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Strongly-correlated transition-metal oxides are widely known for their var-
ious exotic phenomena. This is exemplified by rare-earth nickelates such as
LaNiOs, which possess intimate interconnections between their electronic, spin,
and lattice degrees of freedom. Their properties can be further enhanced by pair-
ing them in hybrid heterostructures, which can lead to hidden phases and emer-
gent phenomena. An important example is the LaNiOs/LaTiOs superlattice, where
an interlayer electron transfer has been observed from LaTiOs into LaNiOs and
is predicted to result in a high-spin state. However, macroscopic emergence of
magnetic order has so far not been observed. Here, by using muon spin rotation,
x-ray absorption, and resonant inelastic x-ray scattering, we present direct evi-
dence of an emergent antiferromagnetic order with high magnon energy and ex-
change interactions at the LaNiOs/LaTiOs interface. As the magnetism is purely
interfacial, a single LaNiOs/LaTiOs interface can essentially behave as an atomi-
cally thin quasi-two-dimensional antiferromagnet, potentially allowing its tech-
nological utilisation in advanced spintronic devices. Furthermore, its strong
quasi-two-dimensional magnetic correlations and orbitally-polarized planar lig-
and holes make its electronic and magnetic configurations resemble the precur-
sor states of superconducting cuprates and nickelates, but with an S — 1 spin

state instead.

Introduction

The heterostructure interfaces between strongly-correlated transition-metal ox-
ides (TMOs) have become a fertile ground for the discovery of new properties of mat-
ter. In these systems, interlayer interactions such as charge transfer, quantum confine-
ment, epitaxial strain, and proximity effect can tune the intertwined charge, orbital, and
spin degrees of freedom of their correlated electrons, leading to emergent interfacial
phenomena not found in their bulk forms [1,2]. An important example is the interfacial
magnetism [2-6], which has found many technological applications in data storage and
spintronic devices [7-9]. Remarkably, in TMO heterostructures it can emerge even if
one or both of the parent materials are non-magnetic, as spin order is often intercon-
nected with lattice and charge order [3-6]. The quasi-two-dimensionality of interface
magnetism is also relevant in unconventional high-temperature superconductivity, as
strong quasi-two-dimensional antiferromagnetic correlations are believed to play a key

role in the pairing mechanisms of superconducting electrons [10,11].
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Recently, a family of TMOs called the rare-earth nickelates (RNiO3) have at-
tracted significant attention due to their unusual negative charge-transfer ground state
[12-17]. In these compounds, the energy difference between their charge-transfer Ni-
3d8L! state with their nominal Ni-3d’ configuration is negative, causing Ni-3d8L* to be-
come the preferred ground state with an oxygen ligand hole (L) dominating the Fermi
level. At low temperatures, most RNiOs (except LaNiO3) undergo intertwined phase
transitions where this paramagnetic metallic Ni-3d®L? configuration transforms into a
structurally-reconstructed antiferromagnetic insulating phase, where half of the Ni sites
become high-spin Ni-3d® (S — 1) and the rest transform into low-spin Ni-3d8L? (S —
0), indicating an intimate connection between their electronic, spin, and lattice interac-
tions [12,17-20]. In particular, although LaNiOs (LNO) does not exhibit these intercon-
nected phase transitions like other RNiOs, its strongly-correlated metallic carriers are
on the verge of localization, making it especially susceptible to external stimuli [21,22].
This can be employed by pairing LNO with other TMOs in hybrid heterostructures,
resulting in many remarkable emergent phenomena including confinement-induced
magnetism in LNO/LaAlOs [5], exchange bias in LNO/LaMnOs [6], and interlayer
charge transfer in LNO/LaTiOs (LNO/LTO) [23-26].

The LNO/LTO superlattice [23-26] (Figure 1a) is especially noteworthy, as its
charge transfer can lead to further emergent phenomena. Bare LTO is an antiferro-
magnetic Mott-insulator with a valence configuration of Ti®*-3d? [26]. As the electron
affinity of Ti is much lower than Ni, this available Ti-3d! electron from LTO can easily
transfer into LNO [23-26] which can readily receive the electron due to its ligand holes.
This is predicted to lead to a high-spin state of Ni-3d® (S — 1) in all Ni sites [28], which
is significant because in bare RNiOs (for R # La) this high-spin configuration only oc-
curs in half of the Ni sites [13-18,20]. Therefore, the electron transfer can effectively
double the Ni magnetic moment. Furthermore, due to the confinement by LTO layers,
the magnetic order is predicted to also be quasi-two-dimensional [28] (in contrast to
the three-dimensional magnetic order of bare RNiOs [13-18,20], making it potentially
more suitable for applications in magnetic and spintronic devices [7-9]. However, de-
spite these predictions, macroscopic emergence of magnetic order has so far not been
reported in LNO/LTO.
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Figure 1. Emergent magnetism in LNO/LTO superlattices. (a) Schematics of
LNO/LTO superlattice crystal structure. The LNO layer thickness is variable, and here
4LNO/2LTO is shown as a representative example. (b) Schematics of the transverse-
field muon spin rotation/relaxation (TF-uSR) experiment. Here, a transverse field, Btr,
is applied to the sample, causing the muon spins, Sy, to undergo Larmor precessions
with frequencies proportional to the muon gyromagnetic ratio, yu, and the local field
they experience inside the sample, Biocal. (C) Schematics of the resonant inelastic x-
ray scattering (RIXS) experiment. Here, Kin (Kout) and win (wout) is the incoming (out-
going) momentum and energy of the photons, respectively, while Qexcitation (Wexcitation) IS
the momentum (energy) transferred into the excitation. (d) and (e) Temperature-de-
pendent muon spin polarization asymmetry in TF-uSR geometry and magnetic volume
fraction of the LNO/LTO samples, respectively, showing a sharp magnetic transition
below Tonset = 30 K and a transition temperature of Tmag = 18 K. The straight lines are

guides to the eye.



The interlayer charge transfer has also produced a large orbital polarization in
LNO/LTO [23,25,26], which is significant because, along with strong quasi-two-dimen-
sional antiferromagnetic correlations, it has been theorized to be a prerequisite for
achieving superconductivity in nickelates [29]. This is especially relevant in light of re-
cent discoveries of superconductivity in infinite-layer (Nd,Sr)NiO2 [30] and highly-pres-
surized LasNi2O7 [31], as the orbital polarization in LNO/LTO results in a preferential

occupation of ligand holes in the Ni-3d,z_,2 + 0-2p,,, hybridized state [26] similar to

the normal state of LasNi2O7 [31] and reminiscent of superconducting cuprates [10,11].
Currently, the two nickelate superconducting phases are still difficult to stabilize, either
due to their chemical volatility caused by low oxidation state [30] and unforeseen hy-
drogen contamination [32], or the need of applying gigapascals of pressure to reach
the superconducting state [31], respectively. Therefore, tuning these LNO-based het-
erostructures can provide another pathway for achieving nickelate-based supercon-
ductivity. However, LNO/LTO has so far still lacked the second key ingredient of strong
quasi-two-dimensional antiferromagnetic correlations, which has hindered the re-
search progress on this front.

Here, by tuning the interlayer charge transfer between LTO and LNO, we pre-
sent direct evidence of an emergent quasi-two-dimensional S — 1 antiferromagnetic
order at the LNO/LTO interface with high magnetic exchange correlations. We sensi-
tively probe the emergence of this order using muon spin rotation [33] (USR, Figure
1b), which shows that the magnetism is quasi-two-dimensionally confined to the inter-
face. We investigate the microscopic details of the interlayer charge transfer using x-
ray absorption (XAS), emission (XES), and resonant inelastic x-ray scattering [34]
(RIXS, Figure 1c) spectroscopies. Particularly, the high-resolution RIXS results reveal
that the order has a high magnon energy of ~100 meV, implying strong exchange in-

teractions between the spins.



