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B-site ordered thin films of double perovskite Sr,ColrO¢ were epitaxially grown by a metalorganic aerosol
deposition technique on various substrates, actuating different strain states. X-ray diffraction, transmission

electron microscopy, and polarized far-field Raman spectroscopy confirm the strained epitaxial growth on all
used substrates. Polarization-dependent Co L, 3 X-ray absorption spectroscopy reveals a change of the magnetic
easy axis of the antiferromagnetically ordered (high-spin) Co®* sublattice within the strain series. By reversing
the applied strain direction from tensile to compressive, the easy axis changes abruptly from in-plane to
out-of-plane orientation. The low-temperature magnetoresistance changes its sign respectively and is described
by a combination of weak antilocalization and anisotropic magnetoresistance effects.
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I. INTRODUCTION

Double perovskites (DPs) A>BB'Og display interesting
electronic and magnetic properties, strongly depending on the
degree of the B-site ordering, which as well is determined
both by size and valence mismatch of the involved B-site
cations [1-3]. In addition, epitaxial stabilization in thin films
could lead to an improvement of B-site ordering as observed,
for example, in the La; FeCrOg system [4]. The most prominent
ordering type of the B-site cations is the rocksaltlike structure
with alternating B and B’ planes along the pseudocubic [111],c
direction [1], shown in Fig. 1 for the title compound of this
study. Aside from the ferrimagnetic half-metal Sr,FeMoOg
[5] there are other highly insulating ferromagnetic ordered
DPs, such as multiferroic La,CoMnOg [6] and Ba;CuOsOg
[7], a magnetic insulator recently synthesized under high
pressure.

Recently, correlated oxides with strong spin-orbit (SO)
coupling attracted great attention. In particular, the SO cou-
pling in iridates with Ir** (5d4° configuration) ions in octahe-
dral coordination results in four occupied Je = % and two

half-filled J.¢ = % states [8]. As was first verified for the
layered perovskite Sr,IrO4 [9], already a moderate Coulomb
repulsion is sufficient to induce a SO Mott insulating state, with
magnetic Jer = % moments. SO coupling is also important for
semimetallic iridates [10]. As realized by Jackeli and Khalli-
ulin [11], novel magnetic exchange interactions, in particular

the honeycomb Kitaev exchange [12], can arise from Jei = %
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magnetic moments. This initiated strong interest in two- and
three-dimensional honeycomb iridates [13].

Iridate DPs offer another novel playground to investigate
the electronic and magnetic properties arising from the com-
petition of SO coupling, electronic correlations, and structural
distortions. This leads, for example, in Sr,CelrOg (cf. Fig. 1) to
an insulating state with weak antiferromagnetic (AFM) orbital
order [16]. Also, both La,MgIrO4 and LayZnIrOg host SO Mott
insulating magnetic states [17]. Sr, YIrOg represents a class of
DPs with Ir>* configuration and evidence of novel magnetism
has been reported [18]. However, subsequent work [19], also
on the isoelectronic Ba, YIrOg [20] related these observations
to diluted paramagnetic impurities.

Strontium-iridate derived DPs may also be interesting from
the perspective of tuning the properties of the semimetallic
three-dimensional perovskite SrIrO; to a topological state.
A tight-binding model for this material in Ref. [21] re-
vealed a symmetry-protected nodal line made of Je = %
bands below the Fermi level. The same work proposed
that the line node can be lifted enabling strong topologi-
cal insulator behavior if sublayer reflection symmetry could
be broken and SrlrOs-based B-site ordered DPs such as
Sr,ColrOg (SCIO) were suggested as a possible route for
realization.

There were very few reports [15,22] on the bulk SCIO,
prepared as polycrystalline samples by solid-state reaction
from mixtures of oxides and carbonates. SCIO crystallizes
in the monoclinic structure with the space group /2/m and
pseudocubic lattice constants @ = 0.3909 nm, b = 0.3925 nm,
and ¢ = 0.3921 nm. The Co/Ir ordered structure is stabi-
lized due to a large difference in cation radii between Co*"
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FIG. 1. Crystal structure of Sr,ColrQOg (B-site mixing not shown)
visualized with VESTA [14] based on Ref. [15]. The light blue cell
indicates the pseudocubic (pc) unit with rocksalt-type ordering at the
B sites. Note the superstructure with alternating Ir and Co layers along
the [111],, direction.

