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Rare-earth substitution provides an effective route to enhance superconductivity in bilayer nickelates, but its
influence on the local electronic structure and magnetic exchange interactions remains unclear. Here we report
Ni-L3-edge resonant inelastic x-ray scattering (RIXS) measurements on single crystals of LaSmNi2O~, a Sm-
substituted bilayer nickelate with enhanced in-plane lattice distortion and a reduced interlayer Ni-OAp—Ni bond
angle. Despite these structural modifications, the local electronic excitations associated with NiOg crystal-field
and charge-transfer processes occur at essentially the same energies as in LazNi2O~, including features near
0.3 eV, 1.0 eV, and 1.5 eV. This shows that Sm substitution does not substantially alter the local NiOg crystal-
field and charge-transfer energy scales of the corner-shared bilayer. In contrast, high-resolution RIXS reveals
well-defined spin-wave-like excitations whose band top is reduced by ~ 7 meV. A bilayer J.-J;-J> Heisenberg
analysis of the spin excitation dispersion indicates an approximately 10% reduction of the effective magnetic ex-
change scale, which correlates with the reduced interlayer Ni-O 4 p—Ni bond angle. The small intrinsic damping
of these modes further points to robust local-moment-like spin dynamics in the ambient-pressure parent phase.
These results reveal a dichotomy in the response to Sm substitution, with largely preserved local electronic
excitation energies but a reduced magnetic exchange scale. They identify the Ni-Oap—Ni geometry as an im-
portant structural parameter influencing magnetism in Ruddlesden—Popper nickelates and provide spectroscopic

constraints on microscopic models of high-7. superconductivity in this family.

The bilayer Ruddlesden—Popper nickelates have recently
emerged as a new platform for high-temperature supercon-
ductivity. In the prototypical compound LagNi2O7, super-
conductivity with T, onse¢ near 80 K appears under hydro-
static pressure, placing this material family among the few
non-cuprate systems with transition temperatures approaching
the liquid-nitrogen scale [1-5]. Subsequent work has shown
that isovalent rare-earth substitution on the La site can sta-
bilize and further enhance the bulk superconducting phase,
with Lag_, R;NipO7 (R = Pr, Sm, Nd) reaching T onset Up
to ~ 100 K under pressure [6—10]. More recently, compres-
sive epitaxial strain on SrLaAlO4(001) substrate has enabled
ambient-pressure superconductivity in LagNi;O7-based films,
with reported onset temperatures above 40 K and approach-
ing 60 K in recent studies [11-15]. Together, these results
establish pressure, epitaxial strain, and rare-earth substitution
as effective tuning parameters for superconductivity in bilayer
nickelates.

LasNizO7 is built from corner-shared NiOg bilayers, in
which adjacent NiOy planes are coupled through inner api-
cal oxygens (Oap). This geometry generates a prominent in-
terlayer d,.—Oap—d,> pathway, while both Ni 3d,2_,> and
3d,> orbitals contribute to the Fermi surface and low-energy
electronic structure [1, 16-28]. Ni-Ls-edge RIXS measure-
ments further resolved local electronic excitations involv-
ing Ni 3d orbitals and ligand-hole states, together with a

spin-density-wave (SDW) transition near 150 K and disper-
sive spin excitations governed by sizable interlayer superex-
change interactions [16]. These observations have motivated
theoretical proposals in which interlayer antiferromagnetic
exchange and spin fluctuations play central roles in super-
conductivity [27, 29-31]. Recent neutron and resonant x-
ray studies have established stripe-type SDW correlations in
LasgNiyO7 [32-36]. Experiments on pressure- and oxygen-
tuned LagNiyO7 further show that tetragonal symmetry or a
straightened Ni—-O-Ni bond alone is insufficient to ensure su-
perconductivity, pointing instead to an interplay of local struc-
ture and density-wave correlations [4].

