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This document provides supporting evidence for the
main manuscript. Section [] provides further details on
the procedures used to analyze the x-ray resonant mag-
netic reflectivity (XRMR) data. The x-ray absorption
spectroscopy (XAS) and x-ray magnetic circular dichro-
ism (XMCD) data collected at the O K-, Mn L3 5- and Ni
Ly-edges are reported in section [l In section [[TI} the Ni
Ls-edge RIXS of (LSMO)g/(LNO)s3 is further compared
with atomic calculations that assume a small broaden-
ing as well as a mixture of Ni 3d® and 3d" configura-
tions. Section [[V] provides x-ray reflectivity and sur-
face x-ray diffraction measurements that demonstrate the
(Lag/gsrl/gMnO3)9/(LaN103)3 [(LSMO)Q/(LNO)3] hlgh
sample quality.

I. FURTHER DETAILS ON THE XRMR
ANALYSIS

The XRMR was modeled using the magnetic matrix
formalism by stacking layers of Lay /3511 /30, MnOg, LaO
and NiOs to reproduce the 14x[(LSMO)g/(LNO)3] het-
erostructure. Additionally, a top layer of oxygen was
added to account for a small amount of contaminants
on the film surface Bach layer has eight parameters:
thickness, roughness, charge optical constants (6 and 3),
magnetic optical constants (d,, and 8,,), and the angles
of the magnetic moment around () and with respect
to (¢) the surface normal (see Ref. [2] for more details).
A major difficulty of the XRMR analysis is constraining
this large number of parameters, which we addressed in
the following manner. The thickness and roughness of
Lag/35r1/30 and MnO; as well as LaO and NiOg were
set to be the same. We also used off-resonant soft x-ray
reflectivity measured at energies near the Ni Ly (at 890
eV) and Mn L3 (at 630 eV) to constrain the thickness and
roughness during the on-resonance fitting. Both charge
and magnetic optical constants were retrieved from XAS
and XMCD measurements at the Ni L3 -, Mn L3 »-, and
La My-edges (see Fig. . The magnetic moment angles
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FIG. S1. (a)&(b) Ni Ls-edge XRMR, x? as a function of the
coupling angle between (LSMO)q layers () and the angle of
Ni moments with respect to the c-axis [¢, using the structure
in panel (c)], respectively. (c) through (k) show the vari-
ous out-of-plane (LNO)3 magnetic structures that were also
tested. Within the estimated uncertainty, the magnetic struc-
ture with in-plane NiO2 moment best reproduces the data.

were then set according to different models.

Even with the constraints described above, it is im-
practical to fit the optical constants which were kept
fixed. We note, however, that best fits were obtained by
rescaling the magnetic optical constants. At the Ni Lo-
edge these were rescaled by a factor of 0.8. The situation
is more complex at the Mn L since the charge transfer
drives an inhomogeneous magnetization. In this case the
best models include a factor of 0.3 for the first two MnO»
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FIG. S2.
(LSMO)g/(LNO)s heterostructure.

2 I I I I I
846 852 858 864 870 876
Energy (eV)

635 640 645 650 655 660
Energy (eV)

XAS and XMCD collected at the (a) O K-, (b) La Ms- and Ni L3 o-, as well as Mn (c) Ls2-edges of the
On panel (a), the vertical dashed lines mark the resonant energy of the Ni-O (black)

and Mn-O (red) ligand holes. On panels (b)&(c) the dashed lines correspond to the incident x-ray energy used in the data

shown on Fig. 3 of the main manuscript.

at each interface and a factor of 0.9 for the remaining five
layers. We also point out that the charge transfer also
implies that distinct charge optical constants are likely
needed for the MnQO» at the interfaces, however attempts
to use the simulated XAS of Mn** as a reference did not
yield better results.

We initially attempted to adjust the thickness, rough-
ness, and magnetic moment angles using both the
Levenberg-Marquardt and simplex methods 3 but the
magnetic angles always converged to local minima of 2.
We thus determine the optimal magnetic angles by sepa-
rately fixing each angle and collecting the resulting y? of
the XRMR asymmetry. Some of the results of this pro-
cedure can be seen in Fig. Given the complexity of
these methods and the number of parameters described
above, it is particularly difficult to estimate the error on
the magnetic angles. Based on Fig. (a)&(b) we esti-
mate Avy ~ 20° and A¢ ~ 30°. In the manuscript, we
show our attempts to model the (LNO)3 magnetic order
by varying the v of each NiOy layer [Fig. 3(e)]. We also
investigated models with varying ¢ as sketched in Fig.
c)—(k), but these yield worse x2.

