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Abstract.

Epitaxial SroFeMoOg films were investigated for.their magnetoresistive properties.
The results revealed a distinct anisotropic resistance response to the magnetic
field, which was especially noticeable when the current path was oriented along
different crystallographic directions. This ‘anisotropic behavior was observed as
varying symmetries in the resistance-field direction dependence. The phenomenon
was discussed in the context of ‘magnetocrystalline anisotropy as well as more
general electrical properties.  The. findings suggest that some commonly accepted
explanations for anisotropic magnetoresistance are insufficient to account for the recent
observations. A dgeper understanding of the electrical properties of SroFeMoOg—and
similar materials—is  therefore necessary. Additionally, the work demonstrated an
enhancement in magnetie properties as a result of temperature annealing treatment.
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1. Introduction

Multifunctional materials of high quality have garnered significant interest for future
magnetoresistive and spintronic applications, where key objectives include device
miniaturization, faster data transfer rates, and more precise sensors, [1-3]. “Im, this
context, the ordered double-exchange perovskite SroFeMoOg (SFMO) hasiemerged as
a promising material due to its exceptionally high Curie temperature (T@) exceeding
400K and its 100% spin-polarized charge carriers [4-6]. However, fabricating SEMO
thin films while maintaining its desirable electrical and magneticproperties remains
challenging. This has spurred extensive efforts to optimizesthe preparation processes,
including various annealing treatments [7—10].

Anisotropic magnetoresistance (AMR) is a phenomenon where the resistance
of a material depends on the angle between the magnetic field—or saturated
magnetization—and the direction of the current. In general;; AMR follows the relation
p(7) = pL+(p)—pL) cos*(y), where p and p, representiresistivities measured when the
current is parallel and perpendicular to the magnetic fieldy respectively [11,12]. While
this expression is valid for polycrystallinessystems,/AMR behavior can be more complex
in single crystals, where bulk crystalline ornmagnetic anisotropies are not isotropic.
Magnetocrystalline anisotropy is an example.where the magnetization response depends
on crystal orientation. Other form§ ofranisotrepies include induced anisotropy, caused
by annealing treatments; magnetoelastic anisotropy, resulting from lattice mismatch-
induced strain; and surface amisotropy, where interfacial magnetic regions can break
crystal symmetry [11,13].

AMR has been widely studied in perovskite manganites, such as La; ,Ca,MnOj
[14-17] and La;_,Sr,MnOQOg {{8, 19}, due to its importance in applications like
magnetoresistive random’ access memories (MRAMs) and magnetic read heads. In
ferromagnets, AMR originates from spin-orbit coupling, where the scattering rate of
conduction electrons imthe s band depends on the angle between the spins of localized
3d electrons and theéreurrent’ direction [12]. The linear relationship between out-of-
plane anisotropy. and epitaxial strain [20], as well as magnetic resonance and spin-wave
relaxation studied wvia ferromagnetic resonance techniques [21], has been reported for
SFMO films. Nevertheless, comprehensive studies of resistivity across the full angular
range in bothiuin-plane and out-of-plane directions under varying magnetic fields and
temperatures remain scarce.

In ‘this work, in addition to the optimization of post-annealing treatments and
basic structural, magnetic and resistive characterizations of the SFMO thin films, we
have concentrated on the angular dependent magnetoresistive properties to investigate
the AMRand low field magnetoresistance (LFMR). The results are discussed in the
light of magnetic configurations that are crucial when designing novel spintronic devices
for future technological challenges.
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~
Figure 1. The schematic illustration of the patterned SFMO thin film with its

crystallographic axes to show the current directionshduring the magnetoresistive
measurements. On the right, the tetragonal SFMO unit ¢ellis oriented so that its
in-plane axes on the surface are 45° tilted from 4he corresponding axes of the STO
(100) substrate. This means that pseudo cubicsSSEMO lattice is oriented according to
STO in-plane axes.

