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Charge density waves (CDW) have been reported in NdNiO2 and LaNiOs thin films grown on
SrTiOs substrates using Ni-L3 resonant x-ray scattering in Refs. [1-3]. In their comment [4] on
these reports, Pelliciari et al. found no evidence for a CDW in a NdNiOz film by performing
fixed-momentum energy-dependent measurements. Instead, they observed a nearby non-resonant
scattering peak, attributed to the (101) substrate reflection, made accessible at Ni-Ls due to third
harmonic light contamination. Here we present fixed-momentum energy-dependent resonant inelas-
tic x-ray scattering measurements across Ni-L3z on NdNiOg2, used in the preceding study [1]. We
see intrinsic Ni-L3 energy profiles at all measured Q values, including a strong resonance effect at
Qcpw = (—1/3,0,0.316) reciprocal lattice units. Attempts to measure the (101) substrate peak us-
ing third harmonic light at Ni-Ls at 121, Diamond were unfruitful. Our results clearly demonstrate
the electronic origin of the scattering peak published in Ref. [1] and lack of a detectable structural

component in the peak.

INTRODUCTION

The infinite-layer nickelate superconductors contain-
two-dimensional NiOs layers, nominal S = 1/2 3d° Nil*
ions and an active dy2_,2 orbital near the Fermi level,
making them in many ways analogous to cuprate super-
conductors. Despite the absence of long-range antifer-
romagnetic ordering, highly dispersive magnons confirm
the existence of strong electronic interactions [5]. Strong
electronic correlations often give rise to symmetry-
breaking orders, which was confirmed in measurements
of CDWs in LaNiO; [2], NdNiOs [1, 3], and PrNiO; [6].

In Refs. [1-3, 6], scattering peaks were found around
Qcpw = (1/3,0, L) reciprocal lattice units (where L ~
0.3) with a clear resonance effect around the Ni-Lz. In
our previous work on NdNiOs [1], the resonant effect
(Fig. le, Ref. [1]) and polarisation dependence (Figs. S11,
S12, Ref. [1]) suggest the observed scattering peak orig-
inates from charge correlations rather than spin correla-
tions or structure. Energy dependence around the Ni-Lg
absorption edge were performed at a fixed scattering an-
gle 20 (defined as €2 hereafter).

With a fixed €2, the total momentum transfer Q varies
with E as Q = (4n/hc)Esin(Q/2) where h is Planck’s
constant and c¢ is the speed of light. To fix the in-plane
momentum transfer (i.e. Qg x = 1/3), the incident an-
gle 0 needs to be changed as Qu,x = @sin(d — Q/2).
This leaves the out-of-plane momentum transfer Qp =
Q cos( — §2/2) variable. We will explain at the end of

the reply that this type of measurement is valid if the
CDW is sufficiently broad in L.

In their comment, Pelliciari et al. performed reso-
nant elastic x-ray scattering (REXS) measurements on
a NdNiOs film grown on a SrTiOz (STO) substrate [4].
For the sake of the reader we will briefly summarise their
comment, referring to their main results as (A) and (B).

(A) Lack of resonance effect near Qcpw in NdNiO,

When doing energy dependence with a fixed scatter-
ing angle (now referred to as Ffxq), Pelliciari et al. ob-
served an enhancement centred around the Ni-Lg edge.
However, an energy dependent measurement at a fixed
momentum transfer (now referred to as Egyg) at Q =
(1/3,0,0.31) yielded no resonance effect. They explored
reciprocal space and found the (101) reflection of the
STO substrate in proximity, made accessible at Ni-Lg by
third harmonic contamination i.e., making (101) appear
at (1/3,0,1/3).

(B) Observation of (1/3,0,1/3) on SrTiOs at Ni-Ls

To confirm this, Pelliciari et al. directly measured the
STO substrate material. Similar to result (A), the Egxq
scan shows a resonance effect, while the Fgyg scan does
not. Based on this, Pelliciari et al. concluded that scat-



tering at Q = (1/3,0,0.31) contains substantial contam-
ination from the substrate from higher order light. They
proposed a new standard procedure Fgyq scans at differ-
ent Q locations to determine the resonant contribution
to the quasi-elastic scattering.

