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In materials science, much effort has been devoted to the 
reproduction of superconductivity in chemical compositions, 
analogous to cuprate superconductors since their discovery 
over 30 years ago. This approach was recently successful 
in realising superconductivity in infinite-layer nickelates1–6. 
Although differing from cuprates in electronic and mag-
netic properties, strong Coulomb interactions suggest that 
infinite-layer nickelates have a propensity towards various 
symmetry-breaking orders that populate cuprates7–10. Here 
we report the observation of charge density waves (CDWs) in 
infinite-layer NdNiO2 films using Ni L3 resonant X-ray scatter-
ing. Remarkably, CDWs form in Nd 5d and Ni 3d orbitals at the 
same commensurate wavevector (0.333, 0) reciprocal lattice 
units, with non-negligible out-of-plane dependence and an 
in-plane correlation length of up to ~60 Å. Spectroscopic stud-
ies reveal a strong connection between CDWs and Nd 5d–Ni 
3d orbital hybridization. Upon entering the superconducting 
state at 20% Sr doping, the CDWs disappear. Our work dem-
onstrates the existence of CDWs in infinite-layer nickelates 
with a multiorbital character distinct from cuprates, which 
establishes their low-energy physics.

The realisation of superconducting infinite-layer nickelates 
marks the latest milestone in the field of high-temperature supercon-
ductivity research1–6. Being isostructural to CaCuO2, infinite-layer 
nickelates contain quasi-two-dimensional (2D) NiO2 layers, nomi-
nal 3d9 Ni1+ ions with spin S = 1/2 and an active dx2−y2 orbital near 
the Fermi level, analogous to the cuprate family of high-temperature 
superconductors11. However, X-ray absorption (XAS) and electron 
energy loss spectroscopies have shown that their electronic struc-
ture is closer to the Mott–Hubbard than the charge–transfer regime, 
distinct from cuprates7,12. Another distinctive feature in compari-
son with cuprates is that three-dimensional (3D) itinerant 5d bands 
of the rare-earth ions (R in RNiO2) are predicted to hybridize with 
localized 2D Ni–O bands7,11,13. This strong hybridization is corrobo-
rated by resonant inelastic X-ray scattering (RIXS) where Nd 5d–Ni 
3d hybridized states were observed7, as well as a change in sign of 
the low-temperature Hall coefficient as a function of Sr doping, 
indicating the presence of two bands at the Fermi level2,3.

On the other hand, although the magnetism of infinite-layer 
nickelates is under debate14,15, Nd1−xSrxNiO2, grown on (and 
capped with) SrTiO3 (STO), shows well-defined and highly dis-

persive magnetic excitations, validating the existence of strong 
electron Coulomb interactions in infinite-layer nickelates. In par-
ticular, this puts nickelates in proximity between strong antifer-
romagnetic (AFM) correlations and superconductivity8. Strong 
electronic and AFM correlations are key ingredients that give rise 
to symmetry-breaking orders, such as spin density waves (SDWs) 
or charge density waves (CDWs), which are relevant to supercon-
ductivity in cuprates16. A natural question is whether these ordered 
states are also present in infinite-layer nickelates. In this study we 
measured thin films of NdNiO2 with Ni L3-edge XAS and RIXS and 
revealed the presence of CDWs. We show that there is a clear cor-
relation between CDWs and the hybridized Nd 5d–Ni 3d orbital, 
demonstrating the active participation of rare-earth 5d states in the 
low-energy physics of nickelates.

