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Interfacial control of domain structure and magnetic anisotropy
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Structural domains in ferroic materials can be manipulated to achieve novel properties and functionalities
of devices with multiple tunabilities. Herein, we report a study of tunable domain structures in ferroelastic
Lag¢7S1033:MnO; (LSMO) films via interfacial engineering. Distinct domain structures are formed in rhom-
bohedral LSMO films depending on the crystallographic orientations of the orthorhombic NdGaO; (NGO)
substrates. A unidirectional lattice modulation is observed in LSMO films grown on NGO(110)o, substrates,
whereas a unidirectional twinned-domain structure is generated by NGO(001)o, substrates (where Or in the
subscript denotes orthorhombic notation). The orientation-dependent domain structures in LSMO films are
controlled by anisotropic strain as well as interfacial oxygen octahedral coupling at the heterointerface between
LSMO and NGO. The orbital occupancy and in-plane magnetic anisotropy are markedly affected by strain relief
induced by the unidirectional structural domains in LSMO films. In addition, the structural results observed in
LSMO/NGO(001)o, films further demonstrate that anisotropic strain is capable to disturb octahedral connectivity
in epitaxial films. Our findings provide future directions to understand and control the domain structures in
ferroelastic heterostructures of perovskite materials and open a pathway towards tailoring the desirable physical

properties.
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I. INTRODUCTION

As the largest class of ferroic materials, ferroelastics,
which possess a non-Hookean strain-stress response, have
attracted tremendous interests in both fundamental research as
well as technological applications [1-3]. Complex perovskite
oxides with a rhombohedral lattice structure are prototypical
ferroelastic materials, which are of particular interest due to a
diverse range of physical phenomena spanning from colossal
magnetoresistance to metal-to-insulator transition and mul-
tiferroicity [4-6]. The rhombohedral perovskite structure is
derived from the undistorted cubic structure by compression
of the [111] direction, leading to the ferroelastic response.
To reduce the total elastic energy, ferroelastic oxide films
generally form twinned domains [7-9]. The interplay be-
tween the spin, orbital, charge orders, and lattice structure in
strongly correlated oxide films makes the structural domain
a pivotal factor in tailoring the physical properties [8,10-15].
For example, altering the miscut angle of SrTiO; (STO) sub-
strates can tune the domain structure in ferroelectric films
and subsequently modify the ferroelectric properties, such as
ferroelectric switching behavior, leakage current, and coercive
field [12,13]. Likewise, by controlling the domain structure,
unexpected in-plane anisotropy of orbital configuration and
magnetization are achieved in ferromagnetic films [1]. Un-
derstanding of the manipulation of the domain structure will
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provide an effective approach to modify the physical proper-
ties of strongly correlated oxides.

Recent advances in oxide epitaxy have enabled the syn-
thesis of high-quality heterostructures with atomic-scale
control. Various novel phenomena and functionalities that are
unattainable in the bulk materials emerge at the complex oxide
heterointerfaces due to cooperation/competition of different
interfacial phenomena, such as charge transfer, polar disconti-
nuity, orbital polarization, spatial confinement, etc. [16—18].
Two-dimensional electron gas between two band insulators
[18,19], exchange bias in an antiferromagnet/paramagnet
system [20,21], magnetoelectric coupling at the interface
between a ferroelectric and a ferromagnet [22,23], and an-
tiferromagnetic coupling between two ferromagnets [24,25]
are only a few examples of the active fields of research on
dominant interfacial effects of perovskite heterostructures.
Specifically, the epitaxial growth of the ABOj3; perovskite
films makes it possible to trigger a lattice distortion of the
films via structural proximity effect between the film and
substrate, while in bulk materials the lattice distortions can
be only varied by applying hydrostatic or chemical pressure.
Epitaxial strain and interfacial oxygen octahedral coupling
have been considered as two of the most important means
to control structural behavior in the epitaxial films allowing
for the stabilization of local atomic structures distinct from
the equilibrium bulk counterparts [26-29]. On one hand, epi-
taxial strain can have a notable effect on the BOg bonding
environment, as the substrate in-plane lattice parameters are
imposed on the film, yielding BOg distortion and/or rota-
tions that are inaccessible in compositionally equivalent bulk
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compounds [28]. On the other hand, a symmetry mismatch
or a difference in the magnitude of octahedral rotations at
a coherent heterointerface provides an alternative means to
modify local atomic structure. To maintain the corner connec-
tivity of the BOg octahedra across an interface, the octahedral
rotations near a perovskite heterointerface are tailored. For
instance, rotations are suppressed in the near-interfacial re-
gion of orthorhombic or rhombohedral perovskites epitaxially
constrained to cubic perovskites [30,31]. Therefore, fabricat-
ing artificial heterostructures comprising ferroelastic complex
oxides provides opportunities for designing and tuning the
domain structures in the ferroelastic film, benefiting from the
structural proximity effect between the film and the underly-
ing substrate or buffer layer.

As a prototypical oxide ferroelastic, Lagg7Sr0.33MnO;
(LSMO) has attracted immense attention over the past decades
due to its intriguing properties, for example, colossal mag-
netoresistance, half metallicity with 100% spin polarization,
and room-temperature ferromagnetism [32,33]. Bulk LSMO
possesses a thombohedral structure with the pseudocubic unit
length apc = 3.878 A and rhombohedral angle 90.39 °, where
the subscript PC in the indices stands for the pseudocubic
notation [34]. Accordingly, when LSMO is heterostructured
with the cubic substrate, the lattice misfit of the rhombohe-
dral structure relative to the cubic substrate can be divided
into two contributions: (i) biaxial strain induced by the lat-
tice mismatch, and (ii) shear strain induced by the angle
mismatch (see Fig. S1 of the Supplemental Material [35]).
Under the shear strain, LSMO films form structural domains,
that can in turn relax the shear strain [36]. Such domains
have been observed by transmission electron microscopy and
high-resolution x-ray-diffraction (HR-XRD) measurements
[7,8,37-39]. For instance, checkerboardlike domain structures
are formed in LSMO/(L8A103 )Q_3(ST2A]T&O6 )0'7 (LSAT) and
LSMO/STO films [8,40]. When STO substrates were modi-
fied with miscut angles, anisotropic domain stripes along the
surface step terraces were formed in LSMO films.

Similarly, an anisotropic domain structure was generated
in LSMO epitaxial films by orthorhombic NdGaOj; substrates
with (110)o, orientation (the subscript Or in the index
denotes the orthorhombic notation), where oxygen octahedral
distortions and anisotropic strain exist [41]. Though the
oxygen octahedral distortions and anisotropic strain play
crucial roles in determining the domain structure in LSMO
films, the details of cooperation and competition of these
effects are not fully understood for the modulation of domain
structure [41]. Therefore, further understanding of the effects
of octahedral distortion and anisotropic strain on the domain
structure in LSMO films grown on an orthorhombic substrate
is warranted.

