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Superconductivity in infinite layer nickelates Nd1−xSrxNiO2 has so far been achieved only in
thin films raising questions on the role of substrates and interfaces. Given the challenges associ-
ated with their synthesis it is imperative to identify their intrinsic properties. We use Resonant
Inelastic X-ray Scattering (RIXS) to investigate the influence of the SrTiO3 capping layer on the
excitations of Nd1−xSrxNiO2 (x = 0 and 0.2). Spin excitations are observed in parent and 20%
doped Nd1−xSrxNiO2 regardless of capping, proving that magnetism is intrinsic to infinite-layer
nickelates and appears in a significant fraction of their phase diagram. In parent and superconduct-
ing Nd1−xSrxNiO2, the spin excitations are slightly hardened in capped samples compared to the
non-capped ones. Additionally, a weaker Ni - Nd charge transfer peak at ∼ 0.6 eV suggests that the
hybridization between Ni 3d and Nd 5d orbitals is reduced in capped samples. From our data, cap-
ping induces only minimal differences in Nd1−xSrxNiO2 and we phenomenologically discuss these
differences based on the reconstruction of the SrTiO3 - NdNiO2 interface and other mechanisms
such as crystalline disorder.

The search for cuprate analog materials has led to the
discovery of superconductivity in infinite layer (RNiO2),
quintuple-layer (Nd6Ni5O12), and bilayer (La3Ni2O7)
nickelates [1–3]. Infinite layer nickelates RNiO2 (R=Nd,
Pr, and La) are weak insulators composed of NiO2 planes
lacking apical oxygens separated by rare-earth (R) lay-
ers [Fig. 1(a)] [1, 4–7]. In undoped RNiO2, nickel has
a nominal Ni1+ oxidation state, a d9 electronic configu-
ration, and dx2−y2 orbital polarization similar to parent
cuprates, and once hole-doped, RNiO2 displays supercon-
ductivity [1]. Resonant Inelastic X-ray Scattering (RIXS)
detected dispersive spin excitations with J ≈ 64 meV [8]
in capped NdNiO2 significantly lower in energy than in
cuprates [9–11], whereas, in uncapped NdNiO2, a peak
at ≈ (1/3, 0, L) r. l. u. concomitant with the absence
of spin excitations was reported and a charge ordered
ground state was inferred [8, 12–17]. From a synthe-
sis perspective, superconductivity of RNiO2 has so far
been detected only in thin films, a key distinction from
cuprates [4–7, 18] which raises questions on the role of
substrate, capping, and interface.

In the past, multiple phenomena have been observed
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at the interface of oxide thin films as due to the com-
bination of polar/non-polar surfaces, charge transfer,
phonon coupling, confinement and strain, among oth-
ers [19–26]. These interface modifications can affect a
large portion of the film due to either the limited thick-
ness or long-range interactions [26–29]. Electron-energy
loss spectroscopy (EELS) and scanning transmission elec-
tron microscopy (STEM) revealed a thickness-dependent
atomic and electronic reconstruction at the NdNiO2 -
SrTiO3 interface, the effects of which can propagate to
the inner NiO2 layers [30, 31]. Relevant to the presence
or absence of capping the following evidence can be ex-
tracted: (i) capping modifies the distribution of apical
oxygen during the chemical reduction [15, 30, 32]; (ii) a
q = (1/3, 0, L) peak (which was assigned as the charge
density wave) is detected in uncapped nickelates with
weak or absent spin excitations [12, 13, 16, 17, 32]; and
(iii) superconductivity is observed in both capped and
uncapped cases with some sample-specific differences in
TC [13, 33–41]. However, experimental information on
the capping layer and its repercussion on the electronic
and magnetic excitations have still to be explored using
high-end spectroscopies.