(0.061 nm) and Ir>* (0.057 nm) ions. The antiferromagnetic
(AFM) ordering with Ty ~ 70 K (AFM Curie-Weiss tempera-
ture ® = —138 K) and very small spontaneous magnetization
M ~ 0.005up/f.u. was detected. The electron transport was
found to be an insulatinglike scenario obeying a Mott variable-
range hopping scenario with a gap ~0.05 eV.

Here, we report the growth, structure, and electronic prop-
erties of SCIO thin films, prepared by metalorganic aerosol
deposition (MAD) technique, which employs an oxygen-
rich growth atmosphere and enables to prepare high-quality
perovskite thin films [23-25]. The Co®>" high-spin state and,
consequently, the It configuration was obtained, that is
different as compared to the SrIrO; perovskite. Another
motivating question was whether an incomplete B-site order
with about 13.2% site mixing in previously reported bulk
SCIO [22] could be improved by the in-plane epitaxial strain
in thin films and how the electronic and magnetic properties
will be influenced by epitaxial strain. Coherently strained
SCIO thin films were epitaxially grown on various perovskite
substrates and demonstrate a remarkable strain control of
magnetotransport. By changing from tensile to compressive
strain, a sign reversal of the magnetoresistance due to a change
of the magnetic easy axis from in- to out-of-plane configuration
was observed.

II. EXPERIMENT

Thin films of SCIO were grown by MAD on (111) oriented
SrTiO3 (STO), as well as on various pseudocubic (pc) (001)
oriented substrates. The lattice mismatch of the used substrates
ranges from —1.51% (GdScOs3) over —0.99% (DyScO;),
0.05% (STO), and 0.96% (LSAT) to 1.09% (NdGaOs), thus
covering a broad range in both compressive and tensile
direction. To protect the SCIO film, an STO capping layer
was grown also by MAD directly after the SCIO film. Phase
purity, crystal structure, and strain states were determined
at room temperature by x-ray diffraction, using a PHILIPS

X’PERT diffractometer, operated with Cu- K, » radiation. The
thickness of the films was determined from XRR measure-
ments, performed by means of a BRUKER D8 ADVANCE
diffractometer, and further simulated with the REMAGX [26]
program.

The far-field Raman spectra were measured at room temper-
ature by using a HORIBA Jobin Yvon LabRAM HR Evolution
confocal Raman spectrometer in the back-scattering geometry.
A neodymium-doped yttrium aluminum garnet laser with
a wavelength of A = 532 nm (second harmonic generation;
Laser Quantum torus 532 with 100 mW, limited to 1 mW to
avoid heating effects) is applied for excitation; the size of the
laser spot was ~1 pm. For the polarization-dependent Raman
measurements, the incident linear polarization of the laser can
be tuned between P and S polarization by rotating a A/2 wave
plate. The scattered light polarization is determined by an
analyzer with two switchable configurations (P polarization
and S polarization) in front of the detector.

The high-resolution scanning transmission electron mi-
croscopy (HR-STEM) studies were carried out in a cross-
section geometry using a FEI Titan 80-300 environmental
transmission electron microscope operated at 300 kV and
equipped with a Gatan Quantum 965ER image filter. The spec-
imens were prepared using a focus ion-beam (FIB) machine
(FEI Nova NanoLab 600 DualBeam instrument).

The polarization-dependent x-ray absorption spectroscopy
(XAS) measurements were performed at the Dragon beam-
line of the National Synchrotron Radiation Research Center
(NSRRC) in Taiwan. The spectra were recorded at 300 K using
the total electron yield method (TEY) from SCIO films which
were capped with 2-nm STO. The photon energy resolution at
the Co L, 3 edges was set at 0.3 eV and the degree of linear
polarization was 99%. The samples were mounted on a holder
which was tilted with respect to the incoming beam, such that
the Poynting vector of the light makes an angle of 70° with
respect to the [001],. surface normal. By rotating the sample
around this Poynting vector, the polarization of the electric field
can be varied continuously from E || 20° off the [001],. surface
normal,i.e., E || ¢ (20°),to E L the [001], surface normal, i.e.,
E || ab. A CoO single crystal was measured simultaneously in
a separate chamber to serve as an energy reference for Co L 3
edge.

The temperature and field dependencies of electrical re-
sistance were measured by means of a Physical Property
Measurement System (PPMS) using a four-probe van der
Pauw geometry within external measurement setup due to
the high resistance, ~MS, of films at low temperatures. The
STO capped samples were microstructured for the resistance
measurement by an in situ optical lithography without any
contact to air between the subsequent steps. For this purpose,
a special four-step method was developed, described in detail
in the Supplemental Material (SM) [27].