In this work, NGO single crystal is selected as the
orthorhombic substrate. By varying the crystallographic ori-
entation of the NGO substrates from (110)p, to (001)qy,
the domain structures in LSMO layers are investigated. The
observed unidirectional lattice modulation and unidirectional
twinned domain in (110)g,- and (001)q.-oriented LSMO
films demonstrate that not only the shear strain but also the
anisotropic strain and octahedral proximity effect play cen-
tral parts in the formation of ferroelastic structural domains.
By analyzing the origin of the distinct domain structures,

a deeper understanding on how the anisotropic strain and
octahedral proximity effect affect the domain structures in
LSMO films is obtained. More strikingly, the orbital occu-
pancy of Mn e, electrons as well as the in-plane magnetic
anisotropy of LSMO films are pronouncedly influenced by the
unidirectional structural domains. This modulation of orbital
occupancy and in-plane magnetic anisotropy is ascribed to the
partially relieved anisotropic strain in LSMO films induced by
the unidirectional structural domains. Our work demonstrates
the strong correlation between domain structures and interfa-
cial oxygen octahedral coupling as well as anisotropic strain
in ferroelastic films, and their effects on magnetic properties.

II. EXPERIMENT

LSMO single films and LSMO/STO bilayers were de-
posited onto NGO(110)p, and NGO(001)o, substrates using
pulsed laser deposition (PLD) with in situ reflection high-
energy electron diffraction. The LSMO layers and STO layers
were grown under an oxygen partial pressure of 200 and
100 mTorr, respectively. The substrate temperature was main-
tained at 750 °C during the deposition. LSMO and STO
polycrystalline targets were ablated by a KrF excimer laser
(A = 48 nm; Coherent) with a laser fluence of ~2 J/cm?.
The laser repetition rate was set at 3 Hz. After film growth,
pure oxygen (typically 100 Torr annealing for 0.5 h) was
introduced to the PLD chamber, and the samples were cooled
down to room temperature at a cooling rate of 10 °C min~' to
reduce oxygen vacancy. The crystal structures were character-
ized by HR-XRD using the Huber four-circle diffractometer
system 90000-0216/0 at the Singapore Synchrotron Light
Source (SSLS), with x-ray wavelength A = 1.5406 A.

All the magnetic measurements were conducted on a su-
perconducting quantum interference device vibrating sample
magnetometer (Quantum Design). The samples were first
zero-field cooled to 100 K before conducting the measure-
ments. During the measurements, the magnetic field (H) was
applied along the in-plane [100]pc and [001]pc axes for the
films grown on NGO(110)¢, substrates, whereas H was ap-
plied along the in-plane [110]pc and [110]pc axes for the
films grown on NGO(001)o, substrates. For each magnetic
hysteresis loop, the paramagnetic background from the NGO
substrate is subtracted.

X-ray absorption spectroscopy (XAS) measurements were
performed at the Surface, Interface, and Nanostructure Sci-
ence beamline of the SSLS. The energy resolution was set
~0.25 eV. XAS signals were recorded at room temperature
from the total electron yield (TEY) current, which takes into
account the surface sensitivity and element selectivity of the
TEY mode. The x-ray linear dichroism (XLD) signal is ob-
tained by subtracting the intensities of the linear-polarized x
rays with out-of-plane (/) polarization from in-plane (/i)
polarization without magnetic field, that is, XLD = [i,-Ioy.

III. RESULTS AND DISCUSSION

A. Contrasting domain structures in LSMO films grown on
NGO substrates with various orientations

For convenience, pseudocubic indices are exploited for
the orthorhombic NGO, with [100]pc, [010]pc, and [001]pc
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FIG. 1. Schematic diagram of orthorhombic NGO single crystal. (a) Strain states of the Lag ¢7S1(33:MnO; film received from the NdGaO;
substrate at various orientations, and the relationship between the orthorhombic coordinate system and pseudocubic coordinate system. (b)
Schematic of the orthorhombic Pbnm structure of NGO with a~a~c¢* rotation pattern. Schematics of the oxygen octahedral rotation of the (c)
(110)0,- and (d) (001 )o,-oriented NGO substrates viewed along different in-plane axes (as denoted).

pseudocubic axes corresponding to [110]or, [110]0, and
[001]o; orthorhombic axes, respectively [Fig. 1(a)]. The NGO
substrates possess an a~a~ ¢ rotation with the in-phase rota-
tion along the [001]pc axis and out-of-phase rotations along
the [100]pc and [010]pc axes, leading to the orthorhombic
structure with the lattice parameters of ap, = 5.431 A, bor =
5.499 A, and cor = 7.710 A, as shown in Fig. 1(b) [42].
For the (110)q.-oriented NGO substrate the oxygen octahe-
dral rotation (OOR) pattern can be decomposed into in-plane
a~a’c* rotation and out-of-plane a’a~c? rotation [Fig. 1(c)],
whereas the OOR pattern of NGO(001)o, comprises in-plane
a~a~c? rotation and out-of-plane a’a’c™ rotation [Fig. 1(d)].
In contrast, the rhombohedral LSMO possesses an a~a"a~
rotation with out-of-phase rotation along all the three pseu-
docubic axes, resulting in an isotropic structure of LSMO
[43]. Given the anisotropic structure of the NGO single crys-
tal, the NGO(110)o, and NGO(001)q, substrates have distinct
effects on the LSMO films due to anisotropic strain and inter-
facial octahedral coupling [Figs. 1(a), 1(c), and 1(d)]. LSMO
films with thickness ranging from 11 to 120 nm were simul-
taneously deposited on (110)g,- and (001)g,-oriented NGO
substrates. The epitaxial conditions were examined with in
situ reflection high-energy electron diffraction and ex sifu HR-
XRD measurements, showing the high quality of all LSMO
films with atomically flat interfaces/surfaces (see Fig. S2 of
the Supplemental Material [35]).

Reciprocal space mapping (RSM) was measured around
the (103)pc and (113)pc reflections of the (110)o,- and
(001)o,-oriented films by azimuthally rotating the samples by
90 ° with respect to the surface’s normal (Fig. 2). The same
Qx values of the (110)g,-oriented LSMO films and substrates
confirm that the LSMO films are coherently grown on the
NGO substrates with various orientations. The Qy values of
the (113)pc and (113)pc peaks measured from the (001)o,-
oriented LSMO films are found to show slight deviations
relative to those of the substrates. We consider that these
deviations do not derive from strain relaxation; the films still
retain the coherent epitaxial growth. A systematic explanation
of the horizontal deviations will be given in the following sec-
tions. More strikingly, different diffraction patterns in RSMs
of these LSMO films are produced only via engineering a
single crystallographic orientation of the NGO substrate with
anisotropic structure. The reflections of the (110)p-oriented
LSMO film present a central peak and two symmetric satellite
peaks, while the reflections of the (001)q,-oriented film split
into two peaks.

