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ABSTRACT: Magnetic materials with large magnetic anisotropy are essential for workaday
applications such as permanent magnets and magnetic data storage. There is widespread interest in
finding efficient ways of controlling magnetic anisotropy, among which strain control has proven to be
a very powerful technique. Here, we demonstrate the strain-mediated magnetic anisotropy in
SrCoO;_s thin film, a perovskite oxide that is metallic and adopts a cubic structure at 6 < 0.25. We
find that the easy-magnetization axis in SrCoO;_; can be rotated by 90° upon application of moderate
epitaxial strains ranging from —1.2 to +1.8%. The magnetic anisotropy in compressive StCoO;_s thin
films is huge, as shown by magnetic hysteresis loops rendering an anisotropy energy density of ~10°
erg/cm’. The local variance in magnetic force microscopy upon temperature and magnetic field
reveals that the evolution of magnetic domains in the SCO thin film is strongly dependent on

magnetic anisotropy.
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1. INTRODUCTION

Epitaxial strain has proven a very powerful technique for tuning
and enhancing the functional properties of complex materials.
Inherent to this success are the strong couplings between
structural degrees of freedom and magnetic, electrical, orbital,
and charge-order parameters. To date, control of magnetic
anisotropy has been demonstrated in just a few complex oxides
and semiconductor alloys synthesized as thin films.'~® Most of
those materials, which could be used in advanced information
processing and storage applications like spintronic devices,
however, present impeding practical issues owing to their
insulating nature. SrCoQO;_; is a perovskite oxide that
undergoes a number of intriguing magnetic phase transitions
driven by strain.””'® The magnetic properties of SCO present
a strong dependence on oxygen stoichiometry and epitaxial
strain conditions. Bulk stoichiometric SCO is ferromagnetic
below 305 K,' and its Curie temperature, T, decreases
linearly with 6. At 0 < 6 < 0.25 SrCoQ;_s (SCO) adopts a
simple cubic perovskite structure and is metallic (see the
Supporting Information Figure S1).'”'” In the brownmillerite
phase (8 = 0.5), bulk SrCoO;_s is antiferromagnetic and its
Neel temperature amounts to 570 K.*° In the SCO thin films, a
ferromagnetic—antiferromagnetic phase transition has been
experimentally observed under tensile conditions'® and
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consistently reproduced with theoretical calculations.”'® The
structural and chemical simplicity of SCO along with its
controllable ferromagnetic and electrical conductivity proper-
ties, convert this material into an ideal candidate for
developing new information-processing and storage technolo-
gies (e.g, spintronic devices). In spite of these encouraging
prospects, the magnetic properties of strain-tuned, especially
compressively strained SCO thin films remain mostly unknown
to date.

In this work, we use a combination of experimental
characterization techniques (e.g, X-ray diffraction (XRD),
magnetic property measurement system (MPMS), magnetic
force microscopy (MFM), and first principles simulation
methods) to determine with atomic precision the magnetic
structure of SCO thin films under moderate compressive and
tensile epitaxial strains. We find yet unobserved giant
perpendicular magnetic anisotropy (PMA) at moderate
compressive conditions that sets a new record among the
perovskite oxides with elemental formula ABO;. The tunability
of such a giant PMA is remarkable, as the associated anisotropy
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Figure 1. (a) XRD 6—26 scans, (b) RSMs, and (c) AFM of SCO thin films grown on LAO and STO substrates. The insets in (a) show qualitatively
how the oxygen octahedra in the perovskite structure responds to the epitaxial strain.

energy density increases to ~10° erg/cm® from zero over an
epitaxial-strain interval of just 1.2%. The origins of these
magnetic phenomena are grounded in an out-of-plane to in-
plane rotation of the easy-magnetization axis induced by an
epitaxial-strain variation spanning from moderately compres-
sive, —1.2%, to moderately tensile, +1.8%.