The temperature- and magnetic-field-dependent magneti-
zations were measured in a 250-nm-thick SCIO film using a
Magnetic Property Measurement System (MPMS) equipped
with a 7-T magnet in a stabilized dc mode. For each measuring
point, the raw background signal of the substrate was carefully
subtracted from the measured raw signal of the sample and
the resulting signal was analyzed in the standard way of the
MPMS.
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FIG. 2. (a) 6-26 XRD scan: Green stars indicating peaks from the
(111)-STO substrate, the red cross shows the (222)-SCIO reflection
and the arrows mark peaks due to ordered superstructure. (b) XRR
measurement of an 84-nm-thick SCIO film with 21-nm STO capping
including simulation with REMAGX [26]. (c) Reciprocal space map
around the (112) peak of STO indicates fully strained thin film (arrow
marks SCIO signal). The double-peak feature of STO substrate is
owed by the Cu-K,; /K> doublet.

III. RESULTS AND DISCUSSION

A. Structural investigation

XRD measurements on (111), oriented thin films on (111),
STO [see Fig. 2(a)] indicate an out-of-plane epitaxy. The
presence of B-site ordering in films was evidenced by ob-
servation of high-intensity (% % %) superstructure reflections,
marked by red arrows in Fig. 2(a). The extracted pseudocubic
out-of-plane lattice parameter d(111),. = 2.271(1) A for all
studied SCIO/STO films with d < 250 nm is slightly larger
than that measured for bulk SCIO, d(111),. = 2.256 A [15].
The reason is the in-plane compressive strain ~+0.05 % due
to the lattice mismatch between SCIO and STO. Reciprocal
space mapping around the (112)-STO peak [see Fig. 2(c)]
confirms the fully strained state of the film. Small-angle XRR
measurements in Fig. 2(b) indicate a large-scale homogeneity
of all SCIO films, d(SCIO) = 2-250 nm, as well as for the STO
capping layer d(STO) = 0-20 nm. The XRR signal can be
well simulated with REMAGX [26] yielding extracted interface
roughness of less than 2 nm.
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FIG. 3. HAADF HR-STEM images of the interface between
SCIO grownon (111) (a) and (001) (b) STO substrate. Both images ev-
idence a fully strained thin film with no defects at the interface. Fourier
transformations of the SCIO film (insets) prove the (pseudo)cubic
structure with ordered superstructure, indicated by additional (§ 3 3 )pe
spots.

HR-STEM images and corresponding FFTs in Fig. 3
confirm a high structural quality and the B-site ordering
of SCIO films grown on (111) and (001) STO substrates.
One can clearly see the pseudocubic symmetry with extra
spots (white arrowheads) along the [111],. direction due to
the established B-site ordered superstructure. The SCIO/STO
interfaces look coherent in agreement with results from the
reciprocal space map, thus, evidencing a fully strained state
of the film. Moreover, no dislocations or other defects are
observed. Also, the B-site ordering is clearly seen in Fig. 3(b)
since the atomic number of Ir is much larger than the atomic
number of Co. The degree of Co/Ir ordering is estimated using
HR-STEM image simulation to be more than 65% (see SM
Fig. S3) [27].

To realize a biaxial tensile strain along the [100],. and
the [010]p, directions, we used substrates of GdScO; (GSO,
ape = 3.967 A) and DyScO; (DSO, ape = 3.946 A) in (001),.
orientation. To exert biaxial compressive strain the (001),
oriented SrTiO; (STO, a. = 3.905 A), LSAT (a. = 3.870 A),
and NdGaO; (NGO, ap,. = 3.865 A) were used.

In the top panel of Fig. 4, the evaluated linear relation
between the out-of-plane film lattice parameter d()li}_of_plane

substrate

and the pseudocubic substrate lattice parameter apc is

shown for STO(20 nm)/SCIO(20 nm) films. Within the linear
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FIG. 4. Top panel: strain dependence of the out-of-plane lattice
parameter, red line indicates linear behavior. Middle panel: reciprocal
space maps around the (pseudo)cubic (013),. peak of each used
substrate indicating a fully strained thin film in each case. The
double-peak feature for substrate (and in some cases also for the
thin film) reflections is owed by the Cu-K,,;/K,, doublet. The black
arrows always point towards the origin. The dashed red lines indicate
the adaption of the in-plane lattice parameter due to a constant in-plane
scattering vector component. Bottom panel: HAADF STEM images
of the SCIO-substrate interface for various substrates.

elasticity theory, this behavior indicates a fully strained state
of films with the Poisson’s ratio of v = 0.407(8). Reciprocal
space mapping around each (pseudo)cubic (013),. substrate
peak [see Fig. 4 (middle panel)] proves the fully strained state
of each film grown on the used substrates. In addition, HAADF
STEM images also verify the strained film/substrate (001)
interfaces [see Fig. 4 (bottom panel)], preserved up to thickness
~50 nm of SCIO film.