Nd1−xSrxNiO2 thin films (NdNiO2 is 10 nm and Sr-doped 
Nd1−xSrxNiO2 is 15 nm) were prepared by pulsed laser deposition 
and subsequently topotactic reduction, similar to the methods 
applied in refs. 1,3 but without an STO-capping layer (Methods). We 
carried out structural analysis using X-ray diffraction (XRD), X-ray 
reflectivity (XRR), reciprocal space mapping (RSM) and rocking 
curve scans of the (002) diffraction peak, atomic force microscopy 
and scanning transmission electron microscopy (STEM; Methods 
and Supplementary Note 1). All thin films showed comparable crys-
talline quality, with a vast majority of the square-planar phase and 
a minor presence of the Ruddlesden–Popper (RP) secondary phase. 
The level of inhomogeneity (3.7 and 15.2% for the bulk and surface, 
respectively) was estimated from analysis of the O K-XAS spectra 
(Supplementary Note 2).

One of the reduced parent NdNiO2 films, referred to as NNO2-1 
hereafter, features a two-peak Ni L3 XAS profile consistent with 
those in LaNiO2 and NdNiO2 reported recently7,17. The first peak 
(denoted A') reflects the transition to the Nd 5d–Ni 3d hybridized 
states and the second peak (denoted A) detects the main absorption 
from 2p63/23d9 to 2p53/23d10 transition at the nominal Ni1+ sites (Fig. 
1a,b)7,17. The O K-XAS spectra also show good consistency with 
other infinite-layer nickelates, in the bulk and surface of the film, 
namely the hole-peak weight is notably suppressed at the pre-edge 
owing to a much reduced O 2p–Ni 3d hybridization compared with 
pristine NdNiO3 (Supplementary Note 4)7,12,18.

To begin the search for symmetry-breaking orders, we per-
formed momentum-dependent RIXS on NNO2-1 (σ polarisation 
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was used throughout unless otherwise stated). By exciting at the 
Ni L3 resonance peak (A in Fig. 1b), quasi-elastic scattering peaks 
appeared at q∥ = −0.337 ± 0.002 and q∥ = 0.333 ± 0.002 recipro-
cal lattice units (r.l.u.) along the primary direction (H, 0)—that is, 
the Ni–O bonding direction (Fig. 1c,d). Scanning in the (H, H) 
direction, however, did not reveal such peaks (Supplementary 
Fig. 9). To clarify the origin of the scattering peak, we fixed q∥ to 
+0.333 r.l.u. and swept the incident photon energy across the Ni 
L3 absorption edge. Interestingly, a pronounced double-resonance 
profile was found coinciding with the two absorption peaks (Fig. 
1e). Photon energy scans at q∥ = −0.35 r.l.u. across the Ni L3 revealed 
a much stronger signal with σ than with π polarisation. Likewise, 
the quasi-elastic peak in momentum space had the same polarisa-
tion dependence as charge excitations and opposite to that of spin 
excitations in cuprates (Supplementary Figs. 11 and 12)10. In addi-
tion, momentum-dependent RIXS scans off-tuned from the Ni L3 
resonance peak, taken at 840 eV, returned negligible quasi-elastic 
peaks (Supplementary Fig. 9). The above results suggest that the 
observed quasi-elastic scattering peak may be attributed to transla-
tional symmetry breaking induced by a charge density modulation. 
While there is potential contribution from a structural modulation 
or the defect phase to the quasi-elastic peak, we continue to refer 
to the phenomenon as CDW and discuss these possibilities later. 
Notably, double-resonance behaviour contrasts with the CDWs in 
cuprates where typically a singular resonance profile exists at the 
Cu L3 edge19.

Density-functional theory studies on infinite-layer nick-
elates uncovered sizable Ni 3d3z2−r2 mixing with the rare-earth 
5d3z2−r2 and 5dxy states, leading to 3D Fermi surface pockets that 
slightly hole dope the half-filled Ni 3dx2−y2 band11,13,20. As a result, 
Ni 3d3z2−r2 weight appears near the Fermi level although the Ni 
3d3z2−r2 orbital is furthest away from the Ni 3dx2−y2 orbital in a sim-
plified ligand field picture. The pre-peak in the Ni L3 XAS spectra, 
as well as the ~0.6 eV energy loss feature in RIXS acquired in both 
σ and π polarisations, are signatures of the hybridized Nd 5d–Ni 
3d orbitals containing 5d3z2−r2- and 5dxy-symmetries unique to 