2. EXPERIMENTAL AND THEORETICAL METHODS

A Pascal pulsed laser deposition system with a 248 nm wavelength
KrF excimer laser was used for the growth of SCO. Substrates of
(100) LaAlO; (LAO) and (100) SrTiO; (STO) were used to provide
different epitaxial strains. Using the formula = (a — a,)/a,, where a
is the equilibrium lattice parameter of bulk SCO (cubic, a, = 3.836 A)
and a is the lattice parameter of the substrate on which the SCO thin
film is grown; therefore, the epitaxial strain introduced in the SCO
thin films grown on LAO (cubic, a = 3.789 A) is —1.2% and that
introduced in the thin films grown on STO (cubic, a = 3.905 A) is
+1.8%.>" For STO substrates, the growth conditions were temper-
ature of 750 °C, oxygen pressure of 100 mTorr, laser energy density
of 4.5 J/cm? and laser frequency of 1 Hz. After 600 pulses, the
thickness of the film was estimated to be 20 nm through X-ray
reflectometry measurements. To obtain a perovskite SCO thin film, a
postannealing in 600 Torr of oxygen was carried out at 600 °C, then
the sample was cooled down to room temperature (RT) at the rate of
30 °C/min without breaking the pressure. However, the direct in situ
growth of fully oxidized perovskite SCO on LAO, i.e., postdeposition
annealing in high oxygen pressure, is not possible.”' > Therefore, we
grew the brownmillerite SrCoOj;_s thin film first and then oxidized it
with NaClO solution.”**® The growth conditions for the
brownmillerite SCO were substrate temperature of 600 °C, oxygen
pressure of 50 mTorr, laser energy density of 3 J/cm?, frequency of 1
Hz and 1200 pulses, and then cooling down to RT at the rate of 30
°C/min in 100 mTorr of oxygen. The thickness of the film was 20 nm
as determined by X-ray reflection measurements. After that, the thin
film was oxidized by a 10 wt % NaClO solution for 10 min. The
resulting sample was cleaned ultrasonically twice with deionized water
for 5 min and then dried in air. The structures and strain conditions of
the as-prepared thin films were characterized by XRD (Bruker D-8).
The surface topography was measured by atomic force microscopy
(AFM, AIST-NT). The magnetic properties were investigated by
MPMS (Quantum Design). The magnetic domain structure of the
thin films was characterized by low-temperature MFM at various
temperatures (Attocube Attodry 1000). The MFM tips used were
CoCr-coated silicon from Mikromasch. The image was obtained with
a dual-pass technique, where the lift height was 60 nm for the second
pass. The tip was checked before and after the measurement with hard

drive disk reference samples to ensure its functioning during the
measurements.

We calculated the zero-temperature energy of stoichiometric SCO
thin films in the epitaxial strain interval —2.5% < n < +4.5% with first
principles methods based on density functional theory (DFT), as it
has been proven to be valid in gauging La,_,Sr,MnO,.** Four
different collinear arrangements were considered for the magnetic
moments in cobalt atoms: FM (all spins parallel), AFM-A (in-plane
spins parallel, out-of-plane spins antiparallel), AFM-G (in-plane spins
antiparallel, out-of-plane spins antiparallel), and AFM-C (in-plane
spins antiparallel, out-of-plane spins parallel). We used the PBEsol
variant of the generalized gradient approximation to DFT*’ as
implemented in the Vienna ab initio simulation package.”**” We
verified that, analogous to what occurs in other oxide cobaltites,*® the
PBEsol functional provides a better description of the magnetic
properties of the system, as compared to the experiments, than PBE
(see the Supporting Information Figure S3). A “Hubbard-U” scheme
with U = 6.0 eV was employed for a better treatment of the Co’s 3d
electrons.'® We used the “projector augmented wave” method to
represent the ionic cores’' and considered the following electrons as
valence: Sr’s 4s, 4p, and Ss; Co’s 3p, 4s, and 3d; and O’s 2s and 2p.
Wave functions were represented in a plane-wave basis truncated at
650 eV, and we used a 20 atom \/ 2 X \/ 2 X 2 simulation cell that
allows to reproduce the usual ferroelectric and anti-ferrodistortive
distortions in perovskite oxides.””** For integrations within the first
Brillouin zone, we employed a I'-centered k-point grid of 8 X 8 X 8.
Geometry relaxations were performed by using a conjugate-gradient
algorithm that changed the volume and shape of the unit cell (while
fulfilling the lattice vector constraints defining thin films), and the
imposed tolerance on the atomic forces was of 0.01 eV/A. By using
these parameters, we obtained total energies that were converged to
within 0.5 meV per formula unit. We note that in our DFT
calculations, a lattice parameter of a,""" = 3.89 A is estimated for bulk
SCO at equilibrium, which, as usual, differs slightly from the
corresponding experimental value (a, = 3.84 A); we consistently
use a,"F" in our DFT simulations for estimating the corresponding
epitaxial strain conditions.