In the case of STO as substrate material the B-site ordering
was investigated by a 26 XRD scan in tilted geometry with
Q parallel to (111). of STO and, therefore, regarding the
small lattice mismatch between SCIO and STO, also nearly
parallel to (111),. of SCIO. The visible superstructure peaks
in the collected XRD pattern [see Fig. 5(a)] could be well
distinguished from the STO background, comparable to the
results of the (111),. oriented thin films [see Fig. 2(a)], and
indicating well-developed B-site ordering. A larger lattice
mismatch and therefore bigger difference between the (111),,
directions of substrate materials compared to strained SCIO,
in combination with peaks appearing already from the bare
substrate material at the crucial 26 positions, is a key reason
why this access is denied in case of the other used substrate
materials.
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FIG. 5. (a) 626 XRD scan in tilted geometry with Q parallel to
(111), of STO: the arrows mark peaks due to the ordered superstruc-
ture. Polarized far-field Raman spectra of SCIO films on (b) GSO,
(c) DSO, (d) LSAT, and (e) NGO at room temperature. The spectra
are taken in the parallel PP (P'P’) and the crossed scattering P S
(P'S’) configurations (with an additional in-plane rotation of = 45°
around the [001],, direction). (f) Strain dependence of Raman shift
of the breathing mode; line indicates fully strained state with linear
dependence.

To clarify the B-site ordering state in such SCIO films,
we performed the polarization-dependent Raman spectroscopy
[Figs. 5(b)-5(e)] and compare the data with other ordered
double perovskites of the same point group, e.g., La,CoMnOg
(LCMO). B-site ordered LCMO obeys a monoclinic P12;/nl
structure, for which theoretical lattice dynamical calcula-
tions [28] predict A, stretching mode of the (Co/Mn)Og
octahedra (breathing mode) at ~697 cm~!. In contrast, the
disordered LCMO obeys an orthorhombic Pbnm structure
and possesses the Bj, breathing mode. Similarly, we expect a
(Co/Ir)Og breathing mode with A, symmetry at a Raman shift,
RS ~ 697 cm™!, for the B-site ordered SCIO. In this case,
the A, mode should be present in Raman spectra, measured
in parallel PP and P’P’ configurations, and it is forbidden
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in the crossed scattering PS and P’S’ configurations [28-30]
(the prime indicates measurements with an in-plane rotation
of the sample by 45° around the [001],. direction and pro-
vides an additional tool to test the epitaxy). For the disor-
dered orthorhombic structure, the selection rules are opposite
[28-30]. As one can see in Figs. 5(b)-5(e), all films in our
strain series exhibit a strong breathing mode at ~697 cm™!
in the parallel P P- and P’P’-scattering configurations and
only a weak (or none) intensity in the crossed PS and P’S’
configurations. Thus, the A, symmetry and the B-site ordering
can be concluded for all strained films grown on GSO, DSO,
LSAT, and NGO. Furthermore, the Raman shift of the breathing
mode [see Fig. 5(f)] was found to depend linearly on the strain
RS ~ —gsubstrate  This is due to the change of the unit-cell
volume V. ¢, and of the phonon energy with strain. Note that a
smaller Vp yc leads to a closer packing and, respectively, more
energy is necessary. Kumar and Kaur [31] observed a similar
behavior of the breathing mode in a strain relaxation series of
the double perovskite La;NiMnQOg/LaAlO3(001).

For selected films on GSO, STO, and NGO substrates,
the B-site ordering was also studied on the microscale by
HAADF STEM measurements along the [110],. direction (see
Supplemental Material [27]). These measurements show that
independent of strain there are regions with a high degree
of B-site ordering, which alternate with regions with lower
or no B-site ordering at all. Concluding, the epitaxial strain
perpendicular to the [001]p. direction could neither improve
nor weaken the B-site ordering in SCIO.