Here we combine X-ray Absorption Spectroscopy
(XAS) and high-resolution RIXS to investigate the elec-
tronic excitations of Nd1−xSrxNiO2 (x = 0, 0.2) as a
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FIG. 1. (a) Geometry of XAS and RIXS. q⃗i and q⃗f repre-
sent the wave-vectors of incident and scattered X-rays. The
grazing angle θ is defined as the angle between the incident
x-ray and the sample surface. The 2Θ scattering angle (an-
gle between q⃗i and q⃗f ) is fixed at 150 degrees to maximize
the momentum transfer. q⃗∥ and q⃗⊥ refer to that the mo-
mentum transfer direction is parallel or perpendicular to the
Ni-O bonds, respectively. (b) XAS linear dichroism of the
NdNiO2 - cap and NdNiO2 - uncap (both 10 nm) at Ni L3/L2

edges. The grazing angle θ is 10 deg. Bottom: comparison
of XAS of the NdNiO2 - cap/uncap at the Ni L3 edge with
σ-polarization. (c) RIXS spectra of the NdNiO2 - cap/uncap
with θ = 10 deg, σ-polarization, and Ei = 852.2 eV.

function of Sr doping and in the presence/absence of the
SrTiO3 capping layer. High quality Nd1−xSrxNiO2 dis-
play strong orbital polarization and spin excitations are
detected regardless of capping. Strontium doping softens
the spin excitations due to magnetic dilution achieved
through hole doping on the nickel site [8, 37]. Further-
more, spin excitation energies of the capped parent and
superconducting compounds are slightly increased com-
pared to the uncapped counterparts. A suppressed charge
transfer peak at ∼ 0.6 eV in capped samples indicates
that capping reduces the hybridization between Ni 3d and
Nd 5d orbitals. This evidence proves that magnetism is
an intrinsic property of infinite layer nickelates and that
capping has only minor effects on the spin and charge
excitations in infinite-layer nickelate films.

We studied: (i) NdNiO2 with and without cap-
ping (NdNiO2 - cap/uncap, 10 nm thick) and
(ii) Nd0.8Sr0.2NiO2 with and without capping
(Nd0.8Sr0.2NiO2 - cap/uncap). The thickness of
the SrTiO3 capping layer is 3 nm for both parent and
doped films. All films are grown on SrTiO3 [42]. A
9 nm NdNiO2 - cap is also measured for comparison.
The high sample quality is confirmed by resonant x-ray
diffraction (See End Matter), electric transport, and
X-ray absorption measurements at the Ni-L and O-K
edges. The TC of the doped samples is 11 and 15 K
for Nd0.8Sr0.2NiO2 - uncap and Nd0.8Sr0.2NiO2 - cap,
respectively (Supplementary Fig. 2). We perform XAS

at the Ni L3/L2 edges in total electron yield (TEY) and
RIXS at the Ni L3 edge with σ- and π-polarization using
the experimental geometry sketched in Fig. 1(a). At θ
= 10 degree, the σ- or π- x-ray polarization refers to the
electric field vector of the light being along the in-plane
Ni-O bond direction or almost along the out-of-plane
direction, respectively.

Figure 1(b) displays the XAS linear dichroism of
NdNiO2 - cap and NdNiO2 - uncap. The XAS corrob-
orates the high quality of our samples as they display a
single peak in σ-polarization (bottom panel) and strong
linear dichroism (∆I) regardless of capping [43]. This im-
plies an in-plane orientation of the unoccupied Ni 3dx2−y2

orbitals [37, 44]. The XAS dichroism is sensitive to the
presence of spurious phases [15, 32] because the excess
apical oxygen in the partially reduced films deplete the
anisotropic polarization of the in- and out-of-plane Ni 3d
orbitals. This indicates that our samples have minimal
spurious signals from secondary phases [15]. The peak in
σ-polarization (≈852.3 eV) corresponds to the Ni 2p63d9

→ 2p53d10 transition related to Ni1+ valence state. In
π-polarization, a weak shoulder emerges around 853 eV
for uncapped NdNiO2 and is ascribed to the Ni2+ state
originating from self-doping induced by Ni-Nd orbital
hybridization [8, 45]. Since the Ni-Nd hybridization is
mainly along the out-of-plane direction, the Ni2+ is more
prominent in the π-polarized XAS. This is confirmed by
the RIXS spectra displayed in Fig. 1(c) where the Nd 5d -
Ni 3d charge transfer peak at ≈ 0.6 eV is moderately sup-
pressed in the NdNiO2 - cap. Similar capping effects are
also consistently observed in the XAS and RIXS spectra
of the Nd0.8Sr0.2NiO2 (Supplementary Fig. 3).