Results

The (nNLNO/mLTO)s0 superlattices are fabricated using pulsed-laser deposition
on lattice-matched (110)orthorhombic NdGaOs substrates to minimize epitaxial strain on
LNO. To ensure the stoichiometric growth of both LNO and LTO, N2 is used as the
process gas instead of Oz, so that the growth requirements of high ambient pressure
and low oxygen partial pressure for stoichiometric LNO [25] and LTO [35], respectively,
can both be fulfilled. To examine the effects of varying interlayer electron transfer and
guantum confinement on their emergent properties, three samples are prepared:
2LNO/2LTO, 4LNO/2LTO, and 10LNO/2LTO. A priori, 2LNO/2LTO is expected to have
the highest confinement and amount of electron transfer due to having the thinnest
LNO layers and 1:1 LTO-to-LNO ratio, respectively, while 10LNO/2LTO should have
the least of both. The 2LNO/2LTO is highly insulating (Supplementary Figure 2), and
the electrical resistivity decreases as LNO thickness increases, with 10LNO/2LTO hav-
ing a subtle insulator-to-metal transition at ~135 K.

The emergence of magnetism is investigated by puSR [33]. Implanted spin-po-
larized muons in the sample preferentially decay into positrons along their spin direc-
tion, which act as highly sensitive probes for detecting local magnetic moments within
the sample (Figure 1b). The uSR experiments are done in a transverse field geometry
(TF-uSR) at the Low-Energy Muon Facility of the Swiss Muon Source [36]. In this ge-
ometry, undamped oscillations in the time-dependent muon spin polarization asym-
metry indicate that the sample is paramagnetic. If the oscillations diminish, it is a direct
indication that magnetic order has emerged within the sample [33]. From the temper-
ature-dependent decrease of the oscillation amplitude, the magnetic volume fraction,
fmag, Of the sample can be extracted to determine the magnetic transition critical tem-
peratures. Remarkably, Figures 1d — 1e shows that the TF-uSR oscillations of the three
LNO/LTO samples are all quenched below 20 K, and their fmag sharply increases from
0 (paramagnetic state) to 1 (fully-magnetized state). The TF-uSR results thus reveal
the emergence of a magnetic phase in LNO/LTO below Tonset = 30 K, with a critical
temperature (defined at fmag = 0.5) Of Tmag = 18 K.

Intriguingly, the magnetic behaviour of 2LNO/2LTO and the other two superlat-
tices with thicker LNO are extremely similar despite their large differences in LNO thick-
ness. This shows that 2 LNO uc thickness is enough to establish the emergent mag-
netism (as using thicker LNO layers do not change the magnetic transition), implying

that the magnetically active region is contained only within these 2 LNO uc. This quasi-

6



two-dimensionality is also supported by uSR data taken at zero-field geometry (Sup-
plementary Figure 3), which reveals that the internal magnetic field distribution inside
the samples is widely uneven: some regions are strongly magnetic, while others are
non-magnetic. However, this quasi-two-dimensional magnetism cannot originate only
from the geometrical confinement of the LNO layers, as the magnetism persists in
10LNO/2LTO with its thick LNO layers. This is in contrast to LNO/LaAlOs, whose mag-
netism only exists in strongly-confined 2LNO/2LaAIlOs but disappears in moderately-
confined 4LNO/4LaAlOs [5]. Thus, the magnetism in LNO/LTO is much more robust
than in LNO/LaAlOs, as it emerges without needing a strict geometrical confinement of
the LNO layers.

Therefore, the magnetism most likely comes from the electron transfer from
LTO, which can transform LNO into its high-spin Ni-3d® state [28]. To investigate this,
we probe the samples with XAS, XES, and RIXS using the ADRESS beamline of the
Swiss Light Source [36,37]. We first focus on the Ni-L2,3 edges to reveal the electronic
configuration of the superlattices compared to bare LNO. Figure 2a shows that the Ni-
L2 XAS of bare LNO consists of two partially-melded peaks with differing intensities.
When LTO is introduced to form the LNO/LTO superlattices, these peaks become
more separated and their peak ratio becomes more equal in 2LNO/2LTO. Furthermore,
the spectra of 2LNO/2LTO also shows a considerable x-ray linear dichroism (XLD)
between the in-plane xy- and out-of-plane z-polarization, which is not present in bare
LNO.

From these results, it is clear that there are significant differences between the
ground states of LNO/LTO compared to bare LNO. To investigate the details of how
they are different, we use Ni-Ls RIXS to probe specific elementary excitations that are
characteristic for different electronic states of LNO [15,34] (Figures 2b — 2e). Particu-
larly, the charge-transfer (CT) and itinerant fluorescence excitations prominent in bare
LNO come from the ligand hole and hence are the fingerprints for its Ni-3d8L! state
[15]. When LTO is introduced, these excitations gradually diminish until they almost
vanish in 2LNO/2LTO, signifying that the ligand hole is almost completely filled in
2LNO/2LTO due to the pairing with LTO. The dd excitations thus become the most

prominent features due to the localized nature of 2LNO/2LTO.
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Figure 2. Ni-L2;3 x-ray spectra of LNO/LTO superlattices. (a) Experimental Ni-L2 x-
ray absorption (XAS) spectra of the samples, showing data for both in-plane (E // xy,
straight lines) and out-of-plane (E // z, dotted lines) polarizations. The 2LNO/2LTO
(and, to a lesser extent, 4LNO/2LTO) spectra show a clear x-ray linear dichroism
(XLD). The spectra are taken with the total fluorescence yield (TFY) mode and have
been self-absorption corrected. (b) — (e) Experimental Ni-Ls resonant inelastic x-ray
scattering (RIXS) energy maps of the samples, taken with in-plane (E // xy) polarization
showing the charge-transfer (CT) and fluorescence excitations of bare LNO which van-
ish in 2LNO/2LTO. The corresponding Ni-Ls XAS spectra, after the removal of the La-
Mas peak, (white lines) are also shown for reference. (f) Theoretical simulations of Ni-
L2 XAS spectra obtained using cluster-based calculations, showing the cases for Ni-
3d8-like and Ni-3d8L'-like ground states. (g) and (h) Theoretical simulations of Ni-L3
RIXS energy maps for Ni-3d®L!-like and Ni-3d®-like ground states, respectively, show-

ing the CT and fluorescence excitations that vanish as the ligand hole is filled.
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To support the analysis, we perform single impurity Anderson model (SIAM)
calculations [16,39-41] to obtain theoretical simulations of the LNO spectra under dif-
ferent electron doping conditions (Figures 2f — 2h). Indeed, the calculations show that
the Ni-L2 XAS spectra of bare LNO resemble that of the Ni-3d®L! state, while
2LNO/2LTO resembles Ni-3d8-like state instead. The theoretical Ni-Ls RIXS spectra of
Ni-3d8L* also shows a prominent CT excitation indicative of a ligand hole and itinerant
fluorescence, while in the Ni-3d2-like state both the CT band and the itinerant fluores-
cence are suppressed. Thus, the electron transfer from LTO has filled the ligand holes
of LNO, transforming the LNO ground state from its initial negative charge-transfer Ni-
3d8L! state [12-17] into a Ni-3d®-like state. This new Ni-3d2-like configuration is lower
in energy than its respective charge-transfer state of Ni-3d°L?, making 2LNO/2LTO a
positive charge-transfer insulator [42]. Therefore, the electron transfer has caused a
crossover in the effective charge-transfer energy regime from negative to positive, the
only example of such crossover found so far.