Next, we present an analysis of the domain structures in
LSMO films on the basis of the structural results. For the
(110)o,-oriented LSMO film, the two satellite peaks [indi-
cated by red arrows in Fig. 2(a)] only appear in the RSMs for
the (031)pc and (031)pc reflections, whereas the (130)pc and
(130)pc reflections do not possess these satellite peaks. This
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FIG. 2. RSMs of LSMO films. RSMs measured from the LSMO films grown on (a) NGO(110)o, and (b) NGO(001)o, substrates with the
thickness of 44 nm. Totally distinct diffraction patterns are observed in the RSMs of the two oriented LSMO films. For the (110)o,-oriented
film, two additional satellite reflections at the same Qy are shown for (031)pc and (031)pc reflections but absent for (130)pc and (130)pc
reflections, as indicated by the red arrows. For the (001)o,-oriented film, the (113)pc and (113)pc reflections split into two peaks, while the
peak splitting disappears for the (113)pc and (113)pc reflections, indicated by the orange and green arrows. Note that horizontal shifts of the
(113)pc and (113)pc peaks are also observed as highlighted by the orange and green plus signs.

observation demonstrates that the structural domain is uni-
directional. Rocking curve scans around the LSMO (020)pc
reflection are shown as a function of the in-plane rotation
angle (¢) (see Fig. S3(a) of the Supplemental Material [35]).
A sinelike modulation of the individual satellite peak position
is observed, further confirming the highly anisotropic nature
of the structural domain. We also measured the rocking curve
scans around the (0KO)pc reflections with K =1, 2, 3, and
4 (see Fig. S3(b) of the Supplemental Material [35]). The
satellite peaks are observed in all the rocking curves and
their positions do not shift with K, implying that the satel-
lites originate from the long-range modulations, which are
periodic along the in-plane direction [7]. Along these lines,
the satellite peaks observed in the RSMs are attributed to
the unidirectional structural modulations along the in-plane
[001]pc axis. In addition, only (130)pc and (130)pc reflections
are observed to possess different Q, values, while (031)pc
and (031)pc reflections share identical Q7 values. This result
suggests that the pseudocubic unit cells are all tilted only
along the in-plane [100]pc direction. However, the long-range
structural modulation only exists along the [001]pc direction,
unambiguously signifying the monodomain structure in the
(110)o-oriented LSMO films (see Fig. S4 of the Supple-
mental Material [35]). In specific, the long-range structural
modulation does not originate from the twinned domain as
observed in the LSMO/LSAT system [8]. Instead, the periodic
displacements of the unit cells along the out-of-plane [010]pc
direction, which are periodic along the in-plane [001]pc di-
rection, should be responsible for the unidirectional structural

modulation [Fig. 3(a)]. Moreover, by calculating the satellite
spacing (AQy) between the central reflection and satellite
peaks, we can determine the periodicity (A = 1/AQx) of the
unidirectional lattice modulation to be ~24 nm [Fig. 3(a)].
The asymmetric (130)pc and (130)pc reflections and sym-
metric (031)pc and (031)pc reflections of the LSMO film
further indicate that the LSMO film possesses an orthorhom-
bic unit cell with (110)0, out-of-plane orientation (110)o, and
(001)0, in-plane orientations. This result is consistent with the
previous observation obtained from the LSMO/NGO(110)¢,
system [41].

Unexpectedly, dissimilar reflection patterns are obtained
when the orientation of the NGO substrates changes from
(110)o; to (001)o,. Under the influence of the NGO(001)q,
substrate, the reflections of the LSMO film split into two
peaks, rather than the satellite peaks observed in the (110)q,-
oriented film. The peak splitting of the reflections is ascribed
to the twinned domains, which has been reported in other
oxide ferroelastic systems [44,45]. The peak-splitting phe-
nomenon is only detected for (113)pc and (113)pc reflections,
but absent for (113)pc and (113)pc reflections [Fig. 2(b)]. This
observation demonstrates that the twinned domain formed in
the (001)q,-oriented LSMO film is also highly anisotropic.
To better understand the domain structure, RSMs around the
(103)pc and (013)pc reflections were also performed (see
Fig. S5 of the Supplemental Material [35]). Peak splitting
occurs in both the (103)pc- and (013)pc-diffraction condi-
tions. However, the degree of the peak splitting (AQz =
0.0032 A) is smaller than that (AQ; = 0.0067 A) observed
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FIG. 3. Domain structures in LSMO films. (a) Schematic draw-
ing of the unidirectional lattice modulation in LSMO/NGO(110)o,
films. (I) The perspective view and side views along (II) [001]pc
and (IIT) [ 100]pc of the lattice modulation. (b) Schematic illustrations
of the unidirectional twinned domain in LSMO/NGO(001)q, films,
including the side views along (I) [110]pc and (II) [110]pc axes,
as well as (IIT) the perspective view. The inset of (III) shows the
zoomed-in view of the interface between the LSMO film and NGO
substrate. Note that the (001 )pc plane of LSMO film tilts away from
the (001)pc plane of the NGO(001)o, substrate with a tilt angle of 7.

in (113)pc- and (113)pc-diffraction conditions. These RSM
features can be well explained by twinned domains formed
along the in-plane [110]pc axis with the domain walls along
the [110]pc axis. Figure 3(b) shows the schematic illustra-
tions of the twinned-domain structure, including the side
and perspective views. In this domain configuration, the do-
mains tilt their (110)pc planes oppositely by an angle &,
causing the peak splitting at (113)pc and (113)pc reflections
[Fig. 3(b)]. The oppositely tilting (110)pc planes can be de-
composed into oppositely tilting planes with the tilting angle
less than £ along the [100]pc and [010]pc axes. This is the
reason why the peak-splitting phenomenon with a smaller
splitting degree appears for (103)pc and (013)pc reflections
(see Fig. S5(b) of the Supplemental Material [35]). The film
can be well described by a monoclinic structure with the
in-plane axes a,,//[110]pc and b,,//[110]pc, the out-of-plane
axis ¢,,//[001]pc, and the monoclinic angle ¢ = 90°—£, as
schematically shown in Fig. 3(b)(III). The peak splitting at
(113)pc and (113)pc reflections can be used to characterize
the tilting angle of (110)pc plane [§ = arctan(AQz/20x)] to
be ~ 0.53° [Fig. 3(b)].

Moreover, it is observed that the upper (113)pc peak shifts
towards right and the lower (113)pc peak shifts towards left,
whereas the case in (113)pc reflections is opposite, as indi-
cated by the green and orange arrows in Fig. 2(b), These
horizontal shifts indicate that the (001)pc plane of LSMO

tilts away from the (001)pc plane of NGO(001)o, substrate,
forming an inclined angle 5 between LSMO(001)pc and
NGO(001)pc planes as schematically shown in the inset of
Fig. 3(b)(IIT) and Fig. S6 of the Supplemental Material [35].
The tilting angle & concomitant with the inclined angle 1 gives
rise to the diffraction patterns in Fig. 2(b) (for details, see
Fig. S7 of the Supplemental Material [35]).