Figure 2(a) shows RIXS spectra at low-energy loss
(−100 → 400 meV) in σ-polarization for all the sam-
ples at q∥ = (0.36, 0) r. l. u.. Besides the elastic line, a
phonon at ≈ 60 meV and a dispersive spin excitation at
100 - 200 meV are clearly identified [8]. We fit the data
with a Gaussian peak for the elastic and phonon while
the spin excitations are fitted via a damped harmonic
oscillator [8, 11] (see Supplementary Information section
IV for details). The background is fitted by a broad anti-
symmetric Lorentzian function capturing the decay from
Ni dd excitations. After the removal of the elastic peak,
the RIXS data are summarized in Fig. 2(b-e) for (h, 0)
and (h, h). The dispersive color bands above 100 meV
in NdNiO2 - cap/uncap provide robust evidence on the
presence of spin excitations in NdNiO2 irrespective of
capping. This observation is at odds with Ref. 13, where
spin excitations are absent for NdNiO2 - uncap. The in-
consistency is likely due to distinct sample quality as the
XAS look significantly different and we could not observe
any resonant peak at q = (1/3, 0, L) (see ‘End Matter’)
[13, 15, 32]. The spin excitations persist in hole-doped
samples and their bandwidth softens and intensities are
suppressed due to the reduction of exchange bonds in-
duced by hole doping on the nickel sites [Fig. 2 (c,e)].
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FIG. 2. (a) RIXS spectra for NdNiO2 - cap, NdNiO2 - un-
cap, Nd0.8Sr0.2NiO2 - cap and Nd0.8Sr0.2NiO2 - uncap at 40
K and q∥ = (0.36, 0) r. l. u. in σ-polarization. The spectra
are fitted using three peaks. Light grey represents the back-
ground. (b,d) RIXS intensity map vs. energy loss and in-plane
momentum transfer along (h, 0) and (h, h) of the NdNiO2 -
cap/uncap, respectively. (c,e) Similar RIXS intensity map as
(b,d) but for the Nd0.8Sr0.2NiO2 - cap/uncap, respectively.
Grey and black data points correspond to the phonon and
spin excitation dispersions extracted from the fitting.

This doping trend seems to be intrinsic of the samples
proving the magnetic dilution effect due to hole doping
regardless of capping.

Figure 3(a) compares the spin excitations’ energy of
NdNiO2 - cap and NdNiO2 - uncap. To quantify the spin
dispersion we use linear spin wave theory for the spin 1/2
square-lattice Heisenberg antiferromagnet [8, 46]:

H = J1
∑
i,j

Si · Sj + J2
∑
i,i′

Si · Si′ (1)

where Si, Sj , and S′
i are spins at site i, nearest-neighbor

sites j, and the next nearest-neighbor sites i′, respec-
tively. J1 and J2 are the nearest and second-nearest ex-
change constants [Fig. 1(a)] [8]. We obtained J1 ≈ 72.8
± 4.3 meV and J2 ≈ -5.8 ± 2.0 meV in the NdNiO2 - cap
(10 nm), consistent with previous studies [8] and for the
NdNiO2 - uncap, J1 ≈ 67.0 ± 4.0 and J2 ≈ -5.2 ± 2.0
meV. The spin excitation energy of NdNiO2 - cap is sys-
tematically higher than that of the uncapped case at all
the significant momentum points. We believe that this
hardening is intrinsic given that the spin excitation en-
ergies are nearly identical for 9 and 10 nm thick NdNiO2

- cap (which we used to identify the sample-to-sample
variations). Besides the value of Js, the capping-induced
hardening of the spin excitations can be more directly
identified in the raw RIXS spectra at high momentum
(see End Matter). A similar behavior of the spin excita-
tions hardening in presence of capping is also detected in
Nd0.8Sr0.2NiO2 [Fig. 3(b)]. In doped films, J2 is set to
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FIG. 3. (a,b) Fitted un-damped spin excitation energy ϵq
and damping factor γq as a function of in-plane momentum
transfer along (h, 0) and (h, h) of NdNiO2 - cap/uncap (a)
and superconducting Nd0.8Sr0.2NiO2 - cap/uncap (b). The
curves in light colors are the spin excitation dispersion from
linear spin wave theory. The data of the 9 nm NdNiO2 - cap
is also added for comparison.

