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Research of infinite-layer nickelates has unveiled a broken translation symmetry, which has sparked significant
interest in its root, its relationship to superconductivity, and its comparison to charge order in cuprates. In this
study, resonant x-ray scattering measurements were performed on thin films of infinite-layer PrNiOg,s5. The
results show significant differences in the superlattice reflection at the Ni L3 absorption edge compared to that
at the Pr M5 resonance in their dependence on energy, temperature, and local symmetry. These differences point
to two distinct charge orders, although they share the same in-plane wavevectors. It is suggested that these
dissimilarities could be linked to the excess oxygen dopants, given that the resonant reflections were observed in
an incompletely reduced PrNiOs4 5 film. Furthermore, azimuthal analysis indicates that the oxygen ligands likely

play a crucial role in the charge modulation revealed at the Ni L3 resonance.

DOI: 10.1088,/0256-307X/41/11/117404

The realization of superconductivity in infinite-layer
nickelates has finally given important answers to the long-
lasting debate over whether these layered nickelates are
intriguingly analogous to the high-T. cuprates. (161 How-
ever, the debate remains unsettled, given that many signif-
icant differences between these two material systems have

[121 A defining characteristic of

recently been revealed.
cuprate superconductors is that multiple electronically or-
dered phases of nearly equal energy emerge by hole-doping
of CuO2 planes, and they usually compete or coexist with
one another; for example, charge order has been revealed
among various families of cuprates as a dominant competi-

[13-22] Recently, a broken transla-

tor of superconductivity.
tion symmetry has been reported for infinite-layer nick-
elates exhibiting a wavevector @ = (~ 1/3, 0) along the
Ni-O bond direction in the NiO> planes. ****! In addition,
the measurements of the scattering signal versus doping
level uncover a competitive interplay between the superlat-
tice reflection and superconductivity in Laj_;Sr;NiOa. (23]
These observations are reminiscent of charge orders in un-

derdoped cuprates,[l‘%”] hinting at a possible common
thread in understanding charge order phenomenology in

infinite-layer nickelates and cuprates.

However, there are essential distinctions between the
superlattice reflections in infinite-layer nickelates and
charge orders in underdoped cuprates. For example, the
resonant reflections were reported for the nominally ‘par-

[23-25] namely that at

9,11,26,27)

ent’ phase of infinite-layer nickelates,
zero doping if ignoring the self-doping effect. | In
contrast, charge density waves (CDWs) in the CuO2 planes
occur only in doped ones for cuprates. [13-22] Another pecu-
liarity of the superlattice peaks in infinite-layer nickelates
at zero doping is that their onset temperatures are much
higher than those of charge orders in underdoped cuprates
and remain finite at room temperature. [23-25,28] Moreover,
an additional complexity in infinite-layer nickelates stems
from the thin film synthesis; for instance, capping layers
were claimed to play an important role in the emergence
of the superlattice peaks.*"] Therefore, the root of the
superlattice reflections in infinite-layer nickelates remains
elusive, [23-25,29-33]

In this Letter, we employ resonant x-ray scattering
measurements to systematically investigate the resonant
reflections in PrNiOz1s as a function of photon energy,
temperature, and azimuthal angle. We find significant dis-

similarities between the resonant reflections taken at the

*Corresponding authors. Email: XJZhou@iphy.ac.cn; zzh@iphy.ac.cn
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Ni L3 and the Pr M5 absorption edges, which suggests
fundamentally different interpretations for their origins at
the two resonances. The azimuthal angle analysis reveals
a predominant d-wave character of the resonant reflection
at the Ni L3 absorption edge, which resembles that in cer-
tain underdoped cuprates, charge modulates on the O-2p
orbitals forming a bond order. [34-37]