To simulate the effects of thermal excitations on the magnetic order
of SCO thin films, we constructed a Heisenberg spin model of the
form H = E, + 1/22«1.)]1-)-5,.8}-, where E; represents a constant, S;
represents the magnetic moment of the ith atom, and the values of the
exchange constants J; are obtained from zero-temperature DFT
energy calculations; we note that only magnetic interactions between
nearest neighbor spins are considered. We used this model to perform
Monte Carlo (MC) simulations in a periodically repeated simulation
box containing 20 X 20 X 20 spins. Thermal averages were computed
from runs of 50 000 MC sweeps after equilibration. These simulations
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allowed us to monitor the temperature-dependence of the magnetic
order through the computation of the ferromagnetic order parameter
St™M = 1/NYS,, where N is the total number of spins in the
simulation box. We note that for the calculation of S™, we considered
only the z-component of the spins because a small symmetry-breaking
magnetic anisotropy was introduced in the system to facilitate the
analysis of the results.****

3. RESULTS AND DISCUSSION

3.1. Crystal Structure and Surface Topography. The
structures and surface topography of the thin films were
characterized by XRD and AFM, respectively. Figure 1a shows
the XRD 0—20 scans for SCO thin films grown on (001) STO
and LAO substrates. Because of the compressive strain, the
SCO(002) peak locates on the left of LAO(002) but shifts to
the right of STO(002) due to tensile strain. No phases of
impurities or half-order peaks were detected, which implies
that we have obtained pure perovskite SCO thin films. It is
noted that the peak intensity of the film on LAO is lower than
that on STO. This probably arises from the twinning feature of
the LAO crystal, as only part of it takes part in the diffraction
on the one hand; on the other hand, the layer-plus-island
surface structure reduces the surface smoothness and
crystallinity of the thin film. The strain state of the thin films
was investigated by reciprocal space maps (RSMs), which are
shown in Figure 1b. No horizontal shift was observed between
either LAO(103) or STO(103) and SCO(103), demonstrating
that our thin films are fully strained by the substrates and no
relaxation between SCO and the substrates. No diffusion in
transverse or longitudinal direction for SCO(103) spots were
observed, implying that our films were coherent in both in-
plane and out-of-plane directions, with no lattice relaxation in
either directions. This is important in later discussion, as we
can exclude effects from impurity phases and grain boundaries,
which can act as pinning centers during magnetization.*>*

Figure 1c gives the surface topography measured by AFM.
Both samples exhibit very smooth surfaces over a 3 X 3 yum*
scan range, with visible 4 A terraces, whose root mean square
roughnesses are 0.3 and 0.2 nm for SCO/LAO and SCO/
STO, respectively. These surface topographies are essential in
excluding artificial features due to crosstalk between the
topography and the MFM.