The domain structures in LSMO films grown on
NGO(110)o; and NGO(001)p, substrates demonstrate the
crucial roles of anisotropic strain and interfacial octahedral
coupling in determining the domain structure in ferroelastic
oxide films.

B. Origin of the distinct domain structures formed
in LSMO films via engineering the crystallographic orientation
of NGO substrates

Formation of structural domains in ferroelastic films is well
known to be caused by shear strain [7,8,36]. In our case,
both the LSMO/NGO(110)o, and LSMO/NGO(001)o, Sys-
tems contain the angle mismatch between films and substrates
giving rise to the shear strain. Accordingly, the shear strain
should be the primary motivation for the formation of the
structural domains in the LSMO films. In the following, we
will mainly discuss the formation of distinct domain structures
in LSMO films grown on NGO(110)o, and NGO(001)g, sub-
strates, in terms of anisotropic strain and interfacial octahedral
proximity effect.

The ABOj perovskite structure is generally depicted uti-
lizing the Glazer notation [46]. For example, the a~a~c*
Glazer notation is corresponding to the orthorhombic struc-
ture. To clearly describe the domain structures and investigate
the influence of interfacial octahedral coupling on domain
structure and symmetry in the LSMO/NGO system, a more
precise description of the rotations of each octahedron [47]
is used here. In this description, a network of rotation signs
of the individual octahedra is exploited to represent the OOR
in a perovskite structure. In this definition, the clockwise and
counterclockwise rotations of the individual octahedra along
specific crystal axes are denoted as positive (+) and negative
(—), respectively, and no rotation as zero (0), as illustrated
in Fig. 4(a). The rotation signs of an octahedron are strictly
restricted by two octahedral connectivity rules: (1) adjacent
octahedra residing in a plane normal to a tilt axis should
possess the opposite rotation signs about the axis; (2) the
rotation signs of adjacent octahedra along the tilt axis should
follow the in-phase or out-of-phase rotation designated in
Glazer notation. As a result, the OOR of an octahedron can
be deduced by that of the adjacent octahedron. The OOR in
a perovskite structure can be visualized by drawing a rotation
signs network of eight octahedra from a unit cell, in which
the rotation signs of a specific octahedron fully determine
the whole network. For consistency, here the rotation signs
of the octahedron at the origin, i.e., the back bottom-left
octahedron which is highlighted by the red circle, is used to
represent the whole rotation network (Fig. 4). For example,
the rotation signs network in Fig. 4(a) can be represented
by [ — -]

For simplicity, we mainly focus on the rotation direction
of the oxygen octahedra and ignore the relative difference
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FIG. 4. OOR signs network in perovskite structure. (a) The definition of the rotation signs of an individual octahedron in a perovskite
unit cell with clockwise (4) and anticlockwise (—). (b) Two oxygen octahedral rotation signs networks of the orthorhombic structure with the
a~a~a* pattern, [+ — —]or and [— — —]o, corresponding to y > 0 and ¥ < 0, respectively. (¢c) Four OOR signs networks of the rhombohedral
structure with the a”a~a™ pattern, [— + +]rn, [+ — +]rn, [+ + +]rn, and [— — +]rn. In these four OOR networks, the out-of-plane axes tilt
along in-plane [110]pc, [110]pc, [110]pc, and [110]pc directions, respectively, as indicated by the solid arrows.

in the magnitude of the rotation. In this regard, the or-
thorhombic structure with a~a~c¢* Glazer notation can be
simplified to a~a~a*. Controlled by the two octahedral con-
nectivity rules, the a~a~c* Glazer notation can be denoted
by two rotation signs networks, i.e., the [+ — —]o, and the
[— — —]or networks, corresponding to the two orthorhombic
structural domains with lattice angles y and 180—y, respec-
tively, which are the angles between [100]pc and [010]pc axes.
For the NGO substrate, the [+ — —]or and [— — —]o, sign
networks correspond to y > 90° and y < 90°, respectively
(see Fig. 4(b) and Fig. S8 of the Supplemental Material [35]).
Given the relationship between the orthorhombic axes and
pseudocubic axes in this paper, the lattice angle y of the
NGO substrate should be greater than 90 °; the [+ — —]or
rotation signs network therefore is utilized to represent the or-
thorhombic NGO substrate. Actually, in perovskite materials
with an orthorhombic structure, the value of the lattice angle
y is closely correlated with the orthorhombic lattice parame-
ters. For the orthorhombic structure with ag, < by, such as
NGO, CaRuOj3, and SmFeOs3, the [+ — —]o, rotation signs
network corresponds to y > 90°, while for the orthorhombic
structure with ap, > boy, such as Lag ¢7Cag 33MnO3; (LCMO),
SrRuOs;, and LaGaOs, the [+ — —]pc rotation signs net-
work corresponds to y < 90°. The a~a~a~ Glazer notation
can be represented by four rotation signs networks, namely,
[— + +]rns [+ — +]rn, [+ + +]rn, and [— — +]rn TOtation
signs networks, which correspond to the four rhombohe-
dral structural domains (see Fig. 4(c) and Fig. S9 of the
Supplemental Material [35]). For bulk LSMO, the above
four rhombohedral structure domains are derived from the
undistorted cubic structure by compression of the four body
diagonal directions, leading to the tilting pseudocubic unit

cells along [110]pc, [110]pc, [110]pc, and [110]pc directions,
as indicated by the solid arrows in Fig. 4(c).

The symmetry mismatch between a substrate and an epi-
taxial film can alter the crystallographic symmetry of the
film, resulting from the structural couplings at the heterointer-
face [28,47,48]. As observed in LSMO/NGO(110)¢, system,
LSMO films with orthorhombic structure (a~b c™) are
formed by heterostructuring with orthorhombic NGO(110)¢;
substrate. The opposite tilting directions of the asymmetric
(130)pc and (130)pc reflections for the film and substrate
demonstrate that the [+ — —]o, rotation signs network of the
orthorhombic LSMO film corresponds to y < 90°, resem-
bling the case in LCMO. However, the LSMO film grown
on NGO(001)q, exhibits a monoclinic structure with a"a~ ¢~
Glazer notation. Obviously, the NGO(110)¢, substrate shows
a stronger effect in modifying the OOR in LSMO film in com-
parison to the NGO(001)o, substrate. This can be attributed
to the larger in-plane OOR mismatch between the LSMO film
and NGO(110)q, substrate by contrast with that between the
LSMO film and NGO(001)¢, substrate.

