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The observation of pressure-induced superconductivity in two- and three-layer Ruddlesden-Popper nickelates
has spurred intense interest in these materials as a platform for exploring unconventional superconductivity.
While the ground state of these systems has been shown to exhibit magnetism, the direct determination of
their magnetic structure remains elusive. This is a crucial aspect, as magnetism may play a role in the pairing
mechanism of superconductivity in these materials. In this study, we resolve the magnetic structures in the
bilayer (2222) polymorphs of La;Ni,O; and La,PrNi,O; compounds, using a combination of complementary
techniques, namely, neutron powder diffraction and muon-spin rotation/relaxation (©SR). Magnetic neutron
scattering in both samples emerges below ~150 K and is observed at the (g, %, 0) position, with ¢, = 0 and
% for La;Ni,O; and ¢, = 0 for La,PrNi,O;. Alternating low-magnetic-moment (0.05-0.075ug) and high-
magnetic-moment (0.66up) stripes form a single layer; the bilayers are formed through antiferromagnetic
stacking of single layers along the out-of-plane direction. The magnetic scattering with two propagation vectors
qg. =0 and % in the undoped La;Ni,O; is attributed to two magnetic stacking polymorphs within a single
crystallographic phase. The magnetic structures are substantiated by the «SR spectra. These findings provide
a detailed understanding of the magnetic ground state in bilayer nickelates, offering crucial insights into the
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possible precursor states that may influence the emergence of superconductivity in these materials.

DOLI: 10.1103/rw8k-tng5

I. INTRODUCTION

La3Ni;O;_s and related layered nickelate systems have
recently garnered significant attention due to their discov-
ery as high-temperature superconductors under high pressure,
marking this group as one of the few transition-metal-oxide-
based superconductors alongside the well-known copper- and
iron-based families [1-7]. This material’s remarkable abil-
ity to exhibit superconductivity at temperatures exceeding
80 K under elevated pressure has opened a new frontier in
the search for unconventional superconducting mechanisms.
The complex phase diagram of La3Ni,O7_s, analogous to
that of cuprates and iron pnictides, which features an intri-
cate interplay of electronic correlations, spin density waves
(SDWs) and multiple charge density waves (CDWs), and
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pressure-induced structural transitions (Fig. 1; Fig. S1 of the
Supplemental Material [8]), renders it a fascinating field for
further detailed explorations. This constitutes Ruddlesden-
Popper (RP)-type nickelates a potentially significant subject
in the broader context of understanding high-temperature su-
perconductivity.

The RP layered structure, reminiscent of the struc-
ture found in cuprates, is a crucial component in es-
tablishing its emerging phenomena [9]. At ambient pres-
sure, in La3Ni;O;_s two orthorhombic crystallographic
polymorphs—bilayer (2222) or alternating single trilayer
(1313)—were reported [10—12]. Suppression of the or-
thorhombic distortion in the bilayer polymorph toward higher
symmetry structures (Fmmm or 14/mmm; Fig. S2 of the Sup-
plemental Material [8]) is a prerequisite for the onset of
superconductivity [2,12,14]. The concurrent formation of the
1313 modification is proposed to be the reason for the filamen-
tary and not bulk nature of superconductivity in LasNiyO7_s
[5]. The formation of the 1313 phase can be suppressed by
partial substitution of La with Pr, to form a Las_,Pr,Ni,O7_s
solid-solution series, while preserving the parent orthorhom-
bic structure up to x = 1. This substitution yields the samples
exhibiting bulk superconductivity [5].

The complex nature of the strongly correlated LazNi,O7_;
has been investigated using a variety of experimental probes,
including resonant inelastic x-ray scattering [13], resonant
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FIG. 1. Temperature-pressure  phase diagram of bulk
La3;Ni,O;_5. Solid and dashed lines represent the borders between
different crystallographic phases; yellow, blue, green, and shaded
coloring represent the phases sorted by their physical properties.
DW, density wave. Based on Refs. [2-4,14-19]. A more detailed
version of this figure, including specific data points and references,
is available in the Supplemental Material (Fig. S1) [8].

soft x-ray scattering [20], x-ray absorption spectroscopy [21],
ultrafast optical pump-probe spectroscopy [16], muon-spin
rotation/relaxation (uSR) [18,22], and nuclear magnetic res-
onance [23,24]. The resonant x-ray studies have identified
SDWs at low temperatures and ambient pressure, with an
in-plane wave vector (0.25, 0.25), hinting at complex mag-
netic interactions within the material [13,20]. However, the
exact magnetic structure for bulk Las_,Pr,Ni,O;_5 (x = 0
and 1) has not been experimentally derived up to now. While
high-pressure studies of La3zNiyO7_s have confirmed its su-
perconducting phase, the connection between its magnetic and
superconducting properties is still under investigation. So far,
the actual ground state, the role of magnetic fluctuations, and
their potential relationship with the superconducting pairing
mechanism remain an open question [25-28]. Consequently,
in the present study, the primary focus is directed toward the
magnetic structure determination of the Las_,Pr,Ni,O; (x =
Oand 1).