Thin film samples of (001)-oriented PrNiOs with
SrTiOs capping layer have been synthesized on (001)
SrTiO3 substrates via pulsed laser deposition (PLD) us-
ing a KrF excimer laser (A = 248nm). The infinite-layer
PrNiOs4s was obtained by a soft-chemistry reduction pro-
cess using CaHz powder. [5,38,39] The SrTiO3 films were
deposited on the PrNiOs films as the capping layers im-

mediately after the deposition of the precursor films under
the same condition. The PrNiOs films capped with the
SrTiOs3 top layers were then used for the topotactic reduc-
tion process to obtain an infinite-layer phase. The resonant
x-ray scattering (RXS) experiments were performed at the
resonant elastic inelastic x-ray scattering (10-ID2) of the
Canadian light source equipped with a 4-circle diffractome-
ter in a 107! mbar ultrahigh-vacuum chamber. 491 The
photon flux is about 5 x 10'! photons per second, and en-
ergy resolution reaches AE/E ~ 2 x 10™*. The incoming
photons are fully polarized with two configurations o and
7, corresponding respectively to the polarization vector
perpendicular and parallel to the scattering plane.
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Fig. 1. Schematic of the scattering geometry and resonant enhancement of (£1/3, 0, 0.365) reflection at the Ni L3
and the Pr M5 absorption edges. (a) Crystal structure and RXS measurement geometry. [(b), (c)] Momentum scans
across wavevector Qoo = (£1/3, 0, 0.365) using a photon energy of 851.3 eV and 928.4 eV, respectively, for a typical
PrNiOg s film. Asymmetry comes from the fluorescence background in the specific scattering geometry. (14-16,24,25]

Figure 1(a) presents a schematic diagram of the scat-
tering geometry of our RXS measurements. Through-
out this study, we use reciprocal lattice units (r.l.u.) for
the tetragonal crystal structure of incompletely reduced
PrNiOg4s, whose axes are depicted in Fig.1(a). The re-
ciprocal space (H, K, L) components are given in units
of (2r/a, 2w /b, 27 /c), where the in-plane lattice constants
a = b = 3.905A, and the out-of-plane lattice constant
¢ = 3.443A. We also performed the RXS scans on the
completely reduced sample shown in Fig. S9 of the Supple-
mentary Material, and did not observe charge order. The
film samples are aligned with the (H, 0, L) in the scat-
tering plane; the crystallographic axis b is perpendicular
to the scattering plane. This scattering geometry corre-
sponds to the azimuthal angle ¢ = 0 in the definition for
the azimuthal angle dependence of the RXS intensity in
the following. We show in Fig. 1(b) the momentum scans
across the charge order Qco = (~ £1/3, 0, 0.365) at
the Ni L3 resonance (E = 851.3eV) for a typical film
of PrNiOs4s with the polarizations of incident photons
fixed to o and 7 channel. The scattered intensity is much
stronger in the case of the o- than the w-polarized incom-
ing photons, similar to that observed in cuprates. [13,15,36]
As shown in Fig. 1(c), similar findings have been uncov-
ered for the momentum scans performed at the Pr M;5
resonance (E = 928.4¢eV).

To further unveil the origin of the (~=+1/3, 0, 0.365)
reflections, we include in Fig. 2 the photon energy depen-
dence of the scattered intensity. Here, the center of the
scans corresponds to a constant wave vector (1/3, 0, 0.365)
by adjusting both 6 and 20 (detector angles) for each pho-
ton energy. Strong energy dependence of the scattering
intensity can be seen in both the cases. Figures 2(a)
and 2(b) show a series of representative momentum scans
across the (1/3, 0, 0.365) reflection with the photon ener-
gies tuned to the Ni L3 and the Pr M5 absorption edges
at T = 20 K. In Fig. 2(c), we present the integrated signals
of the (~1/3, 0, 0.365) reflection as a function of pho-
ton energies as well as the x-ray absorption spectroscopy
(XAS) measured using both o- and m-polarized incident
photons. Consistent with the previous work, the XAS at
the Ni L3 absorption edge exhibits a double-peak feature
denoted by A and A’.?*2%4 Peak A’ is prominent when
using m-polarized incident photons, and reflects the Pr—
Ni hybridization. [26:41] The photon energy profiles show
a peak maximum at E = 851.3eV, approximately 0.3
(0.7) eV below peak A’ (A). The scattered intensity of the
(~1/3, 0, 0.365) reflection exhibits strong energy depen-
dence near the Pr M5 absorption edge, and the integrated
intensity of the reflection peaks at £ = 928.4eV, which is
about 0.7 eV below the Pr M5 peak of the x-ray absorption
as shown in Fig. 2(d). Notably, the resonant energy profile
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spans a much broader energy range than Ni L3 resonance.
In addition, the resonant reflection shows up at the Pr My
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absorption edge but not at the Ni Ly absorption edge (see
the Supplementary Material for details).
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Fig. 2. Resonant enhancement of the charge order reflection at the Ni L3 and Pr M5 absorption edges. [(a), (b)]
A series of representative momentum scans across wavevector (1/3, 0, 0.365) for different photon energies with o
polarization of incoming photons, where both # and 26 angles were adjusted for each photon energy such that the
center of the scans corresponds to the constant wave vector (1/3, 0, 0.365). [(c), (d)] The integrated intensity of the
resonant reflection (extracted by using Gaussian fits to the momentum scans) as a function of the photon energies
near the Ni L3 and the Pr M5 absorption edges, respectively, together with the XAS collected using different photon
polarizations (right scale). All the measurements were carried out at 20 K.