Among  rare-earth-substituted  bilayer  nickelates,
LasSmNiyO7; has emerged as a particularly important
high-7,. member, exhibiting bulk superconductivity under
hydrostatic pressure with 7wt = 92 K and 77550, = 73 K
at 21.6 GPa [7]. It retains the bilayer Ruddlesden—Popper
framework but crystallizes in a monoclinic structure. Relative
to LagNiyO7, the ambient-pressure in-plane lattice distortion
A = (a — b)/(a + b) increases from ~ 3.6 x 1073 to
~ 8.6 x 1073, while reported values of the interlayer
Ni—O4p—Ni bond angle decrease from approximately 168° to
the 162°-164° range [1, 4, 7, 37]. Similar to LagNi»O7, mag-
netic susceptibility measurements on LasSmNi»O7 reveal a
signature consistent with static SDW order [7]. Transport
measurements further indicate that the normal-state conduc-
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FIG. 1. Local structure and Ni-L3z RIXS spectra of LaSmNi2O7. (a),(b) Crystal structures of monoclinic LazNi2O7 and LazSmNi>O7
(P21/m), respectively. (c),(d) Ball-and-stick representations of the corner-shared NiOg bilayers, with the interlayer Ni-OAp—Ni bond angles
reported in Ref. [7] indicated. (e),(f) Incident-energy-dependent Ni-L3-edge RIXS intensity maps of LaSmNi2O7 measured with 7- and
o-polarized incident light, respectively. The measurements were performed at 7' = 20 K with a scattering angle 20 = 90° and an incident
angle 6§ = 20°. (g) Corresponding incident-energy-integrated spectra of LaoSmNi>O7 obtained from (e),(f) over the incident-energy range
853.8-856.2 eV. (h) Incident-energy-integrated Ni-L3 RIXS spectra of LazNi2Ovr, reproduced from Ref. [16]. Black dashed lines mark the
peak energies of the electronic excitations in LazNi2O~, while black arrows indicate the corresponding peak positions in LaSmNi2O7. The
spectra show closely comparable local electronic excitations in the two compounds, with the lowest-energy feature shifting only modestly

from ~ 0.34 eV in LagNi2O7 to ~ 0.32 eV in LaoSmNi> O7.

tivity of Sm-substituted bilayer nickelates depends on sample
form and pressure: polycrystalline Las 1 Smg 9gNioO7 samples
show semiconducting behavior at ambient pressure [8],
whereas single-crystal LasSmNisO7 develops metallic-like
transport under approximately 3 GPa [7]. Complementary
powder inelastic neutron scattering (INS) measurements
on Pr- and Nd-substituted bilayer nickelates found that the
spin-fluctuation modes and effective interlayer couplings
vary with the substituted rare-earth ion, indicating that the
magnetic energy scale does not follow a single systematic
trend across different rare-earth substitutions [38].

This combination of enhanced pressure-induced supercon-
ductivity, stronger local structural distortion, and a reported
SDW-related signature raises fundamental questions about
how local structural degrees of freedom govern the electronic
and magnetic properties of bilayer nickelates. In particular,
the strong involvement of the Ni 3d > orbital and the interlayer
Ni—O,p—Ni pathway suggests that subtle structural modifica-
tions may strongly influence the low-energy electronic states
and magnetic exchange interactions. It also remains unclear
how the underlying dynamic spin correlations evolve when
static SDW signatures are weak. LasSmNi2 O~ therefore of-
fers a timely opportunity to examine how rare-earth-induced
modifications of the NiOg bilayer influence the local elec-
tronic structure and magnetic exchange interactions, thereby
providing insight into the microscopic ingredients relevant to
high-T,. superconductivity in bilayer nickelates.

In this work, we use Ni-Ls-edge RIXS to determine how
the Sm-induced distortion of the NiOg bilayer modifies the
local electronic excitations and spin dynamics, by directly
comparing LasSmNisO; with LagNi2O7 [1, 7, 16]. Despite

