� magnetization easy axes that
are parallel and perpendicular to the current. The difference
between samples A and B lies mainly in the different orien-
tations of the easy axes, rather than in their different widths.
These different orientations appear as an inconsistency, but
we point out that in literature, there is no univocal consensus
about the magnetization easy axes in the �001� oriented man-
ganite epitaxial thin films. We can say that 40% of literature
papers indicate the �100� and �010� directions29,39 and the
other 60% indicate �110� and �1−10� �Refs. 30, 32, 48, and
51� instead. We believe that defects and oxygen vacancies
yield a change in lattice parameters, causing a change in
strain and magnetostriction, which changes the spatial sym-
metry of d orbitals and therefore of magnetization easy axes.
Indeed, the crucial effect of strain on crystalline anisotropy
has been well ascertained.37–39 Even the anisotropy symme-
try may be changed by strain: in �110� oriented epitaxial
manganite films, uniaxial, rather than biaxial, anisotropy is
observed.33,52 Without making quantitative speculations on
the strain, we simply notice that in Fig. 1�c�, sample B has
larger TMI �above 310 K� than sample A �nearly 290 K�, in-
dicating probably a different content of oxygen. For sample
B, we can estimate the value of Kcry which brings a crossover
from square to sinusoidal shape in correspondence to the
experimental values of �0H that are around 500 Oe at 10 and
50 K, around 200–500 Oe at 100 K, and below 75 Oe at
200 K. We find 8000 J /m3 at 10 and 50 K, 6000 J /m3 at
100 K, and 2000 J /m3 at 200 K. Again, Kcry decreases with
decreasing temperature, even if the uncertainty of the fit is
larger at larger temperature, due to thermal smearing that
makes the squared behavior sinusoidal-like at smaller Zee-
man energies. These results are reported in the lower right-
hand side panel of Fig. 10. The slightly larger values of Kcry
in sample B than in sample A confirm the better crystalline
quality of the former.

Finally, we consider sample C of Figs. 7 and 8, patterned
by FIB with a nominal width of 4.8 �m. It is apparent from
the channel resistance as compared to the resistance of larger
channels patterned by optical lithography on the same film
that the actual width of this sample is much smaller than the
nominal value by a factor at least 5. Indeed, the high dose
used for FIB patterning �of the order of 1017 ions/cm2� has
probably damaged the regions surrounding the grooves at the
channel edges, due to the Gaussian profile of the ion beam,
whose tails carry a non-negligible current intensity. A more
careful study of this effect is underway; however, we found
evidence that doses as low as 2�1013 ions/cm2 are indeed
effective in turning metallic ferromagnetic La0.7Sr0.3MnO3
into semiconducting and likely paramagnetic. An upper limit
of the actual width of the ferromagnetic part of the channel
can be extracted by the fitting value of the Kshape constant
�Kshape fixes the maximum channel width in case of homoge-
neous magnetization by Eq. �2�; if the magnetization is frag-
mented into domains, the same Kshape value may be found in
narrower channels�. We are able to reproduce the crossover

from cusplike maxima to sinusoidal shape at �0H
�1000 Oe as in Fig. 7 by assuming Kshape�1.2�104 J /m3,
corresponding to a channel width of �0.5 �m at most.
Moreover, we have to assume that Kcry is smaller by at least
1 order of magnitude with respect to the other samples. We
relate this low value to FIB induced damage; due to the
sensitivity of Kcry to crystalline quality, this result is not sur-
prising. In Fig. 1�c�, it can be clearly seen that this sample
has lower TMI as well as resistance upturn at low temperature
�see inset�: These features are a signature of altered oxygen
stoichiometry and disorder, possibly induced by strain and
may well account for low crystalline anisotropy and ex-
tended temperature range of phase coexistence. However, we
remark that FIB patterning has been successfully used to
pattern manganite films down to nanometric size on shorter
channel lengths ��1 �m�.53 With this choice of Kshape

�1.2�104 J /m3, the amplitude of the angular variation of
resistance �Rexp/R at �0H=100 Oe is a fraction f �4% of
�RAMR and the magnetization direction sweeps a range of
angles of about ±13° around �*=0° and �*=180°. In prin-
ciple, we could as well obtain the value of �RAMR from the
R�H� plots of Fig. 8 at 200 K, as done for sample A. How-
ever, this method leads to a value of Kshape of nearly one-half.
Actually, it is clear that this sample is not magnetically stable
at least at T=200 K due to phase separation. The magnetic
configuration changes throughout the R�H� cycles due to
spatial redistribution of metallic regions along the current
path, and it is likely that even more severe changes occur
from one kind of measurement to another. In a phase sepa-
ration regime, the ferromagnetic domain size is undefined,
and the Kshape value is not related to the channel width by Eq.
�2�. We think that the Kshape value that reproduces the whole
set of R��� curves with increasing H is more likely to ap-
proach the uniform magnetization limit of Eq. �2�.