Meanwhile, the strong XLD in the Ni-L2 XAS of 2LNO/2LTO (Figure 2a) can
originate from three main mechanisms: a strain-induced crystal field distortion, different
degrees of in-plane versus out-of-plane electron transfer, and a magnetic linear dichro-
ism effect caused by the emergent magnetic order. While all three mechanisms can
each be present, we find that this XLD can be reproduced in the SIAM calculation using
a combination of asymmetric electron transfer (where the electron transfer along the
z-direction is more complete than the xy-plane) and the inclusion of a 120 meV ex-
change field in the xy-plane (Figure 2f). As neither effect can fully capture the dichroism
by itself, this XLD is evidence of both (1) the lifting of degeneracy due to the emergence
of magnetic correlations among the high-spin Ni-3d®-like sites and (2) an anisotropy in
the electron transfer path, as it is more complete along the z-direction (resulting in the
hole-less Ni-3d® state) and less complete in the xy-plane (resulting in the Ni-3d8L°1?
state). Consequently, this means the LNO layers in 2LNO/2LTO contain residual, sin-

gly-polarized ligand holes that selectively inhabit only the planar Ni-3d,2_,2 + 0-2py,

hybridized band, consistent with the large orbital polarization observed previously
[23,25,26].
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Figure 3. Ti-L2,3 and O-K x-ray spectra of LNO/LTO superlattices. (a) Experimental
Ti-L2,3 x-ray absorption spectroscopy (XAS) of the samples for out-of-plane (E // z)
polarization. The Ti-L2,3 XAS spectra of LNO/LTO resemble the diamagnetic Ti**-3d°
configuration of SrTiOs instead of the antiferromagnetic Ti®*-3d* configuration of bare
LTO, signifying that the Ti-3d orbitals of LTO in LNO/LTO have indeed been emptied
by electron transfer into the LNO layers. The Ti-L23 XAS spectrum of bare LTO is
adapted from a previous report [27]. (b) Experimental O-K x-ray emission spectroscopy
(XES) and XAS of the samples (equivalent to occupied and unoccupied density of
states (DOS), respectively) for E // z polarization, showing the diminishing of the O-Ni
hybridized peak until a positive charge-transfer gap of A =5 eV opens for 2LNO/2LTO.
The XAS data are taken with the total fluorescence yield (TFY) mode and have been
self-absorption corrected, while the O-K XES data are obtained by taking non-resonant

inelastic x-ray scattering spectra at ~5.5 eV above the O-Ni peak.
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To verify the electron transfer from the LTO side, the Ti-Ls XAS spectra of the
samples (Figure 3a and Supplementary Figure 5a) show that the LTO layers of
LNO/LTO all resemble that of SrTiO3 with its diamagnetic Ti-3d® configuration, in con-
trast to bare LTO whose ground state is antiferromagnetic Ti-3d* [27]. Therefore, the
Ti-3d orbitals of the LTO layers have indeed been emptied and their electrons all trans-
ferred into the LNO layers. Furthermore, we also probe the electron transfer from the
ligand side by comparing the O-K XES and XAS spectra of the samples (equivalent to
occupied and unoccupied density of states, respectively) in Figure 3b and Supplemen-
tary Figure 5b. The Ni-3d8L? state of bare LNO is characterized by a distinct O-Ni hy-
bridized XAS peak coming from the excitation into the unoccupied O ligand hole [43].
As LNO thickness decreases, this O-Ni peak diminishes and eventually disappears,
indicating the (almost) complete annihilation of the ligand hole in 2LNO/2LTO and re-
sulting in a crossover to the positive charge-transfer energy regime with a gap of A =
SeV.

These results comprehensively show that the magnetism in LNO/LTO originates
from electron transfer from LTO, which transforms LNO into the high-spin Ni-3d® (S —
1) state. At first, it may seem that only 2LNO/2LTO (and to a lesser extent, 4LNO/
2LTO) undergoes this transformation, as the spectra for L10LNO/2LTO still resemble
those of bare LNO despite having the same magnetic behaviour as 2LNO/2LTO. This
can be resolved by considering that, based on uSR results (Figures 1d — 1e), the emer-
gent magnetism of LNO/LTO is contained within a small region of ~2 LNO uc thick,
indicating that the electron transfer only happens within this small region around the
LNO/LTO interface. If the transferred electrons would instead be distributed uniformly
throughout the whole LNO layer, each LNO uc in 20LNO/2LTO would only receive 0.2
electron from LTO (as each LTO uc can only donate 1 electron), resulting in a ground
state of Ni-3d®L%8. This would lead to a much smaller uni and ultimately a different
magnetic behaviour compared to 2LNO/2LTO, in contrast with the ySR data. Thus, to
be consistent with both the muon and x-ray spectroscopy results, the electron transfer
must be received only by the interfacial LNO uc (leading to their transformation to the
high-spin Ni-3d? state), while LNO uc far away from the interface get almost no elec-
trons and stay unchanged in their initial paramagnetic Ni-3d8L!-like state (Figure 4).
Within this context, the x-ray spectra of 10LNO/2LTO look similar to bare LNO simply
because 10LNO/2LTO has many non-interfacial LNO unit cells, which overwhelm its

high-spin interface state.
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Figure 4. Schematics of the interlayer electron (e°) transfer from LTO to LNO in
LNOJ/LTO superlattices. (a) Electronic band structures of bare LNO and bare LTO.
The UHB and LHB denotes the upper and lower Hubbard band, respectively. (b) Elec-
trons from the LTO Ti-3d orbital move across the Fermi level (Er) to fill the ligand hole
of LNO, transforming the LNO ground state from the paramagnetic Ni-3d8L'-like to a
magnetic (S — 1) Ni-3d®-like state. The electron transfer processes are concentrated
near the LNO/LTO interfaces, so only interfacial LNO unit cells become magnetic.
There is also a distinct dichroism, as the electron transfer along the out-of-plane z-axis
is more complete than along the xy-plane, resulting in singly-polarized residual holes
in the planar Ni-3d,z_,2 + 0-2p,,, hybridized band. (c) There is little to no electron

transfer away from the interfaces, so non-interfacial LNO unit cells stay in their initial

paramagnetic Ni-3d8L!-like state.
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Therefore, by combining muon and x-ray spectroscopies, we have discovered
the emergence of an interfacial quasi-two-dimensional magnetism in LNO/LTO super-
lattices. To further investigate its microscopic details, we use high-resolution RIXS
(FWHM ca. 40 meV) to probe the magnon excitations associated with this magnetic
order. As the magnon energy directly correlates to the magnetic exchange coupling
[20,44-47], this allows us to compare the magnetic correlation strength of LNO/LTO
with other relevant compounds such as other nickelates and the cuprate superconduc-
tors. The experiments are performed at the Ni-L2 edge using the ID32 beamline of the
European Synchrotron Radiation Facility [48] and the 121 beamline of the Diamond
Light Source [49]. The results (Figure 5a) reveal the presence of significant spectral
weight at low energy transfer, which can be well-fitted by a dominant magnon excitation
(Figure 5b) that shows a slight but noticeable dispersion along both the (1,0,0)pc=pseudo-
cubic and (1,1,0)pc directions (Figure 5c).

As the spectra are taken at 20 K — 30 K (slightly above Tmag) due to beamline
limitations, the magnon is underdamped with a (fitted) damping coefficient of ~80 meV
and modulated by the Bose-Einstein distribution. These cause the apparent central
energy of the magnon, wcen = 75 meV, to be lower than its actual natural/undamped
energy, Wmag. TO extract wmag, We fit the magnon with a damped harmonic oscillator
model [50] which results in a momentum-dispersed wmag 0f 90 meV — 105 meV that
increases with the in-plane momentum transfer (Figure 5d). This wmag is ~3 times
higher than that of its parent material RNiO3 (wmag = 20 meV — 40 meV) [20] and nearly
equal to that of LazNiO4 (wmag = 100 meV) which also has a quasi-two-dimensional Ni-
3d8 (S = 1) ground state [46]. Importantly, this wmag also approaches the typical values
for superconducting cuprates (wmag = 200 meV — 300 meV) [44,45,47] and NdNiO2
(wmag = 150 meV —-200 meV) [51], the parent compound of superconducting
(Nd,Sr)NiO2 [30]. Considering that some theories'! and experimental observations
[45,47,52,53] have suggested a positive correlation between (para)magnon and mag-
netic exchange energies with superconducting gap and critical temperature in cu-
prates, this high wmag indicates that LNO/LTO possesses strong magnetic exchange
correlations that mimic the precursor states of superconducting nickelates and cu-