3.2. Magnetization Measurements. The temperature-
dependent magnetization of the thin films was then measured
by SQUID magnetometry (MPMS). Figure 2a shows the field
cool down M—T curves with sample surface perpendicular (L)
and parallel (]|) to the applied magnetic field. A small field of
100 Oe was applied during the measurement. The thin films
became ferromagnetic while decreasing the temperature in
either out-of-plane or in-plane directions. In the normal
direction, the T, for SCO/LAO was approximately 250 K and
decreased to 170 K on STO. Note that the T, was estimated by
extrapolating the linear part of the M—T curves below the
ferromagnetic phase transition to its paramagnetic background.
It seems that driving the strain to the compressive side would
help to increase the T,.. This phenomenon could be explained
by our theoretical calculations in Figure 5d, in which the
evolution of the Curie temperature, T, as a function of
epitaxial strain are enclosed. As can be observed therein, by
increasing the epitaxial strain within the interval —2.5% <5 <
+3.5%, the value of T, is decreased almost linearly. Our results
also demonstrate that SCO is ferromagnetic at moderate
compressive strains. The mixture of ferromagnetic and
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Figure 2. (a) Temperature-dependent magnetization of SCO thin
films on LAO and STO substrates measured along perpendicular (L)
and parallel (||) directions. A small magnetic field of 100 Oe was

applied during the measurement. The magnetic hysteresis loops at 10
K on LAO and STO are given in (b) and (c), respectively.

antiferromagnetic phases in a previous report probably arises
from the brownmillerite impurity resulting from the employed
preparation method.”” The most fascinating point was that the
easy axis of SCO thin film on STO was rotated to the out-of-
plane direction by simply changing the LAO substrate, which
means a large magnetic anisotropy could be realized by
epitaxial strain. Similar phenomena have been observed for
Lay;SrosMnO; thin films;’ however, this is the first report for
SCO.

Direct evidence of strain-controlled giant magnetic aniso-
tropy is given in Figure 2b,c by the magnetic hysteresis loops of
SCO thin films on LAO and STO substrates. The saturation
magnetization (M) for SCO thin films on LAO and STO are
approximately 300 and 250 emu/cm’, respectively. In bulk
SCO;,, a total moment of 2.5 py/fu (~300 emu/cm®) has
been observed.'” The difference in M; probably stems from the
exchange constants distinction between the parallel and the
perpendicular directions.

As shown in Figure Sc, the perpendicular direction has much
larger exchange constants, which enhanced the M, for SCO on
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Table 1. Perpendicular Magnetic Anisotropy Energy Density and Other Physical Properties of Some Oxide Materials

Displaying PMA

material Y,Fe 0, Tm,Fe;0;,°
10° erg/cm?® 0.27 1.19
g
structure garnet garnet

conductance type dielectric ~ 0 dielectric ~ 0

Sr,FeMoOg’ SrCo0;_s CoFe,0,*
2.81 7.65 40—-60
double perovskite perovskite spinel
semi-metal metallic dielectric ~ 0

(f) 300 K
SRR 0.8°

0.70

0

Figure 3. Evolution of magnetic domains observed in MFM measurements by heating SCO thin films through the Curie point. (a—f) SCO on LAO
substrate and (g—k) on STO substrate. The sample was prepared by cooling down in zero field. All the images were obtained in the absence of

external magnetic field.

LAO. Comparing Figure 2b with 2c, the easy axis of SCO thin
film was rotated to the in-plane direction by tensile strain or to
the out-of-plane direction by compressive strain, indicating
that the shape anisotropy is overwhelmed by the magneto-
crystalline anisotropy, which tends to lay the easy axis along
the out-of-plane direction. Note that the easy axis of bulk SCO
is in [111] direction, and the anisotropy is fairly small along
different axis.'” This result is consistent with the M—T curves
shown in Figure 2a. It is found that in tensile-strained SCO/
STO, the in-plane magnetization saturates at a smaller
magnetic field than that along the out-of-plane; however, in
the compressive strained SCO/LAQ, the out-of-plane magnet-
ization saturates first. Such a behavior indicates that PMA is
successfully achieved in SCO thin films through epitaxial
strain. The anisotropy energy density may be calculated as

Ku = MsHk/2 (1)

where M, is the saturation magnetization and H, is the
anisotropy field obtained from the extrapolated intersection of
the magnetization curve in the parallel direction with that in
the normal direction.*®*” To make a comparison, we
summarize K, of some known complex oxides exhibiting
PMA in Table 1.

