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Structural characterization of the 10%Ru-LSMO films
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Figure S1. X-ray diffraction (26/®) scans of 10% Ru-LSMO films around their pseudo-cubic
(002) reflections (data adapted from our previous work!'). The (002) Bragg peak of the thick
(48 nm) and thin (10.5 nm) 10% Ru-LSMO films, together with that of the LSAT substrate, are
shown in the figure, respectively. The sharp peak and clear Laue oscillations confirm the high
structural quality of the epitaxial films. The extracted tetragonality (c/a ~ 1.02, where c is the
out-of-plane and a the in-plane lattice parameter), arising from substrate-induced compressive

strain, is later used to estimate the strength of single-ion anisotropy in Ru ions.
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Background correction of the Ru-Mz,3 and Mn-L23 spectra
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Figure S2. (a) Ru M3 spectra (solid curves, raw) with exponential (piecewise) background
(dashed curves, fitted), and (b) Mn L3 spectra (solid curves, raw) with pre-peak linear
background (dashed curves, fitted) for right (u*) and left (u™) circularly polarized x-rays. (c)
Mn XAS plot with edge jumps at the Lo3 edges, where XAS is defined as the average of
intensities I(u*) and I(u™), after pre-peak linear background correction. All the measurements

were performed at 30K.
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The shape of the raw Ru M 3 spectra and the fitted background for Ru M 3 spectra agree well
with the earlier XMCD study of Ru ions in Ru-LSMO films.”?! The Ru M3 spectra with
intensities I(u™) and I(u™) were obtained after the exponential background subtraction. These
spectra were subsequently used for calculating XMCD (I(u*) —I(n™)) and XAS
([I(u*™) + I(u7)]/2). For Mn La 3 spectra, pre-peak linear background has been fitted and then
the straight line has been extrapolated well beyond the L> edge. After the linear background
subtraction, the Mn L3 spectra of I(u*) and I(u™) were used for XMCD and XAS. To apply
the orbital and spin sum rules, the edge jump background with the jumps at the Mn L3 and Lo
edges was subtracted from Mn XAS, as described elsewhere.*! The procedure of background
subtraction for Ru and Mn ions explained here is for [001] direction of the thick Ru-LSMO
film; however, the same procedures were applied to the other directions of both the thick and
thin 10%Ru-LSMO films. The XAS and XMCD spectra are then normalized by the
corresponding total absorption (XAS area) along each crystallographic direction, meaning

normalized XAS = XAS/(XAS area) and normalized XMCD = XMCD/(XAS area).

Element specific magnetic anisotropy in the thin (10.5nm) 10%Ru-LSMO film
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Figure S3. Normalized Ru M2 3-edge (a) XMCD and (b) XAS of the thin (10.5 nm) 10%Ru-
LSMO film along the pseudo-cubic directions [001] and [100]. Normalized Mn L»3-edge (c)
XMCD and (d) XAS of the thin 10%Ru-LSMO film.
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The normalized XMCD and XAS spectra of Ru and Mn of the thin Ru-LSMO film are presented
in Figure S3. We note three key features in these spectra: First, the Ru XMCD spectra indicate
tilted magnetic anisotropy (TMA) in the Ru ions (Figure S3a), with the Ru M3 peak of the out-
of-plane (OOP) direction [001] being noticeably larger than that of the in-plane direction [100]
at high field (5T), while the M; peak remains nearly unchanged with angle (discussed below).
Second, the Mn XMCD spectra (Figure S3c) are almost identical along these directions,
indicating the magnetically isotropic behavior of the Mn ions at high field. Third, the positive
(negative) Ru-M3; (M2) XMCD peak and negative (positive) Mn-L3 (L2) peak confirm that Ru
ions are antiferromagnetically coupled with the Mn ions, in agreement with a previous
observation,” and theoretical prediction.!*! In addition, we note a small Ru-XAS peak (Figure
S3b) around 477eV, which is also observed in the thick Ru-LSMO film. This peak originates
from the transition between 3p and 5s orbitals of the Ru ions, with no magnetic contribution as
observed in the XMCD spectra (Figure S3a).1*! Finally, it is worth noting that the Ru M, peak
is insensitive to angular change, owing to the restricted set of dipole-allowed transitions at the
M; edge, which makes this feature intrinsically less responsive to angular variation, while any

small differences can be readily masked by baseline effects.®

Table S1. Orbital (mon) moments and effective spin (Mspin,efr) moments of Ru and Mn ions for
[001] and [100] directions of the thin 10%Ru-LSMO film. The values were calculated using

the sum rules; all the units are in Bohr magneton per atom.