Although La3Ni,O;_s has been the subject of neutron
scattering studies [29-31], the precise nature of its magnetic
order remained unclear up to now. In the related trilayer phase
LayNizO9, magnetic order has been observed via neutron
scattering only in single crystals, as the magnetic signal is
substantially weaker than the nuclear scattering [32]. Growing
large high-quality single crystals of LasNi,O;_; is challeng-
ing due to the coexistence of the 1313 and 2222 polymorphs
[10-12], complicated by concurrent epitaxial intergrowth with
other homologs (La,+Ni, 03,41, n = 1, 3, 00). The incorpo-
ration of the mono- and three-layer fragments in the otherwise
consistent stacking of bilayers can be seen as a stacking
fault; the pristine LazNiyO; suffers notoriously from this.
As a result, determining the magnetic structure of the pure
2222 phase is both critical and difficult. In this study, using
high-intensity neutron powder diffraction (NPD), we detect

Bragg scattering linked to the long-range spin density wave
in Laz_,Pr;Ni;O7_s (x = 0 and 1) and propose spin-structure
models consistent with both neutron and SR data. The find-
ings presented herein are, therefore, of significance for the
elucidation of the electronic structure of LasNi,O;_s and its
position within the broader family of transition-metal-oxide
superconductors, thereby providing a foundation for further
studies into its superconducting and magnetic behavior.

II. RESULTS
A. Basic characterization

According to x-ray powder diffraction [Fig. 2(a); Fig. S3
of the Supplemental Material [8]], the polycrystalline samples
of La3zNiyO7_s and La,PrNiyO7_;s crystallize in the Cmcm or-
thorhombic structure; i.e., they represent the 2222 polymorph.
Synchrotron powder diffraction data for La3Ni,O; reveal ap-
proximately 4% of LasNi3O;o impurity. Thermogravimetric
analysis reveals § = 0.01(1) and 0.04(1) for La3Ni,O7_s and
La;PrNi,O;_s, respectively, which indicates that the sam-
ples are nearly oxygen stoichiometric [Fig. 2(b); Fig. S4 of
the Supplemental Material [8]]. The Rietveld refinement of
the high-resolution neutron powder diffraction data further
confirms full occupancy of the individual oxygen positions
[Fig. 2(c)]. Hereafter, we will designate these samples as
La3NiQO7 and LagPrNi207.

Previously, in addition to the SDW, a second density wave
(DW) transition was observed in the electrical transport data
for undoped La3zNi,O; at T ~130 K and ambient pressure
[18]. To check the possibility of long-range structural or-
der, variable-temperature synchrotron x-ray diffraction and
high-resolution NPD experiments were performed. Patterns
collected above and below the DW transition (Fig. S6 of the
Supplemental Material [8]) reveal no resolvable superlattice
reflections or additional scattering, indicating that any long-
range structural component is below the sensitivity limits
of powder diffraction. Rietveld refinement confirms that the
high-temperature Cmcm model remains robust at low tem-
peratures, and we find no evidence for a ¢ = 0 transition or
significant Ni-O bond disproportionation (Table S1 of the
Supplemental Material [8]).

However, the absence of detectable structural peaks in
powder data does not preclude the existence of CDW physics.
In many correlated oxides, the atomic displacements associ-
ated with CDW order are extremely small and easily obscured
by the powder background. Indeed, recent single-crystal x-ray
diffraction studies provide crucial insight into the charge order
behavior of LazNi, O, revealing two inequivalent Ni sites at
room temperature due to a symmetry lowering from Cmcm
to the chiral Cm2m space group [33]. Crucially, the reflec-
tions violating the c-glide plane are reported to be 4 orders
of magnitude weaker than the principal Bragg reflections.
Such subtle features are inherently inaccessible via powder
diffraction, which explains the lack of a detectable structural
signature in our measurements.