Although K, of SCO is smaller than that of CoFe,0,, it is
significantly larger than the previously claimed “giant” 2.81 X
10° erg/cm® in double perovskite Sr,FeMoOy thin films, the
1.19 X 10° erg/cm® in garnet Tm;Fe;0,,, and the 0.27 X 10°
erg/cm® in Y;FesOy,. Such a giant perpendicular anisotropy

makes SCO a potential candidate for high-density data storage
and spintronics applications.

3.3. MFM. The evolution of temperature-dependent
magnetization was further evidenced by MFM. The results
are given in Figure 3. MFM is a powerful tool for visualizing
the magnetic domains at various temperatures.""** The
perpendicular component of stray field from the thin film is
sensed by an interferometer through a magnetic tip. Therefore,
for films with PMA, the MFM is most sensitive to the domains
themselves, whereas for films with in-plane easy axis, the MFM
is most sensitive to the domain walls. In a noncontact mode,
the tip was tuned to its resonance frequency before the
measurement, at which the phase was defined as zero. As a
magnetic tip scans across a multidomain surface, the variance
of the local magnetic stray field would attract or release the tip,
which results in the contrast in the output phase image. Figure
3a—f shows the evolution of MEM for SCO thin film on LAO.
These images were carefully aligned to the same location
according to the topography features of the scanned area. As
mentioned above, on LAO substrate, the image contrast
originates from the magnetic domains, whereas on STO, it
reflects the distribution of domain walls. Unlike the stripe
domains in a hard drive disk or Co/Pt multilayers,*** the
domains on the LAO shape in nonuniform clusters. The
magnitude of magnetic domain contrast reduces gradually as
the temperature increases by looking at the scale bars. When
the sample was heated up to above T, the magnetic domains
totally disappeared. This trend is consistent with the previous
magnetization measurements shown in Figure 2a. Interestingly,
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Figure 4. Evolution of magnetic domains with external magnetic field. MFM measurements on SCO thin films for (a)—(p) on LAO substrate and
(9)—(x) on STO substrate. All the images were obtained at 10 K with magnetic field perpendicular to the sample surface.

on STO substrate, the MEM phase contrast (see Figure 3g—k)
was clearly observed as well. The only explanation would be
that it is Bloch wall rather than Néel wall that separates the in-
plane magnetic domains. It seems that on the STO substrate,
the size and density of domain walls do not change much with
temperature, indicating no countable new domains are formed
during the heating up. Therefore, it is the thermal excitation
that ruins the spontaneous polarization and suppresses the net
moment, which is not surprising for all magnets. However, on
LAQO substrates, it was found that the size of the domain
decreases continuously with temperature. Unlike on STO, the
SCO on LAO tends to form new domains/domain walls locally
to accommodate the thermal excitation, rather than solely
ruining the magnetic polarization for all of them.
Correspondingly, the evolution of magnetic domains by
varying the applied magnetic field was visualized by MEM. The
results are shown in Figure 4. The top panel in Figure 4a—h
was captured for SCO/LAO by increasing the perpendicular
field from 0 to 9 T. The magnetic domains grew up by
comparing part (a) with (b), which means some of the
domains under spontaneous polarization were aligned to the
direction of an external field. Such a tendency was maintained
up to 0.2 T, at which point the out-of-plane magnetization was
saturated. Note that the contrast in Figure 4c was reversed due
to the tip polarity flips. It is expected that the magnetic
domains would disappear by further increasing the magnetic
field; however, strong contrast was still observed at 0.4 T even
up to 0.5 T. Such a manifestation may arise from the PMA of
the thin film. The magnetization in out-of-plane direction
saturates before it does in the in-plane direction, thus the
observed phase contrast actually reflects the domain walls of
the in-plane domains. However, these MFM contrast lost
finally as the magnetization is saturated in both directions. The
stripy contrast diminished in magnitude in Figure 4fg
corresponds to the surface topography shown in Figure Ic.
After reaching a maximum of 9 T, we swapped the field
direction. The results are shown in Figure 4i—p. At 0 T, the
thin film did not recover completely to the magnetic
multidomain state but maintained most of the stripy features
as that at 9 T. That means the multidomain structures in the
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SCO thin film on LAO did not engender spontaneously after
being exposed to a large field. Such a phenomenon was
probably attributed to the pinning effect of the substrate, which
hindered the rotation of magnetic moment. The multidomain
structures started to form as the pinning effect was over-
whelmed by applying a small reverse field, see Figure 4j.
However, the overall pattern looks quite different from that at
the first polarization in Figure 4b. Our measurement upon the
second polarization (see Figure S2 of the Supporting
Information) exhibited very similar feature with Figure 4j,
indicating that the initial domain state under spontaneous
polarization may not be recovered as a result of renucleation.
Further increasing of the negative magnetic field shows similar
trend as those along the positive direction.