prates, especially regarding its quasi-two-dimensional magnetic order.
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Figure 5. Magnetic excitations in LNO/LTO superlattices. (a) High-resolution reso-
nant inelastic x-ray scattering (RIXS) spectra of the LNO/LTO and LNO samples, which
show significant spectral features at low energy transfer. (b) Representative fitting
analyses of the low-energy RIXS spectra to extract the magnon excitations, showing
the cases for 2LNO/2LTO and 10LNO/2LTO. (c) Energy dispersion of the extracted
magnon excitations of 2LNO/2LTO along the (1,0,0)pc=pseudocubic and (1,1,0)pc momen-
tum directions (expressed in reciprocal lattice units of |gioo| = 1.60 A and |q110| = 2.26
Al respectively). The black dots denote the apparent center energy of the magnon,
Wcen, at each momentum transfer, and the two striped lines denote the minimum and
maximum wecen Within the measurement range. As the magnon is underdamped (damp-
ing coefficient ~80 meV) and modulated by the Bose-Einstein distribution, wcen appears
to be lower than the natural/undamped energy of the magnon, wmag. (d) The wWmag €Xx-
tracted from the fitting analysis of the magnon, is showing noticeable dispersion along
both the (1,0,0)pc and (1,1,0)pc directions. The red striped lines are guides to the eye.
The error bars denote 1 standard deviation. (e) Comparison of the magnon excitations
of different samples at low and high temperature. All high-resolution RIXS data have
been self-absorption corrected, and are taken at the Ni-L2 edge with 17 polarization.
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The intensity of these magnon excitations decrease as LNO thickness increases
(Figure 5e) because the fraction of magnetic interfacial LNO uc in the superlattice also
decreases, but even in 10LNO/2LTO it is still twice the intensity of the low-energy
spectral weight of bare LNO. Interestingly, the damped magnon still persists at higher
temperatures far above the magnetic Tonset, indicating that locally the magnetic ex-
change coupling of LNO/LTO is still strong enough to retain significant short-range

magnetic correlations at higher temperatures consistent with its high wmag.

Discussion

We can assess the type of the interfacial magnetic order as follows. According
to theoretical calculations, the uni of an S = 1 LNO/LTO heterostructure is estimated to
be ~1.7 us [28]. If all these moments align ferromagnetically, the total moment in LNO/
LTO should approximately be M = uninniVsL = 1.6 x 10% emu (nni = 8.7 nm3 is the
number of Ni per unit volume and VsL = (5000 x 5000 x 0.046) um? is the 2LNO/2LTO
superlattice volume). However, when the samples are probed using magnetometry
(sensitivity ~5 x 10® emu), no net magnetic moment is detected. This indicates that
LNO/LTO is not ferromagnetic and thus likely to be antiferromagnetic instead, similar
to LNO/LaAlOs [5]. Theoretical calculations also support this, as quasi-two-dimensional
G-type antiferromagnetism with a wavevector of (¥2,%,0) is shown to have the lowest
formation energy in S =1 LNO/LTO [28].

It should be noted that this antiferromagnetism emerges purely from electronic
effects when interfacial LNO is transformed from paramagnetic Ni-3d®L! to antiferro-
magnetic Ni-3d® by the electron transfer. This process also removes the Ti-3d* electron
from LTO along with the S = %2 spin necessary for its own antiferromagnetic order [27],
turning LTO into a diamagnetic SrTiOz-like Ti**-3d° state. Therefore, the electron trans-
fer effectively removes the magnetic moment of LTO and uses it as a seed to bolster
the magnetic moment of LNO, demonstrating a high level of control on the electronic
and magnetic properties of strongly-correlated oxide interfaces. This sets it apart from
other magnetic LNO heterostructures such as LNO/LaMnQOs [6] and LNO/GdTiOs3 [24],
where the magnetic effects in LNO are instead induced via (super)exchange interac-
tions with the already ferromagnetic LaMnO3 and GdTiOs without significantly dimin-
ishing their own magnetism.

In LNO/LTO with thicker LNO (e.g., 10LNO/2LTO), the paramagnetic metallic

non-interfacial LNO is sandwiched between antiferromagnetic insulating interfacial
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LNO layers, making it an inherent magnetic/nonmagnetic/magnetic junction [7-9].
Therefore, the interactions between the conducting charge carriers of non-interfacial
LNO with the antiferromagnetic order of interfacial LNO may lead to emergent magne-
toresistance effects. Furthermore, as the magnetism is purely interfacial and can exist
without a strict geometrical confinement of the LNO layers, a single LNO/LTO interface
can essentially behave as an atomically thin quasi-two-dimensional antiferromagnet.
These properties can allow the technological utilisation of LNO/LTO in advanced
spintronic devices such as magnetic tunnel junctions and spin valves, especially in the
emerging field of antiferromagnetic spintronics [8,9].

Meanwhile, the singly-polarized residual holes of LNO/LTO with planar

Ni-3d,2_,2 + 0-2p,, characteristics resemble the Fermi-level electronic structure of the

normal state of LasNi2O7, which becomes superconducting under high pressure [31].
The quasi-two-dimensional interfacial antiferromagnetic order of LNO/LTO, with its
large uni and wmag indicative of strong antiferromagnetic correlations, is also reminis-
cent of the magnetism of the parent compounds of superconducting cuprates [10,11]
and (Nd,Sr)NiOz2 [30,51] albeit with an S — 1 spin state instead. Typically, a supercon-
ducting state also requires the normal state to be metallic to provide enough carriers
that can form superconducting pairs [10,11], which is an issue for 2LNO/2LTO due to
its insulating nature (Supplementary Figure 2). This can be resolved with additional
hole or electron doping to either enlarge the singly-polarized ligand holes or introduce
back some electrons into the emptied Ti-3d orbitals, respectively. External strain can
also be introduced to further increase the orbital polarization and induce similar effects
as high pressure, such as to straighten the Ni-O bond which appears to be a main
characteristic of the superconducting state of LasNi2O7 under high pressure [31].

We predict that this interfacial charge transfer and magnetism of LNO/LTO can
be replicated in other TMO heterostructures that possess the following characteristics.
First, the heterostructure pairing should be made between a charge donor and a
charge acceptor (playing the role of LTO and LNO, respectively), with an appropriate
energy difference to enable the charge transfer from donor to acceptor. Second, the
charge transfer should result in a high-spin state of the d-electrons. However, it is often
energetically unfavourable to directly add electrons into the d-bands of TMOs due to
their strong on-site Coulomb repulsion. Therefore, this should be easiest to achieve if
the charge acceptor also has a negative or near-zero charge-transfer energy like LNO,

so that there will be enough intrinsic ligand holes that can readily recombine with the
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transferred electrons. This can allow the spins of the d-electrons to interact among

themselves with minimal interference from the ligand.

Conclusion

In conclusion, here we present direct evidence of the emergence of a novel
guasi-two-dimensional antiferromagnetic order with strong magnetic exchange inter-
actions at the interfaces between strongly-correlated LaNiOs and LaTiOs. Their pairing
in a superlattice triggers an interlayer electron transfer from the Ti-3d* state of LaTiOs
to fill the Ni-3d8L? ligand hole of LaNiOs, resulting in a high-spin state of Ni-3d® (S —
1) that is inherently quasi-two-dimensionally confined at the interface. Therefore, a sin-
gle LaNiOs/LaTiOs interface can behave as an atomically thin quasi-two-dimensional
antiferromagnet, opening a path for its technological utilization in advanced antiferro-
magnet-based spintronic devices. This interface magnetism has a high magnetic mo-
ment and magnon energy of ~1.7 us and ~100 meV, respectively, implying strong
quasi-two-dimensional antiferromagnetic correlations in the LaNiOs layers. Combined

with the orbitally-polarized Ni-3d,2_,2 + 0-2p,,, planar ligand holes that are still left in

LaNiOs after the electron transfer, this makes the electronic and magnetic configura-
tions of LaNiO3/LaTiOs closely resemble the precursor states of nickelate and cuprate
superconductors, albeit with an S — 1 spin state instead.