After identifying the electronic resonance of the scat-
tering peaks at (~1/3, 0, 0.35) in PrNiOgys5, we inves-
tigated its intra-unit-cell symmetry. As photon energies
are tuned at the Ni Ls absorption edges (2pz,y,. — 3d),
the resonant reflection becomes sensitive to charge mod-
ulation on the Ni sites and the bonding to neighboring
oxygen ions because the charge modulation directly af-
fects the final state of the 3d XAS process. As illustrated
in Fig. 3(a), a wedge-shaped sample holder was used to ro-
tate the azimuthal angle ¢ around Qco. In Fig.3(b), we
show real-space schematics of charge modulation symme-
try components corresponding to a site-centered s-wave,
an extended s’-wave, and a d-wave. For the s-wave, the
extra charge sits in Ni 3d orbitals, while the s’- and d-
waves are bond-type orders for which the spatially modu-
lated charge density is on the O-2p states. The symmetry
components can be written as A, Ay (cosks + cosky),
and Ag4(cosk, — cosky) for s-, s’-, and d-wave, respec-
tively, as defined by the theory in Ref. [34]. Using a linear
combination of these symmetry components (see the Sup-

plementary Material for details), we construct the scatter-
ing tensor F, to model the azimuthal angle dependence of
RXS intensity according to

where € (¢') represents the polarization vector for incom-
ing (outgoing) photons, and the scattering tensor at the
charge order wave vector is a diagonal tensor of the linear
combination of the magnitudes of the symmetry compo-
nents ds, 8./, and d4, corresponding to s-, s’-, and d-waves,
respectively (see the Supplementary Material for further
details). [*°]

Figure 3(c) shows the experimental data of the az-
imuthal angle dependence of the background-subtracted
RXS signals for the o- and m-polarization of incident pho-
tons. The ratios of the integrated intensity (extracted from
Gaussian fits to the data) I /I, for different ¢ are shown
in Fig.3(d). The self-absorption corrections are included
in the calculated profiles to analyze the experimental data
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(see the Supplementary Material for details). We first fit
the data using a single symmetry component. The solid
lines in the upper panel of Fig. 3(d) represent the best-fit
results using the s-, s’-, and d-wave models. Yet, they all
deviate substantially from the data. We then extend the
model to all possible combinations of two symmetry com-
ponents (s + s, s+d, and s’ + d). The best-fit results are
given in the lower panel of Fig. 3(d) as the solid orange and
blue curves, corresponding to the s + d and s’ 4+ d models,
respectively. It shows significantly improved agreement
with the data, while the fit using the s + s’ model (the
dashed line) still deviates considerably from the data. Al-
though the present study can hardly distinguish between
the s +d and s’ + d models, the best-fit to the data yields

