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Solid-phase epitaxial growth of A-site-ordered perovskite Sr,_EryCo401,-5 (SECO), a
room temperature ferrimagnetic p-type semiconductor, is demonstrated. The A-site
ordered SECO film with p-type semiconductivity exhibits anomalous Hall effect at room
temperature, which is promising for the development of heterojunction devices of spintronics.

Keywords: ordered perovskite, cobaltite, epitaxial film, ferrimagnetic semiconductor



Abstract

The oxygen-deficient Sr,_xErCo4012-5 (SECO), one of the ordered perovskite oxides, is a
room-temperature (RT) ferrimagnetic semiconductor that arises from the A-site-ordered
structure. Development of such material could lead to the realization of spintronic
heterojunction devices; however, to this point there have been difficulties in achieving the A-
site-ordered structure in SECO thin film. Here, we demonstrate single-crystalline film growth
of SECO with perfectly aligned A-site-ordered structure on (LaAlOz3)3(Sr2TaAlOg)o7
substrates by solid-phase epitaxy (SPE) method. The brownmillerite-type, A-site-disordered
structure of the as-grown epitaxial film clearly changes into well-aligned A-site-ordered
structure after heat treatment at 1050 °C in air; the aligned ordered structure in the film is
clearly visualized at atmic level. This ordering induces ferrimagnetism with Curie temperature
(Te) ~310 K and it is found that the SECO film with p-type semiconductivity exhibits
anomalous Hall effect at the temperature up to 300 K, which is suitable for the test bench to
demonstrate advanced spintronic heterojunction devices, operating at RT. The present SPE
method is expected to serve as a powerful technique for the fabrication of thin films and

exploration of potential characteristics of A-site-ordered perovskite oxides.



1. Introduction

Perovskite transition-metal oxides are the most important family of materials to show a wide
range of quantum phenomena including superconductivity,™ colossal magnetoresistance,?
and itinerant ferromagnetism,! among others. Due to the flexibility in the perovskite
structure, introducing additional elements into the A or B sites of the perovskites (general
chemical formula ABOs) often results in ordered perovskite structure.l! Since the self-
assembled ordered structure stabilizes long-range order due to the absence of random
Coulomb potential ! it is commonly found that this ordering leads to a large increase in phase
transition temperatures and enriches competing electronic phases,® giving rise to specific

properties not inherent to normal (randomly disordered) perovskites.

An important example is the oxygen-deficient perovskite cobaltite, Srs_xRxC0401,_5 (SRCO,
where R is Y or rare earth elements such as Dy, Ho, and Er), possessing an A-site-ordered
structure. SRCO is a ferrimagnetic semiconductor with Curie temperature (T.) of 335 K,
which is considerably higher than those of the perovskite cobaltites without ordered structure,
such as (La,Sr)Co03® and SrCoO; ferromagnetic metals.**® The SRCO has a tetragonal
crystal structure with the space group 14/mmm. The A-site cations (Sr** and R*") are ordered
within the ab-plane and two types of perovskite layers, CoOg and oxygen-deficient CoQy 25,
alternate along the c-axis such that oxygen ions are regularly deficient (oxygen vacancies are
ordered) around the R—R bond.!*™! Although there is currently no consensus on the mechanism
of high-T, ferrimagnetism in SRCO due to the variety of spin states in Co ions with formal
valence of +3 for SRCO,["*?% the most widely accepted explanation is that ferrimagnetism
comes from the spin-state ordering of Co ions with a collinear G-type antiferromagnetic
structure — this arises as the Co ions with different oxygen coordination possess different

magnetic moments and the spin state becomes order under the influence of A-site ordered



structure; therefore, the complex ordered structure plays a key role in achieving RT

ferrimagnetic SRCO.

In particular, the A-site-ordered SRCO can be expected as a promising magnetic material for
spintronics application, where semiconductor spintronics using ferro(/ferriymagnetic oxides
with T¢ over RT are one of the hottest topics.™! The most striking feature of SRCO is that
they are RT p-type ferrimagnetic semiconductor, whereas the majority of magnetic
semiconductors of perovskite oxides tend to exhibit n-type conductivity.™ To the best of our
knowledge, only the exception of p-type ferro(/ferri)magnetic semiconductor with T, over RT
is B-site-ordered La,NiMnOg;™*® there are few candidates for p-type magnetic semiconductors
of perovskite oxides.!*®! Advances in the epitaxy of perovskite oxides make it possible to
realize magnetic p-n junction devices and/or bipolar transistors with all-perovskite
heterostructures, which enables spintronic devices, such as magnetic sensing, nonvolatile
memory, and reprogrammable logic, using depletion layer at the interface.'”! To this point,
application-relevant characteristics of SRCO such as its spin transport properties have yet to

be investigated experimentally.