II. X-RAY ABSORPTION SPECTROSCOPY
AND X-RAY MAGNETIC CIRCULAR
DICHROISM

XAS and XMCD measurements at the O K-, Mn L3 o-,
Ni L3 -, and La My-edges of (LSMO)g/(LNO)3 were per-
formed at the REIXS beamline of the Canadian Light
Source. The data were collected in total electron yield
mode and at 25 K. A permanent magnet with a field of
0.6 T was applied and then removed at low temperature,
the measurement was thus performed on remanence. The
results are displayed in Fig. While the O K-edge

XAS pre-edge is dominated by signal from oxygen ligand
holes, the post-edge oscillations are related to both the
density of empty states far above the Fermi energy and
the photoelectron multiple scattering, thus being less rel-
evant to the current investigation. Comparing the XAS
and XMCD signal at the Ni Ly-edge with the literature
suggests an average valence within 2.1+ to 2.3+ %8 Such
hole doping level is also consistent with the absence of
fluorescence signal in the Ni Ls-edge RIXS (Fig.
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FIG. S3. The RIXS spectra collected at the Ni Ls-edge
(853.5 eV) of (LSMO)y/(LNO)s is compared with atomic cal-
culations. Small lifetime and resolution broadening were used
in order to highlight the many multiplets excitations that are
present in the 3d® configuration.
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FIG. S4. (a)&(b) display the experimental Ni Lz-edge RIXS
data of LSMOg/LNO3 collected with 7 and o incident x-ray
polarization, respectively. Atomic simulations of Ni 3d® and
3d” RIXS are shown in panels (c)&(d) and (e)&(f), respec-
tively.

(a)&(b)) that is seen in Lay/3Sre/3NiO4 (Ni2#3+) 6 The
data for the Mn L3 >-edges are also consistent with previ-
ous results” The Ni and Mn XAS and XMCD displayed
in Fig. were combined with non-resonant tabulated
optical constants® to generate the complex index of re-
fraction used in the XRMR simulations. The XRMR fits
shown in the main manuscript were performed at the in-
cident x-ray energies marked by the dashed lines in Fig.
(b)&(c).

The XMCD signal carries information on the atomic
magnetic moment that can be extracted using sum
rules® This analysis is rather straightforward at the
Mn L3 s-edges, yielding a total magnetic moment of
3.03 pup/Mn. Analysis of the Ni L3 q-edges is much
more complicated because the La My-edge largely over-
laps with the Ni L3 [Fig. (b)]. This issue is
known to generate large uncertainties, for instance sum
rules analysis of LasNiMnOg finds a total moment of
0.74 pp/Ni, about half of what is expected from calcu-
lations (~ 1.42u5/Ni) 20 Our analysis yield 0.25 up/Ni

for (LSMO)y/(LNO)s, similar to the 0.2-0.5 5 /Ni found
in [111}-grown (LaMnOs3),,/(LaNiOs3),, superlattices that
contain ferromagnetic NiOy planes™ Given the substan-
tial uncertainty in this extracted magnetic moment, any
analysis of its implication to the magnetic ordering within
the NiOy planes of (LSMO)ge/(LNO)3 would be largely
speculative.

III. ATOMIC SIMULATIONS OF NI L-EDGE
RIXS

Determining the specific types of excitations involved
in each peak observed in Fig. |S4|(a)&(b) is difficult, since
the Ni 3d® leads to 35 different multiplets in Dyj, point

LSMOy/LNO3 XRR and XRD
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FIG. S5. (LSMO)y/(LNO)3 superlattice characterization. (a)
XRR data together with a simulation that uses the same
structural model as that used in the x-ray resonant magnetic
reflectivity reported in the main text. (b)&(c) XRD scans
along [00L] and [10L] directions, respectively. (d) 2D XRD
data around the (103) reflection. The substrate’s reciprocal
lattice is used are a reference, thus the sharp peaks at (003)
and (103) are from SrTiOs.



group symmetry. This is illustrated in Fig. where we
plot the RIXS spectrum collected at 853.5 eV incident
energy together with RIXS calculations using the same
parameters described in the manuscript but with an ar-
tificially small broadening. Note that even the first peak
at ~ 1 eV is actually composed by *E, and 3By, exci-
tations (in Dyj, symmetry), in which holes populate the
orbitals 3d; 3di,27 Y2 and Bdi,y ?;alil,)zLT2 respectively.

Figure displays the Ni L3 RIXS data of
(LSMO)y/(LNO)3 together with atomic calculations us-
ing Ni 3d® and 3d” as ground states. These results
clearly demonstrate that the (LNO)s layers are domi-
nated by Ni 3d® ions. The experimental result is also
markedly distinct from the broad diagonal feature ob-
served in RENiO3 (RE = La and Nd)*2%3

zZ/zZx

IV. SAMPLE CHARACTERIZATION

The LSMOg/LNOj3 superlattice studied in the main
manuscript was previously investigated in Ref. [14l Nev-
ertheless, we have performed x-ray reflectivity (XRR)
and surface x-ray diffraction (XRD) measurements to fur-
ther confirm the sample quality. Data was collected at
room temperature using Cu K, radiation from a Briiker
D8 Discover equipment. The results are displayed in Fig.
Both XRR and XRD measurements show well de-
fined finite thickness fringes and superlattice peaks that
are consistent with a good quality sample. Additionally,
Figure|S5| (d) demonstrate that the superlattice ab plane
is strained to the SrTiO3 substrate.
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