2. Experimental details

The SFMO thin films with thickness of ‘&120nm were prepared by pulsed laser
deposition (PLD) on SrTiOz (STO) (100) substrates using earlier optimized growth
parameters such as the substrate temperature of 900°C, Ar deposition pressure of

2. For the magnetoresistive measurements, the

70 mTorr and laser fluence of 1.6 J/cm
films were patterned by wet chemical etchingiinto 100 um wide stripes along the different
crystallographic directions of [010jyand [110] as schematically illustrated in Fig. 1.
The length of the stripe in [110] direction is 1 mm and approximately 1.4 mm in [010]
direction. Due to tetragonalssymmetry of SEMO unit cell [010] is isotropic with [100].
The electrical contacts were doneausing TPT HB05 Wire Bonder with Al wiring. The
details of the target synthesis, film deposition etc. have been published separately
in [8,10,22].

The x-ray diffraction (XRD) studies were made at room temperature using a
Panalytical Empyrean diffractometer with a 5-axes goniometer using Cuk, radiation.
The crystallinity; phase purity, texture and lattice parameters were determined from
(0,20) scan§ inthes(008) and (336) directions and from the (¢,1)) texture scans
accompanied by the'detailed (¢, 20) results of the SFMO (204) peaks. The magnetic
measuréments were done using a Quantum Design MPMS SQUID magnetometer with
the external field parallel to the plane of the film, i.e. along the SFMO (110) direction.
Thé temperature dependent field-cooled (FC) magnetizations were measured in 100 mT
field.and the Curie temperature was defined as a minimum of the temperature derivative
of the"FC-curve. To determine the saturation and remanence magnetizations and
coercivities, the magnetic hysteresis loops were measured at 10 K and 400 K between
<1000 mT and 1000 mT. The magnetoresistive properties were studied using a Quantum
Design Physical Property Measurement System (PPMS) with a horizontal rotator
option, applying a direction of rotation parallel and perpendicular to the film plane.
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Figure 2. (a) Temperature dependence of the normalized magnetization curves of
pristine untreated SFMO film and the optimally at 800°C post-annealing treated films
producing improvement in T¢ (the main panél). The inset shows how the annealing
treatment time has an optimal value of ~60min. (b) Magnetization versus magnetic
field hysteresis loops for the pristine film and the optimally annealed film. The results
show that magnetization is saturated im 500 m'[. The results are obtained for films
before lithography patterning with field parallel 4o the plane of the film along the
SFMO (110) direction.

3. Results and discussion

3.1. Optimization of structural, magnetic and magnetoresistive properties

To achieve optimal propertiessfor the SFMO thin film, particularly maximizing the
Curie temperature (7¢), we optimized the ez situ post-annealing treatment in a vacuum
chamber with a high vacufim ofy10=" mbar. The annealing parameters included the
temperature, ranging from reom temperature up to the system’s maximum of 800°C,
and the annealing dardtion, which varied from 0 to 180 minutes. As shown in Fig. 2 (a),
the highest Tt of 340 Kjimeasured at the midpoint of the transition, with an onset 7
exceeding 400 K, was achieved by annealing the SFMO films for 60 minutes at 800°C. In
comparison, the @ of the untreated pristine film was only 319 K. The pristine sample
differs from 0"min treatment in a sense that while the pristine sample has not gone
through annealing treatment, in 0 min treatment the annealing temperature has been
reached but the cool down begins immediately. In Fig. 2 (b) magnetization versus
field hysteresisdloops are presented for an optimally annealed and a pristine sample.
The_results show magnetization saturation around 500 mT and in higher fields. The
optimally annealed sample also shows saturation magnetization above 3 ug / f.u., which
is slightly higher compared to the pristine sample.

The crystalline quality, possible impurity phases and SFMO lattice parameters were
characterized using XRD. As shown in Fig. 3 and based on the pole figures from texture
scans (not shown here), the optimized films are phase-pure and exhibit topotaxial growth
along the SFMO (00!) direction. From the 2D measurements (inset of Fig. 3), where
the width of the (204) peak was fitted with a Gaussian function to the data measured in
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Figure 3. The room temperature x-ray 26 diffractogram with, identified SFMO film
and STO substrate (00) peaks. The inset shows SEMO (204) peak intensities as a
function of 20 and ¢, partially hided by the peak of . STO substrate. The results are
for optimally annealed film.

- 4
Table 1. The relevant structural properties; such as SFMO lattice parameters

and XRD peak widths in 64 and ¢-directions, as well as the most important
magnetic parameters of Curie temperature and saturation magnetization, remanent
magnetization and the coercive field obtained from the magnetic hysteresis loops at
10 K. The results are for/optimally annealed film.