zero to avoid overfitting due to the reduced bandwith of
the spin excitations.
Our data highlights that magnetism is intrinsic to

Nd1−xSrxNiO2 and that the SrTiO3 capping layer has
overall minor effects on the spin and charge excitations.
Importantly, the strong XAS dichroism, absence of any
pre-edge peak at the O-K edge (see End Matter), lack
of the resonant q = (1/3, 0, L) peak (see End Matter),
and presence of similar spin excitations in our capped
and uncapped films demonstrate that the quality of our
capped and uncapped samples is comparable. Therefore,
we tend to interpret the slightly renormalized spin exci-
tation energy and weakening of the Nd - Ni hybridization
upon capping as a combination of effects such as interfa-
cial reconstruction, crystalline defects, or lattice disorder
[30, 31, 39, 47, 48].
One of the important aspects is the atomic and elec-

tronic reconstruction at the SrTiO3 - NdNiO2 interface
due to polar discontinuity [28–31, 33–36, 39]. However,
how the SrTiO3 - NdNiO2 interface affects the electronic
properties of the inner bulk-like NdNiO2 layers upon cap-
ping is still underexplored. Previous work reported that
an intermediate layer such as Nd(Ti,Ni)O3 forms, which
increases the topotactic reduction energy [31]. There-
fore, apical oxygen can be present at the interface shifting
the Ni atoms renormalizing the Ni-Nd and Ni-O orbital
hybridization [31]. The interfacial atomic reconstruction
has been proved to affect the electronic structure of nick-
elates for about 5 - 6 layers (∼ 2 nm) [30, 31]. Since
the x-ray penetration depth (hundreds of nanometers)
is much larger than the film thickness, the RIXS signal
related to atomic and electronic reconstruction is about
20% volume of our measured films (c = 3.31 Å).
To better understand how the interface renormaliza-

tion affects the electronic properties of the bulk-like NiO2

layers, we compute the atom- and layer-resolved den-
sity of states (DOS) of NdNiO2 - cap and NdNiO2 -
uncap. We calculate the most thermodynamically stable
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FIG. 4. Summary of the “capping” vs. “uncapping” effects on the electronic structure of SrO interface for NdNiO2. (a) Layer-
and atom-resolved density of states (DOS) within the NdNiO2 block in the “capped” NdNiO2 with focus on the Nd(5d), O(2p),
and Ni-eg states. (b) Crystal structure of NdNiO2/SrTiO3 heterostructure with SrO interface which refers to a “capped”
NdNiO2. (c) Same as (b) for the “uncapped” case. (d) Same as (a) for the “uncapped” case.

SrO-type of the interface (Supplementary Fig. 9) [36] and
the calculation considers five NiO2 layers. Figure 4 dis-
plays the DOS of the Ni 3d, Nd 5d, and O 2p orbitals of
the NdNiO2 - cap and NdNiO2 - uncap. As expected, the
most significant effects of “capping” manifest in the in-
terfacial layer (layer 1), where the charge-transfer energy
between Ni 3d and O 2p states is substantially enhanced
compared to the “uncapped” scenario. Remarkably, the
electronic renormalization from the interface also influ-
ences the inner NiO2 layers. The calculations with “cap-
ping” capture the decreased hybridization between the Ni
3d and Nd 5d states, evident in a larger Ni - Nd charge
transfer energy (∆Nd) consistent with experimental re-
sults [Fig. 1(c)]. This reveals that “capping” can indeed
affect the electronic properties of NdNiO2 and the effects
are not limited to the SrTiO3-NdNiO2 interface.