Fee

o

o S

T
(b)
M\@/ﬁ

Q
\

0s/0q = 0.09 and 04 /04 = 0.16, indicating the predomi-
nant d-wave character of the charge order in both cases.
We caution, however, that the proportion of s-, s’-, and
d-wave symmetry depends on the energy and momentum
of the electronic states; the azimuthal experiment with a
lower detection angle yields enhanced sensitivity to the s-
wave symmetry of the CDW order at the Cu L edge.[*?
We, therefore, have calculated azimuthal angle dependence
of RXS measurements for different detector angles, which
shows that our scattering geometry (L = 0.35, detection
angle 20 = 150.2°) provides significant contrast between
s-, s'-, and d-form factor models (see the Supplementary
Material for details).
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Fig. 3. Scattering geometry, schematics of charge modulation symmetry, and azimuthal angle dependence of RXS
measurements. (a) Top view of the experimental geometry in the laboratory frame. Here k; and k¢ represent the
incoming and outgoing photon wavevectors; the transferred momentum Q is defined as k;f —k;j. The scattering angles
are defined by the sample rotation 6, the detector angle (2, the azimuthal rotation angle ¢, and the wedge angle 6.
(b) Azimuthal angle dependence of the momentum scans of the CDW peak at Q ~ (1/3, 0, 0.35) in PrNiOg, s at
the photon energy of 851.3eV. (c) Real-space schematics of charge modulation symmetry components: s-, s’-, and
d-wave local symmetries. (d) The scattering intensity ratio I /I, from the measurements is fitted by using a single
symmetry component (upper panel) and a mixture of two symmetry components (lower panel), respectively.

The predominant d-wave character of the superlattice
reflection at the Ni Lz absorption edge suggests that the
charge modulation mainly resides on the O-2p orbitals,
underscoring the crucial role of the O-2p ligand states in
hole-doped infinite-layer nickelates. It seems, however, at
odds with the fact that the parent phase of infinite-layer
nickelates is a Mott—Hubbard insulator according to the
Zaanen-Sawatzky-Allen (ZSA) scheme, * for which extra
charge would be expected to reside on Ni sites, resulting in

an s-wave charge modulation. This seeming inconsistency
may be reconciled by the fact that the Mott insulating
NiOg layers lie in the critical crossover regime of the ZSA
diagram where S = 0 and S = 1 eigenstates cross. In this
vital regime, the extra charge in the NiO2 layers may pos-
sess a vital O-2p component with the same ' A; symmetry
like the Zhang-Rice singlet (ZRS) of cuprates as proposed
in theory. [43,44]

Despite the similarities in the local symmetry of
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charge order between infinite-layer nickelates and certain
cuprates, [35-37] gome salient differences exist. First, the su-
perlattice peaks in infinite-layer nickelates resonate at the
rare-earth M;s 4 absorption edges,** while in cuprates,
they appear not to be directly linked to the rare-earth
elements. In addition, the integrated intensity of the res-
onant reflections diminishes gradually at the Ni L3 reso-
nance, while it remains unchanged at the Pr M5 resonance
from 20K to 400K, as shown in Fig.4(b). In both the
cases, the correlation length is about 40 A and stays al-
most unchanged from 20K to 400K [see Fig.4(c)]. This
contrasts with that charge orders occur over a tempera-

ture range from 100 K to 150 K in underdoped cuprates. [30]
Furthermore, the scattering at the Pr M5 resonance peaks
at L = 0.365 (r.l.u.) with a correlation length £ ~ 3.2 A
along L, unlike in cuprates where the scattering of charge
order is often maximized at half-integer in units of r.l.u.
along L, indicating possible anti-phase modulations be-
tween neighboring layers. [14] Unfortunately, as shown in
Fig.4(a), L = 0.365 (r.l.u.) coincides with the limit of
reciprocal space accessible at the Ni L3 resonance. There-
fore, the out-of-plane modulation of the superlattice reflec-
tion at the Ni L3 resonance remains undermined.
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Fig. 4. L and temperature dependence of the CDW order at the Ni L3 and the Pr M5 absorption edges. (a) L
dependence of the scattering intensity for the resonant reflection of the CDW order at 851.3eV (upper panel) and
928.4eV (lower panel), respectively. Insets: representative momentum scans for different L. [(b), (c)] Temperature
dependence of the scattered intensity and the correlation length for the CDW order, respectively.

The resonant reflections at the rare-earth sites in
Lai_,Sry;NiO2 were proposed as a secondary effect in-
herited from the charge modulation in NiO; planes, [
which, however, cannot explain the apparent dissimilar-
ities from those at the Ni L3 resonance. Alternatively,
the reflections at the rare-earth M5 resonance may have
fundamentally different origins from those at the Ni Ls
resonance. A possible scenario to explain these dissimi-
larities is that small amounts of residual oxygen after the
topotactic reduction process can contribute partly to the
charge modulations, given that the resonant reflection is
observed in an incompletely reduced film (see the Sup-
plementary Material for further information), which has

a relatively larger c lattice constant likely owing to the

excess oxygen. [45] The nominally stoichiometric ‘parent’
phase may be better represented by PrNiOz4s, where §
is likely small. The residual oxygen may organize into
an ordering pattern and simultaneously dope holes into
the NiO; planes, which explains the observation of super-
conductivity in LaNiO2 (461 and charge orders in RNiO2
(R=La, Nd).!*>?° This somewhat resembles the excess
oxygen dopants in LasCuQO44s, occupying interstitial sites,
forming an ordering pattern while simultaneously doping
holes into the CuO; planes.*”*®! In infinite-layer nicke-
lates, a small amount of apical oxygen in the NiOg octahe-
dra may not be removed and arranged in an ordered state,
as revealed at the Pr M5 absorption edge.