B. Magnetic properties

Separation of magnetic properties of thin films from the
substrate magnetic contribution is generally difficult. A com-
parison with data on bulk SCIO [22] indicates that a film with
minimal thickness of ~200 nm is required to get magnetic
moment corresponding to ~5% of the moment of pure STO
substrate at room temperature. Because fully strained (001),
oriented SCIO films are stable for d < 50 nm, we focus here
solely on thick (d ~ 250 nm) strained SCIO/STO(111), films
(cf. Fig. 1). However, we identified a Sr3Co,0¢ (SCO) second
phase inclusion on the level 0.8 volume %. For a quantitative
determination of the SCO volume fraction, we have used
the field-dependent measurements of magnetization at lowest
temperature (for more details, see Supplemental Material [27]).
The foreign phase moments are saturated in a field of 7 T
that has been applied in the measurement shown in Fig. 6.
Furthermore, for our analysis of the difference between zero-
field-cooled (ZFC) and field-cooled (FC) magnetization, it
cancels out.

Previous investigation on polycrystalline SCIO revealed
long-range magnetic order at 70 K, with ferromagnetic and
antiferromagnetic components of the ordered magnetic mo-
ments, yielding to a pronounced difference in the FC and ZFC
magnetization [22]. Figure 6 compares these literature data on
polycrystalline SCIO (from Ref. [22], indicated by triangles)
with the FC and ZFC magnetization measurements of our
thick (111), oriented SCIO film below 150 K. Compared to
the polycrystal data, much weaker splitting between FC and
ZFC is found and the maximum at 70 K in ZFC mode is
absent. Taking the onset of the difference AM between FC
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FIG. 6. Temperature dependence of FC and ZFC magnetization
of ~250 nm thick (111),. oriented SCIO (after subtraction of the
substrate background contribution) in comparison to literature data of
bulk polycrystalline SCIO from [22] (scaled to the sample volume).
Inset: temperature dependence of the difference between the FC and
ZFC data (dotted line intended to guide the eyes).

and ZFC (see inset of Fig. 6) as measure of magnetic order, an
ordering temperature of 43 K would be estimated for the film,
which is significantly reduced compared to the polycrystal.
We speculate that epitaxial strain and/or better B-site order
is responsible for the difference in the magnetic susceptibility
behavior.

In strained (111),. oriented thin films of the double per-
ovskite Sro,FeMoQg, Hauser et al. found a similar decrease
of the ordering temperature [32]. Unfortunately, the thinner
films of the (001),. strain series could not be investigated
by respective magnetization measurements and the evolution
of the susceptibility behavior with strain remains therefore
unknown.

C. Spectroscopic results

As mentioned in the previous section, the magnetic signal
for the samples of the (001),. strain series is too weak to be
detected in a conventional SQUID magnetometer. In order to
investigate the electronic structure and its antiferromagnetic
property of the SCIO thin films, we resort to polarization-
dependent XAS. Optical measurements were done on the SCIO
films capped by 2-nm-thick STO [33], which due to its high
integrity and insulating properties [34] protects SCIO films
from degradation but still allows electrons to escape. We note
that the polarization-dependent XAS is one of few techniques
that can determine the magnetic axis of an antiferromagnetic
ordered state in thin films [35-37]. Figures 7(a) and 7(b) show
the experimental polarization-dependent Co L, 3 XAS spectra
of the most tensile strained SCIO thin films on GSO and the
most compressive strained SCIO films on NGO, respectively,
in this study, taken at 300 K. The spectra of the SCIO thin
films on DSO, STO, and LSAT substrates are shown in Fig.
S9 of the SM [27]. The spectra are dominated by the Co
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FIG. 7. Experimental polarization-dependent Co L, 3 XAS spec-
tra of (a) the most tensile strained SCIO films on GSO, and (b) the
most compressive strained SCIO films on NGO in this study, taken
at 300 K, together with the theoretical spectra calculated for Co®*
high-spin (HS) state. The inset of (a) and (b) is a zoom-in view at
the L3 main peak showing the favorite orbital state under different
strains. (c) The energy level diagram of the orbital states of Co®* in
the SCIO films as a function of strain, obtained from the configuration
interaction cluster model including the full atomic multiplet theory,
which are consistent with the experimental polarization-dependent
XAS results. (d), (e) The calculated magnetic anisotropy energy as a
function of the spin direction of the SCIO films on GSO and NGO
substrates, respectively. Each inset depicts a schematic drawing of the
resulting AFM axis.

2p core-hole spin-orbit coupling which splits the spectrum
roughly in two parts, namely, the L3 (hv ~ 776784 eV) and
L, (hv =~ 793-797 eV) white lines regions. The line shape
strongly depends on the multiplet structure given by the Co
3d-3d and 2 p-3d Coulomb and exchange interactions, as well
as by the local crystal fields and the hybridization withthe O 2 p
ligands. Unique to soft XAS is that the dipole selection rules
are very sensitive in determining which of the 2p°34"*! final
states can be reached and with what intensity, starting from a
particular 2 p63d" initial state (n = 6 for Co>") [38—40]. This
makes the technique extremely sensitive to the symmetry of the
initial state, i.e., the spin, orbital, and valence states of the ions.