The magnetic behavior could also be rationalized by
the interface effects. As the Ni-Nd and Ni-O orbital hy-
bridization decreases upon “capping”, less Ni2+ states
are present. This reduces the effective self-hole doping in
the nickel site which hardens the spin excitations for the
NdNiO2 - cap. However, although the electronic renor-
malization can propagate to 5-6 NiO2 layers into the
film, the difference of the Ni-Nd hybridization between
the NdNiO2 - cap and NdNiO2 - uncap is overall small
since our film thickness is 10 nm which is larger than the
length scale of the interface propagation effects. This is

consistent with a minor renormalization of the spin exci-
tation energy due to capping [Fig. 3(a)].

Although the physical picture of the electronic renor-
malization induced by the interface is phenomenologi-
cally consistent with our data, we cannot fully disregard
the effects from lattice or crystalline disorder (not the
impurity phases like Nd3Ni3O7 or Nd3Ni3O8) due to the
common challenges of synthesizing infinite-layer nicke-
late films [31, 32]. Previous RIXS studies on infinite-
layer cuprates (SrCuO2)n/(SrTiO3)2 suggested that the
spin excitations can be renormalized due to the reorien-
tation of the copper-oxygen plaquettes below the critical
thickness caused by a relaxation of the polar electrostatic
energy [47]. The disordered states form scattering points
for spin excitations, which quench the spectral weight
of the spin excitations but do not change their overall
bandwidth [47]. Our data could also be captured within
this picture. However, it remains difficult to disentangle
the impact of crystalline defects, strain relaxation, oxy-
gen vacancy, cation structure and lattice disorder as they
can vary from sample to sample which deserves future
dedicated investigation.

In summary, we investigated the capping effects on
the electronic spectra of infinite-layer nickelates. In
Nd1−xSrxNiO2 (x = 0, 0.2), strong orbital polarization
and spin excitations are present regardless of capping.
We specifically identified that capping slightly hardens
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the spin excitation and weakens the Ni - Nd orbital hy-
bridization. While our results can be phenomenologically
rationalized by a combination of effects such as interface
renormalization, crystal defects and lattice disorder, the
x-ray data proves the intrinsic robustness of spin exci-
tations in the phase diagram of infinite layer nickelates
similarly to cuprates.
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END MATTER

High-quality of NdNiO2 - uncap films

XAS at the O-K edge is sensitive to the Nd3Ni3O7

or Nd3Ni3O8 impurity phases and we therefore use it to
establish the quality of our samples [15, 32]. Figure 5(a)
shows the XAS of the NdNiO2 - uncap at the O-K edge.
Despite small intensity variation, the spectrum displays
nearly identical peaks to SrTiO3 without any pre-edge
peak due to the Ni-O hybridization as in NdNiO3 [15, 45].
This pre-edge peak is also observed in partially reduced
films with reduced intensity compared to NdNiO3 [32].
This result proves that our film is fully or mostly reduced.

Figure 5(b) shows the XAS linear dichroism at the
Ni L3/L2 edges of the superconducting Nd0.8Sr0.2NiO2 -

cap/uncap. Both capped and uncapped samples display
strong dichroism at the Ni L3 and L2 edges, demonstrat-
ing a strong anisotropic orbital polarization in Sr-doped
NdNiO2. The strong XAS linear dichroism of parent and
doped NdNiO2 regardless of capping demonstrates the
high quality of our entire sample sets and the minimal
self-doping effect.
To further prove the quality of our NdNiO2 - un-

cap, we perform resonant x-ray diffraction (RXRD) on
NdNiO2 - uncap and on bare SrTiO3. Figure 5(c) dis-
plays the RXRD intensity along the (h, 0, 0.29) direction
of NdNiO2 - uncap and SrTiO3. In both cases, we ob-
serve a peak at h = 0.33 which can be indexed with the
Bragg peak of SrTiO3 (101) emerging from the third har-
monic contamination of the beamline [14]. This is proved
by the lack of any resonant enhancement across the Ni
L edge displayed in Fig. 5(d). The lack of resonance
corroborates that this peak is structural and that the
indexation shows that it originates from the substrate.
Minor differences of the (0.33, 0, 0.29) peak between the
NdNiO2 - uncap and SrTiO3 are due to the different re-
flectivity caused by the presence of interfaces between the
substrate and the film.
The resonant q = (1/3, 0, L) peak detected in other

work [15] is not detected in our uncapped NdNiO2. Be-
cause of the extremely strong intensity of the intermedi-
ate Nd3Ni3O7/Nd3Ni3O8 phase when on-resonance, the
q = (1/3, 0, L) peak is detectable even if small amounts
of the partially reduced phase are present [15]. There-
fore, the absence of such a peak in our NdNiO2 - uncap
demonstrates that our samples are free of the impurity
phases [15, 32].

