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We report an experimental study of the magnetic properties of infinite-layer Nd1−xSrxNiO2 (x
= 0 and 0.2) thin films by x-ray magnetic circular dichroism (XMCD) at Ni L3,2- and Nd M5,4-
edges. We show the presence of a field induced out-of-plane Ni1+ spin-moment, reaching values
of 0.25 µB/Ni at 9T in the case of superconducting Nd0.8Sr0.2NiO2. The magnetic field and
temperature dependencies of the Ni L3,2 XMCD data can be explained by an out-of-plane canting
of in-plane anti-ferromagnetically correlated Ni1+ spins. The canting is most likely attributed to
the symmetry lowering of the NiO2 planes, observed via four-dimensional scanning transmission
electron microscopy, which can trigger a Dzyaloshinskii–Moriya interaction among the Ni1+ spins.

The recent discovery of superconductivity in infinite-
layer (IL) nickelate thin films [1] is shedding new light
on the so-long-sought path towards the understanding of
high-temperature superconductivity. Most of the ongo-
ing research is devoted at evidencing differences and sim-
ilarities between cuprates and IL nickelates, sharing sim-
ilar square-planar structure and 3d9-electron count [2].
An important question yet to be settled is the difference
in the magnetic ground-state, in view of the apparent
absence of long-range antiferromagnetic (AFM) order in
undoped polycrystalline NdNiO2 [3, 4] and LaNiO2 [5–
7] samples. The results were initially attributed to local
oxygen non-stoichiometry and Ni2+-related defects, be-
sides the possible presence of ferromagnetic impurities,
which would explain also the absence of bulk supercon-
ductivity [4]. Theoretically, most of the studies suggest
that the energetically-favored AFM order of the Ni 3d9

system is more unstable than in cuprates, in particular
when considering the role of the rare-earth magnetism [8–
12](plus ref. therein). Indeed, G-type and C-type AFM
ground states are found to be very close in energy, and
Sr-doping has been predicted to favor also a transition
from G-AFM towards C-AFM [11]. Concerning IL nick-
elate thin films, only few studies explicitly addressing the
magnetism are available [13–15]. This is particularly rel-
evant, as the electronic and magnetic properties of thin
films can be different from bulk samples. Muon-spin ro-
tation/relaxation measurements on SrTiO3-capped un-
doped and superconducting R1−xSrxNiO2 thin films (R=
Nd, Pr and La), revealed a complex spin-dynamics,
with a temperature dependence of the spin-susceptibility
pointing to an intrinsic magnetic order attributed to the
Ni-spin-sublattice, despite the magnetism stemming from
the R 4f -states in some sample series [13]. Noteworthy,
all these studies, on bulk and thin film samples, could
not explicitly address separately the magnetism of the

Ni1+ and R sublattices, nor single out the contributions
from unwanted impurities and from Ni-ions with a 2+
valence state that could be present due to an incomplete
oxygen reduction, as highlighted in recent works [16, 17].
On the other hand, resonant inelastic x-ray scattering
(RIXS) experiments in epitaxial films show dispersing
magnetic-excitations (magnons) within the NiO2 planes
[14, 15, 18], analogous to those of doped cuprates, with
a next-neighbour AFM exchange coupling only half the
value found in cuprates [19]. Sr-doping, while trigger-
ing superconductivity, gives rise to a flattening-out of
the magnetic-excitations [14, 20, 21]. The observation of
magnons in nickelate thin films points at an important
role played by AFM correlations like in cuprates, where
superconductivity emerges from an AFM ground state.