Experimental Methods
Sample Fabrication with Pulsed-laser Deposition (PLD)

The (nNLNO/2LTO)30 superlattice samples (n = 2, 4, 10), as well as bare LNO
and bare LTO thin film samples for reference, are fabricated using the PLD system at
the SIS beamline of the Swiss Light Source. LNO and LTO possess the same La A
cation and only differ in their B cation (Ni and Ti, respectively), which should minimize
interdiffusion between the layers. Therefore, this makes LNO/LTO an ideal system to
study electronic effects, as we can be sure that any emergent phenomena only come
from these electronic effects. For this purpose, we also minimize epitaxial strain to the
LNO layers by using lattice-matched (110)orthorhombic NdGaOs single crystals (5 mm x 5
mm x 0.5 mm for x-ray spectroscopy experiments and 10 mm x 5 mm x 0.5 mm for
muon experiments) as the substrates. For reference, the (pseudo)cubic lattice constant
of bare NdGaOs, LaNiOs, and LaTiOz (anco, ano, and acto) is 3.858 A, 3.837 A, and
3.96 A, respectively. The ablation targets are sintered pellets of stoichiometric LaNiOs3
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and LaTiOs (diameter: 25 mm). The ablation is performed using an Nd:YAG pulsed
laser (fourth-harmonic mode, 266 nm) with 75 mJ per pulse at a repetition rate of 10
Hz. The substrates are heated by using a CO2 continuous-wave laser heater. The
growth temperature is kept at 700 °C (monitored by a pyrometer) with a ramp-up rate
of 8 °C per minute. Before the growth, the deposition chamber is pumped down to 2 x
107 mbar to remove any excess Oz.

Previously, one key factor that has not been properly considered in the growth
of LNO/LTO is the apparent incompatibility between the growth conditions of stoichio-
metric LNO (requiring high ambient growth pressure [25]) and LTO (requiring ultralow
oxygen partial pressure [35]). Typically, LNO/LTO was grown in conditions favouring
only LNO [25], resulting in non-stoichiometric LaTiOs+x (Ti-3d*?*) that can transfer less
than one electron per unit cell (uc) and cannot completely fill the LNO ligand hole. To
solve this issue, N2z is used as the process gas during the deposition instead of the
usual O2 to keep an ambient growth pressure of 6 x 102 mbar. The low O2 partial
pressure in pure N2 gas (<107°) results in an estimated O activity equivalent to <10
mbar suitable for the growth of stoichiometric LaTiOs [35] while the use of high N2
ambient pressure of >102 mbar is adequate to stabilize the growth of highly-crystalline
LaNiOs. To fabricate the LNO/LTO superlattices in a controlled layer-by-layer manner,
the LaNiOs target is ablated alternatingly with the LaTiOs target by programmable ro-
tations of the target carousel. For each superlattice sample, the nLNO/2LTO supercell
is repeated 30 times to ensure sufficient thickness and good signal-to-noise ratio for
the x-ray and muon spectroscopy experiments. The growth is monitored in situ using
a reflection high-energy electron diffraction (RHEED) system to ensure high crystallin-
ity of the samples (Supplementary Figures 1a — 1e). After deposition, the samples are
cooled down with a rate of 16 °C/minute while maintaining the same N2 ambient pres-

sure.

Sample Characterizations with X-ray Reflectivity (XRR) and Diffraction (XRD)

The LaNiOs and LaTiOs layer thicknesses of each superlattice sample (duno and
dito) are calibrated ex situ using XRR measurements (Bruker D8, Supplementary Fig-
ures 1f — 1h). The results show that the layer thickness can be controlled within a
maximum deviation of £13% from the ideal values based on aLno and aLto. The inter-
face roughness parameters (owno and oLto) are also all below 1 uc (0.3 nm). Consid-

ering that owno and oLto are averaged over a large x-ray beam spot area of ~2 mm x
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0.2 mm and thus inevitably include planar defects such as stacking faults, their small
values indicate the presence of atomically flat and sharp interfaces.

The crystallinity of the samples is characterized using XRD. Despite the unor-
thodox use of N2 as the process gas, bare LaNiOs and bare LaTiOs films show a distinct
single-crystal peak with no mixture with other phases (Supplementary Figure 2a). The
XRD of 2LNO/2LTO (Supplementary Figure 2b) shows a single main peak flanked by
symmetric satellite superlattice peaks (SL-1 and SL+1), indicating its high crystallinity.
Meanwhile, the main peaks of 4LNO/2LTO and 10LNO/2LTO (while also flanked by
symmetric superlattice peaks) are split into double peaks.

To investigate this, we measure the reciprocal space maps (RSM) of the sam-
ples (Supplementary Figures 2c — 2e) around the (335)orthorhombic reflection of NdGaOs
(equivalent to (103)pseudocubic). From the inverse of the reciprocal lattice vector values
(Qx and Qy), the average in-plane and out-of-plane pseudocubic lattice constant (ax
and a;) of 2LNO/2LTO can be estimated to be 3.94 A and 3.98 A, respectively, which
is much closer to aLto than acno. In contrast, the average ax and a; of 10LNO/2LTO
are both around 3.90 A, i.e., halfway between aino and aLto. These results can be
explained if the LNO unit cells closer to the LNO/LTO interfaces are strongly strained
by the LTO layer lattice constants. Away from the interface, the LNO unit cells start to
relax towards aino, bringing the average lattice constants to halfway between aLto and
aLno. Therefore, the double main peaks in the XRD of 4LNO/2LTO and 10LNO/2LTO
(Supplementary Figure 2b) represent the strained and relaxed parts of the LNO layers,
indicating yet another dichotomy between interfacial and non-interfacial LNO unit cells,
respectively.

The average periodicity of each superlattice can be estimated by using Bragg
analysis (nd = 2Asin8), where n is the order of the superlattice peak and A is the
superlattice periodicity) on the angular distance between its SL-1 and SL+1 peaks.
Based on this analysis, the average periodicity of each sample is found to be as
follows. For 2LNO/2LTO it is 4.6 uc (ideal periodicity: 2LNO + 2LTO = 4 uc), for
4LNO/2LTO it is 6.7 uc (ideal periodicity: 4ALNO + 2LTO = 6 uc), and for 10LNO/2LTO
it is 10.3 uc (ideal periodicity: 10LNO + 2LTO = 12 uc). This means that the actual
average periodicities of the superlattices can be controlled to be within £14% of their

respective ideal periodicity, consistent with XRR results.
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Sample Characterizations with Electrical Transport and Magnetometry

DC resistivity measurements (Supplementary Figure 2f) are carried out by the
standard four-point technique in the van-der-Pauw configuration with an excitation cur-
rent of 0.1 mA in a Physical Property Measurement System (PPMS-9T) from Quantum
Design. The resistivity of 2LNO/2LTO is above the measurement limit, and it decreases
as the thickness of LNO layers increases, with 10LNO/2LTO having a subtle insulator-
to-metal transition at ~135 K. Bulk magnetometry experiments are also attempted on
the LNO/LTO samples using a superconducting quantum interference device — vibrat-
ing sample magnetometer (SQUID-VSM) with a sensitivity of ~5 x 10® emu, but no
net magnetic moment is found, indicating that the samples are not ferromagnetic and

most likely antiferromagnetic instead.

Muon Spin Rotation/Relaxation (USR) Experiments

The SR experiments are performed by using 100% spin-polarized positive mu-
ons to interact with the local magnetic field, Biocal, Within the samples [33]. By tuning
the muon energy into low-energy keV scale, the muon implantation depth can be con-
trolled to be within a short distance from the sample surface, making it suitable to probe
the local magnetic properties of thin films and heterostructures. The muon stopping
profiles for energies optimized for each nLNO/2LTO sample thickness are calculated
using the Monte Carlo algorithm TRIM.SP [54], so that the mean depth of the muon
stopping sites falls in the middle of the superlattice (Supplementary Figure 3a).