B. uSR characterization

Magnetic order has previously been observed in La;Ni, Oy
[18,34] and La,PrNi,O7 [35] by means of uSR. Notably,
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FIG. 2. X-ray and neutron powder diffraction refinement, thermogravimetric analysis, and crystal structure of La;Ni,O;. Rietveld refine-
ment of the high-resolution synchrotron x-ray [panel (a)] and high-resolution neutron [panel (c)] powder diffraction patterns for La;Ni,O;.
Green circles: observed data; red line: calculated pattern. The blue line represents the difference between measured and calculated data
points. The vertical ticks indicate the positions of the Bragg reflections for the Cmcm-La3;Ni,O; main phase and Cmca-LasNi;Oyo impurity.
(b) Hydrogen reduction thermogravimetric analysis for La;Ni,O;: weight loss and derivative of the thermogravimetric (TG) curve (DTG).
(d) Projection of the refined crystal structure for La;Ni,O;. The structure is visualized using VESTA software [36].

the pressure-dependent SR results for La,PrNi,O; reported
in Ref. [35] were obtained from the same batch of samples
investigated in the present study. To ensure consistency with
these earlier findings, we performed additional SR charac-
terization on the two samples used for the neutron diffraction
measurements reported here. The details of the SR analysis
are provided in the Supplemental Material [§], while the main
conclusions are summarized below.

The weak-transverse-field (WTF) ©SR measurements re-
veal bulk magnetism, with a magnetic volume fraction
exceeding 95% at 80 K, below Ty = 149.5 K in both samples,
as follows from Figs. 3(a)-3(d) and Fig. S5 of the Supplemen-
tal Material [8]. Characteristic zero-field (ZF) uSR spectra
are presented in Figs. 3(e) and 3(f), and their Fourier trans-
forms in panels (g) and (h) reveal five components. Three
of these, fast-precessing, slow-precessing, and fast-relaxing
signals (highlighted in blue), are consistent with previous
reports [18,35]. In addition, two further peaks at internal fields
Biny ~ 110 and 40 mT (indicated by dashed lines) were not
reported earlier. We note that the spectra in Figs. 3(e) and 3(f)
were collected with substantially higher muon statistics than
in Refs. [18,35], enabling the detection of these additional
features. Based on our analysis, these extra components can
be attributed to either the LasNizOj9 phase or 1313 poly-

morph [37], which have similar uSR frequencies. Indeed,
approximately 4% of LasNi3O;¢ phase has been observed in
the synchrotron diffraction experiment. Although this content
is slightly lower than that evident from SR, we can argue
that this discrepancy can be attributed to the difference in
the length scales probed. While diffraction methods require
well-defined long-range structural order, SR signal can be
generated by clusters of several lattice spacings; i.e., it is
also sensitive to local features, such as stacking faults or
interfacial boundaries, which are prevalent in layered RP nick-
elates [5]. A detailed discussion of the role of the stacking
faults and homologs/polymorphs is provided in Supplemental
Material [8].

The fast- and slow-precessing components at 145
mT/10 mT for LasNi,O7 and 143 mT/14 mT for La,PrNi,O;
are associated with static magnetic SDWs in these materi-
als. Pr substitution has only a marginal effect on the SR
response. Previously, based on dipole-field simulations, we
identified features of the magnetic order consistent with the
observed uSR signals [18]: (1) The symmetric shape of the
peaks in the field distribution is characteristic of a commensu-
rate, rather than incommensurate, order, and (2) the presence
of low-field (10 and 14 mT) and high-field (145 and 143 mT)
peaks is ascribed to two symmetry-inequivalent magnetic Ni
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FIG. 3. Magnetic response of La;Ni,O; and La,PrNi,O; probed by pSR. (a), (b) SR time spectra collected in weak-transverse-field
experiments (Bwtr = 5 mT) above (7' = 200 K) and below (T = 80 K) the SDW ordering temperature Ty. (c), (d) The extended part of
WTEF-1SR data presented in panels (a) and (b). (e), (f) Zero-field nSR time spectra measured at low temperatures. (g), (h) Fourier transforms
of the data presented in panels (e) and (f). The solid lines are fits by using Eqgs. (1)—(4) from the Methods section (see text for details). The

pink lines are results of the dipolar-field calculations.

sites. These conclusions will be used for the analysis of the
elastic magnetic neutron scattering data.

C. Observation of magnetic neutron scattering

For La3Ni,O7, the neutron powder diffraction pattern col-
lected at DMC at T = 1.5 K (after subtracting the 7= 200 K
data) reveals five additional reflections at 260 = 26.0°, 29.7°,
34.0°, 48.9°, and 54.8° [Figs. 4(a) and 4(b)]. Although weak,
these reflections can still be traced in the 7 = 130 K pattern
[Fig. 4(c)], whereas they are completely gone at T = 150 K
[Fig. 4(d)], indicating a transition in this temperature range.
These reflections are not broadened, and their amplitude is on
the order of 0.1% relative to the main nuclear reflections.

