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Signatures of canted antiferromagnetism in infinite-layer nickelates studied by x-ray
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We report an experimental study of the magnetic properties of infinite-layer Nd;_,SrzNiO2 (x
= 0 and 0.2) thin films by x-ray magnetic circular dichroism (XMCD) at Ni L3 2- and Nd Ms5 4-
edges. We show that at low temperatures the out-of-plane component of the Ni*™ spin-moment is
characterized by a rapid increase for magnetic fields below 17, followed by a slower linear increase
reaching a spin-moment value of 0.25 ug/Ni at 9T in the case of superconducting Ndg.gSrg.2NiOs.
On the other hand, the Nd M54 XMCD shows a clear paramagnetic behaviour, which make both
Ni- and Nd-spin-sublattices fully uncorrelated. The magnetic field and temperature dependencies
of the Ni Lz o XMCD data can be explained by assuming an out-of-plane canting of the strongly
in-plane anti-ferromagnetic ordered Ni'T spins. A symmetry lowering of the NiOs planes observed
via four-dimensional scanning transmission electron microscopy, triggering a Dzyaloshinskii-Moriya
interaction, can be responsible of the proposed Ni'*-spin canting at zero-field. The resulting out-of-
plane weak-ferromagnetic coupling under magnetic field explains the relatively large spin-moment

and its magnetic field and temperature dependence.

The recent discovery of superconductivity in infinite-
layer 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 infinite-layer nickelates,
which share the same square-planar structure and 3d°-
electron count. 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 NdNiOq [2, 3]
and LaNiOy [4-6] samples. The results were initially
attributed to local oxygen non-stoichiometry and Ni%*t-
related defects besides the possible presence of ferromag-
netic impurities, which, would explain also the absence
of bulk superconductivity [3]. Theoretically, most of the
studies suggest that the energetically-favored AFM order
of the Ni 3d° system is more unstable than in cuprates,
in particular when considering the role of the rare-earth
magnetism [7-10](plus ref. therein). Indeed, G-type and
C-type AFM ground states are found very close in energy,
and Sr-doping has been predicted to favor also a tran-
sition from G-AFM towards C-AFM [10]. Concerning
infinite-layer nickelate thin films, only few studies explic-
itly addressing the magnetism are available [11-13]. This
is particularly relevant, as the electronic properties of
thin films can be different from bulk samples. Resonant
inelastic x-ray scattering (RIXS) experiments in epitax-
ial films show dispersing magnetic excitations within the
NiOs planes, analogous to that of doped cuprates, but
with a next-neighbour AFM exchange coupling only half

the value found in cuprates [14]. Sr-doping, while trigger-
ing superconductivity, gives rise to a flattening-out of the
magnon-excitation [11]. Muon-spin rotation/relaxation
measurements on SrTiO3-capped undoped and supercon-
ducting Rj_,Sr,;NiOg thin films (R= Nd, Pr and La),
revealed a complex spin-dynamics, with a temperature
dependence of the spin-susceptibility pointing to some
kind of intrinsic magnetic order, attributed to the Ni-
spin-sublattice, despite the magnetism stemming from
the R 4f-states in some sample series [12]. Noteworthy,
none of these studies could explicitly address separately
the magnetism of the Ni'* 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 re-
cent works [15, 16].

Here, we report a study of the intrinsic magnetic prop-
erties of the Nilt-spin-sublattice in Nd-based infinite-
layer thin films, by performing element(and valence)-
specific x-ray magnetic circular dichroism (XMCD) ex-
periments at the Ni Lss- and Nd Ms4-edges as a
function of magnetic field (H) and temperatures (T)
on a series of Ndj_,Sr,NiOs (z = 0 and 0.2) sam-
ples. We find evidences of AFM-correlations in the
Ni'*-spin-sublattice, but at the same time a large, field
induced, Ni't out-of-plane spin-moment a factor 10
larger than the canted Cu?T spin-moment determined
by XMCD in cuprates[17]. All the samples 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 characterizations are
provided elsewhere [18]. The experiments were per-
formed at DEIMOS and ID32 beamlines of the SOLEIL
and ESRF Synchrotron facilities (France), respectively,
in total electron yield (TEY) and in fluorescence yield
(FY) modes, with beam size of the order of 500x 800 um?,
in normal incidence (beam and magnetic field perpendic-
ular to the NiOy planes). The Ni-XMCD data analysis
was performed by applying the sum-rules to determine
the Ni magnetic spin moment (Ni-pspin), by using the
nominal values of 1 and 1.2 holes in the 3d levels for the
Ni'* and Ni'2* sites in the respective samples to ac-
count for the different Sr-doping. The quadrupole spin
moment was considered negligible [19].