Identical to the cases in all-orthorhombic (110)q,-oriented
epitaxial systems [47], in LSMO/NGO(110)o, films, there
are two possible interfacial structures: [— — —]o/[+ — —]or
and [+ — —]or/[+ — —lor, Where the left rotation signs net-
work corresponds to the LSMO film, and the right rotation
signs network corresponds to the NGO substrate, as schemat-
ically shown in Fig. 5(a). Considering the fact that the

[+ — —]or and [— — —]or rotation signs networks share the
same in-plane lattice parameters, the lattice mismatches in
[— — —lor/[+ — —lor and [+ — —]or/[+ — —lor configura-

tions are identical. The strain effect should play the same roles
in these two configurations. However, completely different
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FIG. 5. Interfacial OOR- and strain-dependent domain structure in LSMO films on NGO(110)o, and NGO(001)o, substrates. (a) Rotation
signs networks across LSMO/NGO(110)o, interfaces. The left and right panels show the [+ — —]lo;/[+ — —lor and [— — —]o:/[+ — —]or
configurations, respectively. To ensure the octahedral connectivity at the interface, the left configuration is energetically favored. (b) Rotation
signs networks across LSMO/NGO(001), interfaces, including [— + +1rn/[+ — —lor» [+ — +1rn/[+ — —lors [+ + +1re/[+ — —]lor, and
[— — +]rn/[+ — —Jox- (c) Strain states in LSMO/NGO(001 ), films with different rotation signs networks. (d) Structural domains correspond-
ing to the four rotation signs networks shown in (b). From the perspective of interfacial octahedral connectivity, only the [— + +]rn/[+ — —lor
and [+ — —]Jrn/[+ — —Jor interfacial octahedral connectivities are allowed, forming the structural domains in the top panel, while from the
perspective of epitaxial strain, the [+ + +]rn/[+ — —lor and [— — +]ra/[+ — —lor interfacial octahedral connectivities are energetically

favored, forming the structural domains in the bottom panel.

octahedral connectivity is found at [— — —]o,/[+ — —]or and
[+ — —Jor/[+ — —lor heterointerfaces. The a~a~a™ rotation
pattern is retained at the interface of [+ — —]o:/[+ — —lors
while the [— — —Jo;/[+ — —Jor interface violates the two
octahedral connectivity rules mentioned above. All the
unmatched rotation signs at the [— — —]o:/[+ — —]or in-
terface are highlighted by red signs in the right panel
of Fig. 5(a). Owing to the less unmatched rotation
signs at [+ — —]or/[+ — —Jor interface compared to the
[— — —lor/[+ — —lor interface, the former is more ener-
getically favored to maintain the interfacial octahedral con-
nectivity. Therefore, the LSMO film grown on NGO(110)¢;,
substrate is inclined to form single-domain structure other
than the twinned structure in LSMO/STO and LSMO/LSAT
systems [7,8]. To relieve the shear strain originating from the

angle mismatch between the film and substrate, the long-range
lattice modulation emerges in the LSMO film. The anisotropic
strain received from the orthorhombic NGO(110)g, substrate
should be the reason for the formation of the periodic lattice
modulation only along the [110]pc direction, instead of both
the two orthogonal directions.

The above analysis method is not limited to the (110),-
oriented films. We now proceed to discuss the origin of
the domain structure formed in LSMO films grown on
NGO(001)p, substrates. As aforementioned, the (001)q,-
oriented LSMO film presents a monoclinic structure with
the a~a~ ¢~ Glazer notation, which can be simplified to be
a~a”a~ via disregarding the magnitude of the OOR. The
a~a~a~ Glazer has four rotation signs networks, involving
[— + +]rn, [+ — +]rns [+ + +]rn, and [— — +]rn networks.
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When LSMO film is grown on NGO(001)o, substrate,
four possible structures exist at LSMO/NGO(001)p, in-
terfaces, i.e., [~ + +Irn/[+ — —lor, [+ — +rn/[+ — —lor
[+ + +1rn/[+ — —lor, and [— — +]Irn/[+ — —lor, as illus-
trated in Fig. 5(b). Unlike the situation in LSMO/NGO(110)0,
system where the strain effect cannot distinguish the two
rotation signs networks of the LSMO film and the domain
structure is solely controlled by the interfacial octahedral
connectivity, in LSMO/NGO(001)o, system the [— + +]rn,
[+ — +Irn, [+ + +]rn, and [— — +]rn rotation signs net-
works possess different lattice mismatches with the substrate.
The domain structure in the LSMO film results from the
competition and cooperation between the strain effect and the
interfacial octahedral connectivity.

In the aforementioned four structures existing in
LSMO/NGO(001)o, system, distinct interfaces are observed.
[— + +]rn/[+ — —lor and [+ — +]rn/[+ — —]or interfaces
maintain the a~a"a~ rotation across the interfaces, while
[+ + +]rn/[+ — —lor, and [— — +]rn/[+ — —]or interfaces
have mismatched rotation signs at the interfaces, as indicated
by the red signs in the right panel of Fig. 5(b). In this
perspective, the LSMO/NGO(001)o, interface energetically
favors the former two structures over the latter two structures.
The [—+ +]rn and [+ — +]rn rotation signs networks
correspond to the rhombohedral structure domains with the
pseudocubic unit cells tilting along the [110]pc and [110]pc
axes as shown in the top panel of Fig. 5(d). On the other hand,
the NGO(001)o, substrate can provide different anisotropic
strain to the four rotation signs networks, i.e., [— + +]rn,
[+ — +Irn, [+ + +]rn, and [~ — +]gn-

To reveal the influence of the strain effect on the
structural domains in LSMO/NGO(001)p, film, the strain
states in the four rotation signs networks are analyzed.
Figure 5(c) shows the strain states in [— + +]rn, [+ — +]rn,
[+ + +]rn, and [— — +]rn rotation signs networks grown
on NGO(001)q, substrate. For clarity, we mainly focus on
the strain states along the [110]pc and [110]pc axes, i.e.,
[100]or and [010]p, axes of the NGO substrate, which are
perpendicular to each other. When the LSMO film with
[+ 4+ +]rn or [— — +]rn network is grown on NGO(001)o,
substrate, the film bears in-plane anisotropic strain, —0.6%
along the [110]pc axis and —0.07% along the [110]pc axis.
If the film is manifested as [— + +]rn Or [+ — +]rn net-
work, the anisotropic strain is prominently altered to be
—1.32% along the [110]p¢ axis and 0.6% along the [110]pc
axis. The epitaxial strain imposed on the [— 4+ +]r, and
[+ — +]rn networks is appreciably larger than that imposed
on the [+ + +]grn and [— — +]ry networks along both the
[110]pc and [110]pc axes. In this perspective, to lower the
system energy, the LSMO/NGO(001)o, system tends to form
[+ + +]rn/[+ — —]Jor and [— — +]rn/[+ — —]or structures
where the film experiences minor strain. Accordingly, the
twinned domains with the pseudocubic unit cells tilting along
the [110]pc and [110]pc directions are formed in the LSMO
film, as shown in the bottom panel of Fig. 5(d). To ensure
the interfacial octahedral connectivity and minimize the epi-
taxial strain imposed on the film, the twinned domains in the
LSMO film that tend to form are different. In other words, the
structural domains in the LSMO film are manipulated by the
competition between the interfacial octahedral connectivity

and strain effect. The observed twinned domains along the
in-plane [110]pc direction demonstrate that the strain effect
plays a dominant role in determining the domain structure in
LSMO films grown on NGO(001)q, substrate.