The main uSR experiments are done in a transverse field geometry (TF-uSR)
at the Low-Energy Muon (LEM) Facility of the Swiss Muon Source [36], where a weak
transverse magnetic field, Btr = 10 mT is applied perpendicular to the initial muon spin
polarization, Sy (Figure 1b). If the sample is paramagnetic, Biocal Would be uniform and
nearly equal to Btr, causing the spin of the whole muon ensemble to precess with a
uniform Larmor frequency warmor = ¥uBiocal, Where yu is the muon gyromagnetic ratio.
This manifests as an oscillation (Figure 1d) in the time-dependent spin polarization
asymmetry, A(t), which is modelled as

A(t) = apmexp(—At) cos(wiarmort + @), )
where t is the time after muon implantation, apm is the amplitude of the oscillating com-
ponent (proportional to the paramagnetic volume fraction, fom), A is the depolarization
rate, ¢ is the initial phase of the muon spin with respect to the positron detector, and
wLarmor IS taken to be equal to yuBtr. This model is used to fit the uSR data using the
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MUSRFIT program [55]. When the sample becomes magnetic, the magnetic volume
fraction, fmag, would increase, causing fom and thus apm to decrease. Therefore, the
guenching of A(t) oscillation is a direct indication of a magnetic transition in the sam-
ples, as the intrinsic moments of an ordered magnetic state would modulate Btr so
that Biocal IS Nnot uniform anymore.

The sample temperature is varied using a He cryostat (temperature stability: 0.1
K) to observe the changes in apm. This temperature-dependent change of apm is then
used to extract the temperature-dependent magnetic volume fraction of the samples,
fmag (T), and hence determine their magnetic transition temperatures (Fig. 1e), using

fmag(T) =1- (2)

apm(T)
Apm (Tmax)’

where apm(Tmax) is the amplitude in the high-temperature paramagnetic phase.

To support the TF-uSR data, we also perform temperature-dependent uSR ex-
periments in a zero-field geometry (ZF-uSR), where no external field is applied and
A(t) depends solely on the intrinsic magnetic moments of the samples (Supplementary
Figures 3b — 3d). The ZF-uSR data can be fit by

A(t) = alf exp(—4gt) + (1 — f) exp(—0?t?/2) exp(—Ast)], 3)
where a is the total asymmetry, f is the fraction of the fast decay part, Ar and As is the
fast and slow depolarization rate, respectively, and o is the Gaussian contribution of
the slow depolarizing part which includes the nuclear damping in the paramagnetic
phase. In the high-temperature paramagnetic phase, A(t) takes a long time to decay
as it is governed by the slow component. As the temperature decreases below Tonset,
the fraction of the fast component gradually increases and eventually dominates, lead-
ing to a quick decay of A(t) at low temperatures. This bi-exponential decay is a signa-
ture of a transition into a magnetically ordered state. This result is similar to the ZF-
MSR data of the LNO/LaAlOs superlattice, which also shows the quick decay of A(t)
below its Néel temperature [5]. The absence of a unique muon precession frequency
in the ZF geometry can be explained by the presence of several inequivalent muon
stopping sites within the samples: magnetic (interfacial LNO unit cells) and non-mag-
netic (non-interfacial LNO and LTO unit cells), which reinforces the quasi-two-dimen-
sional nature of the magnetic order. Additionally, it is also possible that the muon pre-

cession frequency is too high to be detected by the Low-Energy uSR spectrometer.
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X-ray Absorption (XAS) and Emission (XES) Spectroscopy Experiments

The XAS experiments (Figures 2 and 3) are done at the Ni-L2,3, O-K, and Ti-L2,3
edges using the ADRESS beamline of the Swiss Light Source at Paul Scherrer Institute
[37,38]. The absorption spectra, I, are obtained in total fluorescence yield (TFY) mode,
as total electron yield (TEY) mode is not available for the insulating 2LNO/2LTO. They
are measured using both o and  polarizations with a 8 = 20° incident angle from the
sample surface. The in-plane, I(xy), and out-of-plane, 1(z), absorption spectra are ob-
tained from I(o) and I(rr) using the Malus’ law according to

I(xy) = 1(0)
1(z) = [I(m) — I(xy) sin? 8] /cos? 6. (5)

The TFY spectra are normalized and self-absorption corrected using the nor-
malization and self-absorption algorithms of the ATHENA XAS data processing pro-
gram [56]. Unfortunately, the Ni-Ls spectra are dominated by strong La-M4 absorption
(Supplementary Figure 4). Therefore, when discussing the differences between the Ni-
L2,3 spectra of the samples in Figure 2a, we focus on the Ni-L2 edge as Ni-Lz is free
from this La-M4 contamination. The peaks are fitted with pseudo-Voigt functions, while
the step-like background (coming from the excitation from the Ni-2p core states into
the continuum) is fitted by Gaussian error functions (erf). In Figure 2a, this background
is removed after applying self-absorption correction to allow better comparison be-
tween experimental and calculated XAS spectra.

The O-K XES spectra are obtained by taking off-resonant inelastic x-ray scat-
tering at 5.5 eV above the O-Ni resonance (Figure 3b) using the ADRESS beamline
[37,38]. They are measured using both o and T polarizations with 6 = 20° incident and
a = 130° scattering angles and converted into the in-plane and out-of-plane compo-
nents using Equation 5. As the emission energies of the O-2p occupied DOS are far
below any of the O-K absorption peaks, the XES spectra are not affected by self-ab-
sorption effects. In all XAS and XES experiments, the sample temperature is kept at
25 K using a He cryostat with a temperature stability of 1 K. The Ti-Lz and O-K XAS
and XES spectra of the samples along the out-of-plane E // z and in-plane E // xy

polarization are shown in Figure 3 and Supplementary Figure 5, respectively.
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Resonant Inelastic X-ray Scattering (RIXS) Experiments

The medium-resolution (FWHM ca. 110 meV) RIXS energy maps (Figures 2b —
2e) are taken at the Ni-Ls edge using the ADRESS beamline [37,38] with o polarization,
6 = 20° incident angle, a = 130° scattering angle, and 25 K sample temperature (Sup-
plementary Figure 6a). As the emission energy of the signature charge-transfer (CT)
excitation is far below any of the Ni-Ls absorption peaks, it is not affected by self-ab-
sorption effects.

The high-resolution RIXS experiments (Figure 5) are done using the 1D32
beamline of the European Synchrotron Radiation Facility [48] (for momentum-depend-
ent studies) and the 121 beamline of the Diamond Light Source [49] (for sample- and
temperature-dependent studies). The spectra are taken at the Ni-L2 resonance with 17
polarization to reduce the elastic scattering contributions, especially from the La-Mas
contamination near the Ni-Ls edge (Supplementary Figure 4). To reach certain photon
momentum transfer, q, in a geometry along the in-plane (1,0,0)pc=pseudocubic and (1,1,0)pc
momentum directions (expressed in reciprocal lattice units (r.l.u.) of |qoo| = 1.60 A
and |qu0| = 2.26 AL, respectively) while minimizing the elastic line and the out-of-plane
q component, both 6 and a are rotated in tandem according to Supplementary Table
1, so that 6 is kept in near-grazing geometry. For the g-dependent study at ID32, the
temperature is kept at 30 K, while for the temperature-dependent study at 121, the
measurements are done at 20 K and 280 K. All RIXS experiments are done using He
cryostats with a temperature stability of 1 K, and the detected scattered photons are
not filtered by the outgoing polarization. Due to the different specifications of each
beamline, the ID32 data are taken with the single-photon counting mode, while the 121
data are taken with the integration mode. For consistency, the 121 data are normalized
to the ID32 data.

As the emission energies of the low-energy features in Figure 5 are still very
close to the incident photon energy at the maximum of the Ni-L2 absorption edge, the
intensity of the high-resolution RIXS spectra is reduced by self-absorption effects by a

factor of
1
C(wy, wy,0,a) = PN CONGTU (6)
where 1 (u2) is the normalized absorption coefficient of the incident (outgoing) photon
at a particular incident (outgoing) energy, w1 (w2), as shown in Figure 2a. The self-

absorption-corrected (SAC) RIXS data are obtained by dividing the raw RIXS spectra
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by C. As the low-energy features of the high-resolution RIXS spectra are dominated
by spin-flipping magnetic excitations and the incident polarization is 1, the self-absorp-
tion corrections are performed under the assumption that the outgoing photons are
mostly o-polarized, i.e., in the spin-flip rmo’ scattering channel (Supplementary Figures
6 — 8).