As follows from a comparison of the difference neu-
tron diffraction patterns for the pristine and Pr-substituted
La3Ni,O; [Fig. 4(b) versus Fig. 5(b)], the latter shows only
one reflection at ~29.7° in the range between 25° and 35°.
Following the findings of preceding 1SR investigations [18],
which suggested commensurate SDW order, all of the ob-
served reflections in La;PrNi,O; can be indexed using a
commensurate propagation vector gq;; = (%, %, 0) relative
to the quasitetragonal (/4/mmm; Fig. S2 of the Supplemental
Material [8]) subcell, which transforms to q) = (0, %, 0) in
the orthorhombic Cmcm basis (a = 20.24 A, b = 543 A,
c =534 A). This is consistent with the wave vector de-
duced from previous resonant x-ray scattering measurements
[13,20]. Although the undoped Las;Ni,O; exhibits notably
more reflections emerging upon cooling, some of them [for
instance, 20 = 29.7°; Fig. 4(b)] can still be indexed with
q1, whereas others (for instance, 26 = 26.0° and 34.0°) can
be indexed with ¢ = (3, 1,0) [in I4/mmm setting, q», =

(3. 3. )1, which is not symmetry equivalent to g;.
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FIG. 4. Magnetic neutron scattering in Laz;Ni,O;. Raw neutron
powder diffraction pattern for LazNi,O7 at (a) = 1.5 K (y axis is in
logarithmic scale) and difference neutron powder diffraction patterns
(T =200 K) for T = 1.5 K [panel (b)], T = 130 K [panel (c)], and
T = 150 K [panel (d)]. The indexes of magnetic reflections in panel
(b) are indicated according to the indexing described in the text.
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FIG. 5. Magnetic neutron scattering in La,PrNi,O;. Raw neu-
tron powder diffraction pattern at (a) 7 = 1.5 K (y axis is
in logarithmic scale) and (b) difference 1.5-180 K pattern for
La,PrNi,O;. The indexes of magnetic reflections in panel (b) are
indicated according to the indexing described in the text.

The neutron intensities of the reflections emerging at low
temperatures decrease with increasing 26 angle, indicating
that these reflections follow the magnetic rather than the
nuclear form factor [38]. Furthermore, as outlined in the
previous section, no additional reflections were detected in
synchrotron diffraction data, implying significantly different
neutron and x-ray scattering cross sections leading to those
neutron reflections. Magnetism in La4NizO;¢ manifests in
neutron powder diffraction as a single broad peak spanning
25°-32°1in 26 [39].

Additionally, the two propagation vectors (g; and g;) ob-
served in the undoped sample are not related by the expected
relation gcpw = 2¢spw, as is the case for LayNi3;Ojg [32]. Im-
portantly, in LayNizOq the nuclear superstructure associated
with the structural component of the CDW is also not visible
in the neutron data. Combining the above-mentioned facts, it
is to conclude that the reflections observed in the NPD (Fig. 4)
are attributed to magnetic order in La3Ni,O; phase.

D. Representation and magnetic symmetry analysis

Symmetry-allowed models of spin structures were con-
structed and tested against the neutron data using the
representation and magnetic symmetry routine implemented
in  JANA2006/JANA2020  [40,41] and isodistort [42,43].
Table S2 of the Supplemental Material [8] provides possible
maximal magnetic subgroups of the parent Cmcm space group
compatible with g; (DT point of Brillouin zone) and g, (S
point of Brillouin zone) [44—47]. The DT point yields four
irreducible representations (irreps), each giving rise to two
magnetic space groups (MSGs). Testing these irreps against
the magnetic intensities observed for the La,PrNi,O; sam-

TABLE 1. Details of magnetic g; and ¢, structures in La;Ni,O7:
magnetic space groups [48,49], cell parameters, basis transformation
from the parent nuclear Cmcm cell to the magnetic cell, atomic
positions, and corresponding magnetic moments. Only magnetic Ni
atoms are provided.

Atom x y z M, M, M,
g1 model
Pmmn.1,,[Pmmn] (UNI No. 59.413 [49])
a=2049A, b=539A ¢=1092A
Basis = {(1, 0, 0), (0, 0, 1), (0, —2, 0)}
Nil 0.847 0.25 0.749 0 0.87(3) 0
Ni2 0.347 0.25 0.999 0 0.16(4) 0
¢, model

P2,/m.1![P2,/m] (UNI No. 11.55 [49])
a=1092A, b=539A, c¢=2121A, B=1049°
Basis = {(0, 2, 0), (0,0, 1), (1, =1, 0)}

Nil —0.075 0.25 0.597 0 0.87(3) 0
Ni2 —0.075 0.25 0.097 0 0.16(4) 0
Ni3 0.327 0.25 0.403 0 0.16(4) 0
Ni4 0.327 0.25 —0.097 0 0.87(3) 0

ple shows that only one, namely, mDT]I, is compatible with
the experimental data, as evidenced by the R values sum-
marized in Table S2 of the Supplemental Material [8]. This
irrep also reproduces the g; magnetic intensities observed
in La3Ni,O; equally well. Among the two possible solu-
tions, Pmma.1/,[Pmma] corresponds to a constant-moment
structure with all Ni sites magnetically equivalent, whereas
Pmmn.1.[Pmmn] represents an SDW state with two distinct,
refinable moment amplitudes on the Ni atoms. Since our uSR
measurements favor the latter scenario, we conclude that the
Pmmn.1[Pmmn] model uniquely accounts for both the neu-
tron diffraction and @SR results.