First we show below how the XMCD technique is able
to differentiate the (intrinsic) magnetic moment of Nil*
and Nd®t ions, from the extrinsic contribution of non
ideal-regions where Ni is in a Ni%* valence state. Hereof
we show Ni-L3 5 edge XAS and XMCD data on a series
of STO-capped and uncapped NdNiO; thin films in both
TEY and FY modes. The XMCD signal is proportional
to the magnetic moment of a given ion (here Nil*, Ni%*
and Nd®1) projected along the x-ray beam and the exter-
nal field. 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 volume is equally
probed. Upper-part of Figures la,b shows circular po-
larized Ni-Lg edge XAS spectra (average of C-plus and
C-minus polarized spectra), normalized to the Lgz-edge
intensity, acquired at H = 97 and at T = 4K in normal
incidence geometry for both STO-capped and uncapped
samples. The Ni-L, edges are shown in the related insets.
The XAS of uncapped samples are broader than the ones
measured in capped samples, due to an important con-
tribution of the higher energy Ni%t feature akin to not
fully reduced unit-cells, in agreement with other studies
[15, 16]. The higher energy feature should not be com-
pared/confused with the XAS broadening at the Ni-Lg
edge observed upon Sr-doping [20], as the spectral weight
of the latter is much less important. Here, the com-
parison between TEY and FY XAS spectra shows that
the Ni?* signal is mainly due to the first surface unit-
cells, in agreement with scanning transmission electron
microscopy and recent x-ray photoemission spectroscopy
measurements [15, 21]. On the other hand, TEY and FY
XAS spectra of capped samples largely overlap and show
only a Ni'*t feature, with only small differences between
the two acquisition modes attributed to Ni?T located at
the interface with the STO-capping-layer. These experi-
mental evidences demonstrate and confirm that the STO-
capping allows a better stabilization of the infinite-layer
phase [22].

The differences between XAS spectra of capped and
uncapped samples echoed in the XMCD data, shown in
the bottom-panel of Figures la,b. In particular, un-
capped Ndj_,Sr;NiO, are characterized by a doublet
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FIG. 1. XAS (top part) and XMCD (bottom part) of (a) un-
capped, (b) capped NdNiO2 and (c) capped Ndg.gSrg.2NiO2
thin films acquired in TEY and FY modes at 97 and 4K. In
(¢) we compare data on superconducting Ndg.gSrg.2NiO2 and
poorly reduced non-superconducting Ndg gSrp.2NiO24, thin
films. The insets show the Ni La-edges (top panel) together
with the H-dependence of the XMCD at the Ni Ls-edge (bot-
tom panel). In the inset of bottom panel in (a) we show also
the XMCD contribution due to the Ni*" fraction observed in
uncapped samples. (d) H-dependence of the Ni-pispin for dif-
ferent capped samples at 4 K. Dotted lines are guide to the
eyes.

structure in the TEY-XMCD spectra at 97 and 4K.
This doublet almost disappears at low magnetic field (see
inset), and it is absent in the FY-XMCD spectra, where
a unique peak shows up. As highlighted by the verti-
cal blue dotted lines, the two peaks in the TEY-XMCD
doublet corresponds to Ni't and Ni?T features of the
XAS spectra. It is worth noting that the TEY-XMCD
peak intensity due to the Ni?t feature, normalized to
the overall area of the XMCD at the Ni-L3 edge, shows a
linear H-dependence (see inset of 1a), suggesting a para-
magnetic contribution from the incomplete reduction of
the surface unit-cells. On the other hand, in both TEY
or FY modes, the XMCD intensity at the Ni'T energy
dominates over the Ni?T 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 Nilt. A small
Ni?* shoulder shows up only in the TEY-XMCD spectra
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FIG. 2. NdNiO2 and Ndo.gSrg.2NiO2 XAS (top-panel) and
XMCD (bottom-panel) at the (a) Ni Lz 2- and (b) Nd Ms 4
-edges. The integrals of the XMCD spectra are shown as
dotted-lines. Magnetic hysteresis at the (c) Ni Ls-edge and
(d) Nd My peaks, normalized to the pre-edge value for both
samples.

and only at high magnetic fields, possibly due to the top-
interface unit-cell. Finally, in order to confirm that the
large XMCD signal in capped samples is related to Ni'*-
spins and it is intrinsic to our infinite-layer thin films, in
Figure 1c we show additional XMCD data on an insulat-
ing, not fully reduced, Ndg gSrg.oNiOo, sample, realized
after a partial topotactic reduction process. As expected,
here the XAS spectra are characterized by a more rele-
vant Ni?* peak, a very large doublet in the XMCD signal
and correspondingly a factor five lower Ni'* XMCD even
at the maximum magnetic field. All this somehow tells
that the Ni'T-spins, when arranged in a planar geometry
without neighbor apical oxygen ions, exhibit a relatively
strong magnetism in Nd-based infinite-layer samples, in
qualitative agreement with Fowlie et al. [12].