Structural  a/b (A) c (A) AG(008) (°) A6 (336) (°) Ag (204) (°)
5.568 7.912 1.493 2.601 0.778
Magnetic  Tcmia (K)  Toonses (K) M (pp/fu) M, (pp/fu)  poHe (mT)
340 400 3.27 1.47 37.5
N

the ¢-direction, the SFMO péak ¢an be identified near the STO diffraction peak, with
no secondary diffra¢tion peaks outside the expected CuK, components. This confirms
a single-phase SFMO film, without significant contributions from twin boundaries.

The broadening ofnthe” SFMO (204) peak in the ¢-direction (A¢), which is
attributed to low-angle grain boundaries, and the broadening of the (008) and (336)
peaks in the 26-direction (Af) are consistent with our previous research results [22,23].
The calculated dattice parameters a/b and ¢, as collected in Table 1, are in line with
earlier grown filmswith similar deposition conditions as well as with the bulk values
of SFMO [9, 24,25]. The unoptimized SFMO films showed negligible differences in
lattieesparameter lengths and in A¢ compared with presented values for optimized films.
However, the Af parameters for peak broadening showed slightly decreased values for
optimized films. This suggests less variation in lattice parameters for optimized films.

The key magnetic results for the unpatterned and optimally annealed SFMO
thin film are summarized in Table 1. The obtained T¢ mia of 340K, determined as
the minimum of the temperature derivative of the FC curve, and the onset Tt onset
above 400 K represent some of our highest values reported for pulsed laser-deposited
SFMO thin films [22, 26, 27]. Parameters such as coercivity (poH.) and remanence
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Figure 4. The magnetoresistive response for optimally annealed film measured at
different temperatures, where the SFMO [110] stripe,and ghus the applied current
are parallel to the external magnetic field (the main panel). The inset shows the
temperature dependence of the resistivity measured in zero field.

L
magnetization (M,) are comparable to those of previgusly prepared films. Notably,
the saturation magnetization (Mj) is distinetly higher than in our earlier publications
9,22,27-29].

The basic temperature-dependent, resistivity in the range of 10-350K and the
magnetoresistive (MR) responses between magnetic fields of -500 mT and 500 mT were
measured at temperatures of, 10K, 100Ky, 200K, and 300K with the SFMO [110]
stripe aligned along the external magnetic field. Magnetoresistive results are presented
for optimally annealed film, which has been patterned according to design in Fig. 1.
The inset of Fig. 4 shows a n@imum in the p(7T') curve, indicating metallic behavior
with an almost linear increase above 200 K up to 350K, and a slight upturn below
50 K, suggesting semiconducting characteristics. The semiconductive-like upturn is a
common observation [24, 30-32] and we have previously proposed that the effect could
be due to changesdmnthe SEMO band gap influenced by the substrate-induced strain,
oxygen vacancies, or antissite disorder between transposed Fe and Mo atoms in the
lattice [24,32].

The MR cwrves, calculated using MR = (Rp — Rsoomt)/Rs00mT, Where Rp is
the resistance.@t field B and Ryt is the resistance at 500mT, are presented in
the main panel of Fig. 4. The results show that MR is inversely proportional to
temperature, consistent with a weakening of spin-polarized electron transfer through
thegunctionvinterface resulting in diminished magnetoresistance signal [33]. The low-
field magnetoresistance (LFMR), associated with spin-polarized tunneling between
ferrimagnétic grains separated by grain boundaries [24, 34], exhibits a hysteretic
maximum slightly shifted from zero field. The maxima, such as the LFMR response
of 4.7% at 10K and 1.5% at 100K in fields of 34 mT and 25mT, respectively, are close
to previously reported coercivity values, differing by only 12%. This correlation aligns
with the influence of structural defects [35].
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Figure 5. (a) The magnetoresistive response measured in different angles at 7' =
10K, where the inset shows the angular configurations between the magnetic field
and the film. The magnetic field points always upwards and the current is along the
SFMO [110] direction, whereas at 5 = 0° and.180° the eurrent vector and the magnetic
field are parallel and at 90° and 270° perpendicular to each other. (b) The angle
dependent resistivity measured at different magnetig fields of 10, 50, 100 and 500 mT.