infinite-layer nickelates (Fig. 1b,g,h). We thus positioned photon 
energy at the Ni–Nd hybridized states (A’ in Fig. 1b) and scanned 
along the (H, 0) direction. Remarkably, a quasi-elastic scattering 
peak appeared at the same wavevector as those at the Ni 3d reso-
nance (Fig. 1f). Moreover, the quasi-elastic CDW peaks at Nd and 
Ni resonances show a comparable half-width at half-maximum 
(HWHM) Γ = 0.01 ± 0.002 r.l.u. We define the in-plane correlation 
length ξH = 1/Γ, which corresponds to 60.3 ± 1.3 Å (Fig. 1c–f). The 
above results indicate that both Nd 5d and Ni 3d valence charges 
form density waves in NNO2-1 propagating with the same period. A 
quasi-elastic scattering peak also appears at q∥ = 0.340 ± 0.004 r.l.u. 
with excitation at the Nd M5 edge (Fig. 1f). This substantially weak-
ened intensity suggests that the localized 4f states are much less 
involved in the valence band near the Fermi level7.

To explore the properties of CDWs in infinite-layer NdNiO2, 
we designed a series of NdNiO2 thin films by tuning the anneal-
ing temperature (Methods). Figure 2a–h summarizes the Ni L3 
XAS of the two new NdNiO2 (denoted as NNO2-2 and NNO2-3, 
hereafter) together with that of NNO2-1. The two-peak structure 
is clearly present in all XAS spectra projected along the in-plane, 
Iab, and out-of-plane direction, Ic (Methods). Considering NdNiO2 
as a nominal d9 system, we fitted the two peaks of the projected 
XAS spectra from which Nd 5d and Ni 3d orbital occupancy can 
be extracted (Methods). The Nd 5d3z2−r2 and Ni 3d3z2−r2 orbital 
content is thus the Ic/ (Ic + Iab). Figure 2m,n shows that both the 
Nd 5d3z2−r2 and Ni 3d3z2−r2 orbital contents decrease progressively, 
signalling reduced Nd–Ni hybridization from NNO2-1 to NNO2-
3. The same monotonic trend was found for the surface layers of 
the samples (Supplementary Fig. 15). Conversely, the O K-XAS 
spectra were consistent across the three samples from the bulk 
and surface layers (Supplementary Note 4). RIXS maps of NNO2-2 
and NNO2-3 also manifest qualitatively the same dd excitations as 
those in NNO2-1 (Supplementary Note 3). The consistent bulk and 
surface spectroscopic results among all NdNiO2 films suggest that 
the variation in Nd–Ni hybridization is a property of the major-
ity square-planar phase rather than the minor RP defect phase. 
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Fig. 1 | CDWs in the parent NdNiO2 thin film NNO2-1. a, Schematic electronic structure of infinite-layer nickelates. LHB (UHB) refers to lower (upper) 
Hubbard band. b, Ni L3 XAS of the parent NdNiO2 film NNO2-1. c,d, Integrated quasi-elastic peak intensity as a function of momentum transfer along the 
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resonant energy profile of the CDW by fixing the momentum transfer to QCDW = (+0.333, 0). f, Integrated quasi-elastic peaks as a function of momentum 
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Figure 2i–l summarizes the integrated quasi-elastic peak intensi-
ties as a function of q∥ along the (H, 0) direction, showing clearly 
CDWs in all NdNiO2 samples. To make a quantitative assessment, 
we compare the fitted CDW intensity and in-plane correlation 
length. Figure 2o,p shows monotonically decreasing CDW inte-
grated intensity and in-plane correlation length, respectively, from 
NNO2-1 to NNO2-3. A similar trend was found between CDWs 
and the d3z2−r2 orbital content across the three parent NdNiO2, sug-
gesting that CDWs may hold an intimate connection with Nd–Ni 
hybridization (Fig. 2m,n). Notably, the CDWs in NdNiO2 are com-
mensurate, propagating along the Ni–O bonding direction, distinct 
from the charge order formed along the Ni–Ni bonding direction in 
both single-layer La2−xSrxNiO4 and trilayer La4Ni3O8 nickelates21,22.