Here, we report a study of the intrinsic magnetic
properties of the Ni1+-spin-sublattice in Nd-based IL
thin films, by performing element(and valence)-specific
x-ray magnetic circular dichroism (XMCD) experiments
at the Ni L3,2- and Nd M5,4-edges as a function of
magnetic field (H) and temperatures (T) on a series of
Nd1−xSrxNiO2 (x = 0 and 0.2) samples. We find evi-
dences of AFM-correlations in the Ni1+-spin-sublattice,
but at the same time a large, field induced, Ni1+ out-of-
plane spin-moment, a factor 10 larger than the canted
Cu2+ spin-moment determined by XMCD in cuprates
[22]. The results are explained by a canted antiferro-
magnetism of the Ni1+ spin induced by a symmetry low-
ering of the NiO2 planes, as observed by four-dimensional
scanning transmission electron microscopy. All the sam-
ples were grown onto (001) SrTiO3 (STO) single-crystals,
with/without a STO capping-layer and the latter, when
present, was only three-unit-cells thick (∼1 nm). Details
about the growth, structural and transport character-
izations are provided elsewhere [23]. The experiments
were performed at DEIMOS and ID32 beamlines of the
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FIG. 1. XAS (top part) and XMCD (bottom part) of (a) uncapped, (b) capped NdNiO2 and (c) capped Nd0.8Sr0.2NiO2 thin
films acquired in TEY and FY modes at 9T and 4K. In (c) we compare data on superconducting Nd0.8Sr0.2NiO2 and poorly
reduced non-superconducting Nd0.8Sr0.2NiO3−x thin films. The insets in (a) and (b) show the Ni L2-edges. In (d) we show the
H-dependence of the XMCD at the Ni L3-edge for the uncapped NdNiO2 sample, with the XMCD contribution due to the Ni2+

fraction observed (inset). (e) H-dependence of the XMCD at the Ni L3-edge for the capped NNO sample. (f) H-dependence of
the Ni-µspin for different capped samples at 4K. Dotted lines are guide to the eyes.

SOLEIL and ESRF Synchrotron facilities (France), re-
spectively, which allowed us to verify that the results,
obtained on different sample series prepared in nominal
identical conditions, were reproducible (please refer to
the Appendix ). The x-ray absorption spectra (XAS)
were acquired in total electron yield (TEY) and in fluo-
rescence yield (FY) modes, with beam size of the order of
500×800µm2, in normal incidence (beam and magnetic
field perpendicular to the NiO2 planes) with circularly
polarized light. The XMCD signal is proportional to the
magnetic moment of a given ion (here Ni1+, Ni2+ and
Nd3+) projected along the x-ray beam and the external
field. The Ni spin moment (Ni-µspin) was determined by
applying the sum-rules to the XMCD spectra [24]. We
used the nominal count of 1.0 and 1.2 holes per Ni-site
in undoped and 20% Sr-doped nickelates, respectively.

First we show how the XMCD technique is able to
single-out the intrinsic Ni1+ (and Nd3+) magnetic mo-

ments from the extrinsic contribution from non ideal-
regions where Ni is in a Ni2+ valence state. Hereof we
show Ni-L3,2 edge XAS and XMCD data on a series of
STO-capped and uncapped NdNiO2 thin films in both
TEY and FY modes. In the TEY mode, the XAS and
XMCD spectra have a major contribution from the top-
most unit-cells, while in the FY-mode the entire film vol-
ume is equally probed. The upper-parts of Figures 1a,b
show circular polarized Ni-L3 edge XAS spectra (aver-
age of C-plus and C-minus polarized spectra), normal-
ized to the L3-edge intensity, acquired at H=9T and
at T=4K in normal incidence geometry for both STO-
capped and uncapped samples. The Ni-L2 edge-spectra
are shown in the related insets. The XAS of uncapped
samples are broader than the ones measured in capped
samples [25], due to an important contribution of the
higher energy Ni2+ feature akin to not fully reduced unit-
cells, in agreement with other studies [16, 17]. A com-
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FIG. 2. NdNiO2 and Nd0.8Sr0.2NiO2 XAS (top-panel) and XMCD (bottom-panel) at the (a) Ni L3,2- and (b) Nd M5,4 -edges.
The integrals of the XMCD spectra are shown as dotted-lines. Magnetic hysteresis at the (c) Ni L3-edge and (d) Nd M4 peaks,
normalized to the pre-edge value for both samples.

parison between TEY and FY XAS spectra shows that
the Ni2+ signal is mainly due to the first surface unit-
cells, in agreement with scanning transmission electron
microscopy and recent x-ray photoemission spectroscopy
measurements [16, 26]. On the other hand, the TEY
and FY XAS spectra of capped samples largely overlap
and show only a Ni1+ feature, with only small differ-
ences attributed to Ni2+ located at the interface with the
STO-capping-layer. These experimental evidences con-
firm that the STO-capping allows a better stabilization
of the IL phase [27].