As a further check of the role of shape anisotropy term,
we also measure channels whose axis was aligned along the
�110� and �1−10� crystalline directions. The results are very
similar to Fig. 7, indicating that the shape anisotropy term is
determined by the artificial patterning and independent of the
crystalline orientation. In some cases, the cusps are found to
be slightly asymmetric; this is just expected in case of slight
misalignment between channel axis and magnetization easy
axes, if Kcry is not too much smaller than Kshape. The asym-
metry may be even amplified if there is a sizable pinning of
domain walls by defect of channel edge roughness.

Cusplike angular behavior characteristic of 180° symme-
try has also been observed in much larger channels ��65 �m
width� in �110� epitaxial films33 due to uniaxial crystalline
anisotropy, which plays the role that belongs to shape aniso-
tropy in our systems.

To summarize the AMR values found in our samples, we
present in the left-hand panels of Fig. 10 the experimental
data versus the applied field at different temperatures for
samples A and B. All the values are around a few ‰. The
data are directly measured in case of square and sinusoidal
shapes; instead, for triangular and cusplike shapes, the ex-
perimental modulation is a fraction f of �RAMR, with f val-
ues which are obtained at each field H from the fitting pro-
cedure, so that the data are extrapolated by multiplying the
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measured �RAMR by 1/ f . The AMR increases weakly with
increasing H, similarly to what is found in Ref. 24, and also
with increasing T, similarly to Refs. 23, 25, and 26; however,
approaching the Curie temperature, it starts vanishing. This
explains why the AMR curves at T=200 K and T=300 K
tend to be smaller than at lower temperatures.

We now discuss the issue of the delayed switching of
magnetization at low temperature and low field. This hyster-
etic effect is related to domain pinning by defects or by
roughness at the edges of the artificially patterned channels.
We compare the energy plots for � equal to the reversible
switching angle and the delayed switching angle. The revers-
ible switching angle is the one for which the absolute mini-
mum of the energy versus � plot changes from one well to
the adjacent one as the direction of H rotates �for example,
the switching angles are �=0° and �= ±90° for Figs. 2 and
3, �= ±45° and �= ±135° for Figs. 5 and 6, and �= ±90°
for Fig. 7�. At large temperature, the system is actually able
to jump to the absolute minimum, so that the magnetization
rotates reversibly without hysteresis. Also at high field, the
Zeeman minimum dominates and flattens the energy barriers
between anisotropy minima. Instead, at low temperature, the
magnetization may be frozen in a metastable state at the
bottom of an energy well, until the energy barrier toward the
absolute minimum is lowered enough by the rotation of H;
this occurs just when � reaches the delayed switching angle.
Therefore, we calculate the difference in energy barriers at
the reversible switching angle and at the delayed angle at any
fixed temperature, and we compare such barrier difference
with KT �K is the Boltzmann constant� divided by a volume,
which we may call “switching volume” Vsw. Its meaning is a
volume of magnetic coherence, as long as the magnetization
switching cannot occur spin by spin, due to exchange cou-
pling which would become too large if adjacent spins were
too much misaligned form each other. If we further assume
that along the 20 nm film thickness t domain fragmentation
cannot occur, we can define a magnetic coherence length dsw
such that Vsw=dsw

2 t. For all the samples, we measure delay
angles which decrease with increasing T, yielding KT /Vsw
��4–6��103 J /m3 and dsw�4–5 nm. The magnetic coher-
ence length dsw is found to increase weakly in the above
mentioned range with increasing T and H. We notice that Vsw
is much smaller than the micrometric domain size and even
smaller than the domain wall thickness of the order of some
tens of nanometers.43,54 Indeed, Vsw must not be confused
with the domain size; instead, it can be rather thought of as
the area spanned by a domain wall in its hopping during
expansion or shrinkage of adjacent domains. In the case of
sample B, the delay angle from �=−45° is smaller than the
delay angle from �=45°, which is probably an effect of do-
main pinning. This may indicate that the morphology of
channel edges caused by AFM patterning is more effective in
pinning domain walls than those caused by FIB patterning
and optical lithography. A rough estimate of the pinning en-
ergy can be obtained just by comparing the difference in the
delay angles from �=−45° and �=45° and it turns out to be
�200 J /m3.