We also studied a superconducting Nd0.8Sr0.2NiO2 film, with 
superconducting transition temperature Tc = 10 K (referred to as 
NSNO hereafter). XAS and RIXS measurements were conducted 
under the same experimental geometry. Whereas NSNO pres-
ents similar O K-XAS spectra compared with the parent samples 
(Supplementary Note 4), the Ni L3 Ic XAS changed markedly in 
that the Nd resonance peak became much reduced. In comparison 
with the parent samples, the Nd 5d3z2−r2 orbital content decreases 
sharply, indicating that Nd–Ni hybridization is further reduced in 
the superconducting sample (Fig. 2m). This is in line with the fact 
that 20% Sr doping depletes most of the itinerant Nd 5d electron 
carriers2,3. The Ni 3d3z2−r2 orbital content increases, deviating from 
the trend in both bulk and surface (Fig. 2n and Supplementary Fig. 
14), which suggests that the orbital character became more isotropic 
than in NdNiO2, which supports the premise that Ni states become 
more d8-like. Interestingly, no CDW signals were detected along 
either the (H, 0) or (H, H) direction (Fig. 2l and Supplementary Fig. 
9). The results for both parent and superconducting samples sug-
gest that the Nd 5d hybridized orbital actively contributes to CDW 
ordered states in infinite-layer nickelates. The situation is disparate 
to cuprates, where conventional CDWs are normally hosted in the 

CuO2 layers rather than in the spacer-layers, and are quasi-two 
dimensional10,23.

To further explore the properties of CDWs in infinite-layer nick-
elates, we examined L dependence, that is the momentum depen-
dence out of the NiO2 plane. In Fig. 3a,b are plotted a series of CDW 
scans peaked at (0.333, 0, L) from both NNO2-1 and NNO2-2, where 
L was changed discretely (Methods). Notably, the integrated CDW 
intensity (Fig. 3c,d) and peak width (Fig. 3e,f) changes substantially 
when L is decreased from 0.34 to 0.27. Due to the limit of Ni L3 
resonance energy and a relatively short c-axis lattice parameter, only 
a very small portion of the L space is accessible. Nevertheless, the 
non-negligible L dependence implies that CDWs may have a 3D 
nature. Further studies using hard X-ray scattering may shed light 
on the question of dimensionality.

Finally, we performed temperature-dependent RIXS measure-
ments to understand the characteristic temperature of the CDW. 
Figure 4a,b displays staggered CDW peaks of NNO2-1 and NNO2-
2, respectively. Although temperature-dependent CDW intensities 
decayed exponentially, from which a critical TCDW was obtained 
(Fig. 4c), no substantial change was seen for in-plane correlation 
length (Fig. 4d). With increasing temperature, the CDW intensity 
decayed to a persistent non-zero intensity up to 300 K, similar to 
dynamical CDW fluctuations in cuprates24,25. It is remarkable that 
the stronger CDWs retained a relatively high characteristic temper-
ature, TCDW, as illustrated in Fig. 4e. The unconventional nature of 
CDWs is also implied by previously published data, since neither a 
resistivity anomaly nor a structural phase transition was seen1. This 
is in contrast to long-range quasi-static CDWs found in the stripe 
phase of nickelates, or in classical linear-chain compounds21,22,26.