So far, we have explained why entirely different domain
structures are formed in LSMO films only via engineering a
single crystallographic orientation of the NGO substrate with
a large structural anisotropy from the point of view of the
interfacial octahedral connectivity and anisotropic strain. In
the LSMO film grown on NGO(110)o, substrate, due to the
indistinguishable strain effect of different structural domains,
a monodomain structure is maintained due to the unique oc-
tahedral connectivity at the heterointerfaces. The collective
effect of shear strain and anisotropic strain prompts the for-
mation of the unidirectional lattice modulation. In contrast,
for the LSMO/NGO(001)o, epitaxial system, the large dif-
ference between the magnitudes of the anisotropic strain in
various structural domains facilitates the formation of twinned
domains that suffer minor strain, even at the expense of the
interfacial octahedral connectivity. Furthermore, our results
also provide strong evidence that a large anisotropic strain
in an epitaxial film is capable to reorient the crystallographic
axes of the film, ensuring the minimal strain states in the film.
This observation will shed light on the investigation of the
coupling between the epitaxial strain and OOR in an epitaxial
film, especially those with out-of-phase rotations about both
the two in-plane axes, such as the rhombohedral (a"a~a™)
and (001)q,-oriented orthorhombic (¢~ a~c¢™) films.

C. Magnetic anisotropy and orbital occupancy in LSMO films
grown on NGO substrates

Apart from the 44-nm-thick LSMO films, RSMs were also
performed on other LSMO films with # gm0 ranging from 11
to 120 nm, where #;spmo stands for the thickness of LSMO
films (see Figs. S10 and S11 of the Supplemental Material
[35]). The unidirectional lattice modulation and twinned do-
mains are observed in all the (110)g,- and (001 )q,-oriented
LSMO films thicker than 22 nm, whereas the films with
tLsmo = 11 nm show single-domain structures reflected by
the disappeared satellite peaks and split peaks in the RSMs
measured from the (110)o,- and (001)p,-oriented LSMO
films, respectively. This result attests that there is a critical
thickness between 11 and 22 nm beyond which the unidi-
rectional lattice modulation and twinned domains emerge in
LSMO films. The formation of the structural domains is con-
trolled by the total elastic energy E. If the elastic behavior of
the film is approximated as isotropic, the total elastic energy
E in a strained film is given by

E = |:le2 + 2G1 + v82:|V,
2 1—v
where G, v, v, ¢, and V are the shear modulus, Poisson’s ratio,
shear-angle mismatch, in-plane lattice mismatch, and volume
of the film, respectively [44]. It is clear that the energy per
unit area of the film increases linearly with film thickness.
The elastic energy of the ferroelastic film can be reduced by
the formation of appropriate lattice defects, such as the lattice
modulation and twinned domains. In this case, E increases
linearly with increasing f; smo. When 7 gm0 reaches the critical
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FIG. 6. Magnetic anisotropy of LSMO/NGO films with different domain structures. (a), (d) Schematic illustrations of the LSMO films
grown on NGO(110), and NGO(001),, substrates with the in-plane axes denoted. (b), (¢) Magnetic hysteresis loops (M-H curves) measured at
100 K from the above LSMO/NGO(110)0, and LSMO/NGO(001 ), films with the applied field along the in-plane axes which are perpendicular
with respect to each other, as indicated by the arrows in (a), (d). The strong paramagnetic background from the NGO substrates is subtracted.
(c), (f) The corresponding magnetic anisotropy energy extracted from the M-H curves.

thickness, the lattice modulation and twinned domains appear,
accompanied with a rearrangement of the LSMO lattices, and
E is reduced.

To explore the correlation between the magnetic properties
and structural distortion in LSMO films, the magnetic hys-
teresis behaviors of the LSMO films are investigated (Fig. 6).
During the measurements, magnetic field H was applied either
perpendicular or parallel to the unidirectional lattice mod-
ulation/twinned domains for the (110)o./(001)p -oriented
LSMO films, as indicated by the arrows in Fig. 6(a)-6(d).
By comparing the magnetic switching behaviors measured
along the two orthogonal directions, the in-plane magnetic
anisotropy energy (MAE) is estimated (see Fig. S12 of the
Supplemental Material [35]). The MAE extracted from the
magnetic hysteresis loops [M-H curves, Figs. 6(b) and 6(e)]
measured from the LSMO films grown on NGO(110)q, and
NGO(001)p, substrates is, respectively, plotted in Figs. 6(c)
and 6(f) as a function of # gmo. For the (110)g.-oriented
LSMO films, the MAE of the 11-nm-thick film is 3.69 x
10* erg cm™, and the LSMO films exhibit a dramatic decay
of MAE to 4.8 x 103 erg cm™ as f;gvo increases to 22 nm.
Further increasing f; smo to 44 nm and then to 120 nm does not
significantly change the MAE [Fig. 6(c)]. Similarly, for the
(001)q,-oriented LSMO films, as f; smo increases from 11 to
22 nm, the MAE also promptly decreases from the maximum
value of 4.64 x 10* erg cm™ to 6.88 x 103 erg cm ™. It then
stabilizes and remains at this level as f1smo increases to 44
and 120 nm [Fig. 6(f)]. The similar tendencies of the 1. smo-
dependent MAE suggest that the same physical mechanisms
exist to determine the MAE of (110)q,- and (001)q,-oriented
LSMO films, and the formation of the unidirectional lattice
modulation and twinned domains should play essential roles.

Now, we explain how the changes of # svo tune the
MAE of LSMO films in such a manner. Developing strate-
gies to engineer the magnetic anisotropy of ferromagnetic
oxide heterostructures is pivotal to uncover exotic phenom-
ena and pave the path towards novel practical logic or

memory devices. Interfacial octahedral coupling [48-50],
epitaxial stain [51,52], spin-orbital coupling [53,54], and
ferroelectric polarization [55] are several well-known strate-
gies. Taking La;_,Sr,Mn O3 as an example, upon controlling
the dimensionality of the SrIrO; (SIO) layer, a magnetic
easy-axis reorientation is observed in LSMO/SIO super-
lattices, attributed to a spin-orbital coupling state with a
relatively large orbital-dominated moment that develops in
the typically paramagnetic SIO layer [53]. Similarly, an unex-
pected realignment of the magnetic easy axis in an ultrathin
LSMO film is triggered via interfacial oxygen octahedral
coupling-induced oxygen network modification, which alters
the Mn—O-Mn bond angle 6, and thus the hybridization be-
tween Mn 3d and O 2p orbitals [48]. Nonetheless, when the
effect of interfacial octahedral coupling, which possesses a
short impact length scale of ~2 nm, is attenuated in thick
LSMO films, the magnetic anisotropy is verified to highly rely
on the in-plane orbital occupancy, which is governed by the
anisotropic strain [51]. The ferroelectric screening effect at the
PbZro,Tigg03/Lag gSrg,MnO5 interface also shows a crucial
influence on the d-orbital occupancy of Lag gSrg,MnOj layer,
and subsequently tuning the magnetic anisotropy [55].