the enhanced in-plane lattice distortion and reduced interlayer
Ni—Oap—Ni bond angle in LasSmNis Oy, the characteristic
dd excitation energies remain nearly unchanged from those
of LagNisO7. This shows that Sm substitution does not sub-
stantially alter the local NiOg crystal-field and charge-transfer
excitation energies, including modes involving out-of-plane
Ni d,2—-Opp p. hybridization. In the low-energy channel,
we resolve clear, weakly damped dispersive magnetic exci-
tations in LasSmNi>O7, whose band top is reduced by about
7 meV compared with LagNi2O~. A fit to a bilayer J.-J1-J2
Heisenberg model shows that the effective exchange scale is
reduced by approximately 10%, a change that correlates with
the reduction of the reported interlayer Ni-O 5 p—Ni bond an-
gle from ~ 168° in LagNiO7 to 164.2° in LasSmNiyO7.
Taken together, these results reveal a dichotomy in the re-
sponse of the excitation spectrum to Sm substitution. The lo-
cal NiOg crystal-field and charge-transfer excitation energies
remain largely preserved, whereas the spin-excitation band
top and the effective magnetic exchange scale are reduced.
The persistence of well-defined magnetic excitations supports
a local-moment-like description of the spin dynamics, while
their reduced energy scale points to the Ni-O 5 p—Ni bond ge-
ometry as an important structural parameter influencing mag-
netism in Ruddlesden—Popper nickelates.

The La;SmNiyO7 single crystals used in this work were
grown at ambient pressure by a KoCOs-flux evaporation
method and postannealed under oxygen pressure, po, =
1.5 bar, for 10 days to reduce oxygen deficiency, following
Ref. [7]. The annealed crystals are essentially stoichiomet-
ric within the uncertainty of thermogravimetric analysis. Ni-
Ls-edge RIXS measurements were performed at the BLO2U



beamline of the NanoTerasu synchrotron light source with a
nominal combined energy resolution of AE ~ 22 meV. All
spectra were collected at 7' = 20 K.

Figures 1(a)-1(d) compare the local bilayer structures of
LasNi;O7 and LasSmNiyO7. Both compounds consist of
corner-shared NiOg bilayers, but Sm substitution substantially
modifies the local geometry. Previous scanning transmission
electron microscopy (STEM) and single-crystal X-ray diffrac-
tion (SXRD) studies showed that Sm preferentially occu-
pies the La site between adjacent bilayers, thereby stabilizing
an ordered bilayer stacking in LasSmNioO7 [7]. Compared
with LagNi> Oy, the crystallographic c axis of LaoSmNiyO7 is
shortened by about 1.2% [4, 7]. However, the geometric Ni—
Ni distance across the inner apical oxygen within a bilayer,
estimated from the reported Ni—O bond lengths and Ni-O 4 p—
Ni bond angle, shows no appreciable change between the two
compounds and stays close to ~ 3.94 A [4, 7]. The dom-
inant local structural change is instead the reduction of the
interlayer Ni-Op—Ni bond angle from ~ 168° to 164.2°,
together with an enhanced in-plane lattice distortion, which
lowers the local symmetry of the NiOg octahedra. A recent
synchrotron single-crystal x-ray diffraction study verified the
monoclinic structure at ambient pressure but reported a differ-
ent space group and an even smaller Ni-O 5 p—Ni bond angle
of 162°, further corroborating the reduction of the interlayer
bond angle in LasSmNi, O~ [37].

To assess the sensitivity of the local electronic excitation
spectrum to these Sm-induced structural modifications, we
first performed incident-energy-dependent Ni-L3-edge RIXS
measurements on La;SmNiyO7 and compared the resulting
electronic excitations with those reported for LagNi.O7 [16].
Figures 1(e) and 1(f) show the incident-energy-dependent Ni-
Ls-edge RIXS intensity maps of LaaSmNi;O7 measured with
m- and o-polarized incident light, respectively. The cor-
responding incident-energy-integrated spectra are compared
with those of LagNisOr in Figs. 1(g) and 1(h). Despite the
enhanced local distortion and the reduced interlayer Ni-Oap—
Ni bond angle in LasSmNi>O7, the two compounds exhibit
closely similar excitation spectra. In both cases, we observe
a low-energy magnetic excitation below 0.1 eV, together with
characteristic electronic excitations near 0.3-0.4 eV, 1.0 eV,
and 1.5-1.6 eV.