The differences between XAS spectra of capped and
uncapped samples echoed in the XMCD data, shown in
bottom part of Figures 1a,b. In particular, uncapped
NdNiO2 are characterized by a doublet structure in the
TEY-XMCD spectra at 9T and 4K. This doublet almost
disappears at low magnetic field as shown in Figure 1d,
and it is absent in the FY-XMCD spectra (Fig. 1e),
where a unique peak shows up. As highlighted by the
vertical blue dotted lines, the two peaks in the TEY-
XMCD doublet correspond to Ni1+ and Ni2+ features
of the XAS spectra. It is worth noting that the TEY-
XMCD peak intensity due to the Ni2+ feature, normal-
ized to the overall area of the XMCD at the Ni-L3 edge,
shows a linear H-dependence (see inset of Fig. 1d), sug-
gesting a paramagnetic contribution from the incomplete
reduction of the surface unit-cells. On the other hand,
the XMCD intensity at the Ni1+ photon energy dom-
inates over the Ni2+ contribution. In the case of the
capped samples the FY-XMCD and TEY-XMCD spec-
tra almost overlap, and are characterized by a unique
and sharp peak mainly associated to the Ni1+. A small
Ni2+ shoulder shows up only in the TEY-XMCD spectra
and only at high magnetic fields, possibly due to the top-
interface unit-cell. Finally, in order to confirm that the
large XMCD in capped samples is related to Ni1+-spins
and it is intrinsic to our IL thin films, in Figure 1c we
show additional XMCD data on an insulating, not fully

reduced, capped Nd0.8Sr0.2NiO3−x sample, realized after
a partial topotactic reduction process. As expected, here
the XAS spectra are characterized by a more relevant
Ni2+ peak, a very large doublet in the XMCD signal and
a factor five lower Ni1+ XMCD even at the maximum
magnetic field. Therefore, our XMCD results allow us to
conclude that Nd-based IL-nickelates exhibit a relatively
strong out-of-plane spin moment associated to the Ni1+-
spins in the NiO2 planes, in qualitative agreement with
Fowlie et al. [13].

Now we address the magnetic properties of capped
samples by discussing the XMCD data as a function of
both H and T. In Figure 1f we show the Ni-µspin H-
dependence in the 0.01-9T range at 4K estimated from
the sum-rules applied to the Ni L3,2-edges XMCD spectra
of STO-capped NdNiO2, Nd0.8Sr0.2NiO2 and defective
Nd0.8Sr0.2NiO3−x samples. Interestingly, the Ni-µspin at
9T is ∼0.12µB/Ni and ∼0.25µB/Ni for the undoped and
superconducting samples, respectively, and ∼0.07µB/Ni,
in defective Nd0.8Sr0.2NiO3−x. Moreover, all the samples
exhibit a peculiar H-dependence characterized by a rapid
increase below 1T followed by a slow linear increase at
higher fields.

The rather similar slope at high field for all sam-
ples and the stronger magnetism found in fully reduced
NdNiO2 samples characterized, according to XAS and
XMCD by a minimal amount of Ni2+ as compared to in-
completely reduced Nd0.8Sr0.2NiO3−x, exclude any ma-
jor role of paramagnetism or superparamagnetism from
Ni2+-related defects (please refer to the dedicated section
in the Appendix for further details).

In order to better understand the magnetism of our
system, in Figures 2a,b we compare Ni L3,2- and NdM5,4-
edges XAS and XMCD spectra, acquired in normal inci-
dence and 9T. The Nd M5,4 XAS shows typical features
of Nd3+ 4f states [28], and a discussion of the sign of the
Nd-XMCD is presented in the Appendix. In Figures 2c,d
we show the magnetization hysteresis loops, obtained by
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FIG. 3. Temperature dependence of the Ni-µspin for different samples acquired at (a) 0.1T and (b) 2T. Dotted lines are fits to
the data by a Curie-Weiss-law. In the insets the corresponding inverse susceptibilities are shown. (c) (left) Sketches of in-plane
G-type (top) and C-type (bottom) 2D-AFM orders within the NiO2 planes; (middle) canted-AFM spin arrangement; (right)
magnetic field induced out-of-plane spin-moment due to canting.

measuring the XMCD at the Ni L3 (∼852 eV) and Nd
M4 (∼981 eV) edges. The data are overall proportional to
the Ni1+ and Nd3+ out-of-plane magnetic moments. The
Ni L3 XMCD loops show apparently no clear hysteresis,
and the data well agree with the H-dependence of the
Ni-µspin determined from the sum-rules, again suggest-
ing that the Ni1+ intrinsic magnetization is characterized
by a very steep increase below 1T followed by an H-linear
slow increase for both samples. Moreover, the data con-
firm that the Ni-µspin is substantially larger for the doped
superconducting sample. The Nd M4 XMCD hysteresis
loop, on the other hand, shows a paramagnetic signal to a
large extent uncorrelated to the Ni-µspin H-dependence,
although a very small coupling at low field cannot be
excluded since the XMCD signals show some deviation
from a purely linear trend in this region of fields.