A similar consideration allows us to conclude that for the
S point, out of four possible irreps—each generating three
MSGs—the mS1+4 and mS2— are the plausible candidates
(Table S2 of the Supplemental Material [8]). The sets of solu-
tions generated by these two irreps are symmetrically identical
but differ by an origin shift relative to the parent Cmcm struc-
ture. Without loss of generality, we therefore consider only
the mS14 solutions. Analogous to the case of ¢g;, only the
P2y /m.1,[P2;/m] model produces an amplitude-modulated
spin density wave and was thus selected as the final solution.
Since the latter solution is monoclinic, we checked the possi-
bility of distortion in the parent nuclear structure, but did not
find convincing evidence for that.

The derived models, along with the corresponding Rietveld
plots, are presented in Fig. 6. The model derived for the ¢ in
the case of La,PrNi, Oy fits g; intensities in La3Ni,O7 equally
well. The details of the magnetic structure for g; and g, are
summarized in Table 1.

For both g, and ¢, vectors, a single magnetic Ni layer is
formed by alternating high- and low-moment stripes. From
the comparison of the stacking sequences along the ¢ axis
[Figs. 6(d) and 6(e)], we can conclude that q; and q
correspond to two distinct stacking magnetic polymorphs.
Assuming that the whole volume of La,PrNi,O; sample
is occupied by the 2222 phase, and using the scale factor
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FIG. 6. Neutron powder diffraction magnetic responses and magnetic models of La;Ni,O; and La,PrNi,O;. Rietveld refinement plots on
difference neutron powder diffraction patterns for 1.5-180 K La,PrNi,O; [panel (a)] and 1.5-200 K La;Ni,O; [panel (b)]. The gaps are at the
positions of the principal nuclear reflections. (c) Projections of arrangement of magnetic moments for a single Ni grid (view perpendicular to
the single Ni layer) for both ¢, and g, models. Axis is given relative to the parent nuclear cell. The magnetic moments on low- and high-moment
sites are not to the scale. Stacking sequence of single Ni grids along the ¢ axis for g, [panel (d)] and ¢, [panel (e)]. The axes for panels (d) and
(e) relative to the magnetic cells are given on the left and right sides, respectively (Table I); the axis for the parent nuclear cell is given in the
middle. Magnetic unit cells corresponding to ¢g; and g, are outlined in green in panels (d) and (e); the parent nuclear cell is outlined in gray
dashed line in panels (c) and (d). Three-dimensional views of magnetic unit cells are provided in Fig. S9 of the Supplemental Material [8].

Panels (c), (d), and (e) were visualized using VESTA software [36].

derived in this way, the values of the magnetic moment for
the q; model in the La;PrNi;O; on high- and low-moment
sites are 0.85(15)up and 0.15(5)up. With this assumption
applied to La3Ni,O7, considering that the sample contains
two magnetic polymorphs (q; and qy) as two independent
magnetic phases in 25(1)% versus 75(1)% ratio and con-

straining the values of low- and high-moment sites in q
and g models, the derived magnetic moments are 0.87(3)up
and 0.16(4)ug.

The final refinement of the Las;Ni,O; is based on a total
of 14 magnetic reflections, 5 of which can be considered as
visible (above 30); refined are three independent parameters:
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FIG. 7. Comparison of NPD and ;SR magnetic responses. Com-
parison of the temperature dependence of magnetic moment (m,
wp) for the high-moment site in La;Ni,O; derived from NPD data
according to the models for q; and q, with the temperature evolu-
tion of fast precession component of the internal field (Bjy, ;, mT)
derived from SR measurements for La;Ni,O; (dashed line) and
La,PrNi,O; (solid line). The error bars for the neutron and muon
data are statistical.

two components of magnetic moments (low and high Ni
moments) and phase fraction. The scale factor was derived
from the nuclear refinement and fixed for the magnetic one.
Note that the provided error bars are purely statistical from
the least-squares refinement; they do not account for errors
introduced by the background correction. The latter is set
up manually and not adjusted during the fitting. Hence, the
physically realistic error bars should be larger.