[001] [100]
miY o -0.94£002  -0.75+0.02
mRY, -0.25+£0.03 -0.15+0.02
mfy, -1.19£0.05  -0.90 £0.04

MGt/ MEin efr 0.27 0.20
mi o 32£004  3.16+0.03
mMn -0.01£0.01  -0.01£0.01
mMn 3.19£0.05  3.15+0.04

mg[r%/ mg;;n,eff 0.0 0.0
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The results of the sum rules are summarized in Table S1. The key result is anisotropic behavior
of orbital-to-spin moment ratio (mgﬁb / m;;lin'eff) in Ru ions, confirming the presence of Ru
single-ion anisotropy. We note that the orbital-to-spin moment ratio for [100] direction is
significantly higher in the thin Ru-LSMO film compared to that of the thick film. This
discrepancy originates from the in-plane symmetry breaking (Figure S5, Table S2) in the thick
film. Furthermore, the Mn ions exhibit no single-ion anisotropy, consistent with the results from
thick film.

To estimate the strength of TMA in Ru ions of the thin Ru-LSMO film, we compare the strain
state and structural parameters (c/a ratio) of our films with those of well-established SrRuOs
(SRO) films, where single-ion of Ru ions drives macroscopic magnetic anisotropy. The relevant
parameters, particularly strain, octahedral tilt pattern, and out-of-plane to in-plane lattice
parameter ratio, which critically influence single-ion anisotropy, are found to be comparable in
both the systems.!!"#! In the epitaxial SRO films, the strength of TMA has been reported to be
in the order of 10° J.m?3.1%7! Taking into account the structural similarity, strain conditions and
diluted concentration (10%) of Ru ions, we estimate the strength of TMA in Ru-LSMO to be
an order of 10° J.m>. This suggests that the strength of TMA in Ru ions is comparable with that
of the macroscopic TMA, which is 4 X 10° J-m™, calculated from macroscopic magnetization
data acquired from the thin Ru-LSMO film reported in our previous work, ! using a standard
method of estimating effective magnetic anisotropy energy from the area between the [001] and
[100] M—H loops in the first quadrant.”®! This supports our microscopic observation that Ru ions
drive the macroscopic anisotropy in Ru-LSMO. This interpretation is consistent with previous
macroscopic studies.[!+1%

While the Mn 10ons exhibit isotropic magnetization (Figure S3c and Table S1) at high field (5T)
due to their fully aligned isotropic spin moments, a closer look at the magnetic field-dependent
behavior (Figure S4) reveals the presence of TMA in Mn ions at lower fields, where
perpendicular magnetization is stronger than in-plane magnetization. The XMCD hysteresis
loops of the Mn ions show that TMA exists up to a threshold field of ~ + 2.5 T, with a strength
of 1.1 X 10° J-m™. This strength is comparable with the estimated strength of TMA in Ru ions.
This suggests that the Mn ions, despite their weak SOC and lack of single-ion anisotropy, also

play a crucial role in stabilizing the macroscopic magnetic anisotropy in Ru-LSMO.
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Figure S4. Magnetic field dependence of Mn XMCD along the [001] and [100] directions of
the thin 10%Ru-LSMO film; the XMCD hysteresis loops are scaled using the Mn spin moments

obtained from the sum rule analysis. The pink arrows indicate the sweeping direction, and the

inset shows the full sweep range up to 5T.

In-plane symmetry breaking in the thick 10%Ru-LSMO film
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Figure S5. Normalized Ru My 3-edge (a) XMCD and (b) XAS of the thick (48 nm) 10%Ru-

LSMO film along the in-plane pseudo-cubic directions [010] and [100]. A schematic of the

measurement axes is depicted in the inset.

As demonstrated in our previous work, 1D periodic structural modulation emerges in Ru-

LSMO films above a critical thickness due to shear strain relaxation, resulting in significantly
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anisotropic in-plane magnetization.l'! The in-plane structural symmetry breaking creates
anisotropic bonding environment, which is expected to introduce anisotropic orbital moments,
anisotropic spin moments, and anisotropic orbital-to-spin moment ratio in Ru ions through
strong SOC of Ru ions.!'!l This effect is precisely observed in the in-pane XMCD spectra of Ru
ions (Figure S5 and Table S2). These results suggest that Ru ions are not only responsible for

the emergence of TMA but also plays the key role in driving anisotropic in-plane magnetization.

Table S2. Orbital (morn) moments and effective spin (Mspin,efr) moments of Ru and Mn ions for
[010] and [100] directions of the thick 10%Ru-LSMO film. The values were calculated using

the sum rules; all the units are in Bohr magneton per atom.

[010] [100]
miY ¢ -0.85£0.02  -0.69+0.02
mRY -0.17+0.02  -0.08+0.01
mRY -1.02+0.04  -0.77+0.03

MGt/ Mfin efe 0.2 0.12
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