Error bar estimation and sample-to-sample variation

The exchange constants in the different nickelates are
determined by calculating the smallest χ2 from different
combination of J1 and J2 values using linear spin-wave
theory. The χ2 is directly related to the variance be-
tween the theory and the experimental spin excitation
dispersion:

χ2 =

qf∑
qi

[ϵexpqi − ϵcalqi ]2

ϵcalqi

(2)

where qi and qf refer to the transferred momenta near
the antiferromagnetic zone center and zone boundary, re-
spectively. ϵexpqi and ϵcalqi are the experimental and calcu-
lated spin excitations energies at a specific momentum
point. We keep the same ratio of J1/J2 for both NdNiO2

- cap and NdNiO2 - uncap to further constrain the fit-
ting. Furthermore, due to the large uncertainties caused
by the overlap between phonon and spin excitations at
q∥ < 0.2 r. l. u., we remove the last two q points. Using
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FIG. 5. (a) XAS comparison at the O-K edge of the NdNiO2

- uncap, the SrTiO3, and perovskite NdNiO3. The data of
SrTiO3 and NdNiO3 grown on the SrTiO3 substrate are re-
produced from Ref. 15. (b) XAS linear dichroism of the
superconducting Nd0.8Sr0.2NiO2 - cap/uncap at the Ni L3

and L2 edge. The sharp feature at about 870 eV in the σ -
polarized XAS of the Nd0.8Sr0.2NiO2 - cap is a spike of the
detector. (c) The Resonant x-ray diffraction (RXRD) scan
along the (h, 0, 0.29) direction of the NdNiO2 - uncap and
the bare SrTiO3 substrate at Ei = 854 eV. (d) RXRD inten-
sity as a function of incident x-ray energy of NdNiO2 - uncap
and SrTiO3 at fixed q = (0.33, 0, 0.29) r. l. u. across the Ni
L3 edge. The background fluorescence was subtracted. The
RXRD measurements were taken at 100 K.

this method, we obtain J1 = 72.8 ± 4.3 meV and J2 =
-5.8 ± 2.0 meV for the 10 nm NdNiO2 - cap, and J1 =
67.0 ± 4.0 meV and J2 = -5.2 ± 2.0 meV for the 10 nm
NdNiO2 - uncap.

Considering the overall error bars, it is difficult to vi-
sualize the precise change of J1 and J2 due to capping.
However, in Fig. 3 the bandwidth of spin excitation is
systematically increased in capped samples for all mo-
mentum points. On the contrary, the spin excitation en-
ergies are nearly identical for 9 and 10 nm thick NdNiO2

- cap. This proves that the capping induced spin excita-
tion hardening is measurable, even if hardly quantifiable,
and not due to sample-to-sample variations.

Figure 6(a) shows the comparison of the raw RIXS
spectra of NdNiO2 - cap and NdNiO2 - uncap at q =
(0.47,0) r. l. u., where spin excitations and phonon are
well-separated. While the phonon remains at the same
energy, capping hardens the spin excitation by about 20
meV. Figure 6(b) displays the comparison of the raw
RIXS spectra of 9 and 10 nm NdNiO2 - cap. The spin

NdNiO2 - uncap
NdNiO2 - cap

10 nm
9 nm

NdNiO2 - cap

Magnon
Magnon

(a) (b) 40 K40 K

Phonon
Phonon

q = (0.47, 0)
q = (0.47, 0)

FIG. 6. (a) Comparison of the RIXS spectra of NdNiO2 -
cap and NdNiO2 - uncap. The vertical lines indicate the spin
excitation energies. (b) Comparison of the RIXS spectra of 9
and 10 nm NdNiO2 - cap.

excitations are nearly unchanged. This evidence shows
that the capping-induced spin excitation hardening is sig-
nificant compared to the level of sample-to-sample vari-
ations.
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