The experimental XAS spectra show that the Co valence
state of these SCIO thin films is mainly 34-. Please note that

for comparing with the calculated spectra the experimental
spectra in Figs. 7(a) and 7(b) have been subtracted by 10% and
8% of Co’*, respectively. The experimental isotropic XAS
spectra before subtracting Co** contributions can be found in
Fig. S8 of the SM [27]. Further, the spectral features indicate
a high-spin (HS) state of the Co’* ions [38—40] in the SCIO
thin films which is independent of substrates underneath, i.e.,
a strain-independent HS state. On the other hand, the orbital
state in these SCIO thin films is quite different as indicated by
the opposite sign of the polarization-dependent difference of
spectra [35,36]. For example, the intensity of the L3 main peak
isalwayslarger for E || ¢ (20°) thanfor E || ab in the SCIO/GSO
thin film, whereas it is always smaller in the SCIO/NGO thin
film. Since these spectra were taken at 300 K, which is much
higher than the magnetic ordering temperature of 43 K, the
polarization contrast is caused solely by crystal-field effects.
Using the E vector of light parallel to the ab plane (black
lines), we can reach the unoccupied Co 3d orbital states with
xy/x2-y* characters. With the E vector of light parallel to
the ¢ axis (red lines), we detect the unoccupied Co 3d orbital
states with yz/zx/3z%-r> characters. This indicates that the
sign of the crystal-field splitting is opposite in the two systems.
This inference is further consolidated by the observed peak
energy difference of the L3 main line as depicted in the insets
of Figs. 7(a) and 7(b). The L3 peak position is higher for
E || ¢ (20°) than for E || ab in the SCIO/GSO thin film,
while it is lower in the SCIO/NGO thin film. All together,
we derive that in the tensile strained SCIO/GSO thin films the
orbital states with x/y character are energetically favorable,
whereas in the compressive strained SCIO/NGO thin films
the orbital states with z character are energetically favorable.
This can be understood qualitatively as the applied strain from
the substrates underneath induces a tetragonal distortion and
causes the corresponding orbital state shift in energy.

For further confirming this orbital energy level diagram
and knowing the corresponding magnetic anisotropy, we have
simulated the XAS spectra using the well-proven configuration
interaction cluster model that includes the full atomic multiplet
theory [41,42]. The calculations were performed using the
XTLS 8.3 program [42]. For the calculation details, please see
the SM [27]. As displayed in the bottom of Figs. 7(a) and 7(b),
the calculated spectra based on the HS Co®" model with the
energy diagram of the orbital state shown in Fig. 9(c) can well
reproduce the experimental spectra. We can safely conclude
that a tensile strain stabilizes a (3d> 11111 +3d,, |) state
and a compressive stain stabilizes a (3d> 141 +3dyzx 1)
state in SCIO thin films. We infer that the change of the
anisotropy in the crystal-field parameters in going from room
temperature to low temperatures due to thermal contraction
of the substrates is negligible, and that we therefore can use
these XAS derived parameters also for the analysis of the
low-temperature magnetic properties (see the Supplemental
Material [27] for details). Accordingly, we can calculate the
magnetic anisotropy energy as a function of the spin direction
for each case as shown in Figs. 7(d) (tensile, SCIO/GSO)
and 7(e) (compressive, SCIO/NGO).The magnitude of the
exchange field was set to 4 meV in accordance with the
magnetic ordering temperature of 43 K [40]. This magnetic
anisotropy energy is expressed as E = Ko + K| sin’(9) +
K> sin*(0) + K3 sin*(0) sin2(<p) cos?(p), where 0 is the angle
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FIG. 8. Temperature dependence of the electrical resistivity of
SCIO for a sample with STO protection (blue) and without protection
(red) in comparison to bulk data (black line) obtained by Narayanan
et al. [22]. Inset: thickness dependence of specific resistance at 300 K
(dashed line as guide for eyes).