E. Comparison of NPD and #SR magnetic responses:
Consistent trends

In order to test that the observed magnetic scattering at
low temperature (below 7' = 150 K) is common with SDW
observed by uSR experiments, the order parameter evolu-
tion as the function of temperature is presented in Fig. 7,
superimposing the results of both NPD (La3Ni,O;) and SR
(Laz_,PryNi;O7, x = 0 and 1). The neutron and muon data
show a clear agreement, although the error bars for neutron-
derived magnetic moments are relatively large compared to
the magnetic order parameter as observed by uSR.

To further validate the consistency of neutron and uSR,
we have performed simulations of the dipole field at the DFT-
calculated muon site, following the approach in Ref. [18].
Both La3Ni,O; and La;PrNi,O; exhibit qualitatively similar
ZF-uSR responses [Figs. 3(e)-3(h)], suggesting the necessity
for some sites to have close-to-zero magnetic moment to ex-
plain the low-field muon site.

Dipole-field simulations for the g¢; model [Figs. 6(c) and
6(d)] suggest that this spin structure is compatible with the
1SR data for La;PrNi;O; when the high- and low-moment
sites carry magnetic moments of 0.655up and 0.075ug,
respectively. With these values, the simulations yield inter-
nal fields of approximately 141 and 14 mT, in excellent
agreement with the experimental data (Bjy; >~ 143 mT and

Bini2 >~ 14 mT). The pink line in Fig. 3(g) represents the
simulated field distribution. From the experimental results,
we expect about 82% and 18% of the muons to stop at the
high- and low-field sites, respectively, whereas the simulations
suggest equal occupancy of both sites. In the simulation, a
perfectly ordered infinite magnetic structure is assumed; in
reality, the finite magnetic correlation length modifies the
fraction of muons occupying each site. The discrepancy be-
tween the simulated and experimental results may therefore
indicate that the correlation length is relatively short in at
least one crystallographic direction in La;PrNi,O;. Indeed,
previous diffraction studies on LasNi3Oj¢ have shown that
both magnetic and atomic superstructures exhibit extended
correlation lengths exceeding 100 A within the ab plane,
whereas the coherence along the intergrowth direction is poor
and does not extend beyond a single unit-cell period [32].
This behavior is attributed to the formation of stacking faults
during intergrowth.

We now turn to the undoped La3Ni,O7, which, unlike the
Pr substituted sample, shows magnetic neutron scattering at
two vectors, g and ¢, with q, being dominant. The g, model
provided in Figs. 6(c) and 6(e) is compatible with the muon
data when the high and low moments are 0.664p and 0.05 5,
respectively, with an equal fraction of the muons sensitive to
an internal field of around 10 or 141 mT. The values of the
internal field are in agreement with the results presented in
Fig. 3(h) and in Ref. [18]. Once again, experimentally fewer
muons stop in the low-field site compared to the simulation,
which again likely reflects a relatively short correlation length
along the out-of-plane direction.

The differences between the values of magnetic moments
derived from NPD and puSR are ~0.1ug and ~0.2up for
low- and high-moment sites, e.g., mostly fall close to or
slightly above the error bars calculated from the Rietveld
fit of the neutron data. This further validates the models
proposed from the representation and magnetic symmetry
analysis. Still, the muon values are systematically lower than
the neutron ones. We see several reasons for this discrep-
ancy. First, as mentioned above, the magnetic signal seen by
neutrons is rather weak, which causes an arbitrary process
of background correction to introduce sizable uncertainties.
Another source of systematic error is the presence of 10%—
15% of 1313 polymorph confined to interface boundaries or
crystallized LasNiz Oy, as evident from the ©SR data. In ad-
dition, due to the itinerant nature of magnetism in the metallic
oxygen-stoichiometric La,_,Pr,Ni,O; [50], as evidenced by
the reduced values of the ordered magnetic moments, the
magnetic neutron form factor is expected to be more com-
plex than in the localized-moment case. The estimation of
the magnetic form factor is, however, beyond the scope of
the present work. Overall, we judge the representation and
magnetic symmetry analysis done on neutron data to directly
yield the spin arrangement, whereas @SR is more faithful in
determining the absolute values of magnetic moments.

III. CONCLUSIONS AND OUTLOOK

Previous neutron studies of La3;Ni,O7_s revealed no elas-
tic scattering (Bragg diffraction) associated with long-range
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magnetic order [4,29,30], whereas resonant x-ray scattering
[13,20] and pSR [18,22] experiments, in line with macro-
scopic property measurements, show the presence of SDW.
The lack of magnetic diffraction in neutron experiments was
ascribed either to a small magnetic moment or to the short-
range character of the order [18,29]. Contrary to that, the
neutron data presented in our report unambiguously indicate
the long-range magnetic order evident from the magnetic
Bragg peaks (Figs. 4 and 6), associated with a magnetic mo-
ment of ~0.66up on half of the Ni atoms.