In order to get further insights about the magnetic
correlations that are at play, we show in Figure 3 the
Ni-µspin and inverse susceptibility (1/χ ∼ H/Ni-µspin)
temperature dependencies in undoped and Sr-doped (su-
perconducting) samples at field values of 0.1T and 2T.
The latter were chosen to get insights from the two dif-
ferent regions of the Ni-µspin H-dependence (cf. Fig. 1f).
At 2T in both samples, the Ni-µspin increases with de-
creasing temperature, obeying with a good accuracy to
a Curie–Weiss-law in the entire range, as quantified in
the fitting procedure fully reported in the Appendix. In
weak magnetic fields (0.1T), on the other hand, we ob-
serve a downturn of the Ni-µspin in undoped NdNiO2, not
observed in doped sample and disappearing at high field,
because it is masked by a stronger field-induced moment.
At the same time, the inverse susceptibilities (insets of
Figs. 3a,b), show Curie-Weiss-like linear T-dependence
that extrapolate to negative temperature values, at odds
with (super)paramagnetism or ferromagnetism. Both re-
sults, i.e. the anomaly in the temperature dependence
of the Ni-µspin and the intercept to negative tempera-
tures of the inverse susceptibilities data calls for domi-

nant AFM correlations within the NiO2 planes.

To explain the origin of the large field-induced Ni-µspin

we consider a canted (G-type or C-type) AFM spin order-
ing as sketched in Figure 3c. Since with XMCD we can-
not establish if a long-range static AFM order is present
in our samples, those sketches have to be considered as a
cartoon of an antiferromagnetically correlated spin sys-
tem where both static (and ordered) arrangement, as
well as fluctuations of the Ni-spins, can be realized. The
canting of the Ni1+-spins is, for sake of simplicity, rep-
resented in the xz plane. At zero field the out-of-plane
spin moment is null. Upon H-increasing, the intrinsic
magnetic instability of the Ni-spin-sublattice, associated
to a weak out-of-plane coupling, allows a partial spin-flip
of the (canted) spins, with consequent alignment along
the field and the emergence of a non zero Ni-µspin out-
of-plane component (indicated by the blue arrows). In
particular, the canted component reaches its maximum
with the applied field of approximately 1T. The canted
spin-moment is locked to the in-plane antiferromagneti-
cally correlated spin. At 0.1T, the temperature depen-
dence of the magnetic moment reflects the in-plane AFM
order or correlations in NdNiO2, giving rise to a decrease
of the Ni-µspin out-of-plane component below 50K, as
shown in Figure 3a. The slow linear increase above 1T
is therefore due to a very small and slow increase of the
spin-canting angle, because the in-plane AFM coupling is
very strong. In Sr-doped samples the larger Ni-µspin out-
of-plane component (cf. to Fig. 1f), can be associated to
a larger canting, since the AFM correlation is weaker in
the doped compound [14, 21].