between the exchange field and [001],, and ¢ is the azimuthal
angle which is set to 45°. We find for the SCIO/GSO (tensile)
K; = —142meV, K, = 0.14meV, and K3 = 0.56 meV, while
for the SCIO/NGO (compressive) we obtain K| = 0.48 meV,
K>, =0.08 meV, and K53 = 0.33 meV. In other words, for the
tensile strained SCIO/GSO thin film, the spin moment favors
the in-plane direction with the energy difference of about
1.14 meV between the magnetic easy axis (8 = 90°, in the
film plane) and hard axis (0 = 0°, perpendicular to the film),
whereas for the compressive strained SCIO/NGO thin film, the
spin moment favors the out-of-plane direction with the energy
difference of about 0.64 meV between the magnetic easy axis
(60 = 0°, perpendicular to the film) and hard axis (8 = 90°, in
the film plane). Note that the evaluated strain-induced AFM
magnetic anisotropy in SCIO films, i.e., in/out of plane for
tensile/compressive stress, differs from that observed for ferro-
magnetic double-perovskite films of La,CoMnOg, i.e., in/out
of plane for compressive/tensile stress [43,44]. The reason is
unclear up to now and, likely, is related to the FM exchange
interaction between Co’t and Mn** ions according to the
second Goodenough-Kanamori-Anderson rule. This is a piece
of useful information for understanding the magnetotransport
properties of the SCIO thin films under different strains (see
the discussion in the Sec. IIIE).

D. Zero-field transport properties

We now turn to the electrical resistivity of SCIO thin films.
The temperature-dependent o(7) measurements for a (111)p,
oriented d(SCIO) = 30 nm thick SCIO film (with and without
STO protective top layer) are shown in Fig. 8. Similar to
the bulk SCIO (Ref. [22]), thin films also show an insulat-
ing behavior. The values of room-temperature resistivity for
the air-protected and unprotected films were 3.08(1) mS2 cm
and 6.66(1) mQ2 cm, respectively. The reported bulk value
(Ref. [22]) was about 3 and 1.5 times larger, respectively.
Upon cooling to 4 K, the electrical resistance of the unprotected
film strongly increases, becoming several orders of magnitude
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FIG. 9. Isothermal transverse magnetoresistance MR = [p(H) —

£(0)]/0(0) of (001), strained SCIO thin films grown on LSAT (com-
pressive strain) and GdScOj (tensile strain) at various temperatures
between 2 and 6 K (fields always applied transverse to the film planes).

larger than the resistance of the protected film; the p(T') of the
bulk SCIO lies in-between. This indicates the importance of
the STO capping layer to protect the (surface) properties of
SCIO. As shown in the inset of Fig. 8, the room-temperature
resistivity is almost independent on the film thickness for
d > 5-8nm. Unfortunately, it was impossible to probe the
thickness dependence at low temperatures. Fitting the o(7T')
data of the capped SCIO thin film between 250 and 300 K
results in a charge gap of 32(5) meV [27]. Below 70 K, o(T")
indicates variable range hopping behavior [27].

The electrical resistivity of the various films, strained
along the (001),. direction, is discussed in the Supplemental
Material [27]. The overall insulating behavior does not change,
although a systematic enhancement of p(300 K) with strain is
observed [27].

E. Magnetotransport within the (001),. strain series

Considering the information on the magnetic anisotropy,
obtained in the Sec. IIIC, we can now address the magne-
totransport properties of the SCIO thin films under different
strains. Next, we focus on the low-temperature isothermal
magnetoresistance (MR) of (001),, strained SCIO thin films.
As discussed previously in Sec. IIIC, the magnetic easy axis
in this series changes from “in-plane” to “out-of-plane” as the
strain changes from tensile to compressive. This change of the
magnetic anisotropy has a direct influence on the magnetore-
sistance. As shown in Fig. 9, MR below 6 K is positive for
thin films grown under compressive strain on LSAT substrate
and negative for those under tensile strain on GSO substrate.
This indicates a direct relation between MR sign and magnetic
anisotropy. This is further corroborated by the comparison of
the MR at 2 K of all strained SCIO thin films, which, as shown
in Fig. 10, follow this trend. This observation suggests a strong
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FIG. 10. Isothermal transverse magnetoresistance of all investi-
gated (001),, strained SCIO thin films at T = 2 K. Note that the thin
film on DSO substrate broke in a field of uoH = 7 T due to a high
magnetic torque effect from DSO.

influence of the anisotropic magnetoresistance (AMR) effect
in combination with the reorientation of the AFM ordered Co
sublattice in SCIO in an external transverse magnetic field.