The growth of nickelate superconductors is challenging due to 
their unstable chemical form and susceptibility to structural defects. 
Thus, it is essential to determine whether the phenomena we see are 
genuine rather than a byproduct of growth. The structural analysis 
of our films reveals a minor contribution of RP defects compared 
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with a vast majority of the infinite-layer phase, despite a small dif-
ference in lattice constants (Supplementary Table 1). The O K-XAS 
pre-edge spectra also suggest that the infinite-layer phase dominates 
in thin films. However, a minor degree of defects and the possible 
intercalation of hydrogen onto apical sites may vary in NdNiO2 films, 
given that they underwent topotactic reduction under different  

temperatures. Although the consistent QCDW across three unique 
NdNiO2 films indicates that these defects are unlikely to be the main 
cause of the symmetry-breaking order, more systematic studies are 
required to obtain a full picture of the origin. Regarding the case of 
structural modulation of Nd and Ni cations, although there is no 
obvious hint from structural analysis that this is the case, it may be 
induced by a charge modulation via electron–phonon coupling21,23. 
It is interesting to note that a previous RIXS study on STO-capped 
NdNiO2 films did not reveal any CDW signals, but rather magnons, 
while in the current work on non-capped NdNiO2 we saw robust 
CDWs without sizeable magnetic excitations (Supplementary Fig. 
11)8. These contradictory results suggest that STO-capping layers 
may influence NdNiO2 beyond simple surface protection, and indi-
cate the need for systematic investigation.

So far we have experimentally confirmed the existence of CDWs 
in infinite-layer NdNiO2 films. More importantly, the involvement 
of Nd 5dxy, Nd 5d3z2−r2 and Ni 3dx2−y2 orbitals in the formation of 
CDWs clearly demonstrates that a minimal multiorbital model is 
required to describe the low-energy physics of infinite-layer nick-
elates11,13,20. In cuprates, low-energy physics is mostly captured 
by a single hybridized Cu 3d and O 2p orbital within the CuO2 
planes, although it has been shown that a multiorbital model is 
required19. Also, unlike CDWs prevalent in optimally or under-
doped cuprates23, CDWs are persistent in the parent infinite-layer 
NdNiO2 films. Although this, at first sight, may seem incompat-
ible with the half-filling condition, the parent compound is slightly 
self-doped and metallic, effectively mimicking a very underdoped 
state7,11,13. A broader question is whether CDWs in infinite-layer 
nickelates are intertwined with other symmetry-breaking orders, 
such as AFM order, SDW or the superconducting state, as in 
cuprates16. The missing AFM order may be connected to the com-
petition with the robust CDW state, although the exact cause is yet 
to be explored14. Concerning the relationship between CDWs and 
superconductivity, our studies are insufficient to be able to make 
a definitive conclusion but no CDWs were seen in superconduct-
ing Nd0.8Sr0.2NiO2. Future studies on Sr-doped Nd1−xSrxNiO2 with 
different carrier concentrations are desired. More speculatively, 
the involvement of Nd 5d3z2−r2 and Ni 3dx2−y2 orbitals close to the 
Fermi level resembles the situation in some cuprates where the con-
tribution from Cu 3d3z2−r2 orbital works against superconductiv-
ity27,28. If the Nd 5d states are deemed crucial for low-energy physics, 
CDWs may appear more competing with, than cooperative to,  
superconductivity.
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momentum resolution at the Ni L3 RIXS.
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Methods
Thin film growth. Perovskite NdNiO3 thin films (10 nm) were grown on 
TiO2-terminated STO (001) substrates by pulsed laser deposition using a 248 nm 
KrF excimer laser. Before deposition, solid-state targets were prepared by sintering 
and pelletizing stochiometric mixtures of NiO and Nd2O3 powder at 1,300 °C 
for 12 h. The perovskite Nd0.8Sr0.2NiO3 thin film is 15 nm thick and was grown 
using the same laser parameters as for NdNiO3 thin films. Solid-state targets were 
prepared by sintering and pelletizing stochiometric mixtures of NiO, Nd2O3 and 
SrCO3 powder at 1,300 °C for 12 h (ref. 31). During deposition, a laser fluence of 
1.2 J cm–2 was used to ablate the target; the substrate temperature was controlled at 
620 °C with an oxygen pressure of 200 mTorr. No samples had STO-capping layers. 
After growth, the thin films were cooled to room temperature under the same 
oxygen environment.