It is mandatory to make some consideration about scatter-
ing by domain walls and its possible contribution in the re-
sistance changes, which we have neglected up to now. It

could be argued that when the magnetization is aligned along
an unfavorable direction, domain fragmentation is more
likely to occur as in the case of stripe domains which form as
a result of competing anisotropies.43,55,56 If a large number of
domain walls are encountered along the current path, a do-
main wall scattering term should be considered when analyz-
ing R��� curves, which we have so far interpreted only in
terms of AMR of an uniformly magnetized system. Indeed,
despite in standard transition metals such as Co domain wall
scattering is negligible with respect to AMR �resistance-area
product of 7.8�10−17 	 m2 �Ref. 57��, it has been suggested
that in manganites, the large gradient of spin orientation at
domain walls may trigger local phase transitions and thereby
enhanced scattering.40–42 Attempts to measure domain
wall scattering resistance in manganites have been carried
out.43,45 and values of resistance-area product around
10−13–10−15 	 m2 have been found always larger than the
values predicted by double exchange theory by orders of
magnitude; however, these values have been measured either
in compressively strained43 or narrow bandwidth45 mangan-
ites, where phase separation is strongly favored, differently
from our La0.7Sr0.3MnO3 systems. To further support our ap-
proach, however, we put forward a few arguments. Usually,
scattering by domain walls is thought to manifest itself as a
low-field low-temperature magnetoresistance with a slope as
a function of H steeper than the CMR slope. On the contrary,
in our samples A and B, the measured R�H� are perfectly
linear within experimental uncertainty if H is aligned along
one of the magnetization easy axes ��=45° curve in Fig. 4�,
ruling out domain scattering resistance contribution. More-
over, current-voltage characteristics of the channels at all
fields and temperatures are fully Ohmic. Finally, we observe
in the left-hand panels of Fig. 10 that the AMR tends to
increase with increasing H, whereas a sizable domain scat-
tering contribution would yield the opposite trend, as with
increasing H the domains should expand and the number of
domain walls should decrease. Only in FIB patterned
samples a slight deviation from linearity at very low fields in
the R�H� curves is observed �e.g., Fig. 8, curve at �=0° and
inset�. This can be due to AMR if we assume thermally in-
duced disorientation of magnetic domains around the equi-
librium value �=0° at �0H=0, which may indeed occur a
T=200 K; alternatively, if we assume that all domains are in
their equilibrium orientation �=0° at �0H=0, this deviation
from linearity may be related to domain wall scattering. If
the latter is the case, it is confirmed that domain wall scat-
tering is appreciable only in samples whose domain walls are
pinned at grain boundaries or regions with depressed ferro-
magnetism, which are possibly present in FIB patterned
phase separated and strained channels. However, though ap-
preciable, this deviation from linearity gives a contribution to
resistance which is 1 order of magnitude smaller than the
AMR contribution.

From the shape of the R�H� cycles, information about the
switching mechanism can be gained. For example, it has
been suggested that superlinear and/or sublinear behavior of
R�H� curves with H parallel to the magnetization easy axis
may indicate formation of transverse domains along the di-
rection midway between two magnetization easy axes during
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magnetization rotation;29,33 it has also been suggested that
abrupt hysteretic jumps indicate domain pinning and single
domain behavior.29 In our R�H� curves, none of these effect
is seen, indicating that magnetization reversal occurs in a
multidomain scenario by domain wall motion, with shrinking
of domains along one of the easy axes and enlargement of
other domains along the next easy axis as the magnetic field
rotates.

V. CONCLUSIONS

In this work, we provide precise indications about the
ranges of temperature, magnetic field, and artificial pattern-
ing size, which are relevant for fabrication of manganite
based spintronic devices, and we also demonstrate that trans-
port measurements are a suitable tool to track the magneti-
zation direction in La0.7Sr0.3MnO3 channels. In particular, we
find that for channel widths larger than a few micrometers,
the magnetization direction at low field is determined by
magnetocrystalline easy axes, whereas for channel widths of
�1 �m or smaller, the shape anisotropy forces the magneti-
zation to align along the channel axis, indicating that this is
the average domain size at low temperature. Hysteretic ef-

fects due to anisotropy and/or pinning are observed at tem-
perature of 50 K or smaller and fields of up to 200 Oe. At
larger temperatures, the magnetization rotates reversibly with
the applied field, but its direction is determined by aniso-
tropy rather than by the external field as long as �0H is
smaller than 200 Oe.

We find values of magnetocrystalline constant up to
8000 J /m3 in the samples of good crystalline quality and
AMR values around a few ‰, which slightly increase with H
and T well below TMI. We also find that the magnetocrystal-
line easy axes can be either �100� and �010� directions or
�110� and �1−10� directions, depending on the crystalline
quality and strain. Finally, our experimental data indicate
that, in the low field ��200 Oe� hysteretic regime, the mag-
netization reversal mode is by thermally activated domain
walls hopping, with a characteristic area swept in each hop-
ping event of �20 nm2.
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