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Topotactic reduction utilizing metal hydrides as reagents emerges as an effective approach
to achieve exceptionally low oxidization states of metal ions and unconventional
coordination networks. This method opens avenues to the development of entirely new
functional materials, with one notable example being the infinite-layer nickelate
superconductors. However, the reduction effect on the atomic reconstruction and
electronic structures — crucial for superconductivity — remains largely unresolved. We
design two sets of control Ndo.sSro2NiO; thin films and implement secondary ion mass
spectroscopy to highlight the absence of reduction-induced hydrogen intercalation. X-ray
absorption spectroscopy shows a significant linear dichroism with dominant Ni 3dxz.y2
orbitals on superconducting samples, indicating a Ni single-band nature of infinite-layer
nickelates. Consistent with the superconducting T, the Ni 3d orbitals asymmetry manifests
a dome-like reduction duration dependence. Our results unveil the critical role of reduction
in modulating the Ni-3d orbital polarization and its impact on the superconducting

properties.



The discovery of superconductivity in infinite-layer nickelate (La/Pr/Nd)i«(Sr/Ca)xNiO; thin
films has stimulated intensive interests owing to its scientific richness in understanding the
mechanism of high-T. superconductivity [1-7]. Subsequent observations of pressure- and
strain-induced T. enhancement in infinite-layer films [8-10], superconductivity in quintuple-
layer nickelate NdgNisO12 (ref. [11]), and T. near 80 K in bilayer compounds LasNi,Oy7 (ref. [12])
further suggest nickelates as an alternatively promising route towards high-T.
superconductors. Even though it is resemblant to high-T. cuprates in 3d° electron
configuration and layered crystal structure, the infinite-layer nickelates showed different
features such as Mott-Hubbard scenario in band structure [13-15], absence of long-range
antiferromagnetic order [16-18], complexed paring symmetry [5, 19-22]. Even for samples
with the same chemical composition, the experimental characterization of electronic
structure such as the charge density wave is controversial [23-26]. Furthermore, bulk
materials showed absence of superconductivity despite the presence of infinite-layer phase
[27, 28]. Such disputable observations could be attributed to the challenging material

synthesis and topotactic reduction process [29].

The infinite-layer nickelates are realized by the CaH,-facilitated reduction from perovskite
precursors, during which atomic reconstruction/element intercalation may occur and
significantly modify the electronic structures [30]. A notable effect of reduction has been
recently reported to be hydrogen (H) intercalation (H is from the reagent CaH;), showing a
critical role for superconductivity in Ndo sSro2NiO2Hx, with zero resistivity only found in a very
narrow H-concentration window [31]. However, the theoretical calculation showed that H
intercalation resulted in Ni 3d® configuration with mixed 3dx.-,» and 3d, orbitals at Fermi level
[32], even though single 3dx-2 is possible at certain H concentration of 25% (ref. [33]). The

electron-phonon coupling involved with H doping was also suggested to be too weak to
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support the observed T (ref. [34]). Moreover, superconductivity in NdixEuxNiO: films have
been achieved through in-situ reduction using metallic aluminium where the hydrogen source
is absent [35]. Furthermore, the presence of defects such as Ruddlesden—Popper-type faults
may cause moisture absorption at defect boundary and controversial characterization of H
intercalation [2, 4, 29]. Therefore, it is desirable to clarify the reduction effect on atomic
reconstruction and electronic structure, and the role leading to superconductivity in pure
infinite-layer nickelates. Here we design two sets of nickelate samples and perform the ion
mass spectrometry and X-ray absorption spectroscopy to reveal the role of reduction effect.
The first set is 5-nm pure infinite-layer NdosSro.2NiOz film capped by 5-nm SrTiOs as a
protection layer (referred as STO/NSNO) and the other set is 20-nm thicker film with mixed

phases (referred as tNSNO).

The sample preparation is the same as described in our previous reports [4, 7]. The nickelate
films and STO capping layers were grown on TiOz-terminated STO (001) substrates by pulsed
laser deposition (PLD), at temperature of 600 °C and oxygen partial pressure of 150 mTorr.
After deposition, the as-grown samples were reduced at 340 °C for different duration using
CaH; as reagent. The electrical transport was measured using a Quantum Design PPMS. The
X-ray diffraction (XRD) was measured in X-ray Diffraction and Development beamline at
Singapore Synchrotron Light Source (SSLS). The X-ray absorption spectroscopy (XAS) was
measured using linearly polarized X-ray from the Soft X-Ray—Ultraviolet (SUV) beamline and
the Surface, Interface, and Nanostructure Science (SINS) beamline at SSLS. A total electron
yield (TEY) detection method is used during the measurements. The high-angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM) imaging was carried out using



a JEOL ARM200F microscope. The element depth profiles were measured using Time-of-flight
secondary ion mass spectrometry (TOF-SIMS). The detailed thin film preparation and

measurements can be seen in Method Section of Supplementary Materials [36].