The SAC Ni-L2 high-resolution RIXS spectra are fitted using three fitting com-
ponents (Figure 5b and Supplementary Figures 6 — 8): a Gaussian for the elastic line,
a Gaussian for a low-energy phonon at ~30 meV (presumably an octahedral-distortion

phonon [57]), and a damped harmonic oscillator®® according to
40magWmag®

(w2 —wﬁ,ag)z +(2womag)2

()

Imag (w) = AmagnBE

for the damped magnon excitation. Here, Amag is the amplitude of the magnon, Omag iS
the magnon damping coefficient, wmag is the natural/undamped magnon energy (Fig-

ure 5e), and nse is the Bose-Einstein (BE) temperature factor according to

npg(w, T) = m, (8)

where T is the sample temperature, h is the reduced Planck constant, and ks is the
Boltzmann constant. For more metallic samples, an additional Gaussian is also added
to represent the electron-hole (e-h) pair excitations at higher energy transfers (>0.3
eV). The extracted magnon excitation in Figures 5¢ — 5e is then obtained by subtracting
the elastic, phonon, and e-h pair spectral weights from the SAC spectra.
Unfortunately, due to technical limitations of the beamlines, we can only meas-
ure the high-resolution RIXS data at temperatures above 20 K, i.e., above the Tmag oOf
18 K, resulting in a broadened and damped magnon. This also prevents us from prob-
ing the microscopic structure of the long-range magnetic order, for example by using
the resonant x-ray diffraction technique. Therefore, detailed theoretical analysis of the
magnon dispersion, for example to extract the quantitative value of the magnetic ex-

change coupling, is not feasible within the scope of this study.

Theoretical Calculations

The theoretical calculations for the ground states and spectral properties of
LNO/LTO superlattices are performed using the Quanty package [39,40] based on a
single impurity Anderson model (SIAM). Double cluster models have been successful
in describing nickelates exhibiting breathing distortions and associated bond dispro-

portionation [16], but given the absence of this disproportionation in LNO, the SIAM is
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a more suitable model as both the charge transfer continuum and fluorescence exci-
tations can be appropriately captured. The general form of our SIAM Hamiltonian, H,
IS

H = H, + H, + Hy + Hyes, (9)
where H; and H. are the impurity and ligand (bath) Hamiltonians, respectively, while
Hv is their hybridization interaction. The Hres is an electron doping reservoir weakly
coupled to the system, similar to that used in the double cluster approach of electron-
doped RNiOs [41].

The Hi is a conventional multiplet crystal field Hamiltonian which includes mul-
tipole Coulomb interactions, octahedral crystal field potentials, as well as spin-orbit
coupling in the 2p core and 3d valence shells (see our previous study for a full descrip-
tion [16]). The H; has the form

H; = H3* + HY* + HE + HP + HS + H?. (10)
Here, H}? and Hgd are the 3d-3d and 2p-3d Coulomb repulsion (including all multiplet
effects), respectively, while Hf; and HY; are the 3d and 2p spin-orbit interaction, re-
spectively. Lastly, H¢ and HY are the 3d and 2p electron on-site energies, respectively,
which (for the 3d shell) also include the crystal fields. Parameters which enter into this
portion of the Hamiltonian include monopole Coulomb interactions (Uyq and U,y), ra-
dial Slater integrals (F/ and G{‘j), spin orbit interaction energies ({;), and the crystal field
energy (10Dq), as given in Supplementary Table 2. These parameter values are similar
to those used previously in our bare RNiO3s study [16]. The Hamiltonian also includes
the exchange interaction energy of 120 meV, based on the value for NiO which has a
similar antiferromagnetic Ni-3d® state [58]. For 10Dq, we provide separate values for
the undoped (Ni-3d®L") and fully-doped (Ni-3d®) cases (Supplementary Table 2), and
we linearly interpolate between these values for intermediate doping. The primary dd
excitation of the RIXS spectra is sensitive to the 10Dq value, which enables this dop-
ing-dependent evaluation.

The ligand bath term of the SIAM Hamiltonian has the form

Hy = S e L L + = S (L Loy + LY, L) + 2cCl G, (11)
where LJ{ (L;) creates (annihilates) an electron in the ligand bath shell with onsite en-
ergy ¢, indexed by i. The ligand sites comprising the bath are coupled in a chain via

the second summation, leading to a bath of width W. While the ligand bath shells
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denoted by operators L are fully occupied (before hybridization), those denoted by op-
erators C are unoccupied, and allow for fluctuations away from the impurity. In other
words, L; (C;) correspond to valence (conduction) baths. These valence and conduc-
tion baths are coupled to the impurity with the hybridization term
Hy = ol Vio(dfLyg + L 1de) + Ve (diCr + Cldr))], (11)
where dI (d,) creates (annihilates) an electron in the Ni d shell with combined orbital
and spin index . The symmetry-dependent hopping integrals V, , and V., define the
strength of the interaction between the impurity and valence and conduction baths,
respectively. Finally, the doping term has the form
Hyes = egRTR + 3.V (RILy - + LT R;), (12)

where R! (R,) creates (annihilates) an electron in a weakly coupled electron doping
reservoir.*tl The level of doping is controlled by the onsite energy ez and the weak
coupling is induced by a hopping integral V. The parameters for the hybridization por-
tion of the Hamiltonian are given in Supplementary Table 3. Here, the onsite energies
&L, &, and g are converted to their respective charge-transfer energy representations
of A;, Ac, and Ag. The hopping integrals and valence ligand charge-transfer energies
shown in Supplementary Table 3 are similar to those used for bond-disproportionated
bare RNiOs [16,41]. XAS and RIXS spectra are simulated using built-in Quanty func-
tions, which are then broadened and normalized at the off-resonant low- and high-
energy tails for comparison to experiment.

As each cluster is composed of one 2p shell, one 3d shell, 20 valence bath sites
(each implemented as a d shell), one conduction bath (implemented as a d shell), and
the charge reservoir (implemented as an s shell), the model is composed of 228 Fer-
mionic (spin) orbitals, having a filling of 215 electrons. The remaining 13 holes come
from the 3d shell (3 holes due to the 3d” nominal configuration of LaNiO3) and the
conduction bath shell (which, as it is simulated as an empty d shell, has 10 holes). This
Hilbert space has a dimension of ~5 x 10%°, which is prohibitively large. We circumvent
this by restricting the Hilbert space only to configurations having at most two valence
bath holes and one conduction bath hole, so that accurate spectra can still be achieved

with the iterative diagonalization and response function methods employed by Quanty.
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Statistical Analysis

The error bars of the magnetic volume fraction (fmag) in Figure 1e are obtained
by fitting the time-dependent TF-uySR data with Equation 1 using the MUSRFIT pro-
gram [55] (as representatively shown in Figure 1d) to first get the amplitude of the
oscillating component (apm) and its corresponding fitting error, which are then propa-
gated to fmag USing Equation 2. Meanwhile, the error bars of the magnon natural energy
(wmag) In Figure 5d are obtained from the fitting of the self-absorption-corrected high-
resolution RIXS data with Equation 7 using the Imfit package of Python, as
representatively shown in Figure 5b. In both cases, the error bars represent one

standard deviation away from the fitted parameters.

Supplementary Data

Supplementary Table 1. Geometry configurations for high-resolution resonant
inelastic x-ray scattering (RIXS) experiments. The incident (6) and scattering (a)
angles are set such that the momentum transfer, q, is mostly along the in-plane
(1,0,0)pseudocubic and (1,1,0)pseudocubic momentum directions (expressed in reciprocal lat-
tice units (r.l.u.) of |qioo| = 1.60 A and |qu10| = 2.26 AL, respectively). The 6 is meas-
ured from the sample surface, while a is measured from the incident momentum vector.