These features also show similar polarization dependence
in the two compounds. In particular, the 0.3-0.4 eV and 1.5—
1.6 eV modes are both enhanced for 7 polarization and ap-
pear in a similar incident-energy range, suggesting a com-
mon sensitivity to out-of-plane Ni—O electronic states. The
~ 1.0 eV excitation can be assigned to a local dd transition
between the t5, and e, sectors, as commonly observed in oc-
tahedral nickelates [16, 20]. Previous analyses of LagNiyO7
attributed the 0.3-0.4 eV and 1.5-1.6 eV features to mixed dd
and charge-transfer excitations involving Ni 3d orbitals and
ligand-hole states, consistent with their stronger m-polarized
intensity and their sensitivity to the out-of-plane Ni d,2—Op
p. sector [16, 39]. The clearest difference between the two
compounds is a modest softening of the 0.3-0.4 eV mode,
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FIG. 2. Well-defined dispersive spin excitations in LaaSmNi2O~. (a)
Waterfall plot of Ni-L3-edge RIXS spectra measured along the [H, 0]
direction using m-polarized incident photons with F; = 854.65 eV
at ' = 20 K. Well-defined dispersive magnetic excitations are ob-
served. Red arrows mark the peak positions of the spin excita-
tions. (b) Comparison of spin-excitation spectra at ¢ = (0.06, 0),
close to the band top near the zone center, for LaoSmNi2O7, bulk
LazNi>O7, and LazNipO7/SrLaAlO4. Short vertical ticks indicate
the fitted magnon peak positions. The data for LasNi2O7; and
LasNi2O7/SrLaAlO4 are reproduced from Refs. [16, 40]. (c) Rep-
resentative resolution-convolved DHO fit to the RIXS spectrum of
LazSmNi2O7 at g = (0.04,0). For this spectrum, the experimen-
tal resolution function was determined from the fitted elastic line,
giving an energy-resolution FWHM of AE = 20 meV. The shaded
components denote elastic scattering, one-magnon and bimagnon ex-
citations, together with an empirical high-energy background. The
dashed curve represents the total fit.

from ~ 0.34 eV in LagNiyO; to approximately ~ 0.32 eV
in LasSmNisO;. Overall, these results show that Sm substi-
tution does not substantially alter the local NiOg crystal-field
and charge-transfer excitation energies of the corner-shared
bilayer.

The low-energy region of the spectra in Figs. 1(g) and
1(h) already reveals a pronounced magnetic excitation below
0.1 eV in LapSmNi»O7, suggesting that the reported SDW-
related signature is accompanied by strong dynamic spin cor-
relations. To directly probe the underlying spin dynamics,
we performed high-resolution Ni-Ls-edge RIXS measure-
ments near the I' point, where the stripe-order-derived spin-
wave dispersion of LagNi, O~ reaches its band maximum and
is particularly sensitive to the interlayer exchange interac-
tion [16]. Figure 2(a) presents a waterfall plot of the RIXS
spectra measured along the H direction for ¢ = (0.04,0)-
(0.20,0). Well-defined magnetic peaks are clearly resolved
throughout this momentum range. The dashed vertical line
marks the peak position at ¢ = (0.04,0), while arrows indi-
cate the corresponding peak positions at all momenta. The
systematic momentum-dependent energy shift demonstrates
that these excitations are dispersive spin-wave-like modes



rather than localized crystal-field excitations. The spectrum
at ¢y = (0.06,0), close to the band top near I', enables a
direct comparison among LasSmNiyO7, bulk LagNiyO7, and
LagNizO7/SrLaAlO4 (LNO/SLAO) [Fig. 2(b)] [40]. The ex-
citation energy increases across this series as the reported in-
terlayer Ni-O 5 p—Ni bond angle becomes straighter, evolving
from 164.2° in Lag SmNi»O7 to approximately ~ 168° in bulk
La3gNiyO7 and approaching 180° in LNO/SLAO [7, 40, 41].
This correlation indicates that the spin-excitation energy scale
is sensitive to the interlayer bond geometry and is consistent
with an important contribution from the Ni d,2—Osp p,—Ni
d 2 superexchange pathway.