3.2. Angular dependent magnetoresistive properties

3.2.1. Out-of-plane measurements

Similar magnetic field-dependent MR, responses for optimally annealed and
accordingly patterned samples_were measured for both the SFMO [110] and [010]
stripes at 10 K by varying the'angle between the current and the field, as schematically
illustrated in the inset of Fig: 5@) In/this setup, the rotational axis is perpendicular to
the film’s normal vector. The rotation angle § at 0° corresponds to the alignment where
the film plane is parallel'to' the magnetic field vector. [ refers to the angle between
SFMO stripe i.e current, and magnetic field.

As shown for ghe[L10]stripe in Fig. 5(a), the low-field MR is roughly tripled when
the film plane ig parallel to the field. The results for the [010] stripe were practically
identical. This-phenemenon partly reflects the demagnetizing effect of the film’s shape,
meaning that a larger field is required to compensate for the demagnetizing effect when
the LFMR is.measured with the field applied parallel or close to the surface normal
vector (B = 90°.and = 67.5° scans). This results in an apparent shift and broadening
of the magnetic field corresponding to the hysteretic resistance maxima in LFMR, as
demonstrated’in previous reports [36-38]. Additional AMR and pinning effects may
also,contribute to the observed behavior, but a rigorous analysis of their contributions
in this ease is not practical.

Based on the rotationally symmetric resistivity measurements under different
external magnetic fields (Fig. 5(b)), one can easily observe a magnetic two-fold
symmetry, with maxima in resistivity occurring when the normal vector of the sample
surface is parallel to the field. The angular dependence of p in a constant magnetic field
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Figure 6. The magnetoresistive response measured at 10 K in different angles between
magnetic field and current, with two different applied. current configurations, along
the SFMO [110] direction (a) and [010] diregtion (b). As shown in the inset of (a),
the magnetic field points always upwards.s The angle of 0° in (a) corresponds the
current vector parallel to the direction of magnetic field and 90° (-90°) corresponds to

perpendicular direction. .

illustrates the regular AMR response, where p.oc cos?(y), and 7 refers to the angle
between the current and the magnetizations The slight deviation of the resistance
maxima from f = 90° in the 100mT seéan could be attributed to shape-induced
anisotropy and/or coercivity. This 1S because the demagnetizing effects are more
significant when the magnetic field is perpendicular to the film plane, and the field
is still below the strength needed torfully saturate the magnetization, which may also
apply to 500mT results. However, the results obtained in 500 mT with magnetic field
parallel with film plane aré for'magnetization in saturation. This is confirmed by the
magnetization versus field hysteresis results presented in Fig. 2 (b).

3.2.2. In-plane measurements

Magnetoresistance measurements were also conducted by rotating the sample in a
full in-plane @orientation, where the normal vector of the sample remains perpendicular
to the external magnetic field throughout the entire angular range. The correspondence
betweenthe magnetic field direction and the alignment of the sample stripe, i.e., the
current direction, is schematically illustrated in the inset of Fig. 6(a).

When»examining the magnetic field dependencies of LFMR at different angles
between the current and the field in Figs. 6(a) and (b), a clear distinction between the
(110 and [010] SEMO stripes is observed. The variation of LFMR in the [010] direction is
negligible, whereas in the [110] stripe, the LFMR is significantly higher when the current
13 parallel to the magnetic field (8 = 0° scan). The shape-induced demagnetization
or differences in Lorentz force-induced magnetoresistance cannot explain the observed
discrepancies between the results for the [110] and [010] stripes in Figs. 6(a) and (b).
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Figure 7. The rotation angle, dependence of resistivity measured in the magnetic
field of 500 mT with the current veetor along the SFMO [110] (a) and [010] direction
(b). The angle between, the directions of current and magnetic field is as explained
in the figure captign of Figy 6. In (c) the respective high field results are presented
as in (b) for SFMO. [010] direction. All the results are presented for clockwise and
counterclockwise rotation.

This is because the/.LEMR data were obtained under symmetrical field vs. current
configurations, and'the differences in demagnetization effects due to variations in stripe
length are negligible.