The synthesis of thin-films of SRCO with a well-aligned, ordered structure is highly desirable
not only for the investigation of the material’s intrinsic electromagnetic properties, but also to
evaluate its suitability for advanced spintronic device applications. However, growth of this
material has proved challenging due to the difficulties in making the aligned A-site-ordered
structure. Generally, the high-temperature vapor-phase epitaxy (VPE) is appropriate for
growth of single-crystalline film of perovskite materials,!*® but conventional VPE process
cannot be employed because the A-site-cation ordering temperature is very high (>
1000 °C),**1 which may lead to sublimation of the constituents and, consequently, a non-

stoichiometric product because of the high vapor pressure of Sr- and Co-related species.
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In our preliminary experiments by VPE process, the severe sublimation of film was observed
at growth temperature > 850 °C, as will be mentioned in this paper. On the other hand, for
synthesis of bulk single-crystals of SRCO by solid-phase growth, multi-domain structures

have tended to crystallize instead of the aligned A-site-ordered structure.*”!

To overcome this problem, we propose a solid-phase epitaxy (SPE) for the growth of SRCO
single-crystalline thin-films, which would be appropriate method to achieve well-aligned A-
site-ordered structure in perovskite oxides. The SPE method is comprised of a two-step film-
synthesis process that combines low-temperature epitaxial growth and high-temperature heat
treatment. Figure 1 depicts the synthesis strategy for A-site-ordered perovskites by
considering the ordering temperatures of A-site cations and oxygen vacancies. In order to
evaluate the A-site ordering in SRCO, Er was selected as the R component to assist in
structural characterization as the difference in atomic number between Sr and Er is much
greater than that between Sr and Y:; this allows for much clearer differentiation between the

elements in X-ray and electron diffraction studies.

In the first step of Srs «ErkC04012 5 (SECO) growth, a film with a brownmillerite (BM)-type
structure (shown in Figure 1(a)), i.e., A-site-disordered perovskite framework with oxygen-
vacancy order, was deposited on a mixed-perovskite (LaAlO3)o.s(Sr2TaAlOg)7; (LSAT)
substrate.”? The epitaxial growth of this BM-structured film is considered to be more
straightforward than for the A-site-ordered structure due to the much lower ordering
temperature®!: moreover, the epitaxial growth of un-doped SrCoO, 5 with a similar BM-type
structure films on LSAT substrates has been widely reported.”” Then, in order to induce A-
site ordering, high-T annealing was performed on the as-grown film in air, with the

expectation that the A-site cations of Sr and Er would form a well-aligned, ordered structure
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(shown in Figure 1(b)) along with oxygen-vacancy-order rearrangement due to the large

differences in their ionic radii,!* reflecting the epitaxial crystal lattices of SECO film.

Here, we report the epitaxial growth of A-site-ordered perovskite SECO by SPE method and
investigate its electromagnetic properties using the thin films. It is found that the BM-type
structure of the as-grown epitaxial film converts to the well-aligned A-site-ordered structure
via heat treatment at 1050 °C in air, yielding ferrimagnetism with a T, of ~310 K. This is the
first report on the single-crystalline film of A-site-ordered perovskites, where the well-aligned
ordered structure is clearly resolved at atmic level. Our SPE process is effective to grow A-
site-ordered perovskite thin films, which advances the fundamental understanding of their

intrinsic properties and application characteristics.

2. Results and Discussions

2.1. Solid-Phase Epitaxy

The SPE method is composed of following steps.®! Step 1: SECO (nominal x = 0.4) films
(80-nm-thick) were deposited on (001) LSAT substrates by pulsed laser deposition (PLD) at
optimized growth temperature (Tg) of 820 °C under an oxygen pressure (Po2) of 10 Pa [see
Supporting Information Figure S1 for growth phase diagram of SECO films as a function of
Ty and Poy]. A KrF excimer laser with energy fluence of ~2 J cm~2 pulse™ and repetition rate
of 10 Hz was used to ablate a ceramic target of SrzgEry4C0401,_5. After film deposition at a
rate of approximately 5.3 nm min?, the films were cooled to RT under the same Pg,. Step 2:
The as-deposited SECO film was fully overlaid by another LSAT plate (10x10x0.5 mm?) to
prevent the sublimation of the constituent in the film during the heat treatment in step 3. Step
3: The film was heated at temperature (T,) of 1050 °C for 40 h in air [see Supporting

Information Figure S2 for crystal-structure change of SECO films as a function of T,]. After



the heat treatment, the film was cooled down to RT in the furnace. Finally, the LSAT plate
was removed. The resultant film surface looked very clean; no chemical reaction with the

LSAT plate was observed.

2.2. Structural analyses

Figure 2(a) shows out-of-plane X-ray diffraction (XRD) pattern of the SPE-grown SECO
film together with that of as-grown film for comparison. The diffraction peaks for both films
can be assigned to the 001 SECO along with those of the LSAT substrates; no impurity peaks
are observed. The double lattice spacing along the c-axis (I = 2, 6, 10) originates from the
oxygen-vacancy-ordered structure, which indicate that oxygen-vacancy ordering in both films
is well-aligned along c-axis as shown in Fig.1 a and b;™! moreover, the perovskite-structure
framework is shown to remain after the SPE process. The elemental ratios of these films were
found to be Sr: Er: Co =0.89 : 0.11 : 1.00, as characterized by electron probe microanalyser,
consistent with the nominal composition (Sr3 gErp4C0401,-s) of the ceramic target. In addition,
we have confirmed that the compositions of each element (Sr, Er, Co) were homogeneous and
there is no segregation of secondary phase on film surface. These results demonstrate that the

SPE process does not lead to loss of material through sublimation.

Since the oxygen-vacancy ordering makes the superstructure peaks along c-axis (I = 2, 6, 10)
regardless of whether A-site cations are ordered or not, it is impossible to evaluate the A-site
ordering in the SPE-grown SECO film by the symmetric diffraction measurements. In order
to evaluate the A-site-cation (Sr/Er) ordering in the film, ¢ scans of the asymmetric 103
diffraction spot for the structure of A-site-ordered SECO were carried out, because the
structural factor of F(103) (I = 3h) increases significantly on transition to an A-site-ordered

structure,™ where it should be noted that the A-site ordering in bulks has been generally



evaluated by the appearance of 103 diffraction spot.["! Figure 2(b) shows the ¢-patterns of the
103 diffraction spot for SPE-grown SECO films. The measurement on the SPE-grown film
yields four distinct peaks with 90° rotational intervals, suggesting that the SPE process
induces a transition to A-site ordering in the SECO epitaxial films. Figure 2(c) shows
reciprocal space mapping (RSM) of the SPE-grown SECO film. Intense diffraction spots from
the 2012 SECO and LSAT substrate are observed with an identical in-plane lattice constant of
0.387 nm, indicating a coherent epitaxial growth of SECO occurred on the LSAT substrate
without lattice relaxation. These results indicate that the SPE process produces an epitaxial

film with a well-aligned, A-site-ordered structure, keeping a perovskite framework.

Figure 2(d) shows topographic atomic force microscopy (AFM) image of the SPE-grown
SECO film. A cross-sectional line profile (red line) across the AFM image shows the presence
of a clear stepped-and-terraced surface of the film. Square-shaped domain structures
reflecting the tetragonal crystal lattice of SECO are observed along the step edge with a height
of ~0.4 nm, a value roughly equivalent to a quarter-length of the c-axis of SECO (i.e., the unit
cell of primitive perovskite structure). This atomically flat surface, also confirmed in
reflection high-energy electron diffraction (RHEED) patterns from the intense diffraction
spots shown in the inset of Figure 2(d), conveys that the SPE-grown SECO film is of
sufficiently high quality for application in the test bench to demonstrate heterojunction
devices. It should be also noted that there are diffraction intensity and modulation in between
the primary ones of perovskite structure in the RHEED pattern. As it reflects the surface
atomic structure, the existence of weak diffraction spots originates from the superstructure
(ordered structure) of film surface and/or surface reconstruction. Meanwhile, for as-grown
SECO film, the additional diffraction spots were not observed in RHEED pattern (See

Supporting Information Fig. S3 for the AFM image and RHEED pattern of as-grown SECO



film), suggesting that the diffraction intensity modulation observed in SPE-grown film should

relate with the A-site-ordered structure.

As mentioned above briefly, the XRD patterns of the SECO films shown in this study were
derived from films grown under optimized conditions. In optimizing the growth process, it
was found that the highly pure, oxygen-vacancy-ordered (BM-type) SECO structure could
only be obtained within a very narrow growth window; we posit that this is related to the
energetically favorable low oxidation state of the Co ion in addition to the high vapor pressure
of Sr- and Co-related species under the typical PLD process. This hypothesis is supported by
the observation that i) the CoO impurity formed under reducing conditions (Po2 < 1 Pa) and ii)
sublimation of the constituents from the surface was observed at high Ty > 850 °C rendering
one-step; high-temperature growth of this material was impossible by this PLD process. In
addition, the A-site ordering was shown to depend strongly on T,; the 103 diffraction peaks
corresponding to the A-site-ordered structure appeared at T, > 950 °C and grew in intensity
with increases of T, up to 1050 °C. A systematic study on growth and annealing conditions
for SECO films was undertaken, with the results summarized in Supporting Information Figs.
S1 and S2, respectively. In addition, it should be noted from the XRD patterns in Fig. 2(a)
that the positions of out-of-plane diffraction peaks shift to higher q after SPE process,
corresponding to a contraction in the c-axis lattice parameter (from 1.555 nm to 1.528 nm).
As shown in Fig. S3, the lattice shrinkage occurs concurrently with the transition to A-site
ordering at T, > 950 °C. The most plausible reason for the shrinkage of c-axis lattice
parameter is the transition to A-site-ordered structure with the distortion of BOg octahedron
and O-Co-O chains in perovskite structure along c-axis, as illustrated in Fig.1. It is well
known that the overall unit cell volume of ABO3 perovskite is sensitive to the size and shape
of the BOg octahedron,’?”) given that these structural units constitute the framework of the

perovskite structure. Therefore, it can be deduced from this c-axis lattice shrinkage that the
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BOg octahedra undergo structural distortion on A-site ordering. It should be noted that there is
a possibility of the oxygen content change with high temperature annealing, but it can be
considered that there is little change in the oxygen content, due to the experimental fact that
the conductivity remained almost unchanged after the post-growth annealing (as will be
shown in electronic-property characterization section). Although we cannot perfectly rule out
the change of oxygen content in SECO film through SPE process, the transition to A-site-

ordered structure is the most plausible origin of the c-axis lattice shrinkage.

To further visualize the ordered structure in the SPE-grown SECO films, microstructure
analysis was carried out with the aid of spherical aberration-corrected scanning transmission
electron microscopy (STEM). Figures 3(a) shows a selected-area electron diffraction (SAD)
pattern of the SPE-grown SECO epitaxial film. For comparison, the SAD pattern of as-grown
SECO film is shown in Supporting Information Fig. S4(a). The brighter diffraction spots are
assigned to the primitive cubic perovskite structure. For the SAD pattern of as-grown film
(Fig. S4(a)), additional reflections, represented by arrows, are present just between the
principal spots of perovskite structure, which is consistent with oxygen-vacancy-ordered BM-
type structure.’” Comparing the SAD patterns between SPE-grown and as-grown SECO film,
the further additional weaker diffraction spots of (h 0 I), where h and I are odd numbers, are
shown to be present in SPE-grown SECO film; these can be well explained by the appearance

of A-site-ordered structure in SECO film.[*!

Figure 3(b) shows a Z-contrast, high-angle annular dark-field (HAADF) STEM image of the
SPE-grown SECO epitaxial film on LSAT substrate. The cross-sectional image clearly
displays that a sharp interface exists between SECO and LSAT; this is clearly visible due to
the difference in contrast between the two materials, arising from the heavier constituent

atoms of the LSAT substrate (Z., = 57 and Zt, = 73) compared to the SECO film (Zs; = 38,
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Zco = 27). The atomic arrangement is smoothly connected from the LSAT substrate to the
SPE-grown SECO film, which confirms the film epitaxy at the interface and is consistent with

the RSM shown in Fig. 2(c).

Magnified views of the SPE-grown SECO film are presented in Fig. 3(c) and (d): (c) is a
HAADF-STEM image; (d) an annular bright-field (ABF)-STEM image.”® These images
were respectively obtained by averaging 20 original HAADF and ABF images, taken from
each image scanned in wide range. Simultaneous HAADF and ABF imaging allows us to
visualize the precise positions of all constituent atoms, including oxygen. The intensity in
HAADF image is roughly proportinalto Z? which results in easier visualiztion of heavy
elements, whereas in ABF image, the constituent atoms are observed as dark contrast and
lightweight elements can be clearly seen, (i.e., regions containing lighter elements provide
lighter contrast) allowing for visual inspection of oxygen columns. Figure 3(e) is a schematic
illustration of corresponding crystal structure of A-site ordered SECO for evaluating the
atomic structure seen in these images.

In the HAADF-STEM image (Fig. 3(c)), A-site-cation columns form a periodic square spots
pattern, and each square is centered with weaker spot that corresponds to the Co column
structure. The intensity of the A-site-cation spots change periodically; the brighter spots
(corresponding to mixed columns of Sr (Z = 38) and Er (Z =68)) alternate with less bright
spots produced by the pure Sr columns forming a chess-board pattern; this is consistent with
the predicted atomic structure of the ordered SECO shown in Fig. 3(e). The ordered
alternation of the (Sr, Er) and Sr columns is clearly seen in the HAADF intensity line profile
(shown in the panel below Fig. 3(c)), which was measured along the white line drawn across
the A-site-cation spots [see Supporting Information Figure S5 for the detailed analysis for the
line profiles of the HAADF-STEM image]. On the other hand, in the ABF-STEM image (Fig.

3(d)), along with the darker spots of the cation columns, pure oxygen columns are visible as
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weak dark spots at the positions characteristic for the perovskite structure. The ordered
alternation of the filled and deficient oxygen columns is clearly seen in the ABF intensity
profile (shown in the panel below Fig. 3(d)), taken along the CoO row. In addition, it should
be noted that the elongated spots observed at mixed columns of Sr and Er in the magnified
HAADF image (Fig.3(c)) also suggest the A-site-cation ordering in the SECO film, as is
shown in the simulated crystal structure of A-site-cation ordered SECO (Fig. 3(e)). These
results clearly support that the SPE-grown SECO film has a well aligned ordered structure of
both the A-site cation and oxygen vacancy components. For comparison, the ABF-STEM
images of as-grown SECO film are shown in Supporting Information Fig. S4(b) and (c). The
observed atomic structure is consistent with the crystal structure of A-site-disordered SECO
with BM-type structure (Fig. S4(b)). The ABF intensity profile, shown in the botom pannel of
Fig. S4(c), represents that the intensity of A-site-cation spots is almost constant, indicating the
A-site-disordered structure. These results clearly support that the as-grown film is BM-type
structure and the crystal structure changes from A-site-disordered to A-site-ordered structure

in SECO film.

2.3. Electromagnetic properties

The electromagnetic properties of both as-deposited and SPE-grown SECO epitaxial films
were subsequently probed to investigate the effect of A-site ordering on the material’s
functional properties. Figure 4(a) shows the temperature dependence of magnetization (M—T)
under a magnetic field (H) of 20 Oe after zero-field cooling, where H was applied parallel to
the in-plane direction. While the magnetic signal was measured to be considerably small for
the as-deposited SECO film, the SPE-grown SECO film exhibited a much larger degree of
magnetization; this is shown in Supporting Information Figure S6 that plots the change in
M-T curves for SPE-grown SECO films treated with different T,, The M—T curves were

observed to systematically change for different films annealed in the T, range 850-1050 °C,
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and a dramatic increase in the magnitude of magnetization was observed for films with T, >
950 °C, providing a strong correlation between the observed magnetization and the A-site
ordering. The T, for SPE-grown SECO film at T, = 1050 °C is estimated to be ~310 K, which
is slightly lower than a reported value (335 K) of A-site-ordered bulk polycrystals.[”? This
discrepancy in T, is presumed to originate from lattice distortion in the SECO thin films; it
has been reported that a slight compressive strain can significantly decrease T, of bulk due to
a spin-state transition from a high- to low-spin state.l” By comparing the lattice parameters
of SRCO bulk (R =Y) with T, =335 K (a=0.7674 nm (a/2 = 0.3837 nm) and ¢ = 1.534 nm
(c/4 = 0.3835 nm))!? with those obtained for the SPE-grown SECO thin films (a = 0.7740 nm
(a/2 = 0.3870 nm) and ¢ = 1.528 nm (c/4 = 0.3820 nm)) in this work, it can be shown that
epitaxial strain from the LSAT substrate shrinks and expands the out-of-plane and in-plane
lattice constants of the SECO film respectively (Fig. 2), which would account for the decrease
of T, to 310 K. However, modulation of the T to higher values via epitaxial strain could be
relatively straightforward, given that the degree of lattice distortion can be controlled by
choosing perovskite substrates with different lattice parameters. A magnetic hysteresis loop of
the SPE-grown SECO film at 10 K is shown in the inset of Fig. 4(a); this film clearly exhibits
ferromagnetic behavior. A small H-linear component is observed in the high H region that is
attributed due to paramagnetic spins of Er®* and/or field-induced polarization. By subtracting
the small H-linear component, the saturation moment of ~0.29 pg/Co (ug is a Bohr magneton)
is comparable with a value of 0.25 ug/Co obtained for A-site ordered bulk polycrystals at the
same temperature and indicates that the SPE-grown SECO film exhibits bulk ferrimagnetic
behavior.l”! These results confirm that A-site ordering induces ferrimagnetic order with a T of

310 K in the SPE-grown SECO epitaxial films.

Figure 4(b) shows the temperature dependence of electrical conductivity (o) in the SECO

films. The o of both as-deposited and SPE-grown SECO films increases as the temperature
13



increases, suggesting that the electronic transport follows a thermally activated behavior,
where the transport properties should be dominated by doped holes on the minority low-spin
Co*" ion in the high-spin Co®" matrix, possibly coming from non-stoichiometry of oxygen.[’!
It shows that the o does not follow a simple Arrhenius Law, i.e., a linear relation between In o
and T . Instead, the o—T curves for both thin-films appear to follow a In o—T ** law (shown
in the inset). This behavior is often attributed to a variable-range hopping mechanism,?"
suggesting that the charge carriers in the SECO films tend to localize at temperatures < 350 K.
As shown by thermopower (S) measurements carried out at RT (Fig. 4(c)), S-values obtained
from the slope of AV-AT plots are positive, indicating that both the SECO films are p-type
semiconductor. Different S-values were observed for as-deposited and SPE-grown SECO
films; in the former, a value of +176 pV K™* was recorded, falling to +83 uV K™ after SPE-
process. Since no corresponding change in ¢ was observed (Fig. 4(b)), the decrease of S-
values is attributed to the A-site structural ordering rather than changes in carrier
concentration (i.e. carrier doping by the reduction of oxygen vacancies); there seems to be
little change in oxygen content during the heat treatment.!*! This can be understood in terms
of an extended Heikes formula that includes contributions from the spin configuration™; this
indicates that the S-values significantly decrease depending on the spin state (high or low) of
the Co®* ions in SECO. Based on the fact that the previously reported S-value of SECO bulk
polycrystals (in the range from +90 to +100 pV K ™) is close to those recorded in SPE-grown
SECO film,” it can be deduced that the bulk ferrimagnetism exhibited by the SPE-grown

film can be attributed to the presence of high-spin state Co** ions.

Here, we would like to discuss the oxygen content in the SECO films grown by SPE process,
although it is difficult to quantitatively measure the oxygen content of the film. For bulk

polycrystalline (Sr,R)Co0Os;_s exhibiting RT ferrimagnetism, the oxygen content, 3—J, was
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estimated to be 2.6, in which the Co valence is +3.["! The A-site-cation ordering closely links
with the oxygen-vacancy ordering in SRCO; A-site-cations become disorder, simultaneously
with the disordering of oxygen vacancies as increase of oxygen content. Therefore, the
controllability of oxygen content should be narrow for A-site-ordered SECO film and the
observation of RT ferrimagnetism in the SECO film suggests that the oxygen content seems

to be almost the same with that of bulks.

The anomalous Hall effect (AHE) is an important characteristic to provide evidence for spin-
polarization of charge carriers that mediates ferromagnetic interaction between the localized
spins of magnetic ions.*>*! Figure 4(d) shows the H-dependence of transverse Hall
resistivity (pyy) of the SPE-grown SECO epitaxial film at various temperatures in the range
200-350 K. In general, pyy of ferromagnetic materials is expressed as the sum of ordinary and
anomalous parts of Hall resistivity, i.e., pxy = Ro-po'H + Rs:M, where Ro and Rs are the
ordinary and anomalous Hall coefficients, respectively, po is vacuum permeability, and M is
magnetization.* The pxy curves clearly exhibit non-linear hysteresis loops with positive Rs,
which provides evidence for coupling between the ferrimagnetism and charge carriers in the
SPE-grown SECO film. The AHE is observed for T < 300 K, where the weak linear slope at
high H ~ 70 kOe confirms that the AHE is dominant in the py, curves, but becomes negligible
at 350 K (i.e., in this region, py, increases linearly with H). Although there remains the
possibility that AHE partially originates from magnetic impurities, such as Co nano-
particle,!® it is hard to consider that the segregation of Co metal impurity occurs after high-T
annealing in air. Additional characterization, such as X-ray magnetic circular dichroism,¥ is
necessary for further discussion, but the observed AHE suggest that the spin-polarized

magnetic ordering remains at temperatures above RT.
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To roughly estimate the carrier concentration (n) of the SECO film, Ry is deduced from the
linear slope of py, at high field around 70 kOe, where the anomalous Hall resistivity has
already saturated [see Supporting Information Fig. S7 for the analysis of Hall resistivity].®
The Ry is positive and becomes large at lower temperature. Considering that hole-doped Co**
generally results in ferromagnetic conductor, whereas electron doped Co®" basically results in
magnetic insulator, the only one carrier type of hole is dominant in the transport property of
the SECO film. The inset of Fig. 4(d) plots the n vs. T calculated from the equation of n =
(Ro-e) "}, where e is elementary charge. An increase in n observed from 5.8 x 10'° cm™ at 200

K to 5.5 x 10%° cm 3 at 350 K is indicative of thermal activation of charge carriers.

In addition, the relation between anomalous Hall conductivity (can) and the longitudinal
conductivity (ox) for the SPE-grown SECO epitaxial film is summarized in Supporting
Information Fig. S8. oan and oy are respectively deduced from pan-(pxd + pard) *
and pxx-(pxx” + pan’) , where pay is estimated by subtracting the linear background in pyy at
high H. The oay increases with oy, following the scaling line of proportional relation between
oan and oy . The scaling relation agrees well with the theory for the low conductivity
regime®”! and the behavior is consistent with that of other conventional oxide dilute magnetic
semiconductors.®® These results indicate that the SECO film behaves as a magnetic

semiconductor at the temperature up to 300 K.

3. Conclusion

We have succeeded in fabricating single-crystalline films of SECO with A-site-ordered
structure by a solid-phase epitaxy method. The A-site-disordered BM-type structure of the as-
grown epitaxial film was observed to change into A-site-ordered structure on heat treatment at

1050 °C in air; the well aligned ordered structure is visually observed at atomic level. The
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resulting thin-film was observed to possess ferrimagnetic order with a T, of ~310 K. Although
the T. is relatively low due to epitaxial strain, it should be improved up to 370 K™ by
controlling the lattice distortion of the film, which make the film feasible for spintronic
devices, operating at RT. It was found that the SPE-grown SECO film with p-type
semiconductivity exhibits the anomalous Hall effect at temperatures up to 300 K, suggesting
that the charge carriers in the films are spin polarized at RT. Further investigation into these
SECO films is warranted in order to clarify the origin of the observed high-T, ferrimagnetism;
moreover, these films are promising as above-RT T, p-type oxide magnetic semiconductor
materials and are test bench suitable for exploring spintronic semiconductor heterojunction
devices, operating at RT. The proposed SPE process is expected to serve as a powerful
technique for the thin-film fabrication of the ordered perovskite materials, which can induce

excellent electro-magnetic properties and advance their potential applications.

4. Experimental

Film-structure characterization: Crystal structures and orientation were investigated by
high-resolution X-ray diffraction (anode radiation: monochromatic CuKa;, ATX-G, Rigaku
Co.). The film surface morphology was observed using Atomic Force Microscopy (Nanocute,
Hitachi High-Tech). The film chemical compositions were characterized using a field-
emission electron probe microanalyser (JXA-8530F, JEOL Ltd.). Cross-sectional thin-film
samples for STEM observations were prepared by mechanical polishing and Ar* ion milling
(PIPS) without using water. The cross-sectional microstructure and SAD pattern of the SECO
film were examined by high-resolution STEM (JEM-ARMZ200F, JEOL Ltd.), where the

electron incident direction was parallel to LSAT [010].
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Electrical-transport and magnetic-property measurements: Electrical conductivity
measurements were performed by the d.c. four-point probe method using Au electrodes.
Thermopower was measured by giving a temperature gradient (AT) of ~4 K in the film using
two Peltier devices, where the actual temperatures of both sides of SECO film surface were
monitored by two tiny thermocouples.®® Magnetic properties of SECO films with a sample
size of 3 mm x 3 mm were measured by a superconducting quantum interference device
magnetometer (SQUID, Quantum Design). M—T characteristics were measured after zero-
field cooling, where the magnetic fields of 20 Oe was applied parallel to in-plane direction of
the film after the magnetization at 30 kOe. Hall effect measurements were performed with a
Physical Properties Measurement System (PPMS, Quantum Design) for SECO films with a
channel size of 6.5 mm long and 3.0 mm wide. The electrical current was applied along the
ab-plane of the film and the magnetic fields of up to 70 kOe were applied parallel to the c-

axis.
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Figure 1. Schematic illustration of the strategy to produce epitaxial SRCO films with well-
aligned A-site-ordered structure on (La,Sr)(Al, Ta)O3 substrates; this was undertaken by solid-
phase epitaxy (SPE) with two-step film-synthesis process combining low-T epitaxial growth
and a subsequent high-T annealing. Here, the ideal crystal structure of A-site-ordered
Sr3RC040105 is shown. (@) the A-site-disordered perovskite framework of SRCO with
oxygen-vacancy ordered structure (brownmillerite(BM)-type structure) is epitaxially grown
on the substrates. (b) SRCO film with an A-site-ordered structure, obtained by high-T
annealing of the as grown film with BM-type structure in air. The dashed line indicates the
unit cell of A-site-ordered SRCO. In this study, Er was selected as element R. Crystalline
orientations for as-grown ! and SPE grown SECO films ["! are shown at the bottom right of
each figure.
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Figure 2. Structural characterization for SECO films as-grown (T4 = 820 °C, P, = 10 Pa) and
SPE-grown (T, = 1050 °C) at well-optimized conditions. (a) Out-of-plane XRD patterns of
as-grown (blue) and SPE-grown (red) films. Diffraction indices are noted above the
corresponding diffraction peaks. LSAT substrate peaks are indicated by asterisks (*). The
double lattice spacing along the c-axis (I = 2, 6, 10) originates from the oxygen-vacancy
ordering. (b) In-plane ¢-scans for the asymmetric reflection of 103 diffraction peaks of the
SPE-grown SECO films. The four diffraction peaks with 90° rotational intervals observed in
the SPE-grown film are attributed to A-site ordering. (c) Reciprocal space mapping around
2012 A-site-ordered SECO for the SPE-grown film. (d) Topographic AFM image of the SPE-
grown SECO film. Below: Height profile derived from the red line on the image. Inset:
RHEED pattern from this film, confirming the atomically flat surface of the SPE-grown
SECO film. The arrows indicate the position of weak diffraction spots originating from the
superstructure (A-site-ordered structure) of film surface and/or surface reconstruction.
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Figure 3. High-resolution STEM analyses of the SPE-grown SECO epitaxial films on LSAT
substrates. (a) Selected-area electron diffraction pattern of the film with the main diffraction
spots from SECO assigned. (b) Cross-sectional HAADF-STEM image (scale bar = 2 nm) —
the red triangle denotes the position of the heterointerface. (¢) Magnified HAADF-STEM and
(d) ABF-STEM images, which are obtained by averaging 20 original HAADF and ABF
images. These images are representative of the ordered structure observed in wide area of the
SECO film. The bottom panels of (c) and (d) show HAADF and ABF intensity profiles,
respectively, collected along the white lines in each image. The black arrows indicate the
positions of Sr/Er columns and oxygen-vacancy columns in each panel. (e) A schematic
illustration of the atomic structure of the ordered SECO.
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Figure 4. (a—c) Electromagnetic properties of SECO epitaxial films. Blue symbols: as-
deposited, Red symbols: SPE-grown. (a) M—T curves measured under H = 20 Oe, applied
parallel to in-plane direction. The arrow indicates the Curie temperature. The inset shows a
magnetic hysteresis loop at 10 K for the SPE-grown SECO film. (b) o-T plots. Inset: the
linear relation between Ino-and T, indicating that the charge carriers are localized at the
entire temperature range. (c) AV-AT plots acquired at RT, demonstrating the p-type
conductivity of SECO. The S-values obtained from the linear slope of AV-AT plots, shows a
decrease from +176 pV K™ to +83 uV K after SPE-process. (d) H-dependence of Pxy Tor the
SPE-grown SECO epitaxial film at 200 K (red), 250 K (orange), 300 K (green), and 350 K
(blue). H is applied perpendicular to the film plane and the p,y is derived from %[py,(+H)
— pxy(—H)]. Inset: T-dependence of carrier concentrations (n), estimated from the normal Hall
coefficient.
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