While the suggested model can simultaneously ex-
plain the presence of in-plane AFM correlations and
the relative large H-induced spin-moment, the origin of
the spin-canting has to be settled. Our XMCD data
clearly demonstrate that the measured magnetic moment
should be attributed to Ni1+ in the NiO2 planes. How-
ever, perfectly arranged square-planar NiO2 would not
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give rise to an out-of-plane spin-canting due to the lack
of buckling as in the case of Sr2CuO2Cl2 oxychloride
cuprates. On the other hand, a canted spin-moment was
observed in the La2−xSrxCuO4 and R1Ba2Cu3O7 fami-
lies, and attributed to the Dzyaloshinskii–Moriya inter-
action (DMI) [22] (and references therein), taking place
due to non-perfectly square-planar Cu-O-Cu bonds, thus
to a lowering of the symmetry. In doped and super-
conducting La2−xSrxCuO4 and R1Ba2Cu3O7, the weak-
ferromagnetic out-of-plane component has a pure para-
magnetic temperature and magnetic field dependence,
while in undoped La2CuO4 the temperature dependence
reflects the in-plane AFM long-range order. In anal-
ogy with cuprates, we tried to identify any (structural)
sources of the spin-canting in our NdNiO2 by using di-
vergence of the Center of Mass (dCoM) four-dimensional
(4D) scanning transmission electron microscopy (STEM-
dCOM). In 4D-STEM, we collect the whole electron
diffraction, that enables us to quantify the shift happened
to the center of mass (COM) of the electron diffraction
at each pixel in real space as the probe scans the sam-
ple. The momentum transfer to the electron beam on
interacting with the sample is inferred from this COM
measurements. This also becomes a qualitative repre-
sentation of the in-plane electric field, with it being neg-
atively proportional to the momentum transfer. Thus,
the divergence of in-plane electric field, approximates to
a projected charge-density image, with extrema located
at the atomic sites. This is called the divergence of the
center of mass (dCOM) technique. It can enable good
phase contrast imaging of lighter elements like oxygen, at
a sub-angstrom resolution [29, 30]. In particular, the 4D-
STEM dCOM has been fundamental in the discovery of
a novel nickelate phase emerging from three-dimensional
oxygen vacancy ordering [31]. Figures 4a,b show high-
angle annular dark field STEM and 4D-STEM dCOM
map images, respectively, along the [100] cubic axis of
STO, for an undoped capped NdNiO2 film. The NiO4

square-planar coordination is altered and presents an ap-
parent oxygen-doubling with a zig-zag pattern, as indi-
cated by the white arrows in Figure 4b. The presence
of an additional (faded) oxygen along the Ni-O-Ni bond
suggests that the oxygen ions are not exactly at the cen-
ter. From the data, we cannot exactly identify the source
of this non-ideal planar-configuration, which might orig-
inate from tilt/rotation of the NiO2 bonds and/or to a
cation off-centering. Nonetheless, the overall symmetry
of the structure appears lowered by these structural dis-
tortions, and this can explain a sizable DMI and a non-
collinear Ni1+-spin arrangement [32].

In conclusion, with our elemental-sensitive XMCD ex-
periments at the Ni L3,2- and Nd M5,4-edges we could
demonstrate that the magnetic properties of Nd-based
IL-nickelate parent compound and superconducting thin
films are related to a canting of AFM correlated Ni1+-
spin, ruling out the contribution from Ni2+ and of ex-

FIG. 4. (a) High-angle annular dark-field imaging (HAADF)
of capped NNO sample acquired at 300K combined to a (b)
dCOM 4D-STEM imaging showing the NiO2 planes. The
presence of oxygen-ions along the Ni-O-Ni bond with different
center of mass positions are indicated by the arrows.

tended defects to the measured magnetism. Moreover, we
showed that the paramagnetic Nd3+ 4f states do not af-
fect the overall Ni-µspin H-dependence. The spin-canting
is attributed to non-perfectly square-planar NiO2 bond-
ing, as evidenced by 4D-STEM dCOM measurements,
which lowering the symmetry can be responsible for a
sizable DMI among the Ni1+ spin. The presence of a
large out-of-plane spin moment, in a range of magnetic
fields where superconductivity is still very robust, has
consequences on the superconducting properties. In par-
ticular, the very large upper critical field, substantially
higher than the Pauli-limit according to recent studies
[33], could be possibly linked to the magnetism of the
system.

APPENDIX

Here we report about some aspect of our work mainly
dealing with the reproducibility of the data shown in Fig-
ure 1, and the analysis followed to exclude any possible
paramagnetism and/or superparamagnetism character of
the measured magnetism for both reduced and partially
reduced nickelate samples.
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XAS and XMCD measurements: Reproducibility

The differences in the fraction of Ni2+ in capped and
uncapped NNO samples, and the differences in FY and
TEY data in uncapped samples, are in full agreement
with other studies, in particular extensive x-ray photoe-
mission spectroscopy [16, 34]. These data were also ob-
tained on a different series of undoped samples (prepared
in the same conditions) with and without a capping layer.
Similar XAS data were already published in Refs. [16, 18]
on capped and uncapped samples on other sample series.
All the data are fully consistent with those presented in
Fig. 1. As an example, in Figure A1 we show additional
TEY-XAS data acquired on one of our first generation
of NdNiO2 samples prepared with and without a cap-
ping layer. It is worth noting that, as in the TEY-XAS
data presented in the main text, the Ni2+ feature in the
XAS is more pronounced in the uncapped samples, and
since in TEY we are more sensitive to the top unit cells,
these data compare well with the results reported in the
main text about uncapped NdNiO2, where the presence
of Ni2+, besides the Ni1+ feature, is clear.