The phenomenon /of LFMR with varying magnetic field—or magnetiza-
tion—orientation relative . to the current, crystalline axes, and magnetic easy axes has
been studied im’ comparable materials [39-44]. A hysteretic LFMR phenomenon, due to
spin tramsport between magnetically oriented domains,; is accompanied by AMR when
the angular orientation between the current and magnetization is varied. Notably, the
abgolute resistance in the f = 90° LFMR scan is higher than in other orientations,
which are shown in Fig. 6(a). This indicates that the AMR effect weakens the resistiv-
ity dreprin LFMR, which is due to spin-dependent transport of charge carriers and the
reorientation of magnetic moments. This reasoning aligns with the multidomain model
presented by O’Donnell et al. [39]. Similar results, where the magnetic field orientation
relative to the current affects LFMR, are commonly observed, though the studies often
emphasize different aspects [39-44]. In Fig. 6(b), the LFMR is less influenced by
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Figure 8. The resistance plotted as a functionof the anglesbetween the magnetic
field direction and the in-plane rotating current, which is applied along the SFMO
[110] (a) and [010] direction (b), respectivelyd Thexfit to the data is done using the
phenomenological model given in Eq. 1 [16]

L
compared to Fig. 6(a), demonstrating the difference in AMR between the two SFMO
stripes prepared along different crystallographic direetions.

These findings are further illustrated im Figss 7(a), (b) and (c). The results in (a)
and (b) are presented for 500 mT /measurements, where SFMO film is in saturation.
Additional high field results measuredyin 1000mT and 2000 mT are presented in (c)
and the results showed no distinction in“amngle dependence confirming the saturation
of magnetization. The results again confirm that the longitudinal resistivity depends
strongly on the orientation of the magnetic moment and the current direction relative
to the crystallographic axes. observed in the out-of-plane measurements, a two-fold
symmetry with a 180° period is evident in the [110] stripe. The maxima in p occur when
the current is perpendicular/to the magnetic field, and as in the out-of-plane case, this
behavior illustrates the.regular’p oc cos?(v) response of anisotropic magnetoresistance.

For the [010] stripe, similar measurements in a 500 mT field reveal a 180° period,
where minima oceur when the current is perpendicular to the magnetic field. However,
additional local.minima are observed when the current is parallel to the field, resulting in
a clear four-fold symmetry in p for the SFMO [010] direction. This four-fold symmetry
cannot be explained by regular AMR or Lorentz force effects, and the mechanism
underlying this particular anisotropy is thoroughly discussed in the following section.

3.3¢ Phenomeénological model and mechanism

The regular AMR dependence, where p o< cos?(7y), does not account for the anisotropic
effects of crystal symmetry. Indeed, deviations from this behavior, reflecting higher-
order'symmetry, have been demonstrated in various epitaxial crystal systems [16,19,39,
45-47]. In our in-plane magnetoresistance measurements, two clearly distinct symmetry
components were observed, depending on the transport current direction along the
SEFMO crystallographic axes. To understand the mechanism, we attempted to fit the
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Table 2. The fitting parameters when the angular dependent resistance data
measured in 500mT field and in both SFMO [110] and [010] directions‘is fitted to
the phenomenological model given in Eq. 1.

Stripe  Cy () C(Q) C5(Q)
[110]  2.06  -0.02  0.003
[010] 3.25 0.005  -0.006

angular-dependent resistance using a phenomenological model/[16].47

This model was originally applied to the Lay/3Caq/3MnQg, (LCMO) perovskite with
tetragonal symmetry, accounting for the same in-plane rotation of magnetization. The
magnetization is always aligned perpendicular to the (000) direction, meaning it is
perpendicular to the film normal vector, as in our experimental setting. In [16], the
longitudinal resistance is expressed as:

Ry = C’g + C’f cos 2o + C;, cosddn +Cn si.n 20w, (1)

where ¢y is the angle between the magnetic field and the in-plane rotating current. This
is connected to a biaxial anisotropy related toithe lattice in-plane square symmetry, along
with two-fold and four-fold uniaxial anisotropiesief the current. The fitting parameters
C’g, C}, Cy, and Cy, correspond testhe symmetrical and antisymmetrical parts of the
dynamic transport property tensor. Here, Cg represents the baseline resistance, while
Cy accounts for slight misalignment, whichis relatively small compared to C| and C.
A good agreement between the fithand the data for both the [110] and [010] directions,
measured in a 500 mT field, is shown imFig. 8, along with the obtained fitting parameters
in Table 2.