In our pure LSMO films, the effects of spin-orbital cou-
pling and ferroelectric polarization can be first excluded. In
addition, since the minimum thickness of LSMO films here
is 11 nm, which far exceeds the impact range of the inter-
facial octahedral coupling (length scale of ~2 nm) [28,48],
the interfacial octahedral coupling between LSMO and NGO
should not be the key factor in determining the magnetic
anisotropy in LSMO films. At first glance, one may con-
sider that the suppressed in-plane magnetic anisotropy with
increasing fysmo 1S related to the thickness effect of LSMO
films, e.g., the ferromagnetic-metallicity degradation at the
LSMO interface, which is referred to the “dead layer” ef-
fect. The metallicity degradation at the interface can weaken
the Mn3; — O,), orbital hybridization [56], and thus influence
the magnetic anisotropy to some extent. Nevertheless, such a
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thickness effect may not play a dominant role in determining
the magnetic properties in the present case, since the thick-
nesses of LSMO films are far beyond the critical thickness
(3—7 unit cells) of the dead layer effect [57,58], and metallic
behaviors are maintained within the whole temperature range
below the metal-insulator transition temperature (see Fig. S13
of the Supplemental Material [35]). To further clarify this
issue, LSMO/STO bilayers were grown on NGO(110)o, and
NGO(001)p; substrates (see Fig. S14 of the Supplemental
Material [35]). The formation of the unidirectional lattice
modulation and twinned domains is hindered by the inser-
tion of the STO buffer layers (see Figs. S15(a) and S15(b)
of the Supplemental Material [35]). In the meantime, both
the (110)o,- and (001)q-oriented LSMO films possess large
MAE (see Figs. S15(c) and S15(d) of the Supplemental Mate-
rial [35]). This result implies that the modulation of the MAE
should be strongly correlated to the unidirectional lattice mod-
ulation and twinned domains formed in LSMO films, whereas
the thickness effect only shows limited influence.

In fact, the shape effect of the domain structures has exhib-
ited a significant impact on the magnetic anisotropy in LSMO
films grown on cubic STO substrates with miscut angles,
where the strain state is isotropic [40]. In this LSMO/STO
system, since contributions of magnetocrystalline anisotropy
and strain anisotropy along the in-plane two orthogonal direc-
tions are identical, the in-plane magnetic anisotropy is mainly
controlled by the shape anisotropy of the domain structure
[40]. However, in the present LSMO/NGO system with strong
anisotropic strain, the shape effect of the unidirectional do-
main structure should not dominate the in-plane magnetic
anisotropy. Moreover, if the in-plane magnetic anisotropy is
governed by the shape effect of the domain structure, an en-
hanced in-plane magnetic anisotropy will be induced, which
contradicts the experimental results.

For the (110)g,- and (001)g,-oriented LSMO films with
fLsmo = 11 nm, which retain the single-domain structures, the
magnetic easy axis aligns along the axis with a relatively
minor compressive strain or a relatively large tensile strain.
The strain effect has demonstrated its great potential in tailor-
ing the magnetic anisotropy of manganite films. For instance,
strong in-plane uniaxial magnetic anisotropy is caused in
LSMO/LaGaO; and LSMO/NGO epitaxial systems by the
anisotropic strain imposed onto the LSMO films, exhibiting
the same correlation between the strain states and magnetic
easy-axis alignments as the present case [52,59]. Therefore,
we consider that the strong uniaxial magnetic anisotropy in
the 11-nm-thick LSMO films is attributed to the anisotropic
strain. As fismo increases, the unidirectional lattice modula-
tion and twinned domains evoked anisotropic strain reliefs
should account for the markedly suppressed in-plane magnetic
anisotropy.

For the (110)p-oriented LSMO films, the 11-nm LSMO
film suffers compressive strain from the orthorhombic NGO
substrate along both the in-plane (100)pc and (001)pc axes
with the strain along the (001)pc axis larger than that along
the (100)pc axis, giving rise to the magnetic easy axis along
the (100)pc axis. As tysmo is increased to 22 nm, the unidi-
rectional lattice modulation along the (001)pc axis emerges
from the film, leading to partial relief of the large compres-
sive strain along the (001)pc axis. As a result, the anisotropy

of the epitaxial strain in the LSMO film is reduced, and
therefore decreases the magnetic anisotropy, as shown in
dramatically reduced MAE of the 22-nm LSMO film. Fur-
ther increasing f smo to 44 and 120 nm does not notably
change the MAE. The magnetic properties of LSMO films
with the thickness ranging from 22 to 120 nm are almost
biaxially isotropic, reflected by the similar magnetic switch-
ing behaviors along [100]pc and [001]pc axes as well as the
negligible MAE, signifying the prominent role of the unidirec-
tional lattice modulation in tailoring the magnetic anisotropy
of LSMO films. Identical to the case in (110)qg-oriented
LSMO films, the emergence of the unidirectional twinned
domains in LSMO films with f1smo = 22 nm is capable to
relieve the compressive strain along the corresponding axis,
therefore reducing the MAE. Such an anisotropic strain re-
lief has exhibited its nontrivial effect in tuning the magnetic
anisotropy in other systems [60,61]. However, in these sys-
tems the anisotropic strain relief of the film mainly arises from
the recovery of bulk state from the strained state, which is
different from our present case.