FIG. A1. TEY-XAS for capped and uncapped NNO samples.
A comparison with NiO for the reference of Ni2+ is also re-
ported. Re-adapted from [35].

Figure A2 shows XMCD data as a function of the
magnetic field for a first series of Sr-doped and undoped
NdNiO2 samples. These data were acquired at magnetic
fields above 1 Tesla. We found a linear trend of the Ni1+-
spin moment, and values fully comparable to the ones re-
ported in Figure 1f of the main text. This demonstrates
that the results presented in this work are fully repro-
ducible.

Supplementary analysis of the Ni-µspin as a function
of the magnetic field.

In order to exclude trivial paramagnetism from Ni1+

and Ni2+ magnetic moments, we show in Figure A3 the
calculated magnetic field dependence at 4K in the 0-10
Tesla range obtained using a simple Brillouin function
(as expected for paramagnetism). The experimental data
of Figure 1f, characterized by a rapid magnetic moment
increase at low field and a non-saturating H-linear be-

FIG. A2. H-dependence of the Ni1+-spin for a superconduct-
ing (20% at. Sr), non-superconducting (5% at. Sr) and un-
doped NdNiO2 sample.

haviour, cannot be reproduced by pure (non-interacting)
paramagnetism. In particular, the expected nominal Ni
magnetic moments of 1 µB/Ni (2 µB/Ni) for the Ni1+-
3d9 (Ni2+-3d8) electronic configuration, according to the
Brillouin function (cf. Figure A3), should align rather
smoothly at fields much higher than 10 Tesla. More-
over, the rapid low-field increase cannot be explained
by pure paramagnetism, nor the linear slow increase
above 1 Tesla. Another possible mechanism is super-

FIG. A3. (a) Brillouin simulation for Ni1+ (1 µB) and Ni2+

(2µB) magnetic moments at 4K. b) Ni2+ (J=1, 2µB) Bril-
louin function modified to saturate to the experimental data
at the highest H.

paramagnetism from unidentified defect clusters, alike Ni
oxides recently proposed from scanning squid microscopy
studies [36], or other defects where Ni is in 2+ (or 3+)
oxidation state. In Figure A4 we show a Langevin fit of
the data on reduced (and SC) capped 20%-NSNO sam-
ple and incompletely reduced (fully insulating) capped
20%-NSNO. Although capturing the initial rapid increase
of the magnetic moment in both cases, the cluster sizes
obtained from the analysis are far beyond any reason-
able value, especially in the case of the fully reduced
superconducting NSNO. Indeed, we obtain an effective
magnetic moment (meff ) of 73.2µB in (superconducting)
20%-doped, capped NSNO. Assuming a Ni2+ valence in
these defective regions, we get about 25% of the sample
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volume characterized by (fairly large) defective clusters.
We did not find from our STEM data any NiOx cluster or
defective NSNO regions at such a density to explain su-
perparamagnetism. Moreover, the XAS data cannot be
reproduced assuming a fraction of Ni2+ in the SC sample
of 12.5% [18].

FIG. A4. Results from a Langevin fitting of the M(H) curves
presented in Fig. 1f with meff being the effective moments of
the clusters and Ms the magnetic moment saturation values.

More importantly, from the Langevin fitting it emerges
that the cluster sizes in the defective 20% NSNO (not
fully reduced) are much smaller (about 8µB) and the
fraction of regions with Ni2+ valence in the sample should
be at most 5% or less. On the other hand, the XAS data
clearly show that the amount of Ni2+ in the defective
20% NSNO is much larger than in the fully reduced SC
NSNO, which further demonstrates that the magnetism
observed cannot be due to super-paramagnetism from
defect-clusters. Finally, superparamagnetism cannot ex-
plain the slow linear increase of the magnetic moment
observed in all samples. In particular, the slope of this
linear magnetic field dependence is only marginally de-
pendent on the sample properties, and in particular on
the amount of Ni2+. This result again reinforces our
analysis, and in particular it demonstrates that the mag-
netism cannot be attributed to unidentified defects or to
pure paramagnetism.