Although extending the\resistivity tensor is a reasonable approach, this
phenomenological reasoningdoes not necessarily provide a direct link to the underlying
origins of the phenomenon. “Omne proposed origin of the four-fold symmetry observed
in longitudinal resistivity aneasurements is magnetocrystalline anisotropy [45, 48-51].
Magnetocrystalline anisotropy arises in part due to crystal symmetry, and an identical
symmetry is expeeted between the crystal structure and the magnetization field
response. This symmetry gives rise to easy- and hard-magnetization axes, which are
alleged to contribute to resistance. While magnetocrystalline anisotropy contributes a
symmetrical component to the energy required to align magnetic moments parallel to the
field, attributing the additional symmetry in our p(f) data solely to magnetocrystalline
anigotropy seems overly simplistic. Our data already demonstrates that the AMR
effect depends on the choice of current direction, whereas magnetocrystalline anisotropy
shouldyremain practically identical. Consequently, the four-fold symmetry term shown
in_Table 2 should also be equal between the two current directions. Furthermore, the
saturated SFMO system shows no signs of losing the four-fold symmetry in p(3) at
high fields, where the relative contribution of magnetocrystalline anisotropy to the free
energy should be decreasing.
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In the case of manganites, the anisotropic conduction properties could be influenced
by orbital deformation induced by magnetization alignment, which affects the double-
exchange hopping conduction. This, in turn, could explain the AMR and the two distinet
symmetry phenomena observed along the SFMO crystallographic axes [110] and\[010], as
the angle between the magnetic field and the current changes, as discussed by O’Donnell
et al. [39]. A more detailed understanding of anisotropic magnetorésistanee in other
materials has been obtained by demonstrating competitive magnetization effects on the
band structure, where band gaps with opposite angular dependénce on magnetization
rotation influence conduction [52]. This effect also depends lon the aignment of the
current relative to the crystal axes. According to electron Seattering#heory, four-fold
symmetry can arise from orbital hybridization, which depends‘on the partial density
of states at the Fermi level [53]. The relevance of band structure symmetry to AMR
has also been highlighted [54]. The interface induced/effeets,can potentially also induce
four-fold symmetry in AMR, [55], but we consider this as unlikely cause in our results.

Considering these observations, it is possible that the four-fold symmetry in our p
results is influenced by magnetocrystalline anisotropy, which partially originates from
spin-orbit coupling. However, in a moréigeneral 'sense, the anisotropic nature of the
electronic structure in our SFMO films likelynprovides the foundation for anisotropic
magnetoresistance. Spin-orbit coupling alse,influences the electronic band structure,
but it remains unclear whether magnetocrystalline anisotropy, often cited as the source
of four-fold AMR symmetry, is the definitive cause of the phenomenon. SFMO, as
a half-metallic material with &, spin-polarized band at the Fermi level, is driven by
the hybridization of Mo and Fe'dsstates through oxygen [4,5,56,57]. This intrinsic
property strongly suggests the anisotropic nature of transport properties in epitaxial
systems. Moreover, the eleétrenic structure of SFMO is known to be influenced by
anti-site disorder, which (has been’ shown to enhance the four-fold resistance response
in other materials through band structure modifications [58]. Although the anisotropic
nature of magnetic or electric properties has not yet been thoroughly demonstrated or
established for SEMOy intrinsic mechanisms observed in other materials provide insight
into potential explanations for this phenomenon.

4. Conclusions

We have demonstrated an enhancement of Curie temperature in epitaxial SFMO thin
films, obtained through optimized temperature annealing treatment. The optimized
films have been studied for their magnetoresistive properties. The research revealed
that, the properties are strongly anisotropic. =~ Magnetoresistance is influenced by
demagnetization effects but this alone cannot explain the results. Indeed the four
fold,symmetry in anisotropic magnetoresistance is therefore an indication of intrinsic
anisotropic electrical structure, but could be also linked to magnetocrysalline anisotropy.
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