To quantitatively determine the excitation energies and
damping parameters, the low-energy spectra were analyzed
using a resolution-convolved damped harmonic oscillator
(DHO) model to account for instrumental broadening. The in-
trinsic response is x” (¢, E) o« v, E/[(E* — E§ ,)* + 472 E?],
where E is the energy loss, Ey, is the undamped mode
energy, and 7, is the intrinsic damping parameter. For
LasSmNiyO7, the momentum-dependent resolution function
was determined independently for each spectrum from the
elastic-line fit and fixed in the DHO analysis. A representa-
tive fit at ¢ = (0.04,0) is shown in Fig. 2(c). The spectrum
is well described by a sharp, weakly damped magnon mode
together with a higher-energy bimagnon excitation, demon-
strating that well-defined magnetic excitations are present in
the low-temperature state where an SDW-related signature has
been reported. For comparison, the published LazNi» O~ spec-
tra [16] were reanalyzed using the reported instrumental res-
olution. Further details of the spectral models, fitting un-
certainties, and the relation between the intrinsic mode en-
ergies and spectral peak positions are provided in the Sup-
plemental Material. The resulting undamped mode energies
Ey 4 of LagSmNipO7 are summarized in Fig. 3 (red circles).
Throughout the measured momentum range, the excitations
lie systematically below those of LagNiyO~, indicating a mod-
est reduction of the spin-excitation band top and magnetic en-
ergy scale.

The reported SDW-related signature in La;SmNiyO7, to-
gether with several spectroscopic observations, motivates us-
ing the stripe-order-derived spin-wave framework established
for LagNio O~ as an effective description [16, 32]. The mag-
netic excitations are sharp and dispersive near the band maxi-
mum, and their momentum dependence closely follows that of
LasNiO7. We therefore use the stripe-based bilayer Heisen-
berg model as a minimal parameterization of the stripe-like
spin correlations in LagNiyO7 and LasSmNiyO7, rather than
as an independent determination of the exact static spin struc-
ture in LapSmNiOr.

To model the dispersion, we adopted a reduced bi-
layer Heisenberg Hamiltonian based on the stripe spin-wave
framework established by inelastic neutron scattering on
La3Ni207 [32],
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FIG. 3. Dispersion and intrinsic damping of spin excitations in
La;SmNi2O7. Red open circles show the undamped mode energies
Ey,q of La2SmNi2O7 extracted from resolution-convolved DHO fits
to the RIXS spectra, with a representative fit shown in Fig. 2(c).
Green open diamonds show the intrinsic damping parameters -y, ob-
tained from the same convolved fits. For each LaaSmNi2 O~ spec-
trum, the resolution function was determined from a Pearson-VII fit
to the elastic line. For comparison, blue open circles show the cor-
responding Ejy , values of LazNi>O7, obtained by reanalyzing the
source spectra of Ref. [16] with a 36.5-meV-FWHM Gaussian reso-
lution function. The blue solid curve is a bilayer J.-J1-J2 SpinW
fit to the LazNi2O7 dispersion. The red solid and dashed curves
show, respectively, the common-scale fit with s = 0.90 and the free-
parameter fit to the five LaaSmNi» O~ data points. The inset illus-
trates the assumed single-stripe spin configuration and defines the
exchange-parameter convention. The vertical gray line marks the I'
point. Error bars denote formal standard errors from the spectral fits.

where o = t, b denotes the top and bottom NiO» layers within
a bilayer. The interlayer exchange J. couples Ni spins across
the inner apical oxygen [Fig. 1(c)], whereas J; and J, de-
note the in-plane nearest-neighbor and next-nearest-neighbor
exchange couplings, respectively, following the convention il-
lustrated in the inset of Fig. 3. Compared with the full neutron
spin-wave model, which distinguishes the anisotropic nearest-
neighbor terms J1, and Jy; and includes a small anisotropy
term, the present reduced model uses an effective .J; and fo-
cuses on the exchange energy scale constrained by the RIXS
data near the band maximum.

An unweighted least-squares fit of the reanalyzed
La3Ni2O7 dispersion to the linear spin-wave branch of this
model gives SJ. = 36.4+4.8 meV, SJ; = 1.53+0.37 meV,
and SJo = 7.27 £ 0.68 meV. The fitted band top near I is
68.4 £+ 1.8 meV [blue solid curve in Fig. 3]. The fitted inter-
layer exchange scale is consistent within uncertainty with the
neutron-scattering value of SJ. = 39.86 £ 0.85 meV [32],
supporting a substantial interlayer exchange contribution. Be-
cause the LapSmNi; O~ data cover only five momenta near the
band maximum, we avoid overparameterizing the fit. Instead,
we use the LagNioO7 exchange parameters as a reference and
scale them by a common factor to reproduce the Las SmNisO7
dispersion. This common-scale parameterization provides a
minimal comparison of the magnetic energy scales without
assuming that each microscopic coupling is independently de-