Figure 1(a) shows the HAADF-STEM image of the optimally reduced STO/NSNO. A clear
infinite-layer structure is observed with no obvious defect throughout the layer, confirming
high crystalline quality. However, a defect area, which is widely distributed throughout the
top area of nickelate layer, is clearly observed for the over-reduced sample (Fig. 1(b)). In the
defect area, a stripe feature is manifested with additional atoms between two Nd atom planes.
These could be the interstitial Ni/Nd atoms which take the position of original oxygen in NiO3
plane (Fig. 1(c)). The formation of interstitial atoms could be related to the creation of oxygen
vacancies in NiOz plane induced during the over-reduction process, and therefore, the
neighbouring Nd or Ni atoms drift into the vacancy sites. With increasing reduction time, the
c-axis lattice constants, denoted as ¢, calculated from XRD scans, decrease and reach a
minimum value of ~3.331 A, before increasing with longer reduction times (Fig. 4). The
increase of ¢ at longer duration is due to the presence of more oxygen vacancies and
interstitial Ni/Nd. For tNSNO samples, a similar trend is seen with smallest ¢ at 80 min and
larger c at longer reduction (Supplementary Materials Fig. S1) [36]. In contrast to pure infinite-
layer phase in STO/NSNO, defects with Ruddlesden—Popper-type secondary phase is seen at

the top section of the tNSNO film [2, 4, 29] (Supplementary Materials Fig. S1) [36].

Figure 1(d) shows the resistivity versus temperature (p-T) curves of STO/NSNO at different

reduction time. The films reduced for 40 and 50 mins show insulating behaviour (the



resistance is out of measurement limit for 40 mins). By increasing reduction time to 80-360
mins, the samples become superconducting with p-T curves showing metallic behaviour at
high temperature. Sharp superconducting transition and the highest critical temperature, T,
are achieved at 80 and 180 mins (see also Fig. 4). By further increasing the reduction time to
720 mins, the sample becomes weakly insulating at low temperature, which is similar the
over-doped infinite-layer nickelates [2-4, 6, 7]. The reduction effect on Tc is summarized as a
phase diagram in Fig. 4. The phase diagram can be separated to under-reduced (insulating),
optimally reduced (superconducting with highest Tc) and over-reduced (superconducting with
lower T. and weekly insulating) regions. For tNSNO samples, the reduction shows a similar
effect with a superconducting transition for 80 mins and a weakly insulating behaviour for
720 mins (Fig. 1(e)). The normal-state Hall coefficients (Ru) of STO/NSNO shows a change
from negative to positive signs at low temperature for optimally reduced samples [1, 2, 4],
while it remains negative for under- and over-reduced samples (Fig. 1(f)). The reduction
duration dependence of the Ry at 20 K and 300 K is plotted in Fig. 1(g), clearly showing a sign

change with increasing reduction time.

Figures 2(a) and 2(b) show the TOF-SIMS signals of H profile for bare STO substrate,
STO/NSNO and tNSNO. The Ni, Ti and Nd profiles of STO/NSNO and tNSNO at a reduction time
of 80 mins are plotted in Fig. 2(c) and 2(d), respectively, clearly indicating the well-defined
layer structures between nickelate and STO. The three-dimensional (3D) mappings show that
the elements of the nickelate film are uniformly distributed with no chemical segregation (Fig.
2(e)). Other SIMS data are shown in Supplementary Materials Fig. S2 and Fig. S3 [36]. With

STO capping, the as-grown and reduced STO/NSNO show comparable H signal intensity with



exception for the surface and interface. Moreover, the difference in H intensity between the
nickelate and the background of STO substrates is not obvious. This is in contrast to previous
observation in reference [31], where the H intensity in Ndo.sSro2NiO; films is two orders of
magnitude higher than that in STO. For comparison, we also performed TOF-SIMS
measurements on tNSNO (Fig. 2(b)). For tNSNO, the pure infinite-layer structure with
thickness up to ~10 nm could be achieved at the bottom area of the film near STO substrate,
whereas the top area above ~10 nm consists of mixed phases [2, 4, 29] (Supplementary
Materials Fig. S1). One can see that the H intensity is higher on the surface, and gradually
decreases into the film. At the bottom of the film (sputtering time from 200 to 400 sec), the
intensity is comparable to that of the STO/NSNO sample and STO substrates. We also plot the
H relative intensity compared to the substrate background for both STO/NSNO and tNSNO
samples in Supplementary Materials Fig. S4, demonstrating similar H intensity between the
as-grown and reduced samples. Overall, the low H intensity in STO/NSNO and bottom area of
tNSNO reduced over a wide range of durations indicate that the reduction-induced H
intercalation in pure infinite-layer phase is negligible. In contrast, higher H intensity at the top

area of tNSNO possibly indicate the moisture absorption due to the presence of defects.