The experiments are performed at the Ni-L2 edge (870.7 eV).

oo (h, k) 6 (°) a(®) 1o (h, k) 0 (°) a(’)
(0.10, 0) 30.2 90.00 (0.10,0.10) |23.8 90.00
(0.20, 0) 14.3 90.00 (0.15,0.15) | 12.2 90.00
(0.25, 0) 5.30 90.00 (0.20,0.20) | 8.10 100.0
(0.30, 0) 5.00 100.0 (0.25,0.25) | 4.70 111.0
(0.35, 0) 5.40 111.0 (0.30,0.30) | 5.50 128.0
(0.40, 0) 10.5 128.0 (0.35,0.35) | 6.70 149.5
(0.45, 0) 17.3 149.5

(0.49, 0) 8.10 149.5
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Supplementary Table 2. Parameters for the multiplet crystal field theory part of
the Hamiltonian used in the single impurity Anderson model (SIAM) calculation.

All values are in units of electron volts. The Uy and U,, are the monopole Coulomb
interactions, F¥ and Gi"j are the radial Slater integrals, {; are the spin orbit interaction

energies, and 10Dq is the crystal field energy. The index 2p and 3d corresponds to the
Ni 2p and 3d shells, respectively, while dd and pd indicates interactions within the metal
3d shell and between the metal 2p and 3d shells, respectively. Where two values are
given, the first (second) corresponds to the undoped (fully-doped) case, and linear in-

terpolation is used for intermediate doping.

Configuration | Ugq | Upa | Fiy | Fia | Fpa | Gpa | Gpa | op (34 | 10Dq
No core hole | 6.00 | - 9.29 581 | - - - - 0.091 | 0.75,
0.55
With core 6.00 | 7.00 | 10.62 | 6.64 | 6.68 | 5.06 | 2.88 | 11.51 | 0.091 | 0.75,
hole 0.55

Supplementary Table 3. Parameters for the bath and hybridization part of the
Hamiltonian used in the single impurity Anderson model (SIAM) calculation. All
values are in units of electron volts, except N which is the number of bath sites. The
W is the ligand bath width, A;, A, and Ay are the charge-transfer energies, and Vieg:
Vitsg Veeg Vetyg: and I, are the hopping integrals. The index L and C corresponds to
the occupied and unoccupied ligand bath sites (before hybridization), respectively,
while R corresponds to the electron doping reservoir. Lastly, the index e, and t,, cor-
responds to the e, and ¢, orbitals of the metal d band, respectively. Where two values
are given, the first (second) corresponds to the undoped (fully-doped) case, and linear
interpolation is used for intermediate doping. The Vie, and Vit,, are rescaled by 0.85
for the configuration with the core hole, as typically done for cluster-based simulations

of spectroscopy results.

N W AL AC AR VL,EQ VL,tzg VC,eg Vc,tzg VR

20 7.00 | 0.00 | 800 | 2.00, | 260, | 1.30, | 0.90, | 0.45, | 0.25
3.07 | 2.20 1.10 | 0.00 | 0.00
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Supplementary Figure 1. Reflection high-energy electron diffraction (RHEED) and x-
ray reflectivity (XRR) of LNO/LTO superlattices. (a) — () RHEED images after the
growth of each sample using pulsed-lased deposition, showing the high-crystallinity
and two-dimensionality of the sample growths. (f) — (h) XRR of the LNO/LTO samples,
showing the average thicknesses of the LNO (duno) and LTO (duto) layers of each

sample as well as their corresponding average interface roughnesses (oLno and oLto).
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Supplementary Figure 2. X-ray diffraction (XRD) and electrical transport of LNO/LTO
superlattices. (a) — (b), XRD results of LNO/LTO superlattices, bare LNO (34 nm thick),
and bare LTO (36 nm thick) samples grown on (110)orthorhombic NdGaOs (NGO) sub-
strates. The samples all show distinct main (002)pseudocubic peaks next to the (110)ortho-
rhombic NGO substrate peak. The (002)pseudocubic peaks of 4ALNO/2LTO and 10LNO/2LTO
are split into two because the LNO layers close and away from the interface experience
different amount of straining by the LTO layers. The superlattice samples also show
clear superlattice peaks (SL-1 and SL+1) that symmetrically flank the main peaks. (c)
— (e) Reciprocal space maps of the LNO/LTO samples, taken around the (335)orthorhom-
bic (equivalent to (103)pseudocubic) reflection of NGO. The Qx and Q; is the in-plane and
out-of-plane reciprocal lattice vector value, respectively. (f) Electrical transport charac-
terizations of LNO/LTO superlattices. The resistivity of 2LNO/LTO is above the meas-
urement limit. Inset shows the resistivity derivative of 10LNO/2LTO, highlighting the

subtle metal-insulator transition at ~135 K.
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Supplementary Figure 3. Muon spin rotation/relaxation (USR) experiments of
LNO/LTO superlattices. (a) Calculated muon stopping profiles for energies optimized
for each LNO/LTO sample thickness (denoted by the striped lines). (b) — (d), Temper-
ature-dependent muon spin polarization asymmetry decay of the LNO/LTO samples in

zero-field (ZF) uSR geometry.
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Supplementary Figure 4. Fitting analyses of Ni-L2,3 x-ray absorption spectroscopy
(XAS) of the LNO/LTO superlattice and bare LNO samples. The spectra are fitted with
pseudo-Voigt functions, while the step-like background (coming from the excitation

from the Ni-2p core states into the continuum) is fitted by Gaussian error functions (erf).
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Supplementary Figure 5. Ti-L2,3 and O-K x-ray absorption spectroscopy (XAS) of

LNO/LTO superlattices for in-plane (E // xy) polarization. (a) Experimental Ti-L2,3 XAS

spectra of the samples. They resemble the diamagnetic Ti4*-3d° configuration of

SrTiOs instead of the antiferromagnetic Ti®*-3d* configuration of bare LTO, signifying
that the Ti-3d orbitals of LTO in LNO/LTO have indeed been emptied by the electron
transfer into the LNO layers. The Ti-L23 XAS spectrum of bare LTO is adapted from a

previous report [27]. (b) Experimental O-K x-ray emission spectroscopy (XES) and

XAS of the samples (equivalent to occupied and unoccupied density of states (DOS),

respectively), showing the diminishing of the O-Ni hybridized peak until a positive

charge-transfer gap of A = 5 eV opens for 2LNO/2LTO. The XAS data are taken with

the total fluorescence yield (TFY) mode and have been self-absorption corrected, while

the O-K XES data are obtained by taking non-resonant inelastic x-ray scattering spec-

tra at ~5.5 eV above the O-Ni peak.
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Supplementary Figure 6. Fitting analysis of high-resolution resonant inelastic x-ray
scattering (RIXS) spectra of 2LNO/2LTO along the (1,0,0)pc=pseudocubic direction. (a)
Schematics of the RIXS experimental geometry. The 6 (a), kin (Kout), and q are the
incident (scattering) angle, the incoming (outgoing) momentum, and the momentum
transfer, respectively. (b) — (i) Fitting analysis of the high-resolution RIXS spectra of
2LNO/2LTO along the (1,0,0)pc direction (expressed in reciprocal lattice units of |q1oo|
= 1.60 AY). The raw data are first self-absorption corrected (SAC) and then fitted using
four components: the elastic peak, a low-energy phonon, a dominant magnon, and

electron-hole (e-h) pair excitations at higher energies.
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Supplementary Figure 7. Fitting analysis of high-resolution resonant inelastic x-ray
scattering (RIXS) spectra of 2LNO/2LTO along the (1,1,0)pc=pseudocubic direction. The
momentum transfer is expressed in reciprocal lattice units of |qi10| = 2.26 AL. The raw
data are first self-absorption corrected (SAC) and then fitted using four components:
the elastic peak, a low-energy phonon, a dominant magnon, and electron-hole (e-h)
pair excitations at higher energies.
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Supplementary Figure 8. Fitting analysis of high-resolution resonant inelastic x-ray
scattering (RIXS) spectra of LNO/LTO superlattices. The analysis compares the high-
resolution RIXS spectra of different LNO/LTO superlattices with those of the bare LNO
sample at two different temperatures: 20 K and 280 K. The spectra are taken along the
(1,0,0)pseudocubic momentum direction, expressed in reciprocal lattice units of |qi1o| =
2.26 Al The raw data are first self-absorption corrected (SAC) and then fitted using
four components: the elastic peak, a low-energy phonon, a dominant magnon, and

electron-hole (e-h) pair excitations at higher energies.
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