Now we address the magnetic properties of capped
samples by discussing the XMCD data as a function of
both H and T. In Figure 1d we show the Ni-pg,;, H-
dependence in the 0.01 — 97 range at 4 K estimated from
the sum-rules applied to the Ni L3 5-edges XMCD spectra
of STO-capped NdNiOs, Ndg gSrp.oNiOs and defective
Ndg.gSrp 2NiO24, samples. Interestingly, the Ni-f1epin at
9T is ~0.12u5/Ni and ~0.25u 5 /Ni for the undoped and
superconducting samples, respectively, and ~0.07p5/Ni,
in defective Ndg gSrg.oNiOg4,. Moreover, all the samples
exhibit a peculiar H-dependence characterized by a rapid
increase below 17T followed by a slow linear increase at
higher fields. The similar slope at high field for all sam-

ples excludes any role of Ni?T-related defects or ferro-
magnetic impurities to the magnetism of our samples. In
Figures 2a,b we compare the XAS and XMCD spectra
acquired in normal incidence and 97" at the Ni L3 o- and
Nd Mj; 4-edges. The Nd M; 4 XAS shows typical features
of a Nd3* valence state with the XMCD opposite to the
Ni L3o one, as already reported in literature [23]. In
Figures 2c,d we show the magnetic field hysteresis loops,
obtained by measuring the XMCD at the Ni Lg (~852
eV) and Nd My (~981 eV) edges. These data are overall
proportional to the Ni'* and Nd?* out-of-plane magnetic
moments. The Ni Ly XMCD loops show apparently no
clear hysteresis, and the data perfectly agree with the
H-dependence of the Ni-fsp;, determined from the sum-
rules, again suggesting that the Nil* intrinsic magneti-
zation is characterized by a very steep increase below 17T
followed by an H-linear slow increase for both samples.
Moreover, the data confirm that the Ni'* spin-moment is
substantially larger for the doped superconducting sam-
ple. The Nd My XMCD hysteresis loop, on the other
hand, shows a paramagnetic signal fully uncorrelated to
the Ni-fi,p:, H-dependence.

In order to obtain further insights about the magnetic
correlations that are at play, we show in Figure 3 the
Ni-ftspin, T-dependence in undoped and Sr-doped (super-
conducting and non) samples at field values of 0.17 and
2T. The latter were chosen to get insights from the two
different regions of the Ni-spin H-dependence (cf. Fig.
1d). At 2T we find that the Ni-jigp, are slowly increas-
ing for decreasing temperatures obeying with a good ac-
curacy to a Curie-Weiss-law in the entire T-range, and
pointing towards magnetic correlations exemplary of a
frustrated system with weak-FM coupling in the out-of-
plane direction with respect to the NiOs planes (Fig. 3a).
This tells that magnetic correlations among Ni't-spins
are also present along this specific direction which con-
firms recent theoretical calculations [9]. The situation
in the very weak-field (0.17') is slightly different. The
superconducting sample exhibits in the region between
50K and 100K a small deviation from the Curie-Weiss
behaviour, while the undoped sample, below 50 K, shows
a reduction of the Ni-fsp;, moment suggesting the pres-
ence of AFM correlations.

To explain the origin of this large field-induced Ni-pigpin
we consider a canted (G-type) AFM spin ordering as
sketched in the inset of Figure 3b. The canting of the
Ni'* spins is, for sake of simplicity, represented in the
xz plane. At zero field the out-of-plane spin moment
is null. Upon H-increasing, the intrinsic magnetic in-
stability of the Ni-spin-sublattice, associated to a weak
out-of-plane AFM coupling, allows a partial spin-flip of
the (canted) spins, with consequent alignment along the
field and the emergence of a non zero Ni-fisp;, out-of-
plane component. In particular, the canted component
reaches its maximum with the applied field of approxi-
mately 1T. This canted spin-moment is somewhat locked