Extra care was paid to the growth of perovskite Nd0.8Sr0.2NiO3 thin films. 
This is because Sr doping makes the growth of the films more difficult to 
control than their parent counterpart due to the inclination towards island or 
layer-island growth rather than epitaxial growth. High-quality, layer-by-layer 
growth is necessary to minimize the level of the defect phases present to achieve 
superconductivity32.

Perovskite samples were reduced to the infinite-layer phase by following a 
topotactic reduction method similar to that detailed in ref. 1. The perovskite films 
were vacuum-sealed (<0.1 mTorr) together with 0.1 g of solid-state CaH2 powder. 
The temperature profile of the reduction procedure followed a trapezoidal shape. 
Warming and cooling rates were held at 10 °C min–1. On the plateau, reduction was 
held at a steady temperature for an optimized time of 2 h. Reduction temperatures 
of 200, 220 and 290 °C were used to produce the NdNiO2 films denoted NNO2-1, 
NNO2-3 and NNO2-2, respectively. The Nd0.8Sr0.2NiO3 sample was reduced for 2 h 
at an optimized temperature of 300 °C. NdNiO2 films crystallize tetragonally and 
are assumed to have in-plane lattice parameters equivalent to STO a = b = 3.91 Å. 
The c lattice parameters were obtained by XRD (Supplementary Note 1).

Thin film characterization. Reflection high-energy electron diffraction with a 
15 keV electron beam was used to monitor film quality during growth. Resistivity 
was measured by a four-probe method via wire-bonded contacts in a cryogen-free 
magnet system (CFMS, Cryogenic) down to 1.6 K. XRR, atomic force microscopy, 
rocking curve scans and RSM of the (002) diffraction peak, and STEM were used 
to characterize the thin films. XRR, RSM and XRD measurements were performed 
using a monochromatic source of Cu Kα1 (Bruker D8 Discover). Film surface 
morphology and roughness were examined by atomic force microscopy (NX-10, 
Park Systems). Atomic-resolution HAADF–STEM measurements were performed 
using an aberration-corrected FEI Titan Themis G2 at 300 kV. STEM specimens 
were first thinned by mechanical polishing and then subjected to argon ion milling. 
The ion milling process was carried out using a PIPS (Model 691, Gatan). The 
results of this characterization are detailed in Supplementary Note 1.

XAS and RIXS measurement. XAS and RIXS measurements were performed 
at Beamline I21, Diamond Light Source, UK33. The crystallographic a–c (or 
equivalently b–c) planes of all samples were aligned within the horizontal scattering 
plane (Supplementary Fig. 8). r.l.u. are defined (where 2π/a = 2π/b = 2π/c = 1) as 
Q = Ha* + Kb* + Lc*. For all data presented throughout, except for scans in (H, H), 
samples were aligned such that K = 0. The polar angular offsets (θ and χ) of the 
films were aligned by specular reflection, and the azimuthal offset (ϕ) by CDW 
peak, such that the c* axis was in the scattering plane. The spectrometer arm was at 
a fixed position of Ω = 154°, unless otherwise stated.