termined. Such an overall reduction is also qualitatively con-
sistent with the structural changes in LaoSmNiyO7, where the
interlayer Ni-Oap—Ni bond angle decreases from approxi-
mately 168° to 164.2° and the in-plane Ni—-O-Ni bonds are
more strongly bent away from 180°, both of which can modify
oxygen-mediated hopping and superexchange pathways [42—
45]. The best scaled fit yields a factor of 0.90, corresponding
to an approximately 10% reduction of the effective exchange
scale in LaySmNiyO7. The resulting band top is 61.5 meV
[red solid curve in Fig. 3], about 6.9 meV below the LagNi;O7
reference.

As a consistency check, we also fitted the five LasSmNis O~
energies with three independent exchange parameters. This
free-parameter fit gives SJ, = 31.0 meV, SJ; = 2.7 meV,
and SJo = 6.33 meV, with a band top of 61.7 meV [red
dashed curve in Fig. 3]. Both the common-scale and free-
parameter fits use the same gapless stripe-model branch, for
which the energy at (0.25,0.25) vanishes as a model con-
straint. The close agreement between the two fitted band tops
shows that the reduced magnetic energy scale is robust against
the choice of fitting parameterization. We therefore focus
on the band-top energy and effective exchange scale rather
than on the individual microscopic couplings. Taken together,
the common-scale and free-parameter fits support the semi-
quantitative conclusion that the effective magnetic exchange
scale is reduced in La;SmNizO7. Since the interlayer Ni—
Ni distance shows no appreciable change between LagNisO7
and La;SmNiyO7, this reduction points to the Ni—Oap—Ni
bond geometry as an important structural factor influencing
the magnetic exchange scale in bilayer nickelates.

The linewidths provide an additional measure of the coher-
ence of the spin excitations. The resolution-convolved DHO
fits yield intrinsic damping parameters v, ~ 6.3-8.8 meV
for La;SmNi;O7 [green diamonds in Fig. 3]. These values
are substantially smaller than the corresponding mode ener-
gies, Ey, ~ 51.4-61.5 meV, with ~,/Ey, ~ 0.10-0.15,
placing the excitations in the weakly damped regime. The
small intrinsic damping supports a spin-wave description of
the well-defined magnetic modes, rather than an overdamped
continuum response. Together with their clear dispersion, the
weak damping indicates that the spin dynamics retain a co-
herent, local-moment-like component in the presence of itin-
erant electronic degrees of freedom. This coexistence of itin-
erant electronic degrees of freedom and well-defined magnetic
modes highlights the importance of electronic correlations in
bilayer nickelates and provides a reference for tracking their
evolution toward the pressure-induced metallic and supercon-
ducting states.

In summary, Ni-Ls-edge RIXS measurements on
LasSmNi;O7 reveal distinct responses of electronic and
magnetic excitations to Sm-induced structural distortion.
Despite its enhanced in-plane lattice distortion and reduced
interlayer Ni-Op—Ni bond angle compared with LagNiy O,
the electronic features associated with local crystal-field and
charge-transfer processes occur at similar energies in the two
compounds, including the low-energy 0.3-0.4 eV mode, the

~ 1€V dd excitation, and the 1.5 eV feature. This shows that
Sm substitution does not substantially alter the local NiOg
electronic energy scales of the corner-shared bilayer. By con-
trast, the spin-excitation band top is reduced in LazSmNixO7.
Analysis using a bilayer J.-J;-J2 Heisenberg model shows
that the effective magnetic exchange scale is reduced by
about 10%, in correlation with the decrease of the reported
interlayer Ni-Oap—Ni bond angle from approximately 168°
to 164.2°. The well-defined magnetic modes and their small
intrinsic damping further indicate that the low-energy spin
dynamics retain a coherent, local-moment-like component
in this distorted bilayer nickelate. These results reveal a
dichotomy in the response to Sm substitution, with largely
preserved local electronic excitation energies but a reduced
magnetic exchange scale. They point to the Ni—Opp—Ni
geometry as an important structural factor influencing
magnetism in Ruddlesden—Popper nickelates and provide
spectroscopic constraints for microscopic models of high-T7
superconductivity in this family.
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