This apparent contradiction between the previous reports
and our current work can be ascribed to several factors related
to the sample and the neutron experiment setup. Our samples
are close to ideal stoichiometry. Theory [51] and uSR [34]
studies suggested oxygen stoichiometry as the crucial factor
defining the ground-state magnetic order in the title mate-
rial. Additionally, our measurements were performed on large
samples (~10 g) using a recently upgraded high-flux neutron
diffractometer dedicated to studying small magnetic moment
systems [52].

The direct observation of the magnetic neutron scattering
enabled the first unambiguous determination of the nature
of the SDW state in bilayer nickelates, also consistent with
1SR data, 139La—NQR results [53], and recent theory studies
[54,55]. The detailed discussion on possible origin of mag-
netic polymorphism and its interplay with superconductivity
is provided in the Supplemental Material [8,56—60]. While
previous SR studies indicate that the SDW transition tem-
perature increases under applied pressure [18], its precise
relationship with the emergence of superconductivity remains
a pivotal question.

Notably, in a separate study, we employed the oxygen
isotope effect (OIE) to investigate the CDW and SDW tran-
sition temperatures in LazNi,O; and LayNi3zO;y [61]. The
OIE provides a powerful means to disentangle purely elec-
tronic effects from those driven by phonons. In contrast to
the trilayer compound, where CDW and SDW transitions
appear to be coupled, La;Ni,O; exhibits an SDW transition
that is nearly insensitive to oxygen isotope substitution. This
effective decoupling of phononic and electronic subsystems
points to a predominantly electronic origin of the SDW in
the bilayer system. Future high-pressure neutron diffraction
experiments performed closer to the superconducting dome,
together with detailed structural investigations, will be crucial
for elucidating the interplay between magnetic and struc-
tural order present in the ground state and the emergence of
pressure-induced superconductivity in LazNi,O7. Such stud-
ies will help clarify whether the SDW or CDW constitutes
a competing instability or a possible precursor to unconven-
tional superconductivity—an issue central to understanding
the physics and the primary mechanism of superconductivity
in Ruddlesden-Popper nickelates [28,61].

IV. METHODS
A. Sample preparation

The samples studied in this work were prepared via a
solid-state reaction from NiO (4N8, Alfa Aesar), La,O3 (5N,
Sigma-Aldrich), and PrgO;; (SN, Sigma-Aldrich) through a

mechanochemically assisted process similar to that described
previously [18]. Stoichiometric mixtures of the calcinated ox-
ides were ball-milled (800 rpm, 5 min grinding, 5 min pause,
20 cycles), pressed into pellets, and annealed in oxygen flow
for 100 h at 1250 °C (La3Ni,O7) or for 70 h at 1100 °C
(La;PrNi,O;) with intermediate grindings and a postanneal-
ing stage (24 h/500 °C). For La,PrNi,O;, the annealing
temperature was chosen according to Ref. [5].

B. X-ray powder diffraction

Samples’ purity was checked, and data for structure refine-
ment were collected at room temperature using a bruker AXS
D8 ADVANCE diffractometer (Cu Ko radiation). Variable-
temperature synchrotron powder diffraction datasets were
collected at the CRISTAL beamline (Soleil Synchrotron) us-
ing A = 0.582 553 A radiation. A Rietveld analysis of the
obtained x-ray diffraction pattern at 150 K was performed
utilizing the jana software [41]. This analysis yielded the
following unit cell parameters of the orthorhombic structure
(Cmcm, Space Group No. 63): a = 20.4970(1) A; b =5447
81(3) A; ¢ = 5.378 35(3) A. The reliability factors of the
fit were as follows: R, = 5.7; Rwp = 7.6; GOF = 9.7; and
Ry =4.1.

C. Oxygen content determination

The oxygen content in the Laz_,Pr,Ni;O;_s (x = 0
and 1) samples was determined by hydrogen-reduction ther-
mogravimetric analysis (TGA). A NETZSCH STA 449F1
simultaneous thermal analyzer was used for the TGA experi-
ments. The initial sample masses were 144.04 and 83.29 mg
for x = 0 and 1, respectively. The gas utilized was a mixture
of 5 vol % hydrogen (Messer SchweizAG, 5N) in helium
(PanGas, 6N), with a flow rate of 70 ml/min. The sample
was heated from room temperature to 1000°C at a rate of
1°C/min and subsequently cooled to room temperature. In
order to minimize buoyancy effects and friction forces result-
ing from the vertical gas flow, and thereby ensure an accurate
estimation of weight changes, a baseline measurement was
performed under identical conditions before measuring the
actual samples. The total weight loss can be attributed to
the reduction of La;_,Pr,Ni,O;_s to metallic nickel (Ni) and
R>03 (R = La or Pr). The residual weight was estimated at
a temperature corresponding to the reaction termination (7t),
determined from the final plateau in the first derivative of the
TG weight-loss curve.