The MFM phase contrast for SCO/STO is shown in Figure
4q—x. Comparing the images of the two substrates, the
magnitude of MFM signals from SCO/LAO (22—44°) is
much larger than that of the signals from SCO/STO (9—14°).
As mentioned previously, the observed contrast at 0 T arises
actually from the Bloch wall of the in-plane magnetic domains.
Thus, the direct measurement of the in-plane magnetic
domains is not possible. However, we can estimate the domain
configuration through the domain walls distribution. Qual-
itatively, they were quite similar to each other, as the in-plane
direction of SCO/STO is in fact equivalent to the out-of-plane
direction of SCO/LAO in the sense of strain. At 0.5 T, the
contrast in (q) reversed completely as the tip polarity flips.
However, a small difference can be found at 3 T or even up to
9 T. It seems that these domain walls were quite robust against
the perpendicular field, reflecting the extremely stable in-plane
magnetic domains in tensile strained SCO thin films. Such a
behavior may be related to the paramagnetic-like nature in the
perpendicular direction, as shown in Figure 2c. Therefore, the
polarization of magnetic domains to the out-of-plane direction
was strictly prohibited. However, the magnetic domain walls
can be slightly aligned as indicated by the scale bars. An
analogous trend can be found for down field in Figure 4u—x.

3.4. DFT Calculations. To microscopically understand the
cause behind the observed magnetic anisotropy in SCO thin
films, we performed extensive spin-polarized DFT calculations
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Figure S. Results and details of DFT and MC Heisenberg spin model calculations performed in SCO thin films. (a) Zero-temperature DFT energy
expressed as a function of epitaxial strain and collinear spin arrangement. The vertical line indicates the occurrence of a magnetic phase transition.
(b) Sketch of J and ], exchange constants defining our Heisenberg spin model. (c) Value of J; and ], exchange constants obtained from DFT
calculations and expressed as a function of epitaxial strain. (d) Critical Curie temperature obtained from MC Heisenberg spin model simulations

and expressed as a function of epitaxial strain.

based on the PBEsol functional (see Section 2 for technical
details). In Figure Sa, we show the zero-temperature energy of
the four considered collinear spin arrangements expressed as a
function of epitaxial strain, 7. As observed therein, our first
principles calculations render a FM — AFM-C magnetic phase
transition at a tensile strain of 5. = +3.5%, which is in
qualitative agreement with the experiments reported in the
literature. We note, however, that the value of the predicted
critical strain is quite sensitive to the choice of the DFT
exchange—correlation functional (e.g, 7. turns out to be +2.0%
when using the PBE functional'®).