It is worth noting that reduction-induced H intercalation was reported to be in NdNiOxHy film
with defect-fluorite structure, while H is absent in infinite-layer phase [37]. Moreover, no
hydrogen in LaNiO; polycrystalline powder was detected using neutron diffraction, and the
extra hydrogen might be confined to polycrystalline grain boundaries or secondary-phase
precipitate [38]. Reduction-induced H intercalation was reported in other perovskites such as

SrVOx (ref. [30, 39]). However, the reduction temperature (~ 600 °C) and duration (~ 24 hours)



required for topotactic transition in SrVOx is much higher and longer, compared to those for
nickelates (240-340 °C and several hours) [30]. Moreover, the reduction process was usually
conducted in a small and sealed quartz tube. This differs from our method wherein the
reduction process is performed in a large vacuum chamber [30-31]. The confined space of the
former study resulted in a high vapor partial pressure within the quartz tube, where H,O is a
by-product of the reduction reaction and is released from the reagent. This may in turn lead
to an absorption of vapor within the nickelate thin films. Therefore, to avoid H intercalation,
it is desirable to use a precursor with a pure perovskite phase, employ a lower reduction

temperature, and control vapor partial pressure appropriately.

Having deduced that the H intercalation is negligible, we then investigate the effects of
reduction on the nickelate electronic structures. Figure 3(a) shows an example of Ni L, 3 edge
XAS of STO/NSNO reduced for 180 mins where the spectra are taken at incident angles of 20°
(eLa, € indicates electric field and a indicates the NiO; plane) and 90° (¢/fa). The dominant
absorption peaks at ~853 eV and ~870 eV are clearly observed, corresponding to the 2p®3/,3d°
= 2p°3/23d'° and 2p®123d° = 2p°123d™° transitions, respectively [40]. The light polarization
effect shows a significant linear dichroism with a larger absorption as € is aligned in-plane, as
compared to that when ¢ is aligned out-of-plane. The Ni L, 3 edges XAS for other STO/NSNO
samples are plotted together in Supplementary Materials Fig. S5 [36]. The spectra linear
dichroism, Al=I(e /la) - (e La), are shown in Fig. 3(b) where the Ni-L3 peak dichroism are plotted
with respect to the reduction duration in the inset of Fig. 3(b). For the sample reduced for 40
mins, there is a slight linear dichroism. As the reduction duration increases, there is a

corresponding increase in Al and it maximizes at 180 mins. Beyond which, the Al decreases as



the samples are over-reduced. To further characterize the linear dichroism, the Ni-L3 peak
asymmetry percentage, Al% = [I(e/la) - (e La)] / [l(e/fa) + I(eLa)], is plotted as a function of
reduction duration in Fig. 4. The orbital asymmetry shows a large tunability by reduction with
a range from 5.5 to 69.1%. In addition, the asymmetry shows a dome-shape behaviour with

respect to the reduction time, which is consistent with the change of T..

The clear correlation between the XLD and reduction duration is a strong indication that the
reduction process has a direct impact on the Ni 3d orbital polarization, and this in turn is
critical to the superconducting properties of the infinite-layer nickelates. According to the
crystal field configuration, the energy level of Ni 3d;; orbital is lowered to be comparable to
that of the tyg orbitals under NiO; square planar coordination, and therefore, 3dx;.y2 orbital
becomes isolated from other 3d orbitals [41]. The optimally reduced condition enables the
realization of this perfect square planar field, leading to a single Ni 3dx-y2 band with two-
dimensional nature which favours the occurrence of superconductivity [41, 42]. This is
consistent with the smallest c-axis lattice constant and the largest orbital asymmetry at the
optimally reduced region (Fig. 4 and Supplementary Materials Fig. S6) [36]. In the under-
reduced condition, with the incomplete transition to the infinite-layer structure, residual
apical oxygens with a shorter Ni-O apical distance are present [43]. This results in the lifting
of 3d,2 level and the resultant admixing of the 3dx2.y2 and 3d,; orbitals. The doped holes and
unoccupied states reside in this mixed band and thus, orbital asymmetry is small. In the over-
reduced condition, the creation of oxygen vacancies in NiO; plane and the resultant formation
of interstitial Ni/Nd atoms lead to deviation of the Ni-coordination from the long range-order