Supplementary analysis of the Nd M5,4-edges XMCD

To investigate any possible cross-talk from the mag-
netism of the Nd-4f states, we performed also XMCD
measurements at the Nd M5,4-edges, as shown in Figure
2b where we report the total-XAS and related XMCD ac-
quired at 4K and 9T for both samples. The total-XAS
shows typical features of a stable Nd3+ valence state as
already reported in literature [28, 37] with a J = 9/2,
S = 3/2 and L = 6 ground state as dictated by Hund’s

rule with an expected (free ion) total magnetic moment
of ca. 3.6µB/Nd at which both spin and orbital compo-
nents concur. The application of sum-rules in the case of
rare-earth is not straightforward, and we have fully fol-
lowed the procedure analysis reported in Ref. [28]. The
value obtained for the spin (Nd-µspin) and orbital (Nd-
µl) magnetic moments are shown in Table I. While the
opposite sign between the spin and orbital magnetic mo-
ments is expected from the Hund’s rules for a less than
half-filled 4f shell, the relatively low values measured es-
pecially for the orbital component might originate from
a quenching process due to the specific crystalline field of
the IL structure. Another striking difference is stemming
from the values of both spin and orbital magnetic mo-
ments of each samples, which in principle were expected
to be the same. Within the experimental error, the su-
perconducting sample has larger values which might call
for some key differences in the values of the correction
factor and/or the quadrupole moments due to a differ-
ent Nd environment as imposed by the Sr-doping. More
insights could be obtained from an accurate analysis of
the XAS and Nd-XMCD profiles which is, nevertheless,
beyond the scope of this work. The relatively small val-
ues for the Nd-µl cause the Nd-XMCD sign to be en-
tirely determined by the sign of the Nd-µspin, which is
completely the opposite situation found in literature for
several others Nd-based compounds [28, 37]. To under-
stand at which extent the Nd magnetic moments enter
in relation with the Ni ones we performed also hysteresis
measurements at the Nd-M4 edge, and we found that the
Nd-µl are parallel to the Ni-µspin, which on the contrary
are aligned antiparallel to the Nd-spin moments.

TABLE I. Spin and orbital magnetic moments calculated from
the XMCD at the Nd M5,4-edges. Nd-µspin and Nd-µl are
non-parallelly aligned as expected for a less than half-filled
4f shell according to Hund’s rules.

Sample µl [µB/Nd] µspin [µB/Nd]
Superconducting
Nd0.8Sr0.2NiO2

0.44±0.02 -0.62±0.02

Insulating
NdNiO2

0.35±0.02 -0.50±0.02

Supplementary analysis of the Ni-µspin magnetic
moment as a function of the temperature

We performed a fitting of the Ni-µspin(T) data using
the Curie-Weiss law: Ni-µspin/B=χ= C/(T-θ), with C in
Tesla−1 µB K. The Curie-Weiss law can fit the data very
well, and very interestingly the θ intercept corresponds to
negative temperature values. In Tables II,III we report
the fitting parameters for the two samples analysed for
both magnetic field values. Note the negative values of
the θ parameters indicate the dominant contribution of
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AFM correlations.

TABLE II. Curie-Weiss fitting at the magnetic field of 2
Tesla.

Fitting formula
C/(T-θ)

Superconducting
Nd0.8Sr0.2NiO2

Insulating
NdNiO2

C
(Tesla−1 µB K)

27.50±2.12 11.66±1.12

θ
(K)

-255.69±23.81 -211.74±24.80

Adj. R-Square 0.97991 0.95889

TABLE III. Curie-Weiss fitting at the magnetic field of 0.1
Tesla.

Fitting formula
C/(T-θ)

Superconducting
Nd0.8Sr0.2NiO2

Insulating
NdNiO2

C
(Tesla−1 µB K)

10.14±0.73 6.55±0.70

θ
(K)

-101.20±12.03 -205.83±37.13

Adj. R-Square 0.964738 0.944167
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