However, ordering excess oxygen cannot explain the
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discrepancy between the resonant reflection measured at
the Ni L3 and that at the Pr M5 absorption edges, espe-
cially in the temperature dependence and the local sym-
metry. Alternatively, the residual oxygen can dope holes
into the NiO2 planes, which may account for the charge
order disclosed at the Ni Lg absorption edge. At the Pr M5
absorption edge, we observe a similar nearly temperature-
independent scattered intensity as seen in Ref. [49], char-
acterized by dominant isotropic s-wave symmetry, which
argues the structural origin of the superlattice reflection at
the Pr M5 absorption edge. Conversely, at the Ni L3 ab-
sorption edge, we find a smaller bandwidth of the resonant
profile, significantly decreasing the scattered intensity as
increasing temperature and predominating anisotropic d-
wave symmetry, indicating that the reflection stems from
electronic charge modulation.

The above scenario recalls identifying distinct charge
orders in the CuOs planes and chains of YBasCusOg.s. 7]
The enhancement of the resonant reflection for the oxygen
ordering in the chains gets maximized at ~2.4eV above
the L3 peak of the x-ray absorption, while for the charge
density wave in the CuO:2 planes, the resonance peaks
~0.1eV below the L3 peak. By contrast, the resonant
reflections in PrNiO2,s become strongest respectively at
~0.7eV below the Ni L3 peak and ~0.7eV below the Pr
Ms peak of the x-ray absorption. This same amount of
shift toward lower energy indicates that the charge mod-
ulations at the two resonances are probably intrinsically
linked.

In summary, we have systematically investigated the
resonant reflections at the Ni Ls and Pr M5 absorption
edges, revealing significant dissimilarities in the depen-
dence on temperature, photon energy, L, and azimuthal
angle between the two resonances. Excess oxygen should
account for the emergence of resonant reflections at the Ni
L3 and Pr M5 absorption edges. This is further supported
by recent scanning transmission electron microscopy mea-
surements on NdNiOz films that show oxygen intercala-
tions with a similar wave vector as that revealed by res-
onant x-ray scattering. *°° In particular, the azimuthal
angle dependence analysis of the resonant reflection at the
Ni L3 absorption edge underscores the crucial role of oxy-
gen ligands in the charge modulation at the NiO2 planes,
[3436] by contrast,
the charge modulation at the Pr M5 absorption edge is

remindful of that in certain cuprates;

compatible with that the extra charge primarily occupies
the Pr sites via bonding to excess oxygen dopants. The
scattered intensity of the resonant reflection at the Ni
L3 resonance decreases gradually as the temperature in-
creases, a 40% decrease from 20K to 400 K, and remains
finite at 400 K. In contrast, the scattering intensity at the
Pr M5 resonance does not vary across the whole temper-
ature range surveyed in this study. This agrees well with
the early research on the LaNiOs4s5. The fact that the
charge modulation at the Ni L3 resonance develops at such
a high temperature may pertain to the Pr—Ni hybridiza-
tion. The different dopant ions, i.e., excess oxygen versus
Sr?*, could pertain to the rapid decrease of the onset tem-

perature of the charge order in La; _;Sr;NiO2 compared to
LaNiOa24s. 231 This aligns with the theoretical study show-
ing that hole doping with Sr in NdNiOz tends to make the
material more cuprate-like as it minimizes the self-doping
effect.®!l At odds with the previous report that the charge
order was observed only in an uncapped NdNiOs film, [24]
which raises problems about the role of the surface or inter-
face state due to the capping layer, our observation of the
charge order in a capped PrNiOsys film suggests that the
capping might not be critical for the emergence of charge
order in infinite-layer nickelates.
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