In addition, structural disorder in combination with large
spin-orbit coupling will generate a quantum correction to MR
due to weak antilocalization (WAL). Based on the Dresselhaus
effect [45] we used for the description of the WAL term of the
MR a Dresselhaus-type contribution with isotropic spin-orbit
scattering (see Supplemental Material [27]). For the AMR
contribution, the orientation of the moments of Co sublattices
in their AF ground state with respect to the field direction
is important. For tensile strain at zero field the moments are
oriented in the film plane and application of a transverse field
leads to a continuous rotation of both sublattice moments out of
the plane. This leads to a negative MR. For compressive strain,
the moments of the two sublattices initially point parallel and
antiparallel to the applied field. If there would be very weak
coupling between the two sublattices, only the moments of the
antiparallel sublattice would continuously rotate towards the
applied field direction with increasing field. In the alternative
case, upon increasing magnetic field, the moments remain
in their orientation until a spin flip occurs (for a sketch, see
Supplemental Material [27]), followed by continuous rotation
towards the field. Since there is no indication for a sharp
spin flip, we modeled the MR behavior in a smeared spin-
flip scenario. For more details, we refer to Supplemental
Material [27].

By combining AMR and WAL, a valuable quantitative
description of the measured MR is possible for all strained
SCIO thin films. This is exemplified in Fig. 11 for compres-
sively strained SCIO. Within the smeared spin-flip scenario,
a positive AMR contribution to the MR dominates between
10 and 24 T [27]. As detailed in the Supplemental Material,
the obtained parameter for the WAL and AMR contributions

6L sclossrTio,

WAL+AMR

FIG. 11. Field dependence of the MR of SCIO on STO at T =
2 K. Thered and green lines indicate the contributions of the WAL and
AMR effects to the total signal. For the latter contribution, a smeared
spin-flip scenario, detailed in the Supplemental Material [27], has
been utilized.

within the smeared spin-flip scenario is more realistic com-
pared to the assumption of very weak coupling between the
two Co sublattices. To point out our key arguments, note the
following: We expected a positive contribution from AMR and
a temperature-independent spin-orbit scattering field within
the WAL contribution. Both are only the case in the smeared
spin-flip scenario.

As indicated by Fig. 12, the strain-induced change of
the Co d-level splitting, and respective change of moment
orientation from in plane (for tensile strain) to out of plane
(for compressive strain) goes hand in hand with a change of
the MR from negative to positive. Due to the counteracting
contributions of WAL and AMR effect in the samples with
compressive strain, the absolute value of the MR is much
smaller than for tensile strained samples (cf. Fig. 10).

8 — , , , , , , , ,
3 6l T=2K 1400
a4t ] —
= ° ] 1200 <
[ | | (0]
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FIG. 12. Strain dependence of the MR at a magnetic field of
uoH =7 T at T =2 K (cyan circles) in comparison to the energy
difference Ae, = EervZ — E4, (red squares) from Fig. 7(c).
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IV. CONCLUSION

B-site ordered SCIO thin films have been grown on
(111), oriented STO substrates and within a strain series
also on various (pseudo)cubic (001), oriented substrates. Our
electrical transport measurements of (111). oriented samples
with and without an air-protection layer out of STO indi-
cated in comparison to literature results from [22] that the
SCIO thin films degenerate in direct air contact. This leads
us to the development of a four-step in situ lithographical
process to investigate the temperature and magnetic field
dependencies of the electrical transport properties for protected
samples.

The complete strain transfer from the substrate to the thin
film was checked in all cases of the (001),. strain series by
reciprocal space maps around the (013),. substrate peak in
combination with HAADF STEM images in [100],, direction.
The, at least partial, B-site ordering of the SCIO thin films
was proven by XRD scans in tilted geometry as well as by
polarization-dependent Raman spectroscopy. HAADF STEM
images in [110], direction of selected samples reinforce these
results.

The magnetic properties were investigated with SQUID
magnetometry. The AFM ordering temperature Ty ~
43(10) K of the thick SCIO thin films is reduced in compar-
ison to the bulk value (7y ~ 70 K [22]). Using polarization-
dependent x-ray absorption spectroscopy at the Co L, 3 edges,

we revealed that the Co 3d orbital occupation strongly depends
on the strain in the SCIO thin films induced by the substrates.
The tensile strained SCIO thin films stabilize the occupation
of the minority orbital state with x/y character, whereas the
compressive strained SCIO thin films favor the occupation of
the minority orbital state with z character. Together with the
calculations using the well-proven configuration interaction
cluster model, we were able to determine the magnetic easy-
axis change due to the induced strain from the substrates, and
the sign and the magnitude of the magnetic anisotropy energy
of the antiferromagnetically ordered high-spin Co** ions.
We presented a quantitative model including the anisotropic
magnetoresistance and weak antilocalization effects to explain
the opposite behavior and its magnitude of the low-temperature
magnetoresistance in the tensile strained from the compressive
strained SCIO thin films.
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