---------- Curie-Weiss sesres Curie-Weiss
024
o2 Niigyy = o AFM canted Ni-pigiy
T-6) N
0.20 ++ Ndy 55t ,NiO, 0.20 el - T‘I >~
g " Zooli L BN
£ o016 < ot6fF| " B
_f é '§ 3‘” [ - ? ‘»&—' i -
sonzlyg T e, £ 012 it w =
% Q ....... ®| o H=0 H>0,
i F o Ni-tigg,=0 Nirtggo > 0
= 0.08 Z ol @ [T T
=L z [ 9P !
e @B ] NN, e o. Nd, S7,,NiO,
0.04 Qe geeeniFully insulating 004 "o T @ @@
pH=2T Ndo 587 2Nz, bH=04T
0.00 0.00

0 50 100 150 200 250 300 o 50

Temperature [K]

100 150 200 250 300
Temperature [K]

FIG. 3. Temperature dependence of the Ni-pispin for different
samples acquired at (a) 27 and (b) 0.17". Dotted lines repre-
sent fit to the data via Curie-Weiss-law. The cartoons sketch
the canted-AFM spin arrangement within the NiO2 planes.

to the in-plane AFM order. At 0.17, the temperature
dependence of the magnetic moment reflects the in-plane
AFMe-order in NdNiO,, giving rise to a decrease of the
Ni-ftspin out-of-plane component below 50 K, as shown
in Figure 3b. In Sr-doped sample, where magnetic ex-
citations are strongly damped and AFM-correlations are
short-range, a larger canted magnetic component is ob-
served at 0.17 (Fig. 1d) and the temperature depen-
dence of the Ni-psp, out-of-plane component shows only
a small deviation from a Curie-Weiss law. The slow linear
increase above 17T is presumably due to a very small and
slow increase of spin-canting angle, because the in-plane
AFM coupling is very strong.

While this model can simultaneously explain the pres-
ence 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 demon-
strate that the measured magnetic moment should be
attributed to Ni'* in the NiO, planes. However, per-
fectly arranged square-planar NiOs would not give rise to
an out-of-plane spin-canting due to the lack of the apical
oxygen, as for Cu?t in the case of SryCuO5Cly oxychlo-
ride cuprate. On the other hand, a canted spin-moment
was observed in the Las_,Sr,CuQO4 and R;BasCu30O-
families, and attributed to the Dzyaloshinskii-Moriya in-
teraction (DMI) [17] (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 Las_,Sr, CuO4 and R;BasCu3O7, the weak-
ferromagnetic out-of-plane component has a pure para-
magnetic temperature and magnetic field dependence,
while in undoped LasSrCuQ4 the temperature depen-
dence reflects the in-plane AFM long-range order.

Proceeding in analogy with cuprates, we tried to
identify any (structural) sources of the spin-canting in
our NdNiOs by using the divergence of the Center of
Mass (dCoM) four-dimensional (4D) scanning transmis-
sion electron microscopy (STEM-dCOM) technique. The
dCoM 4D-STEM technique has the unique capability to
image the oxygen-ion positions with high accuracy. Fig-

(a) HAADE

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

ures 4a,b show high-angle annular dark field STEM and
dCOM 4D-STEM map images, respectively, along the
[100] cubic axis of STO, on an undoped, capped NdNiO,
film. The NiO4 square-planar coordination is altered and
presents an apparent oxygen-doubling with a zig-zag pat-
tern, as indicated by the white arrows in 4b. The pres-
ence of an additional (faded) oxygen along the Ni-O-Ni
bond suggests that the oxygen ions are not exactly at the
center. From the data, we cannot exactly identify the
source of this non-ideal planar-configuration. We can-
not exclude that it originates from tilt/rotation of the
NiO;3 bonds and/or to a cation off-centering. Nonethe-
less, the overall symmetry of the structure appears low-
ered by these structural distortions, and this can explain
the sizable DMI and a non-collinear Ni'* spin arrange-
ment [24].

In conclusion, with our elemental-sensitive X-ray cir-
cular magnetic dichroism experiments at the Ni Ls o-
and Nd Ms5 4-edges we could demonstrate that the mag-
netic properties of Nd-based infinite-layer nickelate par-
ent compound and of superconducting thin films are re-
lated to an AFM-canted arrangement of the Nil'*-spin,
ruling out the contribution from Ni?* and of extended
defects to the sample magnetism. Moreover, we showed
that the paramagnetic Nd3t 4f states do not affect the
Ni-pspin 3d H-dependence. This finding may question
the role of the Nd-Ni hybridization in mediating the out-
of-plane exchange interaction [9]. The spin-canting is at-
tributed to non-perfectly square-planar NiOs bonding,
as evidenced by dCOM-4D-STEM measurements, which
lower the symmetry and is responsible for a sizable DMI
among the Ni't.
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