To validate the anisotropic strain relief modulated in-plane
magnetic anisotropy in LSMO/NGO system, the orbital occu-
pancy of the Mn 3d electrons were characterized, which were
proved to be profoundly sensitive to both magnetic anisotropy
and epitaxial strain [51]. Element-specific XAS at the Mn L 3
edge is conducted using the out-of-plane (/) and in-plane
(Iin) linearly polarized x-ray beams in the TEY mode. The
details of the experimental configurations of XLD for the
(110)o;- and (001)q-oriented LSMO films are shown in Figs.
S16(a) and S16(b) of the Supplemental Material [35]. One
can anticipate that the absorption of x rays polarized along
the out-of-plane direction (or in-plane direction) arises largely
from the unoccupied Mn d3.>_,> (or d,>_y) orbitals, i.e., the
holes [62,63]. By integrating the XLD (fj,-Ioy) between 649
and 659 eV, the obtained area of XLD (ALD) directly re-
flects the orbital configuration of d electrons (see Fig. 7 and
Fig. S16 of the Supplemental Material [35]) [62,64,65]. For
the unstrained bulk LSMO, a degenerated orbital occupancy
is expected; thus no XLD signal is observed. For strained
LSMO thin films, while tensile strain favors the d,._,» or-
bital occupancy, a compressive strain favors the d3,>_,> orbital
occupancy, yielding negative and positive ALD, respectively
[63,65]. In the present case, preferential d;,2_,» orbital occu-
pancy with positive ALD is observed for all the LSMO films
grown on NGO(110)p, and NGO(001)p, substrates under
compressive strain (see Fig. 7 and Fig. S16 of the Supplemen-
tal Material [35]). The ALD of the 11-nm-thick LSMO films
grown on NGO(110)o, and NGO(001)q, substrates are 1.22
and 1.14%, respectively, agreeing well with the previous study
[66]. With increasing t; smo to 22 nm, both the (110)o,- and
(001)o,-oriented LSMO films show steeply reduced ALD.
While fismo is further increased to 44 nm, the ALD of the
LSMO films remains almost unchanged, displaying the same
tendency as the MAE [Figs. 7(c) and 7(d)]. Since the orbital
occupancy strongly depends on the strain states of LSMO
films [65], the reduced ALD suggests the notably suppressed
compressive strain in the 22- and 44-nm LSMO films. The
lateral XLD result further confirms that the strain reliefs in
the (110)o,- and (001)g,-oriented LSMO films mainly occur
along the in-plane [001]pc and [110]pc axes, where the lattice
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FIG. 7. Orbital occupancy probed by x-ray absorption spectroscopy. (a), (b) X-ray linear dichroism of Mn L, 3 edge of LSMO films grown
on NGO(110)o, and NGO(001)o, substrates, respectively. The integrating range for ALD is colored in gray. All XLDs were measured at 300 K.

(c), (d) Integrated linear dichroism from 649-659 eV normalized by the (i, + I, ) for LSMO films, ALD = (J;,

The corresponding MAE are also included for reference.

modulation and twinned domains exist (see Fig. S17 of the
Supplemental Material [35]). These results suggest that the
modulated in-plane magnetic anisotropy is intimately asso-
ciated with the Mn 3d-orbital occupancy, which is governed
by the unidirectional lattice modulation and twinned domains-
induced anisotropic strain reliefs.

In addition to the crystal-field deformation-controlled Mn
3d-orbital occupancy as discussed above, the strain-mediated
Mn34-0,,, orbital hybridization is also required to be consid-
ered for the modulation of the in-plane magnetic anisotropy
[48]. The Mnj34-O,, orbital hybridization is characterized
by the conduction bandwidth @ =& cos[(r —6)/2]/d>", where
0 and d refer to the Mn—O-Mn bond angle and Mn—
O bond length [67]. Both 6 and d play vital roles in
determining the Mnj3;-O;, orbital hybridization. First, we
focus on the 6-dependent Mn34-O,, orbital hybridization.
Density-functional calculations have revealed the ability of
epitaxial strain to directly modify the magnitude of the oc-
tahedral rotations about different crystallographic directions
[68,69]. However, both experimental and computational stud-
ies demonstrated that the in-plane Mn—O-Mn bond angles
are weakly sensitive to the epitaxial strain state, instead; the
elastic strain energy imposed on the film by the substrate
is mainly accommodated by changes of the in-plane Mn—-O
bond lengths [68,70]. Since the in-plane magnetic anisotropy
of LSMO films only depends on the in-plane Mn3;-O,,, orbital
hybridization, the €-dependent Mn3,4-O,, orbital hybridiza-
tion should be ruled out for the observed in-plane magnetic
anisotropy.

Then, we move our attention to the strain-driven Mn-O
bond length and its effects on in-plane Mn34-O,, orbital
hybridization and magnetic anisotropy in LSMO films. As
described in a previous report [68], the in-plane bond lengths
couple linearly to epitaxial strain. A large Mn—O bond length

- Iout)/(lin + Iout) x 100%.

leads to a weak Mn34-O,, orbital hybridization, while a
short Mn-O bond length gives rise to a strong Mn3;-O;,
orbital hybridization. Anisotropic strain will yield an in-
plane anisotropy of Mn—O bond lengths, and thus a resultant
anisotropic Mnj34-O,, orbital hybridization. Based on the
analysis of the strain states in LSMO films [Fig. 1(a)], a rela-
tively strong Mn3;-O,,, orbital hybridization arises along the
in-plane [001]pc and [110]pc axes for (110)o.- and (001)o,-
oriented LSMO films, respectively, facilitating magnetic easy
axes along the identical axes [48]. This contradicts the results
obtained from the magnetic measurements (Fig. 6), signi-
fying that the strain-driven d-dependent Mn34-O,, orbital
hybridization also shows negligible influence on the in-plane
magnetic anisotropy of LSMO films.

One may have recognized that totally opposite effects
of the strain-driven Mn-O bond lengths are devoted to
the d-orbital occupancy and Mn;z,-O,,, orbital hybridization.
Namely, if the Mn—O bond length d is compressed along
one specified axis, the Mn3;-O,, orbital hybridization is
strengthened by broadening the conduction bandwidth w.
Hence, the double-exchange governed ferromagnetic inter-
action is enhanced along the corresponding axis. However,
such octahedral deformation that modifies the MnOg crystal
field should lower the energy of the corresponding orbital
state and enhance the orbital occupancy, leading to the
weakened ferromagnetic interaction. The observed in-plane
magnetic anisotropy indicates the dominant status of the
strain-driven crystal-field effect in the competition with strain-
driven Mn3;-O,, orbital hybridization, agreeing well with a
recent report [51].

By taking all these observations into account, we can reach
a conclusion that the in-plane magnetic anisotropy of the
LSMO films mainly originates from the anisotropic strain in-
duced in-plane orbital occupancy preference. With increasing
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fLsmo, the anisotropic strain is relieved by the emerged lattice
modulation and twinned domains in (110)p,- and (001)o,-
oriented LSMO films, respectively, subsequently suppressing
the anisotropy of the in-plane d,>_,» orbital occupancy as well
as the in-plane magnetic anisotropy.

IV. CONCLUSION

In summary, by varying the crystallographic orientation
of the NGO substrates from (110)o, to (001)o,, the type
of domain structure in LSMO films changes from unidirec-
tional lattice modulation to unidirectional twinned domains,
demonstrating that the domain structures in ferroelastic
LSMO films are not only correlated to the shear strain but
also the interfacial oxygen octahedral coupling as well as
anisotropic strain. Engineering the unidirectional lattice mod-
ulation and twinned domains provides opportunities to tune
the anisotropic strain, and to manipulate the orbital occupancy
and magnetic anisotropy. Our results build a bridge linking the

anisotropic strain-relief mechanism of domain structure to the
electronic state and subsequent magnetic order in ferroelastic
heterostructures. The manipulation of domain structure can
be further extended to other perovskite oxide heterostruc-
tures with strong correlation between various ferroic orders
for realizing potential oxide electronic devices with tunable
functionalities.
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