D. Neutron powder diffraction

High-intensity NPD datasets were collected on the cold-
neutron powder diffractometer DMC [52,62] with 3.82 A
neutrons and high-resolution NPD dataset at the thermal
neutron HRPT diffractometer [63] with 1.89 A neutrons,
both located at Paul Scherrer Institute. ~10 g of La3;Ni, O
and ~11 g of La;PrNi,O7 samples were loaded into V-cans,
placed in an Orange He cryostat, and measured down to the
base temperature of approximately 1.5-1.8 K. Analysis of
the diffraction datasets, including representation and mag-
netic symmetry, was performed using JANA2006/JANA2020
software according to the standard mathematical approach for
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powder diffraction data (pseudo-Voigt profile function and
manual background) as described in Refs. [40,41]. The group-
subgroup relations were analyzed using isordistort [42,43]
and k-subgroupsmag software of the Bilbao Crystallographic
Server [44,45].

E. Muon-spin rotation/relaxation experiments

Zero-field and weak-transverse-field puSR experiments
were carried out at the Paul Scherrer Institute, Switzerland.
Experiments were performed at the 7 E3 beamline using GPS
[64] and FLAME [65] muon spectrometers. The uSR data
were analyzed using the MUSRFIT software package [66].

F. Fits of WTF- and ZF-uSR data

The fit to the experimental WTF- and ZF-uSR data was
performed using the following functional form:

A@t) = Ao P(t) = Aol fn Pn(@) + (1 = fo) Pam(D)]. (1)

Here, Aq is the initial asymmetry and P(¢) represents the
time evolution of the muon-spin polarization. The polarization
function P(t) is further divided into the magnetic and nonmag-
netic contributions with weights f,, and 1 — f,,, respectively.
The magnetic part is caused by the appearance of SDW order
and is described as

2 1
Pult) = 3 3 fie " cos(yuBinit) + 3¢ @)

Here, y,, = 851.616 MHz/T is the muon gyromagnetic ratio,
A’s denote the exponential relaxation rates, and f; is the vol-
ume fraction of the ith magnetic component (3", f; = 1). The
coefficients 2/3 and 1/3 account for powder averaging, where
2/3 of the muon spins precess in internal fields perpendicular
(transversal, T) to the field direction and 1/3 remain parallel
(longitudinal, L) to Bj ;.

The nonmagnetic part in ZF experiments is described by
the Gaussian Kubo-Toyabe (GKT) function [67], which can
be written as

PIn () = 3(1 — oyeqt?)ewoa™? 4+ 4. )
Here, ogkr is the relaxation rate. This function is typically
used to describe the nuclear moment contribution in ZF-uSR
experiments.

In WTF experiments, the nonmagnetic part is de-
scribed by a simple cosine oscillation with exponential
relaxation:

PYTE(@t) = e cos(yuBwrr t + ¢). )

Here, X is the exponential relaxation rate, Bwrr is the exter-
nally applied weak transverse field, and ¢ is the initial phase
of the muon-spin ensemble.

In the present study, the WTF-uSR data are analyzed in
two modes: the “long” and the “short” time-window modes.
In the “long time-window” case, the magnetic term in Eq. (1)
was neglected, and the data are analyzed using the nonmag-
netic term [Eq. (4)] only. To avoid the influence of SDW

magnetism, fits started after ~0.3 us. This approach allows
tracking the temperature dependence of the magnetic fraction
fm- The short time-window mode considers data up to 1us
only, and the analysis was performed using both the magnetic
and nonmagnetic terms of Eq. (1). This makes it possible to
follow the evolution of the strongest component of the internal
field (Biy,1 in our case).

G. The dipole-field calculations

The dipole-field calculations were performed assuming the
same muon site as reported in Ref. [18] for both LazNi,O;
and La,PrNi, O, and utilized the muesr code [68].

Note added. During the revision of this article, a recent
preprint reporting neutron diffraction and inelastic neutron
scattering measurements on single crystals of LazNi,O;
appeared [69]. The authors report magnetic reflections
associated with the propagation vector ¢, but not q.
We consider these results as (1) an independent confirma-
tion of our findings, (2) evidence for pronounced sample
dependence within the Las;NiyO; family, and (3) sup-
port for the single-g/multiphase scenario over the multi-g
scenario.
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