XAS spectra were collected with a grazing incidence angle of θ0 = 20° to probe 
both in- and out-of-plane unoccupied states. All measurements were done at a 
temperature of 20 K with the exit slit opening to 50 μm at the Ni L3 edge, except 
for temperature-dependent studies. Fluorescence yield XAS spectra were collected 
with a photodiode and normalized to incoming beam intensity. Both linear vertical 
(σ) and horizontal (π) polarisations were used. While σ-polarised light probes only 
in-plane XAS—that is, Iab = Iσ—out-of-plane XAS were obtained by a combination 
of both σ and π polarisations with Ic =

(

Iπ − Iσsin2[θ0]
)

/cos2[θ0].
Energy-dependent RIXS measurements were performed at an in-plane position 

of Q = (−0.35, 0) at a temperature of 20 K, with the exit slit opening to 30 μm 
corresponding to an average energy resolution of 41 meV (FWHM). The incident 
energy range was 851.5–854 eV, in steps of 100 meV, to fully capture resonance 
behaviour across Ni L3 absorption peaks.

Momentum-dependent RIXS measurements were performed at resonant 
energies determined by the absorption peaks in XAS at a temperature of 20 K, 
with the exit slit opening to 40 μm corresponding to an average energy resolution 
of 53 meV (FWHM). To maximixe the CDW signal we used σ polarisation and a 
grazing-out geometry (θ > Ω/2). L-dependent RIXS measurements were performed 
by positioning the spectrometer arm at different Ω angles such that CDW was 
always centred at H = 0.333 r.l.u.

Data fitting. RIXS data were normalized to incident photon flux, and subsequently 
corrected for self-absorption effects before fitting. Energy calibration was obtained 
by fitting the quasi-elastic peak to a pseudo-voigt function with width fixed to 
instrument resolution and setting the centre of the peak to E = 0. The quasi-elastic 

peak intensities presented throughout the text were calculated by integration of 
RIXS spectra in the range [−27, 27] meV.

The H dependence of the quasi-elastic peak intensity was fitted to a Lorentzian 
peak shape atop a linear background. The in-plane correlation length is defined as 
ξH = 1/Γ at the condition of Ω = 154°, where Γ = HWHM is the scale parameter of 
the fitted Lorentzian. Note that ξH may not be equal but should be comparable to 
the absolutely genuine correlation length of the CDW object because its entire 3D 
shape is unknown. To convert from Å−1 to r.l.u., we used the STO lattice parameter 
a = 3.91 Å. Temperature dependence of the integrated CDW intensity was fitted 
to an exponential function of the form I(T;a, b, c) = a exp(−bT) + c. The 1/e2 
intensity was 2/b.

XAS data were normalized to incident photon flux, and then pre-L3-edge 
intensity was aligned to zero with a fixed intensity at the post edge for all samples. 
XAS were collected up to the L2 edge and the Ic projection was normalized to Iab 
by scaling L3 post edge intensity by a constant factor, minimizing the difference in 
intensity by least squares.

The features of the L3 edge peak and post edge were fitted with four Gaussian 
peaks and an arctan step function. The centres of the peaks were fixed at 
approximately 852.2, 852.8, 853.7 and 856.3 eV and the step was fixed at 860.7 eV. 
Small changes were allowed in the peak centre between samples to improve the 
reduced χ2, but were fixed between polarisations of the same sample. From left to 
right of each XAS spectrum, the width of the first two Gaussians was fixed to each 
other while that of the final Gaussian and step were fixed to each other. All other 
parameters were left floating. The peaks of interest were centred around ~852.2 and 
852.8 eV. We assigned the lower energy peak to one from Nd–Ni hybridization and 
the higher one to the Ni1+ 2p → 3d transition. Nd 5d and Ni 3d orbital contents were 
calculated by taking the ratio fitted peak intensities of the out-of-plane XAS and total 
fitted peak intensity of both projections—that is, orbital content = Ic/ (Ic + Iab). 
This was done for the Nd–Ni hybridized peak and Ni L3 peak separately to determine 
Nd 5d3z2−r2 and Ni 3d3z2−r2 orbital content, respectively.

Data availability
All data supporting the findings of this study are available in the Supplementary 
Information and are deposited in the Zenodo repository at https://doi.org/10.5281/
zenodo.6778273. Further information is available from the corresponding authors 
on reasonable request.
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