planar square configuration. Likewise, this structural deviation results in the hybridization of



the 3dxz-y2 and 3d,; orbitals. Hence, in both the under- and over-reduced conditions, the
presence of residual apical oxygen and interstitial atoms in NiO, planes have detrimental
effects on the realization of superconductivity due to the hybridization effects of both the
3dx2-y2 and 3d, orbitals. The weakening of single-band feature due to residual apical oxygen
and its detrimental effect to superconductivity have also been demonstrated at the

NdNiO,/STO interfaces [41, 44-46].

The reduction effect on orbital polarization is consistent with the observation that multiband
structures become more pronounced in the under- and over-reduced regimes. As shown in
Fig. 1(f) and 1(g), Ru remains negative in under- and over-reduced regimes while there is a
change in sign in optimally reduced regime. It should be noted that the multiband structures
may originate from the rare-earth element 5dx, and 5d.2 orbitals, and the reduction effect on
these orbitals is worthy of further investigation [41, 47]. With respect to infinite-layer
nickelate bulks, superconductivity is absent even though that the perfect diamagnetism and
high critical current density measured on thin film indicate the bulk nature of
superconductivity [1, 48]. In bulk materials, the reduction duration required to obtain the
infinite-layer structure is more than 20 hours [27, 28, 49]. Such prolonged reduction makes it
vulnerable to the formation of in-plane oxygen vacancies and interstitial atoms, which may

be the reason for absence of superconductivity in the bulk form [27, 28, 49].

In summary, we highlight that CaH; reduction-induced H intercalation is negligible in pure
infinite-layer phase, thus not critical to superconductivity. The reduction significantly

influences the Ni 3d orbital polarization with dominant 3dx;.y> orbital in optimally reduced
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condition, which is critical for the realization of superconductivity in infinite-layer nickelates.
The reduction-induced residual apical oxygen, in-pane oxygen vacancies and interstitial Ni/Nd
atoms weaken the Ni planar square configuration, resulting in a consistent dome-shape

diagram for both T. and Ni 3d orbital asymmetry.
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FIG. 1. Topotactic reduction effect on the crystalline structure and electrical transport

property. (a),(b) HAADF-STEM cross-sectional images of STO/NSNO at the optimally reduced

duration of 80 mins and over-reduced duration of 720 mins, respectively. (c) The magnified

view of the region marked by the green dashed box (top) and regions marked by the yellow

dashed box (bottom) for the over-reduced sample. (d),(e) The logarithmic-scale resistivity

versus temperature (p-T) curves of STO/NSNO and tNSNO, respectively. The insets show the

zoomed-in and linear-scale p-T curves of the superconducting samples. (f) The temperature

dependence of normal-state Hall coefficients Ru of STO/NSNO. (g) The Ry of STO/NSNO at 300

and 20 K as a function of reduction time.
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FIG. 2. TOF-SIMS element profiles and 3D mapping. (a),(b) SIMS signals of H profile for
STO/NSNO and tNSNO, respectively. (c),(d) Signals of Ni, Ti and Nd profile for STO/NSNO and
tNSNO, respectively, at reduction time of 80 mins. (e) 3D mappings of H, Ni, Ti, Nd, Sr and O
elements for the STO/NSNO reduced for 80 mins. The elements profiles are collected from

the negative ions H, Ni", TiO, NdO-, SrO", 0%,
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FIG. 3. Reduction effect on XAS. (a) Ni L2,3 edge XAS of STO/NSNO at reduction time of 180
mins. The inset shows the direction of photon polarization € and incident angle. (b) The
intensity difference (XLD, Al= I(e /la) - I(eLa)) of STO/NSNO reduced at different duration. The

inset is Ni-L3 peak intensity difference versus reduction time.
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FIG. 4. Reduction phase diagram of infinite-layer nickelate. The XAS spectral asymmetry at Ni
Ls peak, Al% = [I(e/la) - (e La)] / [/(e/la) + I(e La)], the superconducting critical temperature T,
and the c-axis lattice constant ¢, versus reduction duration for STO/NSNO. The T¢ so%-r is
defined to be the temperature at which the resistivity drops to 50 % of the value at 20 K (the

onset of the superconductivity).
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