We constructed a Heisenberg spin model based on the zero-
temperature DFT results presented in Figure Sa (see Section 2
for technical details). Specifically, we considered the magnetic
exchange interactions among the nearest neighboring Co
atoms and made a distinction between in-plane (||) and out-of-
plane (L) interactions (see Figure Sb). The value of the
corresponding J; and ], exchange constants, which quantify
the strength of the magnetic interactions along the parallel and
normal directions, respectively, then can be easily estimated as

]H(T]) — 1/4(EFM _ EAFM-C) (2)

J, () = 1/2(E™ — EA™M) 3)

where their dependence on the epitaxial strain has been
explicitly noted. We enclose our J; and ], exchange constant
results in Figure Sc. As can be observed therein, at moderate
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compressive strains (# = —2%), the magnetic interactions
along the normal direction are much more intense than along
the parallel direction, which indicates the presence of a marked
magnetic anisotropy in the system. As we move toward tensile
strains, both exchange constants undergo a significant
reduction, specially J,. This result suggests a #-induced
reduction of the Curie temperature in SCO thin films when
moving from compressive to tensile strains, which is fully
consistent with our observations. In all the analyzed cases, the
absolute value of ], is larger than that of ]}, thus implying that
ferromagnetic spin order along the normal direction will
endure further than along the parallel direction at high
temperatures. These results are in coherent agreement with our
experiments performed in LAO and SCO substrates, which
respectively introduce an epitaxial strain of —1.2 and +1.8% in
SCO.

To explicitly reproduce the effects of the thermal excitations
on the magnetic order of SCO thin films, we performed a
series of Monte Carlo simulations based on the described
Heisenberg spin model. By monitoring the evolution of the
ferromagnetic order parameter as a function of temperature,
we could determine the corresponding Curie temperature, T,
as a function of epitaxial strain; our results are enclosed in
Figure 5d. As can be observed therein, by increasing the
epitaxial strain within the interval —2.5% < n < +3.5%, the
value of T, is decreased almost linearly. Specifically, for a
compressive strain of —1.2%, we estimate a Curie temperature
of 425 + 50 K and for +1.8%, we obtain 200 + 50 K. These
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results are qualitatively in good agreement with our T,
measurements performed in LAO and SCO substrates (see
Figure 2).

4. CONCLUSIONS

In summary, we have disclosed a giant magnetic anisotropy in
high-quality epitaxial SCO thin films that can be efliciently
tuned by means of strain. Specifically, the easy magnetization
axis in the SCO thin films can be changed from out-of-plane to
in-plane by varying the epitaxial strain conditions from
moderately compressive (—1.2%, as grown in LAO) to
moderately tensile (+1.8%, as grown in STO). Simultaneously,
the Curie temperature along the easy magnetization axis
increases from 170 to 250 K. The local variance of MFM upon
temperature and magnetic field reveals that the evolution of
magnetic domains in the SCO thin film is strongly dependent
on the epitaxial strains. We showed that the magnetic domain
diminished gradually by approaching the Curie temperature.
On the STO substrate, the size of magnetic domain remained
unchanged. However, on LAO substrates, it decreased
continuously to accommodate the thermal excitation rather
than solely ruin the magnetic polarization. The field-dependent
measurements showed that the MFM signal did not disappear
until the anisotropy magnetic field due to PMA of SCO/LAO.
The multidomain structures in SCO/LAO did not engender
spontaneously after being exposed to a large field due to the
pinning effect of the substrate. Although it could be recovered
by applying a small reverse field, the overall pattern would be
different as a result of renucleation. In SCO/STO, the domain
walls were quite robust against the perpendicular field,
reflecting extremely stable in-plane magnetic domains in
tensile strained SCO thin films. Such a behavior may be
related to the paramagnetic-like nature in the perpendicular
direction. These experimental results were quantitatively
explained by first principles calculations in terms of strain-
induced variations in the out-of-plane and in-plane magnetic
exchange constants. A PMA with a giant anisotropy energy of
~10° erg/cm? is successfully achieved in the SCO thin film
through strain control. Our findings entail the giant magnetic
anisotropy so far unseen in a metallic perovskite oxide, which
should stimulate the use of SCO nanomaterials in actual high-
density data storage and spintronic applications. Further
investigations of the magnetic transport properties and
magnetic excitations (magnons)*™** in this material are

highly desirable.
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