In this reply, we conduct resonant inelastic x-ray scat-
tering (RIXS) experiments, including the proposed new
standard measurement, to address results (A) and (B).
We show in the experimental conditions of Ref. [1], charge
scattering is indeed observed at the CDW position, with
negligible scattering originating from the substrate.

RESULTS AND DISCUSSION

Reply to (A) - Observation of resonance effect at
Qcpw on NdNiO; film

First, we self consistently determined the scattering
peak position in 3D reciprocal space. To do this, we
placed the incident energy at the main peak of Ni'T in
the x-ray absorption spectra (XAS) at F; = 853 eV,
where the scattering peak was seen to resonate [1, 3].
Plotted in Fig. 1a is an H scan at fixed L, and in Fig. 1b
an L scan at fixed H. We find the scattering peaked at
Qcpw = (—0.337,0,0.316).

With the exact value of Qcpw determined, we then
moved onto the new standard Egxg measurements. En-
ergy scans across the Ni-L3 edge were performed at three
fixed Q positions. Off the peak and at a strictly non-
resonant location Q = (—0.2,0,0.316) (Fig. 1c), the
measurement is purely fluorescence and resembles closely
XAS. This indicates the presence of Ni, which is an
intrinsic signal from the film. On the peak at Q =
(—0.337,0,0.316) (Fig. le), the signal becomes clearly
resonant, as the energy profile is distinct from XAS and
the overall intensity is ~ x100 stronger. Slightly away
from the peak, at Q = (—0.29,0,0.316), (Fig. 1d), the
energy profile is still distinct from XAS, albeit with less
intensity than on the peak, demonstrating the finite cor-
relation length in H (£ ~ 60 A [1]).

The Fgxg scans clearly show an evolution from the
fluorescence-like signal off the peak to the strong resonant
behaviour on the peak, in contrast to the non-resonant
profile on the peak in Ref. [4]. From this, we conclude
the Q = (—0.337,0,0.316) scattering peak has electronic
origin.

Reply to (B) - No evidence of third harmonic Ni-L;
contamination at 121, Diamond

Next we address the issue of third harmonic contam-
ination at beamline 121, Diamond, by searching for the
(101) reflection directly on the STO substrate material
using third harmonic light. To begin, we started with the

conditions where the CDW has been most frequently re-
ported, namely with E; = 853 eV, at the resonance of the
Ni'* XAS peak, at fixed Q = 154°, and scanned along
(H,0). Only a background-like signal was seen (Fig. 1f).
To investigate further, we went to F; = 767 eV, where the
third harmonic light (2301 V) fulfils exactly the (101)
diffraction condition of STO when Q = 154°. Again, only
a background-like signal was seen (Fig. 1g).

Independent of this measurement, we examined the
theoretical transmission of each optical component at the
121 beamline, and obtained a total transmission ratio of
third harmonic to the primary beam at 853 eV to be
around 2.3 x 10710 [7]. Details of the calculation are
in the Methods section. It is clear that the third har-
monic contamination at the Ni L3 edge at 121, Diamond
is negligible, resulting in the lack of detection of the (101)
substrate peak.

Esxq vs Esaxo

Finally, we comment on the validity of the Fgyq scan.
For the Fhxn scan employed in the previous study at
Q = 154°, the out-of-plane momentum transfer Q; was
changed from 0.365 to 0.368 r.l.u. in the energy win-
dow 851 to 855 eV [1]. Comparing to the FWHM of the
CDW (0.08 r.l.u.) in L (Fig 1b), AQr (0.003 r.l.u.) is
significantly smaller. In this case, although the CDW has
clear L dependence, it is broad enough so that Fgyq is a
sufficient approximation of Egyq.

CONCLUSION

We reexamined the CDW in the same sample, using
the same RIXS instrument as in Ref. [1]. Following the
determination of the exact Qcpw, we performed the new
standard procedure suggested by Pelliciari et al., namely
Egxq scans at various Q locations. This revealed a dis-
tinct evolution of energy profiles from off to on the CDW
peak, in contrast to results of Pelliciari et al. Search-
ing for the (101) reflection on a bare piece of the STO
substrate material using third harmonic light at Ni-Lg
yielded no results.

These results demonstrate that the scattering peak ob-
served in our nickelate films are primarily electronic in
origin, with a negligible structural part. Results shown
by Pelliciari et al. are self-consistent but only demon-
strate the lack of charge correlations in their nickelate
sample, while higher amounts of third harmonic contam-
ination at the REXS instrument used allow for the de-
tection of the (101) substrate reflection. Therefore, their
interpretation cannot be validly applied to data collected
in Refs. [1-3].
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FIG. 1. a Quasi-elastic RIXS intensity of NdNiOs, along H at L = 0.316, taken with incident energy at the maximum of
the Ni-L3 absorption peak at 853 eV. b Quasi-elastic RIXS intensity of NdNiO2, along a small L range limited by soft x-ray
RIXS, at H = —0.337, taken at 853 eV. Black lines are Gaussian fits. c-e Fixed Q energy scans of NdNiOg, taken at fixed
Q = (-0.2,0,0.316), (—0.29,0,0.316) and (—0.337,0,0.316), respectively. Fluorescence yield XAS taken with o polarisation at
grazing incidence are plotted on the secondary axis. f H scan of SrTiOs taken at 853 eV. g H scan of SrTiOs taken at 767 eV.
All measurements were conducted at 20 K with o polarised x-rays.

METHODS

A nickelate film sample (called NNO-1 in Ref. [1]) used
in our previous study was chosen for the current measure-
ment [1]. Samples were grown on SrTiOj substrates by
pulsed laser deposition followed by topotactic reduction
with CaHs. The sample does not have a capping layer.
More sample growth and characterisation details can be
found in Ref. [1].

We performed RIXS measurements at the 121 beam-
line, Diamond Light Source, UK, where previously pub-
lished nickelate CDW data were collected [1, 2]. All mea-
surements were performed at 20 K with an energy resolu-
tion of 37.2 meV (FWHM). The sample was aligned with
the same geometry as previously, namely the crystallo-
graphic a—c plane aligned with the horizontal scattering
plane. To maximise the CDW signal we used o polar-

isation and a grazing-in geometry (6 < £2/2 as shown
in Ref [1] Fig. S8). Q was fixed at 154° in the Fgxo
geometry. Reciprocal space is labelled reciprocal lat-
tice units (r.L.u.) of the tetragonal structure of NdNiOs,
using refined lattice parameters a = b = 3.908 A and
c=3.543 A.

For the estimation of the third harmonic transmission
of the beamline, the efficiency of each optical element
was calculated by either reflectivity (for mirrors) or a
diffraction calculation (for gratings). Details of the opti-
cal elements can be found in Ref. [7]. The results of these
calculations are listed in Table. I. The transmission ratio
of the beamline (up to and including M4) is estimated to
be 2.4 x 1075, The spectrometer (M5 and SVLS2) cuts
down the transmission by a further 9.8 x 1075, resulting
in a total transmission of third harmonic light at Ni-L3
of around 2.3 x 10710,



Optical element

Primary (853 eV) 3rd harmonic (2559 eV) 3rd/1st ratio

ID flux (photons sec™) 2.24 x 10'°
M1 reflectivity (C coating) 0.92
M2 reflectivity (C coating) 0.89
M3 reflectivity (Pt coating) 0.59

VPG2 grating reflectivity 0.12

M4 reflectivity (Pt coating) 0.8
M5 figure of merit (Pt coating) 0.028
SVLS2 grating reflectivity 0.045

6.1 x 104 0.27

0.93 1

0.1 0.11 6

0.35 0.59 2410
2.7x107° 2.25 x 107*

0.49 0.6

0.0028 0.1 s

4.45 x 107 9.8 x 1074 }9'8 X 10

TABLE 1. Photon flux and calculated efficiency of optical components for Ni-Ls (853 ¢V) and third harmonic light (2559 eV)
of optical components in use at 121, Diamond (at the time of writing). The beamline transmission ratio is 2.4 x 1075, while
the spectrometer is 9.8 x 107° giving a total transmission ratio of third harmonic to primary light of 2.3 x 1071°,
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