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We quantitatively evaluated oxygen octahedral distortions in epitaxial thin films of the itinerant ferromagnet,
Lag 5Srg5Co0; (LSCO), and investigated their impact on strucure-property relationships. The compressively
strained film on a LaAlO; substrate has a lower electrical resistivity and higher ferromagnetic transition
temperature than the tensilely strained film on a Lag 30Srg 70Alg.¢sTag 3505 substrate. The magnetic anisotropy is
also found to depend on the type of strain, with perpendicular magnetic anisotropy induced in the compressively
strained film and in-plane magnetization seen in the tensilely strained film. Our synchrotron x-ray-diffraction
measurements and quantitative analysis reveal distinct oxygen octahedral distortions accommodated in these
films and show that the out-of-plane and in-plane Co—O bond lengths of the compressively strained film
are comparable to the in-plane and out-of-plane bond lengths of the tensilely strained film. These results
indicate that the bond-length changes in LSCO modify hybridization between Co 3d and O2p orbitals, leading
to the strain-dependent properties. These results highlight the significant role of octahedral distortions for
structure-property relationships in the strained LSCO films.

DOI: 10.1103/PhysRevB.99.174420

I. INTRODUCTION

A variety of functional properties seen in transition metal
oxides are closely linked with their structural distortions
characterized by either cation displacements or oxygen coor-
dination environments. Heterostructuring oxides having dif-
ferent structural distortions by employing advanced thin-film
epitaxy techniques has been shown to introduce and stabi-
lize distortions not seen in bulk materials, allowing one to
engineer and explore functional properties such as (multi-)
ferroelectricity and magnetism [1-7]. However, structural
distortions accommodated in heterostructured oxides vary in
rather complex manners because they strongly depend on
structural mismatches between constituent materials [8—13].
Therefore, understanding how structural distortions are ac-
commodated in oxide heterostructures and how the distortions
are linked to physical properties are important.

Bulk Lag 5SrgsCoO3; (LSCO) is an itinerant ferromagnet
and has the R-3c¢ rhombohedral perovskite structure with
pseudocubic subcell (ap. ~ 3.84 A and ape ~ 90.2°) at room
temperature. The CoOg octahedra are rotated in the pattern
of a“a~a~ in Glazer notation [14], and the rotation angle
ot 18 ~1.6° [15-17]. This oxide becomes a ferromagnet
below ~230K [18]. Previously it was found that the epitaxial
thin films of LSCO and other perovskite cobaltites exhibit
modified magnetic properties from those of the bulk materials
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[19-23], implying that CoOg oxygen octahedral distortions in
the films differ from those in the bulk materials and impact
the films’ structure-property relationships. However, quanti-
tatively evaluating octahedral distortions requires precise de-
terminations of atomic positions of both cations and oxygens,
which are experimentally difficult [24-26]. How octahedral
distortions are accommodated in LSCO epitaxial thin films
and how they impact films’ structure-property relationships
remains elusive.

In this study, we fabricated by pulsed-laser deposition
(PLD) compressively and tensilely strained LSCO thin films
on LaA103 (LAO) and Lao'g()sr()j()AlO.()sTa()gs 03 (LSAT) sub-
strates, respectively, and investigated CoOg octahedral distor-
tions accommodated in the epitaxial thin films and their link
to magnetic and transport properties. Our structural and mag-
netotransport characterizations show that the compressively
strained film on the LAO substrate has a lower electrical resis-
tivity and higher ferromagnetic transition temperature than the
tensilely strained film on the LSAT substrate. The magnetic
easy-axis directions are also found to be strain dependent.
Based on our experimental results including synchrotron x-
ray-diffraction measurements, CoOg octahedral distortions
accommodated in the compressively and tensilely strained
films and their influence on the films’ strain-dependent prop-
erties are discussed.

II. EXPERIMENTAL DETAILS

Epitaxial LSCO thin films with a thickness of 10-15 nm
were grown on as-supplied (001) LAO and (001) LSAT sub-
strates (SHINKOSHA Co. Ltd.) by PLD. Due to the lattice
mismatch between the LSCO and the substrates, LAO and

©2019 American Physical Society
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FIG. 1. X-ray-diffraction characterizations of LSCO films on LAO and LSAT substrates. (a) 26-6 profiles of LSCO films on LSAT (blue)
and LAO (red) substrates. (b) Reciprocal space mappings around the (103) LAO (left) and LSAT (right) Bragg reflection for the LSCO films.

LSAT provide 1.2% compressive and 0.9% tensile strain to
the film layer. During the film deposition, the stoichiometric
LSCO pellet was ablated at 2 Hz with a KrF excimer laser
(A = 248nm) with a laser spot density of 1J/cm?. Typical
growth rate was ~0.4 A /s. The deposition of the LSCO layer
was carried out at the substrate temperature of 600 °C and
under the oxygen partial pressure of 100 mTorr (only oxygen
and no additional gas were added). After deposition the films
were cooled to room temperature under 100-mTorr oxygen
pressure.

III. RESULTS AND DISCUSSION

Laboratory-source x-ray 26 /0 profiles in Fig. 1(a) confirm
the (001)-oriented epitaxial growth of the LSCO layer without
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any secondary phases. The out-of-plane lattice constants of
the films on the LAO and LSAT substrates are, respectively,
larger and smaller than those of bulk LSCO. Furthermore, the
reciprocal space mappings around the (103) reflections of the
substrates [Fig. 1(b)] show that the (103) LSCO reflections
appear in the same position along the horizontal axis (the
in-plane direction) as those for the substrates and that the
in-plane lattice constants of the films are fixed by the sub-
strates’ lattices. These observations indicate that the substrate-
induced compressive and tensile strain are imposed on the
films on the LAO and LSAT substrates, respectively.

Figure 2 shows temperature dependence of the electrical
resistivity p,, and the magnetic moment M for the LSCO films
under compressive and tensile strains (on the LAO and LSAT
substrates, respectively). The p,, was measured by the van der
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FIG. 2. Temperature dependence of the longitudinal resistivity p,, (top) and magnetization M (bottom) of the LSCO films on (a), (c) LAO
and (b) (d) LSAT substrates. For magnetization measurements, a magnetic field of 1000 Oe was applied in parallel and perpendicular directions

to the film surface during the cooling process and measurement.
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FIG. 3. Magnetic-field dependence of the anomalous Hall resistivity papg (top) and magnetization M (bottom) of LSCO films on (a), (c)
LAO and (b), (d) LSAT substrates. For magnetization measurements, a magnetic field of 5 T was applied in directions parallel and perpendicular
to the sample during the cooling process and measurement. All data in (a)-(d) were taken at 20 K.

Pauw method. Both films exhibit metallic conduction down to
low temperatures and undergo ferromagnetic transitions as in-
dicated by the hump in the py,-T curves in Figs. 2(a) and 2(b).
We note that the p,, and the ferromagnetic transition tempera-
ture T ¢ are strain dependent. The film on LAO has a lower p,,
and a higher T c than the film on LSAT. The strain-dependent
ferromagnetic transitions are also seen from the temperature
dependence of the out-of-plane (OP) and in-plane (IP) magne-
tization in Figs. 2(c) and 2(d). The M-T data were taken under
a 1-kOe magnetic field during warming from 5 K after field
cooling (FC). The spontaneous magnetization of the compres-
sively strained film is found to develop at ~220 K while that
of the tensilely strained film is seen below 200 K, indicating
that the Tc¢ of the compressively strained film is ~20K
higher than that of the tensilely strained film. The observed
change in Tc is in agreement with the previous reports on
strain effects on magnetic properties of LSCO films [27,28].
These observations indicate that the compressive strain and
the resultant shrinkage in the in-plane lattice constant enhance
the itinerancy of the conduction carriers, resulting in the lower
resistivity, and increase ferromagnetic exchange interactions
[27], making the ferromagnetic state of LSCO more stable.
Another important observation in Figs. 2(c) and 2(d) is that the
magnitudes of the OP and IP magnetization strongly depend
on the type of strain (compressive or tensile). This implies
the substrate-induced strain and resultant structural distortions
influence the magnetic anisotropy of LSCO. The magnitudes
of the OP and IP magnetization of the compressively strained
film are about the same, implying the magnetization also
has an OP component. On the other hand, the IP magne-
tization of the tensilely strained film is much larger than
the OP one, indicating that in-plane magnetic anisotropy is
stabilized.

To further evaluate the magnetic anisotropy and mag-
netic easy-axis directions of the compressively and tensilely
strained films, we measured magnetic-field dependence of the
Hall resistivity and OP and IP magnetization at 20 K, as
seen in Figs. 3(a) and 3(b). The anomalous part of the Hall
resistivity, pagg, as a function of the magnetic field reveals
distinct magnetic anisotropy between the films. The payg was
extracted by antisymmetrizing the Hall resistivity and then
subtracting the normal part from the antisymmetrized resis-
tivity. The normal parts of the Hall resistivity of both films are
found to be positive and on the order of 0.1—-0.01 u €2 cm at
1 T, and the carrier concentration calculated from the normal
part is around 102'—10%2cm—3 at 20 K. The page of the
compressively strained film shows a large hysteresis against
the field sweeping directions, revealing the existence of the
perpendicular component of the magnetization. On the other
hand, the payg of the tensilely strained film shows no hys-
teresis and this is a characteristic of in-plane magnetization.
The magnetic-field dependence of the OP and IP magnetic
moments at 20 K of the compressively and tensilely strained
films are shown in Figs. 3(c) and 3(d), respectively. For the
compressively strained LSCO, the hysteretic behaviors of OP
and IP magnetization are about the same. In addition, both sat-
urated moment (~1.1ug/Co) and coercive fields (~5000 Oe)
are comparable between the OP and IP loops. These obser-
vations indicate that the magnetization for the compressively
strained LSCO is tilted with respect to the out-of-plane direc-
tion, possessing both in-plane and out-of-plane components
of magnetization. The magnetic easy axis probably points in
the diagonal directions (45° from the out-of-plane direction).
On the other hand, the behavior of the magnetization loops
for the tensilely strained film [Fig. 3(d)] is distinct from
that of the loops for the compressively strained film. The
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FIG. 4. (1/21/2L), (1/23/2L), (3/21/2L), and (3/23/2L) profiles for the compressively and tensilely strained LSCO films (on the
LAO and LSAT substrates). The black lines are profiles calculated by the optimized model of the LSCO/LAO. The peaks marked with
the asterisk (*) in the profiles are originally forbidden but appear with weak intensity probably due to multiple scatterings in the substrate.
The inset shows the profiles around the (3/21/23/2), (=3/21/23/2), (3/2—1/23/2), and (—3/2 —1/23/2) reflections. In the profiles for
the tensilely strained film, relatively high background signal from the LSAT substrate were observed, which hinder quantitative analysis on

half-order reflection intensities.

IP magnetization shows a larger hysteresis loop with the
saturated moment as large as 1.1 ug/Co, while the hysteresis
behavior for the OP magnetization is strongly suppressed. The
observed behavior is in good agreement with what is expected
from magnetic films having the in-plane magnetic anisotropy
and is consistent with the M-T results [Fig. 2(d)]. It should be
also pointed out that the saturated magnetic moments for both

films are almost the same (~1.1ug/Co). These observations
indicate that the types of the epitaxial strain and its resultant
modifications in the CoOg octahedral distortions strongly
influence the magnetic anisotropy while the valence and spin
states of the Co ion in LSCO are less influenced.

To delineate how the CoOg octahedral distortions are
linked to the observed strain-dependent properties, we carried
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TABLE I. Structural parameters for the 10-nm-thick LSCO films on the LAO and LSAT substrates. The parameters were determined from
the synchrotron x-ray-diffraction profiles and their analysis based on the model calculations. Note that the films are coherently grown on both
substrates and the in-plane lattice constants of the films are identical to those of the substrates.

Co-O-Co bond Rotation
Co-0 bond length angle pattern Rotation angle
LSCO film dow = 1.949 A Oou = 180° aa’c™ Oy = 0°
(on LAO sub.) dyy = 1.897A O = 175° Brot = 0°
Yiot = 2.5° £0.2°
LSCO film dow = 1.897 A Oout = Oin = 180° a’a’a’ Urot = PBrot = Viot = 0°
(on LSAT sub.) diw = 1.934 A
Bulk LSCO dow = din = 1.920 A Oout = Oy = 175.5° aaa” Brot = Brot = Vit ~ 1.6°

out synchrotron x-ray-diffraction measurements at the
BL13XU beamline [29] in SPring-8 and quantitatively eval-
uated octahedral distortions accommodated in the compres-
sively and tensilely strained films. Details of the measure-
ments were provided in our previous reports [30,31]. Note
that the observed diffraction intensity was corrected by the
factors based on the footprint, the polarization of the inci-
dent beam (20 keV), and the Lorentz factor. The reciprocal
lattice units used in our profiles are based on the pseudocubic
perovskite lattice constants of the substrates. Figure 4 shows
the (1/21/2L), (1/23/2L), (3/21/2L), and (3/23/2L)
profiles for the compressively and tensilely strained films on
the LAO and LSAT substrates. We see that while both LAO
and LSAT substrates give dominant half-order reflections,
only the LSCO film on the LAO substrate exhibits half-
order reflections that are characteristic for CoOg octahedral
rotations. The half-order reflections of the compressively
strained film (on the LAO substrate) are seen only when H,
K, and L are half integers and H # K. Reflections seen in the
(1/21/2L) and (3/23/2L) profiles are from the substrates
in Figs. 4(a) and 4(d). This indicates that the CoOg octahedra
deformed under the substrate-induced compressive strain have
the out-of-phase rotations about the out-of-plane direction,
while there are no rotations about the in-plane directions.
The rotation pattern in the compressively strained film can be
described as a°a®c~ in the Glazer notation. On the other hand,
the tensilely strained film (on the LSAT substrate) exhibits
no half-order reflections and thus accommodates no CoOg
rotations, indicating that the rotation pattern is described as
a’a’a’, which agrees with the previous report [32]. It is there-
fore only the substrate-induced tensile strain that results in
the deformations in the CoOg octahedra. Structural parameters
for the deformed CoOg octahedra under the compressive and
tensile strains are provided in Table I. It should be also noted
that oxygen vacancy orderings in LSCO [33-36] might affect
oxygen octahedral distortions. However, no superstructure
reflections that could be ascribed to such vacancy orderings
are seen in our films.

We also built structural models of LSCO/LAO and re-
produced the observed half-order Bragg intensity so as to
quantitatively evaluate the Co—O bond lengths and the Co—
O—Co bond angles. It should be noted that because LAO
has the rhombohedral structure, the (001)-oriented substrate
includes four crystallographic domains that are defined by
relative rotation directions (positive or negative in the rotation

angles) for the AlOg octahedron at the origin, and thus has
different structural factors. Given that octahedral rotations
in the substrate are propagated through the heterointerface
to some degree, the crystallographic domains in the sub-
strate induce formation of crystallographic domains in the
LSCO layer whose octahedral rotation patterns are identi-
cal, but whose structural factors differ between domains. As
shown in the inset of Fig. 4, the variations of the intensities
of the (3/21/23/2), (—=3/21/23/2), (3/2—1/23/2) and
(—3/2 —1/23/2) reflections from the films are rather small,
about 15% in the average intensity of these four reflections.
Thus, these domains in our LSCO/LAO model are assumed
to be equally distributed. The structural parameters, including
the bond lengths and angles, are summarized in Table I.
Profiles calculated with our optimized model are included (the
black lines) in Fig. 4, reasonably reproducing the observed
half-order reflection intensities. The octahedral rotation angle
about the out-of-plane direction (the y rotation angle) in the
film is relatively small, 2.5° + 0.2°, although this obtained
angle is slightly larger than that of the bulk because the
shrinkage of the in-plane lattice constants resulting from the
compressive strain can increase the y octahedral rotations
[24,30]. It should be also pointed out that the in-plane and
out-of-plane Co-O bond lengths (din_co—o and douc_co-0)
of the compressively strained film are comparable to the
dout_co—0 and diy co—o of the tensilely strained film. The
observed strain-induced changes in the Co—O bond lengths are
qualitatively in agreement with the previous investigation of
the bond lengths by extended x-ray-absorption fine structure
[28]. The strain-induced changes in the bond lengths and
angles are known to modify energy levels of the ,, and e,
bands, influencing films’ properties. While the bond angles
are closely related to the bandwidth, the deviation in the
Co—O-Co bond angle of the compressively strained film is
only 6° from 180°, implying negligibly small influence of
the bond angle on electronic configurations in the Co ions
in the film. On the other hand, changes in the bond length
play key roles in the strain-dependent properties of the films
through modified hybridization between Co 3d and O 2p
orbitals. For the compressively strained film, the shrinkage of
the in-plane bond length promotes orbital overlaps between
Co and O, and lower energy levels of the d,; and d., bands,
resulting in larger bandwidth and ferromagnetic exchange
coupling [27,28], consequently leading to lower electrical
resistivity and increased ferromagnetic transition temperature.
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Furthermore, the d,; and d., bands are doubly degenerated and
can be mixed, exhibiting the perpendicular orbital moment,
resulting in perpendicular magnetic anisotropy through spin-
orbit interaction. On the other hand, the expansion of in-
plane bond length causes suppression of the orbital overlaps,
leading to lower energy levels of the d,, orbitals, which is
responsible for the observation of higher electrical resistivity
and decreased ferromagnetic transition temperature. We note
for the tensilely strained film that the strain-induced change
in the bond length would not lead to the d,./d.. orbital
mixings, which explains the observation of in-plane magnetic
anisotropy.

IV. SUMMARY

We show the close link between the CoOg oxygen octa-
hedral distortions, and magnetic and transport properties in
LSCO films. The electrical resistivity and ferromagnetic tran-
sition temperature of LSCO are found to be closely associated
with the strain-induced changes in the Co—O bond lengths
that result in modulations of the Co—O orbital hybridization.
Furthermore, the octahedral distortions are found to influence

magnetic anisotropy. The perpendicular magnetic anisotropy
is stabilized under the compressive strain that leads to the
out-of-plane orbital magnetic moment through the strain-
induced modifications in the #,, orbital mixings. Our results
highlight the significance of oxygen octahedral distortions in
determining and controlling